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Abstract

The Central Pacific area of Costa Rica is a convergent erosional margin, characterized
by a high seismicity rate, coincident with the subduction of rough-relief ocean floor. It
has generated earthquakes with magnitude up to seven in the past along the
subduction megathrust and the inner-forearc faulting. This study uses the records from
a temporal seismological network, consisting of on- and offshore stations, installed
for a period of six months in this segment of the Middle American margin. The aim
was to obtain a model of the 3-D velocity structure of the margin and to characterize
the seismicity of the shallow part (< 70 km depth) of the subduction zone, with the
focus on the seismogenic zone. A subset of well locatable events was selected to
calculate a minimum 1-D model for the P-wave velocity. This model served as initial
reference model for the subsequent 3-D inversion in a Local Earthquake Tomography,
performed by inverting P- and S-wave traveltimes from 595 selected earthquakes.
Several tools for resolution assessment were applied. Additionally, first-motion,
double-couple focal mechanisms were determined for earthquakes originated at the
plate interface, the subducting slab and the overriding plate.

The results reflect the complexity associated to subduction of ocean-floor morphology
and the transition from normal to thickened subducting oceanic crust. The subducting
slab is imaged as a high-velocity perturbation with a conspicuous band of low
velocities (LVB) on top, encompassing the intraslab seismicity deeper than ~30 km.
The LVB is locally thickened beneath the margin slope by the presence of at least two
subducted seamounts. There is a general eastward widening of the LVB over a
relatively short distance, accentuated by a low-velocity anomaly beneath the
continental shelf, interpreted as a relative big seamount or plateau. The thickening of
the subducting crust closely coincides with the onset of an inverted forearc basin
onshore and the appearance of an aseismic low-velocity anomaly beneath the inner
forearc. The latter is located in a sector where differential uplift of blocks of the
subaerial forearc has been described, suggesting tectonic underplating of eroded
material against the base of the upper plate crust. Alternatively, the low velocities
could be induced by an accumulation of upward migrating fluids. Other observed
velocity perturbations are attributed to various processes taking place at different
depths, such as slab hydration through bend faulting at the trench and outer rise,
tectonic erosion and slab dehydration.

In the west part of the studied area, the interplate seismicity is clearly distinguished as
tightly-packed clustering, dipping ~16-19° between 15 and 25 km depth, beneath the
continental shelf. The updip limit of the interplate seismicity closely coincides with
temperatures of 150°C and an increase in the P-wave velocities along the plate
boundary, and it closely follows the border of the continental shelf. These
observations fit within a recently proposed hydrogeological model for erosional
margins, which attributes the onset of stick-slip behaviour in the plate interface to a
decrease in the abundance of the fluids released by early dehydration reactions in the
subducted sediments; escape of overpressured fluids is propitiated by upward
percolation through a fractured upper plate. The thickness and mechanical coherence
of the upper plate also influence the start of the seismic behavior. Locally, the
presence of subducted seamounts and the associated margin disruption updip of the
seismogenic zone could shift the onset of seismicity trenchward. As commonly
observed in regions with relatively weak plate coupling, higher seismicity rates



concur with the presence of seamounts in the seismogenic zone: in this case, the
seamount that originated a Mw-7.0 earthquake in 1990 and the above mentioned
seamount or plateau revealed by this study. Furthermore, seismic swarms known as
“burst”-type were detected by the experiment in these two subareas as well. They are
possibly originated by repetitive rupture of the same small relief patches at the
seamounts. If interpretation of the anomaly as a big seamount or plateau is correct, it
could act as an asperity in the seismogenic zone, able to generate large earthquakes.
The downdip limit of the interplate seismicity seems to be thermally controlled, but
the available data is not conclusive. In the east part of the studied area, the interplate
seismicity becomes scarce and distributes in clusters.

Intraslab earthquakes were detected from the outer rise down to depths greater than
100 km. The highest rates coincide with subduction of thickened crust, where they
distribute all over the width of the LVB. If slab dehydration enables seismicity, as
widely accepted, and hydration of thickened oceanic crust at the outer rise-trench area
is much reduced due to impaired bending ability, then hydration at alternative tectonic
scenarios seems to play an important role for seismogenesis.

The upper plate seismicity is limited trenchward by the margin wedge. Burst-type
seismic swarms were also detected in the overriding plate. The focal mechanisms are
in good agreement with previous models of upper plate internal deformation. The
low-velocity anomaly at the base of the crust in the inner forearc, seems to promote
seismicity in its surroundings by high-friction with the overriding plate, and could be
linked to a Mw-6.4 earthquake that caused extensive civil damage along the coast in
2004.



Zusammenfassung

Der zentrale pazifische Kontinentalrand vor Costa Rica ist ist eine konvergente und
erosive Plattengrenze, die gekennzeichnet ist durch eine hohe Seismizitat, welche
wiederum  einhergeht ~ mit  der  Subduktion  von  stark  ausgepragter
Meeresbodenmorphologie. Diese Plattengrenze sowie Stdérungen innerhalb des
angrenzenden Forearcs haben in der Vergangenheit Erdbeben bis zu einer Magnitude 7
hervorgebracht. Die vorliegende Arbeit wertet die Aufzeichnungen eines temporéren
seismologischen Netzwerkes bestehend aus Land- und Ozeanbodenstationen aus, welches
fur einen Zeitraum von 6 Monaten in diesem Bereich des mittelamerikanischen
Kontinentalrandes installiert wurde. Ziel der Auswertung ist die Erstellung eines 3-D
Geschwindigkeitsmodells dieser Plattengrenze sowie eine genaue Charakterisierung der
Seismizitdt der oberen Tiefenbereiche (<70km Tiefe) dieser Subduktionszone,
insbesondere die Charakterisierung der Seismizitdt innerhalb der seismogenen Zone.
Mittels einer Auswahl gut lokalisierbarer Beben wurde zunéchst ein Minimum 1-D Tiefen
Modell fiir P-Wellengeschwindigkeiten erstellt. Dieses Modell diente im weiteren Verlauf
als Start- sowie Referenzmodell fir die anschlieBende 3-D Inversion innerhalb der
Lokalen Erdbeben Tomographie, bei der P- und S-Wellen Laufzeiten von 595
ausgewdhlten Beben invertiert wurden. Unterschiedliche Arten von Aufldsungstests
wurden dabei durchgefiihrt. Zusatzlich wurden Herdflachenlésungen (first-motion,
double-couple focal mechanisms) fir Erdbeben entlang der Plattengrenze, innerhalb der
subduzierten Platte sowie innerhalb der Uberfahrenden Platte bestimmt.

Die Komplexitat der Ergebnisse spiegelt zum einen die Subduktion der ausgeprégten
Meeresbodenmorphologie und zum anderen den Ubergang von normaler zu verdickter
ozeanischer Kruste wieder. Die subduzierte ozeanische Platte wird als eine positive
Geschwindigkeitsperturbation abgebildet, welche im oberen Bereich durch ein auffalliges
Band von aneinander gereihten Niedriggeschwindigkeitsanomalien  (LVB)
gekennzeichnet ist. Die Wadati-Benioff Erdbeben liegen alle innerhalb dieses LVB. Das
LVB ist im Bereich unterhalb des Kontinentalhanges stellenweise verdickt, was auf die
Anwesenheit von zwei subduzierten unterseeischen Bergen (Seamounts) zurlickzufiihren
ist. Es ist Uberdies eine generelle Verdickung des LVB nach Osten hin festzustellen,
welche durch das Vorhandensein einer ausgepragten Niedriggeschwindigkeitsanomalie
unterhalb des Kontinentalschelfs noch verstarkt wird, welche als ein subduzierter grof3er
Seamount oder als ein subduziertes ozeanisches Plateau interpretiert wird. Die Verdickung
der subduzierten ozeanischen Kruste geht an Land einher mit dem Auftreten eines
angehobenen Forearc Beckens sowie eines aseismischen Bereiches niedriger
Geschwindigkeiten unterhalb des inneren Forearcs. Letzterer befindet sich in einem
Gebiet, von dem relative Hebungsprozesse einzelner Blécke bereits in der Literatur
beschrieben sind und auf tektonische Akkretion (Underplating) von erodiertem Material
an der Untergrenze der Uberfahrenden Platte hindeuten. In einem alternativen Szenario
konnten diese niedrigen Geschwindigkeiten auch auf eine Ansammlung von aufwérts
migrierenden Fluiden hinweisen. Weitere beobachtete Geschwindigkeitsanomalien kénnen
auf verschiedene Vorgange in unterschiedlichen Tiefen zurtickgefuhrt werden, wie z.B.
auf die Hydratisierung der abtauchenden Platte durch biegungsinduzierte Dehnungsbriiche
im Bereich des Tiefseegrabens und des duBeren Hochs, auf tektonische Erosion sowie auf
Entwasserungsvorgange innerhalb der abtauchenden Platte.

Im westlichen Abschnitt des Untersuchungsgebietes weist die Seismizitat zwischen den
Platten eine klar abgegrenzte Haufung auf, die im Bereich des kontinentalen Schelfs unter



~16-19° Einfallswinkel zwischen 15 km und 25 km Tiefe verlduft. Die obere Grenze der
Seismizitét fallt anndhernd zusammen mit der 150°C Isotherme sowie einem Anstieg der
Vp Geschwindigkeiten im Modell entlang der Plattengrenze; lateral folgt der Verlauf dem
der Grenze des kontinentalen Schelfs. Diese Beobachtungen stltzen das kirzlich
eingefiihrte hydrogeologische Modell fur erosive Plattenrédnder, welches den Beginn des
Haft-Gleitverhaltens der Plattengrenze auf eine Reduzierung der Fluidmenge zurlckfuhrt,
die durch die Entwésserung der subduzierten Sedimente freigesetzt wird; die Entweichung
dieser Fluide erfolgt unter Uberdruck durch die Bruchflachen innerhalb der
dartiberliegenden Platte. Dabei beeinflusst sowohl die Maéchtigkeit als auch die
mechanische Kontinuitdt der Oberplatte den Beginn der Seismizitat. Wo vorhanden
koénnen subduzierte Seamounts und damit einhergehende Stérungen in der Oberplatte die
obere Grenze der seismogenen Zone zum Tiefseegraben hin verschieben. Wie gemeinhin
in Gebieten mit schwach ausgepréagter Kopplung zwischen den Platten beobachtet werden
kann, so wird auch in dieser Arbeit eine Erh6hung der Seismizitat mit der Existenz von
subduzierten Seamounts in Zusammenhang gebracht; dies gilt gleichermalRen flr den
subduzierten Seamount, der auch fir das Mw 7.0 Erdbeben von 1990 verantwortlich
gemacht wird, wie fur den in dieser Arbeit erstmals entdeckten grofRen subduzierten
Seamount bzw. Plateau. AuBerdem wurden innerhalb dieser zwei Gebiete jeweils
Erdbebenschwdrme vom sog. “burst”-Typ lokalisiert. Diese sind mit hoher
Wabhrscheinlichkeit auf sich wiederholende Bruchvorgange zuriickzufiihren, die vom
kleinrdumigen Relief des Seamounts ausgehen. Wenn die Interpretation der
Geschwindigkeitsanomalie als ein subduzierter groRer Seamount bzw. als ein subduziertes
ozeanisches Plateau korrekt ist, dann konnten diese Gebilde als Unebenheiten innerhalb
der seimogenen Zone das Potenzial haben, groRe Erdbeben auszuldsen. Die untere Grenze
der Seismizitat zwischen den Platten scheint thermisch bestimmt zu sein, jedoch weisen
die zugrunde liegenden Daten Unschlissigkeiten auf. Im &stlichen Bereich des
Messgebietes ist Seismizitat nur sehr vereinzelnd auflésbar und innerhalb weniger Gebiete
konzentriert.

Erdbeben innerhalb der abtauchenden ozeanischen Platte kénnen vom &ulReren Hoch bis in
Tiefen von 100 km nachgewiesen werden. Die hdchsten Seismizitatsraten treten im
Bereich der subduzierten verdickten ozeanischen Kruste auf, wo sie sich Uiber die gesamte
Breite der LVB verteilen. Wenn, wie gemeinhin angenommen, die Entwésserung der
abtauchenden Platte die Entstehung der Seismizitat ermdglicht, jedoch die Hydratisierung
der verdickten ozeanischen Kruste im Bereich des duf3eren Hochs und des Tiefseegrabens
auf Grund eingeschrénkter Biegungsfahigkeit stark reduziert ist, missen alternative
tektonische  Szenarien die Hydratisierung ermoglichen, um das beobachtete
Seismizitatsmuster zu erklaren.

Die beobachtete Seismizitat innerhalb der oberen Platte ist seewdrts begrenzt durch den
Margin Wedge. Erdbebeschwérme des “burst”-Typs wurden ebenfalls in der
uberfahrenden Platte lokalisiert. Die dazugehorigen Herdflachenldsungen bestétigen
frihere Modellvorstellungen zur internen Deformation der oberen Platte. Die
Niedriggeschwindigkeitsanomalie an der Krustengrenze im Bereich des inneren Forearcs
stellt dabei anscheinend einen Bereich erhdhter Reibung mit der Gberfahrenden Platte dar
und kann rédumlich dem Mw 6.4 Erdbeben von 2004 zugeordnet werden, welches
erhebliche Sché&den an der Kiiste verursacht hat.
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CHAPTER 1. Introduction

Chapter 1

Introduction

Subduction zones are the regions of the planet where slabs of lithosphere created at
middle-ocean ridges dive into the mantle, providing most of the force needed to drive
the plates. They are the dominant physical and chemical system of the Earth’s interior
and its largest recycling system (Stern 2002). Subduction zones have been compared
with an industrial plant, the “subduction factory”, where the raw materials entering
the process are the components of the oceanic plate, including sediments, trench-fill
from down-slope mass wasting and serpentinized oceanic mantle; these materials
eventually “produce” melting, volatiles and continental crust.

The subducting slab is progressively dehydrated by compaction, diagenesis and
metamorphic reactions, which control depth-dependent fluid release. Fluid output in
the forearc occurs at middle slope, through mud diapirs and volcanoes and venting at
faults and landslides, whereas at the volcanic arc it occurs through magmatic
devolatilization. Inside the subduction zone the incoming material is transformed,
mobilized or fractionated into different volatile reservoirs and phases. These phases
are either ejected into the exosphere through the upper plate, accreted to the leading
edge of the upper plate, or are transported into the lower mantle.

In addition to their role on the planet’s current configuration, subduction zones
profoundly impact civilization. The largest earthquakes, volcanic eruptions and
slumps, and most of the tsunamis occur in subduction zones, where they endanger
about 70 per cent of the world population. But it is in these regions as well, where
most of the mineral resources of the planet are found. Research on subduction zones,
hence, not only enhances our scientific knowledge about our planet, but this
understanding could be used to improve the life of millions of persons.

The convergent margin and subduction zone of Central America has been the target of
several large-scale international research projects in the last decades and specially
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since the 1990s. This relatively small area presents a variable character, suitable to
investigate the impact of the subduction of oceanic crust of different origin, structure,
age and morphology on the configuration of the subduction zone, the upper plate and
the formation of different volatiles and material output ways.

The present study has been carried out within the project SFB 574 “Volatile and fluids
in subduction zones: climate feedback and trigger mechanisms for natural disasters”,
funded by the German Research Society (DFG) and led by the University of Kiel. The
objective of the SFB574 is to explore the effects of the subduction processes on the
long- and short-term development of the Earth’s climate, the geochemical evolution
of the hydrosphere and atmosphere, and the causes of natural disasters. While the
current phase investigates the accretionary margin of central Chile, the first and
second phases of the project concentrated in studying the subduction zone of Central
America, with focus in Costa Rica and Nicaragua, as an example of an erosive
margin. Additionally, since 1998 the Central American margin has been selected by
the U.S. Margins Program for investigating a typical seismogenic zone, thereby
providing opportunities of international sharing of ideas and resources.

The SFB574 consists of three main themes, each comprising subprojects which
interact with each other: (A) Material input and tectonic behaviour during plate
subduction, (B) Transformation and partitioning of volatiles into different reservoirs,
and (C) Devolatilization by magmas and metamorphic processes in the fore-arc.
Group A, within which this study was conceived and carried out, uses geophysical
imaging techniques to study major parts of the subduction system, including the
incoming plate, forearc, mantle wedge and magmatic arc. Major research topics are
the structure and hydrogeology of the offshore forearc, the study of earthquake
processes and seismicity, slab dehydration, serpentinization of the incoming plate and
mantle wedge, regions of melt formation and lithospheric structure.

The tectonic style of subduction, the structure of the margin wedge, and the properties
and configuration of the down-going plate all exert a first-order control on volatile
budget, its transformation, and return pathway. Investigation of the seismicity and the
velocity structure of the margin provide valuable insights and constitute a platform to
obtain a better understanding of subduction processes. With this motivation, and
among other surveys, two temporal “amphibian” seismological networks, consisting
of land and ocean-bottom stations, have been installed within the first phase of the
SFB574 along the margin in Central Costa Rica; their location is shown in Figure 1.1.
This work concentrates on the results obtained by the Jacd network, installed during
approximately six months on the Central Pacific area of Costa Rica.

In the following, a description of the tectonic setting of the experiment is given,
together with an overview of previous work on the area, including the concepts of
subduction erosion and seismogenic zone, of prime relevance for the interpretation
and discussion presented in this study.
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Figure 1.1. Location of the Jac6 seismological network (red triangles), which recorded the
data for this study. Seismicity in Costa Rica from the catalogue of the local observatory Red
Sismolégica Nacional (RSN) for the period 1992-2007 (open circles) is included. Events from
the RSN catalogue recorded by at least six stations and a rms < 1 are shown. Rhombuses
represent permanent seismological stations from RSN. Purple triangles are stations from the
Quepos network, operating from October 2002 to the beginning of April 2003. Radiating
circles mark the position of Holocene volcanoes. Bathymetry (exaggerated) and main tectonic
segments after von Huene et al. (2000) and Barckhausen et al. (2001), respectively. MAT:
Middle America Trench axis, QSC: Quesada Sharp Contortion proposed by Protti et al.
(1994), FSR: Fisher Seamount and Ridge, QPI: Quepos Plateau, EPR and CNS: segments of
the Cocos Plate oceanic crust generated at the East Pacific Rise and the Cocos-Nazca
Spreading Center, respectively.

1.1 Tectonic setting

Costa Rica is located on the western margin of the Caribbean Plate, where subduction
of the Cocos Plate takes place along the Middle America Trench (MAT) (Figure 1.2)
with a convergence direction of 32° and subduction rates varying from 8.3 cm yr™ in
northwestern Costa Rica to 9.0 cm yr™ in the southeast (DeMets et al. 1994). The high
seismic activity in the area is generated by the subduction process, crustal
deformation and magmatic activity along the volcanic front (Figure 1.1). Another
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source of seismicity seems to be the proposed Central Costa Rica Deformed Belt
(CCRDB, Marshall et al. 2000, Montero 2001), a diffuse zone of active faulting
resulting from the arcward propagation of a deformation front due to subduction of
thickened oceanic crust, i.e. the Cocos Ridge and the flanking seamount segment.
This faulting zone links the North Panama Deformed Belt with the MAT, defining the
western boundary of the Panama Block microplate (Adamek et al. 1988).

Figure 1.2. Tectonic setting of Costa Rica, showing the interaction between Cocos,
Caribbean and Nazca plates. Bathymetry from Smith & Sandwell (1997), with contours every
1000 m. Main tectonic segments after Barckhausen et al. (2001) and the works referenced by
them. CNSC: Cocos-Nazca Spreading Center, PFZ: Panama Fracture Zone, EPR and CNS:
oceanic crust created at the East Pacific Rise and the Cocos-Nazca Spreading Center (the
numbers indicate ridge jumps), respectively, MAT: axis of the Middle America Trench,
CCRDB: Central Costa Rica Deformed Belt, NPDB: North Panama Deformed Belt, HS: Hess
Escarpment.

As mentioned above, input variations in the subducting oceanic lithosphere occur
along the Costa Rican margin. The Cocos Plate lithosphere subducting at the MAT
today (Figure 1.1) has been created at the fast-spreading East Pacific Rise (EPR) and
at the present slow-spreading Cocos-Nazca Spreading Center (CNS) and its
precursors, the latter partially modified by Galapagos hotspot magmatism. The crust
formed at the EPR is 24 Myr old at the MAT, while the crust offshore central and
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southeastern Costa Rica has ages ranging from 19 to 15 Ma (Werner et al. 1999,
Barckhausen et al. 2001), respectively. The thickness of the Cocos Plate crust varies
from 5-7 km offshore Nicoya (Sallares et al. 2001, Walther & Flueh 2002), to 6-8 km
in the seamount domain (Ye et al. 1996, Walther 2003), and reaches up to 19-21 km
beneath the Cocos Ridge (Walther 2003, Sallares et al. 2003). Several hundred meters
of pelagic and hemipelagic sediments are carried by the plate to the trench (Kimura et
al. 1997).

The different composition and origin of the subducting plate is also evidenced by the
highly variable morphotectonics displayed by the Cocos Plate offshore Costa Rica
(Figure 1.1). Von Huene et al. (1995, 2000) recognized and analyzed three different
morphological segments off Costa Rica, each causing their own imprint on the shape
and configuration of the continental slope. Facing the Nicoya Peninsula, the
subducting seafloor has a smooth relief, whereas to the southeast the Cocos Ridge
stands 2 km high over the surrounding ocean floor. The segment in between, the area
of this study, stretches from the Fisher Seamount and Ridge until the Quepos Plateau,
and it is 40 per cent covered by seamounts displaying Galapagos geochemistry and
ages of 13-14.5 Myr adjacent to the margin (Werner et al. 1999). Substantial
deformation of the continental slope in the form of deep furrows and domes indicates
seamount subduction and there is evidence that they remain attached to the subducting
plate to depths of ~25 km, eventually causing coastal uplift (Fisher et al. 1998,
Gardner et al. 2001) and large earthquakes (Husen et al. 2002, Bilek et al. 2003).

High-quality seismic lines, high-resolution bathymetry and ocean drilling allow the
conclusion that the Middle American convergent margin has been tectonically erosive
since the Middle Miocene (Ranero & von Huene 2000, von Huene et al. 2000,
Vannucchi et al. 2001). Basal tectonic erosion offshore Costa Rica causes mass
removal, and subsequent crustal thinning and margin subsidence. Offshore Nicoya
Peninsula, high non-steady rates ranging from long-term ~45 km® Myr™ km™ to 107-
123 km® Myr* km™ during the last 6.5 Ma have been estimated (Vannucchi et al.
2003). Besides, subduction erosion by seamount tunnelling and removal of large rock
lenses from the upper plate have been identified as two special mechanisms along the
Middle American margin (Ranero & von Huene 2000).

The along-strike segmentation of the Cocos Plate appears to have a strong tectonic
effect on the upper plate. Significant variations in the subduction angle, the nature of
the incoming plate, and magmatic composition along the volcanic arc occur along this
margin (Carr & Stoiber 1990, Protti et al. 1995a, von Huene et al. 2000, Husen et al.
2003). On southeastern Costa Rica, cessation of volcanic activity and accelerated
uplift of the Talamanca Cordillera since 3.5 Ma have been attributed to the northwest-
to-southeast shallowing of the slab as a response to the subduction of the Cocos Ridge
solely or, more recently, first to the subduction of the Coiba Ridge and the passage of
the Cocos-Nazca-Caribbean triple junction and subsequent subduction of Cocos
Ridge (MacMillan et al. 2004). This slab shallowing, together with trench retreat by
forearc erosion, have been invoked to explain the northeastward migration of the
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volcanic front in central Costa Rica from its position during the Miocene-Pliocene to
its current location (Marshall et al. 2003) (Figure 1.3).

The basic structural configuration of the margin offshore Costa Rica and Nicaragua
(Hinz et al. 1996, Kimura et al. 1997, Ranero et al. 2000) consists of a margin wedge
composed of the same ocean igneous and associated sedimentary rocks that outcrops
at several spots along the coast in Costa Rica (von Huene & Flueh 1994), covered by
slope sediments, underthrust by trench sediments and gouge made of upper-plate
material, and faced by a small frontal prism. This basic structure is altered in places
where seamounts are in the first stages of subduction, but it is a short-term damage:
after ~0.5 Myr the morphology and structure of the margin become nearly
undistinguishable from places were no seamount subducts (von Huene et al. 2000).

Coinciding with the seamount segment, the Central Pacific region of Costa Rica
shows a high seismicity rate along the southern sector of the MAT (Figure 1.1). The
absence of very large earthquakes (Mw > 7.5) and the high rate of small earthquakes
define this part of the subduction zone as seismically decoupled (Protti et al. 1994),
while coupling increases to the northwest and to the southeast. Several studies have
found evidence for a relationship between the subduction of bathymetric highs and the
generation of large subduction earthquakes, like the Mw-7.0 Cébano earthquake in
1990 (Protti et al. 1995b, Husen et al. 2002) and the Mw-6.9 Quepos earthquake in
1999 (Bilek et al. 2003).

1.1.1 Geology of Central Costa Rica

The oceanic assemblages exposed along the coast (unit b1, Figure 1.3) include a pre-
Campanian oceanic plateau association in the Nicoya Peninsula and in the outer
Herradura Promontory; an accreted oceanic island of Maastrichtian to lower Eocene
age which forms the main edifice of the Herradura Promontory; and the Quepos
Promontory, formed by the accretion of a Upper Cretaceous-Paleocene seamount
(Hauff et al. 2000, Denyer et al. 2006). Upper Cretaceous and Paleogene deep marine
and slope sediments flank these oceanic assemblages (s1, Figure 1.3). The coastal
piedmont on the inner forearc is composed by Neogene shallow marine to deltaic
sediments, as well as Pleistocene debris avalanches and pyroclastic flows deposits and
Quaternary fluvial and coastal deposits (s3, s4, v2 respectively in Figure 1.3).

The volcanic arc in central Costa Rica displays a complex configuration, involving an
active Central Cordillera and two extinct volcanic fronts, the Aguacate Range and the
Talamanca Cordillera. The Central Cordillera (v3, Figure 1.3) features broad
Quaternary basaltic-andesitic stratovolcanoes, some of them active (Poas, lIrazu,
Turrialba) or dormant (Barva, Hule). Seaward from the active volcanic front, the
remnants of the Aguacate Range (v2, Figure 1.3) are constituted by Neogene basaltic-
andesite lavas and pyroclastic flows. The Central Valley, located between the
Aguacate Range and the Central Cordillera, is a basin topped by thick sequences of
Quaternary basaltic to andesitic lavas, pyroclastic flows and lahars.
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The Talamanca Cordillera, east from the Central Valley, represents a 175-km gap in
the active volcanic arc, stretching between Iraz( -Turrialba massif to Bar( volcano in
Panama. The cordillera displays Neogene intrusive (i1, Figure 1.3) and extrusive
rocks (v1), similar in age to the Aguacate Group. The intra-arc Candelaria basin, at
the southern flank of the Aguacate Range, is formed by Paleogene deep marine and
Neogene deposits (s2, Figure 1.3). The Fila Costefia or Coastal Range (s2, hatched
pattern), an inverted forearc basin located at the toe of the Talamanca Cordillera, is
composed by a series of Upper Paleogene-Neogene marine slope and subcoastal
sediments, cut by northwest-trending inverse faults. The uplift of the range began
probably in the Quaternary (Fisher et al. 2004).
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Figure 1.3. Geologic map and faulting (grey lines) of Central Costa Rica, simplified from
Denyer & Alvarado (2007). Geologic units as indicated. Areas in white are Quaternary
continental and coastal sediments. Radiating circles denote Holocene volcanoes in central
Costa Rica.
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1.2 Seismogenic zone

Earthquakes are the result of stick-slip frictional instability (Brace & Byerlee 1966),
generated by sudden slippage along a pre-existing fault or plate interface. Scholz
(1998), further building on the constitutive law for rock friction, points out that
seismogenesis and seismic coupling, pre- and post-seismic phenomena, and the
insensitivity of earthquakes to stress transients, appear as manifestation of friction.

The stick-slip behaviour on a fault depends on the velocity along the plane and the
physical properties of the material implicated. Temperature and normal stress
influence the material properties. Materials prone to rupture under increasing velocity
slip are called velocity-weakening, while those that resist rupture are known as
velocity-strengthening. In a stable frictional regime, the material along the fault plane
exhibits a velocity-strengthening behaviour and is unable to generate earthquakes.
Earthquakes are nucleated in the unstable regime. In a third, transitional regime,
known as conditionally stable, the system is stable under quasistatic loading but may
become unstable under strong enough dynamic loading. Earthquakes may propagate
into this conditionally stable field (Scholz 1998). In subduction zones, the depths at
which transition between stable and unstable regimes occur are greater than observed
at crustal faults. Since the plane available for rupture is wider as well, and because it
tends to be more continuous along strike, subduction zones produce the largest
earthquakes in the world (Scholz 1998).

Within this frame, hence, models of temperature and pressure with depth along the
subduction megathrust, together with knowledge about the properties of the materials
involved and their response to varying stress, are necessary to understand earthquake
generation.

Determination of the location and mechanism controlling the upper and lower limits
of the seismogenic zone of the subduction megathrust is of extreme importance to
asses the earthquake generation potential and, hence, the seismic risk. Several
mechanisms have been proposed to explain the transition from aseismic, stable sliding
to seismic, stick-slip behaviour on the shallowest part of the plate interface in
subduction zones (Figure 1.4). Since most of the research, until recently, has been
carried out on accretionary margins, the models reflect this circumstance.

Byrne et al. (1988) observed that the rupture of megathrust earthquakes do not
normally propagate all the way to the trench, the shallower part of the interface
moving rather through aseismic slip. Those authors pointed out that the sediments
composing the accretionary prism are weak and overpressured, lacking the necessary
consolidation for seismogenesis, and suggested the location of the backstop as the
beginning of the interplate seismicity. A variety of diagenetic, chemical and
mechanical processes happening at temperatures between 60° and 150°C have been
since then invoked to account for the updip initiation of seismicity. Vrolijk (1990)
suggested that the transition from smectite to illite at 100°-150°C on the décollement
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may play a decisive role on the sediment consolidation processes and consequently on
the onset of interplate seismicity. Nevertheless, laboratory tests (Saffer & Marone
2003) recently concluded that under increasing temperature and pressure, illite is a
velocity-strengthening material, which does not favour the unstable sliding.
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Hyndman et al. (1997) and Oleskevich et al. (1999) found a good correlation of the
150°C isotherm along the subduction zone predicted by thermal models and the
seismicity at Nankai, Cascadia, South Alaska and Chile, and suggested that the
transition to seismic behaviour is determined by temperature-controlled reactions on
the subducted sediments. Moore & Saffer (2001) and Moore et al. (2007), for their
part, explain the changeover to stick-slip behaviour in accretionary margins as a
combination of pressure- and temperature-dependent processes that take place
between 100°- 150°C and cause progressive changes on subducted and accreting
sediments, such as porosity reduction, fault zone cementation, dewatering, and
consolidation of accreted sediments. The combined effect of this changes augment the
effective stress and coupling at the plate boundary, allowing the storage of elastic
energy released during earthquakes.

The lithology at the plate boundary varies between accretionary and erosional
margins, namely from sediments to igneous or metamorphic rocks, respectively.
Nevertheless, the isotherm of 150°C still seems to play the same control on the updip
limit of the seismogenic zone on both type of zones (Figure 1.5). From this
observation, Ranero et al. (2008) deduce that a common first-order process must
control the updip limit on both types of convergent margins. Decrease on fluids
abundance at the plate boundary close to the transition to seismic behaviour have been
documented on both environments, suggesting the abundance of fluids rather than
changes related to lithology at the plate boundary as the main common factor.
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Ranero et al. (2008) point our that along the Middle American margin, while the
150°C isotherm varies from ~70 km landward from the trench off Nicaragua, to ~60
km off Nicoya Peninsula, to only ~30 km NW Osa Peninsula, the seaward limit of
the interplate seismicity varies accordingly. Even in areas where subduction
earthquakes have been associated to seamount subduction the onset of seismicity is
enveloped by the 150°C isotherm, despite the local increase in stress caused by the
seamounts. In the shallower parts of the subduction zone, seamounts cause strong but
primarily aseismic deformation of the margin slope. With depth, the release of fluids
diminishes and the water is drained, favouring grain-to-grain contact that causes an
increase on effective stress and seismic coupling at the fault zone (Ranero et al.,
2008). The conceptual model for fluid distribution in erosional margin from Ranero et
al. (2008) is summarized in section 1.3 (Figure 1.5).

The downdip limit of the seismogenic zone (Figure 1.4) has also been subject of
speculation. Tichelaar & Ruff (1993) observed that in most of Circum-Pacific
subduction zones, the maximal depth of interplate coupling extends to ~40 km depth.
Based on findings from other tectonic environments, they called on the critical-
temperature concept to explain the deep transition from unstable to stable slip.
Assuming a constant coefficient friction, they determined two critical temperatures at
~400°C and 550°C along the plate interface, speculating that the lower temperatures
could be characteristic of regions with relatively thick continental crust and vice
versa.

Based on analysis of rupture zones of recent great interplate earthquakes in southwest
Japan, Alaska and Chile, and thermal modelling, Hyndman et al. (1997) and
Oleskevich et al. (1999) proposed that their downdip limit is determined by the depth
at which the plate boundary temperature is ~350-450°C, or at ~40 km depth if the
350°C is reached at greater depths. The latter depth approximately corresponds with
the intersection of the upper-plate Moho with the diving slab. Those temperatures
would correspond to the transition from brittle to ductile behaviour in mechanical or
frictional properties of the plate interface, i.e. the return from unstable to stable
sliding. Optionally, the intersection with the continental Moho may imply stable
sliding against a forearc mantle wedge with high amounts of serpentinite, talc, and
other hydrated mantle rocks. The 350° C thermal limit is applicable to young oceanic
plate such as at Cascadia and Nankai margins, while the forearc limit applies for older
plates, like Alaska and Chile (Oleskevich et al., 1999).

1.3 Subduction erosion

Convergent margins dominated by subduction erosion are systems in which upper-
plate material is removed at the margin front and along the underside of the upper
plate, and introduced into the subduction channel. At least 50 per cent of the active
margins of the Earth are erosional (von Huene & Scholl 1991, Clift & Vannucchi
2004), but until recently, research on subduction processes have been concentrated on
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accretionary margins. Von Huene et al. (2004a) integrated earlier ideas with recent
observations and proposed a generic subduction-erosion model. In this model, the
relatively small, frontal sediment prism seen in erosional margins is a dynamic mass
that elevates pore-fluid pressure, reducing friction along the plate interface and
allowing trench-sediment subduction with minimal disruption. Once the incoming
plate subducts and is increasingly loaded by the upper plate, overpressured fluid
invades fractures in the upper plate and separates fragments that are dragged into a
subduction channel along the plate interface. This processes thin the upper plate,
causing a long-term subsidence and steepening of the continental slope, landward
migration of the trench axis and the volcanic front (Sallarés & Ranero 2005).

Previously, Ranero & von Huene (2000) identified two specific mechanisms of
subduction erosion along the Middle America margin: erosion by seamount tunnelling
and removal of large rock lenses of a distending upper plate. The segment of the
margin opposite to the seamount segment recognized by von Huene et al. (2000), and
subject of this study, presents a thin margin wedge and a strongly indented continental
slope (Ranero & von Huene 2000). Several grooves in the slope, parallel to the
convergence vector, signal the paths of subducted seamounts. They erode the base of
the continental slope, causing re-entrants; in the next 30-40 km further landward, the
margin wedge remains semi coherent over the seamounts, although they uplift,
fracture and thin the upper plate, generating a rough relief. Seismic images from
subducted seamounts indicate that only the upper part of the slope sediment slides
above the subducting seamounts. Yet deeper, the seamounts do not disrupt the slope,
but tunnel beneath exerting active basal erosion; the pervasive fracturing observed
above seamounts provides fluid conduits for venting, which may release pressure.
Where the upper plate is thicker than 6-8 km, the surface over the seamounts is
smooth, disrupted only by landward dipping normal faults (Ranero & von Huene
2000).

Several seismic lines show, at depths greater than 6 km, plate-boundary reflections
bifurcating and surrounding rock masses in the form of megalenses (10-15 km long,
1.5-2 km high), which do not generate strong deformation on the margin wedge as
seamounts do. They occur at depths were the temperature-controlled mineral
transitions have taken place, and may be formed along pre-existing planes of
weakness, when fluids expelled from subducting sediment reach the structure and
reduce friction, detaching a lens of margin wedge rock (Ranero & von Huene 2000).

Ranero et al. (2008) further discuss the role of fluids distribution in convergent
margins. They propose a model of hydrogeological system (Figure 1.5) emphasizing
the effect of fluids on the tectonics of erosional margins, based on geophysical,
geochemical and geological data collected along the MAT offshore Nicaragua and
Costa Rica in the last years, and observations from another erosional margins, like
northern Chile. According to their model, other than in accretionary margins, where
the fluids contained in the sediments and liberated by early dehydration reactions
migrate toward the deformation front along the décollement, in erosional margins
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fluids migrate from the plate boundary through a fractured upper plate to seep at the
continental slope.

The slope of the upper plate is crossed by faults mostly normal that have been imaged
by seismic methods and high-resolution bathymetry in Costa Rica (Ranero & von
Huene 2000) and other margins: Chile (von Huene & Ranero 2003), Ecuador (Sage et
al. 2006) and northeast Japan (von Huene et al. 1994). Multibeam bathymetry, deep-
towed side-scan sonar, video observations, and sediment and fluid sampling revealed
oozing of fluids out from the margin-wedge fault system, mud mounds and at the trail
scars left by subducted seamounts have been detected on the middle and upper slope
of the margin offshore Nicaragua and Costa Rica (Hensen et al. 2004, Ranero et al.
2008). Their chemical composition (Hensen et al. 2004) indicates that they are
originated by clay dehydration at temperatures up to 150°C, superior than those found
at the slope sediments. Hence, they likely ascend through the weakened upper plate,
were the faults and fractures provide escape channels. Comparison of the estimations
of fluid flow budgets from mineral dehydration and from the seeps indicate that
almost all water released from sediments and possibly the uppermost oceanic crust at
the plate boundary could be potentially evacuated through the fault and fracture
system (Ranero et al. 2008).
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A close match has been found by Ranero et al. (2008) between the mineralogical
compositions of sediments entering the subduction in Costa Rica (Spinelli &
Underwood 2004), the dehydration temperatures of those minerals, such as smectite
transforming to illite (~50-100°C) and biogenic opal to quartz (~60-160°C), the
distribution of seeps (>60°C to ~140°C) on the margin slope and the temperature at
the plate interface estimated from heat-flow and the depth of the BSR. Furthermore,
those authors emphasize that on multichannel seismic reflections lines, only the sector
of the plate boundary over which fluid percolation has been detected displays
reflectivity patterns that strongly indicate the presence of fluids: relative high-
amplitude, negative polarity reflections. This pattern fades away beneath the transition
from the upper slope to the shelf.

Tectonic erosion processes weaken and cause the thinning of the margin wedge. Von
Huene et al. (2004a) suggest that the fracturing along the base of the upper plate may
begin within the seismogenic zone and increase updip as the plate interface shallows.
Seismogenesis then occurs where the upper plate is coherent and sufficiently thick to
store the elastic strain released in large earthquakes.

In this concept, further developed by Ranero et al. (2008), it is the fluid distribution,
abundance and discharging through a focused flow at the faults and fractures the main
parameter controlling the onset of interplate seismicity, contrary to models described
for accretionary margins. There, the flow is assumed to be controlled by décollement
permeability with dispersed flow across the upper plate. Where fluids are more
abundant, tectonic erosion thins the overriding plate, which fractures and subsides.
Fluids escape to the seafloor through this fracturing, favouring the building up of
friction downdip.

Tectonic erosion seems to stop abruptly under the outer region of the continental
shelf. Yet, over the time, the erosion causes migration of the trench landward and this
would create a plate interface geometry unrealistically steep on the first 30-40 km, a
situation not imaged with seismic data. Ranero et al. (2008) point out that some
erosion and little subsidence must take place beneath the continental shelf. This could
be explained by a reduced amount of overpressured fluids.

1.4 Objectives of the study and agenda

The Jacé experiment was designed with the main goal of obtaining reliable and
precise hypocenter locations for the first time offshore the Central Pacific area of
Costa Rica. The emphasis are the seismogenic zone and the effect of seamounts at
different stages of subduction. Seismic catalogues from the two country-wide
permanent networks lack coverage offshore, which limits the location quality.

13
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Local Earthquake Tomography (LET) is a robust technique which allows to obtain
high-quality earthquake locations and simultaneously, a good knowledge of the three-
dimensional velocity structure of a region. The method has proven valuable and
efficient in studying subduction zones, further illuminating the processes taking place
there and their link with seismicity. It comprises the inversion of traveltimes to solve
for Vp and Vs velocities or Vp/Vs and hypocenter locations. The model parameters
are perturbed in order to minimize the difference between observed and calculated
traveltimes in a least-square sense. Recently, several tomographic studies have been
successfully conducted along the Middle American margin (Protti et al. 1996, Husen
et al. 2003, DeShon et al. 2006).

Chapter 2 describes the layout and operation details of the Jacd seismological
network, including an evaluation of the station parameters, such as location and
timing, and their uncertainty. Careful review of these parameters is important, since
wrong estimations could greatly reduce the quality of the model.

Chapter 3 offers an account of the processing and gathering of the local earthquake
data, including event detection, merging of available data, magnitude distribution and
phase picking.

In chapter 4, the method used in this work to obtain precise earthquake locations and a
3-D velocity model of the studied segment of the margin is described. This includes
the derivation of the minimum 1-D model with station corrections for the dataset,
previous to the LET. Information provided by controlled source seismology profiling
from previous studies is incorporated into the modelling. An assessment of the
resolution quality of the final LET model is performed by using standard resolution
tools and synthetic tests. A detailed interpretation of the results, focused on the
velocity structure and anomalies detected in the margin, is then presented. Most of
Chapter 4 has been submitted for publication, which explains its structure.

Chapter 5 concentrates on the seismic activity recorded during the approximately six
months of operation of the Jaco network. The seismicity is analyzed on the light of the
model interpretation from the previous chapter, earthquakes being related to the
source areas of convergent margins. Special attention is given to the seismogenic
zone, one of the main targets of the experiment.

Finally, general conclusions are summarized and an outlook for future work is given
in chapter 6.
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Chapter 2

The ‘amphibian” Jaco network

2.1 Experiment layout

The central Pacific region of Costa Rica exhibits a very high seismicity rate (Figure
1.1), coinciding with the subduction of ocean floor characterized by rough-relief,
which includes seamounts, plateaus and ridges. The area has generated earthquakes
with magnitude up to seven in the past, most recently a Mw-6.9 event in 1999 and a
Mw-6.4 in 2002.

This activity has been recorded since the 70s by temporal networks installed in
different areas of the land, and since the 80s by two permanent country-wide
networks, operated by the Universidad de Costa Rica and the Instituto Costarricense
de Electricidad, working together as the Red Sismoldgica Nacional (RSN), and by the
Universidad Nacional through its Observatorio Vulcanoldgico y Sismoldgico de
Costa Rica (Ovsicori). Since these networks are land based, their catalogues lack the
coverage necessary for high-quality hypocenter determination offshore. Precise local
earthquake locations and detailed knowledge of the three-dimensional velocity
structure can provide valuable insights into the dynamics and structure of subduction
zones, including the limits and geometry of the seismogenic zone. These reasons
motivated the SFB574 to deploy temporal seismological networks to survey the
shallow, until now uncovered part of the subduction zone off central Costa Rica.

Due to the structure of the margin in Central Costa Rica, a good coverage of the target
area called for an “amphibian” network configuration, consisting of both, land and
ocean-bottom subnetworks (Figure 2.1 and Table 2.1). Two networks were installed
for six months each, the Jac6 and the Quepos networks, named after the coastal towns
were the operation centers were located (Figure 1.1). Jacd network, base of this work,
was active during from April to October 2002. The network extended from the
incoming Cocos Plate to the forearc, covering the Herradura Promontory and
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surroundings. In order to improve the station coverage on land, thus increasing the
number of well-constrained events toward the downdip end of the seismogenic zone
and the volcanic arc, in a later stage, readings from 14 short-period permanent stations
of the RSN were incorporated into the dataset. Due to geometrical considerations
while taking into account the target area of this experiment, further modelling
included readings from only ten RSN stations (Figure 2.1 and Table 2.1). An area of
~19 500 km? was covered with the final combined array. In the following, the Jacé
subnetworks, the RSN network and their operation are described.
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Figure 2.1. Network layout of the Jacé experiment. Symbols represent different equipment
and subnetworks, as indicated on the insert. Station labelled in grey failed. Topography and
bathymetry from Smith & Sandwell (1997) and von Huene et al. (2000), respectively, with
superimposed contours every 200 m. Three shooting lines for OBH relocation shown in blue.
Dented line represents the axis of the Middle America Trench.
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2.1.1 Jacé — Ocean-bottom network

The basic configuration of the subnetwork consisted of 23 ocean-bottom hydrophones
(OBH) installed from April until October 2002, distributed from the trench to the
upper slope of the margin. Their depths ranged from 0.3 to 3.6 km under the sea level
and they covered an area of ~70 x 70 km? (Figure 2.1). From May to middle July
2002, five additional OBH were deployed on Quepos mound, at the eastern border of
the subnetwork, and their signals added to the dataset. The average station spacing
was ~12 km. No stations were deployed at the marine shelf with depths shallower
than 200 m.

The deployment was conducted by IfM-GEOMAR using the German research vessel
“Sonne” as platform, during the cruise SO163 (Weinrebe & Flueh 2002) in April-May
2002. Previous to the final deployment, seven instruments were installed during two
weeks at the beginning of the leg to test the equipment and for data quality. Five of
them operated and recorded adequately, the other two being affected by sensor and
recorder failures. The readings were included in the dataset. At the end of the leg, the
test stations that worked properly were deployed again, at the same positions, together
with the rest of array (Figure 2.1). The stations recorded continuously at a sampling
rate of 100 Hz, with the data being stored onto flashcards.

Once deployed, active seismic shooting was carried out following the baselines of the
subnetwork. The shooting was performed using two G-Gun arrays and an additional
single Bolt gun of 32 litres volume. Unfortunately, the quality of the recordings is
medium to bad, which can be attributed to the configuration of the seismological array
with respect to the shooting lines (Figure 2.1).

The OBH stations were equipped with a hydrophone or with a broadband differential
pressure gauge sensor (DPG). The subnetwork was designed to include three
combined OBH/OBS stations, i.e. stations including hydrophones as well as
seismometers. It was foreseen to use PMD broadband seismometers for the OBS, but
the aforementioned testing period revealed that the available instruments were
drawing more power than specified and stopped recording prematurely. The OBS
were finally deployed using 4.5-Hz Owen seismometers, which were adapted on
board to the available MLS recorders. Unfortunately, in spite of these efforts, the
seismometers rendered no data.

The recovery of the stations was achieved with the research vessel “Meteor” during
the leg M54-3B (Soeding et al. 2003), in early October 2002. Most of the stations
operated without problems (Figure 2.2). Only two of the OBHs, 39 and 200, rendered
no data at all being affected by sensor problems. At OBHs 205 and 206 the strong
signal drift caused the zero level of the signal to go off scale, inhibiting the recording
of seismic signals after around one month of operation. Quepos-mound stations 211
and 212 were only operational for about one month.
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Figure 2.2. The effective
recording periods of the
stations of Jacd network.
Black bars denote days of
effective recording, while
grey marks periods without
data. Time is given in Julian
days.
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2.1.2 Jac6 — Land network

Two weeks before the deployment of the ocean-bottom subnetwork, and through the
combined efforts of the Universitat zu Kiel, the Instituto Costarricense de Electricidad
(ICE) and IfM-GEOMAR, the land network was installed in the surroundings of Jaco
town. It consisted of 15 three-component short-period stations, equipped with Mark
L-4C-3D seismometers and RefTek dataloggers sampling at 100 Hz and recording in
a continuous mode. The elevation of the stations ranged from 0.3 to 0.9 km above the
sea level and the network extended ~75 km along the coast and ~30 km inward
(Figure 2.1). The average spacing between stations was ~12 km.

Maintenance of the station took place approximately every three to four weeks,
including inspection of the power supply and GPS proper function, and changing of
the 3-GB portable hard disks. The raw data from the latter was downloaded to an
industry-type PC provided with SCSI interfaces, which was permanently located in
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Jacd town. Then two identical DAT tapes were recorded after each change, one for
ICE and one to be sent to Germany, where a backup was made on a tape robot.

Most of the land stations operated correctly during the six months. The effective
recording periods of each station is shown in Figure 2.2. Stations bij and tur had
frequent power problems, resulting in data loss. Stations agc and que stopped working
before the last service interval. At que, located at the same site as the permanent one-
component station from RSN QCR, the power supplies and batteries of both were
stolen. The installation of stations int and tiv was delayed because of initial recorder
failures. Station eso was closed earlier to replace equipment on station bij, which was
hit by lightning. The proximity of eso to a secondary road originated more noise than
at the other sites. The vertical component of station rse failed relatively often due to a
problem with the recorder channel.

2.1.3 RSN permanent land network

Preliminary hypocenter locations of the events recorded by Jacd network revealed that
an important percentage of the seismicity in the area originated close to the borders of
the land network. In order to improve the station coverage, thus increasing the number
of well-constrained events (GAP < 180°), signals from 14 of the permanent land
stations of the RSN were incorporated into the dataset. Due to the limited extension of
the target area of this experiment, for further modelling readings from only ten of the
RSN stations were used (Figures 2.1 and 2.13, Table 2.1).

The RSN covers the whole country but there is a clustering of stations on the central
part, where most of the population lives. The RSN stations used in this work are all
equipped with short-period one-component sensors (see Table 2.1). Their elevations
vary from 0.7 to 3.5 km above sea level. The signals are transmitted via telephone to
the recording centre in San José, where they are digitized at a sampling rate of 50 Hz,
synchronized with a Garmin GPS and stored in a ringbuffer disk. The events are
triggered with a short-term-average versus long-term-average (STA/LTA) algorithm.
The data acquisition is accomplished using the SEISLOG system (Utheim & Havskov
2002).
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Table 2.1. Final station positions for all stations used during the experiment and
their estimated uncertainties.

station | location type latitude | longitude | elev. | horizontal vert. time
[* N] [* W] [m] [m] [m]

Jacé land network

agc Fila Aguacate RefTek 9.6344 84.3499 363 +50 +20 <2ms
aph Aillos Playa RefTek | 9.6012 | 84.5880 205 +50 +20 |<8ms
bij Bijagual RefTek 9.7193 84.5795 595 +50 +20 <6ms
cal Caletas RefTek 9.6610 84.6707 89 +50 +20 <2ms
eso gf;;g"os RefTek 95264 | 84.5083 46 + 50 +20 | <ims
int Intermedios RefTek 9.8146 84.6088 125 +50 +20 <1lms
pin San Vicente RefTek 9.6706 84.3978 363 +50 +20 <5ms
que Quepos RefTek 9.4263 84.1622 74 +50 + 20 <5ms
rse Rio Seco RefTek 9.5773 84.2171 158 +50 +20 <8ms
sga San Gabriel RefTek 9.6936 84.4979 375 +50 +20 <8ms
sni San lsidro Reffek | 9.6063 | 84.4915 160 £50 £20 | <2ms
tiv Tivives RefTek 9.8822 84.7050 70 +50 +20 <3ms
tuf Tufares RefTek 9.7542 84.3841 904 +50 +20 <8ms
tur Turrubares RefTek 9.8115 84.4668 911 +50 +20 <1lms
vma Vista de Mar RefTek 9.5982 84.4273 234 +50 +20 <8ms

Jac6 ocean bottom network

14s upper slope OAS 9.3331 84.8833 -1741 + 250 +10 <5ms
16 upper slope HTI 9.1662 84.6336 -944 + 250 +10 <5ms
18 middle slope OAS 9.1566 84.8265 -827 + 250 +10 <5ms
195l lower slope OAS 8.9999 84.8342 -2206 + 250 +10 <5ms
21 outer rise HTI 8.9672 85.0841 -3602 + 250 +10 <5ms
38 middle slope DPG 9.2395 84.9437 -1752 + 250 +10 <5ms
40 outer rise DPG 8.8888 84.9738 -3420 + 250 +10 <5ms
41 lower slope DPG 8.9340 84.7238 -2615 + 250 +10 <5ms
42 middle slope DPG 9.0845 84.6501 -1481 + 250 +10 <5ms
139" upper slope OAS 9.2170 | 84.5585 -379 + 250 +10 | <5ms
140 upper slope OAS 9.1670 84.6332 -939 + 250 +10 <5ms
141 upper slope OAS 9.2163 84.6832 -351 + 250 +10 <5ms
193 middle slope HTI 9.3332 85.1010 -1880 + 250 +10 <5ms
194 upper slope OAS 9.4670 84.8750 -560 + 250 +10 <5ms
195" upper slope OAS 9.4667 84.7500 -324 + 250 +10 <5ms
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Table 2.1 (continuation)

196 upper slope HTI 9.3579 84.7510 -413 + 250 +10 <5ms
197s upper slope HTI 9.3333 84.8831 -1745 + 250 +10 <5ms
198l upper slope OAS 9.2497 84.7333 -291 + 250 +10 <5ms
199" upper slope HTI 91989 | 84.7828 734 + 250 +10 | <5ms
201st middle slope OAS 9.1655 84.9343 -2080 + 250 +10 <5ms
202l lower slope HTI 9.0320 84.9340 -2237 + 250 +10 <5ms
2031 outer rise OAS 8.9662 85.0833 -3561 + 250 +10 <5ms
204l outer rise OAS 8.8333 84.8333 -3474 + 250 +10 <5ms
205 lower slope HTI 9.0000 84.8333 -2210 + 250 +10 <5ms
2065l middle slope OAS 9.0333 84.7168 -1726 + 250 +10 <0.2s
207 middle slope OAS 9.1153 84.7155 -1159 + 250 +10 <5ms
208 middle slope HTI 9.0884 84.5698 -1155 + 250 +10 <5ms
209" middle slope OAS 9.0371 84.6523 -1615 + 250 +10 <5ms
210 middle slope HTI 8.9930 84.6318 -1202 + 250 +10 <5ms
2111 middle slope OAS 9.0167 84.5743 -1411 + 250 +10 <5ms
212l middle slope OAS 9.0383 84.6021 -1326 + 250 +10 <5ms
RSN network

ACR? | Golfito L4C 8.6538 | 83.1680 471 +1 +1 | <10ms
BARC? | Buenos Aires L4c 9.1660 83.3345 378 +1 +1 <10ms
BUS Buena Vista L4c 9.5553 83.7583 3487 +1 +1 <10 ms
CGA2 Cerro Gallo Kin. SS-1 10.0162 84.4655 1200 + 300 +50 <10 ms
FORC? | Fortuna L4c 10.4668 84.6718 392 +10 +10 <10 ms
ICR Irazt L4C 9.9800 83.8312 3302 +10 +10 <10 ms
JCR Jicaral L4C 9.8498 85.1118 575 +10 +10 <10 ms
LCR2 | Lalucha Kigomet | o742z | 840030 | 1730 £10 £10 | <10ms
PRS1 | Puriscal Flecvotech | o.8795 | 843640 | 1120 +300 £50 | <10ms
QCR Quepos L4C 9.4265 84.1623 66 + 300 +20 <10ms
SJs San José Te'Ses%’”e 9.9392 | 84.0542 1196 +10 +10 | <10ms
TRTC? | Tortuguero Kigg’]"ft' 105753 | 83.7135 105 +300 +20 | <10ms
URSC | Urasca Kig%’f‘let' 9.8350 | 83.7782 | 1500 +300 +50 | <10ms
VPS2 Poas L4C 10.1902 84.2353 2570 +10 +50 <10 ms

! reversed polarity

2

not used for further modelling
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2.2 Station parameters

During the inversion process, hypocenter locations and velocities are adjusted to fit
the observed traveltimes, which together with the station positions are the known
variables. Hence, the estimation of uncertainty in arrival times and station locations is
an important step in the analysis of the quality of the data being inverted. The
accuracy of the observed arrival times depends on the accuracy of the station position
and the recorder timing system, as well as on the sampling rate and the picking
accuracy. In this section the station parameters, i.e. the error in the timing system and
the quality of the geographic coordinates estimation for the recorders, are discussed.
Table 2.1 summarizes the parameters of the stations used in this work and their
estimated uncertainty. The picking accuracy is described in Chapter 3.

2.2.1 Jac6 — Ocean-bottom network

OBH/S tend to drift from the deployment position due to marine currents and winds.
The accuracy of the vessel position is another factor to consider, as well as the delay
between the emersion of the station and actual recovering. Therefore, using the
deployment or recovering positions of the ship, or an average, is uncertain. To
accomplish a better estimation of the real location of the stations, airgun shooting
along profiles over the OBHs was carried out. The drift along the profile direction is
then determined by fitting the hyperbola of the direct wave of airguns shots in a least-
square sense. As mentioned above, three profiles were shot following the baselines of
the ocean bottom network during cruise SO163-2 (Figure 2.1). Unfortunately, the
records from most of the stations display very poor quality. Even more, the
configuration of the profiles also hinders the relocation of the stations. Only five
stations located directly under the shooting lines could be relocated. To relocate
stations positioned off the shooting lines, good-quality records from two profiles are
needed. This condition was met only by one station (199). Finally, it was possible to
relocate seven off-line stations along just one profile. The estimated drifts vary from
30 to 190 m in latitude, and from 28 to 160 m in longitude. OBHSs 42 and 212 drifted
as much as 243 and 217 m respectively from the deploy position, being the biggest
estimated drifts. Based on these estimates, a general position accuracy of £250 m is
assumed for the ocean bottoms recorders. The stations depth during deployment is
taken from the Simrad EM120 multibeam echosounder system available on board.
The depths are calibrated by conductivity-temperature-depth (CTD) profiling, which
estimates the change in sound speed of the water with depth. An accuracy of 10 m
on the vertical is appraised for the OBHs.

OBH 141 stopped recording before recovering. This made clock synchronization after
recovering impossible. Nevertheless, comparison of arrival times with OBHs located
less than 8 km away from OBH 141 rules out significant timing errors. The skew
times for the rest of OBH ranged between 69 and 614 milliseconds in ~145 days of
operation, except for OBH 206s with an unusual value of 7.34 seconds in 32 days.
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The uncertainty of the internal clock is therefore estimated in less than 5 ms per day,
except for OBH 206s (+ 0.2 s).

2.2.2 Jac6 — Land network

The Reftek instruments are equipped with GPS receivers, which provide clock
synchronization and position determination every hour. Since this information is
stored on a log file, between 2000 and 4500 measurements of those parameters are
available for the whole period of the experiment for each station. Following Haslinger
(1998), the station positions were taken as the center of the ellipses resulting from
plotting all the positions estimated by GPS during the experiment. Examples of the
plots are given in Figure 2.3. Comparisons between GPS single-point location
estimations and exact geodetic measurements in Greece have resulted in accuracies of
+100 m and +50 m in the horizontal and vertical directions, respectively (Haslinger
1998). For the Jacd experiment, a geodetic measurement of the position of station que
is available. The difference between this measurement and the estimation obtained
from the ellipse yields 25 m in the horizontal direction and 8 m in the vertical sense.
Moreover, since the Selective Availability was deactivated on 2000, a better accuracy
than that reported by Haslinger (1998) is to be expected in the GPS single-point
locations. For the Jacd network land stations, hence, a conservative position accuracy
of £50 m is estimated in the horizontal direction, and +20 m in the vertical (Table
2.1).

sni agc

Figure 2.3. Examples of ellipses
resulting from plotting all the positions
estimated by the GPS of the Reftek
land stations during the experiment.
Land station positions were taken as
tur que the center of the ellipses. Scale for all
plots as indicated.

10m

GPS receiver operation problems detected during the Jacd experiment were scarce.
Only station aph did suffer from the complete loss of the GPS signal from the end of
August until the end of the experiment. The readings from this period have been
deleted from the database used for inversion, but remain in the catalogue to take
advantage of the S-P times in the single-event locations when the quality of the signal
is good. Synchronization of the internal clock of Reftek stations also uses the GPS
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signal and is performed every hour, which kept the drift below 8 ms per hour (Table
2.1).

Seeking for other possible undetected timing errors, histograms of traveltime residuals
were plotted after locating the earthquakes with the same initial velocity model
(Quintero & Kissling 2001) as suggested by Husen (1999). Only well locatable events
have been examined. Station corrections were not applied in order to avoid the time
problems to be “absorbed” by them. A Gaussian distribution is expected if the time
synchronization was correct. Examples are shown in Figure 2.4, where the effect of
the GPS failure suffered at station aph is clear.

|aph 200 Dij

1004 100
50 WJ'th 507 HFHIh Figure 2.4. Examples of traveltime
] = o e .

—— — residuals of Jac6 land stations.
<15 10 05 00 05 1.0 15 15 40 05 00 05 10 15

Deviation of the Gaussian
250 250 distribution for aph reflects the
200 PIN 0S92 loss of the GPS signal.

150 1504

100 100+
50— LL 50
1] = ] f .

T T T T T T T T T T T T T
-5 -10 05 00 05 10 15 1.5 <10 05 00 05 10 15

residuals [s] residuals [s]

2.2.3 RSN permanent land network

Position and elevation accuracy for the RSN stations varies, as some locations have
been measured by topography surveys which render uncertainties smaller than +1 m,
while the rest were determined by single-point GPS measurements and the use of
topographic charts scaled 1:50,000. Comparison between some station locations based
first on maps and a following geodetic survey, allows to determine that uncertainties
do not surpass +300 m and 50 m in the horizontal and vertical directions,
respectively (see Table 2.1).

As mentioned above, the signals from the RSN stations are transmitted by telephone
line to a center where the GPS signal is added. A considerable timing difference
between RSN and JacO network signals was detected during this experiment. This
subject is addressed in detail below.

Time inconsistency of RSN data

During merging of the readings from the Jacé and RSN catalogues, differences in the
timing of both networks were detected. Not only there were considerable traveltime
residuals from the RSN stations frequently, but also the station corrections resulting
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from the first P-wave 1-D inversions for stations que (Jac6) and QCR (RSN), which
were located at the same place, were quite different (-0.35 s and +0.10 s,
respectively). Station que operated from the middle of April until the beginning of
September 2002, when hard disk problems turned the last month of recording useless.
No other problems with the station were detected.

A set of 125 events with P-wave arrival times from both stations, que and QCR, were
selected and the P-arrivals differences plotted. Figure 2.5 shows two clearly defined
populations, with peaks around 0 to 100 milliseconds and 1 to 1.1 seconds. The first
set may be associated to picking uncertainties, considering differences in the sampling
rate (50 Hz for QCR, 100 Hz for que). But the second set displays values far too high
for this explanation.

Figure 2.5. Differences on P-wave

arrival times between stations

QCR (RSN network) and que

T (Jacd network), installed at the

20 same site, for 125 earthquakes

from April to August 2002. Two

populations are observed. The

group of data with the highest

| (positive) differences  suggests

that there is a timing inconsistency
between both networks.

= 1200 ==
16004

P-wave arrival time differences [ms

In order to further explore whether there was actually a timing difference rather than
local problems with station QCR, a new dataset of 201 events was chosen, following
the criteria of a GAP < 180° with at least 18 P-wave observations alone from the Jaco
network (Figure 2.6). This dataset was used to adjust the minimum 1-D P-wave
velocity model for Costa Rica from Quintero & Kissling (2001), hereafter referred to
as CM model, to the data by inverting with VELEST (Kissling et al. 1995) to obtain
station corrections for the Jacd network. The earthquakes were relocated using the
CM model and the station corrections with VELEST in single-event mode. The
resulting hypocenter locations were kept fixed, while readings with only the lowest
picking uncertainty category (+0.05 s, see chapter 3) from RSN stations were added
for each event and the program run again to compute traveltime residuals. Examples
of residuals from four RSN stations are shown in Figure 2.7. Again, a double-
population distribution is observed.

Direct conversations with staff from RSN revealed that at the time there was actually
a problem with the timing of their network. Since it did not happen all the time, it was
difficult to detect during the merging with Jacé data. The causes of the flaw are not
clear yet. Because all the stations share the same time signal, this does not represent a
problem for the local usage of the signals. Nevertheless, readings for earthquakes with
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magnitudes M. 4 and higher are routinely merged with data from the other local
networks in Central America. For this reason, a channel with the UTC signal from the
atomic clocks of the United States’ National Institute of Standards and Technology
(NIST) located near Fort Collins (Colorado), is added regularly to the waveforms. The
laboratory has a radio-controlled clock (RCC) which receives the signal broadcasted
by Colorado. Comparisons between the GPS time and the atomic clock make the
corrections possible. This is performed using the WAVFIX routine from the SEISAN
package (Havskov & Otemoeller 2005), which shift the starting time of the
waveforms.

Depth (km)
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Figure 2.6. Earthquake dataset used to investigate the timing problem of RSN stations.
Events included have a GAP < 180° and at least 18 P-wave observations from Jacéo network
stations (triangles). RSN stations are represented by inverted triangles.

Consequently, all the readings from RSN network had to be checked over again. From
a total of 500 events in the target area that included RSN readings, 324 showed the
timing problem. The rest needed no correction since both timing agreed. Figure 2.8
presents the time corrections per hour per day. In the great majority of the cases the
timing from RSN showed a positive delay when compared to the atomic clock,
ranging from few tenths of a second up to two seconds. Note for example, the higher
correction average starting on September 5 (Julian day 248). Besides, every single
waveform from that date in ahead had to be shifted, which was not the case for the
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previous months. In the following, the RSN data used for the tests have the lowest
reading uncertainty (+0.05 s).

Once the corrections were made, the procedure of relocating the same dataset was
repeated. Examples from new traveltime residuals from the RSN stations are shown in
Figure 2.9a. Although the distribution approaches the expected Gaussian behaviour,
two populations can still be recognised. As mentioned before, for September the
corrections were in general much higher than for the rest of the months. Whatever the
reason for this discrepancy, the effect of including readings from RSN stations from
September was also tested. The relocation was made again including the readings
from RSN stations but excluding September and October. Figure 2.9b displays
distributions more in accordance to the expected results.
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Figure 2.7. P-wave travel
time residuals of original
readings from four RSN
stations, after single-mode
relocation. The  original
hypocenter locations from
the inversion of Jacé data
were kept fixed (see text).
Only arrivals with the lowest
reading uncertainty level
(+0.05 s) are used. The
distribution suggests again
two populations within the
dataset.

To test if this last discrepancy on the data from September/October when compared to
the other months was rather caused by the velocity model itself, the same dataset was
again inverted but including the corrected readings from RSN this time, with and
without September/October data. The dataset was then relocated in single-event mode
using the same CM model and stations corrections for both networks. The results
using September/October and excluding them are presented in Figure 2.10. In
addition to the general decrease in the traveltime residuals, the distribution suggests
that the readings from September might not be correct, even after the time shifting.
The reason is in the moment unknown. Finally, the data from RSN from April to
August was used for further modelling, excluding definitely those from September

and October.
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Figure 2.8. Time corrections per hour per (Julian) day for RSN readings, from April 11 to
October 10, 2002. In the great majority of the cases the timing from RSN showed a positive
delay when compared to the UTC time (hence the negative shifts). It is notorious the higher
delay average starting on September 5 (Julian day 248).
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Figure 2.9. P-wave
traveltime residuals  of
corrected readings from
four RSN stations, after

single-mode relocation. The
original hypocenter
locations from the inversion
of Jaco data were kept fixed
(see text). Only readings
with the lowest uncertainty
level (£ 0.05 s) are used: a)

including readings from
September and October,
and b) without those
readings.



CHAPTER 2. The ““amphibian” Jac6 network

Figure 2.10. P-wave
traveltime  residuals  of
corrected readings from four
RSN stations, after single-
mode  relocation.  Only
readings with the lowest
uncertainty level (£ 0.05 s)
are used: a) including
readings from September
and October, and b) without
those readings.
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Chapter 3

Local earthquake dataset

In chapter 2, the layout of the Jac6 experiment was sketched, and the estimation of the
station parameters and the associated uncertainty discussed. In this chapter, the
process of gathering and reading the data is detailed.

While data from the RSN were obtained as files containing all available waveforms
per event already, a laborious, time-consuming process was required to extract the
events detected by the Jacd subnetworks during six months of continuous recording.
More than 6000 events were retrieved from the continuous data stream and readings
from multiple stations for more than 3000 of them were collected. Figure 3.1 shows
an example of an earthquake that occurred in the middle of the combined network and
was acquired by the three arrays, from which selected records are displayed.

3.1 Pre-processing

Jaco — Ocean-bottom network

During the deployment on the seafloor, the continuous recordings of the OBH/S
stations were stored onto 1-GB flashcards. After recovery, the contents of the
flashcards were downloaded on SUN workstations on board. They were converted
into RefTek files first and then into pseudo-PASSCAL SEGY format. Previously to
conversion into pseudo-SEGY format and to simplify the handling of the large
amount of data, the RefTek files were cut into records 30-days long for the OBH and
10 days for the OBS stations. The single pseudo-SEGY traces were cut into records of
25-hour length with one hour overlap between adjacent records. This splitting allowed
time corrections to be applied on a daily basis. Two types of timing errors had to be
taken into account:
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a) Time slips (extra or missing samples) due to a mismatch of the desired and actual
sample rates while using dataloggers of type MLS (Marine Longterm Seismocorder).
This mismatch arises because the clock rate of the crystal oscillator in the MLS
recorder is temperature dependent (Klaus Schleisiek, SEND GmbH, private
communication). The dependence is known and corrected in the determination of the
system time, but for performance reasons the sampling pulses are directly generated
from the oscillator signal without any time correction. The time slips are detected by
the routine send2pas and are reported when the accumulated sample-rate inaccuracies
cause an effective timing error of one sample. On average, the resulting total timing
error for wide-angle profiling of a few days is of 200 to 400 ms, and it could be of
tens of seconds for a seismology deployment lasting several months. While this
problem is currently corrected during conversion to pseudo-PASSCAL SEGY format,
at the time of the Jacd experiment it had to be corrected manually. All time slips were
read from the log files for each station. The time slips before the beginning of the
records were added up and applied as static shift to the start time of the record. For
time slips during the record, a sample is added (positive time slips) or removed
(negative time slips) at the appropriate time. Although this procedure is only
approximate (a correct treatment would require resampling of the whole record), in
general the apparent time of a sample can be off by up to half a sample length.

b) The slow drift of the internal clock relative to GPS time. The timing is
synchronized with GPS time at the beginning and at the end of the deployment, and a
drift rate is inferred from the observed difference, known as “skew”. The skew is
typically ~1-2 msec per day. The time of each 25-hour record was corrected by
applying the shift appropriate for the time 12.5 hours after the beginning of the record.
This is based on the assumption that the system clock drifts linearly, and that the drift
over a 24-hour period is negligible, i.e. much less than one sample length, which was
the case in this experiment.

A STA/LTA trigger algorithm was applied to the data to search for seismic events.
Previously, a 5-20 Hz band-pass filter was temporally applied in order to suppress the
typical marine long-period noise at ~0.2-0.5 Hz. The STA/LTA trigger parameters are
the length of the short term (s) and long term (I) time windows, the mean removal
window length (m), the trigger (t) and detrigger ratio (d), the minimum number of
stations (S), and the network trigger time window length (M). The trigger parameters
used on the offshore network are shown in Table 3.1. The selected trigger values
yielded good results, since less than 5 % of the obtained triggers did not correspond to
seismic activity. After detection of events, they were cut from the PASSCAL SEGY
files and stored in individual subdirectories. The SEGY traces in the event directories
were converted into SEISAN waveform format and registered into a SEISAN
database (Havskov & Ottemdller 2005).
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14 Aug. 2002 19:53:31.1
9°38.6'N B4°42.2°W 19.3 km
M.2.8

mulﬁiple ) "

Figure 3.1. Examples of earthquake recordings from Jacé and RSN networks. The red star
represents the event epicenter. Station legend as in Figure 2.1. Stations aph, bij and tur are
RefTek recording at 100 Hz; PRS1, QCR and URSC are permanent stations equipped as
indicated on Table 2.1 and recording at 50 Hz; the rest are OBHs equipped as indicated and
recording at 100 Hz. For RefTek stations, one of the horizontal channels is also shown (lower
trace). The traces are 60 s long. Only records from OBHs 40 and 199 have been band-pass
filtered between 2 and 20 Hz to reduce marine long-period noise.

Table 3.1. STA/LTA trigger parameters (defined in the text) to scan the continuous offshore
recordings for seismic events.

Parameter

Value 05s 60 s 500 s 2.8 0.8 30s

Jaco — Land network

The pre-processing procedure applied to the continuous records of the land stations is
very similar to that described for the offshore network. The RefTek stations
synchronize their GPS signal every hour, which in theory yields a more accurate
timing; nevertheless, timing errors were checked and corrected carefully. Afterward,
the data were stored on one-hour PASSCAL SEGY files.

Triggering was executed without using a prefilter since the seismometers are short
period and the long-period oceanic noise is dramatically reduced on land sites. The
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parameters (Table 3.2) applied to the land data differ from that used for the offshore
data: the long term interval (I) is bigger in order to reduce the sensibility to single-
impulse events caused frequently by cultural noise. Since the land data are not
contaminated by high-amplitude, low-frequency noise, as the offshore data often are,
the mean removal time length (m) was reduced.

Table 3.2: STA/LTA trigger parameters (defined in the text) to scan the continuous land
recordings for seismic events.

Parameter s | m t d S M

Value 05s 200 s 100 s 3.0 0.5 5 30s

For equipment safety reasons and power supply, most of the onshore stations were
located within populated areas, close to or within villages. This led to an increased
noise level, with characteristics similar to earthquakes, i.e. sharp onsets, high
amplitudes. Triggering of the continuous data returned up to 60 % of false triggers.

3.2 Phase identification and picking

Phase picking and initial locations were accomplished using the SEISAN software
package (Havskov & Otemoeller 2005), which includes the program HYPO71 (Lee &
Lahr 1975), and HYP, a modified version of HYPOCENTER (Lienert & Havskov
1995). The software was chosen because it provides a complete set of programs and a
simple database structure for analyzing earthquakes, allowing phase picking with a
cursor, event location, determination of spectral parameters, seismic moment, focal
mechanisms, etc. It also enables easy search and extraction of subsets from the
database. The files with the readings are easily converted to CNV format, required
later by the program VELEST (Kissling et al. 1995). Besides, the waveforms and
reading files from RSN are stored in the formats used by SEISAN, simplifying its
incorporation into the Jacé dataset.

As described above, earthquakes on the offshore and land data were triggered
separately. Phase picking was then conducted in two databases as well. Pre-locations
were performed with an initial 1-D P-wave velocity model based on the wide-angle
model of Ye et al. (1996). The SEISAN routine ASSOCI was used to merge the
readings from both subnetworks corresponding to the same event. The merged files
were inspected manually one by one. All readings from RSN waveforms were
examined and added to the merged Jac6 database. Band-pass filtering to suppress
marine noise was often required to read arrivals from OBHs (Figure 3.1).
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Observation weights are used during hypocenter determination and traveltime
inversion. They account for different quality on the determination of first arrivals,
which depends on the signal-to-noise ratio. For Jac experiment, a weighting scheme
for quality of the P- and S-arrivals was applied. It is based on the picking uncertainty
caused by noise, as exemplified in Figure 3.2 and summarized in Table 3.3. The
weights were assigned following the HYPO71 definition.

Table 3.3. Observation weights and respective time uncertainties of wave first arrivals.

weight number weight P-wave S-wave
uncertainty [S] uncertainty [S]
0 1.0 <0.10 <0.1
1 0.75 0.10 0.1
2 0.50 0.15 0.2
3 0.25 0.20 03
4 0 > 0.30 >0.35

The RSN stations used in this study are all equipped with seismometers of vertical
component solely. As described before, unfortunately the seismometers deployed at
the offshore network failed, and hydrophones record only converted S-waves, which
are very difficult to identify. As a result, S-arrivals were picked only on the horizontal
components of the Jaco land stations. Once a first location of the earthquakes was
determined, a second check of the S-wave arrivals was carried out rotating the
horizontal components for a better identification. Additionally, Wadati diagrams were
plot for each event, to further constrain the S-wave picking.

Apart from P- and S-wave onset identification, the records from onshore stations were
filtered to simulate a Wood-Anderson seismometer to obtain maximum peak-to-peak
amplitudes for ML determination. The amplitudes were read and Mc calculated from
the horizontal components of the Reftek stations and the magnitude averaged from all
available observations per event. Coda magnitudes (Mc) were calculated for offshore
stations. Since a percentage of the events were recorded solely by the offshore
network, in order to standardize the catalogue, a relationship between Mc and ML was
derived using measurements from 541 events for which both magnitudes could be
calculated. Figure 3.3a displays the discrete and cumulative distribution of Mv for
1612 earthquakes recorded by the Jacd network in the whole Central Pacific region of
Costa Rica. Magnitudes range from 0.8 to 5.6, with an average of 2.3. Since all the
events with magnitudes greater than 4.5 took place to the SE, most of them associated
to the Osa earthquake of June 16, 2002 (Figure 3.4), Figure 3.3b shows the
distribution of ML for 1184 earthquakes recorded only in the area covered by Jaco
network. In this area, magnitudes vary from 0.8 to 4.3 and the average is 2.1;
completeness of the catalogue is appraised at about 2.0. An estimation of the b-value
for this second dataset using the magnitude distribution from 2.0 to 4.2 yields 0.98.
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2002 52 13183001 007 5T B2 0T

Figure 3.2. Examples of P-wave arrivals showing the weighting scheme used to asses the
reading uncertainty (marked with horizontal bars). The weighting scheme is summarized in
Table 3.3. Upper plots are 90-s long.

With the use of teleseismic arrivals, shooting records, and a land explosion planned
and carried out by ICE in the surroundings of the village San Isidro, close to station
sni (Figure 2.1 and, later, Figure 5.2), the polarities of the hydrophones and DPGs
deployed with the offshore network were identified and controlled, for subsequent
focal mechanisms determination (see chapter 5).
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Figure 3.3. Discrete (bars) and cumulative (diamonds) frequency-magnitude distribution
of: a) 1612 events recorded in the whole Central Pacific area, and b) 1184 events
originated only in the area directly covered by Jacd network, excluding the southeast
Pacific area and the activity associated to the Osa earthquake (June 16, 2002).

More than 3000 events were recorded by at least four stations of the Jaco array from
April until the first days of October 2002. They originated all over the country, in the
Pacific off Nicaragua and along the Panama Fracture Zone. Around 1900 events were
recorded in the Central Pacific region from Costa Rica, between Nicoya and Osa
peninsulas, which was the broad target area. The stations recorded the 6.4-Mw main
shock from June 16 and its aftershocks in the Osa area, further to the southeast and
outside the Jacd network. Figure 3.4 displays the hypocenter locations calculated with
HYPO and at least six readings of the extended, Jac6-RSN array. These preliminary
locations were obtained using the P-wave 1-D minimum velocity model for Costa
Rica from Quintero & Kissling (2001) and a Vp/Vs ratio of 1.68, determined as the
best value to fit the Wadati diagram for the dataset selected for tomography (see
chapter 4). The trench-perpendicular depth section of the hypocenter locations yields
a first impression of the downgoing plate and shows the highest seismicity rate
associated to the interplate section, between 15 and 35 km depth (Figure 3.4).
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Figure 3.4. Preliminary hypocenter locations calculated with the program HYPO, using at
least six arrivals from the Jac6-RSN network and the P-wave 1-D minimum velocity model
from Quintero & Kissling (2001). Station legend as in Figure 2.1. ML scaled as shown in the
insert. Seismicity projected from up to 50 km to both sides of the cross-section line. Inverted

triangles on cross-section represent stations.
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Chapter 4

Velocity structure

Tomographic inversion of traveltime data is a powerful technique to illuminate the
velocity structure of a volume. For the derivation of a 3-D model, sufficient ray
coverage is needed and an 1-D model acts as a reference. Traveltime residuals are
computed for each datum by subtracting the predicted time from the observed time.
The 3-D model is obtained by inverting the traveltime residuals for velocity
perturbations relative to the reference model. If the perturbations are fairly small, the
problem can be linearized. The main goal of the technique is to resolve the lateral
velocity perturbations which are not accounted for in a 1-D model. In seismology, the
problem is further complicated because ray paths are a function of the velocity model,
the distribution of sources and receivers is nonuniform, the location of the sources is
not well known and trade off with the velocity model, and picking and timing errors
in the data could be present (Shearer, 1999).

The use of earthquake data for seismotectonic interpretation depends strongly on their
location accuracy. Hypocentral location of earthquakes is an inverse problem where
the unknown variables, i.e. model parameters, location and origin time of the
earthquake, are estimated from a set of observed traveltimes.

In routine earthquake location, the velocity model is treated as known a priori, and
the problem is simplified. But since measurement errors are intrinsic to the dataset
and therefore prevent a model to match exactly the observed data, a meaningful
estimate of the model parameters should be based on a larger number of observations.
Furthermore, the traveltime is a non-linear function of the four hypocentral
parameters (origin time, longitude, latitude and depth) and the seismic velocities
found along the ray path. This dependency is known as “the coupled hypocenter-
velocity problem”. Since direct solutions of the problem are generally not possible, it
can be linearized and solved iteratively, provided that an initial guess of the model
parameters close to the true solution is available.
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The concept of “minimum 1-D model” was introduced by Kissling (1988) referring to
the 1-D model with corresponding station corrections that lead to the smallest possible
uniform location error for a large set of well-locatable events. The model results from
the iterative simultaneous inversion of hypocentral parameters, station corrections and
layer velocities, incorporating all possible a priori information into the definition of
the layering and initial velocities. The resulting model is the optimum for location of
earthquakes from the dataset used to derive it. The main purpose of a minimum 1-D
model is to provide an adequate reference model for 3-D tomography, ensuring that
the linearization represents a solution close to the true model (Kissling et al. 1994).

The tomographic method applied in this study, SIMULPS, is based on the code
developed by Thurber (1983), who introduced an iterative simultaneous inversion for
3D velocity structure and hypocenter parameters using parameters separation and an
approximate ray tracer. The code has been further developed through the years
(Eberhart-Phillips 1990, Evans et al. 1994, Haslinger 1998) and is one of the most
widely applied.

The inversion process is terminated when a number of specified iterations is reached,
or when model perturbations become insignificant as determined by a F-test. The
adjustments of the model are obtained by minimizing the traveltime residuals in a
least-squares sense. For an array of earthquakes and receivers, the traveltime residuals
equation can be written in matrix notation as:

Ad =G Am

where the vector Ad contains the residuals for all observations, the matrix G the
partial derivatives for hypocentral and velocity parameters, and the vector m the
model adjustments in hypocenters and velocity. The equation is a linearized
approximation of the original non-linear problem, which implies that no perfect
solution could be achieved, even with perfect data, and that the final solution resides
in the vicinity of the initial values of the model parameters. To solve the equation for
Am, the inverse of the matrix product G'G is computed. As mentioned before,
irregular distribution of source and receivers in seismology is common. This causes
an irregular ray distribution, rendering overdetermined and underdetermined model
parameters in the same problem. A damping parameter (1) is then introduced to avoid
very small or zero eigenvalues for the underdetermined parameters, which can
destabilize the solution. The damped least-square solution is expressed:

Am=(G'G+ A1)t G'Ad
In order to facilitate computation of the inversion, GAm is split into a part containing
only the velocity parameters and one containing only hypocentral parameters, but
retaining the formal coupling between both (Pavlis & Booker 1980). After separation,

the part of the equation containing the model parameters can be written as:

AV =(VTV + 22 VTAd
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where Ad’ contains the traveltime residuals after separation. Thus, using parameter
separation, the earthquakes are relocated separately with the updated velocity model
after the inversion for model parameters. The modelling is thus an iterative process
due to the linearization and the damping.

SIMULPS is able to solve for Vp and Vp/Vs using P and S-P traveltimes,
respectively. In most earthquake datasets the quantity and quality of S-wave arrival
times are significantly decreased with respect to the P-wave data, this causes great
variations in possible artefacts and modelling errors which are minimized by inverting
for Vp/Vs instead of Vs (Evans et al. 1994).

The amplitude of the velocity heterogeneities and their spatial distribution resolvable
with ray tomography depend on the accuracy of the forward calculations, i.e. the
determination of the propagation path and traveltime through the velocity model
(Haslinger & Kissling 2001). The version 14 of the code, used in this study, includes
two ray tracing methods. The original, pseudo bending ray tracer (ART_PB, Um &
Thurber 1987), in which the initial traveltimes are computed for a set of arcs with
different radii and laying in different planes, connecting the source and the receiver;
the arc that corresponds to the smallest traveltime is then chosen and perturbed by
pseudo-bending, i.e. the segment endpoints are moved in the direction of the largest
velocity gradient. The second ray tracer (RKP) is a full 3-D shooting and perturbation
algorithm, in which they ray connecting station and source is determined by varying
initial azimuth and take-off angles at the source; the variation of the initial angles is
performed using first-order perturbation theory (Virieux & Farra 1991, Haslinger
1998). Initial shooting angles for the RKP ray tracing are obtained by ART_PB ray
tracing on the first iteration; subsequent ray tracing iterations use the previously
determined shooting angles as initial values (Haslinger & Kissling 2001). Usually, the
endpoint of a ray calculated by shooting methods does not coincide with the station
location; the accuracy to which the ray path coincides with the receiver is specified by
the user, considering, for example, the station location uncertainty. Using synthetic
model testing, Haslinger & Kissling (2001) determined that both ray tracing schemes
are precise within £10 ms in traveltime for ray lengths inferior to ~60 km, but for
longer rays, the RKP technique yields significantly smaller errors.

The assessment of the solution quality is a very important step in tomographic
modelling, and interpretation should be based on it. Different tools have been
conceived to estimate solution quality a posteriori: while analysis of the resolution
and covariance matrices provide mathematical resolution estimates, weighed ray
lengths or ray density tensors examine the illumination properties by the dataset
(Kissling et al. 2001). Nevertheless, those tools provide correct assessment assuming
appropriate model parameterization, which they do not evaluate. The latter could be
done by applying synthetic tests using synthetic 3-D velocity models that mimics
expected or a priori known real structures (Kissling et al. 2001).
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In this chapter, the quality of the Jac6 dataset is revised, a minimum 1-D model for
the experiment is derived and tested, and used to relocate all available earthquakes.
From this relocated database, the earthquakes with the best quality, i.e. well
constrained, are selected to perform a Local Earthquake Tomography. Information
provided by controlled-source seismology profiles that have surveyed the area in the
last years is taken into account during the modelling. The preferred solution is then
examined through resolution assessment tools and synthetic tests. Furthermore, a
detailed interpretation of the resolved velocity structure is discussed. Although the
resolution capacity for Vp/Vs inversion of the Jacd experiment has been reduced by
the failure of the seismometers installed offshore (chapter 2), the results of the model
are included here. Most of the contents of this chapter have been submitted for
publication, and the structure largely maintained.
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SUMMARY

The Central Costa Rican Pacific margin is characterized by a high seismicity rate, coincident
with the subduction of rough-relief ocean floor, and has generated earthquakes with
magnitude up to seven in the past. We invert selected P-wave traveltimes from earthquakes
recorded by a combined on- and offshore seismological array deployed during six months in
the area, simultaneously determining hypocenters and the 3-D tomographic velocity structure
on the shallow part of the subduction zone (< 70 km). The results reflect the complexity
associated to subduction of ocean-floor morphology and the transition from normal to
thickened subducting oceanic crust. The subducting slab is imaged as a high-velocity
perturbation with a band of low velocities (LVB) on top encompassing the intraslab
seismicity deeper than ~30 km. The LVB is locally thickened by the presence of at least two
subducted seamounts beneath the margin wedge. There is a general eastward widening of the
LVB over a relatively short distance, closely coinciding with the onset of an inverted forearc
basin onshore and the appearance of an aseismic low-velocity anomaly beneath the inner
forearc. The latter coincides spatially with a sector of the subaerial forearc where differential
uplift of blocks has been described, suggesting tectonic underplating of eroded material
against the base of the upper plate crust. Alternatively, the low velocities could be induced by
an accumulation of upward migrating fluids. Other observed velocity perturbations are
attributed to several processes taking place at different depths, such as slab hydration through
bend faulting at the trench and outer rise, tectonic erosion and slab dehydration.

4.1. Introduction

The convergent margin along the Middle America Trench (MAT) off Costa Rica and
Nicaragua has been the focus during the first stage of the project SFB574 “Volatiles
and Fluids in Subduction Zones”, which aims to better understand the processes
involved in the exchange of fluids on erosional convergent margins. The diversity on
structure and morphology of the incoming Cocos Plate and its associated effects on
the structure of the margin, such as variations on the subduction angle, depth of the
Wadati-Benioff seismicity, deformation style, plate coupling, and magmatic
composition along the volcanic front, confer special interest to the area.

Being a direct response to the dynamics and structure of subduction zones, their
seismicity and velocity structure provide valuable insights into the processes taking
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place in these regions, where more than 80 per cent of the seismic energy of the Earth
is released. Local earthquake tomography (LET) is one of the most powerful methods
to obtain precise local earthquake locations and detailed knowledge of the three-
dimensional velocity field, as proved in this (Protti et al. 1996, Husen et al. 2003,
DeShon et al. 2006) and other subduction zones.

The Central Pacific region of Costa Rica displays a very high seismicity rate,
coinciding with the subduction of rough-relief ocean floor, which includes seamounts
and plateaus. The area has generated earthquakes with magnitude up to seven in the
past, most recently a Mw-6.9 event in 1999 and a Mw-6.4 in 2002. As part of the
SFB574, an “amphibious” network, consisting of land and ocean-bottom stations, was
installed in the area for a period of six months. Since commonly the trench and
forearc regions of subduction zones are located offshore, the availability of ocean-
bottom hydrophones offers an excellent opportunity to study the shallower part of the
margin. This makes the determination of high-quality hypocenter locations possible
for the first time in this area, where the quality and completeness of the seismic
catalogues from the two permanent country-wide networks is impaired by the lack of
coverage offshore.

The main goals of the experiment include the characterization of the seismicity in this
portion of the margin and its correlation with the tectonic and velocity structure, with
emphasis on the seismogenic zone, i.e. the zone were the overriding and subducting
plates are coupled. Foregoing studies lacked the coverage necessary to define the
limits of the interplate seismicity, which are essential for the definition of the
seismogenic zone and the process controlling its extent. The Costa Rican Central
Pacific margin provides also the possibility of studying the effects on seismicity,
velocity structure and the seismogenic zone of seamounts at different stages of
subduction. Moreover, with most of the research on the seismogenic zone carried out
to date on accretionary margins, the results of this and similar experiments in the area
could augment our understanding of the processes taking place on tectonically erosive
margins as well as the characteristics common to both types.

Furthermore, the Costa Rican margin has been the target of several controlled-source
seismology (CSS) campaigns for more than 30 years. In addition to swath bathymetry,
gravimetric and magnetic surveys, heat flow measurements and drilling projects, an
extensive assemblage of modern near-vertical and wide-angle reflection lines has
been collected in the area, largely offshore, specially since the 1990s. In this study, we
collect information from CSS lines available on the area resolvable with LET and
incorporate it indirectly into the inversion process, aiming to preserve the strength of
each method. Instead of including shots into the inversion, we rather adjust the
reference model with information from CSS, which also facilitates greatly the
interpretation of observed tomographic anomalies.

We present here the results of the simultaneous inversion of Vp and hypocentral

parameters, with focus on the 3-D velocity structure of the Central Pacific margin of
Costa Rica. The LET images the subducting slab as a high-velocity feature topped by
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a continuous band of low velocities from the trench down to ~70 km, where the
resolution of our model ends. This low-velocity band broadens downdip and, more
conspicuously, towards the east. We interpret these and other results as the outcome
of slab dehydration, subduction erosion, tectonic underplating or fluid accumulation at
the base of the overlying plate, and the subduction of thickened oceanic crust and
accompanying bathymetric highs.

4.2. Tectonic framework

Costa Rica is located on the western margin of the Caribbean Plate, where subduction
of the Cocos Plate takes place along the Middle America Trench (MAT) with a
convergence direction of 32° and subduction rates varying from 8.3 c¢cm yr' in
northwestern Costa Rica to 9.0 cm yr™ in the southeast (DeMets et al. 1994). The high
seismic activity in the area is generated by the subduction process, crustal
deformation and magmatic activity along the volcanic front.

The Cocos Plate lithosphere subducting at the MAT today has been created at the fast-
spreading East Pacific Rise (EPR) and at the present slow-spreading Cocos-Nazca
Spreading Center (CNS) and its precursors. The CNS segment has been partially
modified by Galapagos hotspot magmatism. The boundary between the oceanic crusts
formed at both centers is located offshore the Nicoya Peninsula (Figure 4.1). The
crust formed at the EPR is 24 Myr old at the MAT, while the crust offshore central
and southeastern Costa Rica has ages ranging from 19 to 15 Ma (Werner et al. 1999,
Barckhausen et al. 2001), respectively. The thickness of the Cocos Plate crust varies
from 5-7 km offshore Nicoya (Sallares et al. 2001, Walther & Flueh 2002), to 6-8 km
in the seamount domain (Ye et al. 1996, Walther 2003), and reaches up to 19-21 km
beneath the Cocos Ridge (Walther 2003, Sallares et al. 2003). Three domains have
been identified by von Huene et al. (1995, 2000) on the highly variable
morphotectonics displayed by the Cocos Plate offshore Costa Rica (Figure 4.1).
Facing the Nicoya Peninsula, the subducting seafloor has a smooth relief, whereas to
the southeast the Cocos Ridge stands 2 km high over the surrounding ocean floor. The
segment in between, the area of this study, stretches from the Fisher Seamount and
Ridge until the Quepos Plateau, and it is 40 per cent covered by seamounts.
Substantial deformation of the continental slope in the form of deep furrows and
domes indicates seamount subduction and there is evidence that they remain attached
to the subducting plate to depths of ~25 km, eventually causing coastal uplift (Fisher
et al. 1998; Gardner et al. 2001) and large earthquakes (Husen et al. 2002). The
seamounts have a Galapagos geochemistry, being 13-14.5 Myr old adjacent to the
margin (Werner et al. 1999).

High-quality seismic lines, high-resolution bathymetry and ocean drilling allow the
conclusion that the Middle American convergent margin has been tectonically erosive
since the Middle Miocene (Ranero & von Huene 2000, von Huene et al. 2000,
Vannucchi et al. 2001). Basal tectonic erosion offshore Costa Rica causes mass
removal, and subsequent crustal thinning and margin subsidence, at high non-steady
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rates ranging from long-term ~45 km® Myr* km™ to 107-123 km® Myr™ km™ during
the last 6.5 Ma (Vannucchi et al. 2003). Ranero & von Huene (2000) identified two
specific mechanisms of subduction erosion along the Middle America margin: erosion
by seamount tunnelling and removal of large rock lenses of a distending upper plate.

The along-strike segmentation of the Cocos Plate appears to have a strong tectonic
effect on the upper plate. Significant variations in the subduction angle, the nature of
the incoming plate, and magmatic composition along the volcanic arc occur along this
margin (Carr & Stoiber 1990, Protti et al. 1995a, von Huene et al. 2000, Husen et al.
2003). On southeastern Costa Rica, cessation of volcanic activity and accelerated
uplift of the Talamanca Cordillera since 3.5 Ma have been attributed to the northwest-
to-southeast shallowing of the slab as a response to the subduction of the Cocos Ridge
solely or, more recently, first to the subduction of the Coiba Ridge and the passage of
the Cocos-Nazca-Caribbean triple junction and subsequent subduction of Cocos
Ridge (MacMillan et al. 2004). This slab shallowing, together with trench retreat by
forearc erosion, have been invoked to explain the northeastward migration of the
volcanic front in central Costa Rica from its position during the Miocene-Pliocene to
its current location (Marshall et al. 2003) (Figure 1.3).

The basic structural configuration of the margin offshore Costa Rica and Nicaragua
(Hinz et al. 1996, Kimura et al. 1997, Ranero et al. 2000) consists of a margin wedge
composed of the same ocean igneous and associated sedimentary rocks that outcrops
at several spots along the coast in Costa Rica, covered by slope sediments, underthrust
by trench sediments and gouge made of upper-plate material, and faced by a small
frontal prism. This basic structure is altered in places where seamounts are in the first
stages of subduction, but it is a short-term damage: after ~0.5 Myr the morphology
and structure of the margin become nearly undistinguishable from places were no
seamount subducts (von Huene et al. 2000). The oceanic assemblages cropping out at
the Pacific coastal areas (Figure 1.3) include a pre-Campanian oceanic plateau
association in the Nicoya Peninsula and in the outer Herradura Promontory; an
accreted oceanic island of Maastrichtian to lower Eocene age which forms the main
edifice of the Herradura Promontory; and the Quepos Promontory, formed by the
accretion of a Upper Cretaceous-Paleocene seamount (Hauff et al. 2000, Denyer et al.
2006).

Coinciding with the seamount segment, the Central Pacific region of Costa Rica
shows the highest seismicity rate along the southern sector of the MAT. The absence
of very large earthquakes (Mw > 7.5) and the high rate of small earthquakes define
this part of the subduction zone as seismically decoupled (Protti et al. 1994), while
coupling increases to the northwest and to the southeast. Several studies have found
evidence of the relationship between the subduction of bathymetric highs and the
generation of large subduction earthquakes, like the Mw-7.0 Cobano earthquake in
1990 (Protti et al. 1995b, Husen et al. 2002) and the Mw-6.9 Quepos earthquake in
1999 (Bilek et al. 2003) (Figure 4.1).
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Figure 4.1. Setting of the Jacd seismological experiment in the Central Pacific margin of
Costa Rica. The network (red triangles) consisted of land and ocean-bottom stations that
operated from April to October 2002; additional readings from land stations of the permanent
network RSN (red squares) improved the coverage. Total recorded seismicity during the
experiment is shown (blue circles). Dashed lines denote the location of vertical cross-sections
shown in Figure 4.17. Bathymetry (exaggerated), including contours every 500 m, and main
tectonic segments after von Huene et al. (2000) and Barckhausen et al. (2001), respectively.
Cocos Plate oceanic crust was formed at the East Pacific Rise (EPR) and at the Cocos-
Nazca Spreading Center (CNS). Cocos Plate motion azimuth (thick white arrow) from DeMets
et al. (1994). Radiating circles denote Holocene volcanoes in central Costa Rica. Yellow stars
represent the epicenters of recent large earthquakes associated to subduction of bathymetric
highs: C: 1990 Mw-7.0 Cobano (Husen et al. 2002), Q: 1999 Mw-6.9 Quepos (location from
Universidad Nacional de Costa Rica), and O: 2002 Mw-6.4 Osa (preliminary location from
Jac6 and RSN networks combined). Orange star: upper-plate, 2004 Mw-6.4 Damas
earthquake (Pacheco et al. 2006). HP: Herradura Promontory, QP: Quepos Promontory,
FSR: Fisher Seamount and Ridge, QPI: Quepos Plateau, J: Jacé Scar, P: Parrita Scar.

4.3. Data
4.3.1. The Jacé experiment and data quality

The Jaco network, named after the coastal town were the base of operations was
located, recorded more than 3000 events from April until the first days of October

47



CHAPTER 4. Method and velocity structure

2002 (Figure 4.1). Around 2000 events were originated in the Central Pacific region
from Costa Rica, the target area. The network recorded also the 6.4-Mw Osa
earthquake from June 16 and its aftershocks, which occurred ~30 km eastward from
the Osa Peninsula (Figure 4.1).

The network extended from the incoming Cocos Plate to the forearc, covering the
Herradura Promontory and surroundings (Figure 4.1). It consisted of 15 short-period
three-component stations, supplied by the German National Research Center for
Geosciences, equipped with Mark L4-3D seismometers and Reftek data loggers, and
23 ocean-bottom stations (OBH), with hydrophones or broadband differential-
pressure gauge sensors (Flueh & Bialas 1996, Bialas & Flueh 1999). The land stations
were operated and maintained by the local Instituto Costarricense de Electricidad.
Additional readings from 16 of the permanent short-period vertical-component
stations of the Red Sismologica Nacional (RSN) were included in the database
improving the coverage toward the volcanic front (Figure 4.1). An area of 19 500 km?
was covered with the combined array. The average station spacing for the Jacé
network was 13 km, except for the area of the marine shelf where depths shallower
than 200 m prevented the deployment of OBH. The station spacing in the area
covered only by RSN stations is 25 km on average.

The land stations and OBH from Jac6 network recorded at a sample frequency of 100
Hz. Since all stations operated for six months in continuous mode, the pre-processing
of the raw data was laborious. A short-term-average versus a long-term-average
(STA/LTA) trigger algorithm was applied to search for seismic events, with the OBH
data previously treated with a 5-20 Hz band-pass filter to suppress the typical marine
long-period noise.

The accuracy of the observed traveltimes depends on the accuracy of the receiver
position, the precision of the internal clock of the receiver, the sampling rate and the
picking accuracy (Haslinger 1998, Husen et al. 2000). The Reftek instruments were
equipped with GPS receivers, which provide clock synchronization and position
determination every hour. By comparison between the position of one of the land
stations determined by a geodetic survey and the positions reported by the GPS, the
accuracy of the land stations locations is estimated to be +50 m and +20 m in the
horizontal and vertical directions, respectively. The GPS time signal kept the clock
drift below 8 ms. The accuracy of the OBH positions depends on the accuracy of the
ship’s position and on the drift during the descent of the station. By relocation of the
OBH using the direct water wave from airgun shooting, their accuracy is estimated at
+250 m in the horizontal direction, while £10 m in depth are appraised from the depth
measurements conducted on board with the Simrad multibeam echosounder system
and calibrated by conductivity-temperature-depth (CTD) profiling. The internal clock
drift of the OBH, evaluated by its synchronization with a GPS time signal before and
after recovering, is estimated to be less than 5 ms per day. Positions of most of the
RSN stations have been determined by combined use of maps with scale 1:50,000 and
single-point GPS measurements; comparison between available geodetic
measurements for some RSN stations outside of the study area, the conservatively
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estimated position accuracy is 300 m in longitude and latitude, and £50 m in
elevation.

Analyst-reviewed P- and S-wave arrival readings and initial locations of the events
were accomplished using the program HYP (Lienert & Havskov 1995) included in the
software package SEISAN (Havskov & Otemoeller 2005). We applied a weighting
scheme for phase reading, with quality factors ranging from O corresponding to the
lowest reading uncertainty (£0.05 s), to factor 4 (>0.2 s) for uncertain readings which
were not used for further modelling. Average P-wave reading uncertainty is estimated
on £0.07 s. The minimum 1-D model for Costa Rica, calculated by Quintero &
Kissling (2001), was chosen for the initial locations since it represents an average
model and deals with the fact that the data set includes earthquakes originated in
different tectonic environments.

4.3.2 Controlled-source seismology profiles in the area

Of particular interest for the area surveyed by the Jacd experiment is the CSS
profiling carried out by the PACOMAR project. During the cruises SO-76 and SO-81
of the German research vessel Sonne in 1991 and 1992, respectively, the PACOMAR
working group collected six wide-angle profiles (Ye et al. 1996) and numerous
multichannel reflection lines (Hinz et al. 1996) along ~250 km of the margin, among
other geophysical measurements. The wide-angle lines included some explosions on
land but mainly recorded marine airgun shooting. The aim of these studies was to
explore the margin wedge and the oceanic plate structure. As part of TICOSECT, in
1995 a marine profile was acquired crossing the area of this study, starting at the
trench and running along the Nicoya Gulf entrance. The profile included recording by
several land stations located up to 40 km from the coast (Stavenhagen 1998, Mclntosh
et al. 2000).

We extracted information from four CSS profiles, whose location is shown in Figure
4.2, to combine it with the LET: depth-migrated reflection lines SO81-06 (Ranero &
von Huene 2000) and 13 (Ranero, private communication), and wide-angle profiles
S081-200 and 100 (Ye et al. 1996). Profiles SO81-13 and SO81-200 are coincident.
Profile SO81-100 runs parallel to the trench across the continental slope, and traverses
line SO81-200. Unfortunately, the central profile from TICOSECT possesses low
quality due to high-amplitude coherent noise which caused an apparent lack of
reflections from the plate boundary zone (Stavenhagen 1998, Mclntosh et al. 2000).

Profile SO81-200, with an average shot spacing of 150 m, presents relatively good
coverage and reversed observations from six OBH and two land stations distributed
along 125 km. It illuminated the margin structure down to 25 km depth and was
analyzed by Ye et al. (1996) using two-dimensional forward modelling. For a starting
model, they used the outline of the crustal and sedimentary structure provided by
near-vertical reflection data. Wide-angle line SO81-100 was originally modelled by
Stavenhagen (1994) and modified by Ye et al. (1996). Five OBH recorded the
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shooting, but only the sedimentary layer and the top of the margin wedge were well
resolved. Deeper velocities were constrained with those from line SO81-200. Prestack
depth migration has been applied to the reflection lines. The iterative migration
procedure uses velocities constrained with focusing analyses and common reflection
point gathers, and wide-angle data guided velocity picking at depths greater than ~5
km. Resolution at ~10 km is ~0.5 km (Ranero & von Huene 2000).

Recently, Husen et al. (2003b) performed a LET for Switzerland using the 3-D Moho
topography and associated P-wave crustal velocity structure modelled by Waldhauser
et al. (1998) from CSS profiles from all over the country. Unfortunately, although
several CSS lines traverse the area of the present study, they are not distributed in a
network dense enough to allow for off-line migration using the interpolation scheme
from Waldhauser et al. (1998). Nevertheless, a priori information, such as velocities
and thickness of sedimentary basins, can be used to “tune” the reference model, in this
case the minimum 1-D model for the data set, adjusting the modelling in zones that
can not be resolved by LET. Moreover, the interpretation of observed tomographic
anomalies is greatly facilitated by correlation with structures well resolved by near-
vertical reflection techniques.

Before using the information from CSS models, the reliability of the structural
information needs to be assessed in terms of its uncertainty. We inspected the
available CSS profiles crossing the area of this study and extracted the reflectors, i.e.
the continuously ray-covered parts of interfaces provided by 2-D seismic modelling
or, for reflection profiles, the reflectivity patterns identified as interfaces (Waldhauser
1996). Reflectors belonging to the slope sediments basement, known as “rough
surface” (Shipley et al. 1992) or “base of slope sediments” (BOSS, Kimura et al.
1997), and to the top and the Moho of the subducting plate were identified.

Quality factors were then assigned to the reflectors following the weighting scheme
developed by Baumann (1994) and Waldhauser et al. (1998). The reflector elements
from wide-angle models are weighted according to the data confidence (phase
correlation, interpretation method), profile orientation in respect to the 3-D tectonic
setting, and profile type (reversed, unreversed profiles). Reflector elements from near-
vertical reflection profiles are ranked after the quality of their reflectivity signature,
migration type (i.e. source of velocity used for migration) and projection distance
(Waldhauser 1996). Total weighting factors (wi) are obtained by multiplying the
individual factors.

Figure 4.2 shows the location of the wide-angle and reflection profiles in the studied
area, with the identified 2-D migrated reflectors superimposed and colour-coded
according to their quality. A reflector element from a wide-angle profile exhibits
maximum quality (Wit =1.0) when the phase picking is very confident, the line is
oriented along strike, and the ray coverage is reversed. For example, the reflector
element from the oceanic Moho of wide-angle line SO81-200 located under the trench
axis and stretching ~10 km southwestward received a wy,; 0f 0.64 (Figure 4.2c). This
value resulted from confident phase recognition (phase confidence: 0.8), the profile
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orientation perpendicular to the strike (profile orientation: 0.8), and a good reversed
ray coverage (profile type and ray coverage: 1.0).

base of slope sediments top of oceanic plate oceanic Moho

15 km

~ reflector quality

0.8 <wtot<=1.0

06 <wtot<=0.8

0.4 <wtot <= 0.6

| 0.2 <wtot<=0.4
Bl iot<=02

Figure 4.2. Controlled-source seismology profiles in the study area. Dashed lines represent
wide-angle profiles; continuous lines, depth-migrated near-vertical reflection profiles.
Superimposed are locations of 2-D migrated reflector elements from: a) “rough surface”, b)
top of the oceanic plate, and c) oceanic Moho. The inset shows the colour scale for total
quality weighting factor. The grey shapes indicate areas of good resolution with local
earthquake tomography at 3, 8 and 15 km depth from a) to c), respectively. White triangles
denote seismic stations of JacOd experiment; the position of the Middle America Trench is
indicated by a dented line. 1: profiles SO81-200 and SO81-13; 2: profile SO81-100; 3: profile
S081-06.

As displayed in Figure 4.2, the rough-surface reflectors from the reflection lines
present high wi values, while those from wide-angle are middle to good. Most of the
reflectors from the top of the subducting plate from wide-angle profiles have
weighting factors from low to middle, the values being somewhat higher from
reflection lines. The latter do not provide information from the Moho; middle Wi
values are associated to the available Moho reflectors from wide-angle lines. The grey
shaded areas in Figure 4.2 mark the regions well resolved with LET, according to
criteria discussed later, at 3, 8 and 15 km depth, approximately the depths at which the
“rough surface” of the upper plate, and the top and Moho of the oceanic plate are
expected, respectively. These are the areas were we can incorporate the CSS
information into the LET, because they are resolved by both methods.

4.4. Method
4.4.1. Minimum 1-D velocity model

Linearization of the non-linear, coupled hypocenter-velocity problem demands initial
velocities and hypocenter locations to be close to their true values. Moreover, results
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of LET and their reliability estimates strongly depend on the initial reference model
(Kissling et al. 1994). We used the VELEST software (Kissling et al. 1995) to
determine hypocenters and the minimum 1-D P-velocity model (Kissling 1988,
Kissling et al. 1994) for the data set, i.e. the velocity model and station corrections
that most closely reflect the a priori information obtained by other studies, but at the
same time lead to a minimum average of root mean square (rms) of traveltime
residuals for all earthquakes. VELEST deals with the coupled hypocenter-velocity
problem by performing several simultaneous inversions of hypocentral parameters, 1-
D velocity models and station corrections.

A very high-quality subset of 261 earthquakes was selected for the derivation of the
minimum 1-D P-velocity model. These events present a maximum azimuthal gap in
station coverage (GAP) of 180° or less, show at least 12 P-wave arrival observations
with the lowest reading uncertainty (+0.05 s, corresponding to weight 0) and at least
one observation within a distance of 1.5 times their focal depth. Figure 4.3 shows the
spatial arrangement of the subset, together with the ray coverage and the hypocenter
distribution in depth. A total of 4986 P-wave observations from 57 stations integrate
the subset. As a result of geometrical considerations and the limits of the target area
for the LET we included readings from only 10 of the total RSN stations in the subset.
The data set represents a fair sampling of the general distribution of the seismicity
recorded over the period of the deployment (Figures 4.1 and 4.3): most of the events
originated offshore, beneath the continental shelf, while fewer were generated within
the subducting slab and the continental crust.

The ray tracer implemented in VELEST assumes that all the stations are located
within the first layer of the velocity model. For the Jaco array, this implies a thickness
of ~7 km for the first layer, because the highest land station and the deepest OBH
were located at 3487 m and 3561 m over and below the sea level, respectively. Near-
surface velocities usually exhibit a strong gradient, therefore such an unrealistic first
layer with constant velocity introduces instabilities in the inversion procedure,
preventing convergence. Station elevations were therefore neglected during the 1-D
inversions. This exclusion however, implies that the resulting station corrections
encompass not only the effect of the subsurface geology and large-scale velocity
heterogeneities such a dipping slab, but also of the station elevations.
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Figure 4.3. Distribution of 261 hypocenters selected for determination of the P-wave
minimum 1-D model, in map view and vertical cross sections in E-W and N-S directions.
Locations using the 1-D model for Costa Rica from Quintero & Kissling (2001). Only events
with at least 12 P-wave observations and a GAP of 180° or less were used. At the lower right
corner, a histogram of hypocenter-depth distribution is included. Black triangles represent
stations. Gray lines show ray paths between epicenters and stations. Reference station is
represented with a white star. The axis of the Middle America Trench is indicated by a dented
line.

Determination of the minimum 1-D model is a trial-and-error process, in which a
wide range of starting velocity models are tested in order to thoroughly explore the
solution space. From initial inversions with several starting velocity models with
different layering (e.g. Matumoto et al. 1977, Ye et al. 1996, Quintero & Kissling
2001) we observed low velocities (less than 3 km s™) in the first kilometers, strong
variation at depths from 10-15 km and under 40 km. A relative good convergence was
found between 15 and 40 km depth. After adjusting the layering to the depth
distribution of the events in the selected subset, further trials of velocity models were
conducted, including high- and low-velocity tests to investigate the dependence of the
solution on the initial model. These tests confirmed that the number and distribution
of hypocenters shallower than 15 km and deeper than 40 km was not favourable to
resolve those layers. Since most of the events recorded by the Jacé network are
located on the area where the wide-angle seismic lines SO81-100 and 200 were shot
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(Figures 4.1 and 4.2), the velocities for the first 15 km from the model of Ye et al.
(1996) were adapted into the initial models and were overdamped during the inversion
process. Figure 4.4 shows the velocity space sampled and the final velocity model,
given in Table 4.1.

Velocity [km/s] Velocity [km/s]

2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 20 25 3.0 35 4.0 45 5.0 55 6.0 65 7.0 7.5 80 85 94

Depth [km]

Depth [km]

105
110 -
115
120

I

Figure 4.4. Initial (a) and final (b) 1-D velocity models for the last high- and low initial velocity
test. Velocities for layers shallower than 15 km and deeper than 40 km have been
overdamped (see text for discussion).

Talblf? 4.1. '\é“fllimum 1-D P-wave The station corrections, shown in Figure
velocity model Jaco experiment. 45a, display a meaningful pattern

concerning the geometry of the network,

Depth (k Vp (km s™
epth (km) P kms7) distribution of earthquakes and geological

0 2.50 setting, as well as the effect of the station

25 4.90 elevations (Figure 4.5b). The reference
755 Zgg station was located at 160 m.a.s.l. in the
1'0 5:50 Herradura Promontory. The high negative
15 6.05 40.05 delays for the OBH on the southwestern end
20 6.63 +0.03 of the network compensate for the depths
o5 6.95 +0.06 close to the trench and the high velocities
30 7.23 +0.08 expected from the subducting oceanic crust.
35 7.35 0.11 A consistent positive-correction behaviour is
40 7.35 £0.12 seen for most of the OBH located over the
50 7.50 continental slope, where low velocities (2.1-
60 7.90 2.9 km s?) from the 2-3 km-thick slope
80 820 sediments were modelled by Ye et al.
100 8.30 (1996). Two OBH placed inside of a broad

embayment (Figure 4.5) display positive
corrections lower than the rest of the stations on the continental slope. This could be
attributed to the effect of their deeper locations (~2 km). No corrections or relatively
low negative corrections (< -0.4 s) resulted for onshore stations from the Jacd
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network, as expected from elevations and subsurface geology similar to those of the
reference station. The positive delays for RSN stations located toward the volcanic
front exhibit the influence of their altitude, if somewhat weaker than expected
probably because of higher near-surface velocities.

The final average rms and variance for the data set are 0.129 s and 0.021 s
respectively, in contrast with the initial values of 0.325 s and 0.036 s* from the single-
event mode location using the 1-D model from Quintero & Kissling (2001).
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b p Figure 4.5. a) Final P-
wave station corrections
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model. Reference station
. is marked with a star. The

inset indicates the sign
and scale for the station
corrections.  Bathymetric
contours every 200 m
from von Huene et al
(2000). MAT: Middle
America Trench. Geology
based on Denyer &
Alvarado (2007). Areas in
white are  Quaternary
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o
[wy] uoneas|a uonels

continental and coastal

station code sediments. Radiating

circles denote Holocene

volcanoes in central Costa Rica. b) Station elevations (brown line) and delays (blue line): the
corrections follow the topographic trend.
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While stability tests are required for testing the robustness of the minimum 1-D
model, they also yield insights into the coupled hypocenter-velocity problem for the
specific data set, and allow the detection of eventual outliers. Following Haslinger et
al. (1999) and Husen et al. (1999), we conducted several tests with randomly (Figure
4.6a) and systematically (Figure 4.6b) shifted hypocenter locations. For the first series
of tests, hypocenters resulting from the inversion procedure were shifted randomly up
to a maximum of 10 km in any direction, and the inversions were performed both,
keeping the model fixed and with a floating model. Both cases show a very good
retrieval of the original hypocenter locations, indicating that they are not
systematically biased, and in the latter case, variations in velocities and station
corrections are very close to the originals. The robustness of the minimum 1-D model
was tested by systematically shifting all the hypocenters10 km deeper, and inverting
again both, with fixed and floating model. While recovery of the original hypocenter
locations in the first case is excellent, they remain close to their shifted positions in
the second case. These results indicate a good degree of independence of the
epicentres from the velocity structure, and a substantial coupling between the velocity
and the depths/origin times.
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Figure 4.6. Stability tests for the minimum 1-D model. a) Hypocenters have been shifted
randomly (grey circles) from their original positions and then used to repeat the inversion
keeping the model fixed (column a) and letting the model float (column b); output hypocenters
are shown in dark blue. b) Hypocenters shifted systematically 10 km deeper (grey circles) and
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retrieved (dark circles) after repeating the inversion keeping the velocities fixed (column 1)
and floating (column 2).
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Figure 4.6 (continuation)

4.4.2 Local Earthquake Tomography

We used a damped, least-squared iterative solution, the computer code SIMULPS, to
solve the non-linear tomography problem (Thurber 1983, Eberhart-Phillips 1990,
Evans at al. 1994). Hypocenter locations are treated as unknowns in the inversion as a
result of the coupling of hypocenter locations and velocities. Each iteration consists of
an inversion for velocities and for hypocenter locations. After each iteration, new ray
paths and traveltime residuals are computed using the updated velocity model.

We chose the special version SIMULPS14, which has been modified by Haslinger
(1998) to include, besides the standard approximative pseudo-bending ray tracer
(ART), the full 3-D shooting raytracer algorithm (RKP) from Virieux & Farra (1991)
for the forward solution. It has been demonstrated that for ray paths longer than 60 km
the RKP method yields significantly smaller errors than the ART (Haslinger &
Kissling 2001).

Previous to 3-D modelling, the entire Jac6 database was relocated using the minimum
1-D model with station corrections derived before. Since the coupling between
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hypocenter locations and seismic velocities demands a careful choosing of events
used in the 3-D inversion, we selected a high-quality data set, including only events
with a GAP of 180° or less and at least 8 P-wave arrivals. This data set encompasses
595 earthquakes with 11 310 P-wave observations (Figure 4.7), with an average of 19
observations per event. Most of the events are located between 10 and 30 km depth,
beneath the continental shelf, while the rest were generated at the Wadati-Benioff
zone to depths of around 100 km, at the continental crust, and several at the oceanic
crust close to the trench.

The first inversions revealed that neglecting station elevations during the calculation
of the minimum 1-D model, as described before, caused strong coupling between
hypocenters and the station corrections for the data set. For this reason, and since the
locations resulting from the 1-D inversion are already close to their true values, the
hypocenter parameters were kept fixed during the first iteration of the 3-D inversion,
while adjustments were allowed only on the velocities. Subsequent iterations
permitted updating of both, hypocenter locations and velocities.

The results and the resolution estimates, such as the diagonal element of the resolution
matrix (RDE), are strongly affected by the damping parameter. The damping depends
mainly on model parameterization and on the average observational error (Kissling et
al. 2001). In this study we selected a value of 100, following the approach of
Eberhart-Phillips (1986). We analyzed trade-off curves between model variance and
data variance (Figure 4.8), constructed after two iterations applying damping
parameters ranging from 1 to 10 000. The chosen damping value ensures the largest
decrease in data variance without causing a strong increase in model variance, leading
to the smoothest solution to fit the data. Figure 4.8 also displays the trade-off curve
for converged solutions using the different damping values. Values lower than 100
result in a nearly constant data variance while model variance considerably increases,
rendering rough models. The chosen damping value also produces the data variance
value which more closely approaches the average weighed error of observed P-wave
arrival picks and at the same time generates the minimum increase in model variance.
It also indicates that noise is not being fit during modelling.
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Figure 4.7. Hypocenter locations of 595 events selected for tomographic inversion, shown in
map view and vertical cross sections in E-W and N-S directions. At the lower right corner, a
histogram of hypocenter-depth distribution is included. Black triangles represent stations.
Approximate ray coverage is shown by grey lines connecting epicenters and stations. Small
circles denote final, 10 x 10 km? horizontal grid-node spacing. The axis of the Middle America
Trench is indicated by a dented line.

In SIMULPS14, the velocity model is defined at grid nodes resulting from
intersecting lines in x-, y- and z-directions. Velocities are linear-interpolated between
the grid nodes. Initial velocities for the LET were taken from the minimum 1-D model
and interpolated at depth to match the gradient required by SIMULPS14 (Figure 4.9).
The grid spacing was selected to account for the distribution of stations and
seismicity, aiming to obtain the highest possible uniformity in ray coverage and
crossfiring without appealing to the use of uneven grid spacing, which complicates
interpretation of results and resolution assessment (Kissling et al. 2001). Velocities
were kept fixed at grid nodes that were not hit by any ray and, additionally, for those
with a derivative weighted sum (DWS) value of less than 8.
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Figure 4.8. Trade-off curves of data
versus model variance, constructed
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(triangles) and converged solution
(circles) inversions. Damping
parameter values as indicated. For
reasons of space and clarity, extreme
values of the test are omitted. The
square marks the chosen damping
parameter. The dashed line
represents the average weighed error
of observed P-wave arrival picks.
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We inverted first for a conservative horizontal grid of 15 x 15 km? and a vertical node
spacing of 7.5 to 10 km for shallow depth (<30 km) and 20 km at greater depth.
Subsequent analysis of resolution and tests with synthetic data indicated that we could
use a finer horizontal grid spacing of 10 x 10 km? without decreasing the resolution
quality. The distribution of the DWS, a measure of the ray density, is as homogeneous
for the 15 x 15 km? as for 10 x 10 km? grid spacing, although absolute values are
decreased (Figure 4.10).
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At this stage of the modelling we inspected the tomographic results in the light of the
information provided by the CSS profiles. A first comparison of the absolute velocity
distribution from the LET with profile SO81-200 (Figure 4.11a) in areas well resolved
by both methods revealed a fairly good agreement (Figure 4.11b), considering the
differences in type of data and techniques. Nevertheless, absolute velocities obtained
with the LET are lower and the velocity contrasts are located deeper than in the CSS
model.

Seeking to include as much information as available for the area in the 3-D inversion,
and given that near-surface velocities are more reliably estimated by CSS data, we
modified the original upper vertical grid spacing in order to mimic the ~3-km thick
sedimentary coverage of the margin wedge with its corresponding velocity gradient,
as shown in Figure 4.9. The 3-D inversion resulted in a better match between the
tomographic image and the velocity gradient given by the CSS model (Figure 4.11c).
Absolute velocities display a good concordance between both models in the upper
oceanic crust, the continental crust, and specially in the margin wedge. Tomographic
velocities on the lower oceanic crust and on the oceanic mantle, though, are very
similar on both coarse and finer, “tuned” tomographic images, and remain lower than
the ones from wide-angle modelling at the same depths. The latter, however, are
determined from unreversed observations and are thus coupled to the Moho depth
uncertainty.

The subducted seamount associated with the Jacé Scar, located ~20 km inward from
the trench axis (Figure 4.1), is another feature which provides linking between the
tomographic results and the CSS models. The seamount was clearly depicted as a
low-velocity anomaly on the tomogram of the inversion using the coarse horizontal
grid (Figure 4.12a). This seamount has been displayed by reflection lines SO81-06
and 13 (von Huene et al. 2000), which cross each other, and by gravimetric modelling
(Barckhausen et al. 1998), on an area were its presence was previously suspected
from images of high-resolution bathymetry: a portion of the margin slope is disrupted,
showing a doming in the middle continental slope and a scar left by failure of the
slope sediments (von Huene et al. 1995, 2000). Nevertheless, reducing the horizontal
grid spacing to 10 x 10 km and introducing a closer vertical spacing in the upper 10
km had a negative effect on the definition of the seamount image, as shown in Figure
4.12b. This loss indicates a decrease on the resolution capability in this area due to
limited ray coverage. Moreover, introducing grid nodes at 3 km depth with higher
velocities than in the original inversion modifies ray paths and reduces the velocity
gradient between 5 and 10 km depth, resulting in a weaker contrast of the low-
velocity anomaly at those depths. In a good example of the significance of
parameterization in tomography, particularly when studying velocity structure details,
we were able to improve the seamount image in the finer grid by slightly shifting (~6
km to the southwest) the location of the fine grid nodes so that a grid node coincides
with the seamount position as estimated by CSS lines and the coarse LET (Figure
4.12c).
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The final tomographic model achieved a data variance reduction of 66 per cent
compared to the 1-D reference model. The final weighted rms over all traveltime

residuals is 0.083 s. This value is close to the a priori observational error, indicating
convergence of the inversion.

a) wide-angle S081-200 (Ye et al. 1996)

swW Extent of shooting Line100 NE

reflector quality

0.8 <wtot<=1.0
Il 06 <wiot<=08

0.4 <wtot <= 0.6
Ml 02 <wtot<=04
ot <=02

0
Distance (km)

b) initial parameterization c) “tuned” parameterization

trench 5081-06 trench 5081-06 coast

N R
/7

AN
120 140

km along profile

abs. P-wave vel. (km/s)

Figure 4.11. Comparison between wide-angle profile SO81-200 model (Ye et al. 1996),
shown in a), and local earthquake tomography results. b) and c) display absolute velocity
tomograms coincident with profile SO81-200, using initial and “tuned” parameterization (see
text for description), respectively, and including reflectors from the “rough surface” (rs), the
top of the slab (pi) and the oceanic Moho (om) from that profile, as indicated. Areas of lesser
resolution are masked. Colour code for reflector quality as indicated. Profile location is given

in Figure 4.2. Dashed line on b) and c) marks the area modelled by profile SO81-200.
Inverted triangles represent stations.
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depth [km]

km along profile
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Figure 4.12. Effects of different model parameterizations on the tomographic image of Jacé
seamount. Cross section (as indicated) and depth slice from: a) coarse horizontal grid of 15 x
15 km?; b) horizontal grid 10 x 10 km? tuned vertical grid; c) horizontal grid 10 x 10 km?
tuned vertical grid and slight shifting of the coordinates origin of the horizontal grid. Grey lines
encompass well-resolved areas. Triangles represent stations, the dented line the Middle
America Trench. See text for discussion.

4.4.3 Solution quality

The heterogeneous arrangement of sources and receivers on a LET limits the area of
good resolution and may lead to the introduction of artefacts. In general, the solution
quality of a certain volume depends mainly on the geometrical distribution and
density of rays. Classical tools to asses ray coverage include the display of resolution
estimates such as hit count, derivative weighted sum (Figure 4.10), diagonal elements
of the resolution matrix (RDE), and the spread function (see e.g. Reyners et al. 1999,
Husen et al. 2000). Tests with synthetic data are a powerful tool not only to gain
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useful information about model parameterization and damping, but to define areas of
good and low resolution (Kissling et al. 2001). These tests consist of the construction
of synthetic input velocity models and the computation of synthetic traveltimes using
the same source-receiver distribution of the real data set, and of inversion applying
identical model parameterization, damping and number of iterations as with the real
data.

We undertook at first two types of synthetic tests, checkerboard and characteristic
models (Haslinger & Kissling 2001), and, considering the results of the inversion of
real data, we further designed a synthetic model to test for slab structure. The
synthetic traveltimes through the models for the tests were calculated using the finite-
difference technique of Podvin & Lecomte (1991). Gaussian-distributed noise
proportional to the original observational uncertainty was added to the traveltimes.

We performed synthetic checkerboard tests in order to explore the regions of the
model where it is possible to resolve small-scale structures. Following Husen et al.
(2004), two checkerboard models were designed, each consisting of alternating high-
and low-velocity anomalies (£10 per cent) with one grid node left open in between to
test for horizontal smearing; at the same time, to test for vertical smearing, every other
layer is free of anomalies. One model has anomalies placed at 0, 8, 25 and 60 km
depth, and the other at 3, 15, 40 and 80 km depth. The tests were conducted for
anomalies spanning over two grid nodes in x- and y- direction, and repeated for
anomalies encompassing just one grid node. Figure 4.13 presents the results from the
different checkerboard tests. In summary, the resolution is very good both off and
onshore, even at depths greater than 40 km and with one-grid anomalies. As expected
from the earthquake distribution (Figure 4.7), at 60 km depth resolution is still good
onshore, also for the model with one-grid anomalies. Vertical smearing is low at all
depths, but it is slightly stronger in the first 8 km. Starting at 25 km depth, some
minor horizontal smearing in the sense northeast-southwest is detected offshore.
Amplitude recovering is also good, reducing to a more moderate ability between 40
and 60 km depth.

Since checkerboard tests can not ensure that the data set is able to resolve larger scale
structures (Leveque et al. 1993), following Haslinger et al. (1999) and Husen et al.
(2000) we designed an input characteristic model, based on the inversion results
obtained with the real data set. This synthetic model retains the sizes and amplitudes
of anomalies seen in the tomographic images but with rotated shapes and different
signs (Figure 4.14). Areas of good resolution are those which show a good recovery
of the synthetic model. In agreement with the checkerboard tests, we observe that the
central part of the modelled area is well resolved down to depths of 60 km, with
resolution decreasing with depth. Horizontally, the well resolved area extends from
the trench, until 25 km depth, to the volcanic front. The area resolved at 40 and 60 km
depth is broader to the southeast because the deeper earthquakes used for the
tomography occur closer to the trench there. A very good recovery of boundaries
between high- and low-velocity anomalies is observed (Figure 4.14). Amplitude
restitution is excellent from 3 to 25 km depth, although at levels shallower than 10 km

65



CHAPTER 4. Method and velocity structure

z = 00-4.0 km z = 0000.0 km z=0003.0 km
+++4{t +H+F+E PRPTEPEPINEIN - [ A
44+ FH+++FAEEL T +H++ LR+
10°N - ++ﬁ++++++z+_
T 8 + 5+
+ + 4 +di
+ 4+ ++
+ o+
++ + +i
+ib +
+ ++ +
+ + +
+ +
+ S
g'N + « 1
+ +
+ +
+ o+ ]
A Fam.
T
+& + + ++ + 4+ 1 +++ 4+ +++
+++++++ + R kSR S R
10°N - g+ sl R R S Tk 5
4+ 8+ 44 + + + o A O N
+ 4+ + + +A []+8] +3£++++++&-
++ Rttt + A+ + + + LA+ + 4+ B+ ++
i &+ B+ ++ + ++ 4+
+ +8 4+ 4+ 4+ A +++ +4& + 4+ 4+ A + + &
T+ AT bk +1+El+ [+ + A + + a4
+}++‘+3+++++ ++ + + + + kb +++ 4+ + + o+
- + + + h+ 44 + +|+ + + +z -laq+++++++ + +
+++§§&AAA§+++++++ & +1—+;z&-44+++++++ &
+ 4 + 4+ 94 ++++++++ P + + + 4 + ++++++++P
9'N + A 5 A +++++++++ 1-*1-&¥++-|-+++i++_
I +++++ e+t + 4 b IR R R E R R
+4++++ A+t + +++++++++
-.—+++++"++r ‘-r +TTTTT+.T+F
T T T T T T
a5'W 84w 85w 84w
z = 0003.0 km z = 0008.0 km

+oklk + + + + + + 4+ ++ S
+HE+++++ +++++
10°N 5 ++ + e+ K+ + + 4%+ L 10N
-34-‘4-&11-1- 8 4+ F o+
4+ 4+ i ] + 4+ 4+
A4+ + AE 4+ + + H+ + +
Bt + 4+ 4+ + +++++
kB o o A & 5 A
. Toehd, b+ + 4+ ] +ok o+ + o+
+ % = fEel o
+ 44+ AR+ + +
++++++ & >
+ 4t d e
9'N - +H+++++++ L o'N
++++++ +
+4+++++ +
b
i s
R ke A AP +
4 + o+ttt +*
10°N = % - +++A++++++x+- + L 10°N
+ L+ R+ F o+ +
1+ + 84 + +Bf++++++&- +
+ 4+ 4+ A4+ + F + ++ P AL+ A+ + +
+HF + + + +iA‘§A+++++++ +
R R R L, - Yo R - SRR O +
+ b A+ + + W A + B
+++ A+ ++++ A + + 4+ +
+ 4+ + + + o
R R
+ 4+ +++ + By
+ 444+ 44+ L o'N
+H++++ 4+
+++ +++++
+H+E s
A T =1
84w

-10 5 0 5 10
% Vp change, rel. to 1D initial model

Figure 4.13. Horizontal depth sections with assessment of solution quality using synthetic
checkerboard models. Recovered model is shown in plane views at different depths (see text
for explanation). Locations of high (+10 per cent) and low (-10 per cent) velocity input
anomalies are shown by blue and red squares respectively. Small crosses represent grid
nodes of the model parameterization, grey triangles denote seismic stations. The axis of the
Middle America Trench is indicated by a dented line.
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Figure 4.13 (continuation)
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the recovery is patchy. At 40 km depth the amplitudes are more reduced, ranging from
~60 to 80 per cent, and at 60 km and deeper, recovery is ~60 per cent. Some
horizontal smearing is observed offshore again at 40 km depth, probably caused by
the fact that earthquake hypocenters deeper than 30 km are found toward the volcanic
front, generating ray paths to the OBH oriented mostly northeast-southwest.

We examined also values and pattern of the RDE and the resolution contours, which
help to visualize the orientation and spatial bias of possible velocity smearing in 2-D,
i.e. the dependency of the solution of one model parameter on its neighbours (Reyners
et al. 1999). An excellent correspondence is observed in Figure 4.14 between areas
considered as well resolved according to the characteristic model test and the RDE
values and resolution contours outlining the regions where the off-diagonal elements
of the resolution matrix are still 70 per cent of the corresponding diagonal element.
The RDE values of the model range from 0.01 to 0.73; most are between 0.05 and
0.40. These values are the result of the model parameterization and the damping, both
conservatively chosen. Additionally, comparison with areas qualified as well resolved
by the characteristic-model test yields a cut RDE value of 0.04 for good resolution.
Significant smearing, as indicated by the resolution contours, for depths greater than 3
km occurs only at model parameters located at the edges of the model (Figure 4.14).

As seen partially in Figure 4.12 and described later on the section of results, from the
trench down to 60-70 km depth the tomographic images illuminate the general
configuration of the margin as a high-velocity subducting slab with a band of low
velocities on top. In order to test the ability of the data to resolve this structure, we
calculated synthetic traveltimes through a model consisting of a high-velocity slab
(+15 per cent) overlain by a relatively thin band of low velocities (-10 per cent),
displayed in Figure 4.15a. Between 15 and 65 km depth, the vertical grid spacing of
this synthetic model is 10 km, which is closer than the parameterization of the real
model, making it more realistic. A thickening of the band of low velocities toward the
east mimics the results obtained using the real data. Modelling using the same
inversion parameters determined for the real data set gave the results presented in
Figure 4.15b. Column c in Figure 4.15, showing the results with real data along the
same profiles, has been added to ease comparison and discussion.

Figure 4.15b shows that, although decreased toward the borders, the amplitude
recovery of the model is very good along the studied portion of the margin. In the
center of the model (profiles 2-4) high velocities of the slab are well recovered from
the trench down to 40 km depth. Amplitudes are slightly decreased below that depth
but the continuity of the slab is still clearly displayed. At the edges of the model
volume (profiles 1 and 5) amplitudes are significantly reduced, although the slab still
appears as a continuous feature. Comparison of amplitude restitution from profiles 1
to 5 indicates a lateral change in resolution from northwest to southeast, where mainly
the upper or the lower part of the volume are well resolved, respectively. The band of
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Figure 4.14. Assessment of solution quality at different depths. Left two columns show results
of the test with the characteristic model. Right column shows the diagonal element of the
resolution matrix (RDE) and resolution contours (Reyners et al. 1999). RDE are shown as
scaled grey circles. Contour lines denote the area in which the values of the resolution matrix
decay to 70% of the value of the RDE; green and red contour lines denote grid nodes with no
and significantly velocity smearing, respectively. Triangles represent stations and small
crosses denote grid nodes. The axis of the Middle America Trench is indicated by a dented
line.
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Figure 14 (continuation)

low velocities on top of the subducting slab is well recovered between 15 km and 25
km depth along all profiles. At 40 km depth low velocities are well recovered along
profiles 3 to 5, where it appears as a continuous band. Between kilometers 130 and
150 along profile 4 there is a leakage of low velocities from the slab into the overlying
forearc mantle, caused by rays travelling through the slab and upward toward the
stations located onshore. In summary, the tests revealed that we can reliably image a
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low-velocity zone and its eastward thickening on top of a high-velocity slab
throughout our model. An additional test using a synthetic model with a thin, uniform
low-velocity band showed equally good recovery, increasing our confidence on the
capability of the data to reproduce a real feature.
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Figure 4.15. Synthetic test to examine the ability of the data to solve the observed slab
structure. Column a) shows the model used to derive synthetic traveltimes, while column b)
displays the results of their inversion. For comparison, column c) presents the tomograms
using the real data (colour scale as in Figure 4.12). Cross-sections show velocity structure as
percentage change relative to the minimum 1-D model derived in this study (first two
columns); contours correspond with absolute velocities. Location of the cross sections is
given in Figure 4.1. Earthquakes located within 8 km of either side are projected onto the
profiles (white circles). Inverted triangles represent stations and small crosses denote grid
nodes. Red lines delineating the band of low velocities are added to ease comparison.
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4.5. Results

The tomographic results are presented in several depth slices (Figure 4.16) and
vertical depth sections perpendicular to the trench (Figure 4.17), whose locations are
shown in Figure 4.1. Depth sections show Vp in relative and absolute values. Areas of
good resolution are indicated, having been defined following the previous discussion
on the solution quality. In general, the tomographic model has a good resolution from
the trench to the southwestern flank of the volcanic front, varying in the vertical
direction down to depths of 60-70 km in the northwest and central parts of the area,
and of 80 km in the southeast. We describe the results by zones, referring to the east,
central and west sectors of the studied area, which along the coast correspond to the
entrance of the Nicoya Gulf, the Herradura Promontory and the Parrita lowland,
respectively (Figures 4.1 and 4.16).

In an attempt to define the top of the subducting plate, as shown in Figure 4.17, we
consider the position and depth of the trench axis (3.3-3.7 km), the absolute velocities
and the velocity perturbations, as well as the distribution of the intraslab and interplate
seismicity, which forms a clear dipping planar feature (Figure 4.17). The model of Ye
et al. (1996) for profile SO81-200 predicts velocities in the upper oceanic crust
between 5.0 and 5.5 km s (Figure 4.11a). Applying those values as guide in our
model renders coherent results with the interplate seismicity for the first 15 km. At
greater depths we use the clear contrasts between high- and low-velocity anomalies,
and the distribution of the intraslab seismicity.

4.5.1 Near-surface geology

Although the resolution at sea level is restricted to relative small areas and some
velocity smearing has been detected, there and at 3 km depth several clear anomalies
reflect very well the near-surface geology (Figures 4.5a and 4.16). The oceanic-
assemblage formations cropping out along the coast appear as high-velocity
anomalies at Nicoya Peninsula and the Herradura and Quepos promontories, with
absolute values between 3.0 and 5.4 km s™. The Pleistocene debris-flows (alluvial)
deposits that outcrop northwestward from Herradura and the underlying Miocene
coastal sedimentary rocks (Figure 4.5a) are congruously imaged as a low-velocity
anomaly. The Pleistocene volcanic front and the volcanic formations from a previous,
Miocene-Pliocene magmatic front located closer to the coast represent high-velocity
perturbations. The extensive negative anomaly expanding from the trench toward the
coast with velocities from 3.8-4.6 km s could be related to both, the ~3-km
maximum thick sediment coverage revealed by reflection profile SO81-13 (von
Huene et al. 2000) and to the upper part of the margin wedge. The subducting plate
appears at 3 km depth at the trench as a high-velocity anomaly, with absolute
velocities up to 5.6 km s,
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CHAPTER 4. Method and velocity structure

From the surface down to 8 km depth a low-velocity anomaly has been imaged
between Herradura and Quepos localities, beneath the Parrita lowland, with absolute
velocities of 4-5 km s™ (Figure 4.16; Figure 4.17, profile 5). It likely extends further
to the southeast, outside of the model. Its projection on the surface coincides very well
with the north easternmost outcrops of the dense sequences of Oligocene turbidites
from Térraba Formation (Figures 4.5a and 4.16). They constitute the main part of the
Fila Costefia (Coastal Range), an inverted forearc basin thought to have been
exhumed as a response to the subduction of the Cocos Ridge (Corrigan et al. 1990).
To the northwest and north, the perturbation ends sharply against a high-velocity
body, possibly related to the Miocene volcanic front. The northwest end follows the
strike of the Parrita fault (Marshall et al. 2000, Denyer & Alvarado 2007), which
limits the Herradura Block (Figure 1.3). This fault is part of an active system oriented
at high angles to the margin that segment the forearc and separates blocks with
different uplift rates, interpreted as a response to subduction of seafloor roughness
(Fisher et al. 1998; Marshall et al. 2000). Seaward, the low-velocity perturbation is
limited by the positive anomaly under Quepos Promontory (Figure 4.16).
Stavenhagen et al. (1998) report the Térraba Basin to consist of intermediate velocity
sediments (3.0 km s™) and to have a thickness of 2 km; Rivier (1985) estimates 3.5
km thickness on the basis of gravimetry models. The low-velocity zone of our model
extends down to 8 km depth, where a down bending of the 5 km s™ contour is found,
but some amount of vertical smearing could slightly enlarge the image.

4.5.2 Subducting slab

The portion of the slab resolved by this study shows dipping angles of 10-12° from
the trench down to 15 km depth. They increase to 16-25° at the seismogenic zone,
from 15 to 25 km depth, steepening toward the east (Figure 4.17, profiles 4 and 5).
Deeper than 40 km the slab dips at 40-45°.

Figure 4.17 (next pages). Vertical depth sections along the Central Pacific margin off Costa
Rica. Location of profiles is indicated with dashed lines on Figure 4.1. Column a) shows
velocity structure as percentage change relative to the minimum 1-D model; grey lines
contour areas of RDE > 0.04 (see text for discussion). Column b) presents absolute
velocities; areas of good resolution are shown in full colours, areas of lesser resolution in
faded tones. Earthquakes located within 8 km of either side are projected onto the profiles
(open circles). Inverted triangles represent stations and small crosses denote grid nodes.
Bold lines indicate the position of the plate interface and the continental Moho (dotted) as
interpreted in this study (see text). The bottom of the low-velocity band (LVB) on top of the
slab (see text for explanation) is delineated by red (column a) and white (column b) lines,
dashed over artefacts interpreted from test for slab structure (Figure 4.15). Stars represent
1990 Mw-7.0 (profile 1) and 2004 Mw-6.4 (profile 5) earthquakes, from Husen et al. (2002)
and Pacheco et al. (2006) respectively. HP: Herradura Promontory, FC: Fila Costefia (Coastal
Range), Ms: Miocene coastal deposits, MPv: Miocene-Pliocene magmatic front, Pv:
Pleistocene volcanism, PHv: Holocene volcanic front, Co: Cobano seamount, J: Jaco
seamount, FLV: low-velocity anomaly beneath the inner forearc (see text for discussion).
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The west and central sectors of the studied portion of the margin display basically a
similar velocity structure (Figure 4.17, profiles 1-3), although we observe some
medium-scale variations. From the Nicoya Gulf entrance to the eastern flank of the
Herradura Promontory, and from the trench downward to depths greater than 60 km,
the Cocos Plate is imaged as a high-velocity body with a low-velocity band (LVB) on
top. The intraslab seismicity deeper than ~30 km takes place on this band. The LVB
has been delineated on the profiles in Figure 4.17. Down to 20 km depth, velocity
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changes up to -12 per cent on the upper part of the slab; at greater profundity,
maximal observed changes are of -5 per cent. The latter value could actually reach -8
per cent, taking into account that the model capacity to recover amplitudes diminishes
at levels deeper than 40 km, as indicated by the synthetic tests (e.g. Figures 4.13 to
4.14). The absolute velocity along the top of the slab is 5 km s™ down to 15 km depth;
from 15 to ~25 km depth the velocity gradient increases to reach 7 km s, a value that
persists almost constant down to 40-45 km depth. Velocities of 7.4 km s™ appear
along the top of the slab at ~40 km depth on the west but at 50-55 km depth toward
the center.

On cross-sections 2-5 in Figure 4.17 the LVB is interrupted by high velocities at
around 35-40 km depth, between kilometers 90-110 along the profiles. The results of
the test for slab structure (Figure 4.15) discussed above indicate that this gap in the
LVB is an artefact only in profile 2. From the trench down to 25 km depth, the LVB
encompasses the first 5-7 km of the slab. At 25 km depth and 50-60 km from the
trench, the tomographic images show a down bending of the 0 per cent Vp-anomaly
contour, indicating an increase on the thickness of the LVVB. On cross-sections 1-2
(Figure 4.17) the thickness of the LVB increases to 10-12 km. Starting at profile 3, a
pronounced down bending of the lower part of the LVB, marked as anomaly i on
Figure 4.17, is found along 30-40 km and between 25-40 km depth, specially
conspicuous on cross-section 4. Absolute velocities on this anomaly range from 6 to
7.2 km s™. Downdip of this sharp contortion, the LVB widens strongly encompassing
more than 15 km. Neither the resolution contours maps (Figure 4.14) nor the results
from the test for slab structure (Figure 4.15) show vertical velocity leakage or
artefacts along this sector of the cross-sections. Furthermore, inversions of the real
data set using a closer vertical grid-node spacing (10 km) from 25 to 45 km depth
yielded identical results, ruling out the possibility of the widening being caused by a
change on the grid-node spacing.

Thus, on the east sector of the studied area, coinciding with the upraise of the Fila
Costefia onshore (Figure 4.16), the margin structure changes considerably over a
distance of only ~15 km (Figure 4.17, profile 5). Besides the presence of anomaly i,
the top of the slab presents here a more uniform absolute velocity gradient on the first
30 km in depth, and the LVB is notably wider at depths larger than that, comprising
up to 20 km. The existence of a wider LVB in this area is confirmed by the results
from the test for slab structure, which demonstrates that a high-velocity slab could be
resolved (Figure 4.15), even if the amplitude recovery is not optimal. Velocities of 5
km s along the top of the slab are found down to 10-15 km depth; the 7 km s*
contour appears between 30 and 35 km depth. Velocities of 7.4 km s™ at 45 km and of
7.8 km s at 65 km depth are probably overestimated, since amplitude recovery of the
model decreases for depths greater than 40 km and in general toward the east (Figure
4.15).

The reflection line SO81-06 reveals that the Jacd seamount has ~25 km diameter and

its summit, according to the depth migration, is located at 5 km depth (Figure 4.11).
The tomographic image of the seamount (Figure 4.12; Figure 4.17, profile 3)
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coincides in horizontal extend with the reflection data, appearing as a low-velocity
anomaly down to 15 km depth and suggesting thickening of the oceanic crust. We
observe an up bending of the contours slower than 5 km s, although the upper part of
the seamount is difficult to define because of the similar velocities found on the
overlying margin wedge. Some minor vertical velocity smearing is indicated at 8 km
depth by resolution contours. Velocities higher than 5 km s™ show a down bending
even at 20 km depth (profile 3, Figure 4.17). To the southeast of Jacd seamount,
another seamount of similar size, closer to the trench and related to the Parrita scar on
the continental slope, has been imaged outside of the area of fair resolution (Figure
4.16, 15 km depth).

4.5.3 Margin wedge and continental crust

The east and central sectors show a pronounced low-velocity anomaly on the upper
plate that starts some kilometers from the trench axis and extends from the surface
down to the plate interface, to a depth of ~20 km (Figure 4.17, profiles 1-4). Its lower
limit shallows toward the coast and finishes at ~75 km and ~85 km from the trench
axis in the west and central parts, respectively. The velocity changes up to -10 per
cent, with some spots reaching -15 per cent (Figure 4.17, profiles 2-3). The absolute
velocities in this anomaly vary from 3.5 to 6.0 km s™. We identify this low-velocity
zone with the margin wedge, based on results from wide-angle profiles, which present
a similar velocity distribution. Low velocities are justified by the normal faulting on
the margin wedge across the middle slope revealed by high-resolution seismic records
(Hinz et al.1996, Ranero & von Huene 2000). Moreover, local fluid venting form the
plate interface takes place through these faults (Hensen et al. 2004). On the east
sector, although the uppermost 10 km do not present the best resolution between the
continental slope and the coast, the area of the margin wedge seems to narrow again,
extending up to 65 km from the trench axis (Figure 4.17, profile 5).

Landward, the margin wedge is laterally limited by a positive anomaly representing
the continental crust. It extends down to 30-35 km depth, where absolute velocities
range from 3.0 to 7.0-7.2 km s™. The velocity gradient decreases at depths greater
than 10-15 km, a change roughly marked by the 6 km s* contour. The most
conspicuous high-velocity anomalies, with more than 15 per cent velocity change, are
located on the upper crust beneath the southwestward edge of the Miocene volcanic
arc (Figure 4.17, profiles 3-5).

The high velocities of the upper plate are interrupted beneath the inner forearc by a
low-velocity anomaly, termed anomaly ii on Figures 13 and 14. Anomaly ii coincides
spatially with the appearance of anomaly i and the thickened LVB on top of the slab
(Figure 4.17). The anomaly is aseismic and roughly emerges at the down-dip end of
the interplate seismicity. It extends from 25 km down to 35-40 km depth, where it
joins the slab top, following the coastline from beneath the west part of the Herradura
Promontory until Quepos, and stretching ~20 km landward. Absolute velocities within
the anomaly are 6.5-6.8 km s™*. Underneath the Parrita lowland, anomaly ii increases

81



CHAPTER 4. Method and velocity structure

in amplitude and shows a more conspicuous shape in cross-section (Figure 4.17,
profile 5). Eastward from Quepos Promontory the perturbation seems to disappear,
although we reach there the limits of the volume illuminated by our data set (Figure
4.16, 25 km depth). In their LET for Costa Rica, Husen et al. (2003a) also imaged this
low-velocity anomaly and proposed that it could be caused by the presence of a
subducted seamount.

4.5.4 Continental Moho and forearc mantle wedge

Previous works in Costa Rica determined depths between 30 and 43 km for the Moho
discontinuity, and reported a small velocity contrast between the mantle and the crust
(Matumoto et al. 1977, Quintero & Kulhanek 1998, Quintero & Kissling 2001,
Sallares et al. 2001, DeShon & Schwartz 2004). Wide-angle profiles on the Central
Pacific area (Ye et al. 1996; Stavenhagen et al. 1998) did not illuminate depths
greater than ~20 km. DeShon et al. (2006) inferred the continental Moho location
under Nicoya Peninsula following a turnover of the contour of 7.0-7.2 km s™ P-wave
velocities, which they found to be in good correspondence with lower crust velocities
from the refraction model of Sallarés et al. (2001). Our tomographic results show an
increased velocity gradient together with a clear bending of the 7.0-7.2 km s*
contours, supporting DeShon et al. (2006) assumption. We observe a sharper velocity
gradient on the western and central parts of the area (Figure 4.17, profiles 1-3),
becoming more diffuse toward the east (Figure 4.17, profiles 4-5). Beneath the coast
and landward, the Moho appears at 30-35 km depth (Figure 4.17, profile 5). The
forearc mantle wedge exhibits velocities of 7.2-7.6 km s on the east and the west. On
the central part, slower velocities of 6.8-7.2 km s™ are modelled (Figure 4.17, profile
3), but they are most likely caused by upward velocity leakage from the LVZ, as
indicated by the test for slab structure (Figure 4.15).

4.6. Discussion

In this study, we collected information from CSS lines available on the area
resolvable with LET and incorporate it indirectly into the inversion process. Usually,
when CSS data are inverted directly in a LET, shots are treated as earthquakes with
known origin time and location, and therefore they are not relocated during the
inversion process. However, the location of the sources at the surface can negatively
affect the inversion because of the strong nonlinearity resulting from the dependence
of the ray turning points on the velocity structure (Laigle & Hirn 1999). Moreover,
sources and receivers distributed along a seismic profile is one of the worst possible
ways to deploy a seismic station array for earthquake location.

A good agreement is observed between the distribution of absolute velocities of the
“tuned” tomography and the 2-D model of Ye et al. (1996) for wide-angle profile
S081-200, although the velocity contrasts appear 2 to 5 km deeper in the tomograms
(Figure 4.11b). This could be attributed to the differences on the estimation of
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velocities of each method, as well as their inherent uncertainties. While LET vyields a
volume-wise average of velocity, wide-angle 2-D ray tracing modelling averages
velocities along the ray path. The distribution of earthquakes in 3-D ensures precise
information of seismic velocities per volume, provided that there are enough rays per
volume, coming from different directions. Also, the location of sources and receivers
both outside the studied area restricts the ability of CSS methods to resolve the precise
position and true dip of reflecting structural elements. The strength of wide-angle
method lies on its sensibility to large-scale vertical and horizontal velocity gradients
and discontinuities. Ray crossfiring is limited in 2-D CSS profiles, and the velocities
resulting from ray tracing and in-line migration are averages for the specific layers.
On the other hand, LET resolution capability is limited by the grid-node spacing,
therefore decreasing with depth.

Ye et al. (1996) do not discuss the uncertainties of their model for the wide-angle line
S081-200, but they do mention that the denser station coverage over the continental
slope and the recordings from the two land stations allowed them to determine the
velocity distribution more reliably there. The authors also state that their data did not
suffice to resolve the change on the velocities of the oceanic crust farther landward in
the subducting slab. A very rough estimation of the vertical uncertainty could be
attempted on the basis of Fresnel volumes and the wi, of reflector elements. A
reflector element from profile SO81-200 with the highest quality (wi =1), belonging
to the plate interface beneath the margin wedge, at ~10 km depth, would have an
uncertainty of +1.4 km considering a seismic frequency-content range of 6-14 Hz (Ye
et al. 1996) and an average velocity of 4.3 km s™ for the overlying crust. As suggested
by Baumann (1994), dividing that value by the actual wy. of the reflector, 0.5 in this
example (Figures 4.2 and 4.11), yields £2.8 km as an estimate of the real vertical
uncertainty for the element. An example of uncertainties on wide-angle modelling is
given by Walther (2003), who analyzed a profile shot on the Cocos Plate, close to the
MAT and parallel to it, from Quepos Plateau to the southeastern flank of the Cocos
Ridge. He applied conventional 2-D raytracing and an algorithm for seismic
traveltime inversion for 2-D velocity structures. The distance between stations and the
average shot spacing were ~7.5 km and 150 m, respectively. With several uncertainty
tests he estimated an average spatial resolution of 2.0 km for the Moho, whose
position ranges from 12 to 20 km depth. Thus, the observed difference on the depth of
the velocity contrast between LET and CSS techniques could lie, to some extend, in
the range of uncertainties.

The distribution of the high-quality hypocenters obtained by the tomography also
suggests a deeper location of the top of the subducting plate than predicted by Ye et
al. (1996). A clear, dipping planar clustering of events between 15 and 25 km depth
(Figure 4.17), interpreted as interplate seismicity, corresponds to a plate interface ~2.5
km deeper than modelled by those authors. Another factor that could explain the
differences in velocity distribution between wide-angle and LET techniques is the
presence of the JacO seamount. Seamounts are highly altered and fractured crustal
sectors located on top of locally thickened portions of oceanic crust, which cause
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decrease on P-wave velocities. This circumstance is clearly imaged on the tomograms
but not on the wide-angle model (Figures 9 and 10).

Several studies using LET have been carried out in Costa Rica. Husen et al. (2003a)
performed a country-wide LET using earthquake data from the two permanent
seismological networks of Costa Rica. On the central part of the country, the model
has good resolution down to 70 km depth. Their study revealed a complex
lithospheric structure beneath Costa Rica, further documenting the influence of the
structure and evolution of the incoming Cocos plate on the margin configuration. In
general, the results presented here are in good agreement with the work of those
authors. However, our model provides new insights into the first 60-70 km of this
sector of the subduction zone provided mainly by the offshore coverage, lacked by
Husen et al. (2003a). In addition, observed discrepancies are attributable to the use of
different reference models and model parameterizations. Absolute velocities resulting
from both tomographic models are slightly different but consistent at depths greater
than 10-15 km.

As imaged by Husen et al. (2003a), DeShon et al. (2006) and other previous studies in
Costa Rica, the Cocos slab is a high-velocity anomaly to first order, as expected from
the fact that subduction rates are more rapid than rates of thermal diffusion, yielding a
slab relatively cold compared to the warm mantle. This simple image has been
modified in the last years with the detection of negative anomalies along the slab in
different zones of the world, such as Taiwan (Lin et al. 1999), Alaska (Abers 2000,
Abers et al. 2006) and Costa Rica (Husen et al. 2003). The model of the latter authors
depicts the upper part of the slab subducting beneath central Costa Rica as high-
velocity feature with areas of low velocities appearing at different depths. In our
model, on the contrary, along the whole sector of the margin covered by the Jaco
network we observe a continuous band of low velocities on the subducting slab
starting at depths as shallow as 5-10 km at ~5-10 km from the trench (Figure 4.17),
and stretching down to 60-70 km depth, were the resolution ends.

Low velocities on top of the slab have been detected by CSS methods as well. Ye et
al. (1996) report clear near-vertical PiP reflections recorded over the continental slope
from their modelling of line SO81-200. They point out that their appearance requires
a high-velocity contrast along the plate boundary, which they depict as a low-velocity
layer with a thickness slightly over one km. Further to the southeast, 40 km beyond
the area of this work, Stavenhagen et al. (1998) observed an up-to-8 km thick low-
velocity layer overlaying the subducting slab, which possesses an increased thickness
of 14 km itself. The authors attribute the thick low-velocity layer to eroded material
from the margin wedge.

The appearance of low velocities inside the subducting slab can be explained by
several processes taking place at different depths, in which water and the structure of
the oceanic plate play a key role. Subduction transports large amounts of water into
the Earth, including free water contained in sediments and the oceanic crust and
mantle, as well as in the form of hydrous minerals. As the slab sinks, dehydration of
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the slab is thought to take place, releasing fluids most likely continuously, while the
dehydrating lithology changes with depth from sediments, to hydrated oceanic crust,
to serpentinized oceanic mantle (Ruepke et al. 2002). At depths greater than ~100 km,
fluids from sediments, crust and mantle are released beneath the volcanic front into
the hot mantle wedge, where they may propitiate partial melting by decreasing the
temperature, leading to arc volcanism. In the following we will discuss how the
different processes outlined above are expressed in our tomograms. Figure 4.18
provides sketches of cross-sections 2 and 5 (Figure 4.17), delineating the observed
low-velocity anomalies and their interpretation.

Hydration through slab faulting

It has been suggested that most of the hydration of the oceanic plate takes place
during bending near the trench, where water percolation and mineral alteration occur
at extensional faulting on the crust and the upper few kilometers of the mantle (Kirby
et al. 1996), or even deeper, 15-30 km into the mantle (Peacock 2001, Ranero et al.
2003, 2005). Like at most of the subduction zones, faulting along the trench is present
offshore Middle America, and it has been imaged by high-resolution seafloor
mapping, near-vertical reflection lines and outer-rise seismicity (Hinz et al. 1996, von
Huene et al. 2000, Ranero et al. 2005, Grevemeyer et al. 2007). Northward from the
boundary between lithospheres formed at EPR and CNS, offshore Nicoya Peninsula,
the oceanic crust is ~5 km thick, favouring a zone of flexure and faulting wider than
that to the south. Offshore the Central Pacific area of Costa Rica, the oceanic crust is
thicker, the outer rise much smaller and the faulting on the seaward trench slope of the
Cocos Plate is less developed (von Huene et al. 2000). Between Fisher Seamount and
Quepos Plateau, the flexural stress is relieved on a narrow area by faulting along
presumed zones of previous structural weakness of the plate, i.e. the spreading fabric
(Figure 4.1). In our tomographic images, specially clear on profiles 2, 3 and 4
(Figures 14 and 15), the low-velocity layer toping the subducting slab to depths of
~25 km appears relatively narrow, encompassing the first 5-7 km into the plate, in
good agreement with a shallower bend-faulting. The subduction of a less deeply
faulted lithosphere beneath Central Costa Rica has been invoked by Ruepke et al.
(2002) to explain the variations in lava composition between Costa Rica, where they
have been originated from a basalt-amphibolite source, and Nicaragua, where the
descending lithosphere is pervasively faulted and serpentinized, favouring a deep
fluid source from the slab mantle.

Another factor that could contribute to the low-velocity anomalies observed on the
first kilometers of the slab is the subduction channel and the fluids stored on it.
Reflection lines offshore Costa Rica (Hinz et al. 1996) suggest that more than 95 per
cent of the sediment coverage, with a thickness of ~0.5 km off Costa Rican Central
Pacific margin, remains on the subducting plate (von Huene et al. 2000). The
subduction erosion process adds large amounts of material removed from the upper
plate to the subduction channel, introducing a layer with an estimated thickness of
400-800 m (von Huene et al. 2004).
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Slab dehydration

At depths shallower than ~20 km, in a low temperature environment, water is released
from compaction and diagenesis of subducted sediments and the subduction channel.
These fluids could migrate along the plate interface toward the trench, or most likely
in erosional margins, ascend along faults formed within the upper plate by
hydrofracturing on the forearc region (Ranero et al. 2008). High-resolution seismic
records and multibeam bathymetry display pervasive normal faulting on the middle
slope off Costa Rica (Ranero & von Huene 2000). The chemistry of the cold vent
fluids seeping on top of the faults indicate a source at the plate interface (Hensen et al.
2004). The weakening of the upper plate basement and the fluid venting, together
with deformation and faulting originated by seamount subduction, justify the low

velocities obtained on the margin wedge (Figures 4.17 and 4.18).
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At deeper levels, from 20 to 100 km depth, progressive metamorphism releases water
from sediments and oceanic crust, at pressure and temperature conditions which are
too cold to generate arc melting. The 3-D P-wave velocity structure and petrologic
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modelling from Husen et al. (2003a) indicate the existence of a low-velocity hydrous
oceanic crust in the subducting plate beneath central Costa Rica. They found a good
correlation between the predicted locations of hydrous minerals in the oceanic crust
and the hypocenters of intermediate-depth earthquakes, supporting the hypothesis of
the latter being enabled by dehydration (Kirby et al. 1996, Hacker et al. 2003, Abers
et al. 2006). For their part, Ranero et al. (2005) present evidence from the subduction
zones in Middle America and Chile indicating that, even though dehydration
embrittlement and eclogitization may contribute to stresses in the slab leading to
seismogenesis, much of the intermediate-depth intraslab seismicity occurs by
reactivation of old and new faults formed by plate bending near the trench. A
hydrated oceanic crust explains the existence of a LVB on top of the slab down to the
maximal depths resolved by this study (60-70 km) and probably beyond, at least on
the west part (Figure 4.17, profiles 1-2; Figure 4.18). The fact that the LVB
encompasses the intraslab seismicity deeper than ~30 km recorded by this experiment
(Figure 4.17) agrees with slab dehydration as a seismogenic agent. To distinguish
whether the earthquakes are generated by dehydration embrittlement across the slab
or they concentrate along pre-existent faults reactivated during subduction, further
data analysis is necessary. For example, high-precision relative earthquake locations
could eventually depict lineaments associable with faults.

As described above, the tomograms depict widening of the LVB in two senses: a
vertical widening that starts at ~25 km depth on the west portion of the margin studied
here, and a general eastward widening (Figures 14 and 15). Further growing of the
faulting downdip as the slab bends further (von Huene & Ranero 2003, Mikumo et al.
2002) and is confronted with the sector, downdip of the disrupted margin wedge,
where the upper plate has strengthened, may account for the vertical widening of the
LVB.

Thickening of the oceanic crust

At cross-sections 4 and 5 (Figures 14 and 15) the LVB more than doubles its
thickness at depths greater than ~30 km. As in the west sector, the intraslab seismicity
distributes all over the thickened LVB (Figure 4.17, profiles 4-5). Anomaly i
protrudes from the bottom of the LVB, noticeable from the area crossed by profile 3
and eastward, and precedes the general downdip widening of the LVB. The shape of
anomaly i resembles the structure of the seamounts imaged by this and other studies
but with bigger proportions. Its appearance takes place ~10 km closer to trench at
profile 5. The onset of intraslab seismicity also draws progressively nearer to the
trench, so that at profile 5 it starts ~25 km and ~10 km seaward from the onset at
profiles 3 and 4, respectively, at least during the recording period of the Jaco network.

This eastward broadening of the LVB could be caused by the presence there of a
portion of the slab displaying a more intensive, and maybe deeper, bend faulting.
Nevertheless, the subduction of the Cocos Ridge and its thickened crust suggests
another origin for the widening of the LVB. Trench-parallel, wide-angle profiling ~30
km seaward from the MAT reveals that the EPR crust offshore the Nicoya Peninsula
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possesses the velocity structure of normal oceanic crust (Walther & Flueh 2002). On
the contrary and as expected from the presence of the Cocos Ridge, crustal thickening
related to the Galapagos hotspot has been imaged all along a profile stretching from
Quepos Plateau to the southeastern flank of the ridge by Walther (2003) and Sallares
et al. (2003). The models of those authors show a maximal crustal thickness of 19-20
km below the center of the ridge; the thickening is almost entirely caused by a lower
crust with up to three times the thickness of normal oceanic crust. Beneath the
northwestern flank of the ridge, in the area of the Quepos Plateau, the CNS crust is
~8-10 km thick (Walther 2003), or even thicker (Sallarés et al. 2003), the increase
here being attributed to the upper crust and expressed by 3-km thick flow basalts
(Walther, 2003). Velocities lower than expected for a crustal layer 2-A constituted
mainly by basalts could be caused by high porosity (Walther 2003), as suggested by
the slightly to highly vesicular lavas and tuffs dredged from the ridge (Werner et al.
1999).

Following the azimuth of the Cocos plate motion as predicted by the model Nuvel-1A
(DeMets et al. 1994), shown in Figurel, a landward projection of the thickened
oceanic crust existent under Quepos Plateau coincides very well with the eastward
widening of the LVB (Figure 4.17, profiles 4 and 5). This suggests that the widened
LVB imaged by this tomography beneath the Parrita lowland and landward may be
caused by the presence of subducted thickened crust with velocities in general lower
than the average for normal oceanic crust. In this context, anomaly i could be
interpreted as the result from hotspot activity as well, a feature similar in extension to
Quepos Plateau. The velocity structure and gradient of the thickened LVB and the
anomaly i are very similar to those of the lower crust of Cocos Ridge as modelled by
Walther (2003) and Sallarés et al. (2003).

Since thickened crust shows an impaired bending ability, hydration of the slab by
flexural normal faulting at the trench may be decreased. Bend faulting of the Cocos
Plate at the outer rise and the trench decreases southeastward and disappears against
Quepos Plateau (von Huene et al. 2000) (Figure 4.1). Bathymetry highs and
lithologies on the Cocos Plate, such as seamounts, the up-to-900 m thick
volcaniclastic aprons extending ~10 km on both sides of Quepos Plateau (Flores-
Hernandez 1996, Walther 2003) and the thick, high-porosity flow basalts which
thicken the upper crust of the plateau, may introduce some amount of water into the
subduction zone, but likely stored only on the first few kilometres of the slab. Yet,
this and other studies (Protti et al. 1995a, Husen et al. 2003) observe abundant
intraslab seismicity on the area crossed by profiles 4 and 5 (Figure 4.17) and further to
the east. Even more, landward from thicker portion of the Cocos Ridge in southern
Costa Rica, where there is no evidence of bend faulting, intraslab seismicity as deep
as ~65 km distributed on a ~20 km-thick band has been detected by a local network
(Arroyo, 2001). If dehydration reactions generate intraslab seismicity, alternative
tectonic scenarios for hydration of the oceanic crust, such as spreading centers
(Peacock 1990; Kirby et al. 1996) and hotspots (Seno & Yamanaka 1996), may play
an important role too, at least in the case of subducted thickened crust and low-
magnitude (< ML 5) seismicity.

88



CHAPTER 4. Method and velocity structure

Serpentinization of the forearc mantle wedge

The fluids released at depths from 20 to 100 km may rise buoyantly along the slab-
wedge interface to hydrate the cold upper mantle wedge (Hyndman & Peacock 2003).
The subduction of oceanic lithosphere reduces the temperature of the overlying
forearc, providing conditions for stability of hydrous serpentine minerals in the
forearc mantle. Serpentinized forearc mantle may justify the aseismic nature of that
portion of the subduction zone and the downdip limit of the subduction thrust
earthquakes (Hyndman et al. 1997, Hyndman & Peacock 2003).

The model of Husen et al. (2003a) predicts hydrated, serpentine- and/or chlorite-
bearing mantle in a narrow zone just above the subducting slab and in a larger area in
the “tip” of the mantle wedge beneath central Costa Rica. According to empirical
relationships between the degree of serpentinization and seismic P-wave velocities of
peridotites (Carlson & Miller 2003), velocities of 7.2-7.6 km s obtained in the
narrow part of the mantle wedge resolved by this study, in the east and west sectors
(profiles 1, 2, 4, 5 in Figure 4.17), indicate a serpentinization of ~5-15 per cent (2 -
45 wt% H,0). This value could be slightly underestimated, given that the
characteristic model test suggests an anomaly recovery of 70-80 per cent on the
forearc mantle wedge. Using LET, DeShon et al. (2006) report a serpentinization of
20-25 per cent on the forearc mantle wedge beneath the Nicoya Peninsula, which
could also be higher considering the reduced anomaly recovery of the model. These
results correspond well with the work of Hyndman & Peacock (2003), who examined
a wide range of geophysical and geological data and concluded that serpentinization
of the forearc mantle is a global expected phenomenon, commonly reaching values of
20 per cent and locally up to 50 per cent.

Subduction of ocean-bottom morphology

The configuration of the Central Costa Rican Pacific margin is modified by the
subduction of seamounts, ridges and plateaus imprinted on the Cocos Plate by the
Galapagos hotspot. Two subducted seamounts upward from the seismogenic zone
have been imaged by the tomographic modelling in this study, the Jacdé seamount
(Figures 1, 10, 13 and 14) and ~20 km to the southeast, already at the edge of the area
resolved by the LET, the Parrita seamount (Figure 4.16). The latter is located ~10 km
landward from the trench axis, has a diameter of ~18 km and is associated to the
Parrita Scar (Figure 4.1) on the middle margin slope. It has also been previously
imaged by reflection line SO81-06 (von Huene et al. 2000). Both seamounts appear as
negative anomalies in the tomograms, their roots clearly signalled by a down bending
of the contours of absolute velocities higher than 5 km s™ on the oceanic crust and
upper mantle, and an up bending of the contours of slower velocities into the margin
wedge. A similar tomographic image has been obtained by Husen et al. (2002) for a
seamount located at the entrance of the Nicoya Gulf. Discerning the summit of the
seamounts in the tomogram is difficult because of the lack of velocity contrast
between the top of the slab and the base of the margin wedge.
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Profile 1 in Figure 4.17 crosses the area where the Mw-7.0 Cobano earthquake
occurred in 1990, at the entrance of the Nicoya Gulf (Figure 4.1). By analyzing the
source-time function of the earthquake, Protti et al. (1995b) suggested that it was
generated by the rupture of an asperity, likely a seamount, that propagated to a weaker
zone. Husen et al. (2002) observed a tomographic low-velocity anomaly at ~30 km
depth and interpreted it as the signature of the seamount. In our results, the absolute
velocity distribution is similar to that described by those authors, but the image of the
seamount is not clear. We see a slight thickening of the low velocities on top of the
slab in the area, at around 20-30 km depth (Figure 4.17, profile 1), but the decrease on
velocity contrasts caused by the presence of the LVB and the proximity to the border
of the model at this position may complicate the recognition of a seamount.

Inner forearc

Another remarkable characteristic of the portion of the margin resolved by the LET is
the low-velocity anomaly ii, imaged directly over the subducting slab, from 25 to 35-
40 km depth below the inner forearc, from Herradura until Quepos promontories
(Figures 13 and 15; Figure 4.17, profiles 3-5). The occurrence of this anomaly
spatially coincides with the subduction of anomaly i and the thickened oceanic crust.
Furthermore, the location of this anomaly closely matches the area of the subaerial
forearc where underplating of seamounts has been invoked to explain the differential
uplift of forearc blocks (Fisher et al. 1998, Marshall et al. 2000, 2007; Gardner et al.
2001). This uplift is superimposed to the general elevation caused by the subduction
of the Cocos Ridge further to the southeast, where the forearc deforms more
uniformly by rapid shortening across the Fila Costefia (Kolarsky et al. 1995, Fisher et
al. 2004).

Several hypothesis could explain the low velocities found underneath the inner
forearc. Husen et al. (2003) suggested that anomaly ii, also imaged in their LET,
could be a subducted seamount. Subducting seamounts offshore central Costa Rica
cause erosion and subsidence on the offshore forearc (Ranero & von Huene 2000), but
several studies evidence that they travel downward unscathed (Barckhausen et al.
1998, von Huene et al. 2000, Ranero & von Huene 2000), even to depths of 20-25 km
(Husen et al. 2002).

The concurrence of a subsiding outer forearc (Vannucchi et al. 2001, 2003; von
Huene et al. 2004) and an uplifting inner forearc (Fisher et al. 1998, Marshall et al.
2000) in an erosive convergent margin could also be justified by tectonic
underplating. Accretion of subducted material beneath the base of the coastal forearc
since ~2 Ma, synchronous with tectonic erosion under the trenchward part of the
forearc is described by Clift & Hartley (2007) in Peru and northern Chile. They
propose a style of non-steady state tectonic erosion in which periods of slower erosion
and coastal uplift alternate with times of faster erosion and trench retreat. Such
underplating has been modelled by frictional wedge analysis (Adam & Reuther 2000)
and imaged as low-velocity anomaly by LET (Husen et al. 2000) beneath the
Mejillones Peninsula in North Chile. In our case, tectonic underplating could be
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explain by an increase in the buoyancy of the subducting slab causing an augment on
lateral stress which propitiates an accumulation of eroded material against the base of
the upper plate, at the downdip limit of the coupled interface. Velocities of 6.5-6.8 km
s modelled for anomaly ii at 25-35 km depth suggest that it may be composed of
mafic igneous rocks (Christensen & Mooney 1995), probably from seamounts and the
oceanic assemblages constituting the margin wedge. Removal from upper-plate
material during subduction contributes enough material for underplating. Ranero &
von Huene (2000) have identified two specific mechanisms of subduction erosion
along the Middle America margin, namely erosion by seamount tunnelling and
removal of large rock lenses of a distending upper plate. Further evidence of the
undermining of the overlying plate, besides the relief disruption associated to recently
subducted seamounts, is displayed by the two broad embayments affecting the upper
and middle slope of the continental margin offshore the Nicoya Gulf entrance and the
Parrita lowlands (Figure 4.1), 45 and 70-km wide respectively (von Huene et al.
2000).

Additional information for this sector of the margin is provided by the 2004 Mw-6.4
Damas earthquake (Figure 4.1). According to the work of Pacheco et al. (2006), the
main shock was located at 24 km depth, at the flank of anomaly ii as imaged by this
study (Figure 4.16 and 4.18; Figure 4.17, profile 5), with the aftershocks distributed
between 15-25 km depth. The slip distribution resembles that of a simple circular
rupture with a radius of 8 km, a dimension consistent with the tomographic image of
anomaly ii in this sector (Figure 4.17, profile 5). The authors conclude that
deformation takes place throughout the whole thickness of the continental crust,
probably caused by “seamount subduction and strong basal friction on the upper plate,
due to subduction of a thick, young, and buoyant oceanic plate, rough seafloor, and
underplating of large seamounts”.

Nevertheless, the apparent aseismic quality of anomaly ii, inferred from Jaco records
and the distribution of the 2004 earthquake aftershocks (Pacheco et al. 2006), may fit
better on yet another scenario. The low velocities underneath the inner forearc could
be explained by an accumulation of upward migrating fluids, overpressured and
confined at the base of the overlying crust by the presence of the seamount or plateau
and the expected increased coupling on the plate boundary. Elevated fluid pressure
could increase stress on the adjacent rocks. The presence of the seamount or plateau
and the thickened crust alone could justify the coastal uplift and the occurrence of the
2004 earthquake.

The hypothesis described above partially justify the coinciding observations, but if
they are in effect linked, further information is needed to better constrain the
interpretation. For example, Vp/Vs or S-wave tomography and thermal modelling
could render valuable insights on the presence and distribution of fluids, improving
the characterization of the different factors interacting on the margin.
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4.7. Conclusions

We have used the P-wave traveltimes from 595 earthquakes recorded during six
months by an “amphibian” station array, combined with information provided by
controlled-source seismology profiles, to obtain a 3-D tomographic model of the
shallow part of the subduction zone (< 70 km) in the Central Costa Rican Pacific
margin. The use of ocean-bottom stations allowed us to determine reliable
hypocenters from the trench to the coast for the first time in this area.

The 3-D velocity structure of this sector of the Costa Rican margin, well resolved
from the trench down to 60-70 km depth, presents a certain degree of complexity,
evidenced by subducted seamounts, the transition from normal to thickened subducted
oceanic crust and, possibly, tectonic underplating, taking place along a relatively short
distance. This structure also reflects various processes recognised in subduction
zones, invoked here to account for the observed anomalies, such as slab hydration
through bend faulting, tectonic erosion and slab dehydration.

The subducting slab is resolved down to ~70 km depth, as a high-velocity
perturbation with a conspicuous band of low velocities (LVB) on top, which contains
the intraslab seismicity deeper than ~30 km. This LVB is the expression of several
processes varying in depth and along the trench. From the trench down to 20-25 km
depth, the low velocities encompass the first 5-7 km of the slab, originated mainly by
the fault system reactivated by bending at the trench and the outer rise and by
hydration (Ranero et al. 2005). The LVB is locally thickened by the presence of Jaco
and Parrita seamounts. A vertical widening of several kilometers of the bottom of the
LVB takes place at around 25 km depth, roughly coinciding with the interplate
seismicity above, the increase in the dipping angle and, consequently, with the
augment in strength of the upper plate. Further development of the bend-faulting
system under those conditions may justify the widening.

The broadening of the LVB is stronger toward the east, where it is preceded by an
even sharper widening of the low velocities, interpreted as a big seamount or plateau,
both with velocity structure similar to that reported for the Cocos Ridge (Walther
2003, Sallares et al. 2003). The maximal thickness of the LVB imaged in this study
concurs with the onset of the Fila Costefia (Coastal Range) onshore, considered as an
inverted forearc basin (Kolarsky et al. 1995). We believe that this striking change
represents the transition from subduction of normal oceanic crust to Galapagos
hotspot modified, thickened oceanic crust. The occurrence of intraslab seismicity
distributed all over the thickened LVB suggests that slab hydration at tectonic
scenarios other than the trench-outer rise may also play an important role.

The presence of the thickened crust and the accompanying big seamount or plateau
shows spatial reciprocity with an aseismic low-velocity anomaly revealed beneath the
inner forearc, at the base of the crust of the upper plate. This anomaly could constitute
the first geophysical evidence for the tectonic underplating of seamounts and material
eroded from the upper plate, previously proposed to explain the differential uplift of
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blocks of the inner forearc in Central Costa Rica (Fisher et al. 1998, Marshall et al.
2000). The buoyancy of the underplated material could increase crustal stress above,
as indicated by the 2004 Mw-6.4 Damas earthquake (Pacheco et al. 2006).
Alternatively, its aseismic quality suggests that the anomaly underneath the inner
forearc could be caused by accumulation of upward migrating fluids, trapped at the
base of the overlying crust by the presence of the seamount or plateau, which
increases interplate coupling.

The margin structure presented here is the result of a relatively short recording period.
The complex dynamics of subduction zones calls for longer deployment periods in
order to more fully understand the processes and their evolution through time.
Valuable information from complementing data and techniques, such as Vp/Vs
modelling, attenuation, gravimetry, focal mechanism determination and geodesy,
could contribute to a better characterization of the rocks physics, stress and
deformation, and therefore to constrain interpretation and gain further insights into the
subduction processes.
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4.8. 3-D Vp/Vs model

Information provided by Vp/Vs ratios can provide valuable further criteria to
characterize the mechanical properties of the rocks in an area, helping to constrain the
interpretation. The S-phases from local earthquakes recorded by the Jac6-RSN array
have been picked solely from the records of the 15 Jacé land stations, which are three-
component, as described in chapter 3. The failure of the offshore seismometers
mentioned in chapter 2 is expected to decrease the resolution of Vp/Vs modelling. In
spite of that circumstance, the inversion of S-wave data recorded by the Jaco
experiment has been attempted and is described in the following.

Due to the fact that most earthquake datasets include fewer S-wave than P-wave
observations, the separate inversion for those parameters can result in low resolution
of Vs in areas of good resolution for Vp, complicating the interpretation. Besides,
picking of both types of data possesses different quality. For these reasons, inverting
for Vp/Vs could yield a better solution, where reliable ratios are expected in areas of
good P- and S-wave resolution (Evans et al. 1994, Husen 1999).

To invert for Vp/Vs, the 3-D P-wave velocity model and a constant Vp/Vs ratio of
1.68 are used as the initial model. The latter value has been determined as the better
fit for the Wadati diagram of the dataset used for P-wave tomography, as shown in
Figure 4.19. Since the number of available S-wave observations is around 30% of the
total number of P-wave readings, the sampling of the space for Vp/Vs modelling is
significantly inferior. The use of the 3-D P-wave velocity model and a constant Vp/Vs
value ensures that variations of this initial ratio can be resolved in areas with good S-
wave coverage, while in other areas the average ratio is not modified (Haslinger
1998).
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Figure 4.19. Wadati diagram of events selected for P- and S-wave inversion. The estimated
Vp/Vs ratio is 1.68.
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A sub-dataset of 551 events with at least four S-wave readings was selected from the
data used for P-wave tomography. The dataset comprises 3363 S-wave and 10,881 P-
wave observations; the coverage with S-wave data is shown in Figure 4.20. Because it
is already the result of a tomographic inversion, the P-wave velocity model was kept
strongly damped (1000) while a damping parameter of 50 was applied for Vp/Vs,
chosen from a trade-off curve as for the Vp previously.

The final weighted rms over all traveltime residuals for the combined dataset is 0.010
s. This value is close to the a priori average observational error. There is no
significant shift on earthquake locations or change in the P-wave velocity model. The
inversion was also performed with the minimum P-wave 1-D velocity model and the
same ratio of 1.68 for Vp/Vs as starting model and solving for both, 3-D P-wave
velocity and Vp/Vs ratio. The results are very similar, with the same pattern of
anomalies although their amplitude tends to be slightly higher.
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Figure 4.20. Hypocenter locations of 551 events selected for tomographic inversion, shown in
map view and vertical cross sections in E-W and N-S directions. At the lower right corner, a
histogram of hypocenter-depth distribution is included. Black triangles represent stations.
Approximate ray coverage is shown by grey lines connecting epicenters and stations. Small
circles denote final, 10 x 10 km? horizontal grid-node spacing. The axis of the Middle America
Trench is indicated by a dented line.

95



CHAPTER 4. Method and velocity structure

As described for the Vp inversion, checkerboard synthetic tests for Vp/Vs were
performed to explore the resolution ability and the amount of blurring in the dataset.
Anomalies with input amplitude of 1.51/1.85 and encompassing two and single grid
nodes were designed following again Husen et al. (2004). Figure 4.21 displays the
results of one of the tests for each anomaly size. As expected from the geometrical
distribution of sources and receivers, considering the lack of coverage for S-wave
within the ocean-bottom network, anomaly recovery is good onshore, in the sector
coincident with the three-component Reftek stations from the temporal land network,
and between 8 and 40 km depth. A significant amount of vertical velocity smearing is
found within the first 10 km in depth. Horizontal velocity leakage to the southwest is
substantial between 15 and 25 km depth, and to the southeast at 40 km depth.

The inversion results are displayed in Figure 4.22. In general, Vp/Vs ratios resulting
from the inversion are higher than the starting values for depths shallower than ~40
km and slightly lower at deeper levels. The more conspicuous anomaly, highest ratios
(~1.9) appear at 15-25 km depth offshore, close to the border of the resolved area and
could be affected by velocity blurring, as shown by the checkerboard test (Figure
4.21).

In the case of the Jaco network, the lower quantity of S-wave data usual in earthquake
catalogues has been aggravated by the malfunction of the seismometers installed
offshore. The area of good resolution is further diminished in view of the
checkerboard tests results. The lack of the continuity of the resolved area at different
depths hinders the interpretation of variation across the margin. In conclusion, the
information obtained from Vp/Vs seems to be, unfortunately, not reliable enough to
contribute in the evaluation of the configuration of the margin.
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Figure 4.21. Examples of synthetic checkerboard test for assessment of solution quality.
Recovered model is shown in plane views at different depths (see text for explanation).
Locations of high (1.85) and low (1.51) Vp/Vs input anomalies are shown by red and green
squares respectively. Small crosses represent grid nodes of the model parameterization, grey
triangles denote seismic stations. The axis of the Middle America Trench is indicated by a
dented line.
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Figure 4.22. Tomographic results of 3-D Vp/Vs inversion shown in plane view at different depths. Areas with no ray coverage are masked. Thick
white lines contour areas of fair resolution as indicated by analysis of several criteria. Triangles represent stations and small crosses denote grid
nodes. The axis of the Middle America Trench is indicated by a dented line.
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Chapter 5

Seismotectonic interpretation

As pointed out by Eberhart-Phillips (1993), “one of the primary benefits of local
earthquake tomography in earthquake source regions is the joint interpretation of the
3-D velocity structure, earthquake hypocenters, and fault-plane solutions”. The author
adds that together, they yield the most through and precise picture of the structure and
deformation that can be obtained from arrival time data for a region.

Three categories of seismicity are commonly originated at subduction zones (Lay &
Wallace 1995). The diving of an oceanic plate beneath the overriding plate creates a
zone of contact between both where frictional sliding takes place, generating
interplate seismicity. The largest earthquakes of the planet occur here. The second
type of seismicity results from the internal deformation of the overriding plate. The
third category is induced by deformation on the subducting slab, as it sinks and
interacts with the surrounding mantle. The deeper intraslab seismicity is known as
Wadati-Benioff zone (WBZ). Additionally, during the last decade, a set of strain-
release processes which manifest as slow and silent earthquakes, continuous and
episodic slip and non-volcanic seismic tremors, have been modelled and/or detected,
contributing to construct a more complex, but improved, view of subduction zones
(Schwartz & Rokosky 2007).

In this chapter, the historic seismicity of the Central Pacific segment of Costa Rica
and the seismicity generated at the plate interface and at the oceanic and overriding
plates recorded during the JacO experiment are described, and their origin compared
to current hypothesis derived from other studies in convergent margins. Special
attention is conceded to the extension of the seismogenic zone, being the area of the
margin where the most damaging earthquakes are generated. It also produced the
most abundant seismicity during the recording time of the experiment. The Central
Pacific segment off Costa Rica generates hazardous events which have severely
affected not only the towns in the coastal areas, but also poses a moderate risk due to
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site effects (Montero & Climent 1990) for the most populated region of the country,
the Central Valley, located less than 100 km away from the epicenters of the last large
earthquakes generated in this segment.

The 3-D velocity structure of the margin derived in this study and presented in chapter
4 provides the basis for interpretation of the observed seismicity. As discussed before,
the structure of this segment of the margin reflects the complexity associated to
subduction of ocean-floor morphology and the transition from normal to thickened
subducting oceanic crust. The subducting slab is imaged as a high-velocity
perturbation with a band of low velocities (LVB) on top encompassing the intraslab
seismicity deeper than ~30 km (Figure 4.17). A relatively abrupt, eastward widening
of the LVB is observed and has been attributed to the subduction of hotspot modified,
thickened oceanic crust. The thickening is accentuated by the presence of a big
seamount or plateau (anomaly i, Figure 4.17). Landward, it coincides with the onset
of an inverted forearc basin onshore and the appearance of an aseismic low-velocity
anomaly (anomaly ii, Figure 4.17) beneath the inner forearc. The latter concurs
spatially with a sector of the subaerial forearc where differential uplift of blocks has
been described (Fisher et al. 1998, Marshall et al. 2000), suggesting tectonic
underplating of eroded material against the base of the upper-plate crust.
Alternatively, the low velocities could be induced by an accumulation of upward
migrating fluids.

5.1 Seismicity in the Costa Rican Central Pacific segment

Tectonic differences along the Nicaraguan - Costa Rican margin have been
recognized long ago. From advances on marine research and seismology in the last
decades, segmentation along the margin have been further characterized with studies
about the variation on the seismogenic and Wadati-Benioff zones (Burbach et al.
1984, Morales 1985, Guendel 1986, Protti et al. 1994, von Huene et al. 1995).

Using the catalogue of one of the permanent seismological networks in Costa Rica,
Ovsicori from the Universidad Nacional de Costa Rica, and data from a network in
Nicaragua, Protti et al. (1994, 1995a) imaged the geometry of the seismically-active
subducting slab, from a steep dipping portion reaching up to 220 km beneath
Nicaragua to a slab seismicity shallower than 50 km in southeastern Costa Rica.
Those authors proposed the existence of a contortion on the slab, the Quesada Sharp
Contortion (QSC), a landward projection of the Fisher Ridge, between northern and
central Costa Rica (Figures 1.1 and 5.1). The QSC is distinguishable only below 70
km depth and separates a portion of the slab dipping at 80° and seismically active
down to 200 km depth in northern Costa Rica, from a portion diving with an angle of
60° and reaching maximal depths of 125 km in the central part of the country. Husen
et al. (2003a) found only weak tomographic evidence of the existence of the QSC.
Those authors do also observe the gradual decrease on maximum depth from northern
to southern Costa Rica.
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Protti et al. (1994) explained the along-strike diversity on the WBZ geometry as the
result of abrupt age variations of the Cocos Plate, which reach 5-10 m.y. or more at
the tip of the slab across the QSC, with the argument that older lithosphere should
show a deeper transition from brittle to ductile deformation. Petrologic and
tomographic modelling from Husen et al. (2003a), on the other hand, favours
enabling of the intermediate-depth seismicity within the Cocos Plate by dehydration,
which stops at ~130 km and ~100 km beneath northern and central Costa Rica,
respectively, where the age difference is 10 m.y. Underneath southern Costa Rica,
where the subducting plate is only 2 m.y. younger than in the central part
(Barckhausen et al. 2001), it stops at ~50 km. Although earthquake data for
southeastern Costa Rica are scarce due to a reduced station coverage (Arroyo, 2001)
and a lower seismicity rate (Figure 1.1), situation that prevented good LET resolution
there, Husen et al. (2003a) rather subscribe to the previously suggested possibility
that a slab window may have formed beneath southeastern Costa Rica (Johnston &
Thorkelson 1997, Abratis & Woerner, 2001). Such window would heat the slab,
reducing the depth of eclogite formation and causing the shallowing of the WBZ. The
thermal modelling from Peacock et al. (2005) along the Nicaraguan and Costa Rican
margin found only minor along-strike variations in the thermal structure. They
suggest that these variations are more likely related to regional differences in slab
stresses, sediment subduction, crustal structure and the distribution of hydrous
minerals in the incoming lithosphere.

The effects of subduction of different ocean-floor morphological domains have also
been invoked to account for variations in the margin structure observed along the
MAT (Protti et al. 1994; von Huene et al. 1995, 2000), as discussed before. This
influence seems to include the degree of coupling between the plates. Protti et al.
(1994) delineate three segments with varying coupling in Costa Rica: from Papagayo
Gulf to the end of the Nicoya Peninsula, from the entrance to the Nicoya Gulf to the
northwest Osa Peninsula, and from Osa Peninsula to the Panama Fracture Zone.
Historic, very large (M > 7.5) underthrusting earthquakes have occurred in northwest
and southeast Costa Rica, but not on the central segment. In the area of the Nicoya
Peninsula, subduction of smooth ocean floor promotes a larger continuous area of
contact between plates; in southern Costa Rica, the presence of the shallow Cocos
Ridge, causes moderate coupling able to generate events with magnitudes up to Mw
7.4. In contrast, the rough relief of the seamount domain (Figure 5.1) reduces the
coupling to patches that break generating moderate earthquakes in Central Costa Rica
(Protti et al. 1994). A good example of the segmentation in coupling is given by the
1990 Mw 7.0 Cdbano earthquake, an event that took place on the western end of the
Central segment (Figure 5.1) and whose aftershocks did not propagate into the Nicoya
segment. The 2002 Mw 6.4 Osa sequence, recorded by the Jacé network (Figure 5.1),
is another example from the eastern limit of the same segment.

Evidence from the influence of seafloor roughness on the rupture behaviour of

megathrust earthquakes is presented by Bilek et al. (2003). Those investigators
analyzed the rupture histories of the 1983 Mw 7.4 Golfito, 1990 Cobano and 1999
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Mw 6.9 Quepos earthquakes (Figure 5.1). Cébano and Quepos events took place on
the area where the seamount domain is subducting; the correspondence between their
rupture history and size and the presence and dimensions of bathymetric highs
observed close to the trench, indicates a linkage between both. The 1983 earthquake,
nucleated on the seismogenic zone opposite to the Cocos Ridge, shows a more
complex rupture history and a longer source duration. Bilek et al. (2003) consider that
the event was associated to rupture on the crest of the Cocos Ridge, with additional
southeastward rupture propagation.

Figure 5.1. Seismicity recorded by the RSN on the period 1992-2007 (open circles), and large
earthquakes (Mw > 6.4) nucleated on the seismogenic zone and the inner forearc in the last century.
Events from the RSN catalogue recorded by at least six stations and a rms < 1 are shown. Mainshock
and one-month aftershocks (in magenta) of 1990 Mw 7.0 Cébano event (marked C) from Husen et al.
(2002), and aftershocks area (dashed lines) after ~16 hours and 69 days from Protti et al. (1995b).
Mainshock from 1999 Mw 6.9 Quepos (Q) from Bilek et al. (2003) and aftershocks (in green) from
DeShon et al. (2003). Sequence of 2002 Mw 6.4 Osa (O; in orange) according to preliminary locations
with observations from Jacé and RSN networks. Location of the mainshock for the 1924 Ms 7.0 Orotina
sequence (Or) after Montero (1999). Mainshock and aftershocks (in blue) of 2004 Mw 6.4 Damas (D)
activity from Pacheco et al. (2006). Harvard centroid moment-tensor solutions are shown. Bathymetry
(exaggerated), including contours every 500 m, and main tectonic segments after von Huene et al.
(2000) and Barckhausen et al. (2001), respectively. Radiating circles represent Holocene volcanoes.
QSC: Quesada Sharp Contortion after Protti et al. (1994), FSR: Fisher Seamount and Ridge, QPI:
Quepos Plateau, CNS: segments of the Cocos Plate oceanic crust generated at the Cocos-Nazca
Spreading Center.
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Seismicity recorded by the RSN from 2007 back to 1992, the year where digital
recording started, is displayed in Figure 5.1. Although location uncertainties could be
high offshore, three separated areas of earthquake concentration on the Central Pacific
region can be distinguished: at the entrance of the Nicoya Gulf, offshore the
Herradura Promontory, and offshore the coastal segment between the localities of
Quepos and Uvita (Figure 1.3 or 5.2 for localities). Large underthrusting earthquakes
associated to rupture of bathymetric highs have been generated in recent years
coinciding with the first and third areas. In this study, the LET have revealed the
existence of a big seamount or plateau offshore Herradura (chapter 4).

5.1.1 Large earthquakes

Eight events with magnitude higher than Mw 6.4 have been originated on the Central
Pacific segment of the Costa Rican margin since the end of the XIX century. Six of
them (in 1882, 1939, 1952, 1990, 1999, 2002) have been associated directly to the
seismogenic zone, while the remaining two (1924, 2004) nucleated at the inner
forearc, in the upper plate.

On March 25, 1990, the Mw 7.0 Cdbano earthquake ruptured at the entrance of the
Nicoya Gulf (Figure 5.1). The earthquake caused large damage to civil structures,
landslides and liquefaction, but fortunately no casualties, reaching intensities of VIII
(Modified Mercalli) in a radius of 60 km around the epicenter, VI in San José. As
mentioned before, the event took place at the northwest border of the Central Costa
Rica seismic region (Protti et al. 1994), and a sequence of foreshocks was recorded 16
hours before the mainshock. Analyzing the source-time function of the latter, Protti et
al. (1995b) determined that it was dominated by two sources: the first was impulsive
and the second, emergent, suggesting the rupture of an asperity and propagation to a
weaker zone southeastward. Based on this and the rough-relief subducting seafloor in
this area, Protti et al. (1995) proposed that the earthquake was caused by the rupture
of a subducted seamount. Husen et al. (2002) performed a LET in the area that
revealed a low-velocity anomaly at around 30 km depth, overlain by a high-velocity
zone at 20 km depth, which they interpreted as a seamount, possibly belonging to the
Fisher Ridge chain (Figure 5.1).

The aftershocks distributed mainly to the southeast, inside an area of less than 600
km? in the first day after the main event. Figure 5.1 includes the mainshock and the
first month of aftershocks of the Cobano sequence form Husen et al. (2002), relocated
in their 3-D P-wave velocity model, and the aftershocks area after ~16 hours and after
69 days according to Protti et al. (1995b), who used routine location and an 1-D
velocity model. This last distribution of aftershocks is commented on later. The
mainshock rupture area defined by the aftershocks relocated by Husen et al. (2002)
nearly coincides with the imaged subducted seamount.
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Given the similarities in reported intensities and damage, Protti et al. (1995b) suggest
that two more large earthquakes, in 1882 and 1939, could have ruptured the same
region as the event in 1990, yielding, in a very rough estimate, a recurrence period of
54 years for the Nicoya Gulf entrance sector.

A Mw 6.9 underthrusting earthquake occurred on 20 August 1999 southwest and
offshore the Quepos Promontory (Figure 5.1). It was preceded by a Mw 5.5 foreshock
on August 10 (Giendel & Protti 1999, DeShon et al. 2003). Bilek et al. (2003)
determined the rupture history of the earthquake using several techniques. They
estimated an optimal depth of 21 + 4 km and a very simple moment-release history,
with most of the moment liberated during the first 10 s. Empirical Green’s function
deconvolution of surface and body waves suggests a rupture length of ~16-20 km with
southeast azimuth from the epicenter. Body-wave inversion provided a very simple
rupture-time function, with two main pulses of moment release in the first 10 s. An
“amphibian” seismological network was installed on the area 19 days after the
mainshock and was recovered at the end of November 1999. Analyzing the
aftershocks distribution (Figure 5.1) through relocation techniques, DeShon et al.
(2003) found that a good coincidence with the width of the mainshock rupture
determined from waveform inversion by Bilek et al. (2003) and with the along-strike
width of the Quepos Plateau.

Locations from the 1SS and from Guendel (1986), together with a study of
macroseismic observations from Montero and Climent (1990), suggest that a Ms 7.0
earthquake that took place on September 1952 could have been originated offshore
Quepos, where it caused maximal intensities of VII-VI (Modified Mercalli). Montero
& Climent (1990) propose that also the afore mentioned event from 1882 might have
been nucleated on the same area.

At the west side of the Herradura Promontory, in the inner forearc, a Ms 7.0
earthquake took place on March 4, 1924 (Figure 5.1). The event generated maximal
intensities between VIII and 1X (Modified Mercalli) in the towns of Orotina, San
Mateo, San Ramon and Esparza, causing great damage. The aftershocks included
several events with Ms magnitudes between 5.0 and 6.4. Through a detailed
neotectonic study, combined with the analysis of the intensity distribution and
coseismic effects, Montero (1999) attributes the earthquake to rupture along the
Tarcoles fault and possibly along the abutting Bijagual fault system. These faults
trend northeast and north, and have been ascribed to the Central Costa Rica
Deformed Belt (Marshall et al. 2000, Montero 2001). The Tarcoles fault delimits the
Herradura Promontory to the west (Figure 1.3), and it is part of the trench-
perpendicular fault system crossing the inner forearc and accommodating differential
uplift (Marshall et al. 2000). In 1989 a seismic sequence originated in the same area
as the Orotina earthquake, causing extensive damage in Central Costa Rica.

On 20 November 2004, a Mw 6.4 earthquake occurred beneath the forearc as well,

close to the towns of Parrita and Quepos (Figure 5.1). Damage in the coastal localities
was extensive, associated mainly to liquefaction and ground failure in Parrita and the
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nearby Damas Island. Maximal intensities of VII (Modified Mercalli) were observed
in the epicentral area. Pacheco et al. (2006) located the event and its aftershocks using
the double-difference algorithm of Waldhauser & Ellsworth (2000) and reported a
depth of 24 km for the main shock, which place its rupture in the lower crust of the
overriding plate (Figure 4.17). The study included a regional moment-tensor inversion
which shows a strike-slip mechanism with a large normal dip-slip motion for the main
event (Figure 5.1), while the largest aftershocks exhibit different mechanisms.
Aftershock locations were distributed between 15 and 25 km, with a peak in their
distribution at about 18 km, and do not delineate a preferable plane. Using teleseismic
P wave and local strong-motion records, the authors inverted for slip distribution,
which resulted similar in both nodal planes, resembling a simple circular rupture. The
rupture lasted ~6 s and broke a circular asperity with a radius of 8 km.

The size of the event, the limited resolution from teleseismic data and the poor
distribution of near-field and regional stations hindered the recognition of the fault
plane. Although they do not rule out the conjugated, Pacheco et al. (2006) prefer the
nodal plane that shows the same orientation as the left-lateral faults predominant on
the inner forearc. Based on depth distribution of aftershocks, depth of the top of the
slab from previous works, mainshock hypocenter and its slip distribution, and
Quaternary faulting at the surface, the authors suggest that deformation takes place
through the entire crustal thickness, possibly caused by seamount subduction and
strong basal friction on the upper plate, due to subduction of a thick, young, and
buoyant oceanic plate, rough seafloor, and underplating of large seamounts.

5.2 Seismicity during the experiment

In order to aid visualization and discussion of results, contours representing the top of
the subducting slab at different depths, as interpreted in this study, have been
projected onto the profiles crossing the tomographic model, e.g. Figure 4.17 and,
later, Figure 5.5. For their construction, several cross-sections along the entire portion
of the margin imaged here, separated by 5 km from each other, have been examined.
The position and depth of the trench axis (3.3-3.7 km), the absolute velocities and the
velocity perturbations, as well as the distribution of the intraslab and interplate
seismicity, were considered. The wide-angle profile model of Ye et al. (1996) predicts
velocities between 5.0 and 5.5 km s for the upper crust of the subducting plate
offshore the Herradura Promontory. In the tomograms, the distribution of those values
matches the plate geometry suggested by the interplate seismicity (Figure 4.17). This
definition of the top of the subducting plate serves also to distinguish the seismicity
from the three source areas in the margin, described in the next sections.

In the definition of the top of the slab and for interpretation, the earthquake location

uncertainties obviously play a relevant role. The algorithm used by SIMULPS
provides standard error estimates for the hypocenters. The mean values for the dataset
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used for the tomography in this study are 0.09 s in origin time, 0.44 km in east and
north directions, and 0.93 km in depth.

The application of non-linear probabilistic earthquake relocation in different tectonic
scenarios has shown that, in general, well constrained hypocenter locations are
obtained when more than six P-wave observations are available in a good azimuthal
distribution (GAP < 180°); furthermore, focal depths are not well constrained without
a station located within a distance similar to the focal depth, regardless of the total
number of observations (Husen et al. 2003b, Husen & Smith 2004). Previous to the
inversion, the dataset selected for the LET in this study was chosen following those
observations, hence, well-constrained locations are expected.

Relocation of shots and blasts provides a good opportunity to estimate the absolute
error in hypocenter locations. Within the frame of the JacO experiment, a land
explosion was planned and successfully carried out. For “Montelimar” explosion,
~600 kg of explosive were used in a river bed in the Herradura Promontory, at around
300 m above sea level and ~3.5 km away from station sni. It was recorded with
variable quality by 28 stations of the combined array Jacé-RSN, including two
stations located at the trench and one station in the volcanic arc. Figure 5.2 shows the
location of the explosion, and the maximum ray coverage achieved. Relocation of the
event using the 3-D velocity model derived in chapter 4 yielded very good results.
Using the total 28 readings, the epicenter was relocated 700 m away from the real
value, and the hypocenter at 7 km depth. A relocation including only the 19 readings
with weight 0 or 1 (see chapter 3 for an explanation of the readings weighing scheme)
yielded the epicenter 500 m away of the measured position and a depth of 6.5 km. A
third relocation, including only 9 readings from Jacé land stations positioned the
epicenter 400 m away of the real value and the hypocenter at 5 km depth. The errors
expected from relocation of shots performed at the surface are much larger than those
associated to earthquakes happening at greater depths, because in the first case the
waves travel twice through the highly heterogeneous structure of the first kilometers
of the ground which are only poorly modelled with LET. Moreover, the nearest
station to the explosion is forcibly located much farther than the focal depth, thus
increasing the uncertainty. From this test, a very conservative, upper-limit hypocentral
error of ~5 km could be estimated for earthquakes resulting from the tomography.

As described in chapter 4, only the 595 best-quality earthquakes were included in the
tomography. But since the interest of this chapter is to discuss general seismicity
patterns, the rest of the seismic activity recorded by JacO network has also been
examined. This is particularly relevant for the definition of the updip limit of the
seismogenic zone and the characterization of seismicity offshore the Parrita lowlands,
as discussed on the following. Thus, events recorded by at least six stations and with a
GAP of 220° or less have been relocated using the 3-D P-wave velocity model of the
margin determined during this work. Some 300 events fulfilled the selection criteria
and are included in the figures with different symbols. However, it must be noted that
location uncertainties of these events, particularly on hypocentral depths, are higher
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than those included in the tomography dataset. Consequently, no interpretation is

based on these events.

Figure 5.2. Location and ray
coverage of “Montelimar”
explosion. The event was planned
within the Jacd experiment. The
red star represents the measured
location of the explosion. It was
recorded by 28 stations
(triangles). Ray paths in grey
indicate observations not used for
the second relocation (see text for
explanation). Bathymetry (von
Huene et al. 2000) and
topography (Smith & Sandwell
1997) contours every 200 m.
Radiating circles denote
Quaternary  volcanoes. MAT:
Middle America Trench axis.

5.2.1 Determination of focal mechanisms

First-motion, double-couple focal mechanisms were determined for earthquakes with
magnitudes between 1.9 and 4.3 ML, generated on the three source areas of the
margin. They are displayed in Figure 5.3 and listed in Table 5.1. The focal
mechanisms were determined using the version of the program FOCMEC (Snoke et
al. 1984, Snoke 2003) included in the version 8.1 of the SEISAN software package
(Havskov & Otemoeller 2005); the program uses P-wave polarities and amplitude
ratios (SV/P, SH/P, and SV/SH) as input. Given the good station coverage, the
knowledge about the velocity structure gained through the modelling presented here,
and by using clear P-wave first arrivals, reliable estimate for the fault-plane solutions
were obtained. Solutions are based on P-wave arrival polarities; amplitude ratios from
the three-component stations of the Jacd network were used with caution to further
constrain the range of equally good solutions for the events. Take-off angles were
calculated in a layered medium. On average, there are 25 P-wave polarities per event;
polarity distribution and all possible solutions for each earthquake are included in the
appendix. S-wave amplitudes were read from the radial (SV) and the transverse (SH)
components of the seismographs. The search for solutions is controlled by the
following selection parameters: number of allowed polarity errors (no more than 3 in
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this study), an acceptable range for deviations between observed and calculated
amplitude ratios (0.2 in this case), the number of ratio errors allowed to be outside
that range (no errors accepted), and the fineness of the search in degrees (5°). The
quality of the focal mechanisms has been classified according to the number of
available polarities, their azimuthal distribution, the number of polarity errors and
number of the possible solutions (Table 5.1, appendix). The focal mechanisms are
discussed in the next sections, together with the seismicity of each source area.

10°N

9°N

85w 84°'W

Figure 5.3. First-motion, double-couple focal mechanism solutions determined in this work for
events nucleated at a) the plate interface, b) the oceanic slab, and c) the upper plate. Lower
hemisphere stereographic projection, solid quadrants are compressional. Numbers follow
numeration in Table 5.1. Shading indicates solution quality, from bright colours for best to
faded tones for lesser quality (Table 5.1). Contours of top of the slab as determined in this
study are shown. Red lines on a) denote the limits of the seismogenic zone (see text); brown
lines on c) denote faulting after compilation from Denyer & Alvarado (2007). Lines
perpendicular to the trench axis represent cross-sections 1 to 5 (from west to east) displayed
in Figures 4.17 and 5.5.
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Table 5.1. First-motion, double-couple focal mechanisms determined in this study (Figure
5.3). Solutions for events belonging to a swarm are indicated in bold letters.

No Date Time Longitude Latitude Depth ML Strike  Dip Rake Class
~_yymmdd hhmm [* W] [° N] [km] [’] [] [’]
Plate interface:
1 020510 0906 84.659 9.439 21.2 3.7 343 25 145 A
2 020519 1432 84.806 9.610 23.7 2.7 274 21 104 A
3 020520 1223 84.348 9.408 25.7 2.8 28 21 44 A
4 020523 0930 84.542 9.452 22.9 3.3 318 21 104 A
5 020523 2122 84.542 9.452 22.8 3.7 318 21 104 A
6 020606 2033 84.908 9.595 19.7 2.8 7 32 163 B
7 020611 2344 84.185 9.280 26.3 2.7 264 21 44 B
8 020623 1950 84.867 9.616 21.8 2.7 161 42 113 B
9 020703 2207 84.562 9.451 22.3 3.4 300 15 90 A
10 020706 1800 84.925 9.633 22.7 3.0 327 35 138 A
11 020706 2009 84.926 9.631 22.9 2.8 313 25 128 A
12 020802 0516 84.543 9.446 22.1 3.1 324 18 124 A
13 020802 0728 84.549 9.410 21.3 2.9 301 11 117 A
14 020807 0008 84.808 9.466 18.1 3.0 339 30 100 A
15 020814 0534 84.866 9.534 20.7 3.0 312 29 122 A
16 020814 1953 84.703 9.463 19.3 2.8 348 61 152 B
17 020818 1838 84.668 9.594 25.0 3.2 13 36 149 A
18 020831 1304 84.552 9.447 22.0 2.8 282 16 71 A
19 020831 1728 84.562 9.449 21.9 2.6 343 29 122 A
20 020908 0812 84.738 9.608 24.9 2.7 349 32 131 A
Intraslab:
1 020413 0259 84.343 9.620 42.0 3.9 81 66 -18 B
2 020426 2227 84.817 9.282 14.2 3.4 282 32 71 B
3 020428 1355 84.260 9.379 455 35 142 62 67 B
4 020505 0742 84.274 9.793 64.2 3.5 136 45 5 B
5 020514 2219 84.822 9.146 33.6 3.7 246 63 -37 B
6 020524 0425 84.084 9.773 77.9 3.4 108 75 -3 B
7 020526 0038 84.120 9.654 67.2 29 250 86 -55 B
8 020529 0819 84.296 9.492 46.5 2.9 146 71 30 A
9 020531 1146 84.119 9.466 495 3.0 328 42 -31 B
10 020606 0947 84.190 10.194 104.2 29 246 67 -46 C
11 020607 0400 84.234 9.406 46.4 3.2 295 63 -37 A
12 020614 0549 84.031 9.944 103.5 2.8 218 58 -48 C
13 020616 1804 84.383 9.595 42.1 3.0 255 83 13 C
14 020701 1432 84.073 9.465 64.6 2.9 170 90 50 B
15 020704 0246 85.014 9.059 20.5 3.3 225 27 -20 C
16 020705 0734 84.199 9.703 56.1 29 259 52 -71 B
17 020711 1930 84.195 9.668 55.2 2.9 267 58 -48 B
18 020712 1244 84.204 10.145 103.8 3.2 317 70 -4 B
19 020729 1511 84.115 9.533 56.2 34 246 59 -60 B
20 020806 0034 84.696 9.998 68.2 3.1 115 85 19 C
21 020810 0432 84.516 9.108 25.0 3.2 115 84 35 A
22 020810 0914 84.585 9.856 52.6 3.0 211 36 -54 A
23 020815 1609 84.004 9.492 70.3 3.2 114 65 -79 B
24 020823 1657 84.431 9.544 441 3.6 308 86 -14 A
25 020906 0734 84.154 9.830 68.3 3.0 260 64 -56 A
26 020917 1346 84.394 9.527 43.9 2.7 167 36 31 A
27 020924 1141 84.373 9.549 44.4 3.1 216 50 -4 A
28 020930 0034 84.223 9.486 49.9 3.1 159 55 45 A
29 021001 1356 84.458 9.364 30.3 2.8 117 42 67 C
Upper plate:
1 020420 2342 83.769 9.645 17.6 3.2 301 81 -65 B
2 020423 0231 84.593 9.500 17.6 25 270 84 -8 C
3 020425 0701 84.134 9.576 26.1 3.1 216 67 -20 A
4 020626 0721 84.035 9.515 15.7 2.6 86 81 -60 B
5 020626 2355 84.568 9.542 19.9 3.0 283 64 -44 B
6 020702 0650 84.564 9.510 16.6 2.8 244 54 -59 A
7 020715 1413 84.559 9.615 15.1 4.3 246 60 -55 A
8 020715 1732 84.558 9.618 15.0 35 275 85 9 A
9 020715 2108 84.560 9.615 14.4 2.9 246 61 -28 A
10 020718 0337 85.058 9.614 13.9 2.7 154 44 -60 B
11 020719 1415 84.578 9.454 16.0 2.8 248 57 -33 A

110




CHAPTER 5. Seismotectonic interpretation

Table 5.1 (continuation)

12 020721 2131 84.412 9.460 19.6 4.2 47 80 -23 A
13 020721 2256 84.417 9.462 19.5 2.8 34 82 -34 A
14 020722 0624 84.416 9.464 19.0 1.9 215 80 39 Cc
15 020722 0625 84.411 9.463 20.0 3.5 50 85 -19 A
16 020722 0628 84.411 9.461 20.3 2.7 51 54 -20 A
17 020722 1910 84.415 9.461 19.9 3.7 50 85 -19 A
18 020731 2153 84.554 9.622 15.9 3.0 132 78 54 A
19 020816 0648 84.568 9.551 16.2 2.9 268 38 -36 A
20 020828 1133 84.287 9.829 9.9 3.6 245 80 18 A
21 020829 0503 84.461 9.502 9.3 2.6 282 76 43 B
22 020902 1507 84.341 9.881 11.4 3.0 19 80 -39 A
23 020908 1518 84.272 9.965 16.3 3.4 36 7 8 B
24 020914 1920 84.598 9.406 19.3 3.1 247 85 9 B
25 020917 0437 84.060 9.642 26.7 2.6 237 87 15 B
26 020925 0922 84.591 9.544 12.9 3.3 247 82 -18 A
27 020925 2158 84.587 9.544 13.7 2.7 73 36 -54 A
28 020926 0957 84.467 9.570 19.2 2.7 199 56 -10 A

5.2.2 Interplate seismicity

5.2.2.1 Characterization

In general, the interplate seismicity occurs beneath the continental shelf (Figure 5.4),
between 15 and 25 km depth and 55 to 80-85 km from the trench axis, in a well
defined plane dipping 16-25°, steepening toward the east (Figure 5.5). It takes place
within slab-top velocities of 5.0 to 7.0 km s™. Nevertheless, revealing medium-scale
variations along the margin and a clear change toward the east are observed. The area
generating interplate seismicity is wider offshore the Herradura Promontory,
narrowing toward the west and decreasing and retreating landward to the east. This
distribution closely resembles the variable morphology of the continental slope
(Figure 5.4), which displays two big embayments, offshore the entrance to the Nicoya
Gulf and Parrita-Quepos area, separated by a headland offshore Herradura (von
Huene et al. 2000).

The onset of the interplate seismicity closely coincides with a rapid increase on the
gradient of the absolute velocities along the plate boundary. This augment takes place
toward the downdip end of the margin wedge, at velocities of ~5 km s™ (Figure 5.5).
This increase in absolute velocities has been mapped in Figure 5.4. Next, the bulk of
the seismicity occurs along a decrease in the velocity gradient, ending toward the
onset of the contour of 6.8-7.0 km s™. This velocity then continues further down in
depth for around 20 km along the top of the slab, before the velocities start to increase
again at ~40 km depth.

In the west and central sectors, the interplate seismicity is easy to distinguish visually,
as a tightly packed clustering of hypocenters following a dipping alignment. It is
located on top of the LVB at the upper part of the downgoing plate. This low-velocity
anomaly broadens notably where the interplate seismicity occurs (profiles 2 and 3, for
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example), as discussed in chapter 4. In the west sector (profiles 1 and 2), the rise of
the interface seismicity coincides with the end of the low-velocity zone interpreted as
the margin wedge and the start of the high velocities on the upper plate. This
correspondence is less clear toward the center (profile 3), where the onset of the
seismicity happens beneath the margin wedge. The downdip end of the interplate
seismicity on the west sector is marked by an up-bending of the velocity contour of 7
km s within the slab, while on the central sector the termination of the seismicity is
less sharp, concurring with the appearance of low-velocity anomaly ii.

85°W
|

- 10°N

) <15 km ;
@ 15-<25 km
@ 25-<40 kind
. @ 40-<60 ki
S'® 60-<80km |
. @ >80 km

84°W

Figure 5.4. Seismicity recorded by Jacé network from April to October 2002. Focal depths are
colour coded as noted. Epicenters from the dataset used for tomography have a black border.
Grey bold lines are contours of the top pf the slab. Bold lines in orange represent the
isotherms 60°, 90°, 120° and 150°C of temperatures at the plate boundary (Ranero et al.
2008). Red and green lines denote the limits of the seismogenic zone and the increase in
velocity along the plate boundary, respectively (see text). Shapes in yellow and pink denote
the extension of anomalies i (big seamount or plateau) and ii (beneath the inner forearc),
respectively. Dashed circles mark the position of Cébano (Husen et al. 2002) and Jacé
seamounts. “A” indicates the seismic sequence of April 2002 (see text). Lines perpendicular
to the trench axis represent cross-sections displayed in Figures 4.17 and 5.5.
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On the east sector (profiles 4 and 5) the image is notoriously different. With a rapid
change, along ~20 km offshore the Parrita lowland, the interplate seismicity begins
almost 5 km deeper and ~10 km farther from the trench when compared to the central
sector. These values are reduced to 3 km deeper and 5 km farther from the trench
when taking into account the hypocenters of earthquakes not included in the
tomography. Nevertheless, the seismic activity is significantly decreased, consisting
of few scattered events, in contrast to the clear planar distribution of the abundant
activity observed at the west and central parts of the area (Figures 5.4 and 5.5). The
interplate seismicity starts at ~18 km depth with a cluster of few events, followed by
two other clusters at around 26 and 30 km depth, ~7 and ~18 km further down along
the plate interface, respectively (cross-section 5). The position of the second
clustering is marked by a red dashed line in Figure 5.4, it concurs closely with the
landward edge of anomaly i. The last cluster ends against the rising of the low-
velocity anomaly ii. Interplate and upper plate seismicity distributes surrounding this
anomaly, but no earthquakes were located inside.

There is a ~10-km wide transition zone between the central and the east margin
configurations (profile 4). In this region, the interplate seismicity shows a more
diffuse pattern around the plate boundary.

Several focal mechanisms (Figures 5.3a and 5.5) were determined for events whose
origin is presumed at the plate interface. The quality is in general good, and all of
them correspond with thrust-type events, reinforcing the interpretation of the position
of the interplate seismicity.

Figure 5.5 (next pages). Cross-sections along the Central Pacific margin. Location of the
profiles is indicated in Figure 5.4. Velocity structure is shown as percentage change relative to
the minimum 1-D model (upper plot), interval of absolute Vp-velocity contours is 0.5 km s™,
grey lines encompass areas of good resolution (see chapter 4); hypocenter locations (grey
circles) projected onto the depth sections from within four km to each side, open circles
denote events not included in the dataset for the tomography. In the lower plots interpretation
of the model is displayed; note that the sketches include earthquakes projected from seven
km to both sides of the section. Isotherms along the plate boundary after Ranero et al. (2008),
burst-type swarms (magenta and blue circles) and focal mechanisms (equal-area projection
onto the western hemisphere, solid quadrants are compressional). In profile 1, the star is the
hypocenter from 1990 Mw 7.0 Cobano earthquake after Husen et al. (2002). In profile 5, star
and solid green circles are mainshock and aftershocks from the 2004 Mw 6.4 Damas
sequence (Pacheco et al. 2006); aftershocks have been projected from four km to each side
of the section. Geologic units (text in grey over the plots) as indicated in Figure 1.3.
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The earthquake activity along the plate boundary is characterized by frequent clusters
of repeating earthquakes taking place over a very short period, as seismic swarms,
referred to as “burst” type (Igarashi et al. 2003, Templeton et al. 2008). During the
Jacd experiment, 24 swarms of three and up to nine events were detected on the plate
interface, with magnitudes between 1.0 and 3.1 Mc.. Magnitude variation in each
swarm does not surpass 1.0. The swarms are spatial and temporal clustering of events,
lasting periods of two minutes (three events) to one day, which display similar
waveforms. A rough estimation indicates that around 20 per cent of the interplate
seismicity occurs in small swarms. They are distributed all along the plate interface,
from west to east, but are more frequent offshore the Herradura Promontory. No
swarms were detected seaward from the Parrita lowlands. Epicenters of the swarms
are shown in Figure 5.6 and in the profiles (Figure 5.5). Figure 5.7 shows waveform
examples from the swarms. Three focal mechanisms of events belonging to swarms
have been determined (Table 5.1, Figures 5.3a and 5.5), all of them inverse,
supporting the premise that they originate at the plate interface.

Figure 5.6. Distribution of burst-type swarms detected during this experiment, generated
at the plate interface (magenta) and the upper plate (blue). Dashed circle represents the
Cébano seamount (Husen et al. 2002).
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5.2.2.2 Discussion

Updip limit

The results obtained with the Jacd network appear congruent with the processes
involved in subduction erosion and associated distribution of fluids, described in more
detail in chapter 1. The model for the hydrogeological system in erosional margins
recently assembled by Ranero et al. (2008) proposes that the onset of interplate
seismicity is controlled by fluid migration taking place immediately updip. Most of
the fluids contained in the pores of subducted sediments are liberated by early
dehydration reactions and escape upward from the plate interface through fractures in
the upper plate. The sector of the plate boundary where fluids are profuse, coincident
with temperatures between 60°C and 150°C, corresponds to the area where tectonic
erosion is evidenced by subsidence and formation of the continental slope. The
decreasing in the amount of fluids with depth enables the transition from stable to
unstable, seismic behaviour along the plate interface (Figure 1.5).

The isotherms of 60°C, 90°C, 120°C and 150°C along the plate boundary from
Nicaragua to the Osa Peninsula have been estimated from heat flow measurements
and the depth of bottom-simulating reflectors (BSR) (I.Grevemeyer private
communication, Ranero et al. 2008), considering thermal conductivity of sediments
and basement. Their values are within uncertainties of temperatures calculated by 2-D
modelling off Nicoya Peninsula (Harris & Wang 2002, Spinelli & Saffer 2004,
Ranero et al. 2008). Figures 5.4 and 5.8 display these isotherms; Figure 5.8 also
includes the seismicity recorded along the Costa Rican margin by this study and the
work of DeShon et al. (2003) to the southeast and DeShon et al. (2006) to the
northwest.

As predicted by the model of Ranero et al. (2008), the updip onset of the interplate
seismicity recorded by Jacd network offshore the Herradura Promontory starts
beneath the continental shelf and closely follows the 150°C isotherm, as well as the
upper end of the margin slope. Landward from the two big embayments affecting the
continental slope in this segment of the margin, though, the updip limit of the
seismicity occurs ~12-15 km further deeper along the plate interface than the
isotherm. Even considering the earthquakes not included in the tomography (Figures
5.4 and profiles 1 and 5, Figure 5.5). However, the increase in the velocity gradient at
the plate boundary mentioned before does coincide very well with the 150°C isotherm
(Figure 5.4). This increase in the velocities could be associated to the predicted
decrease in fluids abundance; the delayed start of the seismicity, if not an effect of the
limited duration of the experiment, could be attributed to a local reduction in the
thickness of the upper plate. In effect, along most of the sector of the margin, the
interplate seismicity begins when the margin wedge reaches a thickness of ~18-19
km, equivalent to ~0.6 GPa (Figure 5.5).

In the area crossed by profiles 2 and 3 (Figure 5.5) the thickness of the upper plate
above the onset of interplate seismicity is reduced to 13-15 km. Interestingly, also in
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this area a small seismic sequence occurred between April 26 and 27, ~10 km updip
of the clustered interplate seismicity and at the northern flank of the Jacé seamount
(Figure 5.4; profile 3, Figure 5.5). The main event happened at 14 km depth and had a
ML 3.4; 18 events more were detected, at depths from 13 to 16 km, with magnitudes
varying between 1.7 and 2.9. The sequence took place between the 120° and 150°C
plate-boundary isotherms. The depth of the events indicate their source in the upper
oceanic crust or the plate boundary. The focal mechanism of the main event, although
not from the best quality, is of inverse type (Figure 5.3b, number 2), in agreement
with the compressive regime expected so close to the plate interface.
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Figure 5.7. Examples of waveforms from events belonging to burst-type swarms along the
plate boundary: a) records at several stations; stations labelled in low cases are from Jaco
land network (Z: vertical and E: east components), with numbers are from OBHs (2-20 Hz
band-pass filtered), and with upper-case from RSN. b) events from another swarm recorded
at land station sni with origin times and magnitudes as indicated; traces are vertical
component seismograms.
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Figure 5.7 (continuation)

It could be speculated that the sequence is triggered by an increase of stress generated
by the presence of Jac6 seamount, that probably reactivates one of the plate-bending
related faults, and may favour migration of fluids from the oceanic plate. Moreover,
the deformation and disruption on the margin wedge (Dominguez et al. 1998, von
Huene et al. 2000) generated by the passing of Jacé seamount may also provide more
intense and concentrated fluid paths for water escape, propitiating the shallower updip
limit of the interplate seismicity observed between profiles 2 and 3 (Figures 5.4 and
5.5).

Interesting as well, is the patchiness and the decrease in the rate of the interplate
seismicity and the landward shift of its downdip limit offshore Parrita lowlands
(Figures 5.1, 5.4 and 5.8). This reduction in the seismic activity takes place where the
thickened oceanic crust and the associated anomaly i are already subducting. It seems
to coincide spatially with the augment in size and amplitude of anomaly ii beneath the
Parrita lowlands, while offshore the Herradura Promontory, where low velocities
beneath the forearc have also been imaged, the interplate seismicity is still abundant
(Figure 5.4). This decreasing of seismicity offshore Parrita lowlands doest not seem to
be an effect of the relative short recording period of the Jac6é network: the catalogue
from the RSN, spanning over more than 25 years of recording, also shows a clear
reduction on the seismic activity in this sector (Figure 5.1). The interplate seismicity
becomes profuse again offshore Quepos and further to the east, an area that most
recently generated the 1999 Mw 6.9 Quepos earthquake and its aftershocks (DeShon
et al. 2003) (Figures 5.1 and 5.8).
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Figure 5.8. Synopsis map of the interplate seismicity (red shadow) recorded in Costa Rica by
“amphibian” seismological networks, and recent large earthquakes. Contours of the top of the
slab from this study and from DeShon et al. (2006) in Nicoya. Blue epicenters recorded by the
Jaco network. Epicenters in Nicoya area (light blue) from DeShon et al. (2006) and in
Quepos-Uvita segment (green) from DeShon et al. (2003). Large earthquakes in the Central
Pacific sector as in Figure 5.1. Epicenters in magenta from the 1990 Cébano earthquake after
Husen et al. (2002). Epicenters in black are preliminary locations of the 2002 Osa sequence,
as determined with records from Jacé and RSN networks. Epicenters of 1950 Mw 7.7
(northernmost) and 1978 Mw 6.9 earthquakes and aftershocks area of 1950 (green line) in
Nicoya Peninsula from Avants et al. (2001). Locked patch along plate boundary (green
shape) offshore Nicoya after Norabuena et al. (2004).

Possible explanations of the nature of anomaly ii were presented in chapter 4. If it
consists of underplated material, its buoyancy could locally reduce the plate coupling
in this part of the margin by pushing the overriding plate upward, precluding a higher
interplate seismic activity, and simultaneously, as interpreted by Pacheco et al.
(2006), causing deformation through the entire crust above. Those authors determined
a slip distribution resembling that of a simple circular rupture with a radius of 8 km, a
dimension consistent with the tomographic image of anomaly ii in this sector (profile
5, Figure 5.5). Underplating at depths of 20-30 km has been modelled from
gravimetry data and P-wave velocities by Nakada et al. (2002) to explain crustal uplift
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taking place since the late Pleistocene in the Miyazaki Plain, located opposite to the
zone where the Kyushu-Palau Ridge enters the Nankai Trough in Japan. Those
authors suggest that the underplated load beneath the forearc seems to weaken the
plate coupling by pushing the upper plate upward.

Another possibility is that subduction of thicker, buoyant oceanic crust in this sector
causes a locking of the plate interface due to locally increased coupling. But again,
subduction of thickened oceanic crust does not preclude interplate seismicity eastward
from Quepos Promontory, as manifested recently by the 1999 Quepos and the 1983
Mw 7.4 earthquake landward from the Cocos Ridge.

Comparison with the rupture area of large earthquakes further constrains the extend of
the seismogenic zone in a margin. In the sector of the margin covered by the Jacé
network, the Mw 7.0 Cobano took place at the entrance of the Nicoya Gulf (Figures
5.1 and 5.8). As described before, relocation of the aftershocks has been undertaken
by Protti et al. (1995b) and by Husen et al. (2002). In Figure 5.1 the results of the
latter are displayed, together with the aftershock areas after 1000 minutes and after 69
days from Protti et al. (1995b). Unlike in the Nicoya Peninsula area (DeShon et al.
2006), the rupture of the large earthquake, as defined by the aftershocks, coincides
with the seismogenic zone deduced from the interplate seismicity. The area of
aftershocks after 69 days proposed by Protti et al. (1995b) extends until the trench.
Nevertheless, the accompanying first-motion focal mechanisms presented by those
authors for quakes trenchward from the limits of the seismogenic zone defined by this
study do not seem to correspond directly to the rupture area, but to a general increase
in intraplate seismicity induced by the main shock.

“Burst”-type swarms

Repeating earthquakes have been identified at transform plate boundaries (Nadeau et
al. 1995, Templeton et al. 2008) and, more recently, at subduction zones (Matsuzawa
et al. 2002, Igarashi et al. 2003). They are thought to be originated by rupture of the
same patch of fault repetitively (Nadeau & McEvilly 1999). Currently, models tend to
attribute their occurrence to the interaction of continual, aseismic fault slip (creeping)
with locked, seismogenic patches of the fault. They have been used to estimate slip
rates along creeping fault segments (Nadeau & McEvilly 1999).

Burst-type events, a special case of repeating earthquakes, have been detected along
the plate interface and in the upper plate during the JacO experiment. Burst-type
swarms are clusters of events with nearly identically waveforms and similar
magnitudes, very short recurrence intervals, repeating within hours or days of each
other, and are active for only short periods. They are also found on both tectonic
regimes, transform and convergent plate boundaries. Kimura et al. (2006) speculate
that they are triggered by local increase in stress due to the occurrence of large nearby
earthquakes and do not reflect the background creep rate of the fault.
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Obana et al. (2003) report clusters of earthquakes at the seismogenic zone on the
accretionary margin in western Nankai, Japan, offshore Cape Muroto. However, the
clusters are located at the updip limit of the interplate seismicity. Since events from
the clusters show similar waveforms and their location coincides with the 150°C
isotherm, those authors suggest that they are originated at small asperities (few
hundred of meters in diameter) in the transition zone from aseismic to seismogenic
behaviour. In their model, stress is concentrated on the asperities by steady slip in the
surrounding area where interplate coupling is relatively weak. lgarashi et al. (2003)
and Matsuzawa et al. (2002) detected earthquake clusters occurring regularly at the
plate boundary in northeast Japan. The repeating earthquakes have the same, low-
angle thrust focal mechanisms and similar waveforms. No clusters were detected in
the areas of higher moment release during large interplate earthquakes nor in the areas
inferred to be strongly coupled from GPS data analysis. The authors associate these
events to repeating rupture of small (0.1 to 1 km) asperities surrounded by stable
sliding, similar as the scenario described by Nadeau et al. (1995) along the San
Andreas Fault in Parkfield, California.

The seismic swarms detected along the plate interface in this study coincide with the
nucleation area of the Mw 7.0 Cdbano earthquake and, specially, with the western
part of anomaly i (Figures 5.1 and 5.6), which has been interpreted as a plateau or
seamount (see chapter 4). That is, they seem to be associated to the parts of the plate
interface assumed to have stronger coupling and that have generated large
earthquakes in the past, at least in the case of the Cdbano seamount (Protti et al.
1995b, Husen et al. 2002). If the similarity of the waveforms between events
belonging to the same swarm indicate the repetitive rupture of the same small
asperities, probably they are generated by small-scale seafloor relief of the Cobano
seamount and the plateau or seamount imaged as anomaly .

Templeton et al. (2008), in a study on repeating earthquakes on Central California,
found that at the junction of the San Andreas and the Calaveras-Paicines faults they
reflect a heterogeneous creep distribution with significant variations in time; burst-
type events may be associated to the occurrence of a Mw 5.1 earthquake and a
subsequent slow earthquake. At the Coast Range, albeit, in a segment characterized
by strike-slip and thrust faults, they found only burst-type events and concluded that
they are not produced by steady aseismic creep of the surrounding fault surface. They
contemplate the possibility that changes in the lithology along the fault zone hinder
creeping and loading of asperities, since burst-type swarms do not seem to repeat in
time. Thus, the mechanism of repeating earthquakes in general, appears to be a more
complex phenomenon than previously assumed.

For their part, Sage et al. (2006) present evidence of “interplate patchiness” in the
erosional Ecuadorian margin, where the southern flank of the Carnegie Ridge
subducts. High-quality reflection profiles down to depths of 7 km reveal ~600-m thick
and several-kilometers wide lenses of underthrusted fluid-rich sediments, supplied by
slope mass wasting, along the subduction channel. The contrast between the fluid-rich
sediments and the adjacent thinner and dryer sections creates a 3-D patchiness across
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the plate boundary, which implies variations in mechanical interplate coupling. The
patchiness represents a mechanism of subduction erosion, where the upper plate is
weakened by overpressured fluids from the “wet” sediment lenses, and material is
removed at the dryer, higher coupled sectors. This configuration may have
implications for the deeper subduction processes, such as earthquake nucleation. In a
similar scenario, clusters of earthquakes could concentrate around the sediment lenses
or similar patches of weaker coupling.

Downdip limit

The transition from seismogenic to aseismic behaviour with depth along the plate
interface has been associated to an increased ductility of the subducting plate as
temperature and pressure augment (Tichelaar & Ruff 1993). Temperatures of ~350-
450°C are commonly cited to mark the transition (Hyndman et al. 1997).
Alternatively, and specially in the case of cold subduction zones, the termination of
stick-slip behaviour could be located around the intersection of the upper-plate Moho
with the diving slab and is attributed to stable sliding against a serpentinized forearc
mantle wedge (Oleskevich et al. 1999).

The interplate seismicity along the portion of the margin studied here extends down to
a depth of 25 km (Figures 5.4 and 5.5), with a cluster of events located at ~30 km
beneath Parrita coinciding with the more conspicuous part of anomaly ii (profile 5,
Figure 5.5). The subducting slab intersects the Moho of the overriding plate at ~30 km
depth. Peacock et al. (2005) constructed finite-element thermal models of the
subduction zone in Nicaragua and Costa Rica, incorporating radiogenic heating within
the continental crust and shear heating along the plate interface, as well as a
temperature- and stress-dependent olivine rheology for the mantle wedge that focuses
hot asthenosphere on its tip. The authors did not use surface heat-flow information
along the margin to constrain the rate of shear heating. According to the thermal
model of Peacock et al. (2005), assuming a shear stress of 10 MPa along the plate
interface down to 50 km depth, the temperature at 25-30 km depth along the plate
boundary in the Central Costa Rica margin is ~400-450° C. These observations may
indicate that the downdip limit of the interplate seismicity is thermally controlled.
Moreover, the amount of serpentinization (5-15%) on the tip of the forearc mantle
wedge, as estimated in chapter 4 for the area studied here, is relatively low.
Nevertheless, the data are not conclusive, given the uncertainties of the thermal model
and the uncertainty on the determination of the location of the continental Moho, due
to the absence of a strong velocity contrast (see chapter 4).

Comparison with Nicoya and Quepos seismogenic zones

Comparison of the interplate seismicity limits defined in this work shows a good
agreement with the previous studies along the margin, as summarized in Figure 5.8.
Just southeast from the area studied in this work, DeShon et al. (2003) used ~300
aftershocks of the 1999 Mw 6.9 Quepos underthrusting earthquake to investigate the
limits of the seismogenic zone on the area off Quepos-Uvita villages (Figure 5.2 for
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localities). They imaged a plane dipping 19°, where the majority of events occur
below 10 km and above 30 km depth, 30-35 km and 95 km from the trench,
respectively. Their observations and those of Bilek et al. (2003) support the
hypothesis that the Quepos earthquake ruptured specific bathymetric highs on the
downgoing plate. DeShon et al. (2003) believe that the limits of the seismogenic zone
likely change over the earthquake cycle, as physical and chemical parameters
influencing the transition from stable sliding to stick-slip behaviour vary.
Comparisons with available thermal and mechanical models for the area let them
determine the updip limit of the seismogenic zone at 120-185°C and the downdip
limit between ~250 and 350°C. This is consistent with proposed temperature-
influenced models for the transition aseismic to seismic transition, but the authors
point out that further modelling is necessary resolve more clearly the temperature
influence on seismicity on this region.

Offshore the Quepos-Uvita region, the seismogenic zone is much wider than offshore
the Herradura Promontory, reflecting the presence of thickened, buoyant crust from
the trench downward. The downdip limit of the aftershocks distribution from the work
of DeShon et al. (2003) shows continuity with the limit estimated in this study (Figure
5.8). The seaward limit, like from offshore the Nicoya Gulf entrance to Quepos,
closely follows the 150°C isotherm and the border of the continental shelf.

Newman et al. (2002) and DeShon et al. (2006) analyzed the seismicity recorded in
the area of the Nicoya Peninsula by another “amphibian” network, deployed northeast
from the Jacd experiment area during 18 months (Figure 5.8). Results from the LET
performed by DeShon et al. (2006) show that the interplate seismicity extends from
17 to 28 km and from 12 to 26 km depth beneath the northern and southern Nicoya
Peninsula, respectively; a 5-km seismicity offset takes place across the suture between
oceanic crust created at the EPR and at the CNS. Again, the downdip limit of the
interseismic interplate seismicity represents a smooth continuation of the results from
this study. The contours of the top of the slab determined by DeShon et al. (2006)
likewise match very well the geometry derived for the Jacd experiment area (Figure
5.8).

Nevertheless, at the Nicoya Peninsula the picture seems more complicated.
Comparison with the geodetic modelling from Norabuena et al. (2004) for that sector
of the margin revealed that, contrary to expected, the interplate seismicity begins
downdip a patch of increased locking along the interface (Figure 5.8). Moreover, in
the Nicoya Peninsula the interseismic cycle seismicity does not define the potential
rupture size of large earthquakes, as concluded from a large event in 1950, which
extended further trenchward, coinciding with the updip limit of the locked patch, and
deeper than the limits of the interseismic interplate seismicity (Figure 5.8). The
downdip limit of the interplate seismicity in Nicoya determined by DeShon et al.
(2006) occurs at shallower depths than the intersection between the slab and the
continental Moho, which may be attributed to the start of ductile behaviour at 300-
350°C according to thermal models for the peninsula. However, those authors remark
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that the apparent deeper extension of the rupture of large events and the uncertainties
associated to the thermal models preclude a unique interpretation.

Schwartz & DeShon (2007), comparing with thermal models for Nicoya, find that
while the shallow locked segment coincides with the 100°C isotherm at the plate
boundary, the updip limit of the interplate seismicity matches the 250°C isotherm. At
that temperature, most of the sediment diagenetic processes have already concluded.
To explain the onset of seismicity, those investigators suggest an increase on pore
fluid pressure resulting from dehydration reactions of the oceanic crust and/or
decreased permeability in the upper plate. A change in the composition of the upper
plate, from basalt to basalt-gabbro, could also modify the frictional stability across the
plate interface and account for the onset of seismicity. Alternatively, DeShon et al.
(2006) consider that local variations along the Nicoya Peninsula could be explained
by different degrees of subduction erosion. As proposed by von Huene et al. (2004)
and Ranero et al. (2008), there is an intimate relationship between temperature and
the hydrofracturing of the upper plate. Erosion can introduce large amounts of upper-
plate material into the subduction channel, whose amount and distribution is
influenced by temperature.

Subducted seamounts

The role of seamounts in subduction zones have been studied in different margins of
the world, yielding the conclusion that they can act as asperities or barriers for large
earthquakes. Scholz & Small (1997) conceived a model where the seamount exerts
additional normal stress at the plate interface and its effect in earthquake generation
depends on the background state of the plate coupling. A strong coupling would be
enhanced by the presence of a seamount, and an increase in magnitude and recurrence
time of large subduction earthquake is expected; on the opposite case, where plate
coupling is weak, a seamount locally increase the stress and produce seismic activity.
According to Cloos (1992), the dimensions of the seamount would determine the size
of the subduction earthquake.

Kodaira et al. (2000) presented high-quality refraction data from the Nankai Trough,
that together with seismic and geodetic modelling of the 1946 Nankaido earthquake
indicate a subducted seamount acting as a rupture barrier. The seamount inhibited
brittle seismogenic rupture rather stimulating tsunamigenic slow slip. For their part,
Abercrombie et al. (2001) correlate the 1994 Java earthquake with a seamount serving
as an asperity.

The asperity that caused the Cobano earthquake has been related to a seamount by
Protti et al. (1995b) and Husen et al. (2002). If the interpretation of anomaly i as a
seamount or plateau is correct, then due to its location at the seismogenic zone it
could be the source of strong earthquakes. The approximate total horizontal area of
anomaly i is 800 km? an asperity size which could generate an earthquake of
magnitude Mw ~6.9 assuming its total rupture. However, the process that causes the
decrease on seismic activity offshore the Parrita lowlands could reduce the effective
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rupture area to ~500 km?, diminishing the area capable of nucleating an event of
magnitude Mw ~6.7. The zone occupied by anomaly i is bracketed by the aftershocks
of the 1990 and the 1999 earthquakes, further stressing the capability of the asperity
to generate the next large subduction earthquake of the margin segment.

Protti et al. (1995b) point out that the preceding seismic activity showed a large
concentration on the same rupture area of the 1990 earthquake. They remark that this
indicate a difference between seamounts acting as asperities, and the type of asperities
existing in segments where smooth ocean floor subducts. Subduction of seamounts
originates significant deformation on the upper plate, but also may suffer intense
internal deformation manifested as high seismic rates. Higher seismicity is also
coincident with the presence of anomaly i, as inferred from the RSN catalogue and
from the Jac6 experiment, including the increased swarm activity described before
(Figures 5.1, 5.4 and 5.6).

As pointed out by Bilek et al. (2003), the frictional behaviour of seamounts is
influenced by heterogeneous seafloor morphology, material properties, temperature
and fluid pressure, factors that cause the role of the seamounts to change over a
seismic cycle.

With data provided by the JacO experiment and as mentioned above, it could be
speculated that in the Central Costa Rican Pacific margin, in addition to their function
as asperities when positioned at the seismogenic zone, seamounts beneath the margin
slope, i.e. at a shallower stage along the plate boundary, could as well stimulate a
local trenchward shifting on the updip limit of the interplate seismicity (Figures 5.4,
5.5 and 5.8). The presence of Jacé seamount at around 10 km depth could enhance the
escape of fluids from the plate interface, causing an earlier begin of the stick-slip
behaviour. Increased permeability has been observed at the flanks of bathymetric
highs on the oceanic plate, favouring focused upward fluid seepage (Giambalvo et al.
2000, Fisher et al. 2003).

5.2.3 Intraslab seismicity

Profuse seismic activity is generated in the subducting slab, specially beneath or
downdip the seismogenic zone, contained in the LVB and for effects of this study
referred to as Wadati-Benioff (WBZ) seismicity. But also several events were
nucleated between the outer rise and the area of the seismogenic zone, at maximal
depths of ~20 km below the top of the slab and in its high-velocity portion (Figure
5.5). In general, intraslab seismic activity is higher toward the east, as observed also
in the RSN catalogue (Figure 1.2, 5.1 and 5.4). Several focal mechanisms of variable
type were determined for intraslab events, from the trench down to 100 km depth
(Figure 5.3Db).
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In the portion of the slab closer to the trench there seems to be a relatively higher
concentration of events beneath the trench, probably associated to slip along the
outer-trench faults during increased plate bending (Chapple & Forsyth 1979).
Pervasive faulting along the trench have been imaged offshore Middle America by
high-resolution seafloor mapping, near-vertical reflection lines and outer-rise
seismicity (Hinz et al. 1996, von Huene et al. 2000, Ranero et al. 2003, Grevemeyer
et al. 2007, Lefeldt & Grevemeyer 2007). In the Central Pacific segment, the thicker
oceanic crust promotes a smaller outer rise and a less-developed faulting (von Huene
et al. 2000). The LVB imaged in this sector supports the existence and continuity of
trench faulting landward. Recently, Lefeldt & Grevemeyer (2007) used teleseismic
waveform inversion, centroid depths and focal mechanisms of events with magnitudes
Mw ~6 from the trench-outer rise offshore Central America. They found that all
events occur at depths shallower than 30 km, with ruptures generally propagating
downdip and focal mechanisms of subevents of the same earthquake changing from
normal faulting to strike-slip or oblique thrusting with time; the depth at which the
mechanisms change could represent the transition from tensional to compressional
regions on the incoming plate.

The events recorded in this area by the JacO network show some clustering, for
example along cross-section 4 (Figure 5.5) and between cross-sections 2 and 3
(Figure 5.4), at ~20 km depth. Only two focal mechanisms were determined for
events originated on this sector (Figure 5.3b), excluding the afore mentioned seismic
sequence of April 2002, possibly related to the subducted Jac6 seamount, and only
one with the best quality (event 21). The hypocenters of the two events are deep
(Table 5.1), one of their nodal planes roughly coincide with the trench faulting and
their strike-slip component seems to agree with the results from Lefeldt &
Grevemeyer (2007).

A few quakes were generated in anomaly i, clearly deeper than the cluster formed by
the interplate seismicity (profile 4, Figure 5.5). A thrust-type focal mechanism was
determined for one of these events (number 29, Table 5.1), suggesting internal
compressive deformation. Further southeastward, DeShon et al. (2003), in their study
of the aftershocks of the 1999 Quepos earthquake, located some events generated in
the oceanic plate beneath the seismogenic zone as well. This spatial and temporal
correlation with a strong underthrusting event may indicate that the intraplate events
occur also as a response to changes in strain and fluid flow.

In the west of the area studied here, where normal oceanic crust is subducting, the
start of the WB seismicity seems to take place ~5 km downdip of the termination of
the interplate seismicity and coinciding with the intersection between the slab and the
upper-plate mantle (profile 2, Figure 5.5). The WB seismicity is encompassed by the
LVB. In the east part of the area, where subduction of anomaly i and the thickened
oceanic crust takes place (profile 4, Figure 5.5), abundant intraslab seismicity starts
already below the seismogenic zone, ~20 km closer to the trench axis. It takes place
over the whole LVB as well, which reaches ~20 km width here.
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In their LET, Husen et al. (2003a) observed also a widening of the band formed by
the WB seismicity eastward from the area crossed by profile 3 of this work. They
describe a diffuse, 20-km wide WBZ seismicity extending down to 80 km depth along
a cross-section running from the trench over Quepos Promontory to the Irazu-
Turrialba volcanoes. In chapter 4, arguments were presented to explain the LVB as
crust hydration, at least on the west part of the area. There, low velocities are likely
caused by a faulted, hydrated slab. In the east part, though, the notorious widening of
the LVB seems to correspond with the subduction of hotspot-modified, thickened
oceanic crust.

The mechanism responsible for the WBZ seismicity has been a subject of discussion
ever since its existence was revealed. At depths superior than ~30 km the great
pressures should prevent brittle or frictional processes. Intermediate-depth seismicity
is commonly believed to be enabled by slab dehydration (Kirby et al. 1996, Hacker et
al. 2003). As the slab sinks, metamorphic reactions liberate fluids from hydrous
phases. Dehydration increases pore pressure, reducing normal stress enough to bring
the system into the brittle regime. Nevertheless, the exact relationship between
dehydration and earthquake nucleation is not yet well understood. Earthquakes could
be generated by dehydration embrittlement creating new faults (Zhang et al. 2004) or
reactivating pre-existing weak zones (Peacock 2001), depending on where hydration
occurred (Ranero et al. 2005).

The 3-D P-wave velocity structure and petrologic modelling from Husen et al.
(2003a) indicate the existence of a low-velocity hydrous oceanic crust in the
subducting plate beneath central Costa Rica. Those authors found a good correlation
between the predicted locations of hydrous minerals in the oceanic crust and the
hypocenters of intermediate-depth earthquakes, further supporting the hypothesis of
the latter being enabled by dehydration. Abers et al. (2006) present further evidence
of intermediate-depth seismicity triggered by dehydration reactions within the slab.
Their results from the Alaska subduction zone using attenuation tomography, receiver
function analysis and thermal modelling show the WBZ seismicity descending more
steeply than the subducting crust, which is thickened and displays a wide low-velocity
zone from 60 to 120 km depth. Thermal modelling shows that seismicity within the
subducting crust is distributed in a narrow belt of pressure-temperature conditions,
which coincides with the breakdown of high-pressure hydrous minerals such as
lawsonite. This suggests that a single set of dehydration reactions may trigger
intermediate-depth seismicity.

Recently, Ranero et al. (2005) statistically compared the strike of bending-related
faults in the oceanic plate with that of the nodal planes of intermediate-depth
earthquakes (> 70 km) along different segments of the Middle America and Chile
subduction zones. The similarity they found supports previous studies from other
subduction zones of the world (e.g. Jiao et al. 2000), attributing most of the intraslab
seismicity to reactivation of faults rather than formation of new ones at the planes of
maximum shear within the slab. The authors also found higher rates of intraslab
seismicity associated to segments with more pervasive trench faulting. The conceptual
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model of Ranero et al. (2005) for intermediate-depth seismicity proposes that it starts
between 60-80 km, when dehydration of oceanic crust reactivates the upper segment
of bend-faults, which causes concentration of earthquakes on the upper part of slab.
Deeper than ~100 km, eclogitization is completed; here or slightly deeper dehydration
of slab mantle occurs reactivating bend-faults and generating seismicity within the
upper slab mantle. The authors point out that this model may not be applicable to
subduction of young lithosphere and broad aseismic ridges.

Warren et al. (2008) analyzed the directivity and identified the focal mechanism fault
plane of several large (Mw > 5.7) earthquakes between 35 and 220 km depth in the
MAT. They concluded that at depths shallower than 85 km, fault planes are consistent
with both, reactivation and formation of new faults. Deeper than 85 km, they observed
only subhorizontal planes, indicating that trench faults are no longer reactivated.
Similar results were found in the colder Tonga-Kermadec subduction zone (Warren et
al. 2007), suggesting that the mechanism controlling earthquake generation and plane
orientation must be related to pressure or other tectonic parameters rather than
temperature. The authors speculate that “exclusively subhorizontal faults may result
from isobaric rupture propagation or the hindrance of seismic slip on pre-existing
weak subvertical planes”.

The relatively abundant seismicity generated on the widened LVB (profile 5, Figure
5.5) poses some discrepancy with a model of WBZ seismicity triggered along
reactivated outer-rise faults. Thickened oceanic crust displays a reduced ability for
bending, and slab hydration at the trench may be consequently decreased. Although
some reservations could raise from their quality, good but in general lower than the
solutions for shallower events (see appendix), the focal mechanisms obtained in this
study for events originated deeper than ~40 km (Figure 5.3b) further complicate the
panorama. Most of the nodal planes of the focal mechanisms trend northeast, parallel
to the slab direction, and solutions are of all types. Nevertheless, some pattern could
be recognised. There is an alignment of inverse and strike-slip focal mechanisms
along and beneath the coast (events 8, 24, 26, 28 in Figure 5.3b), at depths varying
from 40 to 65 km, at around ~15 km below the top of the slab (profiles 4 and 5, Figure
5.5). Landward, a band of mechanisms of normal type were determined (events 16,
17, 19 in Figure 5.3 b for example), from earthquakes located between 55 and 68 km
depth but ~10 km underneath the slab top.

Shiomi et al. (2008) studied the inhomogeneous distribution of hypocenter and the
variety on focal mechanisms in the intermediate-depth seismicity along the Philippine
Sea slab in southwest Japan. To analyze the complex pattern, they constructed a
detailed configuration of the oceanic Moho based on receiver function analysis and
traveltime tomography. Comparison of Moho structure, seismicity and focal
mechanisms led them to the conclusion that the intraslab seismicity is constrained not
only by its composition, but also by the interaction between the slab geometry and its
motion. In their schema of the relationship between the stress field within the
subducting slab and the focal mechanism distribution, they propose that a ridge shape
creates tension on the upper part of the slab and compression below, with the
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respective P- and T-axes perpendicular to the slab motion. This happens, for example,
beneath western Tokai and Shikoku. Although the evidence presented here is
inconclusive, maybe something similar takes place beneath this sector of Central
Costa Rica. Inverse mechanisms are found deeper than normal mechanisms, and both
display nodal planes striking parallel to the slab motion.

5.2.4 Upper-plate seismicity

The seismicity recorded on the overriding plate during the experiment was distributed
mainly landward from the edge of the margin wedge, although few events might have
occurred on the margin wedge itself, updip of the interplate seismicity. Much of the
upper plate activity distributes spatially in clusters, particularly below the Herradura
Promontory, at kilometer 140 along profile 3 (lower plot), and around anomaly ii
(Figures 5.4 and 5.5). Repeating earthquakes as burst-type swarms, detected at the
seismogenic zone as described above, take place also in the overriding plate. Eight
small seismic swarms of two and up to nine events with magnitudes from 1.9 to 4.3
ML were recorded beneath the coast and over the plate interface (Figures 5.5 and 5.6).

There was a higher concentration of events between cross-sections 2 and 4, beneath
the coast and the Herradura Promontory, at depths fluctuating around 15 km. This
activity is closely delimited seaward by the margin wedge and the plate boundary
(Figure 5.5), and upward by a conspicuous, tabular low-velocity anomaly located at 8
km depth underneath the Herradura Promontory (cross-sections 3 and 4, Figure 5.5;
Figure 4.16). This feature appears as a landward prolongation of the margin wedge.
According to the resolution tests described in chapter 4, this zone is well resolved and
no horizontal smearing has been detected. Inversions using a higher damping
parameter still show a local decrease in the velocity gradient under the Herradura
Promontory. A similar feature was observed by DeShon (2004) beneath the Nicoya
Peninsula. The author pointed out that the anomaly could be an artefact. But its
presence below Herradura as well may indicate a real characteristic of the margin.

Sallarés & Ranero (2005), on the basis of reflection profiling and CSS tomography
modelling, report the presence of a similar low-velocity zone a few kilometers
beneath the middle slope and the coastal area on the margin wedge offshore
Mejillones Peninsula in North Chile. The upper part of the anomaly coincides with a
subhorizontal seismic horizon observed in reflection images, previously interpreted by
von Huene & Ranero (2003) as a detachment surface where block-bounding faults cut
from the seafloor into the upper plate. Sallarés & Ranero (2005) speculate that the
low-velocity anomaly could be either a rheological boundary formed along a pre-
faulting contact between two different rock bodies, or a zone of low strength related
to the presence of fluids. The latter possibility is not easy to explain, since the rocks
above the detachment are fractured; seawater can not percolate down because the
faults do not cross the detachment. The authors offer as alternative the migration of
fluids from the subduction channel.
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Perhaps the low-velocity zone beneath Herradura could be associated with the
mechanism of emplacement of the oceanic assemblages that constitute the Herradura
Promontory. It could also be attributed to the effect of processes generated by the
seismic activity in the continental crust taking place below. Moreover, as mentioned
before, the seismic swarms at the plate boundary are often accompanied by events in
the upper plate. As suggested by Sallarés & Ranero (2005), this could be related to
migration of fluids: movement along the plate boundary causes upward ascend of
fluids that does not induce seismicity in the margin wedge, which is not mechanically
competent, but may generate earthquakes in the undisturbed part of the upper plate
landward from the wedge. In this area, fluids could be accumulating at around 8-10
km depth by the presence of the Herradura Promontory, which may represent a
lithological variation.

The focal mechanisms obtained for seismicity in the upper plate (Figure 5.3c), half of
which are associated to seismic swarms (Table 5.1, Figure 5.6), are mostly strike-slip,
with nodal planes oriented northeast and northwest, corresponding with left- and
right-lateral faults, respectively. Several normal-type mechanisms with planes striking
northeast were determined at and off the Herradura Promontory.

Crustal deformation in subduction zones is often characterized by trench-parallel
motion of slivers located between the trench and the volcanic front due to oblique
subduction (Jarrard 1986). DeMets (2001) modelled velocities from GPS sites in the
Caribbean, North American and Pacific plates, together with seafloor spreading rates
and marine geophysical data, to estimate the present-day Cocos-Caribbean plate
motion. Comparing with slip directions of numerous shallow-thrust subduction
earthquakes form the MAT between Costa Rica and Guatemala, he concluded that
they are deflected 10° clockwise from the plate convergence direction. This supports
the hypothesis that the frequent dextral strike-slip earthquake along the Central
American volcanic front are the result from partitioning of oblique Cocos-Caribbean
convergence.

DeMets (2001) sets the southeastern limit of the sliver at the tip of the Nicoya
Peninsula, coincident with the proposed Central Costa Rica Deformed Belt (CCRDB,
Marshall et al., 2000), i.e. immediately westward from the area of this study. This
diffuse zone of active faulting is believed to represent a deformation front that
propagated arcward due to subduction of thickened oceanic crust, i.e. the Cocos Ridge
and the flanking seamount segment. Within the inner forearc domain, the CCRDB is
expressed in a series of steep, northeast striking faults, 10-20 km long, which
accommaodate differential uplift of a system of forearc blocks (Marshall et al. 2000). It
has been proposed that differential uplift is originated by tectonic underplating of
seamounts and/or eroded material (Fisher et al. 1998). This local uplift is
superimposed to the general forearc uplift caused by the subduction of the Cocos
Ridge. The forearc domain is bounded arcward by a major, northwest-heading fault
separating it from the Miocene volcanic front. Northwest striking dextral and
conjugate northeast striking sinistral faults predominate towards the current volcanic
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arc. The study of Marshall et al. (2000) determined that these fault patterns have been
active throughout the Neogene until today.

Another feature of the margin prone to generate seismicity in the upper plate,
including strong earthquakes, is anomaly ii. As mentioned in chapter 4, this low-
velocity zone seems to be aseismic. No events were located inside of the anomaly
either during the recording period of Jaco network or throughout the 2004 Damas
sequence, as shown in Figure 5.5 (profile 5). The aftershocks distributed in depth
between the top of anomaly ii and the inner-forearc basin. Clusters of events were
detected by the Jaco experiment surrounding the anomaly as well; a focal mechanism
determined for an event from the cluster (number 3, Table 5.1, Figure 5.3c) displays
the strike-slip movement with nodal planes striking northwest and northeast which is
predominant in the upper plate in this sector of the margin (Figure 5.3c). The
mechanism is similar to that of the 2004 Damas earthquake (Pacheco et al. 2006)
(Figure 5.1).

As discussed in chapter 4, given its aseismic nature, anomaly ii could be the
tomographic image of upward migrating fluids which accumulate there, at the base of
the continental crust, or it could be caused by tectonic underplating of seamounts
and/or eroded material at the base of the continental crust as mentioned above. A
causal relationship between anomaly ii and the Damas earthquake may fit better on
the second scenario.

The offshore continuation of several of the inner forearc faults has been interpreted by
Barboza et al. (1995) based on analysis of seismic reflection data (Figures 1.3 and
5.3c). These faults probably extend only across the continental shelf, since the
deformation in the margin slope is dominated by extensional faulting and seamount
subduction (Dominguez et al. 1998, von Huene et al. 2000, Ranero & von Huene
2000). A connection between both systems may follow the structures created in both
environments by subduction of seamounts (C. Ranero private communication). In that
sector, the slip is being accommodated largely aseismically, since the trenchward
boundary of the upper plate seismicity is controlled by the margin wedge,
approximately halfway between the border of the continental shelf and the coast.

A cluster of earthquakes was recorded also in the surroundings of Puriscal town, on
the Miocene volcanic front, at kilometer 140 along profile 3 (Figure 5.5). This area
shows an increased seismicity rate since 1990, after the occurrence of the Cdébano
earthquake. Several hours after the mainshock (Protti et al. 1995b), a sequence started
60 km inland and lasted for several months in a conjugated system of northeast-
striking, left-lateral and northwest-striking, right-lateral faults; it included the 1990
Ms 5.7 Puriscal earthquake (Barquero et al. 1991). Such connexion between major
events nucleated at the subduction zone and seismicity triggered in the upper plate
have been noticed for several historic events in the Central Pacific area of Costa Rica.
These cycles may reflect the arcward transfer of convergent stress by shallow
subduction (Marshall et al. 2000).
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Chapter 6

Conclusions and outlook

This study is based on the earthquake database acquired with a combined on- and
offshore seismological network, installed during approximately six months at the
convergent margin of Central Costa Rica. Almost 2000 events were generated at the
target area and the immediate surroundings during this period. The results of the
experiment show once more the importance of the combination of on- and offshore,
“amphibious”, seismological networks in the study of the shallower portion of
subduction zones, which normally lie offshore. This is evident when considering
earthquake location uncertainties. Reliable, well-constrained hypocenter locations
require, in general, more than six P-wave observations with a good azimuthal
distribution of stations (GAP < 180°) (Husen et al. 2003b).

Following those criteria, a subdataset of 595 earthquakes recorded by the Jaco
experiment was selected. Using the P-wave traveltimes from these earthquakes,
combined with information provided by controlled-source seismology profiles
available for the area, a 3-D tomographic model of the shallow part of the subduction
zone (< 70 km) in the Central Costa Rican Pacific margin was obtained. The use of
ocean-bottom stations allowed determination of reliable hypocenters from the trench
to the coast for the first time in this area. Several tools for model resolution estimation
were applied to define the areas of the model well resolved with the available dataset
and network configuration. Additionally, first-motion, double-couple focal
mechanisms were determined for earthquakes originated at the plate interface, the
subducting slab and the overriding plate to better characterize the deformation
processes taking place in those scenarios.

The 3-D velocity structure of this sector of the Costa Rican margin, well resolved
from the trench down to 60-70 km depth, presents a certain degree of complexity,
evidenced by subducted seamounts, the transition from normal to thickened subducted
oceanic crust and, possibly, tectonic underplating, taking place along a relatively short
distance. This structure also reflects various processes recognised in subduction
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zones, invoked in this work to account for the observed anomalies, such as slab
hydration through bend faulting, tectonic erosion and slab dehydration.

The subducting slab is imaged down to ~70 km depth, as a high-velocity perturbation
with a conspicuous band of low velocities (LVB) on top, which contains the intraslab
seismicity deeper than ~30 km. This LVB is the expression of several processes
varying in depth and along the margin. From the trench down to 20-25 km depth, the
low velocities are found in the first 5-7 km of the slab, originated mainly by the fault
system reactivated by bending at the trench and the outer rise and by hydration
(Ranero et al. 2005). The LVB is locally thickened beneath the continental slope by
the presence of the relatively small Jacé and Parrita seamounts, which have been
previously identified with high-resolution bathymetry, reflection profiles, gravimetry
and magnetic data (von Huene et al. 1995, 2000; Barckhausen et al. 1998).

The LVB broadens strongly toward the east, where it is preceded by an even sharper
widening of the low velocities, interpreted as a big seamount or plateau, both with
velocity structure similar to that reported for the Cocos Ridge (Walther 2003, Sallarés
et al. 2003). This feature have not been recognized before due to its location beneath
the continental shelf, an area that was not reached by previous geophysical surveys.
The maximal thickness of the LVB imaged in this study concurs with the onset of the
Fila Costefia (Coastal Range) onshore, considered as an inverted forearc basin
(Kolarsky et al. 1995). It is proposed here that this striking change represents the
transition from subduction of normal oceanic crust to Galapagos hotspot modified,
thickened oceanic crust.

The presence of the thickened crust and the accompanying big seamount or plateau
shows spatial reciprocity with an aseismic low-velocity anomaly revealed beneath the
inner forearc, at the base of the crust of the upper plate. This anomaly could constitute
the first geophysical image of the tectonic underplating of seamounts and material
eroded from the upper plate, previously proposed to explain the differential uplift of
blocks of the inner forearc in Central Costa Rica (Fisher et al. 1998, Marshall et al.
2000). Alternatively, its aseismic quality suggests that the anomaly underneath the
inner forearc could be caused by accumulation of upward migrating fluids, trapped at
the base of the overlying crust by the presence of the seamount or plateau, which
locally increases interplate coupling.

To the west and at the center of the area modelled in this study, the interplate
seismicity forms a dipping, planar cluster from 15-19 to 25 km depth, distributed
between 55 to 80-85 km from the trench axis, beneath the continental shelf. The onset
of the interplate seismicity may be controlled by the erosional process and associated
distribution of fluids, active along the shallower part of the margin. The updip limit of
the seismogenic zone determined in this study is in close agreement with a recently
proposed model for the hydrogeological system in erosional margins (Ranero et al.
2008), based on late observations from different zones of the world. Early dehydration
reactions taking place between 60°C and 150°C in subducted sediments, release fluids
at the plate boundary which are overpressured and escape then upward through
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fracturing in the upper plate. The sector of the plate boundary where fluids are profuse
corresponds to the area where tectonic erosion is evidenced by subsidence and
formation of the continental slope. The decreasing in the amount of fluids with depth
enables the transition from stable to unstable, seismic behaviour along the plate
interface.

To the east, the interplate seismicity becomes abruptly scarce, and forms three clusters
at different depths, at least during this experiment: one at the updip limit, and the
other two coinciding with the landward edge of the seamount or plateau and the
trenchward border of the low-velocity anomaly found beneath the inner forearc. This,
together with the landward retreat of the updip limit of the interplate seismicity, could
be caused by a reduced thickness and mechanical competence of the upper plate in
this sector, coincident with the biggest embayment along the margin slope.
Alternatively, this sector could be locked or, to the contrary, the anomaly below the
forearc could be pushing the upper plate upward, strongly reducing the coupling
(Nakada et al. 2002).

Thermal modelling along the Nicaragua-Costa Rica margin (Peacock et al. 2005)
predicts temperatures of ~400-450° C at 25-30 km depth at the plate interface. These
high temperatures and the relatively low amount of serpentinization estimated at the
forearc mantle wedge may indicate that the downdip limit of the interplate seismicity
is thermally controlled. Nevertheless, the data are not conclusive, given the
uncertainties of the thermal model and the uncertainty on the determination of the
location of the continental Moho, due to the absence of a strong velocity contrast
observed along the Costa Rican margin (e.g. Sallarés et al. 2001, DeShon et al. 2006).

“Burst”-type swarms, a special case of repeating earthquakes, were detected at the
plate interface and in the upper plate. They are clusters of events with nearly
identically waveforms and similar magnitudes, very short recurrence intervals,
repeating within hours or days of each other, and are active for only short periods. In
the area of the experiment, their occurrence coincides with the two larger asperities
detected at the plate boundary: the Cébano seamount and the seamount or plateau
imaged by this study. Possibly, they are originated by repetitive rupture of the same
relief patches over the seamounts.

The rough-relief ocean floor characteristic of this sector of the margin has profound
effects in plate coupling (Protti et al. 1994, 1995b), reducing it to patches that break
generating moderate earthquakes in contrast to the stronger coupling to the northwest
and southeast. Higher small-magnitude seismicity rates and the occurrence of the
burst-type episodes coincide with the Cobano seamount and the big seamount or
plateau. Additionally, it is speculated in this study that the presence of seamounts
beneath the margin slope could locally shift the updip onset of interplate seismicity by
accelerating fluid escape through the disruption structures that they propitiate.

Intraslab earthquakes were detected from the outer rise down to depths greater than
100 km. The highest rates coincide with subduction of thickened crust, where they
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distribute all over the width of the LVB. If slab dehydration enables seismicity, as
widely accepted, and hydration of thickened oceanic crust at the outer rise-trench area
is much reduced due to impaired bending ability (von Huene et al. 2000, Ranero et al.
2005), then hydration at alternative tectonic scenarios seems to play an important role
for seismogenesis.

The margin wedge is imaged as a prominent negative anomaly which ends sharply
toward the coast, in concordance with the strong normal faulting and fluid venting
detected by previous studies (Ranero & von Huene 2000, Hensen et al. 2004), which
are the result of the ongoing tectonic-erosion processes underneath (von Huene et al.
2004, Ranero et al. 2008). The upper plate seismicity is limited trenchward by the
margin wedge. The focal mechanisms are in good agreement with previous models of
upper plate internal deformation. Burst-type seismic swarms were also detected in the
overriding plate. The aseismic low-velocity anomaly at the base of the crust in the
inner forearc promotes seismicity in its surroundings by high-friction with the
overriding plate, and could be linked to a Mw-6.4 earthquake that caused extensive
damage to civil structures along the coast in 2004.

The margin structure and the seismicity presented here are the result of a relatively
short recording period. The complex dynamics of subduction zones calls for longer
deployment periods in order to more fully understand the processes and their
evolution through time. Valuable information from complementing data and
techniques, such as attenuation, gravimetry, geodetic modelling and global
tomography, could contribute to a better characterization of the rocks physics, stress,
deformation and structure, and therefore to gain further insights into the subduction
processes. The unfortunate failure of the seismometers deployed offshore decreased
the coverage for S-wave traveltimes toward the trench, considerably limiting the
resolution of the Vp/Vs model. A better constrained and more extended Vp/Vs model
could improve the characterization of the rocks physics, therefore contributing to
refine the interpretation.

Finally, the results from this and similar surveys (DeShon et al. 2003, DeShon et al.
2006) along the margin contribute to obtain an improved image of the configuration
of the shallower part of the subduction zone. This knowledge is necessary for reliable
and updated seismic hazard studies which constitute the base of seismic codes for
construction of civil structures and land regulation.
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Appendix

Focal mechanism solutions
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Next pages: Lower-hemisphere stereographic projections of the focal mechanisms shown in Figure
5.3 and Table 5.1. Compressional first P-wave onsets shown in red and dilatational in blue. Pand T
axes as indicated. Date and number of inconsistent polarities (inc) given for each event.
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Interplate earthquakes

1) May 10, 2002 09:06 inc=0 6) June 6, 2002 20:33 inc=2 11) July 6, 2002 20:09 inc=0

N

2) May 19, 2002 14:32 inc=0

5) May 23, 2002 21:22 inc=2 10) July 6, 2002 18:00 inc=1 15) Aug. 14, 2002 05:34 inc=0
N

N N

N
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16) Aug. 14, 2002 19:53 inc=0

158



Intraslab earthquakes

1) Apr. 13, 2002 02:59 inc=1 6) May 24, 2002 04:25 inc=1 11) June 7, 2002 04:00 inc=0

2) Apr. 26, 2002 22:27 inc=2 7) May 26, 2002 00:38 inc=0 12) June 14, 2002 05:49 inc=1

3) Apr. 28, 2002 13:55 inc=1 8) May 29, 2002 08:19 inc=0 13) June 16, 2002 18:04 inc=0

4) May 5, 2002 07:42 inc=0 9) May 31, 2002 11:46 inc=0 14) July 1, 2002 14:32 inc=0

N

5) May 14, 2002 22:19 inc=0 10) June 6, 2002 09:47 inc=0 15) July 4, 2002 02:46 inc=1

N
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16) July 5, 2002 07:34 inc=0 21) Aug. 10, 2002 04:32 inc=0 26) Sept. 17, 2002 13:46 inc=0

N

17) July 11, 2002 19:30 inc=1 22) Aug. 10, 2002 09:14 inc=0 27) Sept. 24, 2002 11:41 inc=0

18) July 12, 2002 12:44 inc=0 23) Aug. 15, 2002 16:09 inc=1 28) Sept. 30, 2002 00:34 inc=1
N

19) July 29, 2002 15:11 inc=1 24) Aug. 23, 2002 16:57 inc=1 29) Oct. 1, 2002 13:56 inc=0
N

20) Aug. 6, 2002 00:34 inc=1 25) Sept. 6, 2002 07:34 inc=3
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Upper plate earthquakes

1) Apr. 20, 2002 23:42 inc=0 6) July 2, 2002 06:50 inc=1 11) July 19, 2002 14:15 inc=0

7)July 15,2002 14:13inc=2  12) July 21, 2002 21:31 inc=0

3) Apr. 25, 2002 07:01 inc=0 8) July 15, 2002 17:32 inc=2 13) July 21, 2002 22:56 inc=0
N

4) Apr. 26, 2002 07:21 inc=1 9) July. 15, 2002 21:08 inc=0 14) July 22, 2002 06:24 inc=0
N

5) Apr. 26, 2002 23:55 inc=3 10) July 18, 2002 03:37 inc=1 15) July 22, 2002 06:25 inc=0
N




16) July 22, 2002 06:28 inc=0 21) Aug. 29, 2002 05:03 inc=2  26) Sept. 25, 2002 09:22 inc=1
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