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Zürich, 2009





Contents

Abstract 1
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Abstract

Subduction of oceanic lithosphere represents a first-order process within the frame-
work of plate tectonics. As opposed to mid-ocean ridges, where oceanic lithosphere
is created, subduction zones play a major role in plate tectonics by recycling the
oceanic lithosphere and creating continental crust. These two processes, recy-
cling of oceanic lithosphere and formation of continental crust, are fundamental
in Earth evolution and their comprehension is capital in understanding Earth dy-
namics. More specifically, understanding the relationship between dehydration,
melt generation, and the ascent of the partial melt into the volcanic arc is crucial.
In the Central America subduction zone and more specifically along Costa Rica,
important developments have been made in the past decades to unravel the exist-
ing relations between these fundamental processes.
Independent models of P-wave velocities can provide unique information on compo-
sition and the physical state of the overriding plates lithosphere (e.g. fluid content,
temperature), since they allow the comparison with petrophysical measurements.
Local earthquake tomography and teleseismic tomography can be used to derive
such 3D P-wave velocity models. The resolution and reliability of such tomo-
graphic images strongly depend on the quality of the available arrival-time data.
A uniform resolution of the Central American subduction zone along Costa Rica
and of the overriding plates lithosphere require both the compilation and merging
of local and teleseismic earthquake data of all available seismic networks of Costa
Rica and of bordering countries. Since routine picks provided by single networks
usually include a high degree of inconsistencies, and since a common quantitative
error assessment is not available for merged phase data, re-picking of P-phases has
to be performed to obtain arrival-time data appropriate for high-resolution seis-
mic tomography. Considering the amount of data necessary for regional models,
new algorithms combining accurate picking with an automatic quality assessment
represent new tools required to derive large suitable data sets.
In this study, local and teleseismic earthquakes were compiled and merged from
nine permanent and temporary seismic networks in Costa Rica, Panama and
Nicaragua. The final data set includes digital waveforms data of 764 local events
for the period of 2005-2006 and 71 teleseismic events for the period of 2000-2006.
The consistent routine hand picking procedure was applied to pick teleseismic
earthquakes. This procedure was also applied to derive a reference data set of
accurate local earthquakes P-wave picks, used for the calibration of the automatic
picking algorithm.
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Abstract

The MannekenPIX software was used for automated re-picking of local earthquake
P-waves and also provided a measurement of the quality of each observation. The
final data set consists of more than 11,000 consistently picked first P-phases with
a weighted average error of about 0.15 s used for local earthquake tomography.
Tests with synthetic data and resolution estimates derived from the resolution ma-
trix indicate where the velocity model is is well-resolved. The resulting 3D P-wave
velocity model images Costa Rica between 0 km and 50 km depth. They show a
complex lithospheric structure beneath Costa Rica. Shallow depth cross sections
display a good correlation with the surface geology, with low-velocity anomalies as-
sociated with active volcanoes chains in central and northern Costa Rica. A large
high-velocity feature observed beneath the Tallamanca Cordillera is interpreted as
a low-density remnant of an earlier phase of magmatism associated to the Talla-
manca batholiths. First order anomalies, like the high-velocity subducting Cocos
plate at the western edge of our model, or a low-velocity zone related to hydrated
mantle wedge in central Costa Rica, are well-resolved and in good agreement with
previous studies.
The final teleseismic data set consists of more than 2000 arrival times, accurately
and consistently re-picked by hand. However, a strong azimuthal bias of the in-
coming ray-paths in the South-East direction indicates that the compiled data set
is clearly not adapted, for the moment, to perform a high-resolution teleseismic
tomography study in the Costa Rican region. We therefore, performed this study
with emphasis of the methodological improvements and propose to merge our data
set with an future data set better adapted to this study. Based on the local earth-
quake tomographic results, we constructed a synthetic 3D crustal velocity model
to correct P-wave teleseismic arrival times for crustal contributions. The results
of this approach demonstrate, that in the uncorrected case, crustal anomalies are
erroneously projected into the deeper earth structures by the inversion process. It
proves that in order to increase resolution of teleseismic tomographic images in
Costa Rica, it is crucial to correct teleseimic travel-times for near-surface struc-
tures contribution. We continue this study by showing how the assessment of the
solution quality should be performed using synthetic models. These tests con-
firm that horizontal and vertical leakages, as well as side-lobes effects exist, thus
indicating that no information on real structures can be expected.
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Résumé

La subduction de la lithosphère océanique représente un processus de premier
ordre dans le cadre de la tectonique des plaques. Opposées aux dorsales médio
océaniques où la lithosphère océanique est créée, les zones de subductions jouent un
rôle majeur dans la tectonique des plaques, en recyclant la lithosphère océanique.
Ces deux procédés, le recyclage de la lithosphère océanique et la formation de
croûte continentale, sont fondamentaux dans l’évolution de la Terre et leur compré-
hension est primordiale pour mieux appréhender son fonctionnement. Notamment
la compréhension des relations entre la déshydratation, la génération de la fusion
partielle et la montée de ces fusions partielles jusqu’à l’arc volcanique est cruciale.
Au sein de la zone de subduction en Amérique Centrale et plus spécialement le
long du Costa Rica, des progrès importants ont été faits ces dernières décennies
pour développer notre compréhension des relations existantes entre ces processus.
Seul des modèles indépendants peuvent apporter des informations sur la compo-
sition et l’état physique de la lithosphère de la plaque chevauchante (contenu en
fluide ou température), puisqu’ils permettent la comparaison avec des mesures
pétrophysiques.
La tomographie des séismes locaux et des télé-séismes peut être utilisée pour
obtenir de tels modèles 3D de vitesses sismiques des ondes P. La résolution et
la fiabilité de telles images tomographiques dépendent fortement de la qualité des
mesures des temps d’arrivées disponibles. Une résolution uniforme de la zone de
subduction et de la lithosphère de la plaque chevauchante nécessite la collecte et
l’intégration des données issues des tremblements de terre de tous les réseaux sis-
mologiques disponibles au Costa Rica et des pays limitrophes. Etant donné que les
pointés routiniers fournis par les réseaux permanents comportent habituellement
un fort degré d’inconsistance, et qu’une évaluation quantitative des erreurs n’est
pas commune entre les différents réseaux, le re-pointage des arrivées des ondes P
est indispensable pour obtenir des temps d’arrivées appropriés pour la tomographie
sismique de haute résolution. En considérant le nombre d’observations nécessaires
pour obtenir des modèles régionaux, de nouveaux algorithmes sont requis. Ces
futurs outils, adaptés à l’obtention de grands jeux de données, doivent combiner
un pointé précis avec une évaluation automatique de la qualité des observations.
Dans cette étude, des séismes locaux et lointains ont été collectés et assemblés à
partir de neuf réseaux sismiques permanents et temporaires, situés au Costa Rica,
au Panama et au Nicaragua. Le jeu de données final se compose des formes d’ondes
digitales de 764 séismes locaux pour la période 2005-2006 et de 71 télé-séismes pour
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la période 2000-2006. Une procédure de pointage fiable à été appliquée, à la main,
pour pointer les tremblements de terre lointains. Il a était fait de même pour
obtenir un jeu de données de référence pour les séismes locaux, utilisé par la suite
pour calibrer l’algorithme de pointage automatique.
Le programme MannekenPIX a été utilisé pour le re-pointage automatique des ar-
rivées d’ondes P pour les séismes locaux, fournissant également une mesure de la
qualité de chaque observation. Le jeu de données final, constitué de plus de 11,000
observations, avec une erreur moyenne pondérée d’environ 0.15 s, a été utilisé pour
la tomographie des séismes locaux. Des tests utilisant des signaux synthétiques
et des estimations de la résolution obtenues grâce à la matrice de résolution, in-
diquent où le modèle de vitesse est bien résolu. Ce modèle de vitesse des ondes P
en 3D, donne une image du Costa Rica entre 0 km et 50 km de profondeur. Il mon-
tre une structure lithoshérique complexe en dessous du Costa Rica. Des coupes
horizontales effectuées à faible profondeur, traduisent une bonne corrélation avec
la géologie de surface, contenant des anomalies de faibles vitesses associées aux
châınes volcaniques actives situées au centre et au nord du Costa Rica. Une
large structure associée à des vitesses importantes est observée en dessous de la
Cordillera Tallamanca, et interprétée comme un vestige de faible densité d’une
phase précédente de magmatisme associée aux batholithes de la Cordiellera de
Tallamanca. Les anomalies de premier ordre, comme la plaque Coco subduite,
associée à des vitesses importantes à l’ouest de notre modèle, ainsi qu’une zone de
faible vitesses liée à un manteau environnant hydraté sont bien résolues en accord
avec les études précédentes.
Le jeu de données final des séismes lointains est constitué par plus de 2000 temps
d’arrivées, re-pointées à la main de manière précise et fiable. Cependant, un fort
biais azimutal de la distribution des arrivées dans la direction SE indique que le
jeu de données constitué n’est pas adapté, pour le moment, à une étude tomo-
graphique à haute résolution des séismes lointains au Costa Rica. Par conséquent,
nous avons mené cette étude en insistant sur les améliorations méthodologiques et
nous proposons de fusionner notre jeu de données avec un futur jeu de données
mieux adapté à ce type d’étude. Grâce aux résultats obtenus avec la tomogra-
phie des séismes locaux, nous avons construit un modèle synthétique de vitesse de
la croûte pour corriger les temps d’arrivées des ondes P issues des séismes loin-
tains. Les résultats de cette approche démontrent qu’en absence de correction, les
anomalies contenues dans la croûte sont projetées par erreur dans les structures
terrestres plus profondes au cours du processus d’inversion. Cela montre que pour
améliorer la résolution des images tomographiques, il est essential de corriger les
temps de trajets des séismes lointains de la contribution apportée par les struc-
tures de proche surface. Nous avons continué cette étude en montant comment
l’évaluation de la qualité de la solution doit être évalué, en utilisant des modèles
synthétiques. Ils attestent qu’un étalement vertical et horizontal des anomalies,
ainsi que des effets de “side-lobes” existent, indiquant qu’aucune information sur
les structures réelles ne peut être obtenue avec ce jeu de données.
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1 Introduction

1.1 General settings

Subduction of oceanic lithosphere represents a first-order process within the frame-
work of plate tectonics. Opposed to mid-ocean ridges, where oceanic lithosphere is
created, subduction zones play a major role in plate tectonics and are contributing
to the cycling of water and climate-influencing volatiles, such as carbon dioxide,
sulfur and hologens by recycling the oceanic lithosphere. While oceanic litho-
sphere is being consumed, new continental crust is created along subduction zones
through arc volcanism. Most of the world’s seismicity occurs along subduction
zones whose driving forces generate most of the largest earthquakes along these
active margins. Moreover, the generation of arc magma at subduction zones repre-
sents a major mode of volcanism on the planet. These two processes, recycling of
oceanic lithosphere and formation of continental crust are fundamental in Earth
evolution and their comprehension is capital in the understanding of the global
processing of the Earth.
Despite their important role in lithosphere evolution, subduction processes are still
poorly understood. For example, dehydration of subducting oceanic lithosphere is
thought to be important in the generation of the abundant Wadati-Benioff Zone
(WBZ) seismicity that accompanies the subduction of oceanic lithosphere (Hacker
et al. (1993a); Kirby et al. (1996)), but also in arc volcanism associated processes
such as the relation between dehydration and melt generation or the ascend of the
partial melt up to the volcanic arc. Yet, amount of dehydration, mainly driven by
mineral phase transition (smectite to illite, serpentinization), and how dehydra-
tion influence these processes is not well established and melt generation beneath
volcanic arcs is still poorly resolved. In Central America subduction zone, sys-
tematic and large variations in volcanic output from Nicaragua to Costa Rica (see
Figure 1.2) in chemical signal, in volume, and in slab and mantle signatures has
been observed (Carr and Stoiber (1990); Herrstrom et al. (1995)). Despite these
large variations, parameters controlling subduction such as convergence rate and
direction, and age of the incoming oceanic lithosphere vary only smoothly even if
the morphology of the oceanic floor, the dipping angle and depth of the subducting
slab change along the middle american trench (MAT). This makes Central Amer-
ica, and specifically Costa Rica, a very interesting place to study the generation of
the WBZ seismicity, dehydration processes, flux of melts, aqueous fluids and gases
through the subduction zone.

1.2 Tectonic settings in Costa Rica Region

Costa Rica is located at the western margin of the Caribbean plate (Figure 1.1),
an oceanic plateau formed during the Late Cretaceous as a result of the initial
phase of a mantle plume that later formed the Galapagos hotspots (Duncan and
Hargraves (1984); Sallarès et al. (2001)). Offshore Costa Rica, the Cocos Plate
subducts beneath the Caribbean Plate along a 575 km long section of the Mid-
dle America Trench (MAT). The direction of convergence is N25◦ − N30◦, with
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1.2 Tectonic settings in Costa Rica Region

subduction rate varying between 8.3 cm.yr−1 in north-western Costa Rica and 9.3
cm.yr−1 in south-eastern Costa Rica (DeMets et al., 1990). The MAT is ending in
southern Costa Rica and this constitutes a triple point between the Cocos plate,
the Caribbean plate and the Nazca plate.
The Costa Rica volcanic arc (CRVA) is associated with the subduction of the Co-
cos Plate beneath the Caribbean Plate. The CRVA extends from Orosi volcano in
north-western Costa Rica to Turrialba volcano in central Costa Rica (Figure 1.1
and 1.2). South-eastern Costa Rica shows a gap in the volcanic arc, which con-
tinues with the Baru volcano in north-western Panama. The CRVA is tradition-
ally divided into two cordilleras or mountains ranges (Figure 1.1): The Cordillera
Volcánica de Guanacaste (CVG) and the Cordillera Volcánica Central (CVC). The
CVG is a NW-trending chain of volcanoes that is offset 40 km south-west of the vol-
canic arc in Nicaragua. From NW to SE, the Quaternary volcanoes of the CVG are
(see Figure 1.1): Orośı-Cacao, Rincón de la Vieja, Miravalles, Tenorio-Montezuma
and Chato-Arenal. The Volcanoes of the CVG have geochemical signatures that
are transitional between the depleted mantled source and high subduction signal
of the Nicaragua volcanoes and the enriched mantle source and low subduction sig-
nal of the central Costa Rica volcanoes (see Figure 1.2, and also Carr and Stoiber
(1990); Herrstrom et al. (1995)). The Cordillera Central extends for approximately
80 km in central Costa Rica and consists of the Platanar-Provenir, Poás, Barva,
Irazú and Turialba volcanoes; Turialba Volcano is offset 10 km north with respect
to the other volcanoes of the Cordillera Central. The geochemical signal of the
CVC is that of an ocean-island basalt with little influence from the subducting
Cocos Plate (see Figure 1.2 and Carr and Stoiber (1990); Herrstrom et al. (1995)).
Active volcanism stopped 8 My in south-eastern Costa Rica (Abratis and Woerner ,
2001) and a batholith of intermediate composition forms the Cordillera de Tala-
manca, which has been uplifted due to subduction of the Cocos Ridge (Kolarsky
et al., 1995; Protti et al., 1996).
The oceanic lithosphere of the Cocos Plate was formed at the East Pacific Rise
(EPR, see Figure 1.1), at the present Cocos-Nazca Spreading system (CNS-3) and
at its precursors CNS-2 and CNS-1 (Barckhausen et al., 1998, 2001). The boundary
between oceanic crust formed at the EPR and the CNS was long believed to be the
“rough-smooth” boundary formed by the Fisher seamount and the Fisher Ridge
(Hey , 1977). Recent work, however, showed that the “rough-smooth” boundary is
located further north (Figure 1.1) and corresponds to a narrow ridge offshore the
central Nicoya Peninsula (Barckhausen et al., 2001). Ocenanic crust formed at the
EPR has an age of 24 Myr at the MAT (Barckhausen et al., 2001). Oceanic crust
between the EPR-CNS boundary and the “rough-smooth” boundary (Figure 1.1)
formed at the CNS-1, has a crustal age of 22.5 Myr (Barckhausen et al., 2001).
The crust offshore central and south-eastern Costa Rica (see Figure 1.1 and Figure
1.3) formed at the CNS-2 and has crustal ages between 19 My in the north and
15 Ma in the south (Barckhausen et al., 2001). The change of the character of the
volcanic arc in Costa Rica reflects the morphotectonic segmentation of the Cocos
plate. Off Costa Rica, the Cocos Plate shows a remarkably variable morphology
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(Figure 1.3) that can be divided into three segments (von Huene, 1995; von Huene
et al., 2000): (1) a smooth segment off north-eastern Costa Rica, (2) a seamount-
dominated segment off central Costa Rica, and (3) a Cocos Ridge segment off
south-eastern Costa Rica.

1. Off north-eastern Costa Rica, the smooth segment is bounded by Fisher
Seamount and Fisher Ridge to the south. At the trench, the crust breaks
into normal faults trending sub-parallel to the axis of flexure (von Huene
et al., 2000). The seismic slab dips about 80◦ and reaches maximum depth
ranging from 200 km under the Nicaragua-Costa Rica border to 135 km at
the level of the south of the Nicoya Peninsula.

2. The seamount-dominated segment, off central Costa Rica, goes from south-
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1.3 Lithosphere structure of Central America subduction zone -
State of the art and main issues

east of the Nicoya peninsula to the north-west of the subducting Cocos Ridge.
This section of the subducting plate consists of isolated seamounts as part of
the Cocos plate. The seamount-dominated segment is 40 per cent covered by
seamounts (von Huene, 1995) and is bounded to the south by the subducting
Cocos Ridge. Deep furrows and domes in the continental slope indicate
seamount subduction (Ranero and von Huene, 2000; von Huene et al., 2000).
West of this limit, Protti et al. (1995) found a Wadati-Benioff zone that dips
about 60◦ and the seismicity does not extend below a depth of 125 km behind
the volcanic chain.

3. West of the Cocos-Nazca-Carribean triple junction and southwest of the Osa
Peninsula, the Cocos Ridge is being subducted beneath the south of Costa
Rica as part of the Cocos plate. The Cocos Ridge corresponds to a reduction
of the depth of the Middle American Trench from 4000 m in the north of
Costa Rica to to less than 1000 m deep off the Osa Peninsula along the
subducting Cocos Ridge. The Cocos Ridge off south-eastern Costa Rica
shows unusually thick oceanic crust (Stavenhagen et al., 1998) formed under
the influence of the Galapagos hotspot during Miocene. The thickness of the
oceanic crust reaches 21 km along the crest of the ridge off Osa Peninsula
(Walther , 2003).

Considering the abundant seismicity in Costa Rica, four zones can be differenti-
ate in association with subduction of the Cocos Plate beneath the Caribbean Plate
with a radical change in the distribution of the seismicity (see Figure 3.12). The
southern border between Costa Rica and Panama is the Panama Fracture Zone
(PFZ). This right-lateral transform fault defines the boundary between the Cocos
and Nazca plate and in association with the subducting Cocos Ridge is coupled
with a rather diffuse and shallow seismicity. South-eastern Costa Rica is a part
of the Panama block and forms the southern boundary of the Central Costa Rica
Deformed Belt (CCRDB), a zone of active faulting across central Costa Rica (Fan
et al., 1993; Goes et al., 1993; Marshall et al., 2000) associated with a higher seis-
mic activity. Seismicity in this area is also related to incoming bathymetry, with
earthquakes closely following the subduction of seamounts and faults. Between
the CCRDB and southern Costa Rica, an aseismic gap is observed while north to
the CCRDB, again more diffuse but also deeper earthquakes are recorded.

1.3 Lithosphere structure of Central America sub-

duction zone - State of the art and main is-

sues

Costa Rica has been a site of intensive research and a wealth of geological and
geophysical data has been acquired in recent years. Through detailed mapping
of magnetic anomalies (Barckhausen et al., 2001) and seafloor topography (von
Huene et al., 2000) (Figure 1.3) precise tectonic boundaries of the incoming Cocos
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plate offshore Costa Rica could be defined.

In southern Costa Rica, it has been suggested that magmatic activity ceased
about 8 Myr ago due to the collision of the Cocos Ridge with Costa Rica and
subsequent formation of a slab window (Abratis and Woerner , 2001). The fast
uplift rates in the arc and the forearc deformation in the Limòn basin have also
been attributed to the subducting ridge. Several dates have been suggested for the
initiation of the subduction of the Cocos Ridge ranging from 0.5 My from elastic
deformation studies (Gardner and six others , 1992), 1 Myr from ocean floor mag-
netic anomalies and plate reconstructions, (Lonsdale and Klitgord , 1978), to 3.6
Myr from onland work on the Caribbean zone of Costa Rica (Collins et al., 1995).
If the Ridge would only recently (1 Myr) have passed beneath the Osa peninsulas,
the subducted portion would be no longer than 100 km and would have a reduced
effect on the upper plate. Note that the presence of the Panama Fracture zone
could have also truncated the Cocos Ridge around 9 Myr ago and would also limits
the extension of the Cocos Ridge to 100 km (Protti et al., 1995). A second ex-
planation of the uplift of the Caribbean plate beneath the Tallamanca Cordillera
could be caused by subduction of younger oceanic lithosphere, unrelated to the
Cocos ridge. But the key of the problem is the starting age of the Cocos Ridge
penetration and it remains uncertain.
Moreover, astenosphere may enter through this slab window into the mantle wedge,
also explaining the more enriched and ocean-island basalts signature of the mantle
beneath southern Costa Rica (Herrstrom et al., 1995). The existence of such a
slab window has been indirectly inferred from a dramatic shallowing of WBZ seis-
micity beneath central and southern Costa Rica (Husen et al., 2003). Although a
teleseismic study (Colombo et al., 1997) showed no dipping slab beneath southern
Costa Rica, no seismic evidence on the existences of hot astenosphere was found
beneath southern Costa Rica. However, the data set used in this study was very
sparse for southern Costa Rica.

The boundary between the smooth and seamount dominated segments is formed
by the Fisher Seamount and associated ridge. Onward continuation of this bound-
ary towards Costa Rica has been correlated with the existence of a contortion in
the subducting slab, named the Quesada Sharp Contortion (QSC) by Protti et al.
(1995). This contortion may separate a deep and steeply dipping slab beneath
northern Costa Rica from a more shallow and moderately dipping slab beneath
central Costa Rica. A recent tomographic study using a high-quality P-wave ar-
rival data (Husen et al., 2003) found only weak evidence for the existence of the
Quesada Sharp Contortion, although station distribution was sparse in northern
Costa Rica resulting in larger uncertainties in earthquake locations for northern
Costa Rica. Moreover a contortion in the slab is considered as being opposed to
a subducting seamount chain, which could induce variations in crustal structure
and velocities, and a change in the volume in intruded arc material. The exact
geometry of the subducting slab and the structure of the Caribbean lithosphere

10



1.3 Lithosphere structure of Central America subduction zone -
State of the art and main issues

84 W
87 W

8 N
10 N

C
o
s
ig

u
in

a

S
a
n
 C

ri
s
to

b
a
l

C
e
rr

o
 N

e
g
ro

M
o
m

o
to

m
b
o

A
p
o
y
e
q
u
e

N
e
ja

p
a

M
a
s
a
y
a

M
o
m

b
a
c
h
o

Z
a
p
a
te

ra

C
o
n
c
e
p
c
io

n

M
a
d
e
ra

s

O
ro

s
i

R
in

c
o
n

M
ir

a
v
a
ll

e
s

T
e
n
o
ri

o

A
re

n
a
l

P
la

ta
n
a
r

P
o
a
s

B
a
rb

a

Ir
a
z
u

T
u
rr

ia
lb

a

T
e
li

c
a

Nicaragua

Costa Rica

Panama

N

a)

b)

c)

d)

e)

0

100

200

300

400

500

volume

(k
m

  
)

L
a
/Y

b
 

3

0

10

20

30

40

mantle signature

MORB

OIB

0

50

100

150

B
a
/L

a
 

slab signature

low slab signal

high slab signal

high degree of melting

low degree of melting

2.0

2.5

3.0

3.5

0 200 400 600

N
a
  
(w

t%
)

6

crustal signature

distance along arc (km)

Figure 1.2: Geochemical variations in Nicaragua and Costa Rica. Distance is along arc starting
at Cosiguina volcano. a) Locations of volcanic centers. b) Eruptive volume in km3.
c) Variations in La/Yb representing mantle signature. d) Variations in Ba/La
representing slab signal. e) Variations in Na6 representing crustal signature. Data
are from Carr et al. (2004), except Na6 which is from Plank and Langmuir (1988).

11



1 Introduction

remain obscure in this segment.

Northern Costa Rica also forms a transition zone between contrasting geo-
chemical signatures in Nicaragua and central Costa Rica. Chemical and isotopic
compositions of volcanic rocks in central Costa Rica showed an ocean-island basalt
character influenced by the Galapagos Hot Spot, in contrast to a mid-ocean ridge
basalt character for volcanic rocks in Nicaragua (Feigenson et al., 1996; Reagan
et al., 1994). The slab signal, trace element or isotopic ratios attributed to the
addition of hydrous fluids, is very high in Nicaragua and nearly zero in central
Costa Rica (Patino et al., 2000; Carr and Stoiber , 1990). Degree of melting in
the mantle wedge is high beneath Nicaragua and low beneath central Costa Rica
(Plank and Langmuir , 1988). Defining the transition (sharp, gradual, intermin-
gled) between the two mantle domains in Nicaragua and Costa Rica remains an
important problem for Central America (Carr et al., 2004). More recent seismic
tomography studies (Syracuse et al., 2008; Dinc-Akdogan et al., 2009a,b) reveal a
low S-velocity region vertically beneath the Nicaraguan volcanoes, consistent with
rising water-rich melts. The water contents of Nicaraguan magmas are among the
highest in the world.

Seismic imaging in Costa Rica mainly focused on the structure of the incom-
ing Cocos plate offshore Costa Rica. A wealth of seismic reflection and wide-
angle data has been acquired during the last decade by numerous international
expeditions (for an overview see von Huene et al., 2000). Two wide-angle tran-
sects were extended onshore: The first transect crossed entire southern Costa Rica
across the Talamanca Cordillera and ended in the Limòn Basin on the Caribbean
coast (Stavenhagen et al., 1998). The second transect traversed through north-
ern Costa Rica across the Nicoya Peninsula and the active volcanic arc reaching
the Nicaraguan border (Sallarès et al., 2001). Along the first, southern profile
the subducting Cocos plate could be imaged reliably down to a depth of 30 km
beneath the coastline; a crust-mantle boundary could not be reliably identified
due to limited offset of the data (Stavenhagen et al., 1998). The northern transect
imaged the subducting Cocos plate to a depth of 40 km beneath the Nicoya Penin-
sula; crustal thickness was estimated to about 40 km beneath the magmatic arc
(Sallarès et al., 2001). Furthermore, low P-wave velocities and low densities were
detected in the upper mantle beneath northern Costa Rica. These low P-wave ve-
locities were constrained by tomographic studies (Husen et al., 2003; Protti et al.,
1996), but their origin remained unknown due to ambiguities in interpreting only
Vp.

1.4 Goals of the project, Method and Data

The primary goal of this project is to integrate seismic imaging from teleseismic
and local sources to illuminate and better understand subduction processes and
their variations beneath Costa Rica. The targeted processes to be investigated in
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1.4 Goals of the project, Method and Data

this project are the dehydration of subducting oceanic crust, the generation of arc
magma, and the growth of continental crust. In this project, we establish detailed
tomographic images of the three-dimensional (3D) structure of lithosphere and
astenosphere beneath Costa Rica in terms of P-wave velocity (VP ). Using P-wave
velocity, we will proceed alternatively to a local earthquake tomography and to a
high-resolution teleseismic tomography. Hence, an improved 3D seismic velocity
model of the Costa Rican Region will be calculated and discussed.
Since its beginnings in the 1970s seismic tomography has been successfully used
to image subduction zones. Abundant and deep reaching seismicity makes sub-
duction zones a prime target for seismic tomography studies. Improvements in to-
mographic imaging, geodynamical modeling, and experimental modeling have ad-
vanced our understanding of subduction zones in recent years (for recent overviews
on the structure and dynamics of subduction zones and mantle wedges see Stern
(2002) and van Keken (2003), respectively). In a simplified, generic subduction
model cold and dense oceanic lithosphere is being subducted beneath continen-
tal lithosphere. During subducting, oceanic lithosphere is constantly heated and
pressurized, which leads to a series of metamorphic reactions in the subducting
slab that change mineralogy and release significant amounts of hydrous fluids (
(see e.g. Hacker et al., 1993a; Schmidt and Poli , 1998; Ulmer and Trommsdorff ,
1995). The release of fluids within the slab is thought to trigger seismicity at
intermediate depths (Hacker et al., 1993b; Kirby et al., 1996), which commonly
accompanies subduction of oceanic lithosphere. Fluids released in the slab migrate
into the overlying mantle, where they react with hot astenosphere generating par-
tial melts (e.g. Ulmer , 2001; Iwamori , 1998; Davies and Stevenson, 1992). Partial
melts formed in the mantle will ascend to the base of the overlying crust, where
they assimilate and fractionate, thus contributing to crustal growth (Kay and Kay ,
1985). Small portions of fractionated melts may further ascend through the crust
feeding individual volcanoes along the magmatic arc. There are a large number
of questions that cannot be answered with this simplified model of subduction.
Questions relevant for this study include:

1. How do hydrous fluids released in the slab move into and through the over-
lying mantle?

2. How and where are partial melts exactly generated and what is the role of
the astenospheric and lithospheric mantle wedge?

3. What happens to melts when they arrive at the base of the crust and as they
pass through?

The first step in establishing high-resolution tomographic images of the litho-
sphere and astenosphere beneath Costa Rica will be the simultaneous inversion
of local earthquake data for hypocenter locations and 3D seismic velocities. The
natural starting point for the 3-D P-wave velocity model will be the minimum
1D model from the Quintero and Kissling (2001) study. Correction of teleseis-
mic arrival times for crustal effects has been shown to be important to separate
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Figure 1.3: Distribution of three-component, broadband seismic stations in Costa Rica of the
CORISUBMOD network. Bathymetry is from von Huene et al. (2000). EPR: East
Pacific Rise; CNS: Cocos Nazca Spreading Center

crustal and mantle effects (Waldhauser et al., 2002). To correct observed teleseis-
mic arrival times we will used the 3D seismic P-phase velocity model previously
calculated in the local earthquake tomography. To advance our understanding of
subduction-zone related processes, and improve quality and resolution of tomo-
graphic images high quality data sets are strongly needed.

Regional seismicity in Costa Rica is routinely monitored since the 1970s. Since
the 1980s two seismic networks are operating in parallel, thereby covering almost
entire Costa Rica (Quintero and Kissling , 2001): the Red Sismológica National
(RSN) operated jointly by the Universidad de Costa Rica (UCR) and Instituto
Costarricense de Electricidad (ICE), and the OVSICORI-UNA network operated
by Observatorio Vulcanológico y Sismológico de Costa Rica, Universidad Nacional
(OVSICORI-UNA). Unfortunately, both networks are using mainly analogue, one-
component seismometers, even if recent efforts are underway to update parts of
the existing networks.
The centrepiece of this project is the acquisition of high-quality, three-component
earthquake data set. To reach this goal we complemented the existing seismic
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stations in operated Costa Rica with three-component seismometers and digital
acquisition systems (see Figure 1.3) for a time period of two years. Both local agen-
cies, supported the field project by installing and servicing the seismic equipments.

The CORISUBMOD network (Costa Rica Subduction Modeling) was com-
posed of 15 broad-band sensors installed in all Costa Rica for a two-years experi-
ment between 2005 and 2006 (Figure 1.3). The signal recorded by the station was
continuously recorded during that period. All available seismic stations from other
temporary networks running during this period are also included to our project to
built the largest data set as possible. Hence, the experiment set up in Costa Rica
combined 5 temporary and 4 permanent networks (see Figure 3.1).

1.5 Agenda

In the second chapter, we focus on the methodology of the coupled hypocenter and
velocity problem in local earthquake tomography. The main assumptions done in a
tomography problem are explicitly explained in this chapter, to better understand
how to set up the model parametrization or to find the best damping value. The
assessment of the solution quality is imperative to avoid interpretation of possible
artefacts created by the inversion. In this chapter, we will pay a special attention
to the assessment of the solution quality by discussing the existing different tools
to define the sensitivity of a data set and to differentiate areas of good or fair
resolution.

The compilation of local and teleseismic waveform data set for consistent phase
re-picking is presented in the third chapter. The establishment of a list of earth-
quakes recorded by permanent network is described. The extraction, the conver-
sion and the merging procedure of waveforms from temporary networks based on
this list are explained. Special care was taken to remove systematic errors from
the data set. Systematic errors are caused by either wrong station coordinates, by
various problems in the timing acquisition of a station, or by inconsistencies in the
picking. Contrarily to random errors, they have the same characteristics as real
data misfits in the tomography inversion and, thus, they can reduce the quality of
the data set or even lead to misinterpreting results. This study was accepted for
publication as an article to the Bulletin of the Seismological Society of America
(BSSA).

Chapter 4 is devoted to 3D local earthquake tomography. Local earthquake
tomography can be used to image the seismic velocity structure of the lithosphere
beneath Costa Rica. To obtain a set of high-quality P-wave arrival times for the
region, consistent re-picking of seismograms has to be performed. A procedure for
accurate and consistent manual P-phase picking is described according to princi-
ples explained in Diehl et al. (2009a). Considering the amount of data necessary
for local earthquake tomography studies, we used the MPX software (Aldersons ,
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2004), an automatic picker used to re-pick the Costa Rica local earthquake seis-
mograms. A reference data set consisting of a limited number of consistently hand
picked P-phase arrival time is used to calibrate and test the performance of the
automatic picker. Moreover, MPX needs to be guided by a predicted arrival times
calculated by using a updated minimum 1D velocity model adapted to our data set
(Kissling , 1988). Subsequently, the calibrated MPX is applied in the “production
mode” to the complete Costa Rica local earthquake data set. The final data set is
composed of 764 well-locatable events with more than 11,000 P-phase associated
arrivals. MPX provides not only arrival times, but also an observation quality
class to each arrival, representing a major improvement in term of accuracy and
consistency compared to any compilation based on routine picks.
The high-quality P-phase data set derived from automated re-picking with the
MPX software is used for 3D local earthquake tomography. The solution quality
is assessed in detail by several sensitivity and resolution tests, using checkerboard
models and synthetic crustal models. The results using two model parametriza-
tions (one of 15 x 15 km (horizontal) x 10-20 km (vertical) and a second of 20
x 20 km (horizontal) x 10-20 km (vertical)) are described, compared to previous
studies and interpreted at the end of this chapter.

Chapter 5 regards the establishment of prerequisites for high resolution tele-
seismic tomography (Arlitt et al., 1999). The teleseismic waveforms data set is
consistently re-picked by hand with the same principles described in Diehl et al.
(2009a). For this study a list of 71 teleseismic earthquakes have been chosen with
magnitude Mw > 6.0 and a distance comprised between 30◦ and 100◦, occurred
between 2000 and 2006. A set of about 2000 P-phase arrival are compiled from
nine different networks to enlarge the aperture of the network allowing to illumi-
nate deeper structures. Currently, The compiled data set is clearly not adapted
to perform an high-resolution tomography, as it suffer from a strong lack of data.
We therefore, continue this study with emphasis of the methodological improve-
ments and propose to merge our data set with an additional data set, which should
become available in the future. Correction of teleseismic arrival times for crustal
effects has been shown to be important to separate crustal and mantle effects
(Waldhauser et al., 2002). To correct observed teleseismic arrival times we will
used the 3D seismic P-phase velocity model previously calculated with the local
earthquake tomography to build a simplified synthetic 3D velocity model of the
overriding crust. The solution quality is assessed in detail by several sensitivity
and resolution tests, a synthetic model of the upper mantle. The corrected tele-
seismic arrival time are inverted and the results are shown and discussed in the
last part of the chapter.

The results of both local and teleseismic tomography studies are summarized
and discussed in chapter six, and we expose the potential outlook to later improve
our results.
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2 Principles of solution quality assessment in LET

2.1 Introduction

Reliable and precise knowledge of the three-dimensional (3D) velocity model has
become a prerequisite to understand geologic and tectonic processes in seismogenic
regions. Local earthquake tomography (LET) is an extremely efficient method that
may provide reliable and high-resolution images of the 3D velocity structure with-
out any prior information other than local earthquakes absolute P and S wave
travel time data and an appropriate initial reference velocity model that may be
derived from the the same data used for LET. Hence the resulting 3D seismic
velocity model is independent of other geologic and geophysical data. In addition
to providing information about 3D geometrical structure, the inversion results are
important in term of petrophysical interpretation and physical conditions at depth,
and thus, provide new insights into tectonic processes within crust and upper man-
tle. The 3D velocity structure may also be used to estimate hypocenters locations.
Hence velocity and source solution can be analysed together to understand active
tectonic processes.
The strengths and the weaknesses of LET are linked to the nature of the sources it-
selves. Earthquakes occur in areas of primary scientific interest (active fault zone).
It is relatively easy and cost-effective to use existing permanent network or to in-
stall temporary arrays compared with usage of active sources that need drilling, ex-
plosives introducing environmental concerns. Moreover, sources and receivers are
not situated at the same side of the targeted structure as in controlled source seis-
mology (CSS), thus making 3D migration unnecessary (Waldhauser et al., 1998).
However, limitations of LET are also related to the uneven distribution of both
hypocenter locations and station locations. There are no earthquakes occurring
upon request, as are the shots in CSS. Earthquake monitoring networks are gen-
erally set-up with the minimum number of stations necessary to obtain accurate
hypocenter locations. Thus, some portion of the crustal volume will be sampled
by numerous and crossing ray-paths while few, if any, ray paths will sample other
portions. Much of the following discussion in this chapter regards with the careful
set-up of the inversions and interpretation of results in reference to this problem
of highly variable ray-path coverage.
Often, assessment of the solution quality in LET is reduced to simple checkerboard
tests or display of the hit matrix because of a lack of space and time. This chapter
aims at showing the importance of detailed assessment of the solution quality and
at documenting and discussing the different tools that exist to evaluate it. We will
show how only the combination of existing tools (e.g. HIT, DWS, RDE, resolution
contour, sensitivity analysis by checkerboard test, and quantitative resolution and
reliability analysis by synthetic testing) may provide the information needed to
fully assess the solution quality and to avoid misinterpretations because of math-
ematical or physical artefacts in the solution. We will show how to combine these
tools to contour the well-resolved part of the results. In a brief review of LET
solution strategy, we will derive the major methodological concerns that need to
be addressed by the solution quality assessment. For illustration, we will apply
the procedure to LET on a data set from Costa Rica.
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2.2 Methodology of local earthquake tomography

2.2 Methodology of local earthquake tomogra-

phy

The intent of this section is to present the basic theory of LET and to describe
the possible diversity of implementations of the method. Fortunately, the under-
lying theory of LET remains fairly uniform across the diverse applications, due to
the simplicity of the theory. However, there are many differences in the specific
implementations.

2.2.1 Coupled hypocenter and velocity problem

In the LET problem, the only known parameters are the station locations and
the observed arrival times of seismic wave groups. And both of them suffer from
uncertainties. The hypocenter parameters (x,y,z, and origin time), ray-paths, and
the velocity structure are the unknowns, here called the model parameters. The
goal of LET is to improve the estimates for the model parameters by perturbing
them in order to minimize some measures of the misfit to the observable data.
This usually requires an iterative scheme for solution, as the coupled hypocenter-
velocity structure problem is intrinsically non-linear. The travel time T between
hypocenters i and station j is given by the equation:

Tij =

∫ receiver

source

uds (2.1)

where u is the slowness in the model volume and s the ray path. Of course, the
ray path depends on the 3D velocity field thus leading to the non-linearity in the
problem. The addition of the travel time T to the origin time of the earthquake
τi denotes the calculated arrival time of a particular wavelet at station j

tij = τij + Tij (2.2)

and this can be compared with the observed arrival time. Hence, calculated
arrival times depend non-linearly on unknown hypocenter parameters (h) and un-
known velocity structure (m). Using some apriori estimates for these unknowns
(hest,mest), the non-linear function for the arrival times can be approximated by
a Taylor series expansion

tij = fij(h
est,mest) +

∂f(h,m)

∂h
∆h+

∂f(h,m)

∂m
∆m

+
∂2f(h,m)

∂h2
∆h2 +

∂2f(h,m)

∂m2
∆m2 + ... (2.3)
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2 Principles of solution quality assessment in LET

Given a set of arrival times tij of first P-wave arrivals measured at a network
of stations, the calculated arrival time tcalij could be determined from the previous
equation using a priori hypocenter parameters (hest) and an initial reference model
of the seismic velocity structure (Kissling et al., 1994). The differences between
observed and predicted arrival times are the residuals rij :

rij = tobsij − tcalij (2.4)

Hence, as tcalcij = fij(h
est,mest), and neglecting all higher order terms in the

Taylor series the linearised travel time residual may be expressed as:

ri =
4∑

n=1

∂f(hn,mk)

∂hn
∆hn +

ktot∑
k=1

∂f(hn,mk)

∂mk

∆mk + eij (2.5)

where eij denotes the error of the observation (picking) and the error coming
from the uncertainties in the calculation of the travel time. The latter equations
lead in a matrix notation.

r = Ad+ e (2.6)

Or in form separated for hypocenter and velocity parameters (Kissling , 1988):

r = Hh+Mm+ e (2.7)

2.2.2 Least square solution

As errors are present in observations and travel time calculations, the matrix A
could not be easily inverted in the previous equation. The least square solution
(LSQR) can be used to solve it, if we assume the error being randomly distributed
in the data set. The validation of this assumption is crucial since other types of
error like systematic errors could lead to significant artefacts and misinterpreting
results (Maurer et al., 2009). The LSQR minimises the vector eT e by the L2 norm
and it can be written as:

d = (ATA)−1AT t (2.8)

LSQR works well for a well posed overdetermined problem with uniform kind
of unknowns. Since the coupled hypocenter-velocity problem strongly exhibits
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2.2 Methodology of local earthquake tomography

different partial derivatives functions for its unknowns, the inverse problem is
usually separated into two parts, the hypocenter locations and the velocity problem
that are solved successively for each iteration of the coupled problem. This leads
to the formal LSQR inverse solution of the velocity problem:

m = (MTM)−1MT tsep (2.9)

LET with real data, however always concerns seeking an LSQR solution for
a mixed-determined problem. A mixed-determined problem is encountered when
some unknowns parameters are not, poorly, or not independently constrained by
the observations whereas others are well constrained. This may be best visual-
ized with a series of rays penetrating a volume with several unknowns velocity
parameters to be determined (Figure 2.1).

Figure 2.1: Example of a mix-determined problem with 4 inversion cells. The velocity of cell C1
is under-determined whereas the velocities of cells C2 and C4 are over-determined.
The velocity parameter of C3 can only be determined in combination with the one
in C4.

The size of eigenvalues in the solution matrix, representing the normal equa-
tions, document the resolution capability of the data set for corresponding velocity
parameters. Velocity parameters of cells not hit by any ray (i.e. completely unde-
termined unknowns) would be represented by eigenvalues equal to zero, resulting
a solution matrix that cannot be inverted. To avoid such problem, indirect in-
dexing is used, where cells with eigenvalues equal to zero are removed from the
solution matrix. The indexes in the new solution matrix no longer correspond to
the indexes of the cells (see figure 2.2).

2.2.3 Damping value

Poorly constrained parameters obtain very small eigenvalues and they have a ten-
dency to lead to large velocity adjustments in the inverse solution. Since we are
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2 Principles of solution quality assessment in LET

Figure 2.2: Virtual example of indirect indexing. As the cell C4 is undetermined, its corre-
sponding row and column are removed from the solution matrix (matrix of normal
equations), leading to a smaller size matrix with new indexes correspondence (so-
called indirect indexing) The gain, higher efficiency when inverting the matrix,
exceeds the price of indirect indexing.

using a Taylor series approach to the non-linear inverse problem, we must assume
an initial estimate for each velocity parameter; i.e. the so-called initial reference
model. Not only does our whole solution depend on this initial reference model,
velocity, but also velocity parameters not resolved by our data will remain un-
changed. Thus, for very poorly resolved velocity parameters, we would logically
request that they remain closer to the initial value than for well-resolved velocity
parameters. To ascertain such solution behaviour, damping parameter is intro-
duced in the least square equation leading to the so-called damped-least-square
equation:

d = (ATA+ θI)−1AT t (2.10)

where the damping parameter is (Ellsworth, 1977):

Θ2 =
σ2
data

σ2
model

(2.11)

Instead of minimising eT e as before, we now minimise eT e + θ2dTd, where d
denotes the velocity adjustment of one iteration, and the error e is assumed to be
randomly distributed over the data set.

The solution vector d is proportional to a
eigenvalue+θ2

, where a is a measure of
the influence of all rays on this velocity parameter. In other words, when the
eigenvalue is very small the damping value plays an important role by stabilising
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2.2 Methodology of local earthquake tomography

the division. On the contrary, when the eigenvalue is much larger than Θ2 the
effect of damping is negligible. Of course, choosing an appropriate damping value
for a given data set and model parametrization is an important and a difficult
task.
In our example, (see Figure 2.2), the cell C6 has a large value a but a relatively low
eigenvalue due to some cross-firing leading likely to a large velocity adjustment. On
the contrary cell C8 has a lower value a than in case of C6 but a relatively higher
eigenvalue leading to a lower velocity adjustment than for cell C6. Furthermore,
we note that the velocity obtained in cell C6 is strongly dependent on the velocities
obtained for the neighbouring cells C3 and C9. If we would have only these
two cell velocities to calculate, we would choose a damping parameter such that
the velocity adjustment of poorly resolved cell C6 would be kept small while the
velocity adjustment for the fairly well-resolved cell C8 were only lightly reduced.
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Figure 2.3: Event-Station distribution for local earthquake data set from Costa Rica selected
for tomographic inversion and synthetic 3D model structure and cell definition
chosen for the damping testing. Black dots denote local earthquakes locations,
black triangles denote station locations and blue area represent the input synthetic
model in percentage of velocity change relative to the initial 1D model, chosen at
20 km depth.

Real data inverse problems usually contain all kind of solution parameters
from unresolved to poorly resolved, interdependently resolved to well-resolved and,
therefore, the optimal or appropriate damping parameter is normally defined by
synthetic data testing. Of course, care must be taken that the synthetic data mim-
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2 Principles of solution quality assessment in LET

ics in distribution and observation errors the real data set, while containing info of
an known 3D structures (Kissling , 1988). As an example, Figure 2.3 displays the
event-station distribution for a local earthquake dataset from Costa Rica selected
for tomographic inversion and an horizontal cross-section at 20 km depth through
the synthetic 3D model structure and cell definition chosen for the damping testing.

2.2.4 Resolution matrix

Calculating velocity parameter adjustments from a set of imperfect travel time
residuals is a non-linear process. We solve this non-linear problem by an iterative
procedure, where each iteration step includes the task to solve a system of linear
equations and to apply the resulting velocity adjustments to the velocity field. If
the final solution vector of the model velocities is written as dest, then

dest = initial velocity model + dit1est + dit2est + ... (2.12)

The difference between the estimated velocity model obtained from imperfect
real data and the best estimate of the velocity model that perfect data could resolve
is expressed by the resolution matrix. Note that, the true velocity model represents
the reality and remains always unknown. The resolution matrix documents how
well real data map the best solution for perfect data into the obtained solution
(dest = Rdbest est). Note that if we would have perfect data, the two solutions would
be identical and, hence, the resolution matrix would equal the identity matrix. For
the damped least square solution, the resolution matrix can be obtained by the
following equation:

R = (ATA+ θI)−1ATA (2.13)

The properties of the resolution matrix are the following:

• R is square matrix of the size of the number of unknown parameters.

• Each row of R describes the dependence of the solution for one model pa-
rameter on all other model parameters.

• Diagonal elements of R range between 0 (unresolved) and 1 (perfect resolu-
tion).

Due to computer limitation in the early years of seismic tomography, often
only approximative inverse solutions were obtained in order to reduce the number
of operations and memory requirements. However, as these methods have the
inconvenience not to fully invert the matrix (ATA + ΘI), the resolution matrix
could not be calculated. Considering the capacities of current computers and the
importance of the resolution matrix in the assessment of the solution quality (see
below), we highly recommend not to use such approximations any more.
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2.2 Methodology of local earthquake tomography

2.2.5 Initial reference model

Because of the assumption in formulation of inverse problem (see Equation 2.3),
initial values of velocities and hypocentral parameters are very important for ob-
taining reliable inversion results. As noted previously, two important assumptions
are inherent in the LET approach:

• The initial reference velocity model must be close to a minimum for the data
set used (important because of Taylor series assumption),

• The initial reference velocity model and the initial hypocenter must corre-
spond (because of coupling in the inverse problem)

For local earthquake tomography, we consider that the best way is to start
with a minimum 1D model (Kissling , 1988), derived by a set of simultaneous
inversions for 1D velocity model, station corrections, and hypocenters, using the
program VELEST. The same data set should then be used for the 3D inversion. A
minimum 1D model with appropriate station delays may be used to provide a set
of uniformly high precision of earthquake locations (Kissling , 1988). Preferably,
only well-locatable and well-located events should be selected for 3D inversion.
Last but not least, a minimum 1D model allows testing data set for systematic
errors and blunders in the dataset before the inversion (Maurer et al., 2009).

2.2.6 Representation of the velocity structure

The Earth’s crust and upper mantle has a heterogeneous structure on a large range
of spatial scales, including discontinuities, faults, layering, intrusions, inclusions,
zones of elevated temperature or even partial melt. Hence, within the volume
of study the seismic velocity only approximately represent reality. Early seismic
tomography applications focused on layering and velocity dependence on depth
only, later introducing lateral variations within these layers. The volume could
be divided into blocks of constant velocity (Aki and Lee, 1976), optionally allow-
ing gradual velocity change between cells (see e.g.: Walck and Clayton (1987), or
Lees and Crosson (1989)), or using laterally varying layer thickness (Hawley et al.
(1981)). Clearly, there is an enormous variety of choice for representing the earth
structure, not describe here. Nowadays, however, in LET seismic tomography, the
tendency is to use a 3D grid node approach (Thurber (1983)), where the velocity
varies continuously in all directions. Intrinsically, often a three-grid approach is
used (Kissling et al., 2001), with a seismic grid, a numerical grid, and an inversion
grid. The seismic grid is the true approximation to the real velocity field and it
accounts for those structures that may optimally be detected by the seismic waves
for which the data has been collected. The fine numerical grid is used to perform
accurate computations of travel times, ray path and partial derivatives with re-
spect to the a priori seismic velocity model. The usually large inversion grid is
based on the seismic grid but its cells must be large enough to guarantee fair and
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uniform resolution in most areas in the studied volume.

Obviously, the model parametrization should be chosen to best represent ex-
pected structure while allowing optimal resolution for study region. Optimal res-
olution denotes as much as possible area with uniform resolution and uniform
gridding. Wherever resolution or gridding shows strong lateral variations, the re-
sulting image will be distorted (Kissling et al., 2001). To define the appropriate
grid size for a tomography study, several parameters have to be taken into account.
First of all, the horizontal size of the grid has to be larger than the wavelength
of the dominating frequency of picked wavelets. In the case of Costa Rica, the
dominant frequency of the first arriving and interpreted wavelets is about 1Hz. If
we consider a P-wave travelling at 6km/s, the horizontal grid size should be more
than 6km. This is a theoretical limit. In practice, for regional studies, one would
rarely go below 10km, because of insufficient data to cover each cell in the entire
study region with enough rays. Moreover the proportions between the horizontal
and the vertical size of the grid must be of the same order to allow reasonable
resolution estimates. (see Figure 2.4).

Figure 2.4: Distortion of cells could lead to a wrong RDE value (for definition see section 2.3.1):
A) RDE is calculated as if these two rays would cross within cell but the Fresnel
volumes do not overlap B) RDE is calculated as if these two rays would cross within
cell but the Fresnel volumes overlap.

To avoid problems with incorrect resolution estimates, the ratio between the
horizontal and vertical cell size should net exceed a factor of 2.5, so that there
is more chance that the Fresnel volumes of crossing rays overlap. For a cell with
horizontal proportion of 10x10 km, the minimum vertical size is thus four kilome-
tres. In addition to these concerns, we want to define an inversion grid that allows
treating an over-determined problem, where the number of unknowns is smaller
than the number of equations. Number of grid nodes added to the four location
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unknowns (latitude, longitude, depth and origin time) per event, determines the
total number of unknowns. Of course, not all grid nodes will be hit by a ray and
those grid nodes not hit by any rays are fixed during the inversion. As an example,
in our study, we have 11,081 observations. We chose a fine-grid size of 15x15x10
km. Hence, with 3056 event location unknowns (764 events) and 7425 unfixed grid
nodes, and a total of 10,481 unknowns, the problem is still over-determined.

2.2.7 Solution to forward problem

Quality and reliability of tomographic images also depend on accuracy and preci-
sion of the employed forward solution method, usually a ray tracer.

Current LET studies have their limitations inherent to ray theory. In reality,
seismic energy propagates as waves and may at best be approximated as travelling
trough some finite volume surrounding a ray, and not along an infinitesimally thin
line (Chou and Booker (1979)). Thus the observed travel time for an arrival actu-
ally corresponds to the structure within the Fresnel volume around the ray. A still
unresolved question in seismic tomography regards the effective lateral resolution
capability of seismic waves of a particular frequency content. The best solution of
the forward problem by full wave theory at present is not possible for 3D spherical
velocity field. LET applications with ray tubes of fat rays approximating the first
Fresnel volume (Marquering et al., 1999; Dahlen et al., 2000; Husen and Kissling ,
2000) denotes but one step away from pure ray geometry toward waves. LET
applications with ray tubes like Fresnel volumes show a different sensitivity to lat-
eral variation of the velocity field than rays and, hence, difference in the resulting
tomographic images are expected (Husen and Kissling , 2000).

In our study we chose the methodology implemented in the program called
simulps. The program simulps incorporate in its new version (simulps14) an al-
ternative forward solution method. Originally, program simulps provided an ap-
proximate ray tracing with pseudo-bending, called ART-PB (see Thurber (1983)
and Eberhart-Philips (1986)). This method is well tested and fast, and it includes
an efficient approximate search for the fastest 3D ray geometry. It was often
noted that, depending on velocity model heterogeneities, the ART-PB results may
be inaccurate for long rays. Indeed, Haslinger and Kissling (2001), showed that
above 60 km, the difference between the travel time of the direct and reverse way
becomes significant. For this reason, a 3D shooting method using paraxial rays
and perturbation theory (Virieux and Fara, 1991), the RKP method, was imple-
mented into simulps14. On the one hand, the ART-PB method finds in a first
step the fastest arc between the hypocenter and the station. In a second step this
arc is perturbed by pseudo-bending (Um and Thumber , 1991) by moving ray seg-
ments end-points in the direction of the largest velocity gradient (Haslinger and
Kissling , 2001). On the other hand, the RKP method is a shooting method where
the ray path, which connects hypocenter and receiver in the velocity field, is found
by varying the initial azimuth and take-off angle at the source. Ideally ART-PB
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and RKP should yield identical ray paths and travel times in order to have the
same influence on tomographic results. In his thesis, Haslinger (1998) showed that
travel times calculated with the two different ray tracers with optimal re-gridding
and interpolation schemes might not differ significantly with respect to normal
observation errors. For most of the cases the differences in geometry of ray paths
calculated with RKP and with ART-PB lie within the Fresnel volume (Kissling
et al., 2001). However the RKP method better accounts for complex ray geometry
in a laterally varying velocity model. So particularly for refracted rays, where the
curvature of the ray is not simple, the RKP method yields to a more realistic ray
path. In Costa Rica, many earthquakes have a depth of more than 20 km, which
are more likely to lead to simple and direct ray path, but some refraction in the
slab have to be considered.
The two methods also differ in other regards. The ART-PB method searches for
a global travel time minimum but it shows a lower sensibility to strong hetero-
geneities. In contrast, the RKP method, a shooting method, will search for a local
minimum. Furthermore, the RKP method can fail finding a ray to hit the station
even after the maximum number of iterations allowed. Since a ray path that per-
fectly hit the station is a theoretical construct, however, a tolerance area is defined
around the station and a correction in the travel time is calculated accordingly to
the incidence of the ray (see Figure 2.5). On the contrary, the ART-PB method
always finds a solution since it uses a bending method starting with an arc between
source and receiver. For these reasons the ART-PB method in simupls14 allows to
find a solution to the forward problem even if the RKP method fails. Moreover,
it is always interesting and instructive to be able to compare inversion results ob-
tained by two different forward methods (see Appendix D). Significant differences
in travel times obtained by the two methods can indicate problems with the model
parametrization, f.e., the two corresponding ray paths are crossing different geo-
logical structures with different velocities. The results of the tomography would
then be dependent on the forward solver, while the resolution estimates would not
document this.

α

Δ

Figure 2.5: RKP shooting method: correction of the RKP travel time, where α is the RKP
ray incidence, Delta is the travel time difference between the RKP ray and the
RKP ray that would perfectly reach the station. The 1km distance is the maximal
successful distance for a RKP end-point with a station.
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Tuning the travel time precision for the shooting method (RKP):
A RKP ray that would perfectly reach the target is, however, unrealistic since we
cannot use an indefinitely small angle increment when shooting. As a criterion
of success for the shooting method, we define two areas, an “inner” area and an
“outer” area in which the final hit point of the ray ray could arrive.

The size of the “inner” area is chosen according to the average station position
accuracy. In the case of the Costa Rica experiment, the best precision of station
coordinates is ±40m. In a worse case, with a P-wave velocity of 4km/s travelling
parallel to the surface (α = 90◦), a maximal travel time difference of 0.01s is
expected. This difference is negligible in comparison to our best quality class of
±0.05s (10%) (for the definition of the weighting scheme for this study see Chapter
3.5.1). For this reason, corrections are negligible in the “inner” area, and can be
considered as being as good as a station hit.
However, when the end point of the ray shot from source could not reach this inner
area after the maximal number of iteration (defined as 25 in our study), and ends
in the “outer” region, the ray may still be considered as successful, but needs a
travel time correction (defined as ∆t in Figure 2.5), which can be done only under
certain assumptions:

• The plane wave assumption is valid

• The station coordinate precision

• The best observation quality class

The travel time difference should, however, not be above the best observation
quality class, but the error is by definition larger than in the “inner” area. To
define the size of the “outer” area, one has to take into account the problem of
the lateral variation of the velocity and the plane wave assumption. If we take
an extreme example with a lateral variation of 50% of the velocity (3 km/s and
6 km/s) at both side of the station and a size of the “outer” area of 300 m, the
travel time difference is 0.05 s (best quality class). At this distance, the plane
wave assumption is still valid for most of the local earthquakes (the plane wave
assumption is depending of the distance to the source). And this example is a worst
case with a wave propagating parallel to the surface, and to be conservative we
take a size of 200m (the problem of the station precision has to be kept in mind),
defining the “outter” region, to be sure to be still below the best observation
quality class. By doing a correction the these rays, we can improve the success
rate of the RKP ray tracer without introducing a significant error.
Rays that end outside this outer region are considered as failure and the ART-PB
ray is used (see Appendix D)

2.3 Assessment of tomography solution quality

The tomography solution quality has to answer to the two questions, where can
we resolve (reliability) and how can we resolve (resolution) the solution. As the
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solution of the inversion problem is not unique and strongly depends on the ini-
tial conditions (reference model, damping, model parametrization), the reliability
defines the correctness of the particular solution found. This section aims at devel-
oping in more details the concept of resolution, which could have different meaning
depending on what is considered.

Three types of resolution can be considered:

1. The physical resolution is obtained by the dominant frequency of the local
earthquakes (for local events the dominant frequency is one Hertz), which
could help to choose wisely the inversion grid, and the numerical solvers.

2. Resolution obtained by real data available, which is available with the full
resolution matrix (see Equation 2.13).

3. The resolution of a graphical image is greatest resolution of a grid (2x1
pixel) (see Figure 2.6). At least 2 pixels are needed to start to define a
structure. It can be used to choose wisely the plotting scale, the smoothing
color interpolations, . . .

Sophisticated image reconstruction techniques might help to obtain image of
Figure 2.6.d. from image b. or c. However, we need to have an a-priori knowledge
that we look at an image of Mona Lisa. Unfortunately, the structure of the Earth
is not known a priori. For this reason, these sophisticated techniques cannot be
used in earth-science.

c d

a b

54 pixels 108 pixels

408 pixels 1120 pixels

10-times improved resolution in Fig. d
with respect to Fig. b  (in 2D ! this re-
lates to 30-times in 3D)

Image Resolution: Example Mona Lisa

Figure 2.6: Example of the graphical resolution.
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2.3.1 Resolution estimate (KHIT, DWS, RDE, ray density
tensor, spread function, resolution contour)

The resolution of any cell in the volume of study depends on the number of waves
or rays travelling through the cell and the geometric distribution of these rays.
Two values can be used to evaluate the density of the ray-coverage. In a first
order, one may just use the number of rays (KHIT) or the total length of all rays
that hit a cell, also called the derivative weighted sum (DWS). The KHIT values
represent the sum of all the rays crossing each cell (KHIT =

∑nb of rays
i=0 ri) while

the derivative weighted sum, is the sum of the length of the travel path of the rays
through the cell relative to the diagonal of the cell (DWS =

∑nb of rays
i=0 (Li/L0)).

The Figure 2.7 illustrates the differences of the two methods (by using a simple
case with two rays). In the example given by Figure 2.7, the KHIT value would
be equal to two, since exactly two rays are travelling trough the cell. In contrast,
the DWS value would be only be about 1.1 for the presented grid node, because
the travel path of ray 1 trough the cell is rather short.

Figure 2.7: How are the hit counts (HITS) and the derivative weighted sum (DWS) calculated:
the HITS values represent the sum of all the rays crossing the cell (HITS =∑nb of rays

i=0 ri) while the derivative weighted sum, is the sum of the length of the
travel path of the rays through the cell relative to the diagonal of the cell (DWS =∑nb of rays

i=0 (Li/L0)). In this example, nb of rays = 2

Figure 2.8.A) and B) show an example of maps with , respectively, KHIT
and DWS values taken from the Costa Rica local earthquake data set used for
tomography for an horizontal depth section at 20 km in the 15x15 MKH model
(see Chapter 4.3).

But these methods are not sensitive to the azimuthal distribution of the rays
(cross-firing of the rays). To account for this parameter, the ray density tensor
(Kissling , 1988) can be used. It calculates the ray distribution for each grid node.
The rays within a block are accounted for by plotting each rays orientation on
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Figure 2.8: Examples of maps taken from the Costa Rica local earthquake data set used for
tomography for a horizontal depth section at 20 km: A). KHIT value, B). DWS
values, C) RDE values

a sphere. The density of points on the sphere is then measured. This ray den-
sity is a tensor that can be plotted as an ellipsoid. The accompanying numbers
relate the largest eigenvalue of the block to the largest eigenvalue of the layer
[M=-log(a/amax)] (Eberhart-Phillips and Michael , 1993).

All these previous methods could be used prior to the inversion, but a couple
of other methods can be used once the inversion is done, and are mainly based
on the calculation of the resolution matrix (see Equation 2.13). The resolution
matrix can also be used as a first order diagnostic tool. The diagonal element of
the resolution matrix (RDE) describes the independence of one model parameter
in the solution: the larger the RDE is for one model parameter, the more inde-
pendent the solution is for this model parameter. The RDE is a first estimation
of the resolution for each cell. However the RDE value strongly depends on the
damping value and on the model parametrization and can, for this reason be used
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as a threshold to delimit well-resolved areas from poorly to unresolved areas. To
evaluate which RDE value is appropriate to delimit well-resolved areas, contours
of same RDE have to correlate with synthetic tests results (see Section 4.4.3). But
without synthetic tests, RDE remains a qualitative measure. Figure 2.8.C) shows
an example of a map with RDE values taken from the Costa Rica local earthquake
data set used for tomography for an horizontal depth section at 20 km.

The spread value (Toomey and Foulger , 1989; Michelini and McEvilly , 1991)
summerize the information contained in a single averaging vector or row of the full-
resolution matrix. For a peaked resolution, i.e., low smearing, the diagonal element
is much larger than the off-diagonal elements and the spread is low. However, no
universally applicable spread value exists to define the range of acceptable spread
values, since the spread, like the RDE, depends on the damping and the grid node
spacing. Toomey and Foulger (1989), proposed to plot the averaging vectors for
some representative model parameters in a 3D mesh plot. Good resolution may
then be defined by the shape of the averaging vector, i.e., by a peaked averaging
vector (Husen and Kissling , 2000).

2.3.2 Resolution testing procedure

The resolution testing procedure is defined by sensitivity testing (see Spakman
et al., 1993) and by synthetic data testing (see Kissling , 1988). The first one pro-
vides information on the sensitivity of the data by showing where the amplitudes
of the anomalies are fully, fairly or not recovered. Sensitivity tests are useful to
delineate areas of decent resolution with respect to poor resolution areas. They
also define problematic regions with potential resolution defects. Synthetic data
tests assess the resolution of the data set in a particular region. Traditionally, sen-
sitivity tests are done by designing a checkerboard model with an alternation of
positive and negative spikes anomalies (typically ±10%) spaced by at least 2 grid
nodes. Even if these models allow to check for vertical and horizontal smearing,
this type of models does not reflect real structures of the Earth. And because of
focusing and defocussing effects created by the alternation of anomalies, Leveque
et al. (1993) proved that these types of models are much easier to resolve than
simpler and larger anomalies (rectangular). However, by analysing how much am-
plitude and geometry are resolved, it already gives some precious information. that
help to design a synthetic models closer to real structures.

In contrast, by introducing large, but simple shapes of high and low anoma-
lies, a synthetic, characteristic model is a more realistic (closer to possible existing
earth structures) but also a more difficult model to be inverted. A characteristic
model retains the sizes and amplitudes (characteristic) of anomalies seen in the
inversion results but at different shape and different sign for the anomalies. Infor-
mation on model parametrization and on the damping can only be obtained from
tests with synthetic, but realistic, models such as characteristic models. Once we
have a better idea of areas that could be resolved by the tomographic inversion,
a characteristic model is built to evaluate the best damping value adapted to our
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Figure 2.9: Comparison between a sensitivity test and a synthetic data test, on the basis of
real data set use for local earthquake tomography in Costa Rica. Synthetic travel
times were calculated and Gaussian noise were added to the synthetic traveltimes.
Here we show the 20km depth layer with the RDE contour of 0.1. The RDE value
is not very indicative in the case of the sensitivity test.

model. The Figure 2.9 shows a comparison between the results of the inversion of
a synthetic model and a characteristic model use in the assessment of the solution
quality of a data set use for local earthquake tomography in Costa Rica. The re-
sults are displayed in horizontal cross section at 20 km depth for the 15x15 MKH
model (see Chapter 4.4.3). This example clearly shows that an appropriate RDE
value use in combination with characteristic test helps to defines well-resolved re-
solved regions by outlining where the input anomalies are well-recovered in shape
and in amplitude, while RDE value is not indicative in the case of the sensitivity
test.

The Chapter 4.4 provides a good example on how the solution quality can
be assessed by using different resolution estimate methods in combination with
sensitivity and characteristic test, based on an application of a data set compiled
for the Costa Rica region between 2005 and 2006. It also points up the different
steps to achieve the assessment of the solution quality. First a checkerboard test is
designed to evaluate the sensitivity of the data set to our model parametrization
and to check for possible horizontal and vertical smearing effects (see Chapter
4.4.1). This test is used to design a characteristic model according to regions
provided by a good sensitivity. The characteristic model is then employed to
define the best damping value for the inversion of the data set by comparing results
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2.3 Assessment of tomography solution quality

from different inversions using exactly the same input parameters but the damping
(see chapter 4.4.2). The assessment of resolution using resolution estimates (DWS)
and the previously design characteristic model in combination with an appropriate
RDE value is presented (see Chapter 4.4.3).
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local earthquake data sets for
Costa Rica region
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3 Compilation of teleseismic and local earthquake data sets for
Costa Rica region

3.1 Introduction

As already mentioned in the introduction (Chapter 1), seismicity in Costa Rica re-
gion is dominated by both shallow focal depths within the crust (from 0 to 30 km)
and deep focal depths within the down going slab (down to 130 km). In teleseismic
tomography, to illuminate the subducting oceanic lithosphere, we have to increase
the aperture of the seismic array. To achieve the most uniform ray-coverage as
possible, suitable for local earthquake tomography of the Costa Rican region, a
maximal number of networks have to be merged. For this reason, we compiled
data from nine permanent and temporary networks operating in Costa Rica and
the neighbouring countries.
Merging data from different networks goes along with a variety of difficulties, such
as the identification of common events in bulletins, which can become ambigu-
ous considering the number of events in Costa Rica and the variation in location
and origin time between bulletins from different networks. Since we focus, in this
study, on re-picking of arrival times, only waveforms are merged and not phase
data coming from different bulletins.
In this chapter, we give an overview of the available permanent and temporary
networks operating in Costa Rica and the neighbouring countries in the time pe-
riod of our study (from 2005 to 2006 for the local earthquake data set and from
2000 to 2006 for the teleseismic earthquake data set). Furthermore, common prob-
lems present in the waveform data like timing errors and different data formats are
summarized. The procedure used to merge the waveforms data is described. We fi-
nally obtained a set of waveforms from local earthquakes ready to be automatically
and consistently re-picked. In contrast, teleseismic arrival times were consistently
re-picked by hand. The corresponding waveforms data sets are presented in this
chapter.

3.2 Networks in Central American Region

Figure 3.1, presents the permanent and temporary networks used in this study. In
order to reach the goals described in chapter 1, 15 broad-band sensors (later called
the CoRiSubMod network) were installed in Costa Rica between 2005 and 2006.
Signal was continuously recorded during that period. Thus, the CoRiSubMod
network completed the two permanent networks (RSN and OVSICORI-UNA) used
to routinely record regional seismicity since the 1970s. The permanent networks
of Panama and Nicaragua (the latter was only used for teleseismic tomography
study, since its stations are not close enough to Costa Rica border) were also
included. Moreover, all available seismic stations from other temporary networks
(Tucan, Kiel, Pocosol and OSIVAM) running during that period were also included
to our project to achieve the largest data set and the largest network aperture as
possible. Hence, the final network merged no more than 5 temporary networks and
4 permanent networks (see Table 3.1), consisting of a total of 183 seismic stations.
The stations were composed of one-component short-period sensors (100), three-
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3.2 Networks in Central American Region

components short period sensors (30) and broad-band sensors (53).
All the networks used in this study are described in more details in Appendix C.
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3 Compilation of teleseismic and local earthquake data sets for
Costa Rica region
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Abstract

Many seismological studies depend on the accuracy of timing of seismological data.
In seismic tomography, travel time residuals defined as differences between the ob-
served and calculated arrival times of seismic phases are minimized to constrain
3D velocity structure. Inconsistencies and large errors in data sets that result from
incorrect station coordinates, errors in the timing acquisition system, errors in the
merging procedure, inconsistency in the picking and phase mis-identification can
also generate travel time residuals, and because of their systematic nature, these
errors cannot be treated as random noise even by exploiting a large number of
travel times. While the inverse problem is perfectly set up to deal with random
noise, systematic errors lead to significant artifacts in the solution, but may not be
detected by a posteriori error assessment. For this reason, detecting and removing
systematic travel time errors from data sets before inversion is crucial for seismic
tomography studies.
We present a methodology based on the use of a minimum 1D model to detect
and remove systematic errors in travel time data by detailed analysis of station
delays and observation residuals and exemplify it by a local earthquake data set
from Costa Rica. The determination of the exact nature of detected inconsisten-
cies needs further investigations in each individual case. If the cause of detected
systematic errors cannot be determined beyond any doubt and the afflicted data
may not be corrected they must be deleted from the data set. To assess the extent
of influence of systematic errors on hypocenter locations and their uncertainties,
we present two examples showing the effects of station mis-location.
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3.3 Detection of systematic errors in travel time data using a
minimum 1D model: Application to Costa Rica seismic tomography

3.3.1 Introduction

In most seismological studies, the accuracy of arrival time measurements is crucial
to obtain reliable and accurate results. Modern seismic studies frequently benefit
from dense station coverage, with higher sampling rates, broader frequency band
recorded, and also a higher precision in time and position thanks to continuous
GPS records. Unfortunately, the highest possible accuracy is not always reached
in practice and data sets still suffer from various errors that can be classified into
two distinct and specific groups:

• Random errors,

• Systematic errors.

Large random errors reduce the overall quality of a data set, but their effects can be
minimized through the use of a large number of observations and the application
of a solution method that correctly addresses Gaussian distributions. Systematic
errors, however, which also reduce the quality of a data set, cannot be addressed
properly with Gaussian solution methods, because the averaging does not correct
for intrinsic bias, which becomes part of the solution, producing significant arti-
facts (see e.g. Kissling , 1988; Röhm et al., 2000) leading to misinterpretations of
the tomographic results. Furthermore, systematic errors are difficult to detect.
In studies of routine earthquake location or local earthquake tomography, travel
time residuals are expected to be representative of the difference between the real
structure of the studied area and the initial velocity model used in inverse prob-
lem. Inversion algorithms are designed to find systematic interdependent travel
time residuals and attribute them to specific 3D model structure. Systematic er-
rors, however yield travel time residuals with similar or same characteristics as
real 3D geologic structure and they result in artifacts in the data that may not be
distinguished from real 3D structure. Thus they lead to serious misinterpretations
of seismic tomographic results (Kissling , 1988). Consequently, we must check for
systematic errors in the data before inversion rather than hoping to detect the
artifacts in the solution.

There are many reasons for systematic errors, including:

1. Incorrect station coordinates,

2. Error in the acquisition time at a station,

3. Inconsistency in the picking due to noise level changes, different filtering
procedures, different seismologists,

4. Phase misidentification (Pg, PmP, Pn),

5. Errors when merging data from different networks (e.g. two different events
occurring almost at the same time could be misinterpreted as a single event).
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3 Compilation of teleseismic and local earthquake data sets for
Costa Rica region

Systematic errors in seismic station parameters have been recognized since the ear-
liest routine seismic data collection. In particular, the International Seismological
Centre (ISC) bulletin exhibits such problems (Grand , 1990; Röhm et al., 1999,
2000). Furthermore, the importance of using accurate and consistent absolute ar-
rival times for local earthquake tomography has been studied in detail recently,
concluding that for high resolution tomography and for consistent and accurate
hypocenter determination such bulletin data must be re-picked (see, f. e., Diehl
et al., 2009a). These previously proposed methods, however, suffer from the lim-
itations that waveforms are not always available and, hence, a method to detect
systematic errors in bulletin data is needed that does not require waveforms.
In this article, we propose to use the so-called minimum 1D model (Kissling et al.,
1995), to detect and remove systematic errors from local earthquake data sets. We
will see that the minimum 1D model allows us to employ the interdependency of
the unknown parameters to detect systematic errors. Indeed, most artifacts may
not be introduced into the 1D-velocity model and end up in specific parts of the
solution that can be easily checked, such as hypocenter locations or station delays.
To illustrate the method, we use examples from a tomography experiment carried
out in Costa Rica from 2005-2006. We will document the procedure to detect
problems at individual stations as well as at sites where two stations from differ-
ent networks were located nearby. We used an automatic picker which provides
quality observation for each observation to avoid problems arising from picking
inconsistencies (Aldersons , 2005; Diehl et al., 2009a).

3.3.2 Local earthquake data set for Costa Rica

The CORISUBMOD project (Costa Rica Subduction Modeling) was set up to
better understand subduction-zone related processes and their variations beneath
Costa Rica, by improving and extending existing 3D velocity models through local-
earthquake and teleseismic tomography. In order to reach these goals, 15 broad-
band sensors (CORISUBMOD network) were installed in Costa Rica for a two-year
experiment between 2005 and 2006. Data were continuously recorded during that
period. The CORISUBMOD network complemented the two permanent country-
wide networks (OVSICORI-UNA and RSN, see Table 3.1) which have routinely
recorded local and regional seismicity since the 1970’s. All available seismic sta-
tions from other temporary networks running in our study area during that time
period were also included in our project to build the largest possible data set.
Hence, the experiment set up in Costa Rica consists of four temporary networks
and two country-wide permanent and two permanent networks in neighbouring
countries, combining a set of 135 seismic stations (see Figure 3.1 for locations and
Table 3.1 for references). The stations consisted of one-component short-period
sensors (51), three-component, short period sensors (30) and broad-band sensors
(54).
To avoid inconsistencies in the picking procedure and reduce random errors, we
used an automatic picker called MannekenPIX (MPX) (Aldersons , 2004), which,
besides the actual arrival time pick, provides also a quality information for each
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3.3 Detection of systematic errors in travel time data using a
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Network La-
bel

Institution & Contact

CoRiSubMod Costa Rica Subduction Modeling (CoRiSubMod) a temporary seismic network
jointly deployed by the Observatorio Vulcanológico y Sismológico de Costa Rica
(OVSIRORI-UNA), by the Red Sismológica Nacional (RSN) and by the ETH Zurich,
Switzerland in Costa Rica from 2005 to 2007. ETHZ, Institute of Geophysics, Son-
neggstr. 5. CH-8093 Zurich, Switzerland. Contact: husen@sed.ethz.ch

Kiel Surface and borehole seismic stations administrated by the University of Kiel in
central and northern Costa Rica from 2005 to 2006. CAU Kiel - IFG - Geophysik,
Otto-Hahn-Platz 1, 24118 Kiel, Germany. Contact: wrabbel@geophysik.uni-kiel.de

OVSICORI-
UNA

Observatorio Vulcanológico y Sismológico de Costa Rica, administrated by the Uni-
versidad Nacional de Costa Rica (OVSICORI-UNA). Apartado Postal: 2346-3000
Heredia, Costa Rica. Contact: rquinter@una.ac.cr or http://www.ovsicori.una.ac.cr
Contact: rquinter@una.ac.cr

OSIVAM Observatorio Sismolórico y Vulcanolórico Arenal-Miravalles (OSIVAM), ad-
ministrated by the Instituto Costarricense de Electricidad (ICE), Apdo.
Postal 10032-1000 San José, Costa Rica. Contact: WTaylor@ice.go.cr or
http://www.rsn.geologia.ucr.ac.cr/01%20General/OSIVAM.htm

PANAMA Instituto de Geociencias, Red Sismológica National, Campus Central - COL-
INA, Universidad de Panamá Ciudad de Panamá, adminitrated by Universidad de
Panamà. Contact: ecamacho@cableonda.net or http://www.igc.up.ac.pa/

Pocosol Pocosol Seismic Network, an NSF-funded array of three stations deployed by Rutgers
University in Northern Costa Rica from 2005 to 2006. Earth and Planetary Sciences,
Rutgers University, Wright-Rieman Labs, 610 Taylor Road, Piscataway, NJ 08854
Contact: vlevin@rci.rutgers.edu or linkimer@email.arizona.edu

RSN Red Sismológica Nacional (RSN) administrated jointly by the Instituto Costar-
ricense de Electricidad (ICE) and the Universidad de Costa Rica (UCR) Uni-
versidad de Costa Rica (UCR), Escuela Centroamericana de Geoloǵıa, Apdo.
Postal 214-2060, San José, Costa Rica. Contact: credondo@geologia.ucr.ac.cr or
http://www.rsn.geologia.ucr.ac.cr/

TUCAN Tomography Under Costa Rica And Nicaragua (TUCAN) is a temporary deployed
by Boston University in Nicaragua and northern Costa Rica from 2004 to 2006.
Boston University, 675 Commonwealth Av., Boston, MA 02215, USA. Contact:
abers@bu.eduAbers or http://people.bu.edu/abers/TUCAN.html

Table 3.1: Label, reference and contact for the networks used in this study.

observation. This information allows us to assess the overall quality of our data
set, a key information and prerequisite for seismic tomography (see, f.e., Diehl
et al., 2009a). The MPX system combines a traditional picking algorithm based
on Baer and Kradolfer (1987) with an automatic quality assessment, which is able
to imitate the process performed by experienced seismologists. For details about
the working flow of MPX see Diehl et al. (2009a). The picking engine of MPX
needs to be guided by a priori information of the appropriate arrival time for each
seismogram. It can either be a routine pick or a predicted time computed from a
reasonable velocity model. For our study, we used only predicted picks, as routine
picks were not available for temporary networks. A previously calculated so-called
minimum 1D model (Quintero and Kissling , 2001) was used to compute predicted
arrival times to guide MPX.
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Figure 3.1: Locations of seismic stations used in the CORISUBMOD project, sorted by net-
works and type of sensor, as indicated on the inset. Stations PAL and OCM used
in the next of the study are located.

To assess the quality (timing error) of each observation, MPX uses a pat-
tern recognition scheme that needs to be tuned to a handpicked reference data
set (see Diehl et al., 2009a; Di Stefano et al., 2006). A set of 1158 reference
seismograms from a representative selection of 27 reference events has been care-
fully hand-picked again following the consistent picking rules given by Diehl et al.
(2009a). The reference-handpicked observations were set up as basis to calibrate
MPX in order to automatically repick 1444 events (31,863 waveforms) reported
in 2005 and 2006. A final data set of 764 well-locatable events (11,081 observa-
tions) was used to compute an updated miniumum 1D model (later referred to as
CR min1D2007) for the CORISUBMOD data set. The result did not show any
significant differences to Quintero and Kissling (2001), indicating that a minimum
in 1D-velocity model and in station delays had already been reached. All events
were relocated with VELEST (Kissling et al., 1995) in single-event mode, using
the CR min1D2007 model. Only events having a maximum azimuthal gap of less
than 175◦ degrees, and having six or more observations, were used in our study.
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minimum 1D model: Application to Costa Rica seismic tomography

3.3.3 Detecting systematic errors: Approach

The travel time of a seismic wave is a non-linear function of the hypocentral
parameters and seismic velocities sampled along the ray path between source and
station. This dependency is called the “coupled hypocenter-velocity problem” that
can be iteratively solved by standard local earthquake tomography procedures for
a large number of hypocenters simultaneously (f.e., SIMULPS, Thurber , 1992).
In standard earthquake location procedure, the velocity parameters are kept to a
priori values and the observed travel times are interpreted by perturbation of the
hypocentral parameters only. Neglecting the coupling between hypocentral and
velocity parameters during the location process can induce systematic errors in
hypocenter locations (Thurber , 1992). Furthermore, uncertainties strongly depend
on the assumed a priori velocity structure, and normally largely underestimate
the true location errors (Kradolfer , 1989; Husen et al., 1999). Precise hypocen-
ter location and, in particular, their uncertainty estimates, therefore, demand the
simultaneous inversion of velocity and hypocenter parameters. The Shareware pro-
gram VELEST (Kissling , 1988) iteratively solves the coupled hypocenter-velocity
problem for a large number of events and a 1D velocity model with station delays.
Although this program has originally been developed to derive a well-suited ini-
tial reference velocity model for 3D local earthquake tomography (Kissling et al.,
1994) it may also be applied to the joint hypocenter determination problem to al-
low quantitative uncertainty estimates. The so-called minimum 1D velocity model
(for detailed definition of the term and for a calculation guide of a minimum 1D
velocity model see Kissling et al. (1994) and Kissling et al. (1995), respectively) is
obtained by a trial-and-error process using VELEST with various initial velocity
models and hypocentral parameters and for different damping values. It repre-
sents a model that leads to a minimum in average values for all earthquakes and
closely reflects the a priori structural information obtained from surface geology
and/or by controlled source studies (for Costa Rica see Sallarès et al. (2001) and
Stavenhagen et al. (1998)). To account for lateral variations in the shallow sub-
surface, station delays are incorporated in the inversion process. Since results of
this inverse problem are ambiguous, different velocity models with similar residual
variance can be obtained. The one that most closely reflects the a priori known
information about the near-surface structure and that leads to a minimum average
RMS value for all earthquake locations is selected as reference model.

The “minimum 1D model” solution to the coupled hypocenter-velocity problem
is basically composed of a 1D velocity model, a set of hypocenter locations and a
station delay attributed to each station. All these parameters are closely linked.
The minimum 1D model solution reflects their interdependencies and allows us to
check each parameter individually since, unlike a 3D model, a 1D model may not
absorb most systematic errors with false 3D structures (artifacts). As each of the
unknown parameters are close to a minimum with regard to the specific coupled
inverse problem, the minimum 1D model solution allows us to detect systematic
errors in a data set, by focussing on one parameter at time.
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3.3.3.1 Minimum 1D model for Costa Rica

We propose to use the minimum 1D model solution to detect data errors at sta-
tions. Obviously, we assume that all observations from stations with a priori known
and unrecoverable problems are previously removed from the data set. We further
assume that not all stations could suffer from the same systematic errors. Hence,
a significant data set from a large number of stations will provide reliable back-
ground information which will constitute the basis of our approach.

The first minimum 1D model for Costa Rica was calculated by Quintero and
Kissling (2001). In their study, they explained the procedure to merge events
recorded by two permanent networks in Costa Rica (RSN and OVSICORI-UNA,
see Table 3.1). Since many of the stations used in the CORISUBMOD experiment
were not operational at the time of the Quintero and Kissling (2001) study, we
had to update their minimum 1D model for our data set. For these calculations,
we considered only events with an azimuthal gap smaller than 180◦ and with a
number of observations greater than six. This assures us that the hypocentral
parameters are potentially well determined. The updated minimum 1D velocity
model CR min1D2007 is virtually identical with the one calculated by Quintero
and Kissling (2001). We obtained station delays for the new stations, and a
comparison showed us that station delays for the older sites obtained for our new
minimum-1D model were virtually the same as those obtained in the original study
(Quintero and Kissling , 2001).

A list of potentially problematic stations was compiled during the calculation
of CR min1D2007 based on the analysis of the VELEST output. The list also
contained stations suspected as potentially problematic based on a priori knowl-
edge acquired when compiling the station list and hand picking. Stations may be
flagged as potentially unreliable for a variety of reasons, including (but not limited
to) a priori knowledge such as coordinate issues, known timing problems, observa-
tions during phase picking; or they may be flagged due to VELEST results, such
as consistently high RMS at a particular station or azimuthally-dependent misfit
compared to near-surface geologic features.

3.3.3.2 Analysis of results obtained by data from potentially problem-
atic stations

Once the list of stations that need to be checked was constituted, the original
data set was temporarily reduced by extracting and deleting all observations from
questionable stations. With the remaining data set containing only observations
from likely reliable stations and using the previously calculated minimum 1D model
CR min1D2007 and hypocenter locations as initial input, a set of station delays
for likely reliable stations was calculated. These station delays were then input
in a second run of VELEST, using at this time, the original data set with all
observations. The initial station delays of suspected unreliable stations were set to
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zero in the second run. The purpose of this procedure is to enhance inconsistent
station delays or travel time residuals at unreliable stations. These parameters
depend strongly on the data from potentially problematic stations. Indeed, many
systematic errors in travel time data will thus appear once they are compared in
the minimum 1D model solution with the reliable data. Figure 3.2 illustrates with
more details the methodology designed for this study.

Figure 3.2: Procedure to detect stations with systematic errors in travel time data with VE-
LEST

3.3.4 Detecting systematic errors: Application to Costa
Rica

When a systematic error such as wrong station coordinates or a defective timing
acquisition system of a station is suspected, the usual procedure is to send someone
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to check in the field. However, checking directly at the station is sometimes not
possible, because of logistics or when the temporary station has already been
dismantled. Data from any seismic station is precious and hence, another way
to confirm its reliability must be devised. Here, we apply our approach to local
earthquake data from Costa Rica. Because the CORISUBMOD data set consists
of a mixture of temporary and permanent stations operated by different agencies,
inconsistencies in error assessment and even errors in station parameters are likely
expected. Some of these problems were already detected during the hand picking
of the reference set for subsequent automated picking. As we aim for a consistent
phase picking for all waveforms, we strive to assess the quality of the station
parameters systematically for all stations.

3.3.4.1 Detecting wrong station coordinates using travel time residu-
als: example of station PAL

After relocation of all hypocenters and calculation of station delays with the min-
imum 1D model CR min1D2007, station PAL (equipped with a 1-component,
short-period sensor) showed large residuals. For this reason this station was placed
in the list of potentially unreliable stations and the above-described procedure
was applied. Figure 3.3 is a polar diagram showing the travel time residuals of
PAL as a function of distance and azimuth after recalculation of the station de-
lay and residuals with minimum 1D model and the pre-compiled station delays
of reliable stations. Figure 3.3a shows a bipolar distribution of the travel time
residuals at PAL, with all the positive values situated in the NW quadrant and
all the negative travel time residuals in the SE quadrant relative to the station.
We further note that the amplitude of the positive and negative residuals are not
distance-dependent, with an almost constant value of one second. Two different
interpretations are possible. Either PAL is exactly placed at the border of a very
large change in the near surface geological structure, or the station is mis-located.
Station PAL is indeed situated near the limits of quaternary volcanic rocks to the
north and a small sedimentary basin to the south.

But the latter is itself situated on top of a series of Miocene-Pliocene volcanic
rocks (Tournon and Alvarado, 1997). The small size of the sedimentary basin,
however, could not explain the amplitude of the residuals observed. Moreover, even
if the station is placed at the border of a significant structural change, the residuals
should show some increase with increasing distance of the sources. Furthermore,
it is unlikely that such a geologic structure would result in positive and negative
residuals of the same amplitude. For these reasons, the pattern shown by Figure
3.3 is interpreted as a mistake in the coordinates of the station and we test this
hypothesis by estimating the likely “correct” coordinates. The travel time residual
denotes the difference between the calculated travel time and the observed travel
time. With the station delay we observe an average travel time residual of about
one second. Therefore, if we consider an average crustal P-wave velocity of 6 km/s,
the station PAL should be located around 6 km south-eastward from its current
coordinates. Based on our inquires the coordinates of PAL were checked in the
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Figure 3.3: Polar diagram distance/azimuth showing the travel time residuals in seconds at
station PAL: a) using wrong station coordinates, and b) using correct station co-
ordinates.

field and, indeed, a mistake was found. The real location of the station is 7.3 km
south-eastward (see Table 3.2), in good agreement with our estimates.

PAL Wrong coordinates Correct coordinates

Latitude: 9.8295 9.7830
Longitude: -83.8720 -83.8240
Altitude: 1220 1352
Distance: 7.373 km

Table 3.2: PAL coordinates

Once relocation is done with the correct coordinates, the bipolar distribution no
longer appears (see Figure 3.3b) and the travel time residuals are now dependant
on epicentral distance.

3.3.4.2 Detecting systematic errors in travel time data using the sta-
tion delay value

The seismic station crt06 is a broad-band sensor from a temporary network (see
Figure 3.4). We were warned by the operators that all stations of this temporary
network could suffer from timing errors because of a problem in the quartz crystals
of the timing system in the data loggers. For this reason, all stations from this
temporary network were added to the list of potentially unreliable stations. An-
other example was detected during hand-picking of arrival times at station CDM.
Arrival times at station BUS showed large differences (how large?) when compared
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Figure 3.4: Station delays at crt03, crt04, crt05, crt06, BUS, CDM, LAR, and LCR2, and
geological setting. Yellowish colours represent sediment rocks. Reddish colours
represent igneous rocks.(Geological map taken from Tournon and Alvarado (1997))

to arrival times picked at station BUS, situated only 820 meters away. For this
reason BUS and CDM were also added to the unreliable stations list. Figure 3.4
shows the delays observed at several stations situated near crt06, BUS, and CDM
in relation to the delays obtained for the three of them with the above described
procedure. In a region with outcropping high velocity volcanic rocks close to deep
sedimentary basins, stations delays could vary laterally by up to ±1s in a 350 km
wide country like Costa Rica. Furthermore, depending on azimuthal sampling,
a station delay may normally vary up to ±20% for different data sets from the
same region. Stations crt03, crt04 and crt05, together with crt06 form a transect
from the coast to the Talamanca cordillera. Their station delays are respectively
0.11s, 0.02s and −0.20s seconds, and 0.98s for crt06 (see Table 3.3). Except for
crt06, these delays are in good agreement with a reduction in the thickness of a
low-velocity Oligocen-Miocen sedimentary basin and the limits of the region of
high-velocity, volcanic post-intrusive rocks of the Talamanca cordillera along this
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transect (Tournon and Alvarado, 1997). Not only the sign of the station delay cal-
culated at crt06 is in disagreement with the high velocities associated to volcanic
rocks, but also the large value should correspond to a low velocity zone such as a
large sedimentary basin. The station delay allowed us to confirm a problem in the
timing acquisition at crt06. Unfortunately, the timing problems potentially varied
over the period of operation of the station and no time correction could be defined.
Consequently, all observations from this station were deleted from our data set.

Stations crt03 crt04 crt05 crt06 CDM BUS LAR LCR2
Observations 24 72 141 77 21 479 526 506

Delays 0.11 0.02 -0.20 0.98 -0.98 -0.19 -0.18 -0.13

Table 3.3: Station delays at crt03, crt04 crt05 crt06, BUS, CDM, LAR, and LCR2

The station delay found at BUS from 479 observations, is −0.19s while at CDM a
station delay of −0.81s with 21 observations has been computed (see Table 3.3).
Despite the difference in number of observations, such a big difference in station
corrections is suspicious considering that the two stations are situated in the same
geological environment (dioritic rock sequences Tournon and Alvarado (1997)).
The velocity of the subsurface rocks nicely corresponds with the delay obtained for
BUS, while the value calculated at CDM is unlikely large and showing an unlikely
large azimuthal variation. Unfortunately, the timing accuracy at station CDM
could not be confirmed in the field leaving the large station residual unexplained.
For these reasons, all observations from CDM were removed from the dataset.

3.3.4.3 Transient timing system problems

Station OCM is composed of two sensors: a one-component, short-period sensor
(OCM) and a 3-components, broad-band sensor (OCMB). The most intuitive test
to check the timing acquisition at both sensors is to calculate and compare the
difference between arrival times recorded by each sensor for each event. Figure
3.5 illustrates the calculated differences between OCMB and OCM in our study
period (2005 to 2006). From 2005/07/29 to 2006/01/17 (period 2) the calculation
shows a difference in arrival times close to one second, while during the rest of
the observation period (period 1a from 2005/01/01 to 2005/07/29 and period
1b from 2006/01/17 to 2006/12/31) the differences are nearly zero. Individual
differences greater than ±0.2s in periods 1a and 1b were all visually controlled
and it was found that they all relate to low quality emergent onsets with rather
large uncertainties. . A difference of one second in period 2, however, obviously
indicates a problem in the time acquisition system by at least one of the sensors.
But, by calculating the difference and inspecting the delays, we are not able to
identify which sensor presents the problem. The situation, however, could be even
worse: Another possibility is that both sensors were incorrect outside period 2
and one is correct only during period 2. Without additional information and in
order to be consistent and to keep a clean data set, we would have to remove all
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Figure 3.5: Difference between arrival time observations recorded at the two sensors of station
OCM.

observations from both sensors. In this section we will see that by using VELEST
with a minimum 1D model, it is possible to identify which sensor was incorrect
and during which period.
To solve the problem at OCM, we calculated station delays and residuals for the
broad-band and the short-period sensors for period 2 and periods 1a and 1b,
separately (see Figure 3.5 for definition of periods 1 and 2). We used VELEST in
simultaneous mode with all travel time data from CORISUBMOD, and as input,
the minimum 1D velocity model CR min2007 with station corrections except that
the station corrections for OCMB and OCM were set to zero. Table 3.4 displays
the results.

Period 2. Period 1a.+1b.
OCM OCMB OCM OCMB

Number of Observations 45 24 329 253
Station delays -0.18s -1.16s -0.18s -0.14s

Table 3.4: Stations delays obtained at OCM for period 1 and period 2a+b.

For period 2, the station delays were −1.16s at OCMB and −0.16s at OCM,
whereas for periods 1a and 1b combined, the station delays were −0.18s at OCMB
and −0.14s at OCM. Hence, we note that the station delay found at OCMB for
the period 2 is about 1s lower than the delay found for periods 1a and 1b and this
corresponds well with the difference between the travel time arrival at OCM and
OCMB during period 2. This clearly demonstrates that the broad-band sensor
OCMB suffered from a timing problem from 2005/07/29 to 2006/01/17. For this
reason, all observations from OCMB for period 2 were removed from our data set.

52



3.3 Detection of systematic errors in travel time data using a
minimum 1D model: Application to Costa Rica seismic tomography

3.3.5 Discussion

As illustrated by the examples presented here, using a minimum 1D model solu-
tion allows us to detect systematic errors as small as one second. In subduction
zones, like in Costa Rica, a delay of one second is not unrealistically large and
hence may not be easily detected in the data. Husen et al. (2003) showed the re-
sults of a tomography study of central Costa Rica based on routine seismological
observations from RSN and OVSICORI-UNA observatories. Lateral variations in
the order of 10% in the P-wave velocity are typical for their results. A systematic
error of one second at one station will certainly introduce a large local velocity
variation, but this anomaly will not appear as an obvious artifact in comparison
to the velocity variations normally expected in complex regions like subduction
zones. In summary, systematic errors like the ones documented in this study will
likely go undetected in the data and the results. The minimum 1D model solution,
however, allows us to detect and remove such systematic errors in travel time data,
thus avoiding artifacts and possible misinterpretations in seismic tomography re-
sults. The proposed procedure is even more straightforward considering that a
minimum 1D model is a normal intermediate result in local earthquake tomogra-
phy since it is used as initial reference model for 3D inversion (Kissling et al., 1994).

The effect of a station with wrong coordinates on earthquake location is usu-
ally estimated to be rather small since there are many observations and only 4
unknowns in this inverse problem. To have an idea of the effect of station mis-
locations on earthquake hypocenter estimations, we took two events recorded by
station PAL as an example. We computed synthetic arrival times for all stations
that recorded those two events using the 3D velocity model calculated by Husen
et al. (2003). To be more realistic, we introduced Gaussian noise centred at the
mean and with a sigma equal to the quality class (uncertainty) of the real ob-
servations. The two events were then iteratively relocated using synthetic arrival
times from stations that originally recorded the event and for different locations of
PAL. To estimate the precision of the event location, we calculated the hypocen-
ter error ellipsoid for every kilometre of station mis-location. Error ellipsoids are
based on a non-linear probabilistic solution to the earthquake location problem
by the shareware NonLinLoc (Lomax et al., 2000; Husen et al., 2003). This is an
important point since NonLinLoc computes the full set of uncertainties, which are
more reliable than uncertainties computed by traditional, linearised methods. As
in the previously described example with real data, PAL coordinates were shifted
north-westwards.

Figure 3.6 illustrates the effect introduced by wrong station coordinates on
hypocentral parameters. Obviously, the geometry of the observing stations plays
an important role in the location. In Figure 3.6a, PAL is just one of several sta-
tions covering a small azimuthal sector and distance range. The same calculations
were repeated (see figure 3.6b) but removing the two more distant stations in
the azimuthal sector of PAL thus increasing the importance of the observation at
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Figure 3.6: Effects of wrong station coordinates on earthquake location. Maps on the left side
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earthquake location calculated with wrong coordinates for station PAL. The dashed
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5.
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PAL. In the second case, a mislocation of 7km in the station coordinates, like it
was found for PAL, yields a mislocation of 2.5km in the epicenter location and
8km in focal depth (Figure 3.6b). While the horizontal error increases linearly
with increasing station mislocation, the effect on hypocentral depth is much more
severe and erratic in function of the geometry of the observing stations.

More importantly than the increase in mislocation, however, is that the size of
the half axes of the error ellipsoids is not varying at all in function of the coordinate
shift. This means that hypocenter uncertainty estimates completely neglect this
systematic error. The error in station coordinates is absorbed in the earthquake
location and there would be absolutely no way to detect the wrong station coordi-
nates by looking at the estimated error calculated with the hypocenter locations.

3.3.6 Conclusions

This study has taken a step in the direction of detecting systematic errors in lo-
cal earthquake data. Systematic errors in travel time lead to severe artifacts and
potentially misinterpretation of tomographic results. As these errors are system-
atic, they are not averaged or sorted out by using a large number of observations.
Their effects on seismic tomography results have already been shown in previous
studies (see e.g. Kissling , 1988; Röhm et al., 2000). In this paper, we focus on
detecting such errors by the analysis of large travel time data sets. To detect and
remove systematic errors, we set up a methodology using the program VELEST to
calculate a minimum 1D model solution for the studied area. We illustrated how,
using station delays and/or travel time residuals, the effect of systematic errors
becomes isolated and thus visible. The velocity model plays an important role in
the detection of systematic errors, but has to be close to a minimum to distinguish
systematic errors from random errors and geologic information.
We clearly demonstrated, with the study on the effect of systematic errors on
hypocenter locations, the complexity of the detection of such errors in the solution
and in the error estimates. This was illustrated by the invariant size of the half
axes of the error ellipsoids. Their effects on hypocenter locations are, however, not
negligible and could be comparable to studies on effects of mis-picks on earthquake
location (Shearer , 1997).

Our procedure allows for important data quality checks in cases where a 3D
inversion is being planned and the estimate of a minimum 1D model with codes
such as VELEST is part of the preliminary analysis. Systematic errors really have
to be removed from any data set in order to avoid misinterpreting results and to
reach the highest possible accuracy.
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3.4 Establishing a local earthquake waveform data

set for the period of 2005 to 2006 for auto-

mated quality-weighted re-picking

Local earthquake bulletins from two permanent networks (OVSICORI-UNA and
RSN) in Costa Rica were compiled for the period of 2005 to 2006 to establish
a preliminary list of 6409 events. This list was then used as a basis to extract
waveforms from other networks.

3.4.1 Bulletin data

Merging waveforms from two different networks is not a standard procedure and
a consistent working plan needs to be established considering that bulletins of
each network could have their own specialties. Indeed, both lists can suffer from
redundancy. In some cases, analysts could ask for waveforms from other networks
like Panama, Nicaragua or even from GEOSCOPE stations in order to increase
the accuracy of the location of a particular event. This procedure could create a
duplication of the readings in the corresponding bulletin for the same event. This
duplication lead to a problem in the merging procedure since two readings could
correspond to the same earthquake. Based on his previous expertise (Quintero and
Kissling , 2001) Ronnie Quintero from OVSICORI-UNA collaborated with Carlos
Redondo from RSN to merge the bulletins coming from the two institutes. A
selection on the events was applied before the merging. Only events recorded by
more than 3 stations were taken. The maximal azimuthal gap (GAP) was also a
criterion of selection (GAP < 180◦ for the year 2005, GAP < 230◦ for 01.2006 to
06.2006 and GAP < 360◦ 07.2006 to 12.2006). The discarded events constitute
the rejected list. The selected events were then relocated using the minimum
1D model presented in (Quintero and Kissling , 2001). The data were merged
using a Fortran program written by Ronnie Quintero, which uses origin time and
hypocenter locations to associate events recorded by the two networks. Different
cases can happen:

1. If a difference of 10 s in origin time and an hypocentral difference of less than
30 km are observed, the events from both networks are merged as one.

2. If two origin times fell in a time window of 20 s, the epicentral difference
does not exceed 1.35 degree (150 km) and the depth difference is less than
200 km, it is reported as a possible pair event and checked by hand.

56



3.4 Establishing a local earthquake waveform data set for the
period of 2005 to 2006 for automated quality-weighted re-picking

3. If the program does not find an associated event, a check is done on the
rejected list. If a matching event is found in the rejected list, a check by
hand is performed. If no event is found in this list the event is considered as
being recorded by a single network.

4. In case of a duplicated reading, a warning is displayed by the program:

(a) If the associated multiple-readings correspond to the same event, either
the reading with the largest number of observations or the reading with
the closest location is taken.

(b) If the multiple-readings do not correspond to the same event the two
readings are reported as corresponding to two different events.

The result of this collaborative work is a final list of 6409 events for the time
period of 2005 to 2006. Those events were finally relocated with the (Quintero
and Kissling , 2001) 1D volocity model using, this time, both OVSICORI-UNA
and RSN readings. For stations still operative since 2000, station delays from
Quintero and Kissling (2001) minimum 1D model were taken, the others were set
to zero. This list is later called “initial events list”.

3.4.2 Waveform data

Based on the initial events list digital waveforms from others networks were ex-
tracted for the period of 2005 to 2006. Accessibility, availability, and format of
waveform data from different networks is summarized in Table 3.5.
Waveform data are converted to GSE2 format (Group of Scientific Experts, Geneva,
1990) via codes also listed in Table 3.5. The special case of extraction and con-
version of data from CoRiSubMod network is described in more details in Figure
3.7. For the other networks, (KIEL, TUCAN, Panama, Pocosol, OSIVAM) wave-
forms were provided already extracted according to the initial event list and only
needed to be converted. Once all waveforms were converted into GSE2 format,
the merging procedure is done on the basis of the initial events list.
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Figure 3.7: Flow chart describing the extraction and the conversion of the waveforms for sta-
tions of the CORISUBMOd network

Network La-
bel

Available
period
for local
events

Available
Period for
teleseismic
events

Retreived
by

Format Conversion
code

CoRiSubMod 2005.03 -
2007.01

2005.03 -
2007.01

- MiniSeed
and Y-
Format

ms2gse3

and y2gse4

Kiel 2005.05 -
2006.12

2005.05 -
2006.12

Request SAC and
GSE2

modified
codeco2

NICARAGUA - 2000.01 -
2006.12

Request
via
CASC

SEISAN wavetool1

OVSICORI-
UNA

2005.01 -
2006.12

2000.01 -
2006.12

Request SEISAN wavetool1

OSIVAM 2005.01 -
2006.04

2005.01 -
2006.12

Request SEISAN wavetool1

PANAMA 2005.01 -
2006.12

2000.01 -
2006.12

Request
via
CASC

SEISAN wavetool1

Pocosol 2005.04 -
2006.02

2005.04 -
2006.02

Request SAC modified
codeco1

RSN 2005.01 -
2006.12

2000.01 -
2006.12

Request SEISAN wavetool2

TUCAN 2005.01 -
2006.12

2005.01 -
2006.12

web
interface

MiniSeed ms2gse3

Table 3.5: Overview about available period of time for each network for our study and code
used for conversion to GSE2 format: 1 comes with SEISAN package. 2 code provided
by T. Diehl, modified by V. Maurer. 3 code provided by S. Husen. 4 code provided
by S. Husen, modified by V. Maurer
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3.5 Calculation of a minimum 1D model for the

automatic picker

As described in the previous section, this study is based on a period of time, which
goes from January 2005 to December 2006. During this period of time 6409 events
were recorded and merged. In order to pick the whole dataset, an automatic picker
called MannekenPIX (MPX) (see Aldersons , 2004) will be used in the next (see
Chapter 4). As it will be described in more details in the following chapter 4,
MPX is picking first arriving P-waves on a single trace seismogram guided by an
a-priori information.
The picking engine of MPX needs to be guided by an a-priori information of the
appropriate arrival time for each seismogram. It can either be a routine pick or a
predicted time computed from a reasonable velocity model. For our study, we used
only predicted picks, as routine picks were not available for temporary networks.
Moreover the calculation of a minimum 1D model is even more straightforward
considering that a minimum 1D model is a normal intermediate result in seismic
tomography since it is used as initial reference model for 3D inversion (Kissling
et al., 1994). Moreover, to assess the quality (timing error) of each pick, MPX uses
a pattern recognition scheme (Multiple Disriminant Analysis MDA), that needs
to be tuned to a hand-picked reference data set. Since the main goal of MPX
is to mimic the picking behavior of an expert seismologist, the automatic picker
has to be calibrated. In order to do it, a reference dataset has to be compiled
and manually picked to set the automatic picking and weighting. A representative
selection of earthquakes has to be extracted from the complete dataset following
possible criteria as location, magnitude, depth, stations operating time. In general
one can tend to higher magnitude, since these earthquakes are recorded over larger
distances and therefore will contain a broad spectrum of qualities.
A first selection of the reference events was done on the 6409 events based on the
routine picks, using the following the criteria:

• A number of stations used for location larger or equal to 15.

• An azimuthal GAP ≤ 170◦.

• A coda magnitude greater or equal to 3.2.

A list of 179 events came out of the initial event list. As about 800 first arrivals
is suggested for the reference dataset (see Diehl et al., 2009a; Aldersons , 2004), a
final list of 30 events were manually chosen according to their locations and depth
representatively to the seismicity of the region. The table 3.6 lists the reference
events.

3.5.1 Picking of the reference data set

The picking of the reference dataset should be performed as consistent as possible.
Therefore the manual picker should define some general rules not only for picking
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Id  Year  Month  Day  Hour  Min  Sec  Latitude  Longitude  Depth  Mag Coda  Mag Local

1 2005 2 23 20 27 43     9.849     -83.46 15      3.4       4.5 

2 2005 2 28 4 17  52.8     9.783    -84.219 51      3.4  -

3 2005 3 26 0 33  39.3     10.37    -84.589 97      3.4  -

4 2005 5 2 20 8  57.6     9.965    -84.872 35      3.7 3

5 2005 5 3 9 56  31.6     9.242    -83.352 46      3.5       2.1 

6 2005 5 9 7 56  59.1     8.906    -82.917 28      3.2  -

7 2005 5 27 5 13  59.7     8.705    -83.052 47      3.5  -

8 2005 5 29 6 10   8.4    10.478    -85.465 33      3.7  -

9 2005 5 30 8 3  52.5      8.47    -83.092 18      3.6  -

10 2005 6 23 15 15 30     9.528     -84.21 17      3.7       4.2 

11 2005 6 25 8 56  23.7     9.155    -83.717 49      3.3       1.3 

12 2005 7 23 12 13   2.1      9.58    -83.472 11      3.2 3

13 2005 7 24 7 32  53.1     9.591     -83.47 13      3.4       2.8 

14 2005 8 25 6 20   6.6     9.468     -83.94 11      3.7       4.1 

15 2005 8 25 9 27  18.9     8.898    -82.866 26      3.3       2.9 

16 2005 9 3 5 14  24.2     9.845    -84.506 18      3.3       4.2 

17 2005 9 16 5 50  30.6     8.515    -83.241 15      3.4       3.1 

18 2005 10 4 11 9 44    10.464    -85.157 70      3.9       4.2 

19 2005 11 6 10 23  35.1     9.694    -84.102 56      3.4       3.5 

20 2005 12 7 1 33  46.5     8.852    -82.874 26      3.5       3.5 

21 2006 2 15 16 10  30.4     10.14    -84.686 62      3.5 4

22 2006 3 22 7 54  59.6     9.856    -84.306 11      3.6 4

23 2006 4 15 20 16 25    10.138    -83.967 10      3.4       3.6 

24 2006 6 19 9 34  12.2     9.676    -83.703 8      3.3       3.8 

25 2006 7 5 3 19  59.5    10.326    -84.755 100      3.2 3

26 2006 8 1 21 43  37.7    10.061    -84.868 52      3.3       3.5 

27 2006 9 29 18 2  33.6     8.563    -82.863 29      4.3       4.4 

28 2006 10 22 17 3 21     9.636    -84.544 20      3.3       3.2 

29 2006 11 8 6 38  22.4     9.543    -84.676 22      3.8       4.5 

30 2006 12 23 17 52  41.3    10.449    -85.221 2      3.7       3.7 

Table 3.6: List of the 30 reference events

but also for the definition of the error assignment, which requires revisions of
the existing picks. For this reason, the readings provided by OVSICORI-UNA
and RSN could not be used in this study. Furthermore, the picking of the error
interval could be used later as a cross-check of the observation quality class given
by the automatic picker. In this study, we based ourselves on the picking rules
defined by Diehl et al. (2009a). For picking P-wave arrivals a time window of
about 8 to 10 seconds is selected around the arrival of the signal. To define the
arrival of the seismic phase two visual observations could be used:

• A change in the amplitude: A phase could be defined if its amplitudes exceed
an a priori background noise threshold. In this study, the threshold was set
up to amplitude of the noise multiplied by a factor 1.5 (see Figure 3.8, (Diehl ,
2008)).

• A change in the frequency: A change in the dominant frequency indicates
the arrival of a seismic phase. However it is usually much more difficult to
visually quantify the change of frequency as the frequency of the noise and
the frequency of the seismic phase could sometimes be very similar.

Once the P-wave arrival is identified the manual picker have to define a set of
rules to pick as consistently as possible. And the same is valid for the picking of
the error interval. Visual phase picking always implies some degree of subjectivity
and it is difficult or even impossible to give a general definition of a seismic onset.
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Consequently, a physical consistent formulation can only be achieved by a prob-
abilistic point of view. This approach directly relates the measured arrival time
with the corresponding error interval. So, if the onset is considered as an proba-
bilistic function Pa(t), the arrival time tA, considered as the “most likely” time,
is expressed as a maximum of the probabilistic function, Pa(t) = MAX(Pa). On
the other hand, the limits of the error interval, defined by the “earliest possible”
time tE and the “latest possible” time tL, define where the probabilistic function
Pa is approaching zero (see Figure 3.8, Diehl (2008)).

Consistent phase picking for regional tomography models 3

2.1 Phase timing and the assessment of its uncertainty

The basic quantities associated with a picked phase are usually the
absolute arrival time and the corresponding observation uncertainty.
Common qualification of timing uncertainties differentiate signals
into ‘impulsive’ and ‘emergent’ phase onsets as, for example, used
by the International Seismological Center (ISC). Such qualitative
error assessment, however, no longer satisfy the resolution capabil-
ity of modern digital waveform data. In addition, it is difficult or
even impossible to give a general predictive definition of a seismic
onset time, which could be used for the actual measurement of first
arrival time from a sampled band-limited signal in the presence of
noise (Seidl & Stammler 1984).

Consequently, a physical consistent formulation can only be
achieved by a probabilistic point of view as suggested, for example,
in Bormann et al. (2002). Such an approach directly relates the mea-
sured arrival time with the corresponding observation uncertainty.
Considering the onset of a seismic phase as a probabilistic function
P a(t), the arrival time is expressed as the ‘most likely’ time t A, with
P a(t A) = Max (P a). On the other hand, the ‘earliest’ possible time
for the phase onset is defined as t E , where the likelihood for onset is
approaching zero. Thus P a(t E ) ! 0. Similarly, the ‘latest’ possible
time for the phase onset t L , is defined as P a(t L ) ! 0. Fig. 2 illus-
trates the proposed concept in further detail. Although the onset of
the phase (mainly characterized by a change in amplitude) is rather
impulsive and exhibits an almost ideal signal-to-noise (SN) ratio,
it is difficult to determine an arrival time consistent with picks of
waveforms from the same seismic source recorded at other stations.
The thick grey band between position ‘1’ and ‘2’ defines the time
window that definitely includes the onset of the wavelet, while po-
sition ‘1’ is certainly too early to be picked as t E and ‘2’ is too late
as t L . The band outlined by two broken lines denotes the possible
threshold of the noise amplitude (arbitrarily defined as 1.5 times
pre-signal amplitude).

In practice, we first determine the position of t L and t E . For a
consistent determination of t L and t E , we have to setup a common
procedure. Since the amplitude exceeds the threshold several times
at position ‘2’, the end of the grey band is certainly too late to
be picked as t L . Therefore, we define the intercept between sig-
nal amplitude and the a priori noise threshold as t L . Usually, the
consistent determination of t E is more difficult. In Fig. 2 we fit a
tangent (dashed line ‘a’) to the slope of the onset. If we shift the
tangent from t L towards earlier times, the slope decreases. The ear-

Figure 2. Probabilistic phase picking approach: the ‘earliest’ possible pick
corresponds to t E , the ‘latest’ possible pick corresponds to t L . The most
likely arrival time t A is located within this interval. Primarily amplitude is
used for the determination of t E and t L . See text for further details.

liest possible time t E corresponds to the first zero slope from t L

towards earlier time. Therefore, the start of the grey band (position
‘1’) is certainly too early, whereas t A would be too late to be picked
as t E . To ensure t E includes the zero slope time in the presence of
higher background noise, we could shift it earlier by approximately
half the dominant noise period. Subsequently, we pick the arrival of
the phase at the most likely position t A, within the error interval of
t E and t L (e.g. on the seismogram‘s leading edge). For the special
case of a delta-pulse, t E and t L would coincide with t A. In addi-
tion, a quantitative weighting scheme has to be defined where the
assigned discrete weighting classes depend only on measured time
error intervals (t L – t E ). This procedure allows the adjustment of
the weighting class definitions even after the picking process, whilst
remaining consistent.

2.2 Phase identification and the assessment of its
uncertainty

Although phase misinterpretation can result in significantly large
errors (as demonstrated in Fig. 1), phase identification is typically
not supplied with any observation error or uncertainty attribute
at all (unlike the arrival time of a phase). Particularly for local
earthquake studies in orogenic areas with significant lateral crustal
structure variations, phase identification can become ambiguous.
As an example, Fig. 3 presents a velocity reduced record section of
a local earthquake near Walenstadt, Switzerland, with a focal depth
of 13 km. Based on waveform characteristics alone, phase inter-
pretation appears rather difficult for some stations in the distance
range of phase triplication (e.g. SPAK and SIERE). In addition,
the amplitude ratio between Pg and Pn exhibits strong variations
between some stations (e.g. EMV and HEI) probably due to 3-D
Moho topography. In these cases, Pn is likely to be missed and Pg
will be picked as first-arrival phase.

Since most applications like hypocentral localization and trav-
eltime tomography are still based on first-arrivals only, we have
to setup an error assessment for phase identification to avoid such
gross inconsistencies. For use in routine first-arrival studies and
subsequent special studies, we define an error assessment for phase
identification as shown in Table 1. In addition, synthetic travel-
time curves for main crustal phases (as demonstrated in Fig. 3)
can be used to identify phases or cross-check phase interpretations.
Inconsistent picking of arrival times and phase identification can
also bias the determination of first motion polarities and therefore
directly affects the quality of fault plane solutions.

2.3 Sources of inconsistencies in routine picks

Besides insufficient error assessment of timing and phase identifi-
cation, the picking procedure itself can induce a significant amount
of inconsistency, which can result in errors up to several hundred
milliseconds. A prominent example is the random choice of window
size and amplitude scaling in phase picking (Douglas et al. 1997).
Another common problem is the inconsistent usage of filters and
misinterpretation of artefacts caused by digital filters. The appli-
cation of acausal anti-aliasing filters in modern recording systems
as described in Scherbaum (2001) can lead to oscillations prior to
impulsive onsets often interpreted as precursory phases.

Such inconsistencies can be reduced by using pre-defined win-
dow lengths for picking, uniform amplification of amplitudes, and
consistent application of filters. For reference picking of P-phases
we used a 1 Hz 2nd order high-pass (HP) filter for broad-band

C" 2008 The Authors, GJI
Journal compilation C" 2008 RAS

Figure 3.8: (From Diehl (2008)) Probabilistic phase picking approach: the earliest possible
pick corresponds to tE , the latest possible pick corresponds to tL. The most likely
arrival time tA is located within this interval. Primarily amplitude is used for
determination of tE and tL. See text for further details.

1. In the case of an onset defined by a change in the amplitude, tE and tL
are determined before tA. Usually, tL is defined by the intercept between
the onset of the signal and the a priori background noise threshold (in this
study, 1.5 times the noise amplitude). Usually the consistent determination
of tE is more difficult. Usually taking the tangent to the smoothed onset is
used. From tL towards earlier time, the slope is decreasing and tE is found
when the slope of the tangent reach zero. To ensure tE includes the slope
zero of the tangent in a presence of larger background noise, tE could be
shifted earlier of about half a wavelength of the dominant noise. Finally tA
is picked at the most likely position within the error interval of tE and tL.

2. In case of an onset defined by a change of the dominant frequency, the error
interval is identifies with the following rule. First, the position where the
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signal frequency is certainly not present and the position where the change
of frequency is obvious, has to be found. Then, the limits of the error in-
terval defined by tE and tL are found respectively half of wavelength of the
dominant frequency of the signal (λ/2) before and a quarter of wavelength
of the dominant frequency of the signal (λ/4) after the two positions. And
tA is placed at the most probable position in the error interval defined by tE
and tL.

For a further detailed description on the picking of the reference dataset, see Diehl
et al. (2009a).

However, as the automatic picker (MPX) and the inversion program (simulps14)
cannot handle individual error estimates, we defined a weighting scheme based on
five distinct error classes. The Chapter 2 describes the general methodology used
in LET and how and why the damped least-square solution (DLSQR) is used to
find a solution. The error classes are mainly used during the inversion process by
attributing a weight to each observation. This allows us to reduce the importance
of bad quality observation in the inversion. Moreover, it allows to have an good
estimation of overall error present in the data set and to check if the damping
value and the number of iterations chosen for the inversion is appropriate. To find
an appropriate solution, we have to choose an appropriate damping value which is
directly depending on our data set overall error. Hence, the importance of knowing
the overall error of our data set by attributing a quality class to each observation.
It also allow to reproduce synthetic data set closer to reality, by adding a Gaussian
noise with respect to the quality of each observation (see Appendix E).
Moreover quality classes are also used in practice during the inversion.
The table 3.7 shows the error classes used in this study with the corresponding
weight used in the inversion. Concretely, in the perspective of our study, all 1431

Class Error (s) Weight

0 0.00 < |!| " 0.05 100%

1 0.05 < |!| " 0.1 50%

2 0.1   < |!| " 0.2 25%

3 0.2   < |!| " 0.4 12.5%

4            |!| > 0.4 0%

Table 3.7: Quality classes used for the reference picking with the corresponding weight used in
the inversion.

seismograms of the 30 reference events have been carefully hand-picked again, fol-
lowing the principles outlined in Diehl et al. (2009a). The Figure 3.9, gives an
example of each observation quality class taken from the hand-picked data set.

62



3.5 Calculation of a minimum 1D model for the automatic picker

a)

b)

c)

d)

e)

Figure 3.9: Examples of the 5 quality classes used in this study: a) Quality observation of class
0; b) Quality observation of class 1; c) Quality observation of class 2; d) Quality
observation of class 3; e) Quality observation of class 4
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3.5.2 Minimum 1D model computed with the 2005-2006
dataset

Jana Börner, a master student at the ETH during the summer semester 2007,
used the dataset complied from the initial event list for the period 01.2005 to
12.2006 to compute a new minimum 1D model (see Börner , 2007). The goal of
this study was to investigate whether the Quintero and Kissling (2001) minimum
1D model, using a data set of the period 1992-1997, is applicable as well to the
new data set of 2005-2006. Therefore the minimum 1D model for the new data
set has been calculated by selecting well locatable events and solving the coupled
inverse problem with VELEST Kissling et al. (1995). Both routine picks from
RSN and OVSICORI-UNA and available hand picks of the 30 reference events
were used. For the study of Jana Börner, only waveforms from OVSICORI-UNA,
RSN, Panama and CORISUBMOD networks were available for the 30 reference
events. Three dataset were compiled:

1. Using only hand picks of the 30 reference events.

2. Using only routine picks from 402 selected events. (Number of P-wave ob-
servations over 6 and a GAP < 170◦),

3. Using both selected routine picks and hand picks (416 events).

As an input model, Börner (2007) used the velocity model of Quintero and Kissling
(Quintero and Kissling , 2001), but initial station delays were set to zero. The
preliminary minimum 1D models obtained for the three datasets are shown in
Figure 3.10. The goal of taking three different dataset was to compare the results
of the routine picks with the reference picks and to have a better overview of the
2005-2006 dataset. It could be demonstrated that the calculated and the previous
minimum 1D model for Costa Rica coincide apart from non-significant variations.
The calculated minimum 1D model has been tested for stability by repeating the
computations with several initial models, and the stability could be proved (see
Börner , 2007). Therefore the Quintero and Kissling (2001) velocity model can be
used for 3D tomography using the merged data set.
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Figure 3.10: Output of the three P velocity models computed by Jana Börner compared to
Quintero and Kissling (2001) velocity model.

Figure 3.11: Station corrections compiled with both reference and routine picks.

The station corrections from the 3 datasets were similar. The Figure 3.11 shows
the station corrections compiled with both reference and routine picks.
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3.5.3 Establishing a minimum 1D model with station de-
lays for enlarged reference dataset

Following the study of Börner (2007), waveforms from Kiel (surface and borehole
stations), Pocosol and TUCAN networks were merged to the 30 reference events.
In order to find the station corrections of the newly added stations, we planed
to calculate a new minimum 1D model using the complete data set (the station
corrections of the other stations were taken from Janas work). However, while
investigating in detail the result of this calculation, serious timing problems in the
compiled dataset were detected. Since these timing problems occurred at different
time periods for several stations a strict filtering procedure, based on the travel
time residuals, has been set up to exclude any possible wrong signal (see Section
3.3 for details on the methodology used). A minimum 1D model, later called
CR min1D2007, was computed with a secure data set using the same data set
than Jana Börner including the 30 reference events completed with 402 events
with routine picks. Finally the whole dataset was relocated using CR min1D2007
minimum 1D model and problematic observations detected were removed from our
data set, as described in 3.3.

3.5.4 Final filtering of data and establishing waveform dataset
for MPX and tomography

The CR min1D2007 model was used to relocate all 6409 events of the 2005-2006
dataset. In total, 5011 events have been located. The others events has less than
4 observations, not enough to locate them (Figure 3.12) . We then selected 1799
events with 25,986 routine P-observations located within the network (GAP ≤
175◦) and with a number of P-observations larger or equal to six. This would have
been the potential dataset if no timing problems appeared. To remove any possible
timing mistake in the dataset, we filtered further the dataset by removing all
observations detected as problematic (see Section 3.3). On the 25,986 observations
of the 1799 events, a set of 20,973 routine P-observations was retrieved. Only 1755
events had enough observations to be relocated (20,868 routine P-Observations).
Finally, we selected events with a GAP ≤ 175◦ and a number of P-observations
over or equal to six which constitute a total number of 1471 events (18,495 P-
observations). This final dataset will be used in the next of our study (see Figure
3.13).
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Figure 3.12: Location of the 5011 events relocate with the CR2007 model. Blue and red dots
denote shallow and deeper earthquakes.
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Figure 3.13: Locations of 1471 events selected for automated quality-weighted re-picking
(GAP ≤ 175◦ and a number of observations larger or equal to six). Problem-
atic observations detected during the filtering procedure were removed. Blue and
red dots denote shallow and deeper earthquakes.
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3.6 Establishing a teleseismic earthquakes travel

times data set for tomography for the period

of 2000 to 2006

3.6.1 Establishing a list of earthquakes

A list of 305 teleseismic earthquakes was established based on the National Earth-
quake Information Center (NEIC) bulletins for events with Mw ≥ 6.0 for the
period of 2000 to 2006. The magnitude threshold of Mw=6.0 was chosen in order
to guarantee teleseismic arrivals with good signal-to-noise ratio. Furthermore, only
earthquakes in the distance range from 30 to 100 degrees were selected to account
for the plane wave approximation. The resulting list was compared to the bul-
letins provided by OVSICORI-UNA and by the Central American Seismological
Center (CASC). The CASC is based in Costa Rica, in San Jose, at the Univer-
sity of Costa Rica (UCR) and centralize the data coming from Central American
countries (Panama, Costa Rica, Nicaragua, Guatemala, Honduras, El Salvador,
. . . ). Data are collected every year at UCR. The readings and the waveforms of
the events are merged, processed and stored in the CASC database, using the
SEISAN software package (Havskov and Ottemöller , 2000). The list of available
data is sent every 2 months to the ISC (International Seismological Center). Not
all events are included into the CASC database. The CASC catalogue includes
only events that have been recorded by networks of two different countries. The
data are merged by manual inspection of every event, checking for inconsistencies
on travel time residuals after location using a modified version of HYPOCENTER
and a regional velocity model. The CASC data base does not include data com-
ing from OVSICORI-UNA. For more information on the CASC data base and its
working flow see Fernández et al. (2004).
Since the triggering system installed for permanent networks in Central Amer-
ica is mainly adapted to record local earthquakes, only few teleseismic events are
automatically recorded by at least two countries. If analysts are informed of a
particular teleseismic earthquake, they may extract it by hand, but this is not
done systematically and the continuous digital waveforms are only kept during 10
days before being deleted. For this reason, for the period of 2000 to 2006, only 121
events from OVSICORI-UNA and/or from the CASC data base were correspond-
ing to the NEIC list. Ultimately, only events recorded by at least two networks
(permanent or temporary) with at least one network situated in Costa Rica were
chosen, resulting on a final list of 71 events. To compile the waveform data set, we
took advantage from the previous study, based on local earthquakes data set. All
problematic waveforms found in the period of 2005 to 2006, were removed from
the data set. Waveforms from temporary networks were extracted accordingly to
the final list of 71 events in function of their operating period. All waveforms com-
ing from networks offering a continuous recording were cut from the origin time
of the earthquake to 30 seconds after the arrival of the SS phase at the center
of the network (10◦N ; 84◦W ). The Figure 3.14 illustrates the locations and the

68



3.6 Establishing a teleseismic earthquakes travel times data set
for tomography for the period of 2000 to 2006
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Figure 3.14: Locations and epicentral distance of the 71 teleseismic earthquakes chosen for
tomography.

epicentral distances of the corresponding teleseismic earthquakes.
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Chapter 4

Local Earthquake Tomography in
Costa Rica
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4 Local Earthquake Tomography in Costa Rica

In local earthquake tomography (LET), we seek a solution to the coupled hypocenter-
velocity problem. Due to the inherent coupling, only well-locatable events should
be selected (i.e. events with an azimuthal gap < 180◦ and with at least six obser-
vations). The quality of the final solution depends mainly on quantity (e.g. num-
ber of observations and distribution) and on quality of the observations available.
Among precision, the latter also include consistency in the quality assessment.
Using data with small uncertainties is crucial to increase the precision. For exam-
ple, if we consider an inversion cell of 10x10x10 km, with a ray that crosses this
cell, and if we assume that the distance of this ray trough the cell is 12 km with
a standard averaged P-wave velocity of 6 km/s, then travel time in the inversion
cell is 2 s. A variation of 1% of the velocity would lead to a difference in the
travel time of 0.02 s, a variation of 2% to a difference of 0.04 s. In a subduction
zone, like in Central American Region, variations of the P-wave velocity of 5%
are large but quite common values (see e.g. Husen et al., 2003; Syracuse et al.,
2008; Arroyo et al., 2009). In our example an accuracy in the picking observation
of ±0.10s would be already enough to be able to detect such velocity variations.
Considering a data set with highest error class of ±0.2s, the only possibility to
image small P-wave velocity variations would be to increase the size of the inver-
sion cell leading to an immediate loss in resolution of the tomographic image. As
a consequence, a measurement of the quality (consistency and accuracy) of the
observations is desperately needed to increase the resolution of LET.

Improving the quality of a local earthquake tomography study can, therefore, be
achieved by increasing the number and the quality of available observations. In
order to increase the number of observations, we merge all the available data
sets from permanent and temporally networks installed in our period of study
(2005-2006) as described in Chapter 3. We improve the quality of the available
observations by employing an automated quality-weighted re-picking scheme, as it
will be described in this chapter.

Once the data set is entirely and consistently picked using the automatic picker,
a new minimum 1D model, adapted to our data set, will be calculated. The
choice of the inversion grid will be discussed, as well as the quality assessment of
the final solution. A method will be proposed to choose the best damping value
for the inversion according to the model parameters and also to distinguish the
well-resolved area in the from the fairly-well and unresolved areas on the image
solution. We used both a coarse grid of 20x20 km (horizontal) x 10-20 km (vertical)
and a fine grid of 15x15 km (horizontal) x 10-20 km (vertical). The results from
inversions of the two different grids will be described in this chapter, and discussed
in comparison to previous local earthquake tomography studies proceeded in this
region.
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4.1 Automated, quality-weighted re-picking: Man-

nekenPIX

The MannekenPIX (MPX) (Aldersons , 2004) system combines a traditional pick-
ing algorithm based on Baer and Kradolfer (1987) with an automatic quality as-
sessment, which is able to mimic the picking behaviour of an experienced seismol-
ogists. The picking engine of MPX needs to be guided by an a-priori information
of the expected arrival time for each seismogram that can either be a routine pick
or a predicted time computed from a reasonable velocity model. For our study, we
used predicted picks as temporary networks were not provided with any routine
picks and routine picks of different permanent networks could suffer from phase
mis-identification (see Diehl et al., 2009a). To compute predicted arrival times the
previously calculated minimum 1D model CR min1D2007 (see section 3.5.3) was
used.
To assess the quality (timing error) of each pick, MPX uses a pattern recogni-
tion scheme (Multiple Disriminant Analysis MDA), that needs to be tuned to a
hand-picked reference data set. For a detailed description of MPX see Diehl et al.
(2009a) and Di Stefano et al. (2006)

The MPX-workflow can be divided into three main steps:

1. Setup of a hand-picked reference data set: Select a representative subset
of events from the data set (location, depth, magnitude, network, etc. . . )
and pick this data set by hand as consistent as possible (800 reference picks
usually recommended, see Diehl et al. (2009a) for picking guide).

2. MPX Calibration phase: Calibration of MPX timing and quality assessment
by comparison of automatic picks with reference picks.

3. Production phase: Apply MPX in the final configuration of the production
stage on the data set.

4.1.1 Establishing a hand-picked reference data set

Because reference picks were needed to calculate a minimum 1D model to check
for potential problems in station meta-data (e.g. station locations, timing issues)
the selection of the reference data set and the rules followed to consistently pick
this data set were previously described in Section 3.5.1.

4.1.2 MPX calibration procedure

The calibration of the automatic picking system is based on the comparison be-
tween reference picks and automatic picks. Since the principal goal of MPX is to
imitate a manual picker, the reference picks are considered as being correct arrival
times, associated with correct observation quality class that the automatic picker
should tend to reproduce. The picking and the quality assessment of MPX is con-
trolled by a set of parameters (see Appendix A), which have to be calibrated in the
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following procedure (see Figure 4.1). Following Diehl et al. (2009a) we employed
six steps for the calibration procedure as described in the following:

 Choice of SWP 

Calculate new Fisher 
Coefficients  

Comparison 

with reference 
data set 

Run MPx 
with new Fisher 

Coefficients 

 

Mpx output  
(run with specific reference 

data set*) 

 

 

 

 

 

 
 

Fisher Coefficients 

input 

MDA 

not ok ok 

MASS PRODUCTION 

* Initially: use default Fisher Coefficients 

Figure 4.1: Flow chart explaining the the calibration procedure of MPX

1. Step: Estimate the accuracy of the initial picks (predicted from velocity
model or routine picks) by calculating differences between reference and ini-
tial picks as demonstrated by Diehl (2008).

2. Step: Adjustment of search windows (see Diehl et al., 2009a). Choice of
initial safety gaps depends mainly on the accuracy of initial picks (analyzed in
previous step). In the pre-picking stage MPX evaluates the spectral density
in a noise window (NW) and in a signal plus noise (SNW) window via the
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Wiener Filter routines (For more information about the basic concept of
MPX and the Wiener Filter routine, see Diehl , 2008). The position of these
windows are controlled by the initial picks (in our case the predicted pick
tpred), the length of the windows (LN and LS) and the width of the safety
gaps (gN and gS), which separate the NW from the SNW. The length of the
windows LN and LS and the safety gaps gN and gS have to be chosen with
care to be sure that the SNW really contains seismic signal and also that
SNW does not contain a second arrival phase like the PmP.

3. Step: Apply MPX to the reference data set. For the initial MPX run, default
Fisher coefficients have to be used, since Fisher coefficients appropriate for
our reference data set still have to be calculated. For a set of default Fisher
coefficients (see e.g. Di Stefano et al., 2006; Diehl et al., 2009a). Use the
output of MPX (export-file) and calculate appropriate Fisher coefficients via
MDA.

4. Step: Apply MPX to the reference data set with updated (appropriate)
Fisher coefficients and/or adjusted search windows.

5. Step: Check for performance by comparison of MPX output with reference
data set to see if the majority of the automatic quality class observations are
coinciding with the reference data set and if no low reference quality classes
have been upgraded to best quality classes

6. Step: The calibration is an iterative process. If result of step 5 is not satisfied,
repeat from step 2 till satisfactory performance is achieved.

To estimate the accuracy of the initial picks and to have an a-priori idea of the
value of LN , LS, gN and gS, we plot the histogram of the travel time residuals
computed with CR min1D2007 minimum 1D model (Figure 4.2). Most of the
residuals are comprised between -2.5 s and 2.5 s. After several tries and errors, us-
ing several values, safety gaps (gN and gS) of 2.5 s and a noise window and a signal
plus noise window (LN and LS) of 2.0 s best fulfilled previously announced criteria.

The parameter of the lower frequency threshold (see Diehl et al., 2009a) was set
at 0.5 Hz as it is supposed to be set about half of the lowest frequency in the data
set. A list of all MPX parameters used in this study is given in Appendix A.

In order to establish a comparison between the reference picks and MPX results, we
have to consider both, timing errors and observation quality classification between
reference picks and automatic picks. The time difference between automatic picks
and hand picks should be lower than the error interval of the corresponding class of
the reference pick. We further do not allow that a quality class of a reference pick
higher than 0, is upgraded to a quality class 0 by the automatic picker. Moreover,
as general rule, we try to reduce as much as possible that quality class attributed
by the automatic picker to an observation is upgraded to a higher quality class
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Figure 4.2: Histogram of the travel time residuals of the hand-picked reference data set after
relocation with the CR min1D2007 velocity model

than the one from the corresponding reference observation. The Table 4.1 presents
the results after the MPX run with the parameters listed in Appendix A.
As shown in Table 4.1 some observations which were qualified as very low quality
(quality class 4) in the reference data set were picked with a very high quality by
MPX (i.e.: see cells Seismologist class 4 compared to MPX classes 0 and 1). This
situation is unacceptable, since only observations with best quality classes will be
used for the tomography inversion, and we do not allow a quality class 4 to be
considered as a quality class 0 or 1, to maintain a high quality data set. Moreover,
this behaviour will be reproduced in the production stage.
Going back to the original waveforms, all waveforms corresponding to a upgrade
of the quality class were found as problematic for the automatic picker. Several
different types of problematic waveforms have been identified and characterized.
MPX could interpret them as high quality onsets (such as waveforms with spikes,
gaps, noise packet, or step functions). The Appendix B.1 shows examples and
describes how we identified and characterized these different types of waveforms
which could be problematic for an automatic picker. As MPX was not able to
ignore such problematic waveforms, they were removed from our data set before
applying MPX in production mode. All waveforms of our data set, including the
reference data set, were checked by hand. All waveforms that fell into one of the
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class 0 class 1 class 2 class 3 class 4 ! Seismo ! not picked by MPx true error "

420 148 61 14 12 735 80 0.00 < |"| ! 0.05

± 0.035 ± 0.063 ± 0.373 ± 0.473 ± 0.199

51.5% 18.2% 7.5% 1.7% 1.5% 9.8%

18 97 63 21 19 324 106 0.05 < |"| ! 0.10

± 0.066 ± 0.065 ± 0.180 ± 0.226 ± 0.513

4.2% 22.6% 14.7% 4.9% 4.4% 24.7%

1 29 28 25 7 150 60 0.10 < |"| ! 0.20

± 0.128 ± 0.283 ± 0.633 ± 0.918

0.5% 13.8% 13.3% 11.9% 3.3% 28.6%

0 2 7 15 2 46 20 0.20 < |"| ! 0.40

± 0.129 ± 0.170 ± 0.292 ± 0.954

0.0% 3.0% 10.6% 22.7% 3.0% 30.3%

3 4 11 39 16 798 725 |"| > 0.40

0

0.2% 0.3% 0.7% 2.6% 1.1% 47.6%

442 280 170 114 56 2053 991

Run:
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MPX Version:
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2.5, 1.25, 0.5, 0.08

0.5 Hz

s07b+statcorTable 4.1: MPX results applied on data set that includes also possible problematic waveforms.
Parameters: LN = LS = 2.0s and gN = gS = 2.5s and lower frequency threshold
equal to 0.5 Hz.

categories of problematic waveforms (see Appendix B.1), as well as noisy wave-
forms with no obvious onset were removed. Even if MPX should normally not
provide a pick for noisy waveforms, we choose to remove them for safety reasons.
However noisy traces with a visually detectable onset, which had a chance to be
picked by MPX with a low quality class, were kept.

We then run MPX with the same parameters as before. The Table 4.2 presents the
results of this run. This time not a single automatic pick in the reference classes
0, 1, and 2 was upgraded to a better class.
The Table 4.3 illustrates the recovery rate and the average error (sum of the
number of observations multiplied by the error class and divided by the number
of observations) if we use only picks of quality class 0, quality classes 0 and 1, or
quality classes 0, 1, and 2. If we consider the average error, given by classes 0,
1 and 2 of ±0.085, it indicates that all the classes 0, 1 and 2 could be used in
the production mode since this value is largely within the error interval of class 2
(±0.2s, see Table 4.6). However if we consider only automatic picks of class 2, the
standard deviation is slightly above the error interval of class 2. For that reason,
we decided to use classes 0, 1 and 2 but to downgrade observations of class 2 to
class 3 for the final data set used for tomography.
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class 0 class 1 class 2 class 3 class 4 ! Seismo ! not picked by MPx true error "

432 150 52 28 13 759 84 0.00 < |"| ! 0.05

± 0.035 ± 0.060 ± 0.337 ± 0.359 ± 0.544

51.2% 17.8% 6.2% 3.3% 1.5% 10.0%

17 91 48 49 13 326 108 0.05 < |"| ! 0.10

± 0.064 ± 0.110 ± 0.162 ± 0.226 ± 0.327

3.9% 21.0% 11.1% 11.3% 3.0% 24.9%

0 26 18 36 9 147 58 0.10 < |"| ! 0.20

± 0.135 ± 0.187 ± 0.566 ± 0.807

0.0% 12.7% 8.8% 17.6% 4.4% 28.3%

0 0 2 21 2 44 19 0.20 < |"| ! 0.40

± 0.000 ± 0.233 ± 0.289 ± 1.098

0.0% 0.0% 3.2% 33.3% 3.2% 30.2%

0 0 0 34 12 203 157 |"| > 0.40

0

0.0% 0.0% 0.0% 9.4% 3.3% 43.6%

449 267 120 168 49 1479 426
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0.5 Hz

s07b+statcorTable 4.2: MPX results applied on data set after removing problematic waveforms. Parameters:
LN = LS = 2.0s and gN = gS = 2.5s and lower frequency threshold equal to 0.5 Hz.

Using classes 0 1 2 0 and 1 0, 1 and 2
Recovery rate 449/1479 267/1479 120/1479 716/1479 836/1479

= 30% 18% 8% = 48% = 57%
Average Error ±0.041s ±0.084s ±0.242s ±0.058s ±0.085s
Σ(obs∗classerror)

Σ(obs)

Table 4.3: Percentage of recovery and average error if we use specific MPX quality classes
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4.1.3 Production mode and cleaning of the picked data set

MannekenPIX was then run on the entire waveform data set previously compiled
(see Chapter 3.5.4) consisting of 1444 events and (31,863 waveforms). According
to the Table 4.3, we choose to keep from the output only observations with quality
classes 0, 1 and 2. For reasons outlined in the previous section, these last ones were
downgraded to quality of class 3. The Table 4.4 sum up the number of reference
and automatic observations per class, after using MPX in production mode:

Quality class Error (s) #MPX+REF Obs.

0 ±0.05 6381
1 ±0.10 6609
3 ±0.40 1414

Total 14,404

Table 4.4: Number of observations (reference and automatic) for each class after using MPX
in production mode

However, once the production mode was applied, some checks and some correc-
tions could be done in the so-picked data set, before using it in LET. As discussed
in Chapter 3.3 (Maurer et al., 2009), several stations were known to have problems
in their meta-data (station locations, timing,. . . ). Waveforms of these problematic
stations were removed before applying MPX in production mode. However, once
our data set is automatically re-picked, we have the opportunity to check in more
detail for timing problems at stations which could not be included in the analysis
discussed in Chapter 3.3 due to the lack of routine picks (mainly stations from
temporary networks) and which only had a few reference picks.

There are height sites equipped with two sensors operating parallel (later called
“doublet sites”). This is a great advantage to check for timing problems and to
reveal wider scale problems (i.e. if a group of station is using the same timing
acquisition system). All “doublet sites” were used to check for timing problems.
So timing problems were revealed and are sum up in Appendix B.2. Moreover,
at “doublet sites”, only one observation has to be kept in LET. Having two ob-
servations at the same site, even with a small difference in time but greater than
10% of the best quality observation, is indeed problematic during the tomography
inversion. At each of these “doublet sites”, the more appropriate observation for
our purpose had to be chosen for our purpose (type of sensor or quality of obser-
vations, see Appendix B.2 for more details).

Also, station coordinates are not always known with the same precision, mainly
depending on how the measurement was done (map, theodolite, temporary GPS
measurement or continuous GPS recording). In order to account for stations with
a larger location uncertainty, we downgraded the observations quality classes in
function of the station coordinates precision. The Table 4.5 shows the weighting
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Station class Station coordinates precision Quality class observation for tese stations

1 ±100m unchanged
2 ±300m +1
3 unknown +1
4 300m removed

Table 4.5: Weighting scheme and changes affected to the quality class of observations in func-
tion of station coordinates precision.

scheme and the changes affected to the quality class of observations in function of
station coordinates precision.
All these procedures are described in more detail in Appendix C.

4.2 Updating the minimum 1D model and final

data selection for tomography

According to the procedure recommended by Kissling (1988), we determined a
minimum 1D model, corresponding to our data set, which will be used as initial
model for the 3D inversion. Earthquakes are relocated using this new velocity
model and only events situated in the network (GAP ≤ 175◦) with more than six
P-phase observations are used for LET.

Once our data set is cleaned from any potential error and once stations coordinates
precision is taken into account in the quality class observations, we aim at finding
an appropriate minimum regarding the set of station delays, the set of hypocenter
locations, and the 1D velocity model for our data set. The minimum 1D model
approach is adapted to our study by running VELEST (Kissling et al., 1995) in
simultaneous mode. With the minimum 1D model approach, we are able to look at
only one part of the problem, such as stations delays. The Quintero and Kissling
(2001) minimum 1D velocity model, which was already proved to be a stable
velocity model (see chapter 3.5.2), was used as input velocity model. Moreover,
we used hypocenter locations obtained with CR min1D2007 minimum 1D model,
which are already close to a minimum. Since the velocity model and the hypocenter
locations are already close to a minimum, and in order to test the stability of the
calculated minimum 1D model, we set all stations delays to zero, and look at their
variations after each iteration (see Figure 4.3).
Figure 4.3 shows the evolution of the difference in station delays for each iteration
at MOSD, cr14, TIG2, QPSB, BUS, and LAR. If we consider that the best quality
observation class is set to ±0.05s, the stations delays reach a stable solution after
the third iteration, indicating that our minimum 1D model is very stable and the
appropriate choice of our damping parameter. This final minimum 1D model will
be later called CR min1D2008. Figure 4.4 shows the comparison between the

80



4.2 Updating the minimum 1D model and final data selection for
tomography

Figure 4.3: Evolution of the differences in station delay after each iteration at stations crt14,
TIG2, QPSB, BUS and LAR documenting the stability of the solution and appro-
priateness of damping

Figure 4.4: Comparison of Quintero and Kissling (2001) (based on routine picks),
CR min1D2007 (based on routine picks ad reference hand picks), and
CR min1D2008 (based on reference hand picks and automatic weighted picks)
minimum 1D models. Black line denotes the smooth 1D velocity model used as
initial model for LET.
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Figure 4.5: Final station delays obtained with minimum 1D model CR min1D2008 for stations
with more then 10 observations. Dashed symbols denotes for stations with less than
10 observations. Symbol size corresponds to the amplitude of delays as indicated.

different minimum 1D models used in this study, and Figure 4.5 is a map showing
all station delays from minimum 1D model CR min1D2008.
Finally, we relocated all events with this new minimum 1D model CR min1D2008
minimum 1D model and only events with a GAP ≤ 175◦ and with a number of
observations more or equal to 6 were selected. The final data set ready to be used
in LET is composed of 764 events, representing 11,081 P-wave observations (see
Table 4.6). The weighted average picking error can be estimated from the number
of picks for each class and the error interval of each class. For our final data set, we
obtain an weighted average picking error of εt ' 0.15s with a maximum errors not
exceeding ±0.4s. The corresponding ray-coverage for the final data set is shown
in Figure 4.6. Reference events used for calibration of MPX are represented by
white stars.
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Figure 4.6: Ray-coverage of the final combined high-quality P-data set consisting of 764 local
earthquakes. Triangles denote stations, white circles represent hypocenter loca-
tions, and white stars indicate hypocenter locations from reference events used for
calibration of MPX. Hypocenter locations correspond to locations in minimum 1D
model CR min1D2008.

Quality class Error (s) #MPX+REF Picks Weight

0 ±0.05 4793 100%
1 ±0.10 3717 50%
2 ±0.20 1520 25%
3 ±0.40 1051 12.5%

Weighted av. picking error: 0.15s 11,081

Table 4.6: Final high quality P-phase data set for Costa Rica Region consisting of MPX au-
tomatic picks (10,004) and reference hand picks (1077) of 764 events. The average
picking error is 0.15s.
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4.3 Model Parametrization

Chapter 2 explains in details methodology and the assessment of the solution qual-
ity in tomography studies. To solve the non-linear tomography problem, we use
a damped, least squared iterative solution (SIMULPS14 Thurber , 1983; Eberhart-
Phillips , 1990; Haslinger and Kissling , 2001). Hypocenter locations are included
in the inversion as unknowns due to the coupling of hypocenter locations and ve-
locities (Thurber , 1992). Traveltimes through the velocity model are calculated
using full 3D shooting ray tracing (Virieux and Fara, 1991; Haslinger and Kissling ,
2001). The velocity model in SIMULPS14 is defined at grid nodes of the inversion
grid, defined by intersecting lines in x-,y-,z-directions. Velocities are linear inter-
polated between the grid nodes and no further smoothing constrains are applied.
The definitions and the differences between seismic, numerical and inversion grids
are described in detail in Chapter 2.2.6. It also describes the best way to define the
model parametrization to represent the expected structure while allowing optimal
resolution for study region. In addition to these concerns, we want to define an
inversion grid that allows treating an over-determined problem, where the num-
ber of unknowns is smaller than the number of equations. Number of grid nodes
added to the four location unknowns (latitude, longitude, depth and origin time)
per event, determines the total number of unknowns. Of course, not all grid nodes
will be hit by a ray and those grid nodes not hit by any rays are fixed during the in-
version. Coarse grid spacing yields to large resolution estimates, whereas fine-grid
spacing yields to low resolution estimates. In contrast, with fine-grid spacing may
resolve lower size anomalies. A high number of stations and earthquakes would
allow for fine-grid node spacing (for example in central Costa Rica), whereas the
station-earthquake distribution is sparse in others parts, demanding a large grid
node spacing. For this reason, we choose two different inversion grids:

• A fine grid node spacing of 15x15 km (horizontal) and 10-20 km (vertical),
called in the next of the study the “15x15 MKH” model.

• A coarse grid node spacing of 20x20 km (horizontal) and 10-20 km (vertical),
called in the next of the study the “20x20 MKH” model.

In our study, we have 11,081 observations. With 3056 events locations unknowns
(764 events) and 7425 unfixed grid nodes for the fine-grid, and a total of 10,481
unknowns, maintaining the problem over-determined, as the number of equations
(corresponding to the number of observations) are larger than the number of un-
knowns. The corresponding grid nodes of the two inversion grids are presented as
crosses in Figure 4.7A and Figure 4.7B. The initial 1D P-wave velocity model is
based on the final minimum 1D model CR min1D2008 (see Figure 4.4), are shown
in Table 4.7.
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Figure 4.7: Crosses mark position of inversion grid nodes of the 3D model, circles represent
the final 764 earthquakes, and triangles denote all 135 stations used in this study.
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Depth of grid plain (km) VP (km/s)

-5 4.4
0 5.2
10 6.25
20 6.6
30 6.95
40 7.25
50 7.6
70 7.9
90 8.15
110 8.4
130 8.45

Table 4.7: Initial P-wave velocities at nodes of 3D gradient model. Velocities are based on
minimum 1D model CR min1D2008.

4.4 Solution quality

To assess the solution quality, two concepts have to be be understood, sensitivity
and resolution. Sensitivity provides information on which part of the model is
affected by the data, while resolution provides information on how well observed
velocity perturbations (anomalies) are resolved by the data.

4.4.1 Sensitivity test

In general, the sensitivity of a data set to a specific volume depends on the associ-
ated ray-coverage (density and geometric distribution of the rays). Checkerboard
tests (see i.e. Zelt , 1998; Spakman et al., 1993) can provide useful information about
model sensitivity in respect to the data set. But checkerboard tests only provide
information on sensitivity since these models are unrealistic (see Chapter 2.3.2).
The ability of the data to resolve a fine-scale structure such as checkerboard does
not imply that large-scale structures are resolved as well (Leveque et al., 1993).
A synthetic checkerboard model is designed using the minimum 1D model as back-
ground model, as suggested by Husen et al. (2004). Perturbed layers consist of
alternating high and low (±10%) anomalies encompassing two by two grid nodes,
separated by two grid nodes left without anomalies. Synthetic travel times are
calculated for the same source-receivers distribution as in the inverted data set.
To be more realistic, Gaussian noise with a standard deviation corresponding to
the error interval of the associated quality class is added to the synthetic data
(see Appendix E). checkerboard tests could also be used as a first order tool to
access to image blurring. Leaving two grid nodes without anomalies will allow us
to see horizontal smearing effect more clearly. Moreover, only every second layer
is perturbed to make possible vertical smearing more visible. The polarities of
the input anomalies of two successive perturbed layers are swapped to distinguish
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Figure 4.8: Checkerboard test as suggested in Husen et al. (2004). Recovered model after five
iterations and a damping value set to 100 is shown in plane view at different depth.
Alternating high (+10%) and low (-10%) input anomalies are indicated by blue
and red rectangles, respectively. The black line corresponds to the RDE contour
of 0.15. Crosses indicate grid nodes (15x15 MKH model) and triangles represent
seismic stations.
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upward from downward leakage. By introducing a alternation of high and low
anomalies separated by unperturbed grid nodes, a effect of averaging of the in-
troduced anomalies is created, making checkerboard tests easy to invert (Leveque
et al., 1993).
Figure 4.8 illustrates the model used in this study. To analyse a checkerboard test,
two parameters have to be considered: the geometrical recovery (shape) of the in-
put high/low anomalies as well as their amplitudes. By recovering the pattern
and the amplitude of the input perturbed model, checkerboard tests are used to
delimits areas sensitive to the data set. Figure 4.8 shows that the pattern of the
anomalies and the amplitudes are well recovered in the center part of the network,
particularly in the shallower layers. In these regions, while the geometry of the
input anomalies are well recovered by the inversion, amplitudes are reduced by
several percent (20-30%), particularly at deeper layers. Some vertical smearing
can be observed in the unperturbed layers of up to 40% of the amplitude of the
input anomalies and only minor horizontal smearing is visible.

4.4.2 Evaluation of the damping value

Information on model parametrization and damping can be only obtained from
tests with synthetic, but realistic, models such as characteristic models. Once we
have a better idea of areas that could be resolved by the tomographic inversion,
a characteristic model is built to evaluate the best damping value adapted to our
model. By introducing large, but simple shapes of high and low anomalies (see
Figure 4.12, in this case ±10% anomalies), we define a more realistic but also
a more difficult model to be inverted. A characteristic model retains the sizes
and amplitudes (characteristics) of anomalies seen in the inversion results but at
different shape and different sign for the anomalies. As in checkerboard tests, syn-
thetic travel times are calculated with the designed model, and Gaussian noise is
introduced before the inversion to be more realistic (see Appendix E). For crustal
layers (< 30km depth), we introduced ‘L’ shape anomalies. At 10 km we chose
to introduce a high-velocity anomaly in the northern part of the model, in oppo-
sition to the low-velocity zone observed beneath the active volcanoes chain (see
Husen et al., 2003). A positive (+10%) anomaly was placed at 20 km depth, this
time in the south of the model, to be able to distinguish vertical leakage. At 40
km depth, we introduced a negative (-10%) long ‘bar’ anomaly (opposed in posi-
tion and in sign to the high-velocity subducting plate) and a small-scale positive
(+10%) anomaly. All anomalies were placed at the limit of the sensitivity of the
model defined with the checkerboard test. This allow to check where the amplitude
of the anomalies are fully, partially or not recovered. This characteristic model is
called “CR CHAR MOD” in the next of the study.

Before being able to determine the best damping value, we have to find the opti-
mal number of iterations needed to minimise the velocity adjustments of the grid
nodes. To do that, we proceed to a first inversion with an a priori damping value
chosen to 100 and a large number of iteration (8 in this case). The Figure 4.9
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Figure 4.9: (a) Reduction of weighted RSM after each iteration using the 15x15 MKH model
and a damping value of 100, used to determine the optimal number of iteration for
the synthetic tests. After iteration 5, the improvement becomes insignificant. (b)
Trade-off curve obtained with different damping value after 5 iterations representing
the data misfit versus model variance

shows the weighted RMS after each iteration. The optimal number of iterations
should be obtained when the adjustment of the weighted RMS is no longer signif-
icant and certainly before it starts to fluctuate. It can also be found by looking at
the velocity adjustments of several well resolved grid nodes. The optimal number
of iterations is reached before the fluctuations are null, or with an opposite sign.
In our case, we choose a number of iteration equal to 5.

To determine the optimal damping value for our data set and for our model
parametrization, we ran several inversions with different damping values (1, 10, 50,
100, 200, 300, 500, 1000, and 10,000, see Figure 4.9). Other parameters (size of the
inversion grid (15x15 MKH model), input model, input traveltimes, station distri-
bution, number of iterations) were kept unchanged. The optimal number of itera-
tions depends of the chosen damping value (a strongly under-damped problem will
reach the solution in a couple of iterations), but five iterations are a good compro-
mise between over-damped and under-damped problems. The best damping value
could be found by plotting what is called the “damping trade-off curve”(Eberhart-
Philips , 1986) (see Figure 4.9, which plots model variance against data variance
after the optimal number of iterations for several values of the damping). The
best damping value is selected where data variance is significantly reduced while
model variance is low. But determining the damping value only by using damping
trade-off curves is rather minimal and could lead to misinterpret the intrinsic sig-
nification of the damping value (explained in more details in Chapter 2.2.3). To
avoid this situation, looking at the results of these successive inversion of synthetic
data using a different damping value may be very instructive.
Figures 4.10A shows the result of the inversion run with a damping value equal
to 10 at a depth of 10 km. Here, we are clearly in the situation of an under-
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Figure 4.10: Recovered model after five iterations and a damping value set to 10 for A), 10,000
for B), and 100 for C) and D) is shown in plane view at 10 km depth (A. and
B.) and at 30 and 40 km depth (C. and D.). Large geometrical high (+10%) or
low (-10%) input anomalies are indicated by blue and red lines, respectively. The
black lines correspond to RDE contours of 0.15. Crosses indicate grid nodes and
triangles represent seismic stations.
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damped inversion run. One can see a nice recovery of the shapes of the anomalies.
Moreover, the amplitude of the anomalies are recovered and even too large (over-
estimation up to 15.68%), and there are large noise effects (small scale anomalies
not present in the input model) everywhere.
The result of the inversion run with a damping of 10,000 (clearly over-damped)
does not show noise effects any more (see Figure 4.10B). However shapes and am-
plitudes of anomalies are also not recovered. The best damping value is situated
between 10,000 and 10. This is not a surprise, since 10,000 and 10 are extreme
damping values. But, by dichotomy, and by using these criteria, one can find the
best damping value adapted to a data set. If we now look at the results of the
inversion run with a damping of 100, we can note that the shape of the anomalies
are well recovered, and the amplitudes are not exceeded, but just as well recovered
(see Figure 4.10C and 4.10D). However, if we look at the plane at 40 km depth,
we note that the recovered amplitudes of the negative anomaly is only -5.5% (from
-10%). This would suggest that the problem is over-damped. However the plane
at 30 km depth, shows a significant vertical smearing within the well-resolved part
(see the next paragraph, section 4.4.3). This significant leakage would suggest that
the problem is on the contrary, under-damped. As removing the smearing effect
is more important than the recovery of the amplitude of the input anomalies, we
decided to choose a higher damping value. Results from inversion runs with damp-
ing values of 300 or 500, showed us that the smearing effect is not significantly
reduced, probably due to the location of the earthquakes regrouped in the slab at
this depth, creating a lack of cross-firing inducing the smearing effect. Moreover
the well resolved part is significantly reduced with such high values of damping.
For this reason, we chose a damping value of 200 for our study.

4.4.3 Assessment of resolution using resolution estimates
and synthetic tests

The assessment of the resolution is a crucial component of any seismic tomography
study. The inversion process may introduce artefacts in areas of low resolution or
even in areas of good resolution (Kissling et al., 2001). For this reason, areas of fair
and good resolution have to be separated from poorly or none resolved regions. To
separate areas of low resolution from areas of good resolution, several tools using
different parameters exist (see Chapter 2). Distribution of hit count or derivative
weighted sum (DWS) (for more details see Chapter 2.3.1) can be used as a first
order assessment of the resolution. Large DWS values are associated with a high
ray density, or more generally with good resolution. Hit count and DWS, however
are not sensitive to the geometric distribution of rays and are insensitive to cross
firing (Diehl , 2008). Figure 4.11 shows the values of the derivative weighted sum
for different horizontal cross sections of our studied volume.
The resolution matrix can be used as a first order diagnostic tool (see Chapter
2.3.1) to define the cut-off between well-resolved, poorly to fairly well-resolved,
and unresolved areas of the solution. The diagonal element of the resolution ma-
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Figure 4.11: Derivative weighted sum (DWS) of the 15x15 MKH model for different horizontal
depth sections as indicated.
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Figure 4.12: Recovered model after five iterations and a damping value set to 200 is shown
in plane view at different depths. Large geometrical high (+10%) or low (-10%)
input anomalies are indicated by blue and red rectangles, respectively. The black
line corresponds to the RDE contour of 0.15. Crosses indicate grid nodes (15x15
MKH model) and triangles represent seismic stations.
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Figure 4.13: Diagonal elements of the resolution matrix (RDE) and resolution contours (Reyn-
ers et al., 1999) of the vP solution at different depths (damping 200, 8 iterations).
Crosses represent grid nodes, black dots represent grid nodes with RDE ≥ 0.01.
The contour lines outline the area in which the values of the resolution matrix
decay to 70% of the value of the RDE. Black contour lines represent grid points
with no or minor smearing, red contour lines indicates grid points with significant
smearing
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trix (RDE) describes the independence of one model parameter in the solution:
the larger the RDE value is for one model parameter the more independent the
solution is for this model parameter. Therefore the RDE value could be used as
a threshold to distinguish between areas of good and poor resolution. However
the RDE value strongly depends on the chosen damping value and on the cho-
sen model parametrization (Eberhart-Phillips and Reyners (1997), Kissling et al.
(2001)). A RDE threshold for the resolution assessment has to be obtained from
tests with synthetic data. Indeed, without synthetic tests, RDE only remains a
qualitative measure. Figure 4.12, shows the recovered model after five iterations
and a damping value set to 200 in plane view at different depths after introduc-
ing large geometrical high (+10%) or low (-10%) anomalies (characteritic model
CR CHAR MOD). In Figure 4.12, we plotted the RDE contour of 0.15. The re-
covery of the high/low input anomalies is good for grid nodes with RDE values
≥ 0.15. Within the area outlined by the RDE contour, only minor noise effects
(small-scale artefacts) are observed down to 70 km depth. Moreover, the shape
and amplitude of the input anomalies are well recovered within the RDE contour.
Outside of the RDE contour the amplitude are only poorly or not recovered, in-
dicating that a RDE value of 0.15 is well adapted here. A RDE value of 0.15
provides a good cut-off to delimit the well-resolved areas.

The RDE value only documents the independence of each parameter and do not
document any information on a possible smearing effect (direction and importance
of the smearing). Additional information on the solution quality can be derived
from the full resolution matrix. A common diagnostic tool is the spread function
(Toomey and Foulger (1989); Michelini and McEvilly (1991)), which summarizes
the information contained in one row of the full resolution matrix into a single
number. Thus possible smearing (i.e. non-zero off-diagonal elements) will be indi-
cated by increased spread values. However, the spread function does not show the
direction of the smearing. Alternative representations to evaluate smearing effects
are described in more details in Chapter 2.3.1.
These resolution contours visualize size and orientation of potential smearing. Hor-
izontal resolution contours of the final 3D vP model are shown in Figure 4.13. The
contour lines outline the area in which the value of the diagonal element of the res-
olution matrix decays to 70% of the value of the RDE. Black contour lines denotes
grid points with no or minor smearing, red contour lines indicate grid points with
significant smearing (resolution contour includes several grid points). Significant
smearing as suggested by the resolution contours is mainly restricted to grid nodes
of RDE < 0.15. Figure 4.8, Figure 4.10, and Figure 4.13 indicate that the RDE
value of 0.15 represents a reasonable threshold to separate well to fairly resolved
regions from poorly to unresolved regions.

4.4.4 Solution quality: conclusions

In the next of the study, regions delimited by the contour lines of a RDE value
of 0.15 are considered as well resolved to fairly-well resolved. These regions are
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Figure 4.14: Reduction of weighted RSM after each iteration using a damping value of 200,
used to determine the optimal number of iteration for the inversion of the real
data, for both 15x15 (A) and 20x20 (B) MKH models.

considered as being reliable, where an interpretation could be given with only a
small risk to interpret artefacts. Regions outside of these contour lines are only
considered as poorly resolved, where there is sensitivity but no resolution. Any
interpretations of structures in these regions should be done with great care, since
the risk of interpreting artefacts is higher. Unresolved areas are not shown in the
figures.

Moreover the dimensions of the cells in association with the best error class will
directly define the best percentage of velocity changes that our data set will be
able to resolve. If we take the 15x15 MKH model as an example, with a cell
size of 15x15x10 km the maximum travel distance across one cell is about 23
km, which represents a travel time of 3.8 s, if we take a average crustal P-wave
velocity of 6 km/s. If we assumed a best error interval of ±0.05s, it implies that
velocity variation of ≈ ±1.5% cannot be resolved considering the parametrization
of our model. For this reason, in all future tomographic images showing velocity
variation, grid nodes having a velocity variation of ±1.5% are coloured in grey, to
avoid mis-interpretation of structures that our data set could not resolved with
the chosen model parametrization. The same value was used for the 20x20x10-20
km model, even if this value is more conservative for this model.
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4.5 Tomographic results

4.5.1 Finding appropriate number of iterations for real
data inversion

Once the damping value, the well-resolved, the poor to fairly resolved areas, and
the unresolved areas are clearly defined, we can proceed to the inversion of the
real data. Again, we have to determine the appropriate number of iteration. For
this reason, we proceed to a first run with a large (10) number of iterations with
the 15x15 MKH model. The Figure 4.14.A) shows the weighted RMS after each
iteration. After 10 iterations, we reach a weighted RMS of 0.211 s. After 8
iterations, the adjustment of the weighted RMS is no longer significant and do not
fluctuate. We also looked at the velocity adjustments of several well resolved grid
nodes to establish the best number of iterations for the inversion at 8. The same
was done for the 20x20 MKH model, and the Figure 4.14.B) shows the weighted
RMS values of the eighth first iterations.

4.5.2 Description of the tomographic results

Figure 4.15 and Figure 4.16 show tomographic results of, respectively 15x15 and
20x20 MKH models. Results are shown in horizontal cross sections at depth from
0 to 50 km as indicated. The VP velocity structure is shown as a percentage change
relative to the initial 1D velocity model (CR min1D2008 model). As expected,
the shallower layer from both models reflects the surface geology. The inactive
Tallamanca Cordillera, mainly constituted by old Miocene-Pliocene volcanism, is
nicely delimited by a high-velocity area. On the contrary, the active volcanoes
chains represented by the Cordillera Central and by the Cordillera de Guanacaste
is related to a low-velocity zone that stops north to the Arenal volcano. The
boundary between these two structures perfectly reflects the limits of the main
geological structures (Tournon and Alvarado, 1997). However, for this layer (zero
km depth), the ray paths are a coming steeply under the stations, which signifi-
cantly reduce the well-resolved areas. For this reason, any interpretation of other
small-scale anomalies at this depth may be tendentious.

At 10 km depth, a small low-velocity zone is visible beneath the Arenal volcano,
suggesting hotter temperatures compared to a standard crust beneath this volcano
(see Figure 4.15 and Figure 4.16). The anomalies is clearly within the well-resolved
part of the 20x20 MKH model; in the 15x15 MKH model the anomaly is only partly
outside the well-resolved region. In the southern part of the country, a low-velocity
structure is visible in both models. This structure is outside of the well resolved
area in the 15x15 MKH model but clearly within the well-resolved area of the
MKH 20x20 model. This low-velocity structure is probably associated with the
low-velocity sedimentary rocks of the Terraba basin. The thickness of the Terraba
basin was estimated by Stavenhagen et al. (1998) at less than 5 km, but the influ-
ence of the sedimentary basin is still visible in this cross section. The low-velocity
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Figure 4.15: Tomographic results of 3D 15x15 MKH VP model. Results are shown in hori-
zontal cross sections at depth from 0 to 50 km as indicated. The VP velocity
structure is shown as a percentage change relative to the initial 1D velocity model
(CR min1D2008 model). Black lines correspond to the RDE contour of 0.15,
representing the well-resolved areas. Crosses denote grid nodes, black triangles
denote seismic stations and red triangles denote position of volcanoes.
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Figure 4.16: Tomographic results of 3D 20x20 MKH VP model. Results are shown in hori-
zontal cross sections at depth from 0 to 50 km as indicated. The VP velocity
structure is shown as a percentage change relative to the initial 1D velocity model
(CR min1D2008 model). Black lines correspond to the RDE contour of 0.15,
representing the well-resolved areas. Crosses denote grid nodes, black triangles
denote seismic stations and red triangles denote position of volcanoes.
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zone of the Limon sedimentary basin is also visible in the poorly resolved area of
both MKH models, but the ray coverage is definitively too low in this region of
the model to affirm that this structure is not an artefact.

A high-velocity structure is visible at the level of the Nicoya peninsula on the 30
km depth horizontal cross section (see Figure 4.16). This structure, is most prob-
ably related to the subducting Cocos Plate and is roughly a continuous feature
from the middle of the Nicoya peninsula to the off-shore of the city of Quepos
in the 20x20 MKH model. In the 15x15 MKH model this anomaly is less well
resolved at 30 km depth but is nicely delimited at 40 km depth. However, this
structure is situated at the edge of both models, at the limit of the well-resolved
part, thus, interpretation should be taken with care. The well resolved part of the
15x15 MKH model becomes really small at these depths, making any interpreta-
tion difficult. In both MKH models, a high-velocity zone is visible on the south of
the country, which is surrounding by two low-velocity structures. In the synthetic
tests calculated previously, we designed a high velocity structure at this depth
similar to the structure observed here, and no side-lobes effect appeared. For this
reason, we can consider that the low-velocity structures observed on both side of
the high-velocity are not related to any artefact, but should be interpreted with
care, as they are situated outside of the well-resolved area. Another high-velocity
zone is visible in the north east of Costa Rica in the well-resolved part of the
20x20 MKH model. Considering the absolute value of the velocity in this region
(absolute velocity larger than 7 km/s), it is suggesting that the normal mantle is
already visible in this part of the country at 30 km depth.

At 50 km depth, a well-resolved low-velocity zone is visible in the center of the
country, in both MKH models. A separation with a high velocity zone is visible in
the south at the level of the city of Quepos. Both MKH models show a large low-
velocity anomaly in the south of the country. As this low-velocity area is situated
outside of the well-resolved area, we decided not to interpret this anomaly. The
corresponding high-velocity structure of the subducting slab is still visible along
the coast, in the middle part of the country but is poorly resolved in both model.

Figure 4.17 and Figure 4.18 show tomographic results of, respectively the 15x15
and the 20x20 MKH model. Results are shown in vertical cross sections according
to the profiles AA’, BB’, CC’, DD’, EE’, and FF’ (for profiles locations see Figure
4.15 and Figure 4.16). The VP velocity structure is in respect to the input 1D
velocity model (CR min1D2008 model). These figures also show the tomographic
results of Husen et al. (2003), described and compared in the next section.

In profile AA’ the most prominent anomalies are a dipping high- and low-velocity
anomaly between 20 km and 60 km depth. These anomalies are located within the
well-resolved region in the 20x20 MKH model. Between 20-40 km depth the high-
velocity anomaly contains seismicity, whereas at greater depth ( 40km) seismicity
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seems to be located within the low velocity anomaly. At crustal depth we observe
high-velocities beneath the Nicoya Peninsula and beneath the back-arc. Similar
anomalies are observed in the 15x15 MKH model, although the well-resolved area
is much smaller.

In profile BB’, a small low-velocity zone is located below Arenal in the well-resolved
part of both models, possibly related to active volcanism of the volcano. However,
the 15x15 MKH and 20x20 MKH model look quite different for the region below
Arenal volcano, indicating possible smearing effects in the 15x15 MKH model. On
the south-eastern part of the profile, a high-velocity area is visible down to 60 km,
inside the well-resolved area for the 20x20 MKH model and may be associated to
the subducting Cocos plate. In the 15x15 MKH model that region is not well-
resolved but we see similar anomalies.

Profile CC’ corresponds to the seamount dominated segment (see Figure 1.3), as
well as profile DD’. A high-velocity zone on the south-western part of the profile
from 20 to 60 km is suggesting the subducting Cocos Plate, but it remains outside
of the well-resolved part for the 15x15 MKH model and at the edge of the well-
resolved area for the 20x20 MKH model. A small and shallow (< 10km depth)
low-velocity zone is clearly visible below Barva volcano, within the well-resolved
region. for the 20x20 MKH model (see also Figure 4.15 and Figure 4.16). A large
low-velocity anomaly is observed between 30 km and 50 km depth, possibly asso-
ciated to the mantle-wedge. We also observe that intermediate-depth seismicity
(> 40km depth) shows a narrow dipping band down to 100 km depth. This band
of seismicity is located within the low velocity zone.

Profile DD’ also runs along the strike of the seamount dominated segment (see
Figure 1.3). A small high velocity zone is visible below the Cordillera Central
between 0 km and 15 km depth. In the NE part of the profile, a large low-velocity
zone is observed below the Irazu and the Turialba volcanoes. This low-velocity
zone is visible down to 50 km depth in the well-resolved part of the 20x20 MKH
model. However one cannot exclude vertical leakage between this anomaly and the
low velocity anomaly visible between 60 and 70 km depth, mainly due to the fact
that most of the sources illuminating this region are located in the slab, inducing
low cross-firing. Both models do not show a clear dipping high-velocity anomaly
corresponding to the subducting Cocos Plate as we observe it in profile CC’, cer-
tainly due to poor resolution in this area for these models.

In profile EE’, except the shallow high-velocity zone below the Tallamanca Cordillera
already described in the horizontal cross-section at 0 km depth, only a low-velocity
anomaly is visible in the 15x15 MKH model between 15 and 25 km, situated at the
limit of the well resolved part. This low-anomaly is located in the well-resolved
region in the 20x20 MKH model, but it is not clearly defined in this model.
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In Profile FF’, between 0 and 15 km, a strong low-velocity velocity anomaly lo-
cated in the upper crust (0-10 km depth) is likely related to the Terraba basin
as described in the horizontal cross section at 0 km depth (see Figure 4.15 and
Figure 4.16). The well-resolved region is very small for this profile for both models.

4.5.3 Comparison with the tomographic results of Husen
et al. (2003)

The local earthquake tomography done by Husen et al. (2003) (called HQKH
model in the following) covers the same region. In the following, the results of
this study will be compared against the HQKH model. Both models, MKH and
HQKH, are shown in the Figure 4.17, and Figure 4.18. The VP velocity struc-
ture is shown as percentage change relative to the same 1D initial reference model
(CR min1D2008) used in our study. For both models well to fairly-well resolved
regions are outlined by the contours of the RDE (red lines in Figure 4.17). For
the MKH model, the RDE was chosen based on tests with synthetic models and
investigating resolution estimates, such as DWS and RDE (see chapter 4.4.3 for
more details); for the HQKH model the RDE was taken from Husen et al. (2003).

The first visible distinction between each model are the differences in the ampli-
tudes of velocities. The amplitudes of velocities in MKH model are larger than in
the HQKH model, from -30% to +30% velocity change relative to the initial 1D
model. These differences are probably due to the difference of damping value used
in each study. The best damping value for MKH model is 200 (see Section 4.4.2
in this chapter), in contrast to 500 for HQKH model (Husen et al., 2003). High
damping values yield to low model perturbations; larger damping values tend to
attenuate amplitudes of velocities (see Chapter 2.2.3, and Husen et al. (2009)).
Damping depends mainly on model parametrization and on the average observa-
tional error (a priori data variance) (Kissling et al., 2001). Hence, as we only used
high-quality observations in our data set, it permits us to choose a lower damping
value in accordance to our model parametrization, allowing to image higher model
perturbations.

The high-velocity anomaly related to the subducting Cocos Plate is seen in all
models in profiles AA’, BB’ and CC’, but is lost southward. A low-velocity anomaly
is observed above the subducting plate in profiles AA’ and CC’, but not in BB’.
This low-velocity zone is particularly pronounced beneath profile CC’ and seems
to be prolonged at larger depth (down to 100 km) in the HQKH model, even if
this prolongation is situated outside of the well-resolved part. In general, large
structures found in the HQKH model were also observed in the MKH models.
Moreover, as both models were calculated by using two different data sets, it
proves the consistency of the observed structures. The HQKH model was inverted
using 46,480 observations while the MKH model only used 11,081 observations,
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Figure 4.17: Comparison of tomographic results of 3D VP models:15x15 MKH model (top
row), 20x20 MKH model (middle row), and HQKH model (Husen et al., 2003)
(bottom row). Results are shown in vertical cross sections (for the locations of
the profiles see Figure 4.15). The VP velocity structure is shown as a percentage
change relative to the initial 1D velocity model used for MKH models. Red
lines correspond to the RDE contour of 0.15 for MKH models and 0.10 for HQKH
model, representing the well-resolved areas for each models. Red triangles indicate
position of volcanoes.
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Figure 4.18: (Continued) Comparison of tomographic results of 3D VP models:15x15 MKH
model (top row), 20x20 MKH model (middle row), and HQKH model (Husen
et al., 2003) (bottom row). Results are shown in vertical cross sections (for the
locations of the profiles see Figure 4.15). The VP velocity structure is shown as a
percentage change relative to the initial 1D velocity model used for MKH models.
Red lines correspond to the RDE contour of 0.15 for MKH models and 0.10 for
HQKH model, representing the well-resolved areas for each models. Red triangles
indicate position of volcanoes.
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a factor of four lower. Because we found so many systematic errors in stations
from our data set (e.g. from permanent networks OVSICORI-UNA and RSN, see
Maurer et al., 2009), and because Husen et al. (2003) used similar stations, data
from Husen et al. (2003) is likely also contaminated by systematic errors. For
this reason, we decided not to merge Husen et al. (2003) data set to our, despite
the large number of observations present in their data set. Generally, we observe
comparable results for both models and the HQKH model does not show obviously
better results. Even more, boundaries between the structures are sharper in MKH
models, suggesting that small but high-quality data sets provide equivalent or
even better results than large but lower-quality data sets based on classic bulletins
provided with routine picks. Similar findings were obtained by Husen et al. (2009)
using tests with synthetic data. However, the MKH models are not able to resolve
many more areas than in Husen et al. (2003) results due to the lower number
of observations. Despite the fact that our data set has about four times less
observations, MKH models cover nearly the same region. It demonstrates that
the selection of our data set was appropriate and provided good ray distributions,
and that it was worthwhile to combine other networks. For all these reasons, the
interpretation provided in Husen et al. (2003) is still valid for our results.

4.5.4 Discussion and interpretation

The northern Costa Rica margin has been studied using reflection and refraction
studies (Sallarès et al., 1999, 2001), receiver functions (DeShon and Schwartz ,
2004) and local earthquake tomography (see e.g. Sallarès et al., 2001; Husen et al.,
2003; DeShon et al., 2006; Syracuse et al., 2008; Arroyo et al., 2009). Sallarès et al.
(2001) resolved shallow part (< 50km) of the margin by a 2D forward modeling
of onshore and offshore seismic refraction and gravity data. Their results showed
that northern Costa Rica is constituted by a 40 km thick crust, with a 6 to 7 km
thick subducting oceanic crust. The overriding plate has been divided into three
levels tied to velocity gradients instead of first-order velocity contrasts. The mar-
gin wedge has been imaged as a region of low velocities and has been interpreted
as the seaward extension of the Nicoya Complex which in this region has been
affected by fracturing, alteration, and accretion processes that lowered its velocity
(Ye et al., 1996; Christeson et al., 1999). Figure 4.19 and Figure 4.20, show the
absolute velocities of both MKH models along profile AA’. The absolute velocities
of this profile is in good accordance to velocities proposed in the 2D profile of
Sallarès et al. (2001). However, this profile is situated at the northern edge of
our model, and the well-resolved part is too small to interpret the thickness of the
crust of the overriding plate at a large extent.
The Moho of the overriding Caribbean plate has been interpreted at a depth
range of 27 to 43 km, based on Pn and Pg travel times by Matumoto et al. (1977);
Quintero and Kulhánek (1998), seismic refraction (Sallarès et al., 1999, 2001) and
receiver functions (DeShon and Schwartz , 2004; MacKenzie et al., 2008). The
Moho of the overriding Caribbean Plate in this area has been imaged more as a
transition zone with a low-velocity contrast (Sallarès et al., 2001; DeShon et al.,
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2006; Arroyo et al., 2009). Using receiver functions, which are sensitive to discon-
tinuities, MacKenzie et al. (2008) could image the Moho of the overriding plate
and described a more complicated signal in the fore-arc region.
The subducting Cocos Plate has been recognized from WBZ seismicity (e.g. Protti
et al., 1994; Newman et al., 2002; DeShon et al., 2006), seismic refraction (e.g.
Christeson et al., 1999; Sallarès et al., 1999, 2001), and seismic tomography (e.g.
Husen et al., 2003; DeShon et al., 2006; Syracuse et al., 2008). A narrow zone
of low velocities paralleling the top of the high-velocity subducting Cocos Plate
was recognized by Husen et al. (2003) and linked to a cold and highly hydrated
Cocos Plate that is subducting beneath northern Costa Rica. Similarly, a nar-
row low-velocity zone above the subducting Cocos Plate is visible in profile AA’
(see Figure 4.17) between 40 and 60 km depth, below the fore-arc and located
in the well-resolved part of the 20x20 MK model. This observation is in good
accordance to the interpretation of Sallarès et al. (2001), Husen et al. (2003),
DeShon and Schwartz (2004). A low velocity zone is sometimes imaged on top
of the subducting slab interpreted as a fluid-filled upper oceanic crust. The fluids
are released during phase transitions within the upper oceanic crust making the
overlying mantle wedge imaged as low Vp and high Vp/Vs feature indicating ser-
pentinization in accordance to the study of Syracuse et al. (2008). Syracuse et al.
(2008) did a seismic tomography and earthquake locations study in the Nicaraguan
and Costa Rican upper mantle. They show results from joint inversions for Vp,
Vp/Vs, and hypocenters from the Tomography Under Costa Rica and Nicaragua
(TUCAN) experiment. Tomographic images show that throughout Nicaragua and
Costa Rica the slowest mantle P wave velocities appear below and behind the
volcanic front, indicating likely zones of higher temperatures extending 80 to 120
km depth. A sheet of high Vp/Vs (1.80, compared to 1.76 in the 1-D starting
model), thought to be caused by melt, is imaged directly beneath the Nicaraguan
volcanoes, whereas a weaker, broader anomaly is imaged beneath the Costa Rican
volcanoes, potentially indicating a greater extent of melting beneath Nicaragua.
Within the downgoing plate, anomalously low velocities occur at least 20 to 30
km below Wadati-Benioff zone seismicity, to 60 km depth beneath Costa Rica.
The uppermost mantle beneath the fore arc displays reduced velocities (6.8-7.2
km/s) and has been interpreted as evidence for 10-25% serpentinization (DeShon
and Schwartz , 2004; DeShon et al., 2006; Syracuse et al., 2008), triggering partial
melting in the mantle wedge.

However, tomographic image of profile BB’ (Figure 4.17 )suggests that the mantle
wedge may not be hydrated everywhere, since no low-velocity zone is seen above
the downgoing plate in this profile, but is present again in profile CC’. Profile BB’
runs along the supposed Quesada Sharp Contortion (QSC) (Protti et al., 1995).
The sea floor topography show a large seamount, Fisher seamount, followed by
the fisher ridge in front of the trench (see Figure 1.3). Low velocity of about 7.0
km.s−1 observed within the mantle wedge (at 40 km depth) in profile AA’ and
CC’ is replaced by high-velocity of 7.5 km.s−1 at 40 km depth along profile BB’
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Figure 4.19: Tomographic results of 3D 15x15 MKH model. Results are shown in vertical cross
sections according to the profiles AA’, BB’, and CC’ for locations see Figure 4.15
and Figure 4.16. The VP velocity structure is shown in absolute P-wave velocity.
Red lines correspond to the RDE contour of 0.15, representing the well-resolved
areas. Red triangles denote position of volcanoes.
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Figure 4.20: Tomographic results of 3D 20x20 MKH model. Results are shown in vertical cross
sections according to the profiles DD’, EE’, and FF’ for locations see Figure 4.15
and Figure 4.16. The VP velocity structure is shown in absolute P-wave velocity.
Red lines correspond to the RDE contour of 0.15, representing the well-resolved
areas. Red triangles denote position of volcanoes.
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(see e.g Figure 4.20). However the low-velocity anomaly seen between 0 and 20 km
seen below the Arenal volcano associated with the recent eruptions of this volcano
over the last decade may suggest that the mantle wedge has not always been de-
hydrated at this place. Considering the time needed by materials to migrate from
the mantle wedge to the surface, active volcanism at Arenal and a possible absence
of a hydrated mantle wedge are not incompatible. Moreover this region is well-
resolved in the study of Syracuse et al. (2008), and they see a similar transition in
the mantle wedge, but at 80 km depth. This transition could well be explained by
the ongoing subduction of the Fisher Ridge south of the Nicoya peninsula (Hey ,
1977). Regarding the QSC (see Protti et al. (1995) and Chapter 1.2), no real ev-
idence from either tomographic images or from hypocenter location could clearly
confirm this hypothesis. To first order, our tomographic images (see profiles AA’,
BB’ and CC’ in Figure 4.17) show a NE-dipping high-velocity anomaly that is
consistent with the cold subducting Cocos Plate down to 60 km in profiles AA’
and BB’, and down to 80 km in profile CC’.

In central Costa Rica, Arroyo et al. (2009) showed the three-dimensional P-wave
velocity structure of the shallow part (< 50km) of the Pacific margin from lo-
cal earthquake tomography using off- and onshore networks. Their tomography
results, which runs along the strike of the seamount dominated segment, nicely
show the high-velocity structure associated with the subducting Cocos Plate in
Central Costa Rica, with the presence of a low-velocity zone above it. But their
results are overlapping our results only in a small region, corresponding to our
profile CC’ in our model (see Figure 4.17), making any comparison between the
two model difficult. By plotting both model in respect to our input 1D velocity
model (CR min1D2008, see Table 4.7), both Arroyo et al. (2009) and our 20x20
MKH model show at the level of the coast an alteration of:

• A low-velocity zone between 0 and 10 km depth,

• A high-velocity zone between 10 and 30 km depth, which has higher ampli-
tude in Arroyo et al. (2009) (7.5 to 10% against 2.5 to 5%),

• A low-velocity zone between 30 and 50-60 km depth , corresponding to the
mantle wedge,

• A high-velocity zone below 50-60 km depth (outside of the well-resolved part
of both model) corresponding to the subducting plate.

Profile FF’ of Syracuse et al. (2008), which is located close to profile CC’ of our
model, also shows a low-velocity zone around 40 km depth beneath the fore-arc
region. This low-velocity anomaly is particularly pronounced in our models with
a perturbation of about -10% with respect to the initial 1D model. In Arroyo
et al. (2009) study, this anomaly seems to continue to larger depth. We interpret
this low-velocity anomaly, located above the subducting slab, which contains most
of the intermediate depth seismicity, as hydrous rocks of the subducting oceanic

109



4 Local Earthquake Tomography in Costa Rica

-15 -10 -5 0 5 10 15

% Vp change, rel. to 1D initial model

B
AWS EN

’C-C eliforp

Figure 4.21: Tomographic results of 3D VP models of Arroyo et al. (2009). Results are shown
in a vertical cross sections corresponding to profile CC’ in our study (see Figure
4.17). The VP velocity structure is shown as a percentage change relative to the
initial 1D velocity model used for MKH models (CR min1D20008 model). Black
lines correspond to the RDE contour of 0.04, representing the well-resolved areas
for this models. The red triangle indicates the position Barva volcano.

crust and upper oceanic mantle. The absolute values of the P-wave velocity (6.0
to 7.0 km.s−1 from 30 to 60 km) are significantly lower than what is observed
in Profile AA’, suggesting a higher percentage of partial melt. The location of
a dense seismicity located within this low-velocity zone strengthens the hypoth-
esis that intermediate-dept earthquakes of the Wadati-Benioff zone are triggered
by dehydration of the subducting plate (Green and Houston, 1995; Hacker et al.,
1993b; Husen et al., 2003).
More in the south, profile DD’ in both our models and Husen et al. (2003) model
show a large low-velocity anomalies below the Irazu and the Turrialba volcanoes
within the mantle wedge. This low-velocity zone is connected to the surface in
our model constituting a nice correlation with the surface geology (Tournon and
Alvarado, 1997), marking a sharp separation between the old Miocen-Pliocen vol-
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Figure 4.22: Hypocenter locations calculated with the 20x20 MKH model for profiles AA’ to
FF’ (see location in Figure 4.15).

canism of the Tallamanca Cordillera and the more recent Quaternary volcanism
of the Cordillera Central. In Husen et al. (2003) model this low-velocity anomaly
weakens towards the surface. As Irazu and Turrialba volcanoes correspond to
higher volume of erupted materials (Carr and Stoiber , 1990), it constitutes a nice
correlation with the observed signal in the mantle wedge. Southwards, we loose
track of the high-velocity slab from profile DD’.
In term of seismicity, the hypocenter locations delimit a well-defined Wadati-
Benioff zone, except for southern Costa Rica. We observe a gradual decrease
in maximum depth from northern to southern Costa Rica (see Figure 4.22). Be-
neath the Arenal volcano (see Figure 4.7 and Figure 4.17), the seismicity reaches a
depth of 120 km, while beneath the city of Quepos, no hypocenter locations deeper
than 80 km are observed (see Figure 4.7 and Figure 4.18). An apparent thickening
of the seismicity is observed in Profile DD’ compared to profile CC’ (see Figure
4.23), where intermediate-depth seismicity forms a narrow band. This thickening
between profile DD’ and CC’ was previously studied by Husen et al. (2003) using
an accurate, non-linear probabilistic approach, which includes an accurate, non-
linear description of location uncertainties (Lomax et al., 2000), and they showed
that the widening of the Wadati-Benioff zone is not an artefact. This thickening
is particularly visible in our models and more pronounced than in Husen et al.
(2003) model, and has been related by Husen et al. (2003) to the structure of the
subducted oceanic floor in this place and with a possible presence of subducted
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Figure 4.23: Comparison of hypocenter locations between 15x15 MKH model (top) and HQKH
model (bottom) for profiles CC’ and DD’ (see location in Figure 4.15).

seamounts.

In Southern Costa Rica, the Cocos ridge, interpreted as a hotspot trace formed
when the Cocos Plate passed over the Galapagos hotspot during the Miocene (Hey ,
1977) (see also Chapter 1.2), is being subducted. A seismic refraction study has
been done by Stavenhagen et al. (1998) on the northern flank of the Cocos Ridge,
which shows the structure and the absolute P-wave velocities down to 40 km. The
Moho of the overriding plate was observed at 35 km, and the velocities below the
Moho were not well-resolved. An erosion of the margin is suggested by a thick
low velocity zone overlying the downgoing slab. They also showed that the Cocos
plate is subducting with an angle of 17◦ from 0 to 40 km. It was confirm by other
seismicity studies (DeShon et al., 2003; Protti et al., 1995; Husen et al., 2003), that
it exists a transition from deep, steeply dipping seismicity in the north to shallow
seismicity in the south (down to 30-40 km depth). This is in good agreement with
the theory (analytic, numerical and analogue modelling) that claims that aseismic
ridges, like Cocos Ridge, are buoyant and usually do not subduct (Vogt et al., 1973;
McCann and Habermann, 1989). For this reason, models of southern Costa Rica
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represent a flat subduction with underplating of the Cocos Ridge (0−20◦) without
any mantle wedge, where melts could be produced, in accordance with volcanology
studies (Carr and Stoiber , 1990; De Boer et al., 1995) showing a cessation of active
volcanism in Cordillera de Talamanca since 1− 4Ma ago. However a recent work
done by Dzierma et al. (2009), based on receiver functions, showed evidences of a
steep subduction of the Cocos Ridge under the Cordillera de Tallamanca. The in-
terpretation given is a transitional regime in the establishment of flat subduction.
In both 15x15 MKH and 20x20 MKH models, a low-velocity possibly realted to
the subducting Cocos Ridge is seen in profile EE’ (Figure 4.18) between 40 and
80 km depth. However, the well-resolved regions at a depth larger than 40 km are
too poor to confirm the hypothesis of a steep subducting slab, particularly in the
south of Costa Rica (see Figure 4.15 and Figure 4.16 and profile EE’ in Figure
4.18). Moreover, no evidence of a thick low-velocity zone or a clear transition to
evaluated the thickness of the crust of the overriding plate could be observed in
our models, mainly due to poor resolution at this edge of our model. At shallow
depths, the large high-velocity zone observed beneath the Tallamanca Cordillera
seen in the well-resolved part in profile EE’ have been interpreted as a low-density
remnant of an earlier phase of magmatism associated to the Tallamanca batholiths
by Protti et al. (1996).
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Teleseismic Tomography in Costa
Rica

115
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5.1 Introduction to High-Resolution Teleseismic

tomography

When propagating through regions with a rough topography of the crust-mantle
boundary and strong intra-crustal velocity inhomogeneities, teleseismic wave fronts
undergo distortion that lead to significant travel time anomalies observed at the
Earth’s surface. Neglecting crustal effects in tomographic studies may significantly
decrease the resolution of deeper structure (Sandoval et al., 2003). High-resolution
teleseismic tomography critically depends on both the knowledge of these effects,
but also on the use of high-quality data set. Figure 5.1 illustrates the general steps
to perform a high-resolution tomography.

Figure 5.1: Flow diagram illustrating the procedure adapted for high-resolution teleseismic
tomography (Adapted from Lippitsch (2002)).

In this chapter, we will present in a first section the picking procedure of the
compiled waveform data set for the period of 2000 to 2006. Figure 5.2 presents the
results of the picking procedure, showing a strong azimuthal bias of the incoming
arrival-times in the South-East direction. Considering the low number of obser-
vations and the low data coverage, the collected travel-times data set is clearly
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not adapted, for the moment, to perform a high-resolution teleseismic tomography
study in the Costa Rican region. Since we have not yet established an appropriate
teleseismic data set, one of the goal of this chapter is to describe how to complete
it to obtain a future suitable data set to later perform high-resolution teleseismic
tomography.

Figure 5.2: Polar diagram showing the azimuthal distribution of picks by trenches of 18◦.

Moreover, following the method of Waldhauser et al. (1998), we develop a pri-
mary synthetic 3D crustal model for the region of Costa Rica, by combining results
obtained by local earthquake tomography (see Chapter 4). The model includes the
first-order structure significantly influencing propagation of the teleseismic wave
field. This model enables us to correct travel time residuals for shallow structures
contributions (< 70km) prior to the inversion process (Sandoval et al., 2003). The
other goal of this chapter is to demonstrate that this procedure is crucial for any
future teleseismic tomography in Costa Rica. With synthetic tests, we then de-
termine resolution of the particular station-event configuration, the reliability of
the inversion process, and the resolution limits of the resulting tomographic im-
ages, confirming that information on real structures should not be expected by
the actual data set. Finally, results of the teleseismic tomography inversion using
the corrected travel-times are described and compared to the results of the inver-
sion with the uncorrected travel-times, demonstrating that the contribution of the
crust is significant in Costa Rica. For these reasons, former teleseismic data, which
did not include crustal corrections and consistent and accurate picking cannot be
combined to our data set.
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5.2 Establishing a travel time data set used for

high-resolution teleseismic tomography (in

future)

As described in Chapter 3.6, we enlarged the aperture of the seismic array used
for this study by merging permanent and temporary networks, allowing to illumi-
nate deeper structures and summarize the characteristics of the picked data set
(Figure 5.4A). After establishing a list of earthquakes (see Chapter 3.6), we have
to determinate P-wave arrival times at each station for each event. Tomographic
images are very sensitive to travel time errors, particularly when individual cells
are hit by only few rays. Picking errors and inconsistent phase recognition can
strongly bias the resulting travel time and therefore affect the whole tomographic
study. The waveform of a seismic signal is affected by scattering and absorption
along the ray path and by local noise at the station.
The picking procedure itself can induce a significant amount of inconsistencies,
mainly due to differences in the choice of the window size or of the amplitude
scaling, and different usage of filters. For this reason, strict and clear picking rules
has to be defined to be as consistent and accurate as possible during the picking
procedure.

Consequently, we decided to re-pick entirely by hand the whole data set.
To re-picked teleseismic P-wave arrival times, we globally follow the rules explained
in Chapter 3.5.1, during the hand picking of the reference local earthquake data set.
However, as the dominant frequency of teleseismic P-wave arrival times is distance-
dependant and lower compared to local earthquakes (about 1 Hz), waveforms were
low pass filtered (corner frequency at 3.5 Hz) using a two-poles Butterworth filter.
The error intervals used to define quality classes, were also revised according to
Table 5.1. For an absolute picking of the P arrival times, we select a 20 seconds
time window, and a more appropriate 8 to 12 seconds time window for picking the
error interval. To find the P arrival, we look at the noise before the onset arrival
and look for a change in amplitude and in frequency of the signal (see reference
picking guide Diehl et al., 2009a). For all observations, the error interval must

Quality class Error (s) #Observations Weight

0 ε ≤ ±0.1s 716 100%
1 ±0.1s < ε ≤ ±0.2s 611 50%
2 ±0.2s < ε ≤ ±0.4s 468 25%
3 ±0.4s < ε ≤ ±0.8s 270 12.5%
4 ε ≥ ±0.8s (rejected) 68 -

Av. picking error: 0.29 s total: 2133

Table 5.1: Number of observations by error classes for the final high-quality teleseismic P-
phases data set for the Costa Rica region from 71 events. The average picking error
is 0.29 s.
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include all uncertainties (see also Figure 3.8 and the associated text in Chapter
3.5.1).

In total 2133 absolute P-wave travel times were picked from 71 different events.
Table 5.1 shows the distribution of weights for the observed P-wave travel times
picks assigned to the compiled teleseismic data set. The large proportion of picks
assigned to weights 0 and 1 indicates the high-quality of the data set, despite the
often emergent onsets of teleseismic arrival times that makes difficult to place the
pick with high precision.
Figure 5.3 shows histograms of the difference between the calculated picks using
the reference whole-earth model IASP91 (Kennett and Engdahl , 1991) and the
corresponding hand picks (tcalc − tobs), before any crustal correction. In Figure
5.3A) all observations are plotted, while in Figure 5.3B) observations are regrouped
by error class. The residuals are spread over a nearly Gaussian distribution. The
mean of the corresponding nearly Gaussian is not centred at zero, but is slightly
shifted towards the positive values (see i.e. Figure 5.3.A), indicating a tendency to
pick later than the predicted arrival time. This tendency is often observed in hand
picked data set, since it is more probable to pick later than earlier as noise that
may be present before the onset could hide the first onset. Moreover, the standard
deviation of the different Gaussians in Figure 5.3.B) increase with the error class,
in agreement with the error interval attributed to each error class.
Figure 5.4A) illustrate the importance of increasing the aperture of the seismic
network to generate ray crossing at depth, allowing to illuminate deeper structures.
Moreover, it also shows the importance of having equally distributed azimuths of
travel-times. Figure 5.4B) shows a map with the ray-crossing of all event-stations
paths used in this study. Black boxes and triangles denote respectively broad-band
and short period stations. Approximative areas delimiting expected fair and poor
resolution (red and green lines, respectively) can already be estimated from the
ray crossing. The poor number of rays coming from East (greenish rays) and from
West (reddish rays) indicates that the cross firing in this direction will be almost
non-existent. As previously described, Figure 5.2 is a polar diagram showing the
azimuthal distribution of picks by trenches of 18◦. Since large earthquakes are
mostly located in subduction zones, most events recorded by seismic arrays in
Costa Rica have their hypocenters in the south (Peru, Chile, Argentina), and to
a lesser extent, in north (California, Aleutian Islands), in the south-west (Fiji,
Tonga Samoa). Earthquakes from the east (Atlantic ridge, Gibraltar straight) are
rare and of smaller magnitude. One has to be aware, that this extremely uneven
azimuthal distribution of picks, mainly coming from the south, will strongly bias
the results of the inversion process. Unfortunately, due to extensive and continuous
technical difficulties with the station array during the experiment period, we were
unable to obtain a better distributed data set. We therefore, continue this study
with emphasis of the methodological improvements and propose to merge our data
set with an additional data set from events from North and West which should
become available in the future.
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Figure 5.3: Differences between calculated picks using the reference whole-earth model IASP91
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5.3 Effect of 3D crustal structure in teleseismic

tomography

Several previous studies, such as Arlitt et al. (1999); Waldhauser et al. (2002); Lip-
itsch et al. (2003); Sandoval et al. (2003), concluded that to produce high-quality
seismic travel-time data sets, correction for near-surface structures is essential to
increase resolution in teleseismic tomographic images of upper-mantle structure.
In fact, the effect of the 3D crustal structure on teleseismic traveltimes depends
not only on the local structure itself, but also on the backazimuth and epicentral
distance of a specific event. Whereas the variation of teleseismic travel time resid-
uals owing to different epicentral distances is small because of the generally high
angle of incidence of teleseismic wave fronts, the traveltime residuals variations
owing to different backazimuth can be large depending on the complexity of the
local structure.
In this section, we will show that the contribution of the crust in the teleseismic
travel-times is significant in Costa Rica, and that it is crucial to a-priori remove
this contribution in future teleseismic tomography studies.

5.3.1 Building an a-priori 3D P-wave velocity crustal model
for Costa Rica

We develop a synthetic 3D crustal P-wave velocity model for the Costa Rica Region
by using the results from the local earthquake tomography presented in Chapter 4.
In order to build a consistent synthetic P-wave velocity model, we base ourselves on
first-order large scale anomalies that could significantly distort the propagation of
the wavefront of telesesmic traveltimes. For this reason, we neglect small scale lo-
cal earthquake anomaly studies (e.g. DeShon et al., 2006; Arroyo et al., 2009), and
concentrate on large scale studies. In order to reduce as much as possible artefacts
in the crustal model, we only interpret anomalies located in well-resolved regions.
Moreover, as large structures found in the Husen et al. (2003) tomographic results
were also observed in our study, we choose to interpret only the 20x20 MKH model
(see Chapter 4.5), which provides larger well-resolved areas. We plot horizontal
cross sections every 10 km depth, showing absolute P-wave velocity of the 20x20
MKH model. First, an average velocity is chosen at each depth accordingly to
the dominant P-wave velocity of each layer (see Table 5.2). Second, we outline
the large scale anomalies in the velocity field and values of absolute velocities in
each anomaly are chosen by averaging the absolute P-wave in these anomalies.
The Figure 5.5 shows the resulting 10x10x10 km synthetic P-wave velocity crustal
model in Vp changes, relative to the 1D velocity model shown in Table 5.2.
As the well-resolved part of the local earthquake tomography was situated in cen-
tral Costa Rica, this synthetic model of the crust is only valid for teleseismic
ray-path crossing this region. This is not compatible with what is observed in Fig-
ure 5.4, where the a-priori fair-resolved regions are located in the northern edge
of our model. The resulting synthetic model is only partial, and will need to be
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5.3 Effect of 3D crustal structure in teleseismic tomography

Depth (km) abs. VP (km/s)

0 5.20
10 6.25
20 6.70
30 7.30
40 7.45
50 7.60
60 7.75
70 7.9

Table 5.2: Average P-wave velocities used to build a 3D P-wave velocity model of the overriding
crust in Costa Rica. Velocities are taken from 20x20 MKH model (see Chapter 4.5)

complemented in the future, not only by taking into account smaller anomalies but
also by enlarging the model to the bordering countries, by considering Vp velocity
models of the crust obtained in the bordering countries by others local earthquake
tomography studies (e.g. Syracuse et al., 2008).
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5 Towards High Resolution Teleseismic Tomography in Costa Rica

Figure 5.5: Crustal model constructed from local earthquake tomography results. Layers at
0, 60, and 70 km depth were kept unperturbed. Introduced structures are shown
in velocity changes relative to the dominant velocities for each layer found in the
20x20 MKH model. Crosses denotes grid nodes of the model (10x10 km).
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5.3 Effect of 3D crustal structure in teleseismic tomography

5.3.2 Crustal contribution to teleseismic travel times

Teleseismic travel times are calculated to the surface of the 3D synthetic crustal
model by coupling the reference whole-earth model IASP91 (Kennett and Engdahl ,
1991) to the finite-difference (FD) scheme of Vidale (1990) modified by Hole and
Zelt (1995) (see Figure 5.6). The FD algorithm determines travel times from a
given spherical wave front defined at the base of the 3D synthetic velocity model
using the IASP91 travel time table to all points within the 3-D velocity grid, thus
eliminating the need to search for a specific ray connecting source and receiver. The
problem of the generally multi-valued nature of time fields is avoided by tracing
only minimum arrival times. In contrast to single-ray methods, where travel times
are obtained at specific points on the Earths surface only (e.g. receiver sites), the
wave front method yields the continuous time field of a teleseismic wave arriving
at the Earths surface.

Tomography of upper-mantle structure 407

African with the European plate (e.g. Schmid et al. 1996). In addition
to the European, the Adriatic and the Ligurian crustal blocks, the
velocity model includes the sedimentary basins and the Ivrea body.
The steeply dipping Ivrea body is associated with the Adriatic crust,
lying above the western tip of the Adriatic Moho and reaching the
surface at the western end of the Po basin.

3 E F F E C T O F 3 - D C RU S TA L
S T RU C T U R E I N T E L E S E I S M I C
T O M O G R A P H Y

3.1 Crustal contribution to teleseismic traveltimes

Teleseismic traveltimes are calculated to the surface of the 3-D
crustal model by coupling the reference whole-earth model IASP91
(Kennett & Engdahl 1991) to the finite-difference (FD) scheme of
Vidale (1990) modified by Hole & Zelt (1995) (Fig. 5). The FD
algorithm determines traveltimes from a given spherical wave front
defined at the base of the 3-D velocity model using the IASP91
traveltime table to all points within the 3-D velocity grid, thus elim-
inating the need to search for a specific ray connecting source and

Figure 5. Three step procedure to solve the teleseismic forward problem using a standard Earth model (IASP91 Kennett & Engdahl 1991) and a 3-D crustal
model. (a) Traveltimes t and slowness s are calculated for an arbitrary source at points on the Earth’s surface in the local model using the reference whole-earth
model IASP91 (Kennett & Engdahl 1991) (step 1). (b) To find the location where this slowness is appropriate at depth (base, zb, of the 3-D model), the rays
are traced back through the reference Earth model from the surface to the base of the local model using Snell’s law (step 2). This yields entry points and
corresponding traveltimes t ! of the teleseismic signal into any 3-D structure on top of it. (c) In the third step the spherical wave front obtained in step 2 is
propagated from the base of the local model to its surface. Traveltimes t !! through the heterogeneous 3-D velocity structure are calculated by means of finite
differences (Vidale 1990; Hole & Zelt 1995).

receiver. The problem of the generally multi-valued nature of time
fields is avoided by tracing only minimum arrival times. In contrast
to single-ray methods, where traveltimes are obtained at specific
points on the Earth’s surface only (i.e. receiver sites), the wave front
method yields the continuous time field of a teleseismic wave arriv-
ing at the Earth’s surface.

Fig. 6 shows the effects of the 3-D crustal and uppermost mantle
model on the traveltimes of a vertically incident planar wave front
with zero-time at 70 km depth. It illustrates the relative traveltime
delays (advances) across the model surface after subtracting a ref-
erence traveltime determined for the 1-D reference structure (see
Fig. 3b). Relatively large traveltimes with respect to the reference
correspond to positive residuals (shown in black), small traveltimes
correspond to negative residuals (white). The Alpine sedimentary
basins cause maximum delays of +1.4 s in the southern Po Plain
and +0.2 s in the Molasse basin. These effects are enhanced by the
topography of the crust–mantle boundary that causes large residuals
along the strike of the thick European crust with residuals increasing
towards the inner, deep arc of the Alpine orogen, reaching a max-
imum delay of about +1 s at the southern boundary of the Euro-
pean crust. Negative residuals reflecting the relatively thin crust are

C" 2002 RAS, GJI, 150, 403–414

Figure 5.6: (Figure derived from Waldhauser et al. (2002)) Three step procedure to solve the
teleseismic forward problem using a standard Earth model (IASP91 Kennett and
Engdahl , 1991) and a 3-D crustal model. (a) Travel times t and slowness s are
calculated for an arbitrary source at points on the Earths surface in the synthetic
local model using the reference whole-earth model IASP91 (Kennett and Engdahl ,
1991) (step 1). (b) To find the location where this slowness is appropriate at depth
(base, zb, of the 3-D model), the rays are traced back through the reference Earth
model from the surface to the base of the synthetic local model using Snells law
(step 2). This yields entry points and corresponding travel time t’ of the teleseismic
signal into any 3-D structure on top of it. (c) In the third step the spherical wave
front obtained in step 2 is propagated from the base of the local model to its surface.
Travel times t” through the heterogeneous 3-D velocity structure are calculated by
means of finite differences (Vidale, 1990; Hole and Zelt , 1995).
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Figure 5.7: Flow chart of the package compiling shell scripts with C and fortran 77 programs
used to correct teleseismic travel times for crustal contribution.

To correct teleseismic traveltimes for crustal contribution using the 3D P-wave
velocity by the mean of the previously constructed model, we used a package of C,
Fortran 77 and shell scripts routines. The Figure 5.7 sum up the working flow of
this package. First, the shell script reformat SH.csh reads the output of the wave-
forms analysis software to sum up the main information (station and earthquake
informations, arrival time of the absolute pick, weight, distance event-station, az-
imuth, travel time of the absolute pick, slowness, . . . ). The output file (called
tt obs P.RAW), contains the relative travel time residuals (zero mean) that are
not corrected for the crustal effect. It uses the programs ttimes.f to calculate
the predicted arrival times and slowness based on the IASP91 model (Kennett
and Engdahl , 1991) for a given hypocenter location and the program get del az.c
to calculate distances and azimuths. The shell script tt obs RAW.csh reads the
output of reformat SH.csh and removes some bad data according to their quality
factors and removes the mean from the relative travel time residuals for each event
and write down the results directly on tt obs P.RAW.
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5.3 Effect of 3D crustal structure in teleseismic tomography

The program TeTra3D.f Waldhauser et al. (2002) calculates curved teleseismic
wavefronts through a 1D global model and subsequently through an a priori known
3D crustal velocity model. Program ttimes.f is used to calculate traveltimes and
slowness vectors through the IASP91 (Kennett and Engdahl , 1991) model at each
grid node at the surface of the synthetic 3D local model for a given hypocenter
location. The suchwise derived spherical wavefront at Earths surface is back-
shifted to the base of the 3D local model by 1D ray-tracing, from where it is again
propagated to the surface, now through the 3D local velocity structure. Program
punchf.c, originally coded by Vidale (1990), and modified by Hole and Zelt (1995),
calculates the first arrival times by finite-differencing the 3D eikonal equation (see
Vidale, 1990). The main task of TeTra3D is linking travel times for global (1D)
and local (3D) velocity models. The shell-script crust I.csh employs TeTra3D over
all earthquakes of the study, and writes the resulting uncorrected and corrected
travel times and slowness vectors at the surface of the 3D local model in two-files,
respectively XXXX.t2d z0 IASP and XXXX.t2d z0 3dCR (XXXX denoting the
earthquake reference).
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Figure 5.8: Total P-wave travel times contoured at 1s intervals at the surface of the Costa Ri-
can synthetic 3D model (solid lines) and for the 1D reference model (dotted lines)
calculated for an oblique spherical wavefront of an event located in the south Sand-
wich Island region. Arrow represents azimuthal direction (151◦), angular distance
is 80◦. Substantial wavefront distortion appears in central Costa Rica in the order
of 0.5 s. For better orientation, see Figure 5.10 where additional to coordinates in
latitude and longitude in degrees, x and y (short distance conversion in km) are
shown.
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5 Towards High Resolution Teleseismic Tomography in Costa Rica

The shell script crust II.csh reads the file tt obs P.RAW and runs crustcorr.f.
The program crustcorr.f uses the output files of crust I.csh and corrects each ob-
served traveltimes for 3D crustal structure interpolated at the corresponding sta-
tion location. The output file tt obs P.LITHO contains the corrected relative resid-
ual (zero mean) in the crust, in the same format as the tt obs P.RAW file. Finally
the shell script telinv inp data.csh converts tt obs P.LITHO and tt obs P.RAW
into an appropriate format for the inversion software TELINV.
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Figure 5.9: Travel time residuals (s) for a vertically incident plane wavefront between the 1D
reference model and the Costa Rican 3D synthetic crustal model. Red denotes slow
regions, blue fast regions. The difference between the observed and the corrected
travel time residuals are plotted for some stations (EPA, PSR1, ACR, LCR2) with
respect to the backazimuth and the angle distance. The color denotes the value of
the correction applied, according to the indicated color scale. For better orientation,
see Figure 5.10 where additional to coordinates in latitude and longitude in degrees,
x and y (short distance conversion in km) are shown.

Figure 5.8 demonstrates the effect of wavefront distortion for an event located
in the south Sandwich Island region, by plotting travel times of first arrival (dashed
lines) at the surface of the Costa Rica model. The overall pattern is similar to a
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5.4 Model parametrization

wavefront calculated for the 1D reference model (solid lines), but severe distortions
occurs for regions with deep and strongly heterogeneous structures, mainly beneath
central Costa Rica. Figure 5.9 shows the effect of the 3D model of the crust on
the travel times of a wavefront with vertical incident with zero-time at 70 km. It
illustrates the relative travel time determined for the 1D reference structure (see
Table 5.2). The main large-scale anomalies observed in the 3D local earthquake
tomography are superimposed at surface. For some stations located around the
main velocity anomalies in central Costa Rica, corrections applied to teleseismic
travel times in respect to the backazimuth and the distance of the corresponding
event are shown. The corrections are in accordance with the locations of the main
anomalies, and anomalies of ±0.5 s are often observed in central Costa Rica. Since
our best error class is ±0.1 s, it clearly demonstrates the contribution of the crust
is significant in Costa Rica, and that teleseismic travel times have to be corrected
for this contribution.

5.4 Model parametrization

The program TELINV has been written to invert teleseismic relative body-wave
arrival data for three-dimensional velocity structure. This teleseismic inversion
method evolved from the original formulation known as the ACH technique (Aki
and Lee, 1976; Iyer and Hirahara, 1993) with several significant modifications.
The forward problem is solved by 3D minimum travel time ray tracing Steck and
Prothero (1991) using the simplex algorithm of Press et al. (1986). The non-linear
inversion scheme iteratively inverts the residuals for velocity changes to an initial
reference model. As changes in the velocity model perturb ray paths, each itera-
tion involves a complete one-step inversion, including both ray tracing and model
estimation. The inverse solution for VP is obtained using a weighted damped least
squares technique (for theory see Chapter 2). To invert linear tomographic system,
we use the singular value decomposition. The inversion process is either terminated
by exceeding a predefined number of iterations or when the model perturbations
becomes insignificant, such as when the residuals data variance reaches the value
of the data error.

Chapter 2 explains in details methodology and the assessment of the solution
quality in tomography studies and describes the best way to define the model
parametrization to represent the expected structure while allowing optimal reso-
lution for study region. The velocity model in TELINV is defined at grid nodes of
the inversion grid, defined by intersecting lines in x-,y-,z-directions. Velocities are
linearly interpolated between grid nodes. The process to parametrize the model in
high-resolution tomography is the same than in local earthquake tomography, ex-
cept that the earthquake locations and origin time are not considerate as unknown,
since they are located far outside of the studied volume. For the determination
of the upper mantle 3D velocity structure beneath Costa Rica region, 2065 rela-
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5 Towards High Resolution Teleseismic Tomography in Costa Rica

tive P residuals from 71 teleseismic events were used in the non-linear inversion
process. The model parametrization shall be adapted for the regional distribution
of stations and ray-paths and the size of the cells should be above the theoretical
physical resolution (see Chapter 2.2.6). The dominant frequency of teleseismic P-
waves is clearly distance dependent, but if we consider that its frequency is about
0.5 Hz, the wavelength is 16 km with a average upper mantle velocity of 8 km/s.
To be conservative, a velocity grid spacing of 30x30x20 km in areas with reason-
able ray coverage was chosen. From stations distribution and rays coverage (see
Figure 5.4), it is apparent that some grid nodes will never be hit by a ray. These
grid nodes marked with black circle for the layer 80 km in Figure 5.10, are a priori
fixed to reduce the number of unknowns.
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Figure 5.10: Example of horizontal inversion grid layout at 80 km depth. The grid nodes have
a spacing of 30x30x20 km in the center of the study region and coarser spacing
at borders and base of the model. Boundary nodes and grid nodes denoted by
circles are kept fixed during the inversion process. Crosses denote floating grid
nodes. Additional to latitude and longitude in degrees, coordinates are also given
in x and y (short distance conversion) for better orientation in Figure 5.8 and 5.9.

The determination of the minimal and maximal depth is also not intuitive in
high resolution tomography, in contrast to local earthquake tomography. In our
case, the base of the model created to correct teleseismic travel times for crustal
structures is at 70 km. However the grid nodes of layers below 50 km were kept
unchanged in respect to the initial 1D velocity model (see Table 5.2), since the
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5.4 Model parametrization

resolution of the 20x20 MKH model was very poor below this depth. For this
reason, we choose to start our tomographic model at 60 km depth. The choice of
the maximal depth depends mainly of the ray distribution and on the aperture of
the network. Sandoval et al. (2004) showed that the area with good ray-crossing
forms a inverted cone, which is reducing with depth. With a ray coverage provided
by 5765 rays used in the inversion and with a network aperture of 600 km aside,
Sandoval et al. (2004) shows that most of the rays cross between a depth of 70
and 350 km. In our case, by combining the Nicaragua and the Panama networks
to our data set, we also obtain a aperture of more than 600 km in the North
West - South East direction. However, due to the configuration of the country, the
aperture in South West - North East direction is no more than 250 km wide. For
these reasons, the base of our model is set at 200 km, and the resolution at large
depth, will be tested with care in the assessment of the solution quality (see next
section). Moreover, the principal structure that will be imaged by the inversion
process will be the subducting oceanic crustal, which is estimated to be around 45
km thick for an oceanic floor of 20 Myr old (derived from the modelisation of a
half-space cooling, applied to the oceanic lithosphere). For this reason, we choose
a vertical size of 20 km for the inversion cells, allowing to image the sudbucting
lithosphere by at least two grid nodes. In total, 1224 floating grid nodes are used
in the inversion process (Table 5.3).

data (P-obs) unknowns (velocity values) over determination factor
2065 1224 1.68

Table 5.3: Number of observations and unknowns in the 3D inversion process

The IASP91 velocity model (Kennett and Engdahl , 1991) is taken as initial
reference 1D model (see Table 5.4).

Depth of grid node (km) VP (km/s)

60 7.75
80 8.04
100 8.05
120 8.06
140 8.11
160 8.16
180 8.22
200 8.27

Table 5.4: Initial P-wave velocities at nodes of 3D gradient model. Velocities are based on the
IASP91 model (Kennett and Engdahl , 1991)
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5 Towards High Resolution Teleseismic Tomography in Costa Rica

5.5 Assessment of the solution quality

The reliability of any tomographic image depends on the spacial resolution of the
image and on the standard error of the model parameters. A meaningful and
reliable interpretation of tomographic results requires the use of different methods
to assess sensitivity and resolution capabilities of the data set in function of the
model parameters (for more details see also Chapter 2.3.1). Checkerboard or
‘spike’ tests are most commonly used and provide important information to assess
image blurring (see e.g. Zhao et al., 1992; Benz et al., 1996; Zelt , 1998). Synthetic
tests, in particular, can provide useful information about model parametrization,
resolution capability of the actual data set and damping.

5.5.1 Sensitivity test

The first resolution test we performed prior to the inversion of the real data set
was a sensitivity test. The aim of sensitivity tests, compared to synthetic charac-
teristic tests (see next Section) is qualitative assessment of resolution throughout
the region of study, while synthetic characteristic tests are designed to quantita-
tively assess resolution in specific situations and regions, for example by imitating
recovered anomalies (Haslinger et al., 1999; Husen and Kissling , 2000). To per-
form this synthetic test, we design a model of the mantle structure using a same
“box” shape anomaly placed throughout the model space, with an alternation of
the sign of the amplitude (±10%). To be able to resolve horizontal leakage, we
leave one grid node between each anomaly. Moreover, to analyse the amount of
vertical leakage, typical of this kind of experiment, we leave some horizontal depth
cross sections without any anomalies (80 km, 120 km, 160 km, and 200 km depth),
and we swap the sign of the anomalies between two successive depth sections with
anomalies. This allows to evaluate from which layer the leakage effect is coming.
Traveltimes are computed using the same source and receiver locations as those
of our experiment (see Figure 5.4), and Gaussian-distributed noise is added to the
synthetic data set before being inverted, and using reasonable parameters (damp-
ing of 100 and five iterations). The standard deviation of the Gaussian-distributed
noise added to each synthetic traveltime is directly related to the error interval,
and thus to the quality class (see Table 5.1), of the corresponding observation (for
more details see also Appendix E).

The recovered anomalies (Figure 5.11) are in good agreement with the input
anomalies (red and blue outlines) at 60 km depth. However, below 60 km depth,
a strong amount of horizontal leakage exists, particularly in the SW-NE direc-
tion, where the aperture of the network is small, indicating that the ray crossing
mainly occur in the NW-SE direction, as suggested by the azimuthal distribution
of the events (see Figure 5.4) and that the ray crossing in the SW-NE direction
is practically non-existent below 80 km. As expected vertical leakage is observed.
Important (almost 50% of amplitude of the input anomalies) upward leakage is
present at 80 km, 120 km, and 160 km. A strong downward leakage is observed to
200 km depth, showing a low sensitivity at these depths.
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5.5 Assessment of the solution quality

Figure 5.11: Sensitivity test. Recovered model after five iterations and with a damping value
of 200 is shown in horizontal depth sections at different depths as indicated.
Alternating high (+10%) and low (-10%) input anomalies are indicated by blue
and red outlines, respectively. Crosses indicate grid nodes (30x30x20 km) and
triangles represent seismic stations. Strong leakage is observed vertically but also
horizontally in the SW-NE direction, documenting on the limitations, and showing
that information on real structures cannot be expected. 133
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5.5.2 Synthetic characteristic model

The main difference between sensitivity test and synthetic characteristic tests is
that in the former the same anomaly with an alternation of the sign of the am-
plitude is placed throughout all the model space (Spakman et al., 1993), while in
synthetic characteristic tests simple but more realistic anomalies are placed in the
model space based on the a priori knowledge of the studied volume. Synthetic
characteristic tests are designed to assess resolution in specific situations and re-
gions, and retain the sizes and amplitudes (characteristics) of anomalies seen in
real inversion results (on the differences between synthetic sensitivity tests and
synthetic characteristic tests, see Chapter 2.3.2 and Chapter 4.4). By introducing
large, but simple shapes of high and low anomalies, we define a more realistic
(closer to possible existing earth structures) but also a more difficult model to
be inverted. Because of that reason, information on model parametrization and
damping can be only obtained from tests with synthetic, but realistic, models such
as the synthetic characteristic tests.
The principal structure present in our study volume is the subducting oceanic
lithosphere. By introducing a high-velocity anomaly (+10%), we model the sub-
ducting oceanic lithosphere down to 140 km (see red and blue contour lines in
Figures 5.14 and 5.15, corresponding to anomalies of -10% and +10%, respec-
tively). To analyse if a contortion of the subducting slab, such as the Quesada
Sharp contortion as postulated by Protti et al. (1994), could be imaged by tomo-
graphic inversion of our data set, we introduce a change in the angle of subduction
of the oceanic plate between the north and the central Costa Rica, at 100 and
120 km depth. A low-velocity anomaly was introduced in the southern part of the
model, to test the resolution in the southern part of the model at 100 and 120 km
depth. At 180 km depth, two “squared” high and low anomalies are introduced,
leaving the horizontal cross section at 160 km depth without anomalies to test for
vertical leakage. The resulting model is shown by the red and blue contour lines
in Figures 5.14 and 5.15, which represent low (-10%) and high (+10%) anomalies,
respectively.
As with checkerboard tests, synthetic traveltimes are computed using the same
source and receiver locations as those of our experiment (see Figure 5.4), and
Gaussian-distributed noise is added to the synthetic data set before being inverted.
The standard deviation of the Gaussian-distributed noise introduced is directly re-
lated to the error interval measured at each real observation. (see Appendix E).

5.5.3 Evaluation of damping and assessment of the resolu-
tion

First, before being able to determine the best damping value, we have to find the
optimal number of iterations needed to minimise the velocity adjustments of the
grid nodes. To do that, we did a first inversion with an a priori damping value
chosen to 200 using height iterations. The Figure 5.12A shows the data variance
(s2) after each iteration. The optimal number of iterations should be obtained
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Figure 5.12: (A) Reduction of the data variance after each iteration using the 30x30x20 km
model and a damping value of 200, used to determine the optimal number of
iterations for the synthetic tests. After five iterations, the improvement becomes
insignificant. (B) Series of six iterations inversions performed with varying damp-
ing values as indicated.

when the adjustment of data variance is no longer significant, before the data
variance is lower than the variance of the noise introduced, and before it starts to
fluctuate. The optimal number of iterations is reached before the fluctuations are
null, or with an opposite sign. The optimal number of iterations depends of the
chosen damping value (a strongly under-damped problem will reach the solution
in a couple of iterations), but six iterations are a good compromise between over-
damped and under-damped problems. For this reason, we choose an intermediate
number of iteration equal to six (see Figure 5.12A).

To determine the optimal damping value for our data set and for our model
parametrization, we applied the same methodology as for the local earthquake
tomography. We ran several inversions with different damping values (50, 100,
200, 300, 500, 1000 see Figure 5.12B) while other inversion parameters were kept
unchanged. The best damping value could be found by plotting the “damping
trade-off curve” (Eberhart-Philips , 1986) (Figure 5.12B), which plots model vari-
ance against data variance after the optimal number of iterations for several values
of the damping. The best damping value is selected where data variance is sig-
nificantly reduced while model variance is low. However, as explained in Chapter
4.4.2, analysing the results of each of these inversions with different damping val-
ues, is a more insightful approach to choose the best damping value.

Figure 5.13 illustrates the result of the inversion of the synthetic data with
different damping values (50, 100, 200, and 500) for a horizontal cross-sections at
80 km depth. On all cross section, the recovery of the anomaly is good in the
northern part of the model and fairly good in the extreme southern part of the
model. With a damping of 50, noise effects denoted by some patchy single cell
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Figure 5.13: Results of the tomographic inversions of the synthetic characteristic model for
different damping values, as indicated, for an horizontal cross-section at 80 km
depth. Results are shown in percentage of velocity change in respect to the IASP91
model. Blue contour lines denote the introduced high-velocity anomaly. Crosses
indicate grid nodes (30x30 km model) and triangles represent seismic stations.
Side-lobes effects are particularly visible with a damping of 200, as shown

anomalies not present in the input model is observed, indicating that a damping
value of 50 is under-damped. By definition (see Chapter 2.2.3), the amplitude
recovery of the anomalies is inversely proportional to the damping value. With a
damping of 500, these noise effects do not appear any more, but the attenuation
of the amplitude of the anomaly is significant, compared to results provided with
a damping of 100 or 200, specially at larger depth. Between these two later values,
the recovery of either the shape or the amplitude is similar. However with a
damping of 200, two side-lobes effects are visible aside of the input anomalies,
while this effect is only partially visible with a damping of 100. Side-lobes are
defined by one of several lateral minor lobes to either side of the main input signal
(main lobe). Side lobes are usually undesirable as they can cause ambiguity of the
position of the input anomaly. However, with a damping of 100, side-lobes effects
are only partially visible, leading to an ambiguous interpretation and low-velocity
generated by side-lobes effects could lead to a misinterpretation of a non-existing
anomaly (artefact). For this reason, and by applying this method to other depth
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5.5 Assessment of the solution quality

Figure 5.14: Characteristic test. Recovered model after six iterations and the optimal damping
value of 200 is shown in plane view at different depth. Large geometrical high
(+10%) or low (-10%) input anomalies are indicated by blue and red contour
lines, respectively. Crosses indicate grid nodes (30x30 km model) and triangles
represent seismic stations.

layers, we choose a damping value of 200 for the inversion of the real data set, but
knowing prior to the inversion that side-lobes effects will be present, leading to a
need to read the anomalies as averaged, with their associated side-lobes effects.

Figures 5.14 and 5.15 shows the results of the inversion of the synthetic char-
acteristic test, using a damping of 200 and six iterations. As interpretation of
anomalies has to be associated with their side-lobes effects and since the RDE
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Figure 5.15: (Continued) Characteristic test. Recovered model after six iterations and the
optimal damping value of 200 is shown in plane view at different depth. Large
geometrical high (+10%) or low (-10%) input anomalies are indicated by blue and
red contour lines, respectively. Crosses indicate grid nodes (30x30 km model) and
triangles represent seismic stations.

value is so small, as incidence of teleseismic ray paths are quasi-vertical, leading
to important vertical leakage, the concept of using RDE as a quantitative tool to
outline the well-resolved part is not valid in high-resolution tomography, as it is in
local earthquake tomography. For this reason, the assessment of the resolution has
to be evaluate directly from the results of the synthetic characteristic test inver-
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sion. Between 60 km and 80 km, the resolution is fair from Nicaragua border to the
city of Quepos. The anomaly is, however, blurred and associated with side-lobes
effects. In the south of the model, close to the border of Panama, the resolution is
poor and associated to horizontal leakage. The rest of the model is not resolved by
our dataset. At 100 km depth, only the northern Costa Rica is provided with poor
resolution associated with small side-lobes effect. The situation is similar at 120
km depth, with a fair resolution in the north without any side-lobes effect. In the
south, the resolution is low across the Panama border with only partial recovery
of the input low-velocity anomaly in this region. Between 140 km and 180 km,
the recovery of the input anomaly remains poor across the Nicaragua border at
140 km and northern of the Nicoya peninsula at 180 km. At these depths, the
vertical leakage is important, certainly due to poor ray crossing, particularly in
the SW-NE direction caused by the lower amount of events in those azimuths and
the smaller aperture of the network in this direction. A structure, like a contortion
of the subducting plate could clearly not be imaged with our data set. Overall,
the assessment of the solution quality reveals that horizontal and vertical smearing
effects are present as well as side-lobes effects and the well-resolved areas remains
very small, mainly due to the small number and the uneven azimuthal distribution
of observations. For this reason, the interpretation of the inversion of real results
should be done with great care.

5.6 High-resolution teleseismic tomography of the

region of Costa Rica

5.6.1 Tomographic results

We used a priori to the tomography inversion, the synthetic 3D crustal model (up-
per 50 km) constructed in this study to correct teleseismic arrival times for crustal
contributions with respect to the 1D IASP91 model (Kennett and Engdahl , 1991).
As defined with the synthetic characteristic tests, we applied a damping value of
200 and six iterations. The Figure 5.16 shows the decrease of the data RMS with
respect to the number of iterations. The final data RMS is still above the average
picking error, defined by the averaged product of the number of observations in
each quality class by the corresponding error interval.

The first three layers (0, 20, and 40 km depth, representing the crust) were fixed
during the inversion. The inversion, results are shown in Figures 5.17 and 5.18.
The VP velocity structure is shown as a percentage of velocity change relative to the
initial 1D velocity model (IASP91 model Kennett and Engdahl , 1991). However
the true (absolute) layer-average velocities remains unknown since we use relative
arrival-times residuals.

Before doing any interpretation, one has to note that most of fairly-resolved
regions of our data set is located outside or at the edge of our crustal model. As
we demonstrated that the crust have a significant influence on teleseismic arrival
times, it strengthens the fact that no information on real structure has to be
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Figure 5.16: Reduction of the data RMS after each iteration using a damping of 200 for the
real data inversion

expected from this study. The most remarkable feature is a strong (+10-15%)
high-velocity anomaly, visible at the northern edge of the model between 60 and
80 km depth. This feature is situated in a fairly-resolved area, as demonstrated by
the synthetic tests. This anomaly is particularly visible at 80 km depth, where it
is prolonged in Central Costa Rica, to the level of the Poas volcano, in the fairly-
resolved part. The second important feature is a negative low-velocity anomaly
situated in the south of the northern negative anomaly at 60 km depth in the
fairly-resolved region. This anomaly nicely prolonged the low-velocity anomaly
observed at 50 km depth in the local earthquake tomography results. A low-
velocity anomaly is also observed at 100 and 120 km depth, but shifted beneath
the Cordillera de Guanacaste, but in a poorly resolved region. Finally a low-
velocity anomaly is observed in south-eastern Costa Rica, at the Panama border,
between 60 and 80 km, where the resolution remains poor. As this structure
is present all over our model, it has a good chance to be real, even if vertical
smearing is certainly present. Generally, all features are stretched in the SW-NE
direction, due to the low density of ray crossing in that direction, as described
in the Section 5.5.1. Below 120 km, poor resolution makes any interpretation
impossible. Moreover side-lobes effects are observed (e.g. at the level of the Osa
peninsula) as demonstrated with characteristic tests.

The tomographic inversion of teleseismic arrival times uncorrected for the
crustal contribution (see Figure 5.19 in respect to Figure 5.17 for comparison)
shows a similar distribution of the anomalies, but with lower amplitudes. It shows
that the contribution low-velocities features introduced in our model of the crust
are observed in the tomographic results and demonstrates the importance of cor-
recting teleseismic travel-times for their effects in teleseismic tomography.
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Figure 5.17: Inversion of real data. Tomographic results (after six iterations using a optimal
damping value of 200) are shown in plane view at different depths as indicated.
Teleseismic traveltimes were corrected for the contribution of the crust. Crosses
indicate grid nodes (30x30 km model) and triangles represent seismic stations.
Black ellipsoids denote fairly-resolved part deduced from characteristic tests. Side-
lobes effects are observed.
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Figure 5.18: (Continued) Inversion of real data. Tomographic results (after six iterations using
a optimal damping value of 200) are shown in plane view at different depths as
indicated. Teleseismic traveltimes were corrected for the contribution of the crust.
Crosses indicate grid nodes (30x30 km model) and triangles represent seismic
stations.
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Figure 5.19: Inversion of real data uncorrected for crustal contributions. Tomographic results
(after six iterations using a optimal damping value of 200) are shown in plane
view at 60 and 80 km depth. Crosses indicate grid nodes (30x30 km model) and
triangles represent seismic stations. Black circle indicates where the strongest
difference is situated compared to the inversion with the corrected teleseismic
travel-times.

5.6.2 Interpretation and discussion

The only teleseismic inversion prior to this study in Costa Rica was performed by
Colombo et al. (1997), even if Syracuse et al. (2008) imaged the P-wave velocity
structure of the uppermost mantle down to 100 km, by local earthquake tomog-
raphy. At this time, Colombo et al. (1997) did not perform a high-resolution
tomography, as defined in this study. In their results, they observe a north-
eastward-dipping high-velocity body beneath northern Costa Rica, interpreted as
the subducting Cocos plate. Although less evident, a similar pattern of lateral
heterogeneities characterizes the deep structure of central Costa Rica. By recon-
structing the 3D structure of the slab, they suggest a steeply dipping slab beneath
northern Costa Rica, while the slab dips at about 60◦ in central Costa Rica, in
good agreement with the change of the age of the subducting sea floor (DeMets
et al., 1990). For this reason, they postulated at a tear in the subducted plate,
situated between the northern and central Costa Rica. A similar proposition was
done by Protti et al. (1994), suggesting this time, a contortion in the subducted
plate. No evidence for deep high-velocity features is shown in their study in south-
ern Costa Rica, in accordance to the subduction/collision of the thick and buoyant
Cocos Ridge.
More recently, Syracuse et al. (2008) imaged the structure of the crust in northern
Costa Rica and Nicaragua by using local earthquake tomography. In northern
Costa Rica, they reported a dipping slab of 50◦ − 60◦ beneath most of Nicaragua
and Costa Rica, although slab dip does decreases in central Costa Rica. However
they interpret the lack of break or contortion in the slab at the shift of 40 km
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north in the volcanic front at the Nicaragua/Costa Rica border as differences in
the location of melting within the mantle wedge or by difference in the melt flow
paths within the crust of the overriding plate.
In comparison, in our tomographic results, a high-velocity anomaly is observed
at northern edge of the model, at the Nicaragua/Costa Rica border. However,
blurring is very important, and its location, outside of our crustal model, makes
the interpretation of the signature of the subducting slab optimist. In contrast,
in central Costa Rica, not any high-velocity feature that could be related to the
subducting slab is observed, with the exception of the 80 km depth layer, where
a nice high-velocity is observed below the active volcanic chain. But this isolated
anomaly could difficulty be associated with the subducting plate, since is not re-
lated to any other high-velocity anomalies upward at 60 km depth. For these
reasons, it is impossible for us to confirm or infirm a contortion or a break in
the subducted plate. The low velocity anomaly seen in central Costa Rica at 60
km depth is in good accordance with what is seen at 50 km depth in our local
tomographic results (see Figure 4.16) and provide a good continuation of the low-
velocity anomaly seen by Arroyo et al. (2009) (see Figure 4.21), and suggest an
hydrated mantle wedge in this region. In the southern edge of our model, the
low-velocity anomaly seen at 60 and 80 km depth is in good agreement with the
subduction/collision of the thick and buoyant Cocos Ridge, even if low-velocity
anomalies observed below 120 km are certainly due to vertical leakage.

To conclude, as suggested by azimuthal distribution and by synthetic tests
(sensitivity and characteristic tests), the results of the tomographic inversion are
not relevant. Several reasons could explain this observation. First, the reliability
of the data set, which certainly contains systematic errors, as shown by Maurer
et al. (2009). The methodology set up in Maurer et al. (2009), was only applied
on stations present in the local earthquake tomography data set, and only for
the period of 2005 to 2006. As the compilation of the data set was performed
between 2000 and 2006, many other stations were included in the teleseismic to-
mography experiment, which could suffer from undetected problems. Moreover,
since the triggering system installed for permanent networks in Central America is
mainly adapted to local earthquakes, only few teleseismic events are automatically
recorded by those networks. If analysts are informed of a particular teleseismic
earthquake, they may extract it by hand, but this was not done systematically
and, at this time, continuous waveforms were only kept during 10 days before
being deleted. However, since a recent period of time, efforts are now done in
Central America to keep continuous signals, leading to an obvious improvement
of the number of teleseismic earthquakes recorded in the future years. In total,
only 71 events has been used for teleseismic inversion in the period of study (2000-
2006), and mainly in the south-east direction, leading to a bias in the azimuthal
coverage of the observations. This bias causes a tremendous lack of ray crossing,
and thus resolution of tomographic results is lower. Finally, the configuration of
the country is not advantageous for high-resolution teleseismic studies, since the
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aperture of the seismic network is lower in the SW-NE direction, leading to a fall
of ray crossing at depth. With the lack of event in these directions, it causes,
as we observed, horizontal leakage, that could possibly blurred or even mask the
high-velocity anomaly related to the subducting plate. Consequently, a future
high-resolution tomography study, would need to be planed upstream by design-
ing an adapted seismic array, including ocean bottom seismometers in both Pacific
Ocean and Caribbean sea to increase the aperture of the network in the SW-NE
direction. Moreover, this study showed that an azimuthal bias exists and have
to be taken into account in a future study. In such a study teleseismic arrival
times will have to be piked accurately and consistently are presented in this work.
For this reason, the set of teleseismic travel-times complied in this work is clearly
adapted to be merged in such future study. Moreover, we also showed here that,
similarly than in other studies situated in other locations (e.g. Arlitt et al., 1999;
Waldhauser et al., 2002; Lipitsch et al., 2003; Sandoval et al., 2003), the crustal
contribution in teleseismic arrival times is significant in Costa Rica, and its contri-
bution has to be removed to increase resolution of teleseismic tomographic images
of upper-mantle structure. To do that, the methodological steps exposed in this
work, has to be followed in this future teleseismic tomography study of Costa Rica.
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6.1 Conclusions

The principal objective of this thesis was to image and to better understand sub-
duction processes and their variations beneath Costa Rica. The targeted processes
investigated in this project were the dehydration of subducting oceanic crust, the
generation of arc magma, and the growth of continental crust. To achieve this goal,
we established detailed tomographic images of the three-dimensional (3D) struc-
ture of the overriding lithosphere, the mantle wedge and the subducting plate
beneath Costa Rica in terms of P-wave velocity, by performing a local earthquake
tomography using permanent and temporary seismic stations. We also demon-
strated that the crust has a significant contribution in teleseismic travel-times,
and its contribution has to be removed to increase resolution in teleseismic tomo-
graphic images of upper-mantle structure in Costa Rica. The main methodological
steps are exposed to compile an adapted travel-times data set corrected for the
contribution of the crust, for a future high-resolution tomography study.

6.1.1 Compilation of the waveforms data set and high-
quality travel-time picks

Composition and physical state (e.g. fluid content and temperature) of the overrid-
ing lithosphere and of the subducting plate represent key parameters to understand
these different processes. Seismic velocities can be used to discriminate between
different mineral composition or temperature. Local and teleseismic earthquake
tomography represent a powerful tool to derive such 3D velocities images of the
crust and of the upper-mantle. As described in chapter 3, a uniform resolution
of the entire Costa Rican region requires a very large aperture of the seismic net-
work to be able to illuminate large-scale structures in the overriding crust and
uppermost mantle. An appropriate aperture and high data coverage can only be
achieved by merging travel-time data of all available national and regional perma-
nent and temporary networks. To collect high-quality, digital, three-component
data, a set of 15 broad-band seismic station were installed in the entire Costa Rica,
as part of this project (CoRiSubMod network), explained in Chapter 1. A data
set adapted for a tomography study has to include digital waveforms of earth-
quakes. The compilation of the waveforms data set was a time-consuming process
and most of the seismic network used in this study required a personal visit for
data collection. A common data format and an on-line accessibility of bulletin
and waveform data is still not available in Central America, and it is particu-
larly true for the various temporary seismic networks installed in Costa Rica these
past years. Consequently, the compilation of complete waveform data set is still
a rather arduous process. Moreover, at the time of the study, teleseismic events
were not systematically recorded by permanent networks and were extracted only
in special occasions, leading to a clear lack of teleseismic travel-times. However,
since a recent period of time, efforts are done in Central America to keep the con-
tinuous signals, leading to an obvious improvement of the number of teleseismic
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earthquakes recorded in the future years.
As described in chapter 3 and 4, compilations of merged routine phase data usually
include a high degree of inconsistencies and suffer from the absence of a common
quantitative error assessment. In order to improve resolution and reliability of
tomographic images, consistent re-picking of seismic P-phase has to be performed
and has to include strict rules to not only pick the ongoing onset, but also its asso-
ciated error interval, as suggested by Diehl et al. (2009a). Considering the amount
of data necessary for regional local earthquake tomography, automated re-picking,
allowing the application of these rules, has clearly to be envisaged. Considering
the lower amount of available data in regional high-resolution teleseismic tomog-
raphy, we manually re-picked the teleseismic phases used in this work.
In addition, compiling waveforms from different networks introduced problems and
inconsistencies in the data set specific to these networks, which have to be iden-
tified and if possible corrected or at least removed. The way the CoRiSubMod
network was designed, illustrates that the choice of installing seismometers at sites
equipped with permanent stations allow to check for timing acquisition problems
but also for simple parameters like station coordinates. Moreover, detecting prob-
lems at those “doublet” sites could reveal much wider inconsistencies over a entire
network (e.g. systematic error in station coordinates), and this study revealed
that such errors were present in our data set. In seismic tomography, travel time
residuals defined as the differences between observed and calculated arrival times
of seismic phases are minimized to constrain 3D velocity structure. Inconsistencies
and large errors in data sets that result from incorrect station coordinates, errors
in the timing acquisition system, errors in the merging procedure, inconsistency
in the picking and phase mis-identification can also generate travel time residuals,
and because of their systematic nature, these errors cannot be treated as random
noise even by exploiting a large number of travel times. While the inverse problem
is perfectly set up to deal with random noise, systematic errors lead to significant
artefacts in the solution, but may not be detected by a posteriori error assessment.
For this reason, detecting and removing systematic travel time errors from data
sets before inversion is crucial for seismic tomography studies. As described in
Chapter 3, a methodology based on the use of a minimum 1D model was set up
(see Maurer et al., 2009) to detect and remove systematic errors in travel time
data by detailed analysis of station delays and observation residuals.

6.1.2 Automated Re-picking of P-phases

In Chapter 4, we followed the procedure for consistent hand picking developed by
Diehl et al. (2009a) to re-pick a reference data set of local P-wave arrivals, used for
the calibration and the assessment of the automatic picking software MannekenPIX
(MPX, see Aldersons , 2004). MPX has the particularity to combine a traditional
picking algorithm based on Baer and Kradolfer (1987) with an automatic quality
assessment, which is able to imitate the picking behaviour of the analyst by being
calibrated with a reference data set. The picking engine of MPX needs to be guided
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by a priori information of the expected arrival time for each seismogram. In this
work, we used predicted times calculated using an initial minimum 1D model as
guide for the picking engine. The calibration and testing procedure of MPX is
based on the comparison between the reference data set and MPX results, which
have to consider both, timing errors and observation quality classification between
reference picks and automatic picks. The final high-quality data set, consisting
of more than 11,000 P-phases arrivals of 764 well-locatable earthquakes in the
Costa Rican region, was used to update the existing minimum 1D model and for
3D local earthquake tomography. The regional minimum 1D model derived was
used as initial model for the 3D local earthquake tomography, as described in
Chapter 4. The weighted average picking error is about 0.15 s, which denotes a
major improvement in terms of accuracy and consistency compared to any previous
regional study of Costa Rica (Husen et al., 2003).

6.1.3 Resolution assessment

Tomographic images include, apart from the true velocity heterogeneities, the ef-
fects of data errors, imperfect illumination by seismic ray-paths, model parametriza-
tion and inversion performance. For this reason, an accurate analysis of the sensi-
tivity of the data set and of the resolution is required, to allow a meaningful and
reliable interpretation of any tomographic solution. In this work, we focused on
the assessment of the solution quality with synthetic sensitivity tests (checkerboard
tests) but also using tests with ‘characteristic’ models. As described in Chapter
2, synthetic characteristic models are designed to assess resolution in specific sit-
uations and regions, and to retain the sizes and amplitudes (characteristics) of
anomalies seen in real inversion results. By introducing large, but simple shapes
of high and low anomalies, we define a more realistic (closer to possible exist-
ing Earth structures) but also a more difficult model to be inverted compared
to checkerboard tests. Hence, synthetic characteristic models were used in this
work to obtain information on model parametrization and damping. In the case
of local earthquake tomography, the comparison of input model and recovery of
the structures in shape and in amplitude combined with other resolution estimate
tools, such as the diagonal element of the resolution matrix (RDE) allows to out-
line the well-resolved, poorly-resolved and unresolved regions of the study volume.
In the high-resolution teleseismic tomography done in this study, interpretation
of anomalies has to accommodate with possible leakage or with side-lobes effects
and since the RDE value is so small, as incidence of teleseismic ray paths are
quasi-vertical leading to important vertical leakage, the concept of using RDE as
a quantitative tool to outline the well-resolved regions was not valid, as it was in
local earthquake tomography. The assessment of the resolution had to be evaluate
directly from the recovery, in shape and in amplitude, of the input characteristic
model.
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6.1.4 Crustal and uppermost mantle structure

The high-quality local earthquake arrival times data set derived from automated
re-picking was used to invert simultaneously for hypocenters locations and for 3D
P-wave velocity structure. A high number of stations and earthquakes would al-
low for fine-grid node spacing (for example in central Costa Rica), whereas the
station-earthquake distribution is sparse in others parts, demanding a large grid
node spacing. For this reason, we choose two different inversion grids parameters:
a fine grid node spacing of 15x15 km (horizontal) and 10-20 km (vertical) and a
coarser grid node spacing of 20x20 km (horizontal) and 10-20 km (vertical). Our
models image large parts of the Costa Rica overriding crust between 0 km and
30 km, and a smaller part (in central Costa Rica) of the mantle wedge and the
subducting slab down to 50 km.
Sensitivity and resolution tests with synthetic models showed that regions delim-
ited by the contour lines with a RDE value of 0.15 are considered as well-resolved.
These regions are considered as being reliable, where an interpretation could be
given with only a small risk to interpret artefacts. Regions outside of these con-
tour lines are only considered as poorly resolved (but where the data set still
shows some sensitivity), and any interpretation of features in these regions were
done with great care. A damping value of 200 was chosen using synthetic charac-
teristic tests.
The regional large-scale structures observed in both P-wave tomography results are
in good agreement with the regional tomographic results of (Husen et al., 2003)
or more local studies (DeShon et al., 2006; Syracuse et al., 2008; Arroyo et al.,
2009) done in central and northern Costa Rica. Shallow depth cross sections
showed a good correlation with the surface geology. In the well-resolved region, a
low-velocity anomalies is associated with active volcanoes in central and northern
Costa Rica, while a large high-velocity feature observed beneath the Tallamanca
Cordillera, interpreted as a low-density remnant of an earlier phase of magmatism
associated to the Tallamanca batholiths. At the edge of our models, although
situated outside of the well-resolved area, a high-velocity structure related to the
subducting Cocos plate is detected in northern and central Costa Rica between
20 km and 50 km depth. Any track of the subducting plate is lost southwards,
in accordance with the suduction/collision of the Cocos Ridge. Furthermore, a
large low-velocity anomaly is observed in the well-resolved part, in central Costa
Rica, between 30 km and 50 km depth. It suggests an hydrated mantle wedge
in the fore-arc, generating a higher percentage of partial melt at this place, in
accordance with significantly low absolute values of the P-wave velocity (6.0 to
7.0 km.s−1 from 30 to 60 km) and with higher volume of erupted materials (Carr
and Stoiber , 1990) observed at the above volcanoes. At a less extend, a narrow
low-velocity zone above the subducting Cocos Plate is visible in northern Costa
Rica, interpreted as a fluid-filled upper oceanic crust. However, hydration may
not be present everywhere, since no low-velocity zone is seen above the downgoing
plate between these two anomalies. Furthermore, an apparent thickening of the
seismicity is observed from North, where intermediate-depth seismicity forms a
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narrow band, to the south of this zone. This thickening, particularly visible in our
models, has been related to the structure of the subducted oceanic floor in this
place and with a possible presence of subducted seamounts (Husen et al., 2003).
Finally, the results of both of our models showed comparable results to the to-
mographic study of Husen et al. (2003), which used four times more observations
based on classic bulletins provided with routine picks, which were likely contam-
inated by the same systematic errors as the ones detected in our study since we
used similar stations. Even more, boundaries between the structures were more
sharply defined in our models, highly suggesting that small but high-quality data
sets provide equivalent or even better tomographic results than large but lower-
quality data sets. Our models were not able to resolve many more areas than
in Husen et al. (2003) results due to the lower number of observations, demon-
strating that the selection of our data set was appropriate and provided good ray
distributions, and that it was worthwhile to combine other networks.

6.1.5 A priori corrections for teleseismic travel times

A list of teleseismic earthquakes was established based on the National Earthquake
Information Center (NEIC) Bulletin for events with Mw ≥ 6.0 for the period of
2000 to 2006. Only earthquakes in the distance range of 30 to 100 degrees were
selected to account for the plane wave approximation. To enlarge the aperture
of the network, we compiled data from nine permanent and temporary networks,
giving a total of 183 seismic stations. We followed the procedure for accurate and
consistent hand picking developed by Diehl et al. (2009a) to re-pick 2065 P-wave
arrivals associated to 71 teleseismic events, used in the high-resolution teleseismic
tomography. The resulting a average picking error was 0.27 s. However, a strong
azimuthal bias of the incoming arrival-times in the South-East direction indicates
that the compiled data set is clearly not adapted, for the moment, to perform
a high-resolution teleseismic tomography study in the Costa Rican region. Due
to extensive and continuous technical difficulties with the station array during
the experiment period, we were unable to obtain a better distributed data set.
We therefore, performed this study with emphasis of the methodological improve-
ments and propose to merge our data set with an future data set better adapted
to high-resolution tomography. We applied the method developed by Waldhauser
et al. (1998), Arlitt et al. (1999), and Lipitsch et al. (2003) to correct teleseismic
arrival times for contribution of the crust. We constructed a synthetic 3D crustal
velocity model based on the local earthquake tomography results obtained with
the 20x20x10-20 km model. The results of this approach demonstrate, that in
the Costa Rican region, crustal and uppermost anomalies are erroneously pro-
jected into the deeper earth structure by the inversion process if no corrections
are applied. The crustal structures have an effect of about ±0.5 s on teleseismic
arrivals in central Costa Rica. This study, in accordance to previous studies (e.g.
Arlitt et al., 1999; Waldhauser et al., 2002; Lipitsch et al., 2003; Sandoval et al.,
2003), showed that to produce a high-quality seismic traveltime data sets, correc-
tions for near-surface structures are essential to increase resolution in teleseismic
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tomographic images of upper-mantle structure.

6.1.6 Upper-mantle structure

A velocity grid spacing of 30x30x20 km in areas with reasonable ray coverage was
chosen as being adapted for the regional distribution of stations and ray-paths and
to guarantee the problem of staying over-determined.
The assessment of the solution quality was done using synthetic sensitivity and
characteristic tests. The characteristic tests showed that a damping value of 200
was best adapted to our data set. Overall, the assessment of the solution quality
reveals that horizontal and vertical smearing effects are present as well as side-
lobes effects and the fairly-resolved areas remain very small, mainly due to the
small number and the uneven azimuthal distribution of observations. Moreover
the fairly and poorly resolved regions are located on the edge of our crustal model,
itself constructed on the basis of the well-resolved part of the local earthquake
tomography.
As suggested by ray-paths distribution and synthetic tests (sensitivity and char-
acteristic tests), no information on real structure should be expected from tomo-
graphic inversion with this data set. Several reasons could explain this observation.
The reliability of the data set, which certainly contains systematic errors. Indeed,
arrival times of supplementary stations used in teleseismic tomography, such as
Nicaraguan stations and former stations from permanent networks have not been
equally checked than data of stations used in the local earthquake tomography.
Moreover, only few teleseismic events are automatically recorded by those net-
works. In total, only 71 events have been used for the teleseismic inversion in the
period of study (2000-2006), and mainly in the south-east direction, leading to a
bias in the azimuthal coverage of the observations. This bias causes a tremendous
lack of ray crossing, and thus resolution of tomographic results is lower. Finally,
the configuration of the country is not advantageous for high-resolution teleseismic
studies, since the aperture of the seismic network is lower in the SW-NE direction,
leading to unfavorable ray crossing at depth. With the lack of event in these di-
rections, it causes, as we observed, horizontal leakage, that could possibly blurred
or even mask the high-velocity anomaly related to the subducting plate.

6.2 Outlook

Seismic tomography is a powerful tool to investigate deep structure of the earth.
Generally, the combination of local earthquake tomography with teleseismic to-
mography allows to continuously illuminate the velocity structure of the crust and
the upper mantle, and more specifically complex configurations like in subduc-
tion zones. Indeed, local earthquake tomography provides a 3D velocity model
of the crust that can be use to correct teleseismic arrival in a subsequent tele-
seismic tomography study. However, this work clearly demonstrates that seismic
tomography is far for being a straight-forward approach. The use, in this study,
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of an automatic picking algorithm that provides, among the actual arrival time,
information on the quality of the observations is a step forward the automation
of the process, but a manual check has still to be performed, since several types
of problematic waveforms have been identified and characterized, which could be
interpreted as high quality onsets by the automatic picker (such as waveforms
with spikes, gaps, noise packet, step function). Moreover, this study revealed that
large systematic errors are often present in travel-time data sets, resulting from
incorrect station coordinates, errors in the timing acquisition system, errors in the
merging procedure, inconsistency in the picking or phase mis-identification. Be-
cause of their systematic nature, they lead to significant artefacts in the solution,
but may not be detected by a posteriori error assessment. Moreover, this work
demonstrates that many inversion tests using synthetic data are needed to achieve
reliable results. For all this reasons, seismic tomography studies cannot be imple-
mented as a routine processes for the moment.
The principal objective of this thesis was to image and better understand subduc-
tion processes and their variations beneath Costa Rica. Composition and physical
state (e.g. fluid content and temperature) of the overriding lithosphere and of
the subducting plate represent key parameters to understand these different pro-
cesses. We partially achieved this goal, but as demonstrated (see e.g. Holbrook
et al., 1992), P-wave velocities of many common crustal rock types overlap and
therefore additional information on S-wave velocities is necessary to overcome this
ambiguity. In addition, independent measurements of P- and S-wave velocities
allow estimates on subsurface temperatures (Goes et al., 2000) and fluid content
(Popp and Kern, 1993; Ito et al., 1979). However, measuring S-waves requires
a large use of three-components sensors, which was clearly not the case in per-
manent networks in Costa Rica at the time of this study. Enlarging permanent
networks with three-component sensors of more recent temporary networks, like
the CoRiSubMod network, was a effort in this direction, but obviously not suf-
ficient, considering that the number of S-wave observations is usually lower than
the number of P-wave observation and regarding the number of P-waves arrival
times collected in this study. But, recently, efforts are done in Costa Rica to renew
the existent seismic network (mainly at OVSICORI-UNA) by the installation of
three-component broad-band stations. Considering the amount of P- and S-wave
observations needed to proceed to local earthquake tomography studies, an auto-
matic picker, similar to MPX, will be needed for S-wave observations, as proposed
by Diehl et al. (2009b). Because countries like Costa Rica are at great risk, con-
tinued monitoring is critical to improve our understanding of subduction related
hazards in Central America. As demonstrate by this work, a future high-resolution
teleseismic tomography study, would need to be planed upstream by designing an
adapted seismic array, including ocean bottom seismometers in both Pacific Ocean
and Caribbean sea to increase the aperture of the seismic network in the SW-NE
direction, restricted because of the configuration of the emerged land in Central
America. We suffer from the lack of teleseismic event recorded, mainly due to
the triggering system installed in Central American region, but we showed that a
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strong bias in the azimuthal distribution of the travel-times arrival exists in the
SE direction for Costa Rican networks and should be compensated by privileging
earthquakes from other azimuths. Since efforts are now done to keep continuous
signals, this would lead to an obvious improvement of the number of local and tele-
seismic earthquakes recorded in the near future. Recent installation of broad-band
three-components sensors may even allow to proceed to teleseismic P- and S-wave
tomography studies. A procedure leading to accurate and consistent picking of the
teleseismic arrival times have to be set up, as suggested by Diehl et al. (2009a). In
this regards, the data set compiled in this work is clearly adapted to be merged in
such a future teleseismic tomography study. Furthermore, the synthetic model of
the crust presented in this study is only partial, and will need to be complemented
in the future, not only by taking into account smaller anomalies but also by en-
larging the model to the bordering countries, by considering Vp velocity models
of the crust obtained in the bordering countries by others local earthquake tomog-
raphy studies (e.g. Syracuse et al., 2008). The coverage of this model should then
coincide with the well-resolved part of the resulting velocity model.
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A Supplementary Material for Chapter 4

A.1 Set of Fisher Coefficients for Costa Rica

Automatically Assigned Quality Classes
Predictors Class 0 Class 1 Class 2 Class 3 Class 4
Constant -16.724 -16.449 -18.080 -18.690 -21.283
WFStoN 0.436 0.464 0.517 0.481 0.505
GDStoN -0.358 -0.313 -0.339 -0.390 -0.467

GDAmpRatio 0.483 0.411 0.407 0.479 0.550
SigFmaxRa 0.204 0.201 0.183 0.160 0.122
DFAmpMax -0.086 -0.069 -0.039 -0.025 -0.026

CFRatio -0.237 -0.413 -0.408 -0.318 -0.249
PcAbove -0.792 -0.853 -0.951 -0.641 0.455
PcBelow 0.104 0.127 0.152 0.169 0.187

CFNoiDev 5.504 6.166 6.704 7.226 7.175

Table A.1: Set of Fisher linear discriminant coefficients for 9 predictors and one constant de-
rived from a subset of reference events. For a detailed description of predictor see
Di Stefano et al. (2006)

Other MPX input parameters
Safety gap to-
ward noise (gN)

Safety gap to-
ward signal plus
noise (gS)

Noise window
(LN)

Signal plus Noise
window (LSN)

lower frequency
threshold

2 s 2 s 2.5 s 2.5 s 0.5 Hz

Table A.2: Other MPX input parameters used in this study
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B Cleaning data sets from errors

B.1 Identifying, characterizing and removing prob-

lematic waveforms for the automatic picker

MPX

To be able to use an automatic picker one have to be sure that it could do its
work properly. As we experimented while the calibration procedure, it is almost
impossible for MPX to work properly if waveforms contain spikes, noise packets
or step functions. One has to find a way to detect and reject these type of signals
in waveforms as automatic pickers could erroneously interpret them as very high
quality onsets. For this reason, removing problematic traces from the dataset is
critical for any tomography study. Several different types of problematic waveforms
have been identified and characterised in this section.

B.1.1 Detecting and removing flat signal and step func-
tions

Flat signals are not really dangerous for automatic pickers and they are the easiest
cases to remove. The Figure B.1 shows an example of a dead seismogram.

Figure B.1: Example of a flat signal at ALG0.

But in some cases, seismograms are flat only in few parts of the signal creating
step functions interpreted by the automatic picker as high quality onsets. In Figure
B.2, the observed step function is far off the predicted arrival time without any
danger for the guided automatic picker. However, a predicted arrival time situated
nearby such a step function has to be taken into account.
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B.1 Identifying, characterizing and removing problematic
waveforms for the automatic picker MPX

Figure B.2: Example of a step function created by a partially dead seismogram.

B.1.2 Waveforms with complex spikes

Complex spikes are described by a set a samples with high amplitudes compared
to the majority of the samples before and after. The distinction between complex
spikes and normal spikes is due to the number of samples with high amplitudes
involved, compared to normal spikes, which have only one sample with a high
amplitude. For this reason, complex spikes cannot be detected with a normal
de-spiking routine. Waveforms with complex spikes are really dangerous for an
automatic picker as they are similar to high quality onsets. Finding and removing
such waveforms from the data set is critical to use correctly an automatic picker.
Furthermore, as there are more than one sample with a high amplitude, complex
spikes can occur both in the positive and in the negative amplitudes as shown by
Figure B.3, or in only one side like in Figure B.4. The shape of this signal is very
particular.
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Figure B.3: Example of a waveform with complex spikes at ACR.

Figure B.4: Example of a waveform with complex spikes at QCR1.
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B.1 Identifying, characterizing and removing problematic
waveforms for the automatic picker MPX

B.1.3 Waveforms with signal gaps with interested wave-
form period

Waveforms owning to this group show a very particular shape. The signal is
showing a crenelated shape, illustrated by the Figure B.5. This type of signal
is not really dangerous for automatic pickers as the Wiener filter used for the
phase detection is smoothing the signal. The Figures B.5 and B.6 are showing
the characteristics of these waveforms. The Figure B.6 illustrates that despite a
crenelated signal, the automatic picker has no problem to find first onset.

Figure B.5: Example of a crenulated signal.

Figure B.6: example of good onset with crenulated waveforms on the noise.
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B.1.4 Noise packet in the waveforms

Noise packets are characterised by an increase and a decrease of amplitude. Noise
packets are usually symmetric around the mean of the signal. In contrast to
spikes, noise packets are caused by real seismic signals, like cars passing by, near
the station. For this reason, waveforms showing noise packets like illustrated by
Figure B.7 are not rare. Their high frequency (5 to 10 Hz) and their emergent
onset of the noise packets make them less dangerous than spikes for the automatic
pickers. However detecting and removing waveforms with noise packets from the
data will avoid potential errors.

Figure B.7: Example of a waveform with noise packets.

B.2 Cleaning the picked data set after using MPX

Once the automatic picker MPX was used in production mode, one could used
the observations to check again for timing problems by comparing observations at
“doublet sites”. There are height sites in the network with broad-band and short-
period sensors operating parallel. This allows us to check the data for timing
problems. Doublet waveforms are defined as two waveforms observed at the same
site. To determine how far apart can two sensors be to still be considered as same
site, one has to consider the following points:

• The timing difference should be less than 10% of best quality observation
(i.e. being negligible in effect)

• Site effects from different local noise source must be equal at both places.
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• The sensors should be installed on the same building platform.

In our study, the best quality class observation is ±0.05s. If we consider a P-wave
traveling at 4km/s horizontally between the two sensors, the minimum distance
between 2 sensors should be less than 20m (4∗0.005 = ±0.01km) to be considered
as being still the same site. Usually the rule is one station name for each site.
For “doublet waveforms”, the question is, which observation is better for our pur-
pose. Normally, we would want as many observations as possible and we could
expect the permanent station to provide more observations. In our case, data from
permanent and temporally station are available for the same period, therefore we
simply choose the better (normally the broad-band sensor) and the more reliable
one (regarding timing problems, data transmission. . . ). However, before removing
doublets, because of duplication reasons, we make use of those doublets to check
for timing quality of stations network. In order to choose the better and the more
reliable observation, we followed the solutions given in Table B.1 for each possible
case.

Case Description Solution
A BB and SP times are equivalent and good Take BB because it

has a wider frequency
range

B BB and SP times are not equal and we know
SP is unreliable but BB reliable

Take BB

C BB and SP times are not equal and we know
BB is unreliable but SP reliable

Take SP

D BB and SP times are not equal and we do
not know what is reliable

Take none

Table B.1: How to select one observation at doublet sites.

In our case, there are 8 sites in the station network with a distance of less than
20m between sensors (see Table B.2).
We decided the followings:

1. OCM: As the short period sensor was found to work properly, all observation
from this sensor were kept. We detected that the broad-band sensor had a
problem from 2005/07/29 to 2006/01/17. Hence we removed all observations
from this sensor for this time period (35 observations removed).

2. SJS: remove all observation before 2005/05/27 from the broad-band and the
short-period sensor (6 observations removed)

B.2.1 Removing correct but double observations

Once all doublets were used to check for timing problems, only one observation
has to be kept for the local earthquake tomography. Having two observations at
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Site Type of Sensors Distance Nb Time
problems

OCM BB (OVSICORI-
UNA)

SP (OVSICORI-
UNA)

0m 237 yes

SJS BB (RSN) SP (RSN) 0m 28 yes
BARC BB (CoRiSubMod) SP (RSN) 11m 36 no
FORC SP 3C (OSIVAM) SP (RSN) 0m 11 no
JTS BB STS1

(OVSICORI-UNA)
BB STS2
(OVSICORI-UNA)

0m 71 no

MTL BB (CoRiSubMod) SP(OVSICORI-
UNA)

0m 4 no

PBNC BB (CoRiSubMod) SP(OVSICORI-
UNA)

0m 18 no

CDL BB (CoRiSubMod) SP(OVSICORI-
UNA)

0m 29 no

Table B.2: List of doublet sites used to check for timing problems

the same site, even with small difference in time but greater than 10% of the best
quality observation, is indeed problematic during the tomography inversion. To
choose the more appropriate observation for our purpose, the following scheme was
designed:

• Observations of a broad-band sensor was preferred over those of a short
period sensor, as a wider information is available and broad-band sensor
signals are not telemetered in the network.

• Observations of a broad-band sensor was preferred over observations of a
very broad-band sensor (STS1 in the case of station JTS). The very low
frequencies of the very broad-band sensor could lead to mis-identification if
no filter is applied.

• Observations of a three components sensor was chosen over observations of
a one component sensor, because non-seismic signal are easily detected on a
three components sensor leading to less mis-identification.

Applying these principles we conclude for each doublet station:

• OCM: Take the observation from the broad-band sensor, except for the prob-
lematic period (for the reasoning see Chapter 3.3).

• SJS: Take observations from short period sensor (thought as being more
reliable by the person in charge of the stations at RSN)

• BARC: Take observations from the broad-band sensor from CoRiSubMod
network.
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• FORC: Take observations from the 3-component sensor from OSIVAM net-
work.

• JTS: Take observations from the STS2.

• MTL: Take observations from the broad-band sensor from CoRiSubMod net-
work.

• PBNC: Take observations from the broad-band sensor from CoRiSubMod
network.

• CDL: Take observations from the broad-band sensor from CoRiSubMod net-
work.

In total, 431 observations were removed from the data set.

B.2.2 Problems observed at station TLLA

From minimum 1D model calculation and the reference data set compilation for
MPX, others problems like the mislocation of the station PAL (OVSICORI-UNA,
see Chapter 3.3). The station TLLA was also found as being not reliable. Because
of an error in the real-time processing software (Earthworm). When the station
was not working, signals from other stations (PAL or CTCR) were repeated and
duplicated in TLLA (see Figure B.8). For this reason waveforms from other sta-
tions could appear in TLLA, resulting high residuals for this station. For example,
a strong correlation between the signals at PAL and TLLA was observed in the
period from 2005/06/22 to 2005/07/08. We took these problems into account by
using the correct station coordinates of station PAL (taken in the field by the re-
sponsible of the network) and removing TLLA from our station list, corresponding
to 47 observations from the data set.
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Figure B.8: Cross-correlation between signals of PAL and TLLA for the 2005-2006 period.
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C Stations and Earthquakes parameters

C.1 List of stations coordinates and precisions

used in local earthquake tomography

The GPS receivers are measuring propagation times by identifying the signals
emitted by the different GPS satellites available. The measurement of errors are
coming from the propagation of the signal through the ionosphere and the tropo-
sphere, from the precision of the GPS orbits, and from local environmental effects.
As the GPS system was developed first for military reasons, the signal can be
altered, depriving the users, which do not have proper codes of the maximum pre-
cision. This alteration was activated between 1991 and 2000, providing a precision
in three dimensions of only 100 to 300 meters during this period. Nowadays a
handled-GPS device is able to locate a position is the three dimensions with a
precision of 30 to 100 meters. The precision of stations coordinates is far from
being negligible. A GPS measurements done before 2000 with an uncertainty of
±300 meters induce a error interval of 0.05s, which is corresponding to our best
quality class. For this reason, it is critical to take the station coordinates precision
into account in our study.
Stations are grouped into 4 classes: class 1 corresponds to stations with coordi-
nates precision of less than ±100m equivalent to ±16ms, if we consider a standard
average P-velocity of 6km/s. The class 2 regroups stations with coordinates preci-
sion of less than ±300m, the equivalent to ±50ms. Stations with unknown errors
are flagged as class 3 and are considered as potential sources for artefacts in tomo-
graphic images meaning that special consistent checks need to be performed for
these stations. Stations with known errors of more than 300 m are regrouped in
class 4 and are neglected and not shown in station list or station map any more.
The quality class attributed to each seismic arrival during the picking are changed
in function of the class of the corresponding station. Observations of stations of
class 1 are kept unchanged. Observations of stations of classes 2 and 3 are down-
graded to the next higher quality class. All observations at class 4 stations are
removed from data set.

C.1.1 Stations from the CORISUBMOD network

In Corisubmod network 2 types of digitalizer were installed. Station provided with
a Q330 had a continuous GPS recording and stations coordinates of stations pro-
vided with MARS88 were measured with several hand-GPS measurements at each
station service.
Station ACRB was installed at 70m from RSN station ACR. The distance found
between both coordinates was 341m.
Station BARC was installed at less then 5m from RSN station BAR1. The dis-
tance found between both coordinates was 88m.
Station CDLB was installed at less then 5m from OVSICORI station CDL. The
distance found between both coordinates was 3.230km. The coordinates of station
CDL was changed to those of CDLB (see Sectionsec:UNA).
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earthquake tomography

Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

ACRB 8.6515N 83.1659W 491 GPS (3) ±10m ±15m 1
BARC 9.2312N 83.3071W 525 GPS (4) ±50m ±5m 1
BATA 10.1001N 83.3753W 55 GPS (10) ±10m ±5m 1
CDIT 8.5730N 82.8724W 121 GPS

(5150)
±5m ±10m 1

CDLB 10.5308N 83.6902W 69 GPS (332) ±5m ±10m 1
CRCZ 10.9308N 85.5866W 355 GPS (809) ±10m ±10m 1
FMA 8.9894N 83.3537W 1090 GPS (4) ±50m ±10m 1
LICR 9.9961N 83.0945W 27 GPS (5) ±15m ±10m 1
LCHB 11.0750N 84.6964W 89 GPS (395) ±5m ±10m 1
MARE 8.6875N 83.7048W 81 GPS (159) ±5m ±10m 1
MERC 9.7060N 82.8380W 260 GPS (312) ±10m ±15m 1
MOSD 9.6473N 85.0829W 188 GPS (520) ±30m ±30m 1
MTLB 10.5470N 83.6818W 61 GPS (114) ±5m ±10m 1
OTS1 8.7857N 82.9590W 1215 GPS (4) ±50m ±10m 1
PNC1 8.3714N 83.1271W 248 GPS (381) ±10m ±10m 1
PNC2 8.3673N 83.1316W 136 GPS (510) ±5m ±10m 1
POA3 10.1751N 84.2489W 2493 GPS (8) ±5m ±10m 1
QPSB 9.3919N 84.1239W 52 GPS (7) ±15m ±5m 1
VCR2 10.1427N 85.6302W 973 GPS (7) ±50m ±10m 1

Table C.1: Corisubmod stations coordinates and precisions

Station CRCZ was installed at less then 5m from RSN station CRZC. The distance
found between both coordinates was 2.730km. (see sectionsec:RSN).
Station LCHB was installed at less then 50m from RSN station LCH0. The dis-
tance found between both coordinates was 101m.
Station MTLB was installed at less then 3m from OVSICORI station MTL. The
two coordinates were identical.
Station POA3 was installed at about 50m from OVSICORI station POA2. The
distance found between both coordinates was 84m.
Station QPSB was installed at about 15m from OVSICORI station QPSR. The
distance found between both coordinates was 22m.
Station VCR2 was installed at about 2.100 km from RSN station VCR. The dis-
tance found between both coordinates was 1.808km.

C.1.2 Stations from OVSICORI-UNA network

The Obvservatorio Vulcanológico y Sismológico de Costa Rica (Universidad Na-
tional) (OVSICORI-UNA), is based in Heredia and administrates permanent sta-
tions distributed in the whole country. Most of the stations are analogue short-
period (1Hz) vertical component seismometers except for the five stations of OCM,
PLMA, CDM, and CERB which are GMG-6TD broadband seismometers. The site
JTS is composed by a STS1 and a STS2 sensors. In September and October 2008
a campaign to check the station coordinates at OVSICORI-UNA was done. It re-
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Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

CAO 9.6996N 85.1011W 292 GPS (?) uncert. uncert. 3
CDL 10.5308N 83.6902W 69 GPS (332) ±5m ±10m 1
CDM 9.5537N 83.7636W 3494 GPS

(24342)
±5m ±15m 1

CERB 9.8282N 84.3302W 1224 GPS
(44407)

±5m ±5m 1

CTCR 8.8962N 82.7593W 1620 GPS (?) uncert. uncert. 3
EPA 9.9863N 84.5950W 803 GPS (4) ±5m ±100m 1
FIBO 9.9979N 83.7097W 2171 GPS (?) uncert. uncert. 3
HDC3 10.0021N 84.1114W 1176 GPS (668) ±5m ±10m 1
IRZ2 9.9669N 83.8976W 2891 GPS (4) ±5m ±50m 1
JTS1 10.2908N 84.9534W 296 GPS

(29499)
±10m ±30m 1

JTS2 10.2908N 84.9534W 296 GPS
(29499)

±10m ±30m 1

JUD3 10.1659N 85.5388W 665 GPS
(1570)

±10m ±10m 1

LAR 9.7085N 84.0123W 2107 GPS (8) ±5m uncert. 3
MTL 10.5470N 83.6818W 61 GPS (114) ±5m ±10m 1

OCMB 9.8941N 83.9623W 1608 GPS
(54500)

±5m ±15m 1

OCM 9.8941N 83.9623W 1608 GPS
(54500)

±5m ±15m 1

PAL 9.7830N 83.8240W 1475 GPS (16) ±5m ±5m 1
PBNC 8.3714N 83.1271W 262 GPS (8) ±10m ±10m 1
PICA 10.0193N 83.7837W 2716 GPS (1) ±10m ±10m 1
PLMA 10.0332N 84.4120W 1047 GPS (nc) ±10m ±10m 1
POA2 10.1757N 84.2485W 2445 GPS (8) ±5m ±30m 1
POA5 10.2044N 84.2297W 2416 GPS (8) ±5m uncert. 1
QPSR 9.3920N 84.1237W 58 GPS (7) ±15m ±15m 1
RIN3 10.7883N 85.3652W 900 GPS (9) ±5m uncert. 1
TIG2 9.0284N 83.2969W 761 GPS (8) ±5m ±100m 1
TLLA 10.0027N 83.7752W 2720 GPS (1) ±10m ±10m 1
VACR 10.4718N 84.6753W 370 GPS (1) ±10m ±10m 1
VTU 10.0183N 83.7599W 3295 GPS (8) ±10m ±5m 1

Table C.2: OVSICORI-UNA stations coordinates and precisions
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earthquake tomography

vealed that the original file of stations coordinates (STATION0.HYP) suffers from
mistakes. A confusion was done between data in degree and minute and data in
degree, minute, and seconds. (Example, 10.0347 into 10 0.347 or 20 10’ 45” into
20 10.45). For this reason, all stations coordinates were checked again except for
stations CDL, CAO, FIBO and CTCR.
The station CDL was installed at less then 5 m from Corisubmod station CDLB.
The distance found between both coordinates was 3.230 km. As many errors were
reported in the original file, the coordinates of CDLB were taken for CDL.
For all other sites, where a station from the Corisubmod network was installed
nearby a OVSICORI-UNA station, the distance between the two sensors were
found within the error interval:
Station MTLB was installed at less then 3 m from OVSICORI station MTL. The
two coordinates were identical.
Station POA3 was installed at about 50 m from OVSICORI station POA2. The
distance found between both coordinates was 84 m.
Station QPSB was installed at about 15 m from OVSICORI station QPSR. The
distance found between both coordinates was 22 m.

During this campaign, measurements at some stations showed constantly de-
creasing elevations. For this reason, elevations of all stations were compared to
the elevation read on topographic maps. For station LAR, POA5 and RIN3 the
elevation was not corresponding to the new value, but to the old one. For this
reason, elevations of the old coordinates of these 3 stations were taken temporary,
waiting for new measurements.
The number of measurements used to calculate the coordinates of PLMA was not
communicated, but R. Quintero calculated the average value of continuous GPS
recording data.
The measurement of the coordinates of VACR, TLLA and PICA was done with a
GPS Leica GS20, and checked with a Handheld Garmin GPS70. The precision is
estimated to less than 10m in both vertical and horizontal directions.
The station TLLA is not reliable as wrong data were found. The problem with
TLLA is coming from the automatic processing system Earthworm. If TLLA was
not working, the signal from other station like PAL was duplicated into TLLA.
Observations at PAL have large earthquake locations RMS and the distribution of
the travel time residuals showed a bipolar repartition independent from epicentral
distances. The station was, in reality, situated seven km SE from the old coordi-
nates. With the new coordinates, both station delay and repartition of the travel
time residuals were found consistent. Observations of PAL were kept in the data
set.
Because of a rupture of the GPS cable, time at station HDC4 was wrong. The
drift of time could be observed from 09.2005 to 10.2006 by comparing the time of
HDC4 with HDC3 installed in the same site. For this reason the station HDC4
was removed from the station list.
The station CDM showed a inconsistent station delay and a difference in time
compared to the station BUS situated at 800m from CDM. All observations from
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CDM were removed from the data set.
coordinates of stations CAO, CTCR and FIBO were not re-checked and conse-
quently they were considered as not reliable stations. However, station delays at
these stations were corresponding to station delays observed at nearby stations
and in agreement with the geology. Moreover the distribution of the travel time
residuals showed a consistent pattern. For these reasons the decision was taken to
include the observations of these stations in the data set.

C.1.3 Stations from RSN network

The Red Sismológica Nacional (RSN) is serviced by Universidad de Costa Rica
(UCR) and by the Instituto Costarricense de Electricidad (ICE) and operates
permanent stations covering the whole country composed mainly by analogue
short-period (1Hz) vertical component seismometers except for the station SJS
where both a three-components broad-band and a one-component short-period
seismometers are installed.

All information were provided by I. Arroyo in September 2008. For RSN net-

Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

ACR 8.6538N 83.1680W 471 GPS Net-
work

±150m ±25m 2

ALG0 10.0903N 83.6045W 422 GPS (1) ±300m ±50m 2
ATRO 9.7990N 83.6415W 815 GPS (1) ±300m ±50m 2
BAR1 9.2320N 83.3070W 530 GPS (1) ±300m ±50m 2
BUS 9.5553N 83.7583W 3487 GPS Net-

work
±150m ±100m 2

CGA2 10.0162N 84.4655W 1200 GPS (1) ±150m ±100m 2
CRZC 10.9533N 85.5967W 325 Map uncertain uncertain 2
FORC 10.4668N 84.6718W 392 Topo ±10m ±10m 1
ICR 9.9810N 83.8312W 3302 Topo ±10m ±10m 1
JCR 9.8498N 85.1118W 575 Topo ±10m ±10m 1
LAJ 9.6872N 84.5842W 685 GPS (1) ±300m ±50m 2

LCH0 11.0742N 84.6968W 54 GPS (1) ±300m ±50m 2
LCR2 9.7422N 84.0030W 1730 Topo ±10m ±10m 1
LIO 9.9797N 83.0928W 62 Topo ±10m ±10m 1

PRS1 9.8795N 84.3640W 1120 GPS (1) ±300m ±50m 2
QCR1 9.4242N 84.1658W 45 GPS Net-

work
±1m ±1m 1

SAB 8.7807N 82.9148W 1130 GPS (1) ±300m ±50m 2
SJS 9.9392N 84.0542W 1196 Topo ±10m ±10m 1

SJSB 9.9392N 84.0542W 1196 Topo ±10m ±10m 1
SVT 8.7853N 82.9587W 1127 GPS (1) ±300m ±50m 2

TRT1 10.5973N 83.6995W 63 GPS (1) ±300m ±50m 2
TRTC 10.5753N 83.7135W 105 GPS (1) ±300m ±50m 2
URSC 9.8350N 83.7782W 1500 GPS (1) ±300m ±50m 2
VCR 10.1265N 85.6312W 960 Topo ±10m ±10m 1
VPS2 10.1902N 84.2353W 2570 Topo ±10m ±10m 1
VPS3 10.1848N 84.2368W 2515 GPS (1) ±300m ±50m 2
VTR0 10.0173N 83.7602W 3300 GPS (1) ±300m ±50m 2

Table C.3: RSN stations coordinates and precisions
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work, the coordinates were measured by 3 different ways:

1. coordinates of ACR, BUS and QCR1 were measured with a GPS network
and the precision is estimated to ±1m in horizontal and vertical directions.

2. coordinates of FORC, ICR, JCR, LCR2, LIO, SJS, VCR, VPS2 were mea-
sured by topography (theodolite) at the end of the 80’s. The precision is
estimated at ±10m in horizontal and vertical directions.

3. Other station coordinates were taken with single hand-GPS measurement
and the precision is ±300m in horizontal directions and ±50m vertical di-
rection.

ACR and BUS were measured by the Topography Department of ICE in the
year 2000. ACR was installed at about 70m from the Corisubmod Station ACRB.
The distance between both coordinates is 341m, which is not corresponding to the
precision declared. Consequently the precision of the group of station measured by
Topography Department of ICE were downgraded to ±150m in horizontal direc-
tion and ±25m in vertical direction so that the error interval of ACR and ACRB
overlap. The station QCR1 was measured in July 2006 by the Topography De-
partment of ICE. This station had a Garmin GPS receiver which updated the
position and time every hour. Ivonne Arroyo calculated the coordinates by taking
the centre of the ellipse-like distribution of all the position measurements made
on 5 months. For this reason the precision of this station was kept at ±1m in
horizontal and vertical directions.

Station CRZC was installed at less than 5m from the Corisubmod station
CRCZ. The distance found between both coordinates was 2.730km. First the
station CRZC was belonging to the group of stations measured by topography in
the 80’s. Because of the large distance, the coordinates measurement was checked.
The coordinates of the station CRZC were actually measured on a map. All the
coordinates of stations belonging to this group of stations measured by topography
are considered as uncertain.

For all other sites where a station from the Corisubmod network was installed
nearby a RSN station, the distance between the two sensors were found within the
error interval:
Station BARC was installed at less then 5m from RSN station BAR1. The dis-
tance found between both coordinates was 88m.
Station LCHB was installed at less then 50m from RSN station LCH0. The dis-
tance found between both coordinates was 101m.
Station VCR2 was installed at about 2.100 km from RSN station VCR. The dis-
tance found between both coordinates was 1.808km.

Note: On the same site of FORC there is a digital permanent station from
OSIVAM network named FOR.
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C.1.4 Stations from OSIVAM network

Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

CMA 10.7020N 85.1943W 615 geodetic
coordi-
nates

±1m ±1m 1

CMU 10.7153N 85.1550W 979 geodetic
coordi-
nates

±1m ±1m 1

COL 10.6668N 85.2058W 445 geodetic
coordi-
nates

±1m ±1m 1

CUI 10.6590N 85.1660W 528 geodetic
coordi-
nates

±1m ±1m 1

LIM 10.6995N 85.2540W 591 geodetic
coordi-
nates

±1m ±1m 1

MES 10.7422N 85.1963W 631 geodetic
coordi-
nates

±1m ±1m 1

ARE1 10.4610N 84.7188W 700 GPS(1) ±200m ±50m 2
BAL 10.5210N 84.8340W 793 GPS(1) ±200m ±50m 2
MAC 10.4985N 84.7672W 832 GPS(1) ±200m ±50m 2
CAS 10.4335N 84.7338W 559 GPS(1) ±200m ±50m 2
FOR 10.4668N 84.6718W 384 GPS(1) ±200m ±50m 2
CHI 10.4418N 84.9080W 1029 GPS(1) ±200m ±50m 2
REY 10.5272N 84.6988W 606 GPS(1) ±200m ±50m 2

BUEV 10.7955N 85.4052W 720 GPS(1) ±200m ±50m 2
GB1A 10.8142N 85.4010W 740 GPS(1) ±200m ±50m 2
GBS1 10.8118N 85.4097W 640 GPS(1) ±200m ±50m 2
GBS2 10.8358N 85.4525W 400 GPS(1) ±200m ±50m 2
GBS3 10.7807N 85.4550W 300 GPS(1) ±200m ±50m 2
GPS1 10.7728N 85.3492W 800 GPS(1) ±200m ±50m 2
GPS2 10.7543N 85.3513W 640 GPS(1) ±200m ±50m 2
GPS3 10.7537N 85.3652W 580 GPS(1) ±200m ±50m 2
GPS4 10.7517N 85.4352W 580 GPS(1) ±200m ±50m 2
NY11 10.4998N 85.7253W 150 GPS(1) ±200m ±50m 2
NY12 10.3020N 85.7975W 50 GPS(1) ±200m ±50m 2
NY13 10.1003N 85.7567W 50 GPS(1) ±200m ±50m 2
NY14 10.6448N 85.5338W 100 GPS(1) ±200m ±50m 2
NYA7 10.9378N 85.6822W 100 GPS(1) ±200m ±50m 2
NYA9 10.5333N 85.3667W 100 GPS(1) ±200m ±50m 2
UNIO 10.7148N 85.1953W 600 GPS(1) ±200m ±50m 2

Table C.4: OSIVAM stations coordinates and precisions

The Observatorio Sismolórico y Vulcanolórico Arenal-Miravalles (OSIVAM),
administrated by the Instituto Costarricense de Electricidad (ICE) operated three-
components short period seismometers situated in cluster around the volcanoes
Arenal and Miravalles but also along the Nicoya peninsula coast. All information
were provided by I. Arroyo and W.Taylor (Sept. 08).
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C.1.5 Stations from Kiel network

Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

cr03 9.2991N 83.8052W 415 GPS ±15m ±30m 1
cr04 9.3336N 83.7355W 848 GPS ±15m ±30m 1
cr05 9.4157N 83.6791W 1014 GPS ±15m ±30m 1
cr11 9.7989N 83.6984W 728 GPS ±15m ±30m 1
cr14 9.8380N 83.5291W 955 GPS ±15m ±30m 1
cr27 9.9547N 83.5608W 613 GPS ±15m ±30m 1
cr31 10.1183N 83.8108W 700 GPS ±15m ±30m 1
cr34 10.2670N 84.1655W 1604 GPS ±15m ±30m 1
arad 10.2138N 85.5964W 6 GPS ±15m ±30m 1
bern 10.3285N 85.5515W -73 GPS ±15m ±30m 1
elvi 10.3931N 85.4563W -88 GPS ±15m ±30m 1
palo 10.3476N 85.3506W -63 GPS ±15m ±30m 1
sanl 10.2752N 85.4568W -73 GPS ±15m ±30m 1

Table C.5: KIEL stations coordinates and precisions

The university of Kiel installed in the southern part of the country some broad-
band seismometers from 03.2005 to 12.2006. Moreover 6 borehole stations com-
posed also of broad-band sensors were installed on the Nicoya peninsula. Infor-
mation was provided by M. Thorward. The coordinates of the central Costa Rica
station were taken with a small mobile GPS-device. Several measurements were
taken. The altitude variation was estimated from 20m to 30m. The operator
waited till the device has an horizontal accuracy of 15 m. For the borehole sta-
tions coordinates the coordinates were extracted out of the data. The altitude
was estimated from 3” SRTM-data. The depth below surface has an error of 2 m.
Timing errors were reported at central Costa Rica stations due to a bad quartz
crystal. Despite choosing only stations that did not have time problems according
to M. Thorward study on teleseimic events, crt06 showed an inconsistent station
delay compared the the geology. All observations from cr06 were removed from
the data set.

C.1.6 Stations from TUCAN network

TUCAN (Tomography Under Costa Rica And Nicaragua) is a temporary exper-
iment deployment of broadband seismometers operated by Boston University in
Nicaragua and northern Costa Rica from 2004 to 2006, to sample the structure
below the arc in both Nicaragua and northern Costa Rica. Information provided
by E. Syracuse (Sept 07). The coordinates were measured with a mobile GPS
device. Several measurements were taken to calculate the average.
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Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

C12 11.6901N 84.3623W 238 GPS ±15m ±30m 1
C12B 11.6946N 84.3671W 238 GPS ±15m ±30m 1
C13 11.9102N 83.7721W 75 GPS ±15m ±30m 1

CANO 10.8978N 84.7973W 73 GPS ±15m ±30m 1
COLI 10.6652N 85.2035W 456 GPS ±15m ±30m 1
COVE 10.7518N 84.3911W 98 GPS ±15m ±30m 1
CRUP 10.5019N 85.1246W 170 GPS ±15m ±30m 1

F6 11.3653N 85.8208W 89 GPS ±15m ±30m 1
MANS 10.0984N 85.3811W 133 GPS ±15m ±30m 1
PUCA 10.3327N 85.2600W 26 GPS ±15m ±30m 1
RITO 10.7735N 84.9308W 133 GPS ±15m ±30m 1
SONZ 11.1153N 85.6073W 147 GPS ±15m ±30m 1
ZAPA 10.1725N 84.3907W 1675 GPS ±15m ±30m 1

Table C.6: TUCAN stations coordinates and precisions

C.1.7 Stations from Pocosol Network

The Pocosol Seismic Network is an NSF-funded array of three stations broad-band
stations deployed by Rutgers University from 04.2005 to 02.2006. It is located in
Northern Costa Rica, in the back-arc region. Information provided by L. Linkimer.
The coordinates were taken with a hand GPS device after 2005. The number of
measurements was not communicated.

Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

JOC 10.9247N 84.3703W 124 GPS ±15m ±30m 1
SAN 10.9314N 84.4343W 138 GPS ±15m ±30m 1
TIR 10.9485N 84.3435W 55 GPS ±15m ±30m 1

Table C.7: Pocosol stations coordinates and precisions

C.1.8 Stations from Panama network

The University of Panama (UPA), operates permanent stations composed of ana-
logue short-period (1Hz) vertical component seismometers except for the station
UPA which is a broad-band three-components seismometer. The station BRU2 (a
borad-band seismometer)is part of the Chiriqui Network, a private-owned network
located in western Panama. The coordinates of Panama stations were provided
by C. Redondo (RSN). No information concerning the precision of the coordinates
was communicated.
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Name Latitude Longitude Elevation (m) Type of
measure-
ment

Horizontal
Precision

Vertical
precision

Class

AJB2 8.7533N 82.4068W 1320 nc uncertain uncertain 3
AVB0 8.7736N 82.6548W 1384 nc uncertain uncertain 3
AZU 7.7917N 80.2740W 14 nc uncertain uncertain 3

BAG2 8.4495N 82.5255W 99 nc uncertain uncertain 3
BRU 8.8068N 82.5608W 3425 nc uncertain uncertain 3
BRU2 8.7937N 82.6912W 1319 nc uncertain uncertain 3
CNI 9.4167N 82.5168W 20 nc uncertain uncertain 3
DVD 8.4358N 82.4505W 20 nc uncertain uncertain 3
PTP 8.2046N 82.8782W 10 nc uncertain uncertain 3
TBS2 8.7827N 82.6475W 1397 nc uncertain uncertain 3

Table C.8: Panama stations coordinates and precisions

C.2 Supplementary list of station coordinates used

in high-resolution teleseismic tomography

In the teleseismic tomography study, we extend the period of recording to 2000-
2006. Moreover we included stations from Nicaragua array in order to extend the
aperture of the compiled network. Those stations were not include in the local
earthquake tomography study since most of stations from Nicaragua array are
located in the northern part of the country, far from Costa Rica border.

Name Network Latitude Longitude Elevation

ACAN NIC 12.66667 86.83667 150
ACH PAN 08.66350 79.92917 900

ACYN NIC 12.0093 85.2283 350
AGCN NIC 12.66667 86.83667 150
AGUN NIC 12.66667 86.83667 30
APON NIC 11.91667 86.06667 600
APYN NIC 12.23383 86.35050 300
BAR RSN 09.1633 83.3358 375
BOA1 NIC 12.4872 85.6945 734
BOA2 NIC 12.48717 85.69467 725
BOAN NIC 12.48183 85.71783 550
BRU1 PAN 08.42767 82.42100 20
CHIN NIC 12.64300 87.02700 300
CNG6 NIC 12.51417 86.71250 400
CNGN NIC 12.50000 86.69850 515
COFN NIC 12.15000 86.11000 100
CONN NIC 11.56417 85.62567 250
COP NIC 12.18000 86.59167 150

COPN NIC 12.18000 86.59167 150
COSN NIC 12.9368 87.5470 228
CRIN NIC 12.7000 87.0500 685
CRU NIC 11.99367 86.30767 930

CRUN NIC 11.98333 86.30000 930
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CRZ RSN 10.95333 85.59667 325
CSAN NIC 12.17667 85.42000 300
CYN NIC 11.99583 86.09867 345

HUEN NIC 12.33583 86.17000 50
JUD2 UNA 10.1659 85.5388 665
LARO UNA 09.70517 84.02350 2107
LEON NIC 12.41600 86.89250 160
MADN NIC 11.40833 85.53333 50
MASJ NIC 11.98733 86.15133 440
MASN NIC 11.9873 86.1513 500
MGA NIC 12.14683 86.24717 80

MGAN NIC 12.14683 86.24717 80
MGAB NIC 12.14683 86.24717 80
MIRN NIC 12.44000 86.71167 280
MOB1 NIC 11.8330 85.9802 1115
MOBN NIC 11.83167 85.97767 1200
MOCN NIC 12.78167 87.04000 300
MOMJ NIC 12.40833 86.54000 500
PYN NIC 12.3822 87.0223 50
PYT NIC 12.53767 86.05767 460

PYTN NIC 12.53767 86.05767 460
QCR RSN 09.4242 84.1658 45
QUIN NIC 13.12500 86.41667 1600
SOMN NIC 13.42033 86.61383 1200

SSN NIC 11.28783 85.84950 415
SSNN NIC 11.28783 85.84950 415
TEL3 NIC 12.57217 86.84483 300
TELN NIC 12.60417 86.83133 850
TICN NIC 12.03350 86.23167 400
TIG UNA 09.03667 83.29600 690
TISN NIC 12.14250 86.26933 200
TRT RSN 10.57533 83.71350 105
UNIO RSN 10.7148 85.1953 600
UPA PAN 08.98100 79.53383 41

UPAB PAN 08.98100 79.53383 41
URBN NIC 11.5058 85.6150 273
URS RSN 09.83500 83.77817 1500

VTUC UNA 10.0183 83.7599 3295
WILN NIC 12.1607 86.1875 60
XAVN NIC 12.14867 86.32633 193

Table C.9: List of supplementary stations location used in high-resolution teleseimic tomogra-
phy
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C.3 List of earthquake parameters used in high-

resolution teleseismic tomography

Y M D H Mi Sec. Lat. Lon. D. Mag Loc
2000 1 8 11 59 21.84 -23.17 -70.12 36 6.4 NEAR COAST OF

NORTHERN CHILE

2000 1 8 16 47 20.58 -16.92 -174.25 183 7.2 TONGA ISLANDS

2000 4 23 17 1 17.47 -28.38 -62.94 609 6.1 SANTIAGO DEL
ESTERO PROV., ARG.

2000 5 12 18 43 18.12 -23.55 -66.45 225 7.2 JUJUY PROVINCE, AR-
GENTINA

2000 6 16 7 55 35.39 -33.88 -70.09 120 6.4 CHILE-ARGENTINA
BORDER REGION

2000 9 26 6 17 52.41 -17.18 -173.93 56 6.4 TONGA ISLANDS

2000 10 5 13 39 11.67 31.73 -40.96 10 6.1 NORTHERN MID-
ATLANTIC RIDGE

2000 11 7 0 18 4.91 -55.63 -29.88 10 6.8 SOUTH SANDWICH IS-
LANDS REGION

2000 11 29 10 25 13.26 -24.87 -70.89 58 6.3 NEAR COAST OF
NORTHERN CHILE

2000 12 20 11 23 54.1 -39.01 -74.66 11 6.5 OFF COAST OF CEN-
TRAL CHILE

2000 12 20 13 28 40.22 -22.82 -66.36 222 5.3 JUJUY PROVINCE, AR-
GENTINA

2001 1 10 16 2 44.23 57.08 -153.21 33 7 KODIAK ISLAND RE-
GION, ALASKA

2001 2 24 17 58 37.13 -20.18 -68.69 115 5.3 CHILE-BOLIVIA
BORDER REGION

2001 2 28 18 54 32.83 47.15 -122.73 51 6.8 WASHINGTON

2001 3 15 13 2 42.11 -32.32 -71.49 37 6 NEAR COAST OF CEN-
TRAL CHILE

2001 3 31 6 54 15.58 -29.4 -68.33 104 5.4 SAN JUAN PROVINCE,
ARGENTINA

2001 4 9 9 0 57.17 -32.67 -73.11 11 6.7 OFF COAST OF CEN-
TRAL CHILE

2001 6 26 4 18 31.38 -17.75 -71.65 24 6.7 NEAR COAST OF PERU

2001 7 24 5 0 9.09 -19.45 -69.25 33 6.4 NORTHERN CHILE

2001 8 6 3 52 59.51 -55.54 -123.42 10 6.7 SOUTHERN EAST PA-
CIFIC RISE

2001 8 28 6 56 9.18 -21.72 -70.11 65 5.9 NEAR COAST OF
NORTHERN CHILE

2002 2 10 1 47 6.23 -55.91 -29 193 5.9 SOUTH SANDWICH IS-
LANDS REGION

2002 4 1 19 59 32.48 -29.67 -71.38 71 6.4 NEAR COAST OF CEN-
TRAL CHILE

2002 4 18 16 8 36.78 -27.53 -70.59 62 6.7 NEAR COAST OF
NORTHERN CHILE

2002 5 28 4 4 22.53 -28.94 -66.8 22 6 CATAMARCA
PROVINCE, AR-
GENTINA

2002 6 18 13 56 22.83 -30.81 -71.12 54 6.6 NEAR COAST OF CEN-
TRAL CHILE

2002 8 19 11 1 1.19 -21.7 -179.51 580 7.7 FIJI ISLANDS REGION

2002 11 3 22 12 41 63.52 -147.44 4 7.9 CENTRAL ALASKA
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2002 11 12 1 46 48.94 -56.55 -27.54 120 6.2 SOUTH SANDWICH IS-
LANDS REGION

2003 6 20 13 30 41.64 -30.61 -71.64 33 6.8 NEAR COAST OF CEN-
TRAL CHILE

2003 10 7 4 55 28.81 -16.53 -170.19 10 6.2 SAMOA ISLANDS RE-
GION

2003 11 17 6 43 6.8 51.15 178.65 33 7.8 RAT ISLANDS, ALEU-
TIAN ISLANDS

2004 2 24 2 27 46.23 35.14 -4 0 6.4 STRAIT OF GIBRALTAR

2004 3 17 3 21 7.91 -21.12 -65.59 289 6.1 SOUTHERN BOLIVIA

2004 5 3 4 36 50.04 -37.69 -73.41 21 6.6 NEAR COAST OF CEN-
TRAL CHILE

2004 7 19 8 1 49.46 49.62 -126.97 23 6.4 VANCOUVER ISLAND,
CANADA REGION

2004 8 7 9 30 16.94 51.75 -166.31 8 6 SOUTH OF ALEUTIAN
ISLANDS

2004 8 28 13 41 25.6 -35.17 -70.53 5 6.5 CHILE-ARGENTINA
BORDER REGION

2004 9 6 12 42 59.39 -55.37 -28.98 10 6.9 SOUTH SANDWICH IS-
LANDS REGION

2004 9 7 11 53 6.11 -28.57 -65.84 22 6.4 SANTIAGO DEL
ESTERO PROV., ARG.

2004 9 10 10 44 17.1 -37.93 -72.96 44 5.3 CENTRAL CHILE

2004 9 11 21 52 38.3 -57.98 -25.34 63 6.1 SOUTH SANDWICH IS-
LANDS REGION

2004 9 19 20 26 4.1 52.21 174.03 25 6.2 NEAR ISLANDS, ALEU-
TIAN ISLANDS

2004 9 28 17 15 24.24 35.82 -120.36 8 6 CENTRAL CALIFORNIA

2004 11 12 6 36 16.76 -26.7 -63.32 568 6.1 SANTIAGO DEL
ESTERO PROV., ARG.

2004 11 13 7 33 18.23 -26.75 -63.36 573 5.8 SANTIAGO DEL
ESTERO PROV., ARG.

2004 11 28 2 35 13.41 -26.52 -113.83 10 6.6 EASTER ISLAND
REGION

2005 3 6 5 21 43.43 84.95 99.39 10 6.3 NORTH OF SEVERNAYA
ZEMLYA

2005 3 21 12 23 54.09 -24.98 -63.47 579 6.9 SALTA PROVINCE, AR-
GENTINA

2005 3 21 12 43 12.36 -24.73 -63.51 570 6.4 SALTA PROVINCE, AR-
GENTINA

2005 5 12 11 15 35.34 -57.38 -139.23 10 6.5 PACIFIC-ANTARCTIC
RIDGE

2005 5 18 9 10 53.65 -56.41 -26.86 102 6 SOUTH SANDWICH IS-
LANDS REGION

2005 6 2 10 56 1.65 -24.22 -67 196 6.1 CHILE-ARGENTINA
BORDER REGION

2005 6 12 19 26 24.8 -56.29 -27.08 94 6 SOUTH SANDWICH IS-
LANDS REGION

2005 6 13 22 44 33.9 -19.99 -69.2 115 7.8 NORTHERN CHILE

2005 6 14 17 10 12.28 51.24 179.31 17 6.8 RAT ISLANDS, ALEU-
TIAN ISLANDS

2005 6 15 2 50 54.19 41.29 -125.95 16 7.2 OFF COAST OF NORTH-
ERN CALIFORNIA

2005 6 17 6 21 42.59 40.77 -126.57 12 6.6 OFF COAST OF NORTH-
ERN CALIFORNIA
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2005 11 17 19 26 54.49 -22.36 -67.89 147 6.8 CHILE-BOLIVIA
BORDER REGION

2006 1 2 6 10 49.76 -60.96 -21.61 13 7.4 EAST OF SOUTH SAND-
WICH ISLANDS

2006 4 30 19 17 14.98 -27.02 -71.02 12 6.7 NEAR COAST OF
NORTHERN CHILE

2006 5 3 15 26 40.29 -20.19 -174.12 55 8 TONGA ISLANDS

2006 7 16 11 42 41.41 -28.72 -72.54 10 6.2 OFF COAST OF CEN-
TRAL CHILE

2006 8 20 3 41 48.04 -61.03 -34.37 13 7 SCOTIA SEA

2006 8 25 0 44 46.16 -24.4 -67.03 184 6.6 CHILE-ARGENTINA
BORDER REGION

2006 9 12 13 30 55.66 -28.94 -68.9 114 6 LA RIOJA PROVINCE,
ARGENTINA

2006 9 17 9 34 13.58 -31.73 -67.14 137 6.2 SAN JUAN PROVINCE,
ARGENTINA

2006 9 22 2 32 25.64 -26.87 -63.15 598 6 SANTIAGO DEL
ESTERO PROV., ARG.

2006 9 28 6 22 9.73 -16.59 -172.03 28 6.9 SAMOA ISLANDS RE-
GION

2006 10 15 17 14 12.07 20.13 -155.98 18 6.1 HAWAII

2006 11 13 1 26 35.87 -26.05 -63.28 572 6.8 SANTIAGO DEL
ESTERO PROV., ARG.

Table C.10: List of 71 teleseismic events used in high-resolution teleseimic tomography
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D Documentation on the RKP ray-tracer

D.1 Introduction

The main goal of this section is to study the failures of the RKP ray tracer during
the inversion of real data, to understand why they failed, and to guarantee that no
major error is done while solving the forward problem in the tomographic inversion.
Of 11,081 P-wave observations, the RKP method failed for only 11 observations
distributed on 10 earthquakes, all with large epicentral distance, ranging from 134
km to 348 km (see Table D.1).

Event X event
(km)

Y
event(km)

Z event
(km)

Station X sta-
tion
(km)

Y sta-
tion(km)

Z sta-
tion(km)

Delta
(km)

Tr.
Time
(s)

64 -60.481 -14.021 18.491 MANS 151.408 10.877 -0.133 213.347 32.766
167 94.636 -5.874 39.357 SONZ 175.921 123.365 -0.147 152.676 23.681
262 19.266 -52.265 38.793 RITO 101.934 85.556 -0.133 160.712 25.009
275 -82.483 -147.920 6.800 LAR 1.353 -32.242 -2.107 142.863 23.460
275 -82.483 -147.920 6.800 FORC 73.607 51.636 -0.392 253.351 39.419
283 -5.481 -61.631 14.598 SONZ 175.921 123.365 -0.147 259.095 39.294
479 -11.579 -45.893 6.409 CTCR -136.248 -122.093 -1.620 146.113 24.133
500 -87.226 -168.392 9.214 RIN3 149.494 87.196 -0.900 348.370 51.988
535 -32.067 -36.262 13.471 CTCR -136.248 -122.093 -1.620 134.984 22.084
646 111.773 -4.417 39.978 cr11 -33.085 -22.251 -0.728 145.951 22.956
753 134.025 49.021 2.087 CTCR -136.248 -122.093 -1.620 319.887 48.896

Table D.1: List of the shootings that failed with the RKP method in the forward run of iteration
1 during the inversion of real data. X, Y Z are the coordinates in the Cartesian
system and delta is the epicentral distance

To understand, analyse and eventually improve the RKP method, we studied in
more details these observations. We extracted these 10 events to proceed to a
synthetic run, which provides a more descriptive output. The aim was to better
understand the reasons of these failures. In this synthetic run all the input pa-
rameters are kept the same but to calculate synthetics.
We proceeded like following:
We used the adjusted travel times, the output velocity model, the take-off angles
and azimuths obtained after the inversion of real data to reproduce the the last
forward iteration during the inversion of real data. This step is later called the
synthetic run.
Over the 11 rays that failed during the inversion of real data, surprisingly only
8 of them could have been reproduced in the synthetic run (see Table D.2). We
first investigate why we could not reproduce the result of the inversion of real data
with the synthetic run. Then, we compared the rays path calculated with the two
different methods RKP and ART-PB.
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D.2 Reproducing the failures with a synthetic test

Event X event
(km)

Y event
(km)

Z event
(km)

Station X sta-
tion
(km)

Y sta-
tion(km)

Z sta-
tion(km)

Delta
(km)

Tr.
Time
(s)

1 -60.478 -14.029 18.490 MANS 151.408 10.877 -0.133 213.345 32.766
2 94.645 -5.881 39.360 SONZ 175.921 123.365 -0.147 152.677 23.683
3 19.274 -52.262 38.790 RITO 101.934 85.556 -0.133 160.706 25.009
5 -5.487 -61.627 14.600 SONZ 175.921 123.365 -0.147 259.096 39.296
6 -11.574 -45.884 6.410 CTCR -136.248 -122.093 -1.620 146.121 24.132
7 -87.229 -168.383 9.210 RIN3 149.494 87.196 -0.900 348.366 51.986
8 -32.067 -36.261 13.470 CTCR -136.248 -122.093 -1.620 134.984 22.082
10 134.017 49.018 2.090 CTCR -136.248 -122.093 -1.620 319.878 48.894

Table D.2: List of the shootings that failed with the RKP method in the synthetic run. X, Y
Z are the coordinates in the Cartesian system and delta is the epicentral distance

D.2 Reproducing the failures with a synthetic

test

All the rays of the 10 events are displayed in the figures D.1, D.2, and D.3.
We investigated in more details to understand why the rays of the events 4 and
9 failed in the inversion of real data and not in the synthetic run whereas the
velocity model, the source positions and the angles were the same in both run.
Three possibilities could explain the difference.
The first one is a small difference in the source position due to a rounding effect.
The source position printed out in the rkplog before the forward run of the iter-
ation 1 in the inversion of real data is slightly different compared to the source
coordinates displayed in the rkplog file after the synthetic run (see Table D.3,
especially in the depth of the source).

Source position after real data inversion Source position in the synthetic run
srce posi lat : 10 26.59000015 49.01799011 srce posi lat : 10 27.04999924 49.02098083

lon : 85 13.39000034 134.0168304 lon : 85 14.00000000 134.0245819
z : 2.089999914 z : 2.085 7019205

Table D.3: Sources positions after the inversion of real data and before the synthetic run.

This effect is mainly due to the number of digit used in the EQKS or SHOT files.
For example the depth value has only two digits in those files. The changing of the
source coordinates affects the shooting method and can lead to a different result.
However for the event 4, the source position is exactly the same in both runs and
the results are not the same. Consequently differences of sources positions could
not explain all the observed differences. Regrading the other input parameters
(velocity model, take off angles and azimuths) this rounding effect is not involved
and the values were checked as being exactly identical. The table D.4 shows the
distances of the sources positions due to rounding effect for 10 events.
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D Documentation on the RKP ray-tracer
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Event 1: 
Origin time: 2005 02 23 20h27 43.48s
Hypocenter: lat: 9.87317  lon:  -83.44850  depth: 18.5 km

Event 2: 
Origin time: 2005 05 02 20h08 57.80s
Hypocenter: lat: 9.94683  lon: -84.86300  depth: 39.4 km

Event 3: 
Origin time:  2005 07 10 09h52 56.77s
Hypocenter: lat: 9.52750  lon: -84.17567 depth: 38.8 km

Event 4: 
Origin time:  2005 07 29 08h55 24.50s
Hypocenter: lat: 8.66267 lon: -83.24917 depth: 6.8 km

Ray path that missed the station with RKP method only in the inversion run

Ray path that missed the station with RKP method in both inversion and synthetic run

Ray path that hit the station with RKP method in both inversion and synthetic run

Figure D.1: Rays geometry of events 1, 2, 3 and 4.

Event 1 2 3 4 5 6 7 8 9 10
Distance (m) 8 11 8 0 7 9 10 1 9 8

Table D.4: Distance of the sources position after the inversion of real data and in the synthetic
run due to a rounding effect.
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D.2 Reproducing the failures with a synthetic test
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Event 5: 
Origin time:  2005 08 25 06h20  7.03s
Hypocenter: lat: 9.44283 lon: -83.95000 depth: 14.6 km

Event 6: 
Origin time:  2006 04 26 15h05 17.68s
Hypocenter: lat: 9.58517 lon: -83.89450 depth:  6.4 km

Event 8: 
Origin time:  2006 06 19 09h34 13.17s
Hypocenter: lat: 9.67217 lon:  -83.70766 depth: 13.5 km

Event 7: 
Origin time:  2006 05 18 19h46 48.55s
Hypocenter: lat: 8.47767 lat: -83.20617 depth: 9.2 km

Ray path that missed the station with RKP method only in the inversion run

Ray path that missed the station with RKP method in both inversion and synthetic run

Ray path that hit the station with RKP method in both inversion and synthetic run

Figure D.2: Rays geometry of events 5, 6, 7 and 8.
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D Documentation on the RKP ray-tracer
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Event 10: 
Origin time:  2006 12 23 17h52 41.28s
Hypocenter: lat: 10.44317 lon:  -85.22317 depth: 2.1 km

Event 9: 
Origin time:  2006 12 23 17h52 41.28s
Hypocenter: lat: 9.96000 lon:  -85.01933  depth: 39.98 km

Ray path that missed the station with RKP method only in the inversion run

Ray path that missed the station with RKP method in both inversion and synthetic run

Ray path that hit the station with RKP method in both inversion and synthetic run

Figure D.3: Rays geometry of events 9 and 10.

The second possibility that could explain the differences between both two runs is
the difference in the station replacement. When the RKP method fails, the value of
the take off angle and of the azimuth are set to -999.0, so that the programme knows
in the next that the RKP failed for this station, and it will need to recalculate
take-off angle and azimuth. In the next iteration the program will try with the
closest station, in term of travel time (see Table D.5).

Event Original Station Station replaced in the real
data run

Station used instead in the
synthetic run

1 MANS JUD3 JUD3
2 SONZ CRCZ CRCZ
3 RITO CANO CANO
4 LAR Station found in angle file BARC
4 FORC Station found in angle file LAR
5 SONZ CRCZ CRZC
6 CTCR OTS1 OTS1
7 RIN3 PAL PAL
8 CTCR TBS2 TBS2
9 cr11 Station found in angle file PAL
10 CTCR BAR1 BAR1

Table D.5: List of stations used instead of original stations in the forward run of the iteration
1 of the inverse of real data and in the synthetic run.

As the RKP failed for events 4 and 9, the angle files are updated and take-off angle
and azimuths are set to -999.0 for stations LAR, FORC (event 4) and cr11 (event
9). Because of that the station is not found in the synthetic run and replaced
by the closest one (see Table D.6). Moreover if we manually replace the -999.0
values by the values found during the inversion of real data, the conclusion stays
the same. It leads to a situation were the velocity model, the source position and
the angle values are exactly identical but the output is not.
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D.3 Ray path comparison between ART-PB method and RKP
method

Event Station Distance end-point
to station in the
real data inversion

Distance end-point
to station in the
synthetic run

Distance between the
end-points in the real
data inversion and in the
synthetic run

4 LAR 150.600 km 150.814 km 230 m
4 FORC 277.809 km 278.793 km 1053 m
9 cr11 0.467 km 0.257 km 215 m

Table D.6: Differences of end-points after the first iteration between the real data inversion
and the synthetic run for the 3 rays that succeeded in the synthetic run but not in
the inversion of real data.

The last possibility is highlighted by our approach. In the synthetic run that used
the 1D velocity model with the initial earthquakes locations, a low non-linearity
is expected. However, with the output 3D model found after the inversion of real
data, the effect of non-linearity between shooting angles and the velocity model
is more consistent. The non-linearity due to the complexity of the model can be
the cause of the differences observed between the inversion of real data and the
synthetic run.

D.3 Ray path comparison between ART-PB method

and RKP method

Of 11,081 observations, the RKP method failed for only 11. The RKP failure
ratio is very small. Those rays presented large epicentral distances. According our
investigation, all of these failures are not reproducible due to non-linear effects.
These non-linear problems are not easy to solve. But considering the small ratio of
failure, the RKP method can be used as a reliable forward method in the inversion
process. Comparison of the rays paths produced by the ART-PB method with the
rays produced with the RKP method is shown in figure D.4.
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Figure D.4: Difference between the travel time of the ray found with ART-PB and RKP meth-
ods

In order to compare rays produced by the ART-PB method with rays produced
by the RKP method, we investigated in details the 10 events previously described,
RKP failures excluded. Comparing two different ray-paths is not straight forward.
One way is to compare the travel time of each ray. As the travel time is directly
depending of the geometry of the ray, a large difference of travel time could in-
duced a difference in the two rays paths. The figure D.4 illustrates the differences
between travel-times of rays obtained with ART-PB method and RKP methods.
The differences found for rays with and epicentral distance of less than 60 km
are insignificant compared to our best quality observation class (0.05 s). However
for epicentral distances larger than 60 km, the difference start to be significant
compared to our observation quality scheme.
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E Documentation on the noise introduced in synthetic data sets

E.1 Theory

To test the quality and the sensitivity of our data set, we want to work with
synthetic data. Synthetic data set can be realised in two different ways. A first
possibility is to build a pure synthetic data set, which is not connected to reality,
where all the parameters can be controlled. Parameters like stations locations,
sources locations or velocity model can be set up, but the results of these investi-
gations could not easily be interpreted and applied to the real data set.
A second possibility is to build a synthetic data set as close as possible to the real
data set. By using the real positions of stations and real source locations, the ob-
tained results are likely to represent the sensibility and the resolution (depending
on the input synthetic model) of the real data set, which is our goal. This is only
valid if the ray distribution of the synthetic data set is close real data.

However, in reality, observations are affected by errors (noise in the signal, human
error while picking,. . . ) that introduce a random component in the observation.
The distribution of the error done during the picking between the real observation
(unknown) and the observed pick is assumed to be represented by a Gaussian
distribution (see Figure E.1). Note that this assumption is not always true in
reality. For example, for data with a low signal-to-noise ratio, it is more likely to
pick too late, compared to the true arrival. A true Gaussian distribution would
then be shifted to the expected mean corresponding to the delay. Typically, the
Gaussian normal law is characterised by the following equation:

f(x) =
1

σ
√

2π
e−

1
2

(x−µ
σ

)2 (E.1)

where µ is the expected mean and σ the standard deviation.
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E.2 Application to our data set

!5 !4 !3 !2 !1 0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

Error between the true and the observed onset (s)

pr
ob

ab
ilit

y 
de

ns
ity

 fu
nc

tio
n 

(p
df

)

Reduced Centered Normal Law

!5 !4 !3 !2 !1 0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

Error between the true and the observed onset (s)

C
um

ul
at

ve
 P

ro
ba

bi
lit

y

Cumulative distribution function

Figure E.1: Representation of a reduced centred normal law (µ = 0 and σ = 1) and its inte-
gral, the cumulative distribution function. The integral of the probability density
function is always equal to 1. The probability can only be expressed in term of
interval. The probability of having a single value is then null.

E.2 Application to our data set

Consequently, as quality of observations is defined by intervals, a physical consis-
tent formulation of the onset can only be achieved by a probabilistic point of view
as suggested in Bormann et al. (2002) and in Diehl et al. (2009a). Such approach
directly relates the measured arrival time with the corresponding observation un-
certainty, expressed by the error interval. However, as the automatic picker (MPX)
and the inversion program (simulps14) cannot handle individual error estimates,
we defined a weighting scheme based on four distinct error classes (see Chapter
3.5.1). Thus the Gaussian distribution is discretized into these four error classes
(see Figure E.2).
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Figure E.2: Representation of a Gaussian distribution with a standard deviation of 0.12s cor-
responding to the average picking error of our data set. The continuous Gaussian
distribution is discretized by four error classes. The height of the boxcar function
was estimated so that the total area is equal to 1.

E.3 Application in synthetic data tests

To introduce a more realistic aspect in the synthetic data set, this uncertainty
has to be taken into account for each synthetic observation. Considering the
onset of a seismic phase as a probabilistic function, the maximum likelihood for
the onset is situated at the observed pick while the likelihood for the onset is
approaching zero outside of the error interval. However to establish such a random
component, different random functions could be considered, from boxcar functions
to a Gaussian distribution (see Figure E.3). The width of each distribution is
given by the uncertainty interval of the corresponding weighting class. The boxcar
function will give a more pessimistic estimate of the added noise as the error is
uniformly distributed over the entire error interval. On the contrary, the Gaussian
distributed noise is more optimistic as it gives higher probabilities to smaller errors.

196



E.3 Application in synthetic data tests
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Figure E.3: Boxcar functions and Gaussian distributions corresponding to the error interval
chosen for each quality class. The integral of the pdf is equal to 1 in each case

If we take a standard deviation equal to the error class, the probability to be
within the error interval is 68%. To have more chance that the random value will
be situated exactly within the error interval, the value of the standard deviation has
to be three (99.6%) or four (99.9%) times the value of the error class. To balance
the optimistic aspect of Gaussian distribution, we suggest to add Gaussian noise
to synthetic observations with a standard deviation equal to the value of the error
interval.
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Géophysique (LDG-CEA), Bruyères-le-Châtel, France

2004: Engineering diploma in Geophysics, Ecole et Observatoire des
Sciences de la Terre (EOST), Strasbourg, France.
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