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The combined geopotential models based on sataltitl surface gravity data provide
a homogenous gravity database with near globalragee In this work, the data from the
EGM2008 Combined Geopotential Model has been inbéed to prepare a comprehensive
three dimensional model of the lithospheric densityicture along the Central American
Isthmus. The main focus of the model is the intetigdion of the subduction process along the
Middle American Trench and the segmentation ofdbeanic Cocos and Nazca plates and
the overriding Caribbean Plate. The viability oé tBGM2008 data as input for the forward
modeling has been assessed in terms of resolutidrc@nsistency with surface gravity data.
For this purpose, a detailed surface gravity damb&as compiled and homogenized for
Costa Rica and then compared with a subset ofrdiffedata products from EGM2008. The
Bouguer anomaly calculated from the gravity distumte (geophysical anomaly) was
determined to be the most consistent with the afiemabtained from the surface stations,
particularly in areas of high topography. The as@lhalso determined the areas in which the
lower wavelengths from EGM2008 were dependent an dkistence of surface gravity
stations and the areas in which fill-in data mayehdeen used to achieve its maximum

spatial resolution.

From the processed data, a regional 3D densityemod the lithosphere was
constructed. The density model is constrained bgilave seismic velocity models,
magnetotelluric cross-sections and receiver funatiata as well as the integration of seismic
hypocenter data from local seismological netwoilksis regional model also integrates the
available geological information and considers thetonic segmentation of the crustal
basement of the Caribbean Plate with separate fonitthe Chortis Block (2.77 Mg/t
Mesquito Composite Oceanic Terrane / Siuna Ter(a8nelg/m’®) and the Caribbean Large
Igneous Province (2.90 MgAn The upper crust of the Caribbean Plate alsaifeatseveral
density bodies of lesser extent to account for ll@tauctures such as fore and back-arc
sedimentary basins (2.45 - 2.65 Md/mgranitoid and dioritoid intrusions (2.70 — 2.80
Mg/m®) ophiolitic complexes (2.70 — 2.82 Mgijrand magmatic bodies (2.35 — 2.40 Mgm
among others. The crust for oceanic Cocos and Nalates was assigned an initial density
of 2.80 Mg/n? and the changes in density caused by increasessyre and temperature due
to subduction at the Middle American Trench weredeled based on available petrological
calculations constrained by thermal and lithostgiessure conditions and metamorphic

reactions.



Furthermore, first order boundary layers suchhasMoho and the Cocos-Caribbean
Plate interface wenmodeled and extracted for correlation with tectdaatures and dynamic
processes. The greater moho depths in the CarildPless correlate with the presence of the
Quaternary volcanic front and reacheesnaximum of 44 km in western Guatemala. The
Caribbean plate shows Moho depths between 20 akc1d the southeast of the continental
shelf whereas to the north, values as shallowlas 8re observed at the Cayman trough. For
the Cocos Plate, Moho depths between 16 and 21 éra modeled along the Cocos Ridge
contrasting with values between 15 and 12 km ferssamount segment and 8 and 11 km for
the segments of the crust that are not volumelyicfected in a significant way by the

Galapagos hot-spot.

For the Middle American Subduction Zone, an indgnl interpretation of the slab
geometry was carried out based on the three-dimealsidensity model constrained by
seismological information from local networks. Riésushow the continuation of steep
subduction from the Nicaraguan margin into northess Costa Rica transitioning to a
shallower slab under central Costa Rica and theoértde Central American Volcanic Arc.
To the southeast of the volcanic arc, the slabpstee and continues as a coherent structure
until reaching the landward projection of the PaaaRracture Zone. By integrating the
seismological information into the 3D visualizatiohthe density model, a correlation of the
seismicity with the density units in the subducstab was carried out. A gradual change in
the depth of intra-plate seismicity is observecth@ag 220 km for the northwestern part and
becoming shallower toward the southeast whereaitires a maximum depth of 75 km. The
changes in the depth of the observed seismicityelade with changes in the density structure
of the crust in the subducted slab. The initial02Mg/nT density for the crust of the Cocos
Plate increases, according to petrological modetsthe calculated gravity, to 3.15 Mg/m
which correlates with the downdip extent of the \Ma@enioff seismicity and then to 3.30
Mg/m® for the deepest sections of the slab where themseity is less frequent and the
subducted crust is assumed to have become anhydrbasincrease in density occurs at
variable depths along the subduction zone and mdigate that differences in the state of

initial hydration of the oceanic lithosphere affdwe depth reached by dehydration reactions.



Die kombinierte Schweremodelle, die aus Satelliteand an der Erdoberflache
gemessenen Schweredaten bestehen, bieten einergdmenoglobalen Datensatz an. Fur
diese Dissertation wurden die Daten vom EGM200&ewsrtet, um ein dreidimensionales
Modell der lithospherischen Dichtenstruktur von #alamerika zu erstellen. Das
Hauptthema ist die Modellierung der Subduktion amtedamerikanischen Graben und die
Segmentierung der westlichen Karibischen Plattejesaler ozeanischen Cocos und Nazca
Platten. Die Viabilitat der Schweredaten des EGMR0@Is Eingabe fur die
Vorwartsmodellierung wurde in Bezug auf die rAuméicAuflosung und die Konsistenz mit
bodengestitzten Daten bewertet. Daflir wurde eiailtietter Datensatz mit Schweredaten
von Costa Rica kompiliert und homogenisiert. DieBatensatz wurde mit der EGM2008
Schweredaten von Costa Rica verglichen. Die Boudurmmalie, die aus der Stérung des
Schwerefeldes (geophysikalische Anomalie) berechmetirde, stimmt mit dem
bodengestitzten Daten am besten uberein, besoidégbiete mit hoher Topographie.
Durch die Analyse und den Vergleich mit den EGM20@8en wurden Gebiete identifiziert,
in denen EGM2008 von der Verfligbarkeit bodengesii@tationen fir die Berechnung der
kurzeren Wellenlangen abhangig ist und in denen E@aM2008 fill-in“ Daten enthalt,
damit die maximale raumliche Auflésung erreichtdviAuf Basis der prozessierten Daten
wurde durchs Vorwartsmodellierung ein dreidimenales Dichtemodell der Lithosphare
erstellt. Geophysikalische Daten, wie zum Beispi@eschwindigskeitmodelle aus der
Seismik und seismischen Tomographie, magnetotetinei Profile und Daten alReceiver
Functionswurden als Randbedingungen im Modell integriedsRegionalmodell beinhaltet
auch die Segmentation der unteren Kruste der Ksatiein Platte die aus der Geologie und au
tektonischen Modellen interpretiert wurde. Zu direZ&veck wurden verschiedene Korper fir
die tektonischen Einheiten modelliert, zum Beispilelr Chortis Block mit einer Dichte von
2,77 Mg/ni, das Mesquito / Siuna Terrain (3 Mgjnund die GroRe Karibische Magmatische
Region (2,90 Mg/r). Fir kleinere Strukturen in der oberen Krusterdem mehrere Kérper
mit verschiedenen Dichten fir die Sedimentbecken452 - 2,65 Mg/m),
granitischen/dioritischen Batholiten (2,70 - 2,8dg/m®), ophiolitische Komplexe (2,70 -
2,82 Mg/m?) und magmatische Koérper (2,35 - 2,40 Md/neingesetzt. Die Kruste der
ozeanischen Platten (Cocos und Nazca) wurde mer &ichte von 2,80 Mg/mmodelliert.
Die Anderungen in der Dichte der Kruste, die dustdigende Temperatur und Druck nach

dem Eintritt der Platte in der Subduktionszone ksacht werden, wurden mit verschiedenen



Korpern steigender Dichte bericksichtigt. Diese hisgerteilung in der Kruste der
abtauchende Platte wurde mit petrologischen Randfpexgen gestitzt. Die wichtigsten
Grenzflachen wie die Moho und das interface zwisck®cos- und Karibischer Platte
wurden modelliert und fur die spatere Korrelatiort enderen tektonischen Eigenschaften
und dynamischen Verfahren extrahiert. Die groRtehdAdiefe auf der modellierten
Karibischen Platte hat einen Wert von 44 km undnioet sich im westlichen Guatemala. Fur
die Karibische Platte sudwestlich vom Schelf wurdeéefen zwischen 12 und 20 km
modelliert. Im Bereich der Cayman Depression gfig die Moho Tiefen von 8 km. Fir
den Cocos Ricken auf der Cocos Platte wurden Makéem zwischen 16 un 21 km
modelliert. Im Gegensatz dazu betragen sie Tiefgachen 12 und 15 km fir das Seamount-
Segment und 11 bis 8 km fur die Segmente der Pldigenicht vom Galapagos Hotspot
beeinflusst sind. Die Geometrie der Mittelamerilsghen Subduktionszone wurde durch die
dreidimensionale Vorwartsmodellierung bestimmt. (Dafvurden die Hypozentren von
lokalen Erdbebendatensatzen als Randbedingungesgriett. Das Modell zeigt eine
fortlaufende steile Subduktion von Guatemala bis nordwestliche Costa Rica. Im
Zentralbereich von Costa Rica wird die Abtauchefdatte flacher bis zum Ende des
Vulkansbogen wo es graduell wieder steiler wird. $tidosten Costa Ricas wurde eine

fortlaufende Struktur bis zur Bruchzone von Panéiimaie abtauchende Platte modelliert.

Seismologische Informationen wurden durch dreidsmamale Visualisierung im
Dichtemodell integriert. Anhand Datenintegration rder eine Korrelation zwischen
Seismizitat und Dichteverteilung interpretiert. Dierteilung der Tiefen von Erdbeben
Hypozentren zeigt, dass die Seismizitdt im Nordemrestosta Ricas tiefer ist. Dort reichen
die Erdbeben bis zu einer Tiefe von etwa 220 knmhreudd die Hypozentren im Sudosten
eine maximale Tiefe von 75 km haben. Die Anderumddér maximalen Tiefe der Seismizitat
korreliert mit der Anderung in der Dichte der Kruster abtauchende Platte korreliert. Die
initiale Dichte der Kruste der Cocos Platte (2,8@/i) nimmt nach petrologischen
Modellen nach den Ergebnissen der Dichtemodefigzu. Die Zone mit einer Dichte von
3,15 Mg/n? korreliert mit dem Bereich der Wadati-Benioff Zoifi#n dritter Kérper mit einer
Dichte von 3,30 Mg/mwurde fiir die Kruste der abtauchende Platte miedteler entspricht
der tiefsten Sektion der Subduktionszone im Modelter die Platte entwassert wird. Dieser
Anstieg in der Dichte der abtauchende Kruste befirgich im Modell in verschiedenen
Tiefen und kdnnte den verschiedenen Zustédnden gdrakion und spéateren Entwasserung

der abtauchenden Kruste entsprechen.



Los modelos geopotenciales combinados, basaddates gravimétricos satelitales y
estaciones de superficie, proveen una base de damssstente y con cobertura global. En
este trabajo los datos derivados del modelo genp@alecombinado EGM2008 han sido
interpretados con el fin de preparar un modelanéghsional de la estructura litosférica del
istmo Centroamericano. El enfoque principal del elods la interpretacion del proceso de
subduccion a lo largo de la trinchera Centroamedaoala segmentacion en la Placa Caribe
asi como en las placas oceanica del Coco y Nazcaiabilidad del modelo EGM2008 como
datos de entrada para el modelado de densidadesidbhaevaluada en términos de la
resolucién espacial y la consistencia con resustamtiienidos para estaciones superficiales.
Con el fin de llevar a cabo esta evaluacion, sepdony homogeneizé una base de datos
superficiales para Costa Rica que posteriormemecfumparada para un extracto de la base
de datos regional del EGM2008. Se determin6 qaadenalia de Bouguer calculada a partir
de la perturbacion gravimétrica (anomalia geofjsgs la mas consistente con resultados
obtenidos para los datos superficiales, particidaten en areas de alta topografia. Este
analisis determin6 también las areas en que lagtlmles de onda mas cortas del EGM2008
dependen de la cobertura de estaciones superficiaé como las areas en que datos "de
relleno” habrian sido incluidos en la computacid@i ohodelo para alcanzar la méxima

resoluciéon espacial.

A partir de los datos procesados del EGM2008,repgnd un modelo tridimensional
de las densidades litosféricas en la region. Elaiwode densidades fue controlado por datos
geofisicos disponibles, provenientes de modelosgettecidades sismicas, perfiles magneto-
telaricos y datos de funciones de receptor asi claniotegracion de datos sismoldgicos de
hipocentros a partir de redes locales. EI modelioral de densidades integra también la
informacion geoldgica disponible y considera lansegtacion tectonica del basamento
cortical de la Placa Caribe. Para esto, distintadades fueron modeladas para el Bloque
Chortis (2,77 Mg/m), el Terreno Oceanico Compuesto de Mesquito /eferde Siuna (3
Mg/m®) y la Gran Provincia ignea del Caribe (2,90 MY/nha corteza superior de la Placa
Caribe presenta también unidades de menor extemsionel fin de modelar estructuras
locales como las cuencas sedimentarias del arntasyarco (2,45 - 2,65 Mgf) intrusiones
granitoides y dioritoides (2,70 - 2,80 Mg)mcomplejos ofioliticos (2,70 - 2,82 Mghny
cuerpos magmaticos (2,35 - 2,40 MgJnentre otros. Para la corteza oceénica de laa®la

del Coco y Nazca, se asigné una densidad iniciaR,88 Mg/n? y posteriormente se
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considerd el cambio en densidad de los materialemndo en cuenta los cambios en las
condiciones de presion y temperatura debido a bmlugcion en el margen convergente
Centroamericano. Estos cambios fueron modeladosidemando célculos petroldgicos
controlados por condiciones de presion litostatiemcciones metamoérficas y modelos

térmicos.

Las discontinuidades litosféricas de primer ordemo el Moho y la interfase entre la
Placa Caribe y la Placa del Coco fueron modelada®sgeriormente extraidas para ser
correlacionadas con estructuras tecténicas y posagigsamicos. Las mayores profundidades
del Moho fueron identificadas a lo largo del aradcénico Cuaternario, con un maximo de
44 km para el occidente de Guatemala. La Placab€gmiesenta profundidades del Moho
entre 12 y 20 km al sureste de la plataforma cental mientras que hacia el norte, valores
tan someros como los 8 km fueron observados pategeesion de Caiman. Para la Placa del
Coco, profundidades del Moho entre los 16 y 21 éerdn modeladas a lo largo de la dorsal
asismica del Coco. Esto contrasta con los valonde €12 y 15 km obtenidos para el
segmento de montes submarinos y 8 a 11 km parselpaentos corticales provenientes de
los centros de dispersion y que no han sido afestaignificativamente en términos

volumeétricos por el punto caliente de Galapagos.

Para la zona de subduccion Centroamericana, 8@ decabo una interpretacion
conjunta de su geometria basada en el modeladméndional de densidades, controlado por
informacion sismoldgica proveniente de redes Iascaleos resultados muestran la
continuacion de la subduccion empinada a lo larglongargen Centroamericano hasta el
noroeste de Costa Rica con una posterior transgiona subduccion relativamente somera
en la parte central de Costa Rica al término d= &plcanico Cuaternario. Al suroeste del
arco volcanico, el angulo de subduccion incremgnia placa subducida se presenta como
una estructura coherente hasta alcanzar la prayedwcia el continente de la Zona de

Fractura de Panama.

Mediante la integracibn de la informacién simob&gia la representacion
tridimensional del modelo de densidades, se esfahlma correlacion entre la ocurrencia de
sismicidad y la distribucion de las densidadesrefupdidad. A partir de esto se identifica un
cambio gradual en la profundidad del la sismicintuich-placa. Esta alcanza una profundidad
maxima de 220 km para el segmento noroeste y sgeeiia progresivamente mas somera
hacia el sureste del margen en donde alcanza ofizndidad de 75 km. Los cambios en la

profundidad de la sismicidad observada presentan aomrelacion con la estructura de
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densidades en la corteza subducida. La densidzelide 2.80 Mg/mpara la Placa del Coco
incrementa, segun los modelos petroldgicos y laegrad calculada, a 3.15 Mgito cual se
correlaciona con la extesniébn en profundidad desismicidad de Wadati-Benioff.
Posteriormente, la densidad incrementa a 3.30 Mghrlas secciones mas profundas de la
placa subducida para las que la sismicidad es meaasente y en donde se asume que la
corteza oceanica subducida ha alcanzado un estdddr@ El incremento en densidad
ocurre a distintas profundidades a lo largo deol@azde subduccién y podria indicar que las
diferencias en el estado inicial de hidratacioriedétésfera oceanica afecta la profundidad

alcanzada por las reacciones de deshidratacion.
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The following dissertation focuses on results atsdi from the forward modeling of
satellite-derived and surface gravity data andmrised of four scientific articles in various
stages of publication. Chapter 2 of this disseytais comprised of work originally published
in the International Journal of GeophysicEhis publication is part of my collaboration with
Hans-Jirgen Gotze who provided input on the apmdicaof analytical methods for the
interpretation of the gravity field and Guillermdvarado who contributed with insights into
the composition and structure of the volcanoesaftf@al Costa Rica. For this work, the first,
three-dimensional density model for Costa Rica easpleted through cooperation with the
Collaborative Research Center 574 (Sonderforschnangeh 574): Volatiles and Fluids in
Subduction Zones, the University of Kiel and theérsity of Costa Rica. This model was
prepared by use of the inhouse the modeling so&wéthe research group in Kiel and was
interpreted from surface gravity data provided yT&CH Leeds. This local scale model is
included in this dissertation in order to show dfiiect of local structures on the gravity field
and to exemplify the limitations of the previouslyisting surface database. Furthermore, the
insights gained by the local scale modeling of itegmatic processes in Central Costa Rica
were applied for the Quaternary Central Americanic’oic Arc and integrated in the

regional scale model for Central America.

Though the available surface station database wesessfully used as input for the
modeling of small scale structures, specifically foentral Costa Rica, the quality and
coverage of the surface data for the Central Araariegion as a whole was considered

insufficient for the modeling of structures on largcales which is the main objective of this

! Lucke O.H., Gétze, H-J. and Alvarado, G.E. (20X0konstrained 3D density model of the upper crust
from gravity data interpretation for Central Costica. Int. J. Geophys. 2010,
doi:10.1155/2010/860902.



3D Density Model of Central America

work. The results obtained from the local moded\a#d to gain insights into the geometry of
volcanic magma chambers. On the other side the Iidefing helped to identify the
deficiencies in terms of coverage, quality and ieacy of the surface gravity databases for
the region. It also provided motivation to inquimé the use of novel sources of data such as
satellite derived gravity and combined gravity mledélhe application of these gravity
models was sought with the objective of providimgaglequate input in terms of resolution,
consistency, and coverage, for the modeling ofelatple structures such as the subducting
slab and the Moho depths. The effect of these tstres are expressed in the long
wavelengths of the gravity field which were fourmdlte adequately resolved in the satellite

derived gravity models.

The third chapter on this dissertation is comprieé a joint scientific article which
was accepted for publication in 2011 in the Jouafabeodynamics This chapter describes
the results of cooperation with colleagues from Wmaversity of Kiel and the University of
Jena and was carried out within the framework @f 8pecial Priority Project SPP 1257
entitled "Mass Transport and Mass Distribution he System Earth". My contribution for
this work focuses on the assessment of the apiplicat different satellite derived datasets to
the research on mass distribution in the solid lEaspecifically in the area of Central

America.

In order to determine which dataset was betteedudr the geophysical interpretation
of the lithospheric structure in Central Americacamparison of the satellite derived data
with the existing surface gravity database wasi@dmut for Costa Rica. Since the coverage
and availability of ground gravity data in the re$tCentral America is limited, the area of

Costa Rica was considered as the best case sceénanhich the surface data could be

2 Kother, N., Gotze, H.-J., Gutknecht, B.D., Jahr,JBntzsch, G., Liicke, O.H., Mahatsente R., Sharma
R. and Zeumann, S. (2011): The seismically actinelean and Central American margins: Can
satellite gravity map lithospheric structures?,J. Geodyn. (in press),
doi:10.1016/j.jog.2011.11.004.



Introduction

compared to the combined gravity models. For thgpqme of this comparison, the surface
database provided by GETECH and described for @n&ptwvas improved by compiling and
processing additional surface station data andudcy it in a homogenous database. The
additional data was obtained through a requesth® €osta Rican Ministry of the
Environment which provided the data for use in acaid research. Furthermore, marine
station data from SFB574 for the Pacific Ocean @pen source data for the Caribbean Sea
from the National Oceanographic and Atmospheric Adstration of the United States were

included.

The newly compiled dataset was then homogenizedcandtituted a state of the art
surface gravity database for Costa Rica which wsesilas a reference to compare several
data products, mainly from the GRACE satellite moiss This analysis, carried out for the
region of Costa Rica, yielded new information oa teach and limitations of the combined
geopotential models in terms of spatial resoluiad consistency. The results also establish a
comparison between the application of geodetic igraanomaly (classical anomaly) and

geophysical anomaly (gravity disturbance) to theleliong of the solid Earth.

For this assessment, results from a preliminametidimensional model prepared solely
from EGM2008 data for Central America were publdhEhe characteristics of the different
datasets were analyzed in the context of the mddglespheric structure and contributed to
the comparison between the geodetic anomaly, tlephysical anomaly, and the surface
station data for areas of varying topography aralaggcal setting. The geophysical anomaly
(gravity disturbance) from the EGM2008 Combined @®ential Model (Pavligt al, 2008)
was considered to have the best correlation wethstirface gravity data particularly in areas
of high topography. These results were consistatit the comparisons of data sources

carried out simultaneously by colleagues workinghenChilean convergent margin.
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The characteristics of the final version of theioegl density model for Central
America are described in chapter 4, which is cosagtiof a scientific article focusing on the
Moho structure of Central America. This work waseqted for publication in 2012 in the
International Journal of Earth Scientésa special issue along with other contributifnosn
the SFB574. For this regional model, the gravistulibance was chosen to be used as input
for the regional three-dimensional forward modelipgsed on the data analysis carried out in
chapter 3. The constrained regional model of Certnaerica takes into consideration the
segmentation of the crustal basement of the Caaibld®late with separate units for the
Chortis Block (2.77 Mg/}, Mesquito Composite Oceanic Terrane / Siuna Terré3
Mg/m®) and the Caribbean Large Igneous Province (2.90ni%)g The crust for oceanic
Cocos and Nazca plates was assigned a density86f Ng/nt. From the regional scale
model, the Moho boundary surface was modeled andtined by available geophysical
data. This surface was then extracted from the maleé the results were correlated with

structures such as the volcanic arc, the Galapagtspot trace and the Nicaragua depression.

The subduction of the Cocos Plate along the Middtesrican Trench is the focus of
chapter 5. This chapter is comprised of a manusafipich has been submitted for
publication to the Geophysical Journal Internatiomad is currently under reviéwThis
manuscript was prepared in collaboration with hen@rroyo who provided the
seismological data that was used to constrain ¢éoengtry of the density model. The regional
geometry of the subduction zone and the densityctstre of the subducting slab were
constrained by earthquake hypocenters as well hsr ogjeophysical and petrological

constraints. The regional model shows a continsbesp subduction of the Cocos plate for

% Liicke, O.H. (2012): Moho structure of Central Ainarbased on three-dimensional lithospheric
density modelling of satellite derived gravity datht. J. Earth Sci. (in press), doi:
10.1007/s00531-012-0787-y.

* Liicke, O.H. and Arroyo, ., (in review): Densitiyiscture and geometry of the Costa Rican subduction
zone from 3D gravity modeling and local earthquakata. Geophys. J. Int.,(submitted
manuscript).
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the crustal segments generated at the East P&idE with major changes in geometry
occurring in Central Costa Rica. A local, more detamodel of the Costa Rican subduction
zone was prepared using the regional model aserafer For the local model, earthquake
hypocenters from four distinct local seismologisatworks in Costa Rica were integrated as
constraints, jointly interpreted and correlatedmgbnceptual models (Raneeb al, 2005)

and petrological models (Bousquedtal, 2005; Huseret al, 2003a; Rupket al, 2002). The

presence of a continuous slab structure beneatthesstern Costa Rica was the preferred
geometry considering the fit of the modeled grauilgta and the available constraints.
However, alternate models requiring a discontinuglab and a shallow Moho structure were
also considered and discussed in order to accountié¢ lack of deep, slab-related seismicity

in the region.

The final version of the density model is the festithe combined interpretation of
gravity data from various sources as well as thegiration of geophysical and geological
constraints. The integration of the results frore forward modeling with the available
constraining data provides a comprehensive, thi@essional interpretation of the
lithospheric structure of the region. The resuftsspnted in this dissertation provide the basis
for further interpretations of the state of stressthe modeled boundary surfaces and the

correlation with local seismicity.

The modeled structure for the Caribbean Plate gesvan in-depth, three dimensional
interpretation of the tectonic models that had fnesly been inferred mostly from surface
geology or the qualitative interpretation of potahffields. The regional density model
accounts for the lithospheric sources of the lorayelengths of the measured gravity field
resolved by the satellite derived gravity modelse Tesulting density model will serve as a

starting point for further, more detailed studidstime density distribution in the region,
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providing that the resolution and quality of theatmses improves and thus enabling the

interpretation of local structures throughout tegion.

The present Central American land bridge links Sueith and North American land
masses and is located on the western edge of thieb€an Plate. The current lithospheric
structure of the Caribbean Plate is the resulheftectonic processes that have followed the
break-up of Pangaea and the dispersion of thetmgudontinental blocks since the Early
Jurassic causing the migration of tectonic Terramabsthe creation of early seaways (Pindell
and Keenan, 2009). The crustal basement of thékzan Plate is thus highly heterogeneous

and features large-scale differences in compos#mhphysical properties.

The northern margin of the Caribbean Plate is taldééral strike-slip boundary formed
by the Motagua-Polochic fault system in northerratémala, followed eastward by the Swan
Islands Fault and along the Cayman Trough. Thetarusasement in northern Central
America is comprised of the Chortis Block first ided by Dengo (1969) as a Paleozoic
continental block extending to northern Costa RiEarther studies by Venable (1994)
suggested the presence of an oceanic componemia($rrrane) on the southern part of the
Chortis Block in the form of serpentinites whichogrout in northern Nicaragua. The
segmentation of the Chortis Block was describedunther detail by Rogerst al (2007)
who, based on the correlation of surface geolog) a@romagnetic data, defined 3 distinct
magnetic provinces for the Chortis Block (Cent@duthern and Eastern Chortis Terranes)

and outlined a new limit for the mafic Siuna TeedRig. 1.1).
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Figure 1.1.Tectonic setting of Central American. Red lineswglplate boundaries (modified from Coffén al,
1998) and major tectonic structures. Triangles slk@waternary volcanoes (Siebert and Simkin, 2002ayG
arrows show plate motions relative to the Caribbekate after: Freymuelleat al (1993), Kellogg and Vega
(1995) and DeMets (2001). CNSC: Cocos-Nazca Spnga@enter. MPFS: Motagua-Polochic Fault System;
ND: Nicaragua Depression; NPDB: North Panama DeéaliBelt; PFZ: Panama Fracture Zone; RSB: Rough-
Smooth Boundary modified from Hey (1977); SITF: 8wslands Fault; SR: Sandra Rift (DeBatral, 1988).
Gray contours show the -2000 m bathymetric leveling the Cocos Ridge and -500 m for the Nicaggu
Rise. Green lines show the borders between thetiSlzord the Siuna/Mesquito terranes according tgeRset

al. (2007) (stippled line) and Baumgartreral (2008) (dotted line).

Furthermore, based on surface geology and DSDFhblerelata, Baumgartnet al
(2008) propose that the presence of the continentaponent of the Chortis Block is limited
to eastern Guatemala and Honduras and that thec mafmponent in the form of the
Mesquito Composite Oceanic Terrane (MCOT), exteiodthe northwest along the Central
American fore-arc and southward to northern Cosiea.RThe crustal basement on the
southeastern part of the isthmus (Costa Rica amérRa) is composed of a Cretaceous

oceanic plateau in the form of the Caribbean Laggeous Province (Hoernkt al, 2008).
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This tectonic heterogeneity results in crustal bees® units with contrasting physical
properties i.e. crystalline Paleozoic rocks for t@#ortis Block, ultramafic material
(serpentinized peridotite) for the MCOT and ocednasalts for the CLIP.

Along with this segmentation, the convergence efdbeanic Farallon Plate along the
western margin of the ancient continental bloclsuited in different episodes of subduction.
The current convergent margin on the western efljeecCaribbean Plate hosts the principal
tectonic feature in the region with the subductéthe oceanic Cocos Plate along the Middle
American Trench. According to Bucles al (2010), subduction-related volcanism may have
affected the crustal basement of the current isthasiearly as the Coniacian (~89 Ma) for
the Southern Central American Arc. The fissionha Farallon Plate at the beginning of the
Miocene (Lonsdale, 2005), segmented the oceanie @llong the Panama Fracture Zone

between the Cocos and Nazca Plate.

This, along with the interaction of the Oceanict®laith the Galdpagos Hotspot and
the arrival of the Cocos Ridge to the Middle AmanicTrench, has further influenced the
subduction system. According to Lonsdale and Kiidg@l978), subduction of the Nazca
plate may have ceased in the Late Miocene aftectwihie margin transitioned to a strike-slip
boundary. However, DeBoet al (1988) propose a reactivation of the subductidnt8 5.3
million years ago and consider the existence oémesubduction. Although Neogene arc
volcanism is present throughout the isthmus (Algaret al, 2007) the Quaternary volcanic
arc ends in Central Costa Rica with the exceptibthe Bar( volcano and minor, eroded
vents in western Panama. The tectonic segmentatiohe Caribbean Plate along with
lithospheric-scale processes such as the subducfiaihe oceanic Cocos Plate and its
interaction with the Galapagos hotspot are reftbatethe gravity field obtained from surface
gravity data, satellite gravity data and combinesbmptential model such as EGM2008

(Pavliset al, 2008).
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The main focus of this work was the interpretatmingravity data by means of
forward modeling of the solid Earth to create a poghensive, three-dimensional model of
the density distribution of the lithosphere in GahAmerica. The modeling process followed
the development of the software IGMAS+ (Goétek al, 2010) which is based on the
algorithm by Gotze (1976) and Gotze and Lahmey8B8§) A previous model, which is
presented in chapter 2, was constructed usingatierversion of the software (Schmidt and
Gotze, 1999). Since early 2009, the new version ASM (Gotzeet al, 2010) became
available to the research group. This new versimaphasizes the interactive manipulation of
the geometry and parameters, the optimized calonladbf the modeled gravity, the
integration of constraints and the three dimengiorsualization. This software served not
only as the primary method for the density modelmg also as an integration tool for
geophysical constraints and results obtained bynmed other analytical methods. The
methods and their application to the analysis efgravity field, will be explained further in

each corresponding chapter of this dissertation.
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The map of complete Bouguer anomaly of Costa Riwavs an elongated NW-SE
trending gravity low in the central region. Thisagity low coincides with the geographical
region known as the Cordillera Volcanica Centriais built by geologic and morpho-tectonic
units which consist of Quaternary volcanic edificEsr quantitative interpretation of the
sources of the anomaly and the characterizatiofluaed pathways and reservoirs of arc
magmatism, a constrained 3D density model of theeupgrust was designed by means of
forward modeling. The density model is constraingg simplified surface geology,
previously published seismic tomography and P-westecity models, which stem from
wide-angle refraction seismic, as well as resutisnf methods of direct interpretation of the
gravity field obtained for this work. The model &skinto account the effects and influence of

subduction related Neogene through Quaternary agmmatism on the upper crust.

A constrained 3D density model of the upper crush@ the Quaternary Central
American Volcanic Arc (CAVA) was carried out basaa complete Bouguer anomaly data.
The main focus of the study was the modeling offthiel pathways and reservoirs in the
upper crust resulting from the magmatic processseaated with the subduction of the

Cocos plate beneath the Caribbean plate.

The area of interest was the portion of the CAVtdWwn as the Cordillera Volcénica
Central in Costa Rica. Throughout Central Amerite volcanic arc shows a segmented
disposition along the isthmus marked by gaps int€uary volcanism as well as sudden
changes in the distance from the Middle Americarenth. The geographical and

morphological region known as the Cordillera VolcanCentral of Costa Rica is comprised
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by the Platanar, Barva, Poas, Irazl and Turriatdeawic edifices. It is delimited to the NW
by the absence of Quaternary stratovolcanoes ugieooccurrence of the Arenal-Chato
volcanic complex. To the SE the arc is interrugigch major gap in Quaternary volcanism in
the Talamanca region marking the southeastern &t ortion of the CAVA related to the

subduction of the Cocos plate (Fig. 2.1).

95°W 90° W 85°W 80°W

Colombia
Basin

10°N : G NPDB
s i

5°N

Far

Hot-spot . ol

Galapagos CNSC Nazca Plate ’(ﬂf’

Figure 2.1. Tectonic setting of the Costa Rican subductionezdwiajor plate boundaries and tectonic features
are marked by red lines. Location of the 3D densitydel is indicated by a black polygon. NPDB: North
Panama Deformed Belt, PFZ: Panama Fracture Zon8QCRocos-Nazca Spreading Center.

This portion of the Costa Rican arc is characteriatso by unique morphological
features such as the high volume of the volcanificed relative to the rest of the arc (i.e.
Carret al (2007). Special interest was put on this porbbthe arc because of the presence
of an elongated gravity low in the complete Bougaeomaly map. Until now, density
modeling in the region was restricted mainly toioegl 2D interpretations based on
inhomogeneous gravity databases (Ponce and Ca8@), ¥8so 2D sections along seismic

refraction profiles on the northwestern part of @esta Rican arc (Godde, 1999; Sallagéz
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al., 2001) and across the volcanic gap in the Talamaegion (Stavenhagest al, 1997).
Density models in the Cordillera Volcanica Centnadre restricted to the structure of the
volcanic edifices (Thorpet al, 1981) thus accounting only for the effects of segsabove
the geoid . For this work, the homogenized com@dBsteguer anomaly database compiled for
the SFB574 was used to model in 3D, the crustacsire and the effects of Neogene to

Quaternary volcanism on the densities along the arc

On-shore complete Bouguer anomaly maps were gewdefetm the homogenized
gravity database of the SFB574. The database ieslagpproximately 20 000 stations and
was compiled from previously existent on-shore gyadata from several government,
industry and academic institutions such as: GETH@dds, BGI (Bureau Gravimétrique
International), ICE (Instituto Costarricense dedglieidad). The complete Bouguer anomaly
map shows an arc-parallel gravity low with a minimof -57x10° m/< along the Cordillera

Volcéanica Central (Fig. 2.2).
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Figure 2.2.Modified from Liicke (2008).Complete Bouguer anoynalp of central Costa Rica draped over the
shaded SRTM relief map. Red triangles show looatibthe main Quaternary volcanic vents. Black pigms
indicate the location of gravity stations. Red $dirghow locations of vertical cross sections preskon this
work.

Previous works (Monteret al, 1992; Ponce and Case, 1987), show a minimum of
approximately -80x1® m/< for this region. However, upon further review oktiravity
database, the height above sea level reportedhéosihgle station with a complete Bouguer
anomaly value of -75.9x10m/< differed in nearly 1000 m with the correspondesitie of
topographic height above sea level obtained froniNRopography data. This, along with
other aberrant values were corrected or taken ecause of lack of metadata. The corrected
database was then used for the forward modelinghef density structure and mass

distribution of the upper crust.

Although the main gravity low coincides in extemsiand trend with the main
volcanic edifices of the Quaternary arc, its asishifted approximately 8 km towards the
Middle American Trench relative to the main vol@aakis comprised by the Platanar, Poas,

Barva and Irazl volcanoes. The fore-arc region shawelative Bouguer gravity low along
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the Aguacate Mountains and on-shore data along Pheific coast show a peak of
approximately 20x1® m/< on the Herradura promontory. Towards the back-egion, the
Bouguer anomaly values increase to a relative lijii5x10° m/< in the northeastern
Tortuguero plains. The northwestern end of thestr@a shows a gradual increase in the
Bouguer anomaly values along the arc with an itiflecat a value of -35x10m/< at 20 km
NW of the Platanar volcano from which the valuestgdu until they decrease again towards
the Pacific coast in SW Nicaragua. To the SE, tlaenrgravity low shows a strong positive

gradient culminating at an alignment between the foevns of Quepos and Limén.

The data analysis methodological approach emptasieeintegration of geological
and geophysical constraints into the forward madgeliFor geological constraints, a
simplified map (Fig. 2.3) outlining the main supeidl lithostratigraphic units was
summarized from previously existing geological mfation (Denyer and Alvarado, 2007;
Tournon and Alvarado, 1997) together with the irdéign of the inferred location of main
volcanic vents related to the Neogene Aguacate (Ahcarado, 2000). The geological

information was complemented by borehole stratigyagiata from Pizarro (1993).
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Figure 2.3. Simplified surface geology of the study area Hame cartography by Tournon and Alvarado (1997)
and Denyer and Alvarado (2007). The green box sthiberextent of the modeled area. Red triangles ghew
locations of main Quaternary volcanic vents. Blaangles show the locations of paleo-volcanic vdatsthe
Neogene "Aguacate” volcanic paleo-arc, inferrednfsurface geology and morphology.

Geophysical constraining focused on direct inteégtien of the gravity field (i.e.
Euler deconvolution source points and power spettamalysis) and the inclusion of local
earthquake seismic tomography data generated by BF8ollaborators (Arroyo, 2008) and
previously published works as well as 2D velocitpdels based on wide angle seismic

refraction surveys (Lizarraldet al, 2007).
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For the Euler deconvolution solutions, the softwREDGER (PaSteka, 2006) was
used which advantages the calculus by means ofarezpd derivatives (PaSteka and Richter,
2005). The calculation of the Euler source poistbased on Euler's homogeneity equation
and results in clusters used to constrain the dvgeametry of the model. In this case, a
structural index of 0.01 was used to for the appnation of planar structures thereby

outlining the main boundaries between bodies ofresting density (Fig. 2.4).
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Figure 2.4. Modified from Licke (2008). Semi-perspective vief the modeled area. Colored dots show
locations of Euler deconvolution source pointstreéato the modeled bodies. Main modeled bodiesshoavn

as colored polyhedra. The yellow polyhedron reprss¢he back arc structural high with a density2@&?2
Mg/m°. The red polyhedra represent the low density zbeegath the arc with densities between 2.35 &8l 2.
Mg/m®. The blue polyhedra represents the paleo-arc bodith densities between 2.40 and 2.45 Myg/m
Coastline is shown in black.

The Euler source points showed clustering betwessiogical units mainly on the
southwestern and northeastern boundaries of théetaay volcanic arc. The clustering of
the source points outlines in depth, the heterafesen the upper crust caused by the

Quaternary volcanism. The location of the sourcetpolusters also correlates well with
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surface geology in the sense that they coincideh wite contacts between the
lithostratigraphic units that represent major esemt Cenozoic volcanism as well as
basement structure towards the back-arc. The lliston of the shallower Euler source

points may also outline the upper boundary of loggeneous bodies in the upper crust.

#$

Power spectrum analysis was carried out througthFagt Fourier Transformation to
estimate depths for the structures which causentbasured anomaly. According to this
method (Doring, 1995), the depth of a correspondmgnopole source point” is obtained
from the negative slope of the linear relationsbgiween the logarithmic power spectrum
and the wavenumber of the gravity field. Resultswshiwo tendencies for the correlation

between energy and wavenumber (Fig. 2.5).
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Figure 2.5. Modified from Lucke (2008). Results of the powpestrum analysis of the Bouguer gravity field
using 2D Fast Fourier Transform. Black lines repnésthe trends of the linear regression separatieg
spectrum in a local trend (blue squares) and @anegitrend (red diamonds).

The local part of the spectrum results in depthsamhe 11 km. The regional part of
the spectrum appoints to greater depths of aboutn®4The source of this/these causing

mass/masses is not yet clear. We put the main foEube modeling on the shallower
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structures because they are better constrainedhey geophysical data such as the seismic
tomography. 3D modeling together with the resuft&oler deconvolution, constrained the
local modeling in the upper 15 km of the crust. iUnbw the effect of deeper located
structures are not investigated and may accounivider wavelengths of the regional field

outside of the area of study and outside the draderest.

$ % &

Further constraints included previously publishdéocal earthquake seismic
tomography cross sections (Colomdtoal, 1997; Huseret al, 2003a; Prottet al, 1996), as
well as data from SFB574 collaborators (Arroyo, 20Based on the slab location relative to
the volcanic arc as observed on the seismic tonpbgraross sections and the shallow results
for the source of the local gravity anomaly obtdirfeom power spectrum analysis, it is
interpreted that the effects of the distributionnodss directly related to the slab, does not
have an effect on the gravity field at a local scdédowever, low velocity zones shown by
Husenet al (2003a) in the upper mantle at a depth of appnaiely 60 km may have a
regional effect on the gravity field. Local low welty heterogeneities in the upper crust are
present beneath the Quaternary volcanic arc irCtivdillera Volcanica Central as observed
in the values of perturbation inpMrom Arroyo (2008). As for the geometry of such
heterogeneities, the integration of the data asstcaints in the density model shows
trenchward-dipping, low velocity structures, origiimg from the slab and ascending to the
upper crust beneath the Quaternary arc. Remarkahlso the presence of similar structures
beneath the Neogene Aguacate arc which hints ohaaieffect of paleo-volcanism on the
upper crust. With regards to the issue of resatutibthe seismic tomography data directly
integrated as constraints (Arroyo, 2008), the betsolved portions of the Quaternary arc in
the upper crust domain are those beneath the Tramialba volcanic complex as well as the

Poas volcano. This is mainly due to the locatiosed$mologic stations.
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The constrained 3D density model was carried outhByinteractive modeling with
the software IGMAS (Interactive Gravity and MagustiApplication System, Schmidt and
Gotze (1998). This modeling is based on the ingigrithm by Gotze (1976) and further
enhanced by Gotze (1984), Gotze and Lahmeyer (1988hmidt and Gotze (1998).
Modeling is carried out interactively by creatingss sections from which constant density
bodies are triangulated based on the location efitiput vertices. Densities are directly

assigned to each body or may be calculated viasioe based on the given geometry.

For this model, 22 modeling cross sections weratetetrending perpendicular to the
volcanic arc with a NE-SW trend. Geometry is basedavailable constraints as well as fit
between the measured and the modeled gravity f@@leerall fit between measured and

calculated complete Bouguer anomaly is shown and@.6.
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Figure 2.6. Modified from Lucke (2008). Comparison of measur@eft) and calculated (right) complete
Bouguer anomalies. Location and trend of modelscs®ctions are shown as NE-SW trending black straig
lines. The cross sections presented on this warkigihlighted in red. Location of the main Quateynaolcanic
vents are shown as red triangles. The Neogene ‘@aje@apaleo-volcanic vents inferred from surfacelggy
are shown as blue triangles. Black dots repre$eniocation of gravity stations. Coastline and tpzdi borders
are shown in bold black lines.
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: ( ) *
In order to model the effects of volcanism in thgper crust, an overall background
structure was modeled in accordance with availabhetraints. An important discontinuity in
the upper crust is shown in a one-dimensional giocodel by Matumoto et al. (1977) with
a change on P wave velocities from 5.05 km/s tkt& at a depth of between 8 and 10 km
for northwestern Costa Rica. A discontinuity atagaproximate depth of 10 km is also shown
by a P wave velocity model from Goédde (1999) bamedvide angle refraction survey. Due
to lack of constraining data for the Central regitims discontinuity was extrapolated to the
area of interest and modeled as a change in dewos?yB80 Mg/mi below the 10 km depth.
This density represents a mafic igneous basementreesi for the southwestern part of the
Caribbean plate. A middle layer with densities testw 2.70 Mg/rhand 2.74 Mg/mwas
modeled to account for an andesitic compositiorthef next to uppermost crustal domain.
Lateral variations were modeled to account for Or@ahanges in the gravity field. An
uppermost layer with a density of 2.60 Mdiwvas modeled representing a 1-2 km thick layer
comprised mainly of volcanoclastic Tertiary marisediments, tephra deposits and

Quaternary alluvial sediments.

The main features modeled beneath the Quaternargrarelongated lower density
bodies with densities ranging from 2.35 Md/to 2.38 Mg/ni. Such bodies represent low
density heterogeneities in the upper crust brooghby the effects of Quaternary volcanism.
These effects may be comprised of a complex intieracbetween magma derived
components such as fluids and volatiles, and thresnding crust. Also, higher temperatures
from higher heat flow along the active arc may @ayle in lowering the overall density. In
addition, the presence of melts may also be takenaccount, although the relatively high

volumes and broad lateral extension of the modbtaties make it unlikely for these to be
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occupied entirely by melts. Thus, these are netrpreted to be magma chambers in their full
extent but low density zones in the upper crusedlly related to processes such as

hydrothermal alteration, higher heat flow and thespnce of melts.

As for the geometry and lateral variations of sholies, the qualitative interpretation
of the complete Bouguer anomaly map yields an @udihint as for the disposition of these
low density zones. The main gravity low correspoimdsxtent and trend to the main volcanic
edifices in the Cordillera Volcanica Central anceqrs as an elongated body constricted
only in the region between the Barva volcano amdithzi-Turrialba volcanic complex. This
constriction coincides with a relatively larger gagtween the main vents of the Barva and
Irazu volcanoes (32 km) as compared with smalleremnegular gap of about 15 km between
the main vents of the Barva-Poas-Platanar volcedifices. This may indicate that the
overlap of the effects of magmatism in the uppastfor each volcanic vent is attenuated by
the greater distance represented by such gap. Hwwawnon-constricted gravity low may
also be a product of the current sparse gravitijostacoverage which may merge the low
wavelengths into a continuous signal. A low dendindy (2.35 Mg/r) was modeled
separately for the Irazu-Turrialba volcanic compléiis separation concerns the basic

geometry but maintains a constant density (Figa8d’2.8).
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Figure 2.7.3D density model cross section across the Po&awoland surrounding regions. Red and black
curves in the upper box show the measured and latddugravity anomalies respectively. Black plugsi
indicate topography derived from SRTM 3 arc sed @rnich is projected on the cross section, blaakssh the
lower box show Euler source points. Grayscale pmhggrepresent modeled crustal bodies with correfipgn
densities. Colored pixels and bars show percersfighange in Y velocities which were calculated by Arroyo
(2008). Red triangle indicates the location of thain Quaternary volcanic vent, blue triangle intBsathe
locations of inferred paleo-volcanic vent.
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lower box show Euler source points. Grayscale pmhggrepresent modeled crustal bodies with correfipgn
densities. Colored pixels and bars show percerdhgbange in Y velocities which were calculated by Arroyo
(2008). Red triangle indicates the location oftfean Quaternary volcanic vent.

A joint low density body (2.35 Mg/fh was modeled for the upper crust beneath the
Barva and Poéas volcanoes (Fig. 2.8 and 2.9). Astlferunderground structures of the
Platanar-Porvenir volcanic complex, a slightly lgllensity of 2.38 Mg/fwas calculated
through inversion for the given geometry and assiigio the heterogeneous body resulting
on a better fit between measured and calculatedtgrd his is in accordance with the lower
volume and lack of historical activity of the voita complex relative to the others, which
may indicate a lower flux of magma and volatiles ttte vent. Beneath the main
heterogeneous low density bodies (2.35 My/ma trenchward dipping low density (2.68

Mg/m® zone was modeled based on the orientation ofvelacity zones observed on the
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seismic tomography results. This zone is interpre® a zone of passage of fluids and melts

from the lower to the uppermost crustal domains.

As for the near fore-arc, local earthquake seistmimography data (Arroyo, 2008)
show low velocity zones beneath the paleo-arc. [Bbation of these zones also shows a
relative gravity low trending NW-SE which itself incides with the surface geology units
corresponding to the Neogene Aguacate volcanic &wonstrained also by Euler
deconvolution source points obtained for this waskwell as the inferred location of paleo-
volcanic vents (Alvarado, 2000), low density bod{@s10 - 2.45 Mg/rf) were modeled for
the Neogene volcanic arc to account for the effetfmleo-magmatic processes on the upper
crust. The lower densities may be the result o¥gsve hydrothermal alteration which can
be recognized from surface geology. Also, the preseof granitic intrusions (Denyer and
Alvarado, 2007) which crop out in limited extenbvad the paleo-arc may contribute to this
signal. A limited extent crustal body with a depsitf 2.80 Mg/ni was modeled at the

location of the Cedral mountains to account forghesence of an outcropping dioritic stock.
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Towards the back-arc, a less constrained bodyavitansity of 2.82 Mg/i(Figs 2.7,

2.8 and 2.9) was modeled as a basement high lotsedath the Caribbean plains. It's

structure follows the trend of a Bouguer gravitgthin the back-arc and represents a shallow

mafic basement in accordance with outcroppingsegbemtinized peridotite near the Costa

Rica-Nicaragua border (Tournat al, 1995). The presence of such material in the {aack

at depths of less than 2 km corresponds with lmbeestratigraphy logs (Pizarro, 1993). The

basement high marks the boundary between the SdosGadimentary basin related to the

Nicaragua graben, and the Northern Limon sedimgrtasin towards the Caribbean passive

margin. The sedimentary fill of the San Carlos basias modeled as thickening of the

uppermost layer (2.6 Mg/fn
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A total of 22 cross sections were designed to ttocisa constrained 3D density
model for the upper crust in the central regiorCokta Rica. Power spectrum analysis of the
gravity field results in a maximum depth of approately 11 km for sources of the local
along-arc gravity anomaly modeled thus suggestinghallow depth for the main
heterogeneities beneath the Quaternary volcanicSarch heterogeneities were modeled by
low density (2.35 - 2.38 Mg/fhzones which are interpreted as the effects ofrergmatism
derived from the subduction of the Cocos plate B#nthe Caribbean plate. The geometry of
these bodies was constrained by seismic tomogrdpkey and Euler deconvolution source
points. Along the Cordillera Volcanica Central, the of the Bouguer anomaly is segmented
towards the SE where shorter wavelengths are obdewggesting a change in the geometry
of the low density bodies. To account for this Geat separate low density bodies were
modeled for the IrazU-Turrilaba volcanic complexdatine Barva and Poas volcanoes.
However, these features consist of a unique 2.38mMdensity. Towards the NW a slightly

higher (2.38 Mg/m) density was modeled beneath the Platanar-Porvettianic complex.

Low velocity zones from local earthquake seismmagraphy results from the work
of Arroyo (2008), and quantitative interpretatidrtloe gravity field with Euler deconvolution
source points suggest the presence of shallowdggereous low density bodies beneath the
Neogene “Aguacate” volcanic arc. These bodies wevdeled with densities of 2.45 Mgim
for segments of the paleo-arc which have a predantiy tholeiitic composition. A density
of 2.40 Mg/ni was modeled for the segments of mainly calk-atiaiomposition and with

greater presence of pyroclastic rocks.

Along the back-arc, a 2.82 Mglmody was modeled and interpreted as a basement

high. This density accounts for the presence diadl@v mafic basement which consists of
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serpentinized peridotite which crops out in noritemn Costa Rica and is present in borehole

logs at a shallow depth of approximately 2 km talgahe back-arc.



The spatial resolution and quality of geopotentradels (EGM2008, EIGEN-5C,
ITG-GRACEO3s, and GOCO-01s) have been assessquphsdato lithospheric structure of
the Andean and Central American subduction zones.tlke validation, we compared the
geopotential models with existing terrestrial grpwdata and density models as constrained
by seismic and geological data. The quality andlm®n of the downward continued
geopotential models in the Andes and Central Araediecrease with increasing topography
and depend on the availability of terrestrial grhawilata. High resolution of downward
continued gravity data has been obtained over theh®rn Andes where elevations are lower
than 3000 m and sufficient terrestrial gravity data available. The resolution decreases with
an increase in elevation over the north Chilean esndnd Central America. The low
resolution in Central America is mainly attributiedlimited surface gravity data coverage of
the region. To determine the minimum spatial dinmm®f a causative body that could be
resolved using gravity gradient data, a synthetmvity gradient response of a spherical
anomalous mass has been computed at GOCE orbhitHeid.9 km). It is shown that the
minimum diameter of such a structure with densitytrast of 240 kg M should be at least ~
45 km to generate signal detectable at orbit heihe batholithic structure in Northern
Chile, which is assumed to be associated with glatgling and asperity generation, is about
60-120 km wide and could be traceable in GOCE d&tsort wavelength anomalous
structures are more pronounced in the componentthefgravity gradient tensor and
invariants than in the gravity field. As the ultiteabjective of this study is to understand the
state of stress along plate interface, the geonwdtiyhe density model, as constrained by

combined gravity models and seismic data, has heed to develop dynamic model of the
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Andean margin. The results show that the stresmeem the fore-arc (high and low) tends

to follow the trend of the earthquake distributions

Novel satellite gravity missions aim at a breastigh in recovering signals associated
with mass transport, mass distribution and the dyidg dynamic processes on the Earth’s
surface, the lithosphere and upper mantle. Theiomsssignificantly improved the coverage
and availability of gravity data. In the year 20@DHAMP started to measure the global
gravity field with a spatial resolution of about®km for Eigen-2, (Reigbeat al, 2005). The
following GRACE mission measured gravity with ancrieased spatial resolution of
approximately 140 km of ITG-GRACEOQ3s (Mayer-Gu007). In 2009, the GOCE mission
has begun measuring the gradients of the grawdyd.fiCompared to scalar measurements,
gradiometry offers better signal to noise ratioedgphasizes regional trends (Holstetral,
2007) and provides enhanced sensitivity of geokdgtructures (Fedst al, 2005; Pedersen
and Rasmussen, 1990). Thus, the direct use ofayrzdis a new scope for geophysical
modeling. However, it has to be determined whetherresolution of downward continued
GOCE gradient data is sufficient for direct appiima to lithospheric studies. One recent
high-resolution gravity model of GOCE is GOCO-0l1lsiehh is a combined model of
GRACE solutions for lower degrees and GOCE datahigher degrees (Padt al, 2010).
Higher resolution is provided by combined modelst@rfrestrial and satellite data. The
EIGEN-5C (Forsteet al, 2008) and the EGM2008 (Pavks al, 2008) provide gravity data

with spatial resolution of 56 km and 10 km, respety.

In this paper, we investigate the resolution andlity of various geopotential models
as applied to lithospheric structures and mapping@ions of high seismic moment release
(asperities) using the active plate boundarieseagit@l America and Southern Central Chile

as case studies. The origin and role of aspeiritiesrthquake recurrence in these regions are
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much debated (Wellst al, 2003). Many source time functions of large eartigs show
distinct onsets of sub-events and episodes of mbmedease, which signify co-seismic
failure of asperities. As causes for these subisyerarying physical properties such as
geometrical and/or material heterogeneities andauiyoally generated complexities are
suggested (Aochiet al, 2003; Madariaga and Cochard, 1996; Marsan, 2006).
Inhomogeneities on the subducting plate (e.g. seatspridges, transform faults) could lead
to stronger coupling (Barckhausenh al, 1998; Cloos, 1992; DeShaat al, 2003; Kirbyet

al., 1996). Deep-sea terraces and sedimentary baking aonvergent margins are other
proposed indicators of asperities (Fuledral, 2006; Song and Simons, 2003; Waedlsal,

2003).

In regions of high seismic moment release, trgmafallel gravity anomalies
positively correlate with topography. Thus, the tedagravity variations over the fore-arc
could serve as proxy for the long-term state asstron the plate interface (Song and Simons,
2003). Furthermore, Wellst al (2003) showed that epicenters of major earthguaien
tend to concentrate on the pronounced gravity gragifrom the fore-arc basins towards
gravity highs. Recent studies in the South-Cenftaile suggest that pressure exerted by
batholitic structure and buoyancy force acting o Mazca plate could be one of the possible
mechanisms of asperity generation (Sobiestikal, 2007). An analysis of the 1995
Antofagasta earthquake showed that high b-valuelate with isostatic residual gravity
anomalies of the region (Sobiesiakal, 2007). The isostatic residual anomalies are chuse
by batholitic bodies of the Jurassic to early Gretais magmatic arc system and help to lock
the interface of the seismogenic zone. This is amldated in the local tomography as high
P-wave velocity (Husen, 1999). Tassara (2010) edgdnthis hypothesis for the entire

Chilean-Pacific margin and suggested that hazar@authquakes predominantly occur in
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regions of positive vertical stress anomalies aased with positive density anomalies of the

crust in the fore-arc region.

The scope of this work is to test the resolutibsadellite-only and combined models
as applied to lithospheric structure, tectonic peses and dynamic evolution of convergent
plate boundaries. In order to test the resolutioth anravel the 3D structure as well as the
dynamic evolution of the two convergent plate masgithree steps have been followed: (1)
all terrestrial gravity data from the region ofdrgst have been combined into a single
database; (2) satellite-derived gravity data haaenlused to fill in regions lacking terrestrial
gravity coverage; and (3) the combined gravity dase has been used to develop 3D
lithospheric structures of the two convergent prategins. Then, the geometry and physical
parameters obtained from the well-constrained 3bsitle models have been used to refine
the dynamic models of the Andean margin. The s@edjiravity data have been obtained

from the ICGEM portal of the GFZ Potsdam (httpdém.gfz-potsdam.de/ICGEMY/).

The Andes mountain belt is the result of subductd the Nazca beneath South
America plate. The dynamics of subduction are nyagaintrolled by the convergence rate
and age of the subducting plate. Several studidgdte the differences in tectonic style
between the Central and Southern Andes (Allmendiegel, 1997; Ramos and Aleman,
2000). The Central Andes can be divided from westdst into the fore-arc, magmatic arc
and backarc (Reutter and Goétze, 1994). The forezaneprises the Coastal Cordillera, the
Longitudinal Valley, the Precordillera and the Fm@an depression (Fig. 3.1). Since the
Jurassic, the magmatic arc front has migrated rii@e 200 km to the east (Scheubeal,
1994), with the Jurassic arc now present alongCib@stal Cordillera and on the slope of the
fore-arc (about 50 to 150 km east of the trenchg¢pdated micro-gravity and GPS

measurements reveal the on-going deformation atakatton processes after the 1960
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Valdivia earthquake (Klotzt al, 2001). The main causes for these tectonic diffsgse are
changes in slab dip, age and convergence obliq@tytscheret al, 2000). Young and
buoyant slabs produce shallow dips and strong seisaupling. Convergence was always
oblique, with obliquity changing with time and kaile. Convergence velocity also fluctuated
considerably and has been decreasing throughouN#dugene (Norabuenet al, 1999).

However, it was always amongst the faster convexgeates observed on Earth.
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In this paper, we will focus on the structures gmdcesses affecting the fore-arc
region. For comparison, we will use the gravitydiand results of the density modeling from
Central America. Therefore, we provide a briefadtriction to the geology of the region. For
more detail, refer to Licket al. (2010). The outstanding tectonic feature isshieduction
of the oceanic Cocos plate beneath the Caribbesie plong the Middle American Trench.
Throughout Central America, the volcanic front egmented along the isthmus presenting
gaps in Quaternary volcanism as well as changedisiance from the Middle American
Trench. Such changes have been attributed to betlstate of stress in the overriding plate
and the disposition of the subduction zone leatlinghanges in depth to the slab (Bokge
al., 2009). The heterogeneity of the structure ofdbeanic Cocos plate due to the influence
of the Galapagos hot-spot (Sallagtsal, 2003) leads to inconsistencies upon the arrifal o
bathymetric features to the subduction zone and caage seismogenic asperities and uplift
(Barckhauseret al, 1998; Meschedet al, 1998). Furthermore, the subduction of seamounts
on the oceanic Cocos plate acts as an agent of pgte erosion (Ranero and von Huene,
2000). At the western end of the Middle Americaeniah, the plate boundary between the
Cocos and Nazca plates is marked by the seismicdtwe Panama Fracture Zone.
Subduction of the Nazca plate along the southemafa segment is now considered to be
inactive showing instead evidence of left latefsaing between the Nazca and Caribbean

plates (Lonsdale, 2005).

0
Onshore gravity data collected under the framewadrkhe Collaborative Research
Centre 267 (Onckeat al, 2006) have been homogenized to compile Bouguemaly map
of the Central Andes. The database comprises dajairad over the past 30 years in
Argentina, Chile and Bolivia (20° S to 29° S and T¥ to 64° W). Approximately 2000

gravity stations covering the region in Argentinetviieen the Andes and the Atlantic coast



Can Satellite Gravity Map Lithospheric StructurdS2me s

were measured along the southern traverse in 28800 and 42° S and 71° W and 62° W)
and along the northern traverse between 1982 a@d (Wasonati-TasSarova, 2007; Gotee
al., 1994; Hackneyet al, 2006; Schmidt and Go6tze, 2006). Additional datvenbeen
obtained from industry (ENAP; Chile and Repsol-YRFgentina), the Universidad de Chile
and the United States National Imagery and Mapgiggncy. All measurements are tied to
the IGSN71 gravity datum. Bouguer anomalies wemamged using the normal gravity
formula of 1967 and a spherical Bouguer cap caoedtap radius 167 km, density 2670 kg
m3). Terrain corrections on land were computed udimgngular facets to approximate
topography up to a distance of 167 km from statidime corrections were applied using the
1x1 km GLOBE (onshore) and ETOPO5 (offshore) digékevation models. Offshore
gravity and seismic data are obtained from shipbomeasurements of the SPOC
(Subduction Processes Off Chile) project (Reiched Schreckenberger, 2002). The former
are merged with the KMS-2001 global free-air gnawainomaly database (Andersen and

Knudsen, 1998).

A series of 3-dimensional density models showiragemdistribution at different scales
in the western continental margin of South Amerltave previously been developed
(Alasonati-TaSarovéa, 2007; Kirchnet al, 1996; Prezzet al, 2009; Tassarat al, 2006).
Tassaraet al (2006) presented a sub-global density model @i@epth) encompassing the
Pacific Ocean (85° W) and the Andean margin betw#en northern Peru (5° S) and
Patagonia (45° S). At a regional scale, 3D densityglels of the Central (between 36°S —
43°S) and South Central Andes have been developd€irbhneret al (1996), Alasonati-
TaSarova (2007) and Prezet al (2009). All models traverse the Andes and provide
complete picture of lithospheric density distriloums. Modeling was done using the 3D
gravity modeling package IGMAS (Gotze and Lahme$888; Schmidet al, 2010). Model

constraints were taken from active and passivenseiampaigns conducted under the
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framework of the Collaborative Research Centers @Biéseet al, 1999; Onckeret al,
2006; Sick, 2006) and 574 (Brassteal, 2009; Raneret al, 2003). Moreover, results of the
previous seismic experiments from: PISCO Proyedolrivestigacion Sismolégica de la
Cordillera Occidental (Lessel, 1997; Schméizal, 1999), ANCORP Andean Continental
Research Program (ANCORPWorkingGroup, 2003; Buetka, 2002) and ISSA Integrated
Seismological experiment in the Southern Andes (Beh al, 2002; Luthet al, 2003) have
been used to constrain major structures such asoMopper slab surface, lithosphere-

asthenosphere boundary and intra-crustal inhomagese

For Central America, a similar database was cadpdnd homogenized. Offshore
databases consisting of ship borne gravity andrseidata acquired within the activities of
the Collaborative Research Centre 574 have beeth toseover mainly the area along the
Middle American trench and the Pacific continersfa¢lf. Seismic reflection, refraction and
tomography data sets provided constraints for thdaiing (Arroyoet al, 2009; Huseret al,
2003a; Sallarest al, 2001; Sallaré®t al, 2003). The onshore gravity database was also
compiled by SFB574 members and consists of data frarious government and academic
institutions. Bouguer and terrain corrections weagried out following similar processing

procedures as for the Andean gravity dataset.
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The definition of Bouguer anomalies is differemGeophysics and Geodesy. In order
to avoid confusion, the differences between “gsaaihomalies” and “gravity disturbances”
will be explained. Detailed discussions about tesie can be found in the work of Li and
Gotze (2001) and Hackney and Featherstone (2003).gdneral, for geophysical
interpretation and modeling, “geophysical Bougueoraalies” will be used. Here, the
measured gravity is corrected for the normal gyatotmula at station elevation as well as
for the Bouguer slab and the topographic variatiofi®e measured gravity value is still
interpreted at its original height (Fig. 3.2). lerrhs of geodesy, gravity values that are
corrected for the normal gravity but still definatistation elevation are called disturbances.
The Bouguer anomaly provided by the ICGEM is defimes the gravity calculated at the
geoid and corrected for both the normal gravitytheat ellipsoid and a plain Bouguer slab
(called “classic anomaly” according to ICGEM ternksg. 3.2; Barthelmes, (2009). In the
discussions to follow, we will continue to call gshihe "geodetic Bouguer anomaly".
Downward continuation of the geodetic Bouguer angrtaathe geoid is only valid when it is
assumed that all singularities of the gravity fieedbelow the geoid. This is not the case in
regions of high topography. Furthermore, densitgnaalies located between the geoid and
the top of the topography are of interest for ggspal interpretation. Hence, differences
between geophysical and geodetic Bouguer anomediesbe high. Moreover, the use of
disturbances (geophysical anomalies) is consisigtit reduction techniques of existing
geophysical terrestrial datasets. Thus, the gedqddyBouguer anomaly should be used in

regions of high topography.
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Figure 3.2. After Kdétheret al(2011). Gravity anomaly and gravity disturbanche ravity anomaly (left) is
downward continued from the observation point Th geoid (gto g) and then reduced by the normal gravity
from the ellipsoid (). Downward continuation is an unstable procedurer anountainous regions. Gravity
disturbance (right) can be determined at any légland is reduced by the upward continued normaligra
value (). This procedure is stable.
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The EGM2008 consists of GRACE satellite data upatespatial resolution of
approximately 140 km. Data from 140 km spatial hetson up to 10 km are derived from
other sources such as terrestrial, satellite attynand “fill-in” data (Pavliset al, 2008).
Regarding the additional onshore data, severahsistencies appear because its availability

and distribution is not homogeneous. Moreover,rgaa void of any terrestrial gravity data,

"fill-in” data were used. These datasets weretbgsized from GRACE data and augmented
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with data from the EGM96 and gravity derived frospagraphy by means of residual terrain
model (RTM) (Pavlist al, 2007). At locations, where confidential terresdtgravity datasets
are available, the data were used up to the maxineswiution permitted by the restrictions
and then augmented with RTM anomalies. This appmated gravity solution lacks high
frequency anomalies (> degree 1650) (Paetisal, 2007). For the present study, we used
terrestrial datasets collected by Schmidt and G(R866). It is expected that these data are
included in the EGM2008. Thus, the EGM2008 shouldetate well with the surface data at
its maximum spatial resolution. If the data do ooincide, errors or inconsistencies in the

EGM2008 may be assumed.

In the Andes, two onshore areas with differentotppphy were investigated: The
North Chilean part is located between 74° W — 6719 S — 30° S. Elevation in this region
reaches up to 5800 m above sea level. The soutlaetifbetween 73° W — 60° W and 36° S-
43° S) has elevations up to 3000 m. In Central Araeithe study area is located between
86.5° W — 82° W/8° N — 11.5° N with elevations up 3800 m. The number of onshore
gravity stations used for the Northern Chile, SetthChile and Central America are 8373,

14210 and 13387, respectively.

Table 1 shows the correlation between the EGM2@68malies (geodetic and
geophysical) and terrestrial gravity data for thed@s and Central America. In general, the
EGM2008 shows high correlation (> 95%) in the Anddswever, low correlation has been
obtained over the regions with rough topographyemehdeviations of about 40 % are
observed (e.g. 128 x £an s?). The data correlation in Central America is el@mer (about
68 % deviations for the geodetic anomaly and ~ 8®#the geophysical anomaly). This is

mainly attributed to sparse terrestrial gravityadedverage.

Table 3.1. Correlation of the EGM2008 with terrestrial dafdhe maximum deviations of each model are
shown. The correlation values in brackets are lierAndes west of 69°W. Thus, only stations locateuind
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mountainous areas and the coastal line are coesidén Costa Rica, the brackets show the correlabib
stations located above 1000 m of altitude.

#$% & (& &( 0 *( & &)(& &(%
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Figure 3.3 shows the gravity maps of Central Aogeand the Southern Andes in
which the geodetic and geophysical Bouguer anosaie compared with terrestrial data.
The histograms in Fig. 3.4 show the deviation & geodetic (checked) and geophysical
(hatched) anomaly compared to the terrestrial ihctize Andes. The deviation of the geodetic
anomaly compared to the geophysical anomaly i®tafg0.6%) in the northern part where
topography is higher. In the southern part, thedgéo anomaly is slightly better (~1%) than
the geophysical anomaly. However, both datasetsvssignificant deviations from the

terrestrial data with values higher than 20 X b0 s%
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Figure 3.3.Vertical cross-section of a 3D density model frGentral America. Different gravity anomalies are
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correlation with surface data, but the geodetic @dmu anomaly shows errors of about 80 R &0s? for this
cross section. In this region, elevation reachesou700 m. The errors emphasize the uncertaintyhef
combined gravity models and instability of the dewand continuation method.
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Figure 3.4. Comparison of the EGM2008 with surface gravity daten Costa Rica (top) and Chile (bott,
after Kotheret al. (2011). (a) Data from surface stations with Bouguer gyagnomaly oi-shore and free-air
gravity anomaly offshore; (b) Location of surface stations; (c) physical Bouguer anomaly (from EG
2008); (d) Geodetic Bouguer anomaly (from EGM20@8);Residual map obtained by subtracting (a) fom
() Residual map obtained by subtracting (a) frath Bold black lines show the coastline and bord8tsaight
line shows location of crossection of the 3 density model shown in Figures 3.3 an@. 3.
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For Central America, a three dimensional densitgl@h@s being developed within tl
framework of the SPP1257. The density model is dasegravity data from thEGM2008
geopotential model. So far, results on well comsé@ areas such as Costa Rica have st
that the resolution of the gravity model (EGM20G8)appropriate for the modelling
regional lithospheric mass distribution and majectonic structure such as the Middl
American subduction zone, the continental and dceslioho as well as first order crus

discontinuities represented by the heterogenaeitiéise crustal basement and the upper c

Figure 35 shows a cro-section of the 3D deitg model through central Costa Ri
in which different datasets are compared and gottime context of the modelled structur
In the offshore areas, a good correlation has lné¢@ined between the EGM2008 sate
gravity model and surface data. ~ geophysical Bouguer anomaly (offshore) is locatac
the geoid (on the ocean surface). Thus, it coiscidéh the geodetic Bouguer anome
Onshore, the geophysical Bouguer anomaly showsrbattrelation to the surface data tl
the geodetic Bouguer amaly. In the mountainous areas of Costa Ricag#ueletic Bougue
anomaly (dashed line) differs significantly fronetburface data (dotted line) as well as fi

the geophysical Bouguer anomaly (bla

North Andes (19°5-30°S) South Andes (36°5-43°S)
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Figure 3.5. After Koéther et al (2011). The deviation of the geodetic Bouguer anomaly (kbdf anc
geophysical Bouguer anomaly (hatched) from terigdsulata. The area, marked in black, irate the
overlapping of both datasets. In the northern Antesfit of the geophysical Bouguer anomaly igdretMost
values are in the range of +10 X18/<. In the southern part, the geodetic Bouguer anpfitalmuch better t
the terrestrial dataThus, the resolution of the geophysical anomalypeger in areas of large topograp
However, large deviations from original dataset&erdie EGM2008 less reliable in these regi
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The analysis of the present study shows that aiggpography downgrades the
spatial resolution of the EGM2008 featuring largéliers in the Andes and Central America.
Results in Central America show that high and ueetgrl deviations can be present in areas
void of any terrestrial gravity data. Thus, the tgabspatial resolution of 10 km is not valid
for all regions. Our case studies in these regstrsv that in areas of rugged topography, the
geophysical anomaly often provides better resuist¢ 9% in mountainous regions; Table
3.1). Moreover, the use of geophysical anomaliethén calculation is consistent with the

existing reduction techniques of terrestrial gesptel datasets.

The main geophysical objective of using satelliggived gravity data is the
interpretation of lithospheric structures. We haged a well-constrained 3D density model
of the South-Central Chile (Alasonati-TaSarova, 20t assess the spatial resolution of
different satellite gravity models. The comparisemphasizes the areas of the models in
which problems may occur when using different siggayravity models (EGM2008, EIGEN-

5C, ITG-GRACEO3s, and GOCO-015s).

Figure 3.6 shows a section of the 3D density m&deh the Central Chile at 37.4° S.
Also shown on the top panel are gravity fields i from different satellite models,
measured surface gravity data, and the calculatedtyg field from the density model. The
dashed black line illustrates the calculated gyafritm the density model and the red line
shows the measured surface data. The EGM2008 {bdackthe EIGEN-5C (yellow) show
overall good correlation with the calculated gravield. In the area of high topography (e.g.
at 100 km of the x-axis), the EGM2008 exhibits gigant deviations. The EIGEN-5C is
smoother and correlates better with the predicield.fHowever, a deviation of about 15 x
10° m s? is observed between 350 and 400 km. The sametrsisfisible in the GRACE

solution (dark blue). The GRACE-GOCE satellite mogight blue) provides a better fit to
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the calculated gravity. Here again, deviationsCft and 420 km are observed. However, the
gravity low below the Andes at 300 km is betteohesd by the GRACE-GOCE model. The
gravity low of the deep-sea trench is well fittegl the combined models but the GRACE
model does not comprise a distinct gravity low. @anred to other models, the deep-sea
trench and the root of the Andes are more visiblthe GRACE-GOCE model. The Coastal
Cordillera is also shown as gravity high, but nelivitted in amplitude. The new GRACE-
GOCE satellite model shows the best fit. The EIGENprovides a good fit over the entire
section. The deviation of the EGM2008 in regionshigh topography is clearly visible in
areas where no surface data is available. The haggree models such as the EGM2008 and

EIGEN-5C cannot provide a high spatial resolution.

— EGM 2008
EIGEN-5C
= |TG-GRACEO03s
~= GOCO-01s
= surface data

BN / SIS M N AN M AN MR AEE RE w maw wuSREEERS calculated gravity

70
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Figure 3.6. After Kotheret al (2011). Vertical cross-section of a 3D densitydelofrom Central Chile at
37.4°S (Alasonati-TaSarova, 2007). The model isstramed in part by geological and seismological
information (e.g. seismicities are shown in blatkles). The dashed line shows the calculated trdrom the
model matched to the surface gravity data (redeguiivhe combined EIGEN and EGM2008 models fit well
the data. The EIGEN-5C (yellow) correlates wellhwihe predicted gravity values, but it also showmes
deviations. The ITG-GRACEO03s model does not shdfficgently the gravity lows of the deep sea trerfah10
km) and crustal root (at 300 km). The GOCO-01sh{liglue) model shows the best correlation of aitltite

only models.
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Overall, the GRACE-GOCE model shows an increagadiad resolution relative to
the GRACE derived field. Since large-scale densibdels do not resolve local features, the
calculated gravity field is smooth and comparabith wavelengths obtained from satellite-
only gravity models. Combined models with new GOG@G&a could be sufficient for
compiling density models of regional scale in fientregions. Although combined gravity
models can be used for density modeling of relftigenaller features such as shallower
crustal structures, satellite-only models are mugrapriate for this purpose due to the low

spatial resolution.

Delineation of potentially hazardous provincesngsigradiometry is one of our
objectives. In order to examine the applicabilityG®CE gradients for asperity detection in a
simple way, the minimum dimension of a sphericabraalous mass below the geoid
producing gravity and gravity gradient amplitudésh® order of GOCE’s accuracy at orbit
height (254.9 km) has been calculated. The cumvésg. 3.7 show the minimum diameter of
such a mass of given density contrast requiredddyze signal differences of 1 x1n s?
and 12 x 18%s? at orbit height. These values are close to tiEeeted accuracies of the
gravity and vertical gravity gradient of GOCE glblakata, respectively (Pail 2011, pers.
comm.). As shown in Fig. 3.7, an anomalous strectith density contrast of 240 kgn
could be detected in a gravity data at orbit heigliis diameter is at least ~ 45 km. However,
if the diameter of an anomalous structure incredsesip to 100 %, its density contrast
should not be less than 33 kg’rto be detected. If gradients are considered, evelies of
about half of that size could produce signal inrdrege of GOCE’s gradient data sensitivity.
The dimension of Jurassic arc batholiths in North€hile is about 60-120 km (Gotze al,

1994; Gotze and Krause, 2002; Husen, 1999; Sokiesial, 2007). This supports the idea
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that batholithic structures, which are assumeddadated to asperity generation, can be

detected using GOCE data.
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Figure 3.7.After Kotheret al (2011). Differential gravity and gradient sigiealused by a minimum diameter of
an anomalous spherical mass of given density csiriteelow geoid at an orbit height of 254.9 km. Bhgnal is

in the range of GOCE's resolution. The thick saild dotted lines represent differential gravitynsig of 1
x10° and 10 x10 m/ at an altitude of 254.9 km, respectively. The #t@shed and dash-dotted lines represent
gradients of 12 and 1000 mE, respectively. The gleded area shows the possible combination ofrdeas

of a potentially asperity generating batholithiazsture near subduction zones.

Furthermore, we set up a synthetic model of arntrarlg subduction zone for 3D-
density forward modeling. The geometry and densisameters have been adapted from the
models developed by Sobiesiakal (2007) and Alasonati-Tasarova (2007). In ordeteti
the signal response of asperity generating strectdifferent station heights using forward
modelling, a three dimensional anomalous struc{add x 200 x 45 km) with physical
properties resembling the Chilean batholiths han lmkecluded in the modelling. A density of
3 x 1¢ kg m* (density contrast of 0 to 300 kg¥nhas been chosen for the batholith body in
the model. At the height of 254.9 km, the magnitofléhe gravity gradient anomaly ranges

from few to some hundred mE (1 mE= 1 x'1@?). Being the second spatial derivatives of
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the gravity potential, gradients provide sharpeages of anomalies and can be combined
into coordinate independent invariants (PedersehRasmussen, 1990). Invariants sharpen
density contrasts and help to emphasize structwahdaries. Fig. 3.8 shows how well
anomalous underground structures of interest casebexted using gravity gradients at orbit
height. Different tensor components give valuableformation for geo-scientific
interpretation. The above analysis shows that gradinaps from GOCE data may help to
delineate major geological structures like faulnes, rims of sedimentary basins and

intrusions.
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Figure 3.8.After Kotheret al(2011). Modeling of synthetic gravity gradientéenand invariants (11 and 12) of
subduction zone using vertical gravity field as swead at 250 knheight. A batholitic structure has been
included on top of the down-going slab to test tlsolution of gravity gradient signal. The gradiemaps
emphasize the location of the batholitic structund the general geological strikes of the subdocne.
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The present mass distribution is the result ofjland complex geodynamic processes.
Therefore, dynamic modeling is necessary to inclindeeffects of time factor to the static
density models. The dynamic evolution of the Andesargin has been extensively studied
using numerical modeling. This includes studiestr@ dynamics of the plateau foreland
(Babeykoet al, 2006), the factors controlling the intensity e€tonic shortening (Soboleat
al., 2006) and the influence of curvature of the cogeet plate margin on the stress
distributions (Boutelier and Oncken, 2010). Thesaéstang models are constrained by
geophysical and geological data, but are based emerglized geometries. One of the
objectives of this study is to develop a dynamiadeimf the Andean margin using realistic
geometries from a well-constrained density modethe present study, the geometries of the
3D dynamic model have been imported from the regi@D density model of the Andean
margin (Tassarat al, 2006). The model has 16 tectonic units includimg lithosphere and

the upper mantle down to a depth of 410 km.

Figure 3.9 shows the visco-elastic 3D dynamic rhoflehe Andean margin. The size
of the model is 1730 km x 725 km (area between2¥%2nd 78-63°W). The densities of the
units have been adopted from the density modelasisdraet al (2006). Young's moduli
have been calculated using the, Vvelocities from the ANCORP profile
(ANCORPWorkingGroup, 2003) and the P-S wave veyodielation \=3"%/s The
corresponding Poisson ratio for all units is 0.2Be parameters of the geological units are
shown in Fig. 3.9. The asthenosphere has been gtdal a viscous-elastic medium. The
lithosphere is pure elastic. In the modeling, iagsumed that the South American plate is

fixed and the Nazca plate moves by 7.8 cm/year2i®,000 years (Somoza, 1998). It is
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assumed that friction occurs only in the uppernpast of the contact up to approximately 40

km depth with a frictional coefficient of 0.1.

Figure 3.9. After Kother et al (2011). Used parameters for the viscous-elastidah (A). Densities [*103
kg/m3], Young’'s moduli [GPa] in brackets, viscosityred. Oceanic crust: 3.2 [113] yellow, 3.3 [1I8ken,
3.55 [125] red, mantle wedge 3.23 [160] olive. @&t deformations (B) and stress distribution (C).

Beside density, however, Young’s modulus, width aafupling zone, frictional
coefficient and obliquity of the subducting Nazdate could influence the dynamics of plate
interfaces (Heuret and Lallemand, 2005). In oraestudy the effects of these controlling
parameters, rheologies (e.g. plasticity, viscomliégt and visco-elasto-plasticity) and
temperature on the dynamics of the thrust zone, areae generalized and realistic 3D

models have been developed.

Figure 3.9b shows the resulting vertical deforovai The calculated uplift is ~ 1.5
km and this corresponds to 7.5 mml/year. The exgesteface uplift is smaller than 2
mm/year (Jordaret al, 1997; Klotzet al, 2006). Though our model neglects erosion, the

estimated uplift from the numerical modeling istle right order of magnitude. Figure 3.9c
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shows the stress distributions. The stress (high law) tends to follow the trend of the
earthquake distributions in the region. The greelh indicates where the slab is at depth of

100 km.

The present study shows that well constrained gé&oes are crucial for dynamic
modeling. The availability of satellite-derived gty data has significantly improved the
density models of the Andean region lacking terig@stdata. This in turn refined the
geometries and densities of the geodynamic modelgarticular, the long wavelength
satellite-derived gravity anomaly is suitable tonstain the deep structures of the models.
The resulting stress fields and new petrologic n®dan help to improve the density
structure of the static models. Thus, a direct lpgtween the static and dynamic models

could be established.
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Thorough understanding and interpretation of dyinaprocesses associated with
hazardous regions is one of the major researchestgein geosciences. Combined gravity
models can provide valuable information for densitydeling and geological interpretation
where terrestrial gravity data of high resolutioe available. In this study, it is shown that
gravity prediction and downward continuation in gareas, e.g. the mountain ranges over
Costa Rica and Central Andes, could lead to larggsand reduce the reliability of gravity
data. Gravity prediction based on topography maybeocappropriate for those regions. This
calls the need to improve reduction techniques sastBouguer calculation, topographic
correction as well as downward continuation. Theelsee only models have low spatial
resolution compared to terrestrial data. Howeves,resolution is sufficient for interpretation
of large-scale structures. Especially, in fronteEgions such as parts of the Andes or Central
America, where terrestrial gravity data coveragemged, these models are valuable. 3D
modeling of synthetic gradients and invariantsuifdiiction zones, using the Andean as case
study, proved the applicability of gradient measweats for detection of the edge of
geological structures. Therefore, gradients from GQ&EOmission can resolve structural
information and improve interpretation of aspesti&he long term and complex geodynamic
processes of subduction could only be fully undedtif model predictions are constrained
with surface observables such as satellite gradéiya. In the present study, a geodynamic
model of the Andean margin has been developed avigmalistic geometry based on density
model constrained by gravity data and other relevamor information. The stress
distributions in the fore-arc, as determined frdva ¢lynamic modeling, mostly coincide with
the locations of the earthquake of the region. Iginanapping and interpretation of
hazardous regions require good gravity databaser(grathers) to constrain lithospheric and

dynamic processes. Satellite gravity data provilbdajly best information about frontier
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regions. Therefore, it is possible to interpreuctiures globally without limitations and

combine regional interpretation of different regianto a one big picture.



The Central American isthmus hosts a highly vagabloho structure due to the
diverse origin and composition of the crustal bametmand the influence of large scale
neotectonic processes. Gravity data from the coetbgeopotential model EGM2008 was
interpreted via forward modeling to outline the etirdimensional lithospheric density
structure along the Middle American Trench, as veallthe segmentation of the oceanic
Cocos and Nazca plates and the overriding Caribpkae. In this work, results for the depth
of the Moho obtained from the density model arespnéed. The Quaternary volcanic arc
correlates with a maximum Moho depth of 44 km irsteen Guatemala. To the southeast of
the continental shelf, the Caribbean plate showhdvitepths between 20 and 12 km whereas
to the north, values as shallow as 8 km are obdeav¢he Cayman trough. For the oceanic
Cocos Plate, depths between 16 and 21 km are edtéon the Moho along the Cocos ridge
contrasting with values between 15 and 12 km ferstsamount segment and 8 and 11 km for

the segments of the crust that are not affectetidysalapagos hot-spot track.

The origin and tectonic history of the Central Aioan isthmus has resulted in a
heterogeneous density distribution of the crusi@selment which, in combination with
neotectonic processes and magmatism produce ayhighable crustal thickness. This paper
describes a density model of the Central Americéimosphere that is derived from

constrained forward modeling of gravity data.

The aim of the density model is to provide a laggale picture of the density
distribution of the lithosphere in the region irder to further comprehend the segmentation

of the Caribbean Plate. The model takes into cematibn the influence that dynamic
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processes such as subduction and volcanism haveomaithe overall composition and
structure of the crust. In this work, the modeledhd depth results from three dimensional
density modeling are presented for the study dvkmeover, the implementation of satellite
derived gravity data and combined geopotential rsoae input for the forward modelling of
the solid Earth will contribute to the understandiof global Earth models as a tool for

geophysical interpretation.

The characteristics of the Central American lamdige are closely linked to the
tectonic segmentation and the interaction of fiv\gantectonic plates. The northern limit of
the isthmus is marked by the Motagua-Polochic faysitem (Fig. 4.1), a left-lateral shear
zone that continues off-shore along the Swan Islarehsform fault. This transform plate
boundary between the Caribbean and North-Ameridatep averages 18-20+3 mm/y of

along-boundary motion (DeMets, 2001).

The Caribbean coast of the isthmus shows charstater of a passive margin
extending southeast from the Swan Islands Fauktig¢aentral Caribbean coast of Costa Rica.
The passive margin is interrupted by the North RenBeformed Belt, a fold-and-thrust belt
which, according to Marshadit al (2000) is linked to the Middle American Trenchatgh
the Central Costa Rica Deformed Belt, a diffusdtfaone outlining the western boundary of
the Panama micro-plate. The crustal basement d€#éndbbean plate is highly heterogeneous
in composition and origin presenting blocks witmirasting densities. The northernmost
segment is predominantly composed of crystallirksaf the Paleozoic continental Chortis
block. This block of crystalline basement was hadokto extend southward to the Nicaragua-
Costa Rica border region (Dengo, 1985). Howeveg, phesence of ultramafic rocks in
northern Nicaragua has led to the suggestion afitemmafic basement unit in the form of the

Siuna Terrane (Rogeet al, 2007; Venable, 1994) and has placed the souttesniimit of
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the Chortis continental basement at the area ofHinveduras-Nicaragua border (Fig. 4.2).
Baumgartneret al (2008) include the Siuna Terrane as part of thesdwito Composite
Oceanic Terrane, a block of Mesozoic igneous raak®ceanic origin and deep ocean
sediments which extends along the Central Amerivatcanic Arc and fore-arc, the
Nicaraguan mainland and part of the Nicaragua Hise.the area of Costa Rica, western
Panama and the Colombia basin, the crustal basempreédominantly composed of basalts
which have been linked with a Large Igneous Prawiegent (Baumgartnest al, 2008;

Hoernleet al, 2004).

The Central American Volcanic Arc begins at anragpnate latitude of 15°N at the
Tacana volcano and extends 1100 km parallel taviidelle American Trench ending at the
IrazU-Turrialba volcanic complex at a latitude OFNl. To the east of this complex, the only
major Quaternary volcano is the Baru volcano wisiginds at a distance of 190 km from the
rest of the Central American Volcanic Arc. The Naguan and southeastern Salvadorian
section of the volcanic front is located inside tNecaragua depression interpreted by

Marshall (2007) as a half-graben bounded by traissteal faults.

Bounding the Pacific edge of the Caribbean plat¢he Middle American Trench
along which the Cocos plate subducts at a rat& ehih/y for the northwestern part off-shore
Guatemala and 85 mm/y to the southeast off-shosta®ica (DeMets, 2001). Subduction
along the Middle American Trench is interruptedtty Panama Fracture Zone, a right-lateral
shear zone forming a transform boundary betweenCibeos and Nazca plates. Eastward
from the Panama Fracture Zone, the boundary betweeiCaribbean plate and the Nazca
plate in southern Panama is marked by a portiotheftrench characterized by Lonsdale
(2005) as a fossil structure. According to Lonsdatel Klitgord (1978), subduction of the
Nazca plate beneath the Caribbean plate ende@ ibaie Miocene after a period of 18 to 20

m.y. of subduction and transitioned to a strike-bloundary. However, DeBoet al (1988)
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propose a reactivation of the subduction 3.4 to rhiBion years ago and consider the
existence of recent low-angle subduction. In tleigion, both the Cocos and Nazca plates

feature a complex crustal structure due to thegmes of oceanic ridges.

Offshore Costa Rica, von Hueeé al (2000) describe the segmentation of the Cocos
plate and define 3 different segments accordingntrphology. The smooth segment,
generated at the East Pacific Rise and the Cocasa\@preading Center, is bordered to the
southeast by a rough-smooth boundary (Hey, 19A0Qrzewhich the oceanic crust has been
affected by the Galapagos hot spot track. The pot face is divided into a seamount
segment and the Cocos ridge. Seismic cross-segii@sented by von Huergt al. (2000),
Walther (2003) and Sallarés al (2003) show that the Cocos and Malpelo ridgetufeaa
maximum crustal thickness of 19-21 km contrastinth ihe surrounding oceanic basins in
which the crust features thicknesses between 7 arkain. On the Nazca plate, the Coiba and
Malpelo ridges are separated by the defunct SanfiréDeBoer et al, 1988; Lonsdale,

2005).
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Figure 4.1. Tectonic setting of the Central American IsthmBed lines show plate boundaries and major
tectonic structures. Black triangles show main @uretry volcanoes modified from Siebert and SimR00R).
White arrows show direction and rate of plate mutioelative to the Caribbean plate according tgrreeller

et al (1993), Kellogg and Vega (1995) and DeMets (20813te Boundaries modified from Coffat al (1998)
and Lonsdale (2005) . Black lines depict the cosstand international borders. C.R.: Costa Ric&.:Eel
Salvador; Guatm.: Guatemala; Jam.: Jamaica; CCRD#itral Costa Rica Deformed Belt; CNSC: Cocos-
Nazca Spreading Center. MPFS: Motagua-Polochict Faydtem; ND: Nicaragua Depression; NPDB: North
Panama Deformed Belt; PFZ: Panama Fracture Zon&: R8ugh-Smooth Boundary modified from Hey
(1977); SITF: Swan Islands Fault; SR: Sandra RiiBoeret al, 1988). White contour represents the -2000 m
bathymetric level outlining the Cocos Ridge, batkyme data from Global Multi-Resolution Topography
Ryanet al (2009).

This work focused on the use of gravity data franglobal geopotential model as
input for the forward modeling. The data was choseorder to overcome the difficulties
posed by the vast extent of the study area angrbl@ems in terms of data quality, station

coverage and the availability of meta-data thatiles the surface gravity databases. The
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EGM2008 combined geopotential model (Paelisal, 2008) was used as the main source of
gravity data for the study. With a maximum spatedolution of approximately 10 km, this
geopotential model combines data from the GRACEIllgat mission as well as satellite
altimetry data off-shore and surface stations datsshore (where available) which are

reduced to a 5'x5' grid.

The gravity data for this work was obtained thiouye International Centre for
Global Earth Models (ICGEM, under: http://icgem-giatsdam.de/ICGEM/ICGEM.html).
From this portal, several products may be obtaioedlifferent global geopotential models.
The Bouguer anomaly provided directly by the ICGEMculation service consists of the
classical gravity anomaly minus the effect of trmuguer plate with a density of 2.67 Mg/m
The classical anomaly considered for the calcutaisoobtained by subtracting the normal
potential on the ellipsoid from the magnitude oé tradient of the potential which is
continued downward to the geoid. The gravity distmce as defined in the ICGEM
calculation service (Barthelmes, 2009) is obtaifgd subtracting the magnitude of the
gradient of the normal potential from the magnitofi¢he gradient of the potential at a given

point.

In order to assess which individual dataset wasj@ate for the density modeling,
different anomalies for Central America were cabedl and compared with surface station
data compiled from datasets provided by GETECH Ekeadd the General Bureau for
Hydrocarbons of the Costa Rican Ministry of the iEmwvment. A detailed comparison of the
surface station data with different values obtaifredn the EGM2008 geopotential model
was carried out for a data subset for Costa Richlas been published by Koéthet al
(2011). From the comparison with surface statiota,dd was concluded that due to its
consistency with anomalies calculated from surfstedions, the use of the Bouguer anomaly

calculated from the gravity disturbance is preféxdor this work. Further discussions on
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gravity anomalies and disturbances have been adliby Li and Gotze (2001) and by
Hackney and Featherstone (2003). Figure 4.2 showsengpilation of Bouguer anomaly

onshore and free-air anomaly offshore for the strea.

Figure 4.2. Gravity field data for the Central American isthenand surrounding areas. Bouguer anomaly
onshore and free-air anomaly offshore calculatedhfthe gravity disturbance data from EGM2008 (Pasti

al., 2008). Black lines indicate the coastline. Rexdi outline the proposed boundaries for tectomianes in
northern Central America: Siuna Terrane (Rogetral, 2007; Venable, 1994), MCOT: Mesquito composite
Oceanic Terrane and Chortis Terramgr.(Baumgartneet al, 2008).

The 3D density model was constructed via intevacforward modeling using the
software IGMAS+ (Gotzeet al, 2010). A total of 45 cross-sections were conséaidrom
which the three-dimensional structure is triangadato form polyhedra of constant density.
The resulting geometry represents the structuréhefsubsurface. The calculation of the
effect on the gravity field from each polyhedronceried out by the algorithm of Gotze

(1976) and Gotze and Lahmeyer (1988). The calallgtavity field is then compared with
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the measured gravity data and the model geomethypady densities are adjusted, within the
limits of constraining information, to achieve thest fit. Figure 4.3 shows the orientation of
the modeling cross-sections and the residual flieencomparison of the modelled gravity

field and the gravity data from EGM2008.

In order to constrain the model, additional geoptalsand geological data were
incorporated to provide information on the struetwand the density distribution of the
lithosphere. Geophysical constraints include: wadgle seismic refraction (Sallares al,
2003), local earthquake seismic tomography (Arr@goal, 2009; Husenet al, 2003a;
Syracuseet al, 2008) and receiver functions results (Dzieretal, 2010; Linkimeret al,
2010; Syracuset al, 2008). The surfaces representing the continamalthe oceanic Moho
were extracted from the 3D density model to proadeomprehensive representation of the

Moho depth.

Since the gravitational effect at the given pdstation) is a sum of the effects of the
subsurface masses, in order to adequately modeMtiteo structure, the overall density
distribution of the lithosphere must be considendte general density distribution provides a
framework of the density contrasts from which theRd was modeled. Several local features
have been included to account for anomalies of tom@velengths in the gravity dataset.
However, these local structures will not be disedss detail in this work since it is the
regional density distribution that significantlyflurences the modeling of the Moho structure.
The structure of the lithosphere and the valuethefdensities were modeled interactively
along the cross-sections to achieve the best fivdmn the calculated and the measured

gravity while integrating the available constramiimnformation. Figure 4.3 shows the
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differences between the measured gravity anomailyn fEGM2008 and the calculated
anomaly from the three dimensional model as welltlas location of the available

geophysical constraints on the Moho depth.

Figure 4.3. Fit between the calculated and the measured granbmaly and location of constraining
geophysical data. Grey lines show the location ofleting cross-sections for the triangulation of 3fiedensity
model. Blue circles show the location of 1D depihtie Moho solutions from receiver functions (R.BY)
MacKenzieet al(2008) and Linkimeet al (2010). Red lines show the location of refradftieftection profiles
from Yeet al (1996), Waltheet al (2003), von Huenet al. (2000), Sallarés et al.(2001), Sallagésal (2003).
Magenta lines show the location of seismic tomolgyagross-sections by Huset al (2003a), Syracuset al
(2008) and Arroycet al (Arroyo et al, 2009). Dark blue lines show the location of reeeifunction cross
sections by Dziermat al (2010). Cyan line shows the location of magnditaie survey by Worzewsket al
(2011). Red squares and diamond show the locafidibalepth to the Moho solutions from seismic stsddy
Ewinget al (1960) and Kinet al (1982) respectively. Black lines depict the CainAmerican coastline.
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The 3D density model extends 200 km in depth amtudes structures such as the
asthenospheric mantle with a density of 3.34 Mg/emd the lithospheric mantle with a
density of 3.30 Mg/m for the Cocos and Nazca plates and 3.32 Mdémthe Caribbean
plate. For these two layers, the density is constath the exception of the changes in
density of the subducting lithosphere. Regarding titrust, a heterogeneous density
distribution was modelled considering the availatdmlogical and geophysical data. The
oceanic crust of the Cocos and Nazca plates waglieddvith a density of 2.8 Mg/finThe
oceanic basins of the Caribbean plate were modelittda separate layer of 2.55 Md/for

the sediment cover and 2.8 Md/for the oceanic crustal basement.

In the continental domain of the isthmus, differeiensities were considered for the
diverse crustal basement blocks. The density atehexf each crustal basement unit was
determined by correlation of local geology, avdgatectonic models and the characteristics
of the gravity field. On-shore, a Bouguer anomaly Iranging from -135x10 to -35x10°
m/< is in strong contrast with a Bouguer anomaly higihging between 10xT0and 45x10
m/s’. This gravity gradient correlates with the locatiof the limits between the Chortis
Terranes or Chortis Block and the Siuna or Mesgl#oane outlined by Rogees al. (2007)
and Baumgartneet al (2008) respectively (Fig. 4.2) based on surfaeelagy. For this
work, to account for the measured Bouguer anomatles crystalline Chortis block was
modelled with a density of 2.77 Mgiwhile predominantly ultramafic material of the
Mesquito Terrane has a model density of 3.00 Mg/ffhe basaltic crustal basement
associated with the Caribbean Large Igneous Prevamd other units composed of crustal

basalts were modeled together with a density di R1§/n° (Fig 4.4).
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Figure 4.4. Cross-section from the 3D density model for CénBasta Rica (see location in figure 4.2).
Densities given in Mg/th The white stippled line shows the Moho on therading Caribbean Plate. Star
symbols shows constraining data on the depth oMblko by means of receiver functions from Linkinetral.
(2010) (green), MacKenziet al (2008) (blue). White triangle shows the Moho tiegt the intersection with
the seismic profile published by von Huesteal (2000). The blue stippled line shows the top efshbducting
slab interpreted from local earthquake seismic gnayohy by Arroyaet al. (2009).

'- 3

The final densities for the three-dimensional bsdie the density model have been
determined through the interactive forward modelangcess to achieve best fit between the
modeled and measured gravity field. The initialdiGans for the model were determined by
a combination of integration of geophysical conatsa the correlation with surface geology

and the regional tectonic interpretation.

In order to constrain the densities used in thegiftimensional model, the,gtructure
from available velocity models from wide angle sdis refraction (Sallaregt al, 2001;
Sallareset al, 2003; Stavenhageet al, 1997; Waltheret al, 2000; Walther, 2003) and

seismic tomography (Arroyet al, 2009; Huseret al, 2003a; Syracuset al, 2008) were
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taken into account. Though highly variable, thesitees obtained from ythrough empirical

formulas help to constrain the range in which taegities for the 3D model may vary. Table

4.1 shows a comparison of the densities calcultted V, and the densities of some of the

units of the final 3D model.

Table 4.1.Modeled densities and constraints from seismioacités

Y,

) Density in Seismic Equivalent
Layer in ) ) Reference for ) Reference
) Gravity Model| Velocity Vp ) Density
Density Model 3 Velocity 5 .
(Mg/m?) (km/s) (Mg/m°) Empirical Formula
£1.59 (Sallaresetal, | 2.61-2.71 (Gardnest al, 1974)
Upper Crust 270 ' ' 2001) 2.55-2.70 (Brocher, 2005)
Caribbean ' 40-6.0 (Stavenhagen| 2.46 -2.72 (Gardnest al, 1974)
R etal, 1997) | 2.39-2.72 (Brocher, 2005)
2.95 (Godfreyet al, 1997)
Lower Crust (Sallaréset al, (Christensen and Moone
3.0 6.8 2.99
MCOT 2001) 1995)
2.85 (Birch, 1960)
Lower Crust (Stavenhagen
2.90 6.0-6.6 2.89-2.94 (Godfregt al, 1997)
CLIP et al, 1997)
(Brocher, 2005;
Lower Crust (Kim et al, 2.75 Christensen and Moone}
) 2.77 6.14
Chortis 1982) 1995)
2.60 (Birch, 1960)
Crust Cocos 2.80 4.30-7.17 (Walther, 20032.76 - 2.98 (Godfreet al, 1997)
. (Sallareset al, 3.12 (Birch, 1960)
Upper Mantle 332 ' 2001) 3.16 (Birch, 1960)
Caribbean ' 5. 85 (Syracuseet | 3.12-3.48 (Brocher, 2005)
o al., 2008) 3.16 - 3.60 (Birch, 1960)
8.1 (Sallareset al, 3.3 (Brocher, 2005)
Upper Mantle 3.20 ' 2001) 3.42 (Birch, 1960)
Cocos ' 3.15-3.22 (Brocher, 2005)
76-7.8 (Walther, 2003) :
3.20-3.30 (Birch, 1960)

The densities for the oceanic crust of the subdgcfiocos plate were constrained by

petrological modelling carried out by Bousqe¢tal. (2005) assuming an initial Mid-Ocean

Ridge Basalt composition. The petrological modélevs the changes in density considering
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temperature, pressure, initial composition, andametphic reactions. The temperature was
obtained from thermal models by Peacaakal (2005) and the lithostatic pressure was

calculated from the initial density model for theeaiding plate.

'- #
Results obtained from the modeling of the Mohodtite of the Caribbean plate (Fig.
4.5) show a sharp contrast in the crustal structiiréhe continental land bridge and the
oceanic basins. Due to the diverse tectonic enmeis present in the region, results for the
Caribbean plate Moho are presented separateljnéocdntinental domain (considered from a

morpho-tectonic point of view including the contima& shelf) and the oceanic domain.

Figure 4.5.Moho depth results from the 3D density model far €aribbean plate. Contours show the depth to
the modeled Moho in 2 km intervals. Red lines shpdate boundaries and major tectonic structuresanfles
show main Quaternary volcanoes modified from Siehrd Simkin (2002) and classified by general cloaini
composition (color legend in figure 4.6). Plate Bdaries modified from Coffiret al (1998) and Lonsdale
(2005). Bold black lines depict the coastline amrinational borders. MPFS: Motagua-Polochic Fayktem;
NPDB: North Panama Deformed Belt; PFZ: Panama #racdone; RSB: Rough-Smooth Boundary modified
from Hey (1977); SITF: Swan Islands Transform Fault
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The modelled continental Moho is deepest towahésdastern edge of the isthmus
and shows a strong correlation with the presendbefQuaternary volcanism of the Central
American Volcanic Arc. The deepest Moho follows trend of the volcanic arc, with depths
between 36 km and 44 km. An exception is notedHemicaraguan portion of the arc where
the trend in the lower depth of the Moho is shifsmime 50 km towards the back of the
Quaternary arc. The correlation of the deeper Maitl the volcanic arc resumes in northern
Costa Rica. For central Costa Rica, the Moho shewedatively shallow section toward the
end of the Quaternary arc but returns to valuepatethan 32 km toward eastern Costa Rica
and western Panama. The continental domain of tbroMs extended off-shore Honduras
and Nicaragua as a northeast trending feature Maho depths between 24 and 30 km for
the Nicaragua Rise which joins with a similarlycitened crust for the island of Jamaica and
the area adjacent to its southern coast. TowaelStuth American continent, in the eastern
Panamanian section of the isthmus, the Moho iscealily shallower and flat with depths
between 22 and 28 kilometers and is bound to ththrwy a strong gradient towards the

ocean basin.

Considering a two dimensional cross section of M@ho depth along the Central
American Volcanic Front (Fig. 4.6), a pattern otifalifferent domains with relatively flat
sections is observed. Each section is separatea stgeply sloping Moho which forms a
transition zone and correlates with areas wher@mnvajlcanic edifices are less frequent. The
northwestern section extends between the Tacandhanttalco volcanoes. This section is
characterized by Moho depths between 40 and 44rdreads in a transition zone between
the Izalco and llopango volcanoes where the Molmbd from 41 to 36 km in depth. A
second “flat” section is observed between llopaagd Conchaguita volcanoes with Moho

depths between 36 and 38 km and ends in a 100 kgnttansition zone to the San Cristobal
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volcano. This particular transition zone coincideith a 70 km gap in major Quaternary
volcanoes along the axis between the CosiguinaSamdCristobal volcanoes. The shallowest
section of the Moho along the arc is observed betwine San Cristobal and Maderas
volcanoes varying from 32 to 30 km in depth. Adhiransition zone is observed toward the
southwest of the Maderas volcano and coincides wittenchward shift in the axis of the
volcanic front. A fourth section with the Moho depbetween 37 and 39 km along the
volcanic front can be defined between the Rincémadeieja and the Irazl volcanoes. This
trend is interrupted by anomalous Moho depths fer Miravalles and Tenorio volcanoes

reaching close to 42 km.

Figure 4.6. Depth to the Moho profile along the Central AmarnicVolcanic Front. Generalized chemical
composition is based on Siebert and Simkin (20D8kation of the cross-section and volcanoes is shimw
figure 4.7.

The Swan Island Fault and the Cayman Trough aet distinct segment boundary
between the Caribbean and the North American @ate a clear distinction between the
continental domain of the Caribbean plate and temnic segment of the North-American
Plate is observed. Along this plate boundary, dl@haMoho is observed with depths of
close to 8 km at the Cayman Trough. This strudbhanends the thicker crust of the Nicaragua
Rise and the oceanic basin of the Gulf of Mexico.tfie south of the Nicaragua Rise, two
different sections can be distinguished by follagvthe characteristics of the modeled Moho.

To the southeast of the edge of the continentdf,sfesults show a segmented area with
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depths between 22 and 16 km. This heterogeneousesggvith variable Moho depths is
observed until reaching the Hess Escarpment. Tter@sent outlines the boundary with the
oceanic basin which features a smooth sloping Msthacture with depths between 12 and

16 km culminating at the North Panama Deformed.Belt

bt #

The most important feature affecting the Moho tite on the Cocos plate is the
Galapagos hotspot track which can be separatedhat@ocos Ridge (depicted in figure 4.1
considering the -2000 m bathymetric contour) anel seamount segment which extends
parallel to the ridge up to approximately 150 knthte northwest. The ridge extends from the
Cocos-Nazca spreading center at an approximatadatof 1° N with a northeasterly trend
culminating at the Middle American Trench off theast of Costa Rica. Results show the
effects of the thickened crust on the Moho whiclespnts depths between 15 and 21
kilometers below sea level along the area dire@lgted to the ridge (Fig. 4.7). Accounting
for bathymetry, this corresponds to a crustal théds between 13 and 19 kilometers
contrasting with the values between 5 and 8 kilemsedbtained for the crust originated at the
East Pacific Rise. Along the seamount segment @fGbcos Plate, a uniformly thickened
crust north of the Rough-Smooth Boundary is obserifdis area shows crustal thicknesses
between 8 km at the edge of the Rough-Smooth Boynalad 12 km at the neighboring
Cocos Ridge which is consistent with seismic rasaftll to 12 km depth obtained by von

Hueneet al (2000) and Walther (2003) for the northwestéank of the Cocos Ridge.
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Figure 4.7.Moho depth results from the 3D density model fax €ocos and Nazca plates. Contours show the
depth to the modeled Moho in 1 km intervals. Regdi show plate boundaries and major tectonic sirest
Black triangles show main Quaternary volcanoes fremtlfrom Siebert and Simkin (2002), labeled voloas
are: 1: Tacana, 2: lzalco, 3: llopango, 4: Conchiagh: Cosigliina, 6: San Cristobal, 7: MaderafRiBcon de

la Vieja (RdV), 9: Miravalles, 10: Tenorio, 11: i@ 12: Bar(. Green line shows the location of ¢hess-
section in figure 4.6. CNSC: Cocos-Nazca Sprea@iegter; GHS: Galapagos Hot Spot; PFZ: Panama Feactu
Zone; RSB: Rough-Smooth Boundary modified from E977); SR: Sandra Rift (DeBoet al, 1988).

Crustal thickness on the Cocos Plate decreasd® todrthwest of the Rough-Smooth
Boundary outlining a segment with thicknesses betwé and 8 km off the coast of
Nicaragua and northwestern Costa Rica. The shatioparts of the Cocos Plate Moho lie
off-shore Guatemala with a depth of less than 8f&aturing a crustal thickness between 7

and 4 kilometers when the bathymetry is subtracted.
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A wide, north-south trending feature showing atreddy shallow Moho is consistent
with the presence of the Panama Fracture Zone whattks the plate boundary between the
Cocos plate and the eastern part of the Nazca. pdeg the fracture zone, Moho depths
between 11 and 12 km have been modeled. The Ndatzalgetween the Panama Fracture
Zone and the Colombia trench shows a highly hetaregus Moho structure with depths up
to 15 km for the Coiba ridge and a maximum of 19 fanthe northeastern part of the
Malpelo ridge. The Coiba and Malpelo ridges areasgjed by a SW-NE trending feature

showing a shallower Moho along the Sandra rift.

"7

Considering the available constraints on the Msinocture for the Cocos Ridge, the
crustal density along the ridge and the seamowgrhert does not differ from the density of
the surrounding oceanic plate. A constant dendity.® Mg/nT was assumed for the Cocos
Plate, including the seamount segment and the CRaige. This value was obtained after
taking into account the constraining data on thetldef the Moho from von Huenet al
(2000), Walther (2003) and Sallarésal (2003), the range of density values for obtained
from V, and the analysis of the fit between the measuretl the calculated gravity.
Considering this results, the interaction of thee@oPlate with the Galapagos hot spot does
not seem to have long term effects on the densitgeolithosphere beyond the thickening of
the crust as observed on the results for the Madmthd Locally, the crust-upper mantle
system is altered by means of a thicker crust tiesuin less dense material (2.80 MdJm
replacing denser mantle material (3.30 MY/nmssuming a less dense oceanic crust (e.g. as
an effect of the interaction with the Galapagos $mat) would yield large misfits for the
modeled gravity. For a given Moho depth of 18 kmiclhs in agreement with the seismic

constraints (Sallarest al, 2003; von Huenest al, 2000; Walther, 2003), the calculated
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gravity would create a misfit of up to 40x10n/< relative to the measured gravity if the
existence of a less dense Cocos ridge crust willersity of 2.75 Mg/this assumed. A

density of 2.775 Mg/fhwould create a misfit between 10x18nd 20x18 m/<’.

In spite of an apparent homogeneous density bligion for the oceanic crust, the
influence of the origin of the oceanic crust on eho structure is observed for the Cocos
plate. From the modeled Moho results, a distincbhetween 4 different segments can be
drawn which correlates with morpho-tectonic domaie$ined by von Huenet al (2000).
First, the Cocos Ridge itself which shows the detpeeas of the Moho reaching a maximum
of 21 km in depth. Northwest of the Cocos Ridge, @djacent seamount segment features a
smooth gradient in Moho depth between 16 and 12 Marthwest of the Rough-Smooth-
Boundary, an area with Moho depths between 11 akah 8orrelates with the oceanic crust
originated at the East Pacific Rise ranging in agesveen 19 and 24 m.y. according to
Barckhauseret al. (2001). The shallowest Moho for the Cocos plat@bserved offshore
Guatemala and El Salvador. This area with depthfisster than 9 km corresponds to the
oldest oceanic crust in the region with ages batv&tand 25 m.y. (Mulleet al, 2008). For
the Panama Fracture Zone, a diffuse north-southditng alignment with Moho depths
between 11 and 12 km is observed. On the Nazca, gtz Coiba and Malpelo ridges are

separated by a NE-SW lineament of a shallower Mehich coincides with the Sandra rift.

On the Caribbean plate's continental domain, ¢igenentation of the crustal basement
into tectonic blocks of contrasting densities ahé influence of Neogene magmatism
correlate with changes in the depth of the Mohoe Teepest sections of the Moho are
consistent with the location of the Southern Clsoferrane and the Siuna Terrane defined by
Rogerset al (2007) and interpreted by Baumgarteeal (2008) as the Mesquito Composite
Oceanic Terrane. The presence of a thicker cruahiarea where an oceanic component of

the crustal basement is present instead of theatlige Chortis Block seems contradictory.
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However, it is consistent with interaction of tlueustal segment with subduction related
magmatism since the Miocene. Results from seisntdbgnalysis by Linkimeet al (2010)
show Vp/Vs values for the Mesquito Terrane which are reladontinental crust and
interpret these values as an indication of subdnatelated magmatism modifying the crust

of the Caribbean Plate along the volcanic arc.

In Guatemala, ElI Salvador and northwestern Costa,Rihe crust appears to be
thickened along the arc and fore-arc regions. InaNigua however, the axis along the
Quaternary volcanic front shows a shallower Mohocamparison to the back-arc which
corresponds to the Neogene arc. This section ofMblao along the Central American
Volcanic Front may be explained by a shallower uppantle as a result of extension in the
overriding plate along the most pronounced sectadrtbe Nicaragua depression. Additional
evidence of the effects of magmatism on the oveewgiglate is observed for the back-arc of
the Nicaraguan segment of the Central American &otcArc. For this section, the trend in
the Moho depth results and its correlation with @aternary arc is interrupted. Here, the
axis of the deepest section of the modeled Mohavstam offset towards the Holocene back-
arc which is consistent with receiver functionsuitssfrom McKenzieet al (2008). This
trend correlates with the location of the Early b#ae volcanic arc for Nicaragua (Alvarado
et al, 2007) showing the influence of Neogene magmatisShe change in Moho depth
between the Nicaraguan and the Costa Rican portibtie volcanic front is well constrained
by published receiver function data from MacKereti@l (2008) and Linkimeet al (2010)

and may be related to extension along the Nicardgpeession.

The oceanic basin on the eastern part of the Beaio Plate is outlined by the Hess
escarpment and the North Panama Deformed Belt. tiisr region, crustal thicknesses
between 12 and 17 km were obtained when accoufdingathymetry. Overall, the results

from the modeled Moho show a much smoother trertiencrustal thickness for the oceanic
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basin when compared with seismic results by Evengl (1960) which show a much more
heterogeneous distribution of depths between 851&m0 km. However, the range of crustal
thicknesses obtained from the density model fas #ea varies from 6 to 17 km which is
consistent with the seismic data. For the NorthaRen Deformed Belt a strong gradient is
observed where the Moho depth changes from 18 tov26onsistent with crustal thickening

occurring along this structure.

For the Quaternary volcanic arc, a generalizedgmatzation for the composition of
volcanic material based on Siebert and Simkin (2@02l its relation to the Moho depth is
shown in figure 4.6. A general mafic trend is oledrbetween the Tecapa and Concepcién
volcanoes, this correlates to the shallower Mohseolked for the Nicaraguan section of the
volcanic arc. This trend is in agreement with resddy Carr (1984) in which a lower
minimum silica content for Nicaragua relative toagBmala and Costa Rica is observed. In
addition to the regional variation in minimum sdicontents, Carr (1984) shows a similar
pattern for Na@and correlated this segmentation in geochemistmatiations in the crustal
thickness. In order to establish a correlation leetwgeochemical variations and Moho depth,
Carr (1984) presented an along-arc crustal thicgkne®del interpreted from regional
topography based on an empirical relation by Wdlla1969), as well as three schematic one-
dimensional density models for the crust of theilitsan plate. For these models, Carr
(1984) assumed a constant three layer crustal nfodeélentral America based on a one-
dimensional model by Matumott al. (1977). Though it is difficult to compare a 3D ded
with a one dimensional model, the densities repdote Carr (1984) are generally lower than
the densities obtained for this work. However, titead in Moho depth observed along the
volcanic arc is similar, with the shallowest Molaxdted at the Nicaraguan section of the

volcanic arc and a thickened crust present towsgduatemala and Costa Rica segments.
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The deepest Moho for the Cocos Plate is obserlet) dhe axis of the Cocos ridge
and reaches 21 km, similar values are observedh®Malpelo Ridge. On the Caribbean
plate, the maximum Moho depth obtained from thesdgmodel is 44 km. The trend of the
deepest sections of the continental Moho extena® fsouthwestern Guatemala to central
Costa Rica and correlates with the presence ofCdetral American Volcanic Arc. The
influence of subduction related magmatism datingklia the Early Miocene can be observed
on the recent Moho structure throughout Central Acaeresulting on a thicker crust and
more heterogeneous depth distribution relativeht lhack-arc. Trends in the Moho depth
along the volcanic arc show the segmentation ofctiustal basement with relatively flat
blocks separated by transitional areas of steaplyin Moho. The shallowest section of the
Moho along the volcanic arc is observed for theakiguan section where the Nicaragua
depression is more pronounced. The area assoeidgiedhe crystalline crustal basement of
the Chortis Block features a flatter Moho relatitce the surrounding crust with crustal
thicknesses between 22 and 32 km. The NicaragumdRisws NE-SW segmentation on the
Moho structure of the continental domain and aditeon zone to the oceanic domain from
the edge of the continental shelf to the Hess Bstant. The oceanic basin is bound by
strong gradients in the Moho depth along the Ndétdnama Deformed Belt and to the
northwest of the Hess escarpment and featuresatthgtknesses between 14 and 18 km.The
modeled Moho provides insights into the tectongnsentation of the crustal basement of the
Caribbean plate as well as the effects that dyngqumicesses such as volcanism and crustal
extension may have on the present structure ot along the isthmus. Furthermore, the
modeled boundary may be considered as a referemckdal density modeling and the
evaluation of the contribution of heterogeneitias the solid earth to the gravity field

observed on satellite derived gravity data.



* % &

The eastern part of the oceanic Cocos Plate pmeseheterogeneous crustal structure
due to diverse origins and ages as well as platefat interaction. The complex structure of
the oceanic plate directly influences the dynamied geometry of the subduction zone along
the Middle American Trench. In this work, an inteigd interpretation of the slab geometry
is presented based on three-dimensional densityelingdof satellite-derived gravity data
constrained by seismological information obtained lbcal networks. Results show the
continuation of steep subduction from the Nicaragoergin into northwestern Costa Rica
followed by a shallower slab under the Central @lemd toward the end of the Central
American Volcanic Arc. To the southeast of the ieation of the volcanic arc, the slab
appears to steepen and continue as a coherertustruatil reaching the landward projection
of the Panama Fracture Zone. Overall a gradualgehanthe depth of intra-plate seismicity
is observed reaching 220 km for the northwestenh grad becoming shallower toward the
southeast where it reaches a maximum depth of 7&Av.5The changes in the depth of the
observed seismicity correlate with changes in #msdy structure of the subducting slab and
may indicate that differences in the state of ahikiydration of the oceanic lithosphere affect

the depth reached by dehydration reactions inubdwsction zone.

The southeastern end of the Middle American cayesmtr margin is characterized by
segmentation of the subducting oceanic lithosphartka heterogeneous crustal basement on
the overriding plate. The oceanic Cocos Plate mpmsed of crustal segments generated at
two different spreading centers and affected by dpmt interaction (Barckhausest al,

2001). This diverse morpho-tectonic environmenthl@oceanic plate causes heterogeneities



3D Density Model of Central America

that carry over to the subduction zone and affeethanner in which plate interaction occurs.
Differences in the response of the lithosphere uawival to the trench are recognizable
starting from the structure of the outer rise, tmerphology of the margin and the
characteristics of the subduction zone (von Huenal, 2000). This paper focuses on the
geometry of the subduction zone and the densitlyildigion of the subducting slab under
Costa Rica as well as the relationship betweerd#resity structure and the distribution of
seismicity. The three-dimensional density modeloaged on interpretation of the satellite
derived gravity data is constrained by seismoldgiti@rmation from local networks. This
joint interpretation of seismological and potentialds data allows for an integrated analysis
of the geometry of the slab and its interactiorhwiite overriding plate. The determination of
the slab structure is a major task in the studgutfduction zones, providing also a platform
to gain a better understanding of subduction pseE®sFurther geoscientifc studies, such as
thermal and stress modeling, geochemical and pgficaEl models, and seismic hazard
assessments may benefit from detailed knowledgaitattee slab and overriding plate

configuration

The Central American isthmus is located in theteresedge of the Caribbean Plate
(Fig. 5.1), a predominantly convergent margin dedirmmainly by the subduction of the
oceanic Cocos Plate along the Middle American TmgiMAT). Costa Rica is located in the
eastern portion of the isthmus where subductioth@fCocos Plate along the MAT is bound
by the Panama Fracture Zone (PFZ), a right-lasdraar zone acting as a transform boundary
between the Cocos and Nazca plates. The overatitgste of the southeastern part of the
Cocos Plate is highly heterogeneous due to theipteultrigins of the highly segmented crust
(Fig. 5.1). Offshore Costa Rica, segments of oaehiiosphere created at the East Pacific

Rise (EPR) and the Cocos-Nazca Spreading CenteS)@he present (Barckhausenal,
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2001). The latter shows direct influence of the a&pabos Hot Spot adding to the
heterogeneous nature of the plate and resultingree different morphotectonic domains
defined by (von Huenest al, 2000): a northwestern section with smooth reldfich
contrasts with a central seamount province ouijingn Rough-Smooth Boundary and an
eastern domain characterized by the Cocos Ridgesel'morphotectonic domains correlate
with significant changes in Moho depth for the Co&late from 8 to 10 km for the EPR
section (Sallarést al, 2001), to 10 to 12 km for the seamount provingn(Hueneet al,
2000; Walther, 2003) and a maximum of 21 km for¢hest of the Cocos Ridge (Sallaits

al., 2003).

Convergence rates are variable for different dosawith 85 mm/y for the
northwestern EPR section and 90 mm/y for the Cétidge domain (DeMetst al, 1994).
Furthermore, oblique subduction along the MAT appéa take place in the region with a
10° counter clockwise difference in convergencedion relative to trench normal (DeMets,

2001).

Subduction related volcanism is present in thenfof the Central American Volcanic
Arc (CAVA) which begins at latitude 15°N and extentiLl00 km parallel to the MAT ending
at the Iraza-Turrialba volcanic complex in cent@dsta Rica (Fig. 5.1). At this point the
CAVA is interrupted by a 190 km gap in the Quateynalcanism in the Talamanca region.
This gap ends at the Baru volcano, the only majoat€rnary volcanic vent located in the
eastern edge of the isthmus. This gap in Quatermaiganism coincides with the

convergence of the Cocos Ridge with the Middle Aoaar Trench.

Seismic tomography studies have been carried @uthfe area of Nicaragua and
northwestern Costa Rica (DeSheh al, 2006; Syracuset al, 2008), central Costa Rica
(Arroyo et al, 2009; Dincet al, 2010) as well as a comprehensive study of theaORgan

subduction zone by Husat al. (2003a). A previous work on the geometry of thediiction
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zone based on earthquake hypocenters has beerstmtblby Prottiet al (1994) where
segmentation of the subducting slab in northwestarsta Rica is described and a change in
the dipping angle is interpreted as a sharp caotoriMoreover, those authors propose a
termination of deep intraslab seismicity in soutitean Costa Rica and interpret it as shallow
underthrusting of the Cocos Ridge. Huseml (2003a) however, observe a gradual decrease
in maximum depth from northern to southern CosteaRMore recently, Dziermat al
(2011) interpret a steeply dipping slab to a degthpproximately 70 to 100 km based on
receiver function analysis for the northwesternt pdrthe Talamanca region. Furthermore,
local earthquake data from a temporal network prieseidence of a steep slab down to ~70

km in southern Costa Rica (Arrowt al, 2003; Arroyo, 2001).

Eastward from the PFZ, the boundary between thékzan and the Nazca plates in
southern Panama is marked by a segment of thehtr@hach according to Lonsdale and
Klitgord (1978) has transitioned since the Late ddioe to a strike-slip boundary after a
period of 18 to 20 m.y. of subduction. However, deiet al. (1988) propose a reactivation
of the subduction 3.4 to 5.3 million years ago aondsider the existence of recent low angle

subduction.

The Caribbean coast of Costa Rica appears seguarite a northwestern section
extending to the Hess Escarpment and the slopbeofNicaragua Rise and a southeastern
section defined by the North Panama Deformed Bedtording to Marshalket al (2000),
this fold-and-thrust belt is linked with the MATrtugh the Central Costa Rica Deformed

Belt, a diffuse fault zone outlining the westerrubdary of the Panama Micro-plate.
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Figure 5.1. Tectonic setting of the Central American IsthmW#hite lines show plate boundaries and major
tectonic structures. Black triangles show main @umtry volcanoes, modified from Siebert & Simki®@2).
White arrows show direction and rate of plate mmtigelative to the Caribbean Plate (fixed) accaydim
DeMetset al (1994), DeMets (2001) and DeMeats al (2010). Plate boundaries modified from Coféinal
(1998) and Lonsdal&005). Black lines depict the coastline and irddiomal borders. C.R.: Costa Rica; E.S.:
El Salvador; Guatm.: Guatemala; Jam.: Jamaica; CERI&ntral Costa Rica Deformed Belt; MPFS: Motagua-
Polochic Fault System; ND: Nicaragua DepressionDRP North Panama Deformed Belt; PFZ: Panama
Fracture Zone; RSB: Rough-Smooth Boundary modifiein Hey (1977); SITF: Swan Islands Fault; SR:
Sandra Rift (de Boeet al, 1988). White contour represents the -2000 m lma#tsic level outlining the Cocos
Ridge, bathymetric data from Global Multi-Resolutibopography by Ryaat al (2009).

Recent seismological studies (Arrogbal, 2009; DeShoret al, 2003; DeShort al, 2006)
have been used to constrain the slab geometryeafrévity model down to depths of ~40-50 km. In
order to constrain the deeper parts of the moaeihguakes from four different catalogues were used
or relocated. The earthquake catalogue from Hweteal (2003a) consists of nearly 4000 events

recorded by the two permanent networks in Costaa,RRed Sismoldgica Nacional (RSN) and
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Observatorio Vulcanologico y Sismolégico de CosteaROvsicori) and is the result of their local
earthquake tomography. The RSN catalogue from 188#&n digital recording started, to 2004 was
also used. The network records seismic activitgesithe early 1980s, mainly with short-period,

vertical-component stations installed throughoust@drica (Fig. 5.3).

Since the RSN network has a higher station demsiGentral Costa Rica, where most of the
population of the country concentrates, two addéldocal catalogues were examined to in order to
increase the amount of well constrained seismiwtyhe northwest and southeast (Fig. 5.3). The
temporary Boruca network was operated by RSN inhe@stern Costa Rica between May 1998 and
November 2001 (Arroyo, 2001). This network conslsbé two vertical-component stations and five
three-component stations, all of them equipped wsftbrt-period seismometers. Readings from five
short-period stations from Panama were added taoldakeset, improving the coverage eastward (Fig.

5.3).

In NW Costa Rica, RSN operates the permanent mitfvom Observatorio Sismoldgico y
Vulcanologico Arenal y Miravalles (OSIVAM) since 949. Originally intended to monitor the seismic
activity around Arenal and Miravalles volcanoes tfetwork has expanded in the last decade with a
two more permanent subnetworks around Tenorio andOR de la Vieja volcanoes and several
temporal projects (Fig. 5.3). The network configima has varied over time. Presently, the
subnetworks consist of four to eight, three-commbnghort-period stations each and one broadband
station at the Tenorio Volcano. Other temporaryi@ta have been placed in the area of the Nicoya
Peninsula and toward the border with Nicaragua. G&Rlogue used in this study extends from
October 2006 until December 2010, when all fournmerent sub-networks were recording

simultaneously and includes readings from 44 statio

- 0
The EGM2008 combined geopotential model (Pagtisal, 2008) was used as the
source of gravity data for the 3D density model ara$ obtained through the International

Centre for Global Earth Models (ICGEM, under: httpgem.gfz-
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potsdam.de/ICGEM/ICGEM.html). With a maximum splatesolution of approximately 10
km, this geopotential model combines data from @RACE satellite mission as well as
satellite altimetry data offshore and surface stetidata onshore (where available), which are
reduced to a 5'x5' grid. To this date, the lateshlmned geopotential model available is the
EIGEN-6C (Forsteet al, 2011) which additionally includes data from thAGEOS and
GOCE satellite missions. However, for purposes arfsestency with regional lithospheric
density modeling carried out for Central Americdi¢ke, 2012) and in order to resolve the
shorter wavelengths obtained from a higher degtee |ocal density model was based on

EGM2008.

In order to assess which individual dataset wasjaate for the density modeling,
different anomalies were calculated and comparetth wurface station data. A detailed
analysis of a data subset for Costa Rica was caoue by Kotheet al (2011). To provide
a dataset consistent with previous solid Earth rnnogléLlckeet al, 2010; Lucke, 2012), the
Bouguer anomaly for this work was calculated frdme gravity disturbancelhe gravity
disturbance is calculated for a given point onHEagth's surface and for the satellite derived
gravity disturbance data used for this study, therdvard continuation takes place between
the orbit and the surface of the Earth. Discussionsthe use of gravity anomalies and
disturbances in solid Earth modeling are given bgrid Gotze (2001). Onshore, the effect of
the Bouguer plate was subtracted from the valudhef gravity disturbance using the
orthometric height at the topographic level asi@taglevation resulting in Bouguer anomaly
values. For data located offshore, values equivatethe free-air anomaly were obtained for
stations located on the ocean's surface. Figuresba®vs a compilation of the Bouguer

anomaly onshore and the free-air anomaly offsharé¢hiie study area.
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Figure 5.2. Gravity field data for the Central American isthenand surrounding areas. Bouguer anomaly
onshore and free-air anomaly offshore calculatedHis study from gravity disturbance data from EZ&MS8.
Location of the cross sections shown in figure &d the area of the local scale density model fist& Rica
are indicated. Triangles show the location of Questey volcanoes modified from Siebert and SimkiA02).
International borders and coastline are shownaakbl
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The tomography earthquake dataset from Huseral (2003a) has been used as
published by those authors. An analysis of relocatincertainties is included in their work.
The 3D P-wave velocity model from Husehal (2003a) and the minimum 1D model for
Costa Rica from Quintero and Kissling (2001) wesedito relocate RSN, Boruca, and
OSIVAM databases with the non-linear probabilistoproach (Moseet al, 1992; Tarantola

and Valette, 1982) implemented in the software pgekNonLinLoc (Lomadet al, 2000).
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The approach relies on the use of normalized andmamalized probability density functions
to express the available knowledge about the vabfeparameters. When the density
functions, given the a priori information on theaebparameters and on the observations, are
independent and the theoretical relationship canekgressed as a conditional density
function, a complete, probabilistic solution can &epressed as an a posteriori density
function (PDF) (Tarantola and Valette, 1982). Fihgpocenter locations are given by their
maximum likelihood value, i.e. the minimum misfibipt of the complete PDF. Further

details are given by Tarantola and Valette (198) lMoseret al (1992).

The PDF solution includes location uncertainties thuthe spatial relation between the
network and the event measurement error in therebdearrival times and errors in the
calculation of theoretical travel times. Becauseorerestimates are included through
covariance matrices and the solution is fully noedir, location uncertainties may assume
irregular and multimodal shapes. In this case,tthditional error ellipsoids are not able to
represent the location error (Husen and Smith, RO84nLinLoc also provides traditional
Gaussian estimates, like the expectation hypocelaeation and the 68% confidence

ellipsoid (Lomaxet al, 2000).

)
The density model was prepared by means of threergsional interactive forward
modeling of gravity data using the software IGMA®&06tze et al, 2010). With this
software, parallel cross sections are constructeflcan be modified interactively. Between
these cross sections, the three dimensional steudcsutriangulated to form polyhedra of
constant density which represent the structuréefsubsurface. The calculation of the effect
on the gravity field from each polyhedron is cadraut by the algorithm of Gotze (1976) and
Gotze and Lahmeyer (1988). The calculated graiety is then compared with the measured

gravity data to achieve the best fit. Available gjegsical data were incorporated as
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constraints to the model and visualized in threeehsions to aid the interactive modeling.
For the regional reference model of Central Amer&a cross sections were constructed
extending from the Yucatan Peninsula to eastermfanFrom the regional density model, a
subset was defined and further detailed by takmg @account the constraining seismological
data prepared for this work and the previously latkée geophysical data. For this area, 24
cross sections were considered and modeled inl @ethia focus on the subducting slab and

the integration with the seismological results@asta Rica.

Analysis of probabilistic earthquake relocationceainties in 3D velocity models
(Husenet al, 2003b; Husen and Smith, 2004) shows that, in gé&nkeypocenter locations
with less than six P-wave observations are poaolystrained, even with a good azimuthal
distribution of stations (coverage gap < 180°). dddition, focal depths are not well
constrained without a station located within aatise similar to the focal depth, regardless of
the total number of observations. For this studgsé criteria were used to select the datasets

from the initial seismic catalogues.

The RSN, OSIVAM, and Boruca datasets were relocated classified into four
quality classes using NonLinLoc. For the two fidsttasets, the 3D P-wave velocity model
from Husenet al (2003a) was used. Since several Boruca-Panartianstavere located out
of that model (Fig. 5.3), the minimum 1D P-wave mlofbr Costa Rica from Quintero and
Kissling (2001) was used to relocate the events fiioat network. This 1D model served as
initial model for the tomography by Huset al. (2003a). In all three cases, only P-wave

readings were considered.
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The Oct-Tree importance sampling algorithm includedNonLinLoc was used. This
algorithm gives an accurate, efficient and comphetgping of the earthquake location PDF
in the 3D space. The Oct-Tree method uses recussiveivision and sampling of cells in 3D
space to generate a cascade of sampled cells, Wieedensity of sampled cells follows the

PDF values of the cell center leading to a higlersity of cells in the areas of higher PDF.

Large differences between the maximum likelihood &me expectation hypocenter
locations can result from an ill-conditioned looatiproblem (Lomaset al, 2000). Husen and
Smith (2004) found that a difference greater thaBh Bm between both hypocenter
estimations cause large uncertainties of sevetalmlgters in epicenter and focal depth.
Numerous scatter plots were investigated in omleonfirm this observation for our datasets.
Further following Husen and Smith (2004), the ageraf the three axes of the 68%
confidence ellipsoid was taken into account toneeflocation quality. Figure 5.3 shows

example scatter plots for each quality class useldis work.
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Figure 5.3 Density scatter plots of representative earthgsdkr each quality class: A (a), B (b), and C (c)
used in this study (see text) and seismic statimap (d). In the map, squares represent RSN staiioverted
triangles OSIVAM stations and black triangles Bargtations (see text for network descriptions). déeted
line marks the MAT axis. Scatter plots: plan viewxiy direction and cross sections in »arel y—zdirections
are shown. The intersection of the dashed linesksndre maximum likelihood hypocenter locations. d&la
circles denote expectation hypocenter locationsjetion of the 68% confidence ellipsoid is shownltack
lines. The insets include all the seismologicaliste (triangles) used to locate the earthquakesr§ection of
bold lines). Nobs: number of observations, diffffatience between maximum likelihood and expectation
hypocenter locations.

Earthquakes in class D have rms larger than Orel @ee not used. Events with location
quality A, with well-defined PDFs, have differencegtween maximum-likelihood and
expectation hypocenters of 0.5 km and lower, angimiam location uncertainties of 4 km.
Differences above 0.5 km but under 3 km betweeh hgpocenter estimations and average

uncertainties lower than 4 km define quality B. ifhepicenters and focal depths are still
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relatively well defined. Earthquakes with a maximums of 0.5 s and differences in
hypocenter estimations higher than 3 km are claslsiis C. They show large location

uncertainties, of which the confidence ellipsoi@ igoor approximation.

The lithospheric density distribution was modeiledhree dimensions to a depth of
200 km for a regional Central American model puidd by Licke(2012). Using the
regional model as reference, a subset was modelddtail for Costa Rica considering the
availability of geophysical constraints. Offshoresta Rica, the Cocos Plate was modeled
with a density of 2.80 Mg/ffor the crust, 3.3 Mg/mfor the upper mantle and 3.34 Md/m
for the asthenospheric mantle. Density changebarstibducting slab were also modeled as
an increase in density due to dehydration of thaetl@and crust. The density of the crust of
the subducting slab was constrained by petrologicatieling by Bousquegt al (2005)
considering the lithostatic pressure on the platerface and the temperature from thermal
modeling by Peacockt al (2005). A homogenous upper mantle with a density.32
Mg/m® and a 3.34 Mg/thasthenospheric mantle were modeled for the ouergiglate,
setting the lithosphere-asthenosphere boundarygleptn between 75 and 85 km. The crustal
basement for the Caribbean Plate in Costa Ricadivaded into a southeastern block with a
density of 2.90 Mg/mconsidering an overall basaltic composition of blasement related to
the Caribbean Large Igneous Province (Hoeetlal, 2004), and a northwestern block with a
density of 3.00 Mg/rh for serpentinized ultramafic material related tee tMesquito
Composite Oceanic Terrane (Baumgartaeal, 2008). Densities in the upper crust of the
Caribbean Plate are variable and were modeled deperon local structures such as
predominant fore- and back-arc sedimentary bagids-(2.55 Mg/r), volcanic infill along
the arc (2.6-2.7 Mg/f) and dioritoid intrusions in southeastern CostaaRR.75 Mg/m).

The initial density of the crustal units of the {baean Plate was constrained by Vp values
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and the correlation with local geology and regiaeatonic models. A detailed discussion on

the constraints of the densities used for the 3dehs given by Lick€2012).

Figure 5.4. Vertical cross sections from the local scale 3sitg model and relation to the integrated
earthquake hypocenter locations for this work. Tipper panels show the fit between the measuredijptand
calculated (red) gravity anomaly. Circles show ¢laethquake hypocenters color coded for classebiug), B
(vellow) C (magenta). The modeled density distifubf the subducted oceanic crust is depicteday ¢pnes:
2.80Mg/m?® (light gray), 3.15Mg/ m® (medium gray), 3.3Mg/ m® (dark gray). Location of the cross-sections
is shown in figure 5.2.
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Figure 5.5 shows the geometry of the Central Ana@rsubduction zone, modeled on a
regional scale to serve as a reference model &@Citbsta Rican subset. In order to constrain
the regional geometry of the subduction zone, hgptars from the catalogue of the Central
American Seismic Center (CASC) hosted by the RSkewmscluded. The CASC catalogue
includes earthquakes with magnitudes above 3 andrded by at least two national
networks. The selected events have a minimum e&8ings, a coverage gap of less than 250
degrees, a maximum rms of 0.6 s and Gaussian amte¥s lower than 10 km in depth.
Additionally, earthquake hypocenters from the @gak of the National Earthquake
Information Center of the United States Geologfgatvey were included to constrain the
regional slab structure for depths greater thankit@vhich were not resolved by the CASC

network in some areas.

The regional scale model provides the three-dinoersiframework for the detailed
interpretation of the Costa Rican subduction segnadong the MAT, constrained by the
local earthquake data presented for this work. Tégonal scale model considers the
segmentation of the Central American crustal basémed the regional Moho structure for
the Caribbean Plate published by Licke (2012). Gbemetry obtained from the regional
model shows a uniformly dipping slab for the segmeetween 91°W and 86°W. The
subduction angle steepens for the southern Nicaragggment and carries over to
northwestern Costa Rica (Fig. 5.5). The larger rogeneities in the geometry of the
subduction zone are observed for the segment lbedstward of the 86°W longitude and

will be described in detail for the local scale mbfbr the area.
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Figure 5.5. Slab depth contours for the Central American suobido zone from the regional scale 3D density
model published by Liicke (2012) and integrated \ligh local scale interpretation for this study.tBquake
hypocenters from Central American Seismological t€erEarthquake depths as indicated in the insdiite/V
triangles show the location of Quaternary volcanmeslified from Siebert and Simkin (2002). Interpatl
borders and coastline are shown in black.
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In order to achieve a three-dimensional interpi@ta of the geometry of the
subducting slab, the earthquake hypocenter reselts integrated into the density model. By
means of three-dimensional visualization and ptajacof results onto two-dimensional
cross sections, the density model was modifiedracterely to achieve the best fit with the
measured gravity data considering the structurdinedt by the seismicity. The joint

interpretation allowed to constrain the overall metry of the density model while

simultaneously accounting for a more precise detetion of the plate interface.
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The results are shown in in figures 5.6 and 5ahdtlerable changes in slab dip as
well as in the density distribution of the subddcteeanic crust are observed. The Cocos
Plate segmentation observed offshore Costa Riaa leneet al, 2000) carries over to the
structure of the subducted slab. The northwestection of the Cocos Plate (originated from
the EPR and CNS) was modeled with a thickness tof & km and subducts at an angle of
14° to a depth of 30 km from which the slab digeptns to an angle of 44° to a depth of 80
km and finally 71° to the terminal depth of the rabdt 200km (Fig. 5.4a). For Central Costa
Rica, the slab dip transitions from an angle of i@°the section between the trench and a
depth of 30 km, 40° to a depth of 80 km and a iradft shallow angle for the final section
with 58° to a depth of 200 km (Fig. 5.4b). This lkhaer section of the slab extends to the
southwest toward the end of the Quaternary volcard@and corresponds to the subduction of
the seamount province located between the Fisheam&ent and the Quepos Plateau on the

oceanic plate.

At the southeastern end of the Quaternary volcargca change in the dip angle of
the slab beneath 80 km depth is observed incredsamy 40° to 60° (Fig. 5.4c). When
observed as plotted depth contours (Fig. 5.6) ¢henge in slab dip occurs 20 km to the
northwest of the NNE-SSW axis formed by the Iramd durrialba volcanoes. This also
coincides with the location of a feature in thewgsafield which separates this volcanic
complex from the three other stratovolcanoes tbastitute the Central Cordillera of Costa
Rica. This segmentation of the local Bouguer gyaldtv has been described by Lickeal
(2010) for Central Costa Rica based on a localbdeta compiled from surface gravity
measurements and is present in the EGM2008 datathWBest of this alignment, the
earthquake hypocenters outline a steeply subdustaig with an angle of 50° to a depth of
70 km. This structure is consistent with gravity daling carried out for this work. The

density model considers a continuous slab struetittean angle of 64° for the final section
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to a depth of 200 km (Fig. 5.4d). The geometry olesk for the sections depicted in figures
5.4c and 5.4d is also consistent with local earlikguseismic tomography results by Detc

al. (2010) and receiver functions results publishe®biermaet al (2011).

Intraslab seismicity in the southeastern part oét@ Rica is interrupted by a 55 km
long gap in the onshore area adjacent to the CdomBay (Fig. 5.6) and then resumes to the

northeast of the Osa Peninsula (Arroyo, 2001).

Figure 5.6. Slab depth contours for Costa Rica from the irgtegt interpretation of seismological and density
modeling results. White arrows indicate directiow aate of plate motion from DeMets (2001) and D&

al. (1994). Earthquake depths as indicated in thetimgctonic features on the oceanic plate afterHueneet

al. (2000) and Barckhauset al (2001).The dented line represents the axis of the MiddieeAcan Trench.
EPR: East-Pacific Rise, CNS: Cocos-Nazca Sprea@smer, PFZ: Panama Fracture Zone. Bathymetric data
from Global Multi-Resolution Topography by Ryahal (2009). Open diamond symbols show the location of
adakite samples from Hoerrd¢ al (2008) and Gazadt al (2011).
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In this southeastern most section of convergencth@fCocos Plate, the seismicity
reaches 70 km in depth (Fig. 5.4d) and outlinesuladscting slab consistent with the
geometry observed westward of the seismic gapanCbronado Bay region (Arroyet al,
2003). In spite of the presence of such gap, theityrfield does not show segmentation that
could be related to major changes in subductiomg#y. Overall, the results of the density

modeling support the existence of a continuous stialzture.

The vertical extent of the Wadati-Benioff zone sewty correlates with the section of
the subducted oceanic crust with a density of 1m°. This part of the slab represents the
zone in which dehydration reactions occur. The dsepart of the modeled subducted crust
was assigned a density of 3.3 Md/to account for an anhydrous slab. The downdip

extension of the 3.15 Mg/hzone is variable (Fig 5.7).

Figure 5.7. Three-dimensional perspective view of the tophaf $lab from the local density model integrated
with seismic hypocenters. Earthquake depths asateti in Figure 5.6. The modeled density distrdoutif the
subducted oceanic crust is depicted in gray toR&9 Mg/n? (light gray), 3.15 Mg/ m(medium gray), 3.30
Mg/ m® (dark gray). Bathymetry data from Global Multi-R&sgion Topography by Ryaet al (2009).
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For the southeastern part of Costa Rica it coeslatith the lithosphere-asthenosphere
boundary (LAB) modeled between 70 and 80 km, wheereia located much deeper than the

local LAB in the northwestern part of Costa Ricatvireen 130 and 160 km.

-7

The origin of the Wadati-Benioff seismicity has bese subject of discussion since its
discovery because at depths superior than ~30 &rgréat pressures should prevent brittle or
frictional processes. It is commonly believed ttiat intermediate-depth seismicity is enabled
by slab dehydration (Hacket al, 2003; Kirbyet al, 1996). As the slab sinks, metamorphic
reactions liberate fluids from hydrous phases. [dedtyon increases pore pressure, thus
reducing normal stress enough to bring the systam the brittle regime. Yet, the exact
relationship between dehydration and earthquakdeation is not yet well understood.
Earthquakes could be generated by dehydration #fabrent creating new faults (Zhaeg
al., 2004) or reactivating pre-existing weak zonesa@@ek, 2001), depending on where

hydration occurred (Ranest al, 2005).

Recently, Ranerat al. (2005) statistically compared the strike of begdielated
faults in the oceanic plate with that of the noglaines of intermediate-depth earthquakes (>
70 km) along different segments of the Middle Armoarand Chile subduction zones. The
similarity they found supports previous studiesnfrother subduction zones of the world
(Jiaoet al, 2000), attributing most of the intraslab seiskyito reactivation of faults rather
than formation of new ones at the planes of maxinsin@ar within the slatiRaneroet al.
(2005) propose that seismicity starts between 66+80 when dehydration of the oceanic
crust reactivates the upper segment of bend-fatdissing concentration of earthquakes on
the upper part of the slab. Deeper than ~100 king#ization is completed; here or slightly

deeper, dehydration of the slab mantle occurs ikedictg bend-faults and generating
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seismicity within the upper slab mantle. The awhpoint out that this model may not be

applicable to subduction of young lithosphere arwht aseismic ridges.

Tomographic studies (Arroyet al, 2009; DeShoret al, 2006; Huseret al, 2003a)
indicate the existence of a low-velocity hydrousamc crust in the subducting plate in
northwestern and central Costa Rica. The petrologacleling from Huseret al (2003a)
show a good correlation between the predicted imtatof hydrous minerals in the oceanic
crust and the hypocenters of intermediate-depththgaakes, further supporting the

hypothesis of the latter being enabled by dehyainati
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In northwestern Costa Rica, the geometry of thmlaating slab is consistent with the
trench-normal subduction of the 24 to 25 m.y. oteasrust generated at the EPR
(Barckhauseret al, 2001). This section presents a steeply subdustaiy (Fig 5.4a) with a
geometry consistent with that observed for the Mdigaan section of the MAT (Syracuse
al., 2008). Between the northwestern part of the votcarc and the central region of Costa
Rica, a change in slab dip is observed. For theraepart, results show slab dip angles
between 40° and 50° consistent with previous leaathquake seismic tomography results by
Arroyo et al (2009) and Husert al (2003a). This section of the slab correspondthéo
subduction of the seamount province of the CocaeP{von Hueneet al, 2000). The
northwestern and central regions are separated tognaition zone in which the slab dip
beneath 40 km decreases from 75° to 45° (Fig. B.@i.this region, the trend of the slab
contours changes from trench parallel for the meeftern region, to a 17° offset from trench
parallel for the transition zone. This change ia #trike of the depth contours is consistent
with the section of the margin where oblique sulbdacoccurs, located to the southeast of

the Rough-Smooth-Boundary.



3D Density Model of Central America

Southeast of the Cordillera Central, seismicitghmi a steep slab is observed to a
depth of approximately 75 km, extending southwestUvita. The presence of a steeply
subducting slab for this region is supported bgre@ tomography results from Diret al
(2010) to a depth of 40 km and receiver functicesults by Dziermat al. (2011) where a
steeply subducting slab is imaged to a depth of K0 Furthermore, by considering the
structure beneath the northern part of Talamansalved by receiver functions, Dziernea
al. (2011) suggest that steep subduction below 50riay extend eastward to the Panama

Fracture Zone.

The results from the Boruca seismological netwarkoutheastern Costa Rica show
the structure of a subducting slab dipping at agleanf 50° for the region northeast of the
Osa Peninsula to a depth of 70 km (Figs 5.4c aBd Bhese results, along with the receiver
functions and seismic tomography data immediatelythe northwest, were included as
constraints into the density model. Regarding tab geometry, the results from the three
dimensional density modeling are in agreement wilile seismological observations.
Furthermore, the density model shows no large-desdeal segmentation of the subducting
oceanic lithosphere for the area in which a gafhénseismicity is observed (Coronado Bay,
Fig. 5.6). This suggests that a continuous subwdigicsiab is present for the margin from

central Costa Rica to the Panama Fracture Zone.

Lateral changes in the density structure of tlaé slre limited to the section of the
subducted oceanic crust with a density of 3.15 Mdffig 5.4.). This three-dimensional
polyhedron was modeled to represent the zone inctwiiiehydration reactions occur
contrasting with a of 3.3 Mg/frzone for an anhydrous slab taking into accountribgimum
depth of the seismicity. From the joint seismolagjdensity interpretation, an overall trend is
observed in which the maximum depth for the dehylyaoceanic crust decreases toward the

southeast from 160 km in the northwest, to 125 &ntHe central region and 75 km depth for
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southeastern Costa Rica. This trend may be relatéde extent of hydration of the upper
mantle in the subducting oceanic plate in the fofreerpentinization. Petrological models by
Husen et al (2003a) place the boundary in which the subducatagt transforms to
anhydrous eclogite at 100 km for southeastern (Risi@ and 130 km for northwestern Costa
Rica thus observing a similar trend. The depthhef 8.15 - 3.3 Mg/thboundary in the
subducted crust of the density model shows a @iroal with the termination of the

seismicity with depth (Fig. 5.4).

Within the conceptual model from Ranerbal (2005), the degree of bend faulting
occurring in the outer rise would directly influentche characteristics of the intraslab
seismicity by determining both the extent of hyanatthrough serpentinization of the upper
mantle and the segmentation of the slab by meamsgile deformation. In this sense, the
Costa-Rican subduction zone provides a wide spectofi environments with different

degrees of bending related faulting.

A smooth segment in which the oceanic plate ptsspervasive, trench-parallel
bending-related faulting subducts off Central Aroarand northwestern Costa Rica. Here,
pervasive faulting along the trench has been imdgethigh-resolution seafloor mapping,
near-vertical reflection lines and outer-rise setsiy (Grevemeyetet al, 2007; Hinzet al,
1996; Lefeldt and Grevemeyer, 2007; Ranetal, 2003; von Huenet al, 2000). In the
Central Pacific (seamount) segment though, thekéhioceanic crust promotes a smaller
outer rise and less-developed faulting (von Hueheal, 2000), while the Cocos Ridge
section in the southeast, lacks bending relatelifigu Moreover, Ripket al (2002) show
considerable differences in serpentinization of upper mantle for the Cocos Plate for the
smooth segment in comparison with the seamountiqreyv In Nicaragua, the subducting
oceanic plate generated at the EPR shares chastctewith the oceanic plate offshore

northwestern Costa Rica in terms of origin, comj@sj age and thickness (Barckhaustn
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al., 2001; von Huenet al, 2000). Also, the tectonic fabric observed in patbtric data for
Nicaragua indicates the same magnitude of normalkirig of the outer rise observed
offshore Costa Rica by Raneebval (2003). For this section of the Cocos plate, Rigikal
(2002) estimate a 10 km thick serpentinized mdatter with a 5.5 wt% of water whereas for

central Costa Rica, a 5 km thick 2 wt%Hlayer is considered.

This considerable contrast in the serpentinizawérnthe upper mantle via bend-
faulting on the outer-rise indicates that the htettamantle may reach greater depths in
northwestern Costa Rica, thus accounting for tieatgr depth of the 3.15 Mgimone where
intra-plate seismicity nucleates. Offshore souttezas Costa Rica, the bending-related
faulting is absent and the structure of the ocegfate is heavily influenced by the Cocos
Ridge, which features a thickened crust with maximMoho depths of 21 km (Sallares
al., 2003; Walther, 2003). The anomalous thicknesthefCocos Ridge and the absence of
bending-related faulting near the trench may hinbderprocess of mantle serpentinization by
interaction with seawater. We suggest that thel@hiadepth to which intraslab seismicity is
observed northwest of the Osa Peninsula may btedeta a lower percentage of chemically
bound water in the slab due to a lack of mantl@esginization through bending related

faults.

The adakites found in southeastern Costa Ricawaastern Panama (de Boet al,
1991; Drummoncet al, 1995) have been linked to the melting of the edfyéhe slab by
means of interaction with hot mantle through eitheslab window (Abratis and Woérner,
2001; Johnston and Thorkelson, 1997) or a slabchetent (Gazekt al, 2011) below the
Costa Rican section of the Talamanca Range. Timsgpietations assume that the melting
takes place at the leading edge of the subductaiggenerating adakitic melts through the
interaction of the subducted oceanic crust with dlsthenospheric mantle underneath the

western section of the Talamanca Range. The slatiiment model requires a segment of
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the Cocos Plate slab to be absent and replacedtbgrespheric mantle. This detachment is
inconsistent with the primary model of the dengltgtribution in the lithosphere obtained

from the interpretation of the gravity data for smastern Costa Rica.

For this work, we propose a scenario in whichdleent Cocos Plate subducts with a
continuous slab in southeastern Costa Rica anchiohathe melting may take place through
interaction with mantle at the downdip projectiontiee Panama Fracture Zone, where the
lithospheric segmentation caused by the Cocos-Napcadary may allow the subducted
oceanic crust to come in contact with the mantlee presence of the westernmost adakite
outcroppings might be explained by the migrationhaf triple junction toward the southeast
proposed by DeMets (2001). According to Gagehl (2011), this is consistent with a 35
mm/y migration in the adakites as evidenced byatlpe progression established by means of
“OAR/*°Ar dating. (Bindemaret al, 2005) also mention the Panamanian adakites atial
to the Panama Fracture Zone. For adakites in ger@iralemanet al (2005) discuss the
possibility that their origin may not necessarily the melting of the slab and discuss two
alternative interpretations for adakite petrogemdsy means of melting processes in the
overriding plate. One alternative mechanism maythee re-melting of basalts or mafic
cumulates near the base of the crust while anosibenario, considered less-likely by
Bindemanet al. (2005), is the high-pressure crystallization—ddfgiation of wedge derived

calc-alkaline hydrous basaltic magmas.

-7

As mentioned before, the seismological data ptegein this work shows the
termination of possible slab-related seismicity alepth of approximately 70 km for the area
located northeast of the Osa Peninsula. The hypexseishow the presence of a steeply
subducting slab to that depth and have been usedristrain the geometry of the three-

dimensional density model. However, in the primaepnsity model, the continuity of the slab
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to a greater depth has been modeled without semgieal constraints. Considering the non-
uniqueness of the gravity modeling, it may be gassio find an alternative solution to the

existence of a steep slab in southeastern Costa Ric

A prior seismological model of the slab geometyyHwottiet al (1994) based solely
on routine located earthquake hypocenters regaiateaslab seismicity eastward of the end
of the Quaternary volcanic arc in Costa Rica. Tihygesent lack of registry of deep seismicity
coupled with the presence of a gap in Quaternatgamism and a OIB-type geochemical
signature for the volcanic rocks (Hoermteal, 2008), has led to several interpretations for its
source such as the presence of a slab window (&beatd Worner, 2001) or a slab
detachment (Gazeét al, 2011). Both of these alternative models do natsmter the
presence of the structure observed in receivertifume results from Dziermeat al (2011) in
which a steeply subducting slab is interpretedHtierarea east of the volcanic arc and beneath
the northern edge of the Talamanca Range. AlsoerDa et al (2011) tested several
alternative tectonic models for this area and coeghdhem with their receiver functions
results. From this comparison, they concluded #hsltb break-off at a depth shallower than
70 km is not plausible. However, Dzierranal (2011) consider that scattering signals may
be generated on the receiver functions and mayupgedimilar results if the Cocos Plate
subducts deeper than 70 km. Considering the antpigithe methods, the depth and extent
of slab-related seismicity, the possible effectsacdittering on the receiver function results
and the presence of the OIB signature in volcami&s of the Quaternary arc, we generated
an alternative model to the continuous slab, incwithe asthenosphere (with a density of

3.34 Mg/n) replaces the subducting slab (Fig. 5.8).
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Figure 5.8.Cross section of the alternative density modekim®ring a slab detachment at 80 km for the Cocos
ridge. The upper box shows the fit between the oreas(black) and calculated (red) gravity anomalies red
stippled line shows the calculated gravity anonfaly the alternate slab detachment model with thendlo
structure from Licke (2012). The lower box showss dlternative model assuming a slab detachmendeptn

of 70 to 80 km under the Talamanca region. Whifgktd line represents the location of the Moharfrolicke
(2012) constrained by receiver function resultarfrBziermaet al (2010). Blue dots show the location of
earthquake hypocenters obtained for this study.

In order to achieve a proper fit between the membkand the calculated gravity for
this alternative model, the 10 to 20 °L&/s" misfit caused by the absence of the downgoing
slab beyond approximately 80 km requires the rephent of lower crust material of the
overriding plate (2.90 Mg/fiy by lithospheric mantle material with a higher sién (3.32
Mg/m®), thus requiring a considerably shallower Moho K&8. Isostatic compensation along
the Talamanca range (which has the highest elexsabbthe southeastern Central American
isthmus) contradicts the possibility of a shallovoiM. According to the model Airy-type
isostasy modeling of the Moho depth carried ouDlajermaet al (2010) in the presence of
mass load from the Talamanca Range the Moho realdpks greater than 40 km. Receiver

function results from Dziermat al. (2010)show a Moho at 35 km for areas of intermediate
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topography and becomes deeper though less corstraelow the areas with the highest
topographic elevations. Regional three dimensideakity modeling by Licke (2012) shows

Moho depths between 32 and 36 km for the TalamBacege in Costa Rica and Panama.

-8

The gravity modeling and local earthquake relacatresults were successfully
interpreted in a joint model showing the three-disienal structure of the slab beneath Costa
Rica. The depth of the intraslab seismicity vafiesn ~220 km for the northwestern part of
Costa Rica, to 140 km for the central part and 3k for the southeastern region. The
depth reached by the intermediate density segnBehb Mg/n?) of the subducted oceanic
crust varies laterally along the Costa Rican sactad the convergent margin. The
progressively shallower depth at which the chamgef3.15 to 3.30 Mg/foccurs toward
the southeastern segment of the Costa Rican subdumine may be related to the initial

state of hydration of the lithosphere.

The two plausible models for the Costa Rican ssagtern Costa Rican subduction
zone derived from the joint gravity-seismologiaatierpretation are: (a) a steeply subducting
slab which becomes a-seismic at a depth of appeteiyn 75 km due to less mantle
hydration through serpentinization at the CocosgRidb) a slab detachment occurring at a
depth of 70 to 80 km and a shallow Moho undern&athmanca. The previously constrained
Moho depth and the inferred presence of a slaletsirer at the northern edge of the
Talamanca Range interpreted from receiver funct{@mermaet al, 2011) suggest that the

presence of a continuous slab is more likely.



A new, homogenous surface gravity database hasdwepiled for Costa Rica. This
gravity database is considered to be the statieeoit in onshore coverage of surface
stations for Costa Rica since it combines the puesty available gravity database for
Central America with data that has been newly seldafor academic research. The
limitations in coverage of the current surface dase for onshore Costa Rica were
identified by the assessment of the detail achideedocal scale 3D modeling in
Central Costa Rica. Offshore Costa Rica, the datkeated by the research ships
during the activities of the SFB574 in Central Aroarhas been included in the
database. This marine data provides comprehensixarage of the Middle American
Trench and the Pacific continental shelf. The nmeanreas on the Caribbean side of
Costa Rica were covered by open source data frodMAN@hich was thoroughly
vetted. The newly compiled on- and offshore datalveas used as a reference for the
comparison and assessment of the validity of thmbioed geopotential models for

the modeling of the solid earth.

The combined geopotential model EGM2008 has prdweme a viable and reliable
source for gravity data as input for the forwarddelong of the solid Earth. The
satellite-only models are a consistent databadentiag be used for interpretation of
the solid Earth on a global scale. However, forliappons on a regional scale for
areas like Central America, the input of the addil data in the form of satellite
altimetry and surface station data is needed twigeca better spatial resolution. For

the purpose of modeling the lithospheric densitycttire, a higher spatial resolution
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than the maximum resolution achieved by satellitg-onodels is required since even
the first order lithospheric discontinuities sughthe Moho and the subducting slab
were found to present significant heterogeneitias may result in gravity anomalies
with wavelengths shorter than 55 km. From the madegbrocess it was found that
even with the limitations in spatial resolutione tatellite component of the combined
models is a valuable input for areas lacking onsisoirface station coverage since the
interpretation of trends in the longer wavelengties been shown to provide
information on areas where large gaps in coverageesent. The interpretation of
these trends are also useful to identify areashichvaberrant values from gravity
prediction were included at the maximum spatiabl@son of the combined models
and may not have been otherwise specified. Ovettadl, use of the geophysical
anomaly (gravity disturbance) for the calculatidnBouguer anomalies onshore is
more consistent with the use of data from surfaaBosis when compared with the
geodetic anomaly (classical gravity anomaly) sitiee downward continuation from

the topographic surface to the geoid may be uriielism areas of high topography.

In this work, the first three-dimensional densitydel for the Central American
Isthmus has been presented. This model incorpotthiesavailable geophysical
constraints in the area and provides a three-diioealsinterpretation of the tectonic
models inferred from surface geology for the wesfaart of the Caribbean Plate. The
segmentation of the crustal basement along CeAtnglrica is reflected in the gravity
field and has been modeled successfully from theME@8 gravity data. The
contrast in the modeled density for the bounddretsreen the continental component
of the Chortis Terrane and the ultramafic oceanimmonent of the Mesquito / Siuna

Terrane is consistent with the observed gravitye boundary between the Mesquito /
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Siuna Terrane and the Caribbean Large Igneous i®\{CLIP) however, is not
immediately identifiable in the Bouguer anomaly hat been constrained by surface
geology and borehole data. This lack of contrasy tm@ due to the similarity in
density of the components of each unit.

Regarding the modeled boundary surfaces, the muctsres that are present
throughout most of the modeled area and have trst effect on the modeled gravity
are the Moho and the subducting slab. For the firsé for Central America, the
regional structure of the Moho has been interpreted forward modeling and
constrained by the integration of geophysical d@tee changes in the depth of the
Moho in the Cocos Plate follow the segmentationseduby the different origins of
the oceanic crust and the observed morpho-tectimitains on the oceanic plate. The
shallowest Moho depth (-8 km) is present to thehweest of the Rough-Smooth-
Boundary and corresponds to the Mid Ocean Ridgeal&aswhich are not
significantly affected by hotspot interaction. Treeamount segment features
intermediate depths and constitutes a transitiore 20 the deepest segment of the
Moho underneath the Cocos Ridge where it reachesistent depths between 18 and
22 km. Onshore, the Moho structures is heavilymriiced by the Quaternary volcanic
front, with a maximum depth of 44 km beneath theaha volcano in Guatemala.
Values of more than 40 km in depth are presenb#t bnds of the arc and a trend
toward a shallower Moho is observed for the Nicaeagsegment of the volcanic
front which shows the effects of crustal extensatomg the Nicaragua depression. On
the Caribbean side of the isthmus, the oceanicnbafgature a thickened crust
offshore Costa Rica and Panama (14 to 18 km) aifinadbe areas with the largest
crustal thickness, related to the Caribbean Lagyeedus Province, appear to be

present outside of the modeled area.
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The geometry and density distribution of the sultidgc Cocos Plate has been
modeled along the Middle American Trench, from @uala (16°N) to the Panama
Fracture Zone. The plate interface has been comstraby available wide-angle
seismic profiles, magnetotelluric information, lbearthquake seismic tomography
and receiver functions. The geometry of the subdgcslab has been further
constrained by earthquake hypocenters from glob&8GS), regional (CASC) and
local networks (RSN, OSIVAM, Boruca) with varyingvels of accuracy. This
seismological information was correlated in detath the density distribution of the
subducted oceanic crust for the Costa Rican seationhe margin. From this
correlation, a link between the initial state ofdhgtion of the oceanic plate and the
terminal depth of intraslab seismicity was investiggl. Furthermore, an alternative
model to the previous slab window / slab detachmietérpretations for the

convergent margin of southeastern Costa Rica hexs fa@posed.
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The regional structure of the Central Americanvasgent margin and the overriding
Caribbean Plate that has been modeled for thiserid®n provides an overview of the
boundary layers of important tectonic structurelse Tectonic processes that act upon this
modeled surfaces will be studied further by mednsatculation of the stress field (vertical
and normal stress) and stress anomalies whichtfesoi the characteristics of the geometry
of the boundaries, the density distribution of twerounding lithosphere and the regional

dynamic forces.

At the moment, the state of the static normal stigson the Cocos-Caribbean plate
interface (Fig. 6.1), has been calculated by camsig the geometry for the Costa Rican
subduction zone and the density distribution ofdlierriding plate described in chapter 5 of
this dissertation. The stress calculation takes atdcount the topographic load assuming a

2.67 Mg/n? density for the masses above the geoid.

The absolute stress, calculated as a vector wiiagloimal to the plate interface, is
dominated by the increase in lithostatic pressuitd wepth. This provides a quantifiable
parameter on the stress distribution on the subtustab but makes the interpretation of the
local effects of the changes in geometry and dgssiticture difficult. The absolute value of
the normal stress (or similarly, the calculatiortiod vertical stress at a given level) provides
an important tool for determining the pressure petars as boundary conditions for
applications such as petrological modeling. Albe, $tate of stress at the plate interface may
provide information for the further understandindg the conditions under which
mineralogical changes, due to metamorphic dehyarattactions occur in the subduction
zone géensuHackeret al, 2003 and Raneret al, 2005) and the way they affect intermediate

depth seismicity.
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Figure 6.1. Magnitude of the absolute normal stresy ©n the subducted Cocos slab an its relation &pde
(>30 km) intraslab seismicity (colored circles) frahe seismological database described in chapt&iah
reference surface from chapter 5 of this work. ©org every 500 MPa. Gray lines depict the coastline

The calculation of stress anomalies by subtractimg influence of the lithostatic
pressure, may provide information on the possibbésgnce of asperities along the subduction
zone. By considering the normal stress field gerdrdoy a reference body with a given
density, it is possible to partially eliminate th#ects of the depth gradient caused by the

lithostatic pressure and focus on the effect chlbeterogeneities.

Figure 6.2 shows the results of the anomalies ef tbrmal stress, obtained by
subtracting the normal stress field generated bgference body with a constant density of
3.32 Mg/ni. The resulting stress anomalies were integratéd the database of earthquake

hypocenters presented in chapter 5.
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Figure 6.2. Normal stress anomaly on the Cocos Plate anduhdusted slab, calculated by subtracting the
mean normal stress with a reference density of 8182’ for the 3D model (2.67 Mg/frdensity for the
topography). Slab reference surface from chaptertbis work. Colored circles show the earthquapieenters
from the joint database described in chapter Tfista Rica. Gray lines depict the Coastline.

The distribution of intraplate seismicity for the$ia Rican subduction zone shows a
spatial correlation with the presence of the higlstiess anomalies on the plate interface.
The presence of these high normal stress anomalidee order of 50 MPa relative to the

reference body, correlate with the terminationeptti of the intraplate seismicity.

Taking into account the density of the referencdyb¢8.32 Mg/n), the change from
positive values to negative values in the magnitfdée stress anomalies indicates the level
at which the negative normal stress anomalies fitwrcrustal material reach an equilibrium
with the higher stress created by the asthenosphwaterial. This state is reached when the
effect of the lower crustal densities is compersgdig the higher densities of the lower

mantle which consequently should occur at a depttated below the lithosphere-
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asthenosphere boundary. However, the effect ofgjpegraphic load may be large enough to
offset this equilibrium. This is the case for threaabeneath the Talamanca region of Costa
Rica where the stress anomalies relative to aeefer body with a density of 3.32 Mg/m
become positive approximately at the depth conbd @0 km for the slab, between 10 and 15
km shallower than the lithosphere-asthenospheradsy. This is observed in areas where
the Moho is constrained by receiver functions and&ismic tomography which provide

appropriate constraints on the crustal thickness.

Although a correlation between the terminal depthhe seismicity and the level of
compensation of the normal stress anomalies reladtvan upper mantle density can be
observed, the interpretation of the mechanism bychvhhe stress may play a role in
controlling this depth is still not clear. The jbimterpretation of the static stress with
seismological information, dynamic models, and elation with the analysis of flexural
rigidity, may provide valuable information for thessessment of seismological hazards.
Furthermore, the calculation of the effect of thpdagraphic load and the density distribution

in the upper crust may provide information on iasgtin the region.

Another important boundary surface to considereirms of static stress is the Moho.
The calculation of the static stress upon thisasm@fyields information on the combined
effect of the geometry of the boundary and the amsitjpn of the masses above it. Figure 6.3
shows the results obtained for the absolute vérstass on the surface, modeled for the
Moho and described in chapter 4. In this case #rgcal load imparted on the Moho by the
topography is considered by assigning a densit®.87 Mg/n? to the material between the
geoid and the height of the gravity station. Thkuega obtained are thus dependant on the

depth to the Moho, the topography, and the massliison modeled for the Earth's crust.
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Figure 6.3. Magnitude of the absolute vertical stresg) (calculated at the Moho for the Cocos, Nazca, and
Caribbean plates in the modeled region (2.67 Mglemsity for the topography). Moho structure and eftod
densities from chapters 4 and 5 of this work. Girags depict the Coastline.

The regional density model coupled with the toal tlee calculation of static stress,
enable the possibility of obtaining quantifiabléhdistatic pressure parameters either at a
given modeled boundary layer (e.g. Moho) or at mstant depth. This parameters allow to

constrain conditions under which metamorphic andmmetic processes occur

Regarding the implementation of new sources o& dat the interpretation of the
lithospheric density distribution in the region,etlexisting model will be improved by
incorporating gravity data from the GOCE missionakihwill provide a better resolution for
the satellite-only component (longer wavelengtAshough the latest geopotential model to
date, the EIGEN-6C (Forstet al, 2011) already incorporates gravity data deriviesnf
GOCE, it already operates at the present techhidahtions for a satellite mission. For this

reason, the spatial resolution of the combined gtatial models at the shortest wavelengths
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is still dependent on the availability of surfacatal For this reason, the maximum spatial

resolution has not improved relative to EGM2008v(RBeet al, 2008).

Taking into account the intrinsic limitations ofogind access for the purpose of
acquiring surface gravity data in the Central Armami region, and the present limitations in
terms of spatial resolution posed by measuringgtlawity field from orbit, an intermediate
level of measurement is required. Currently, adednplans are in place to carry out an
airborne gravity campaign in Costa Rica. Such @atguisition campaign may provide the
required compromise between spatial resolutioncaverage of gravity data, as well as solve

the uncertainties posed by the quality and proveman the available surface data.

Furthermore, the implementation of gravity gradsegither from satellites (GOCE) or
airborne measurements in the modeling of the sBAdh must be studied. The regional
density model will also provide a framework for taealysis of the effects of large scale
structures (e.g. Slab, Moho) on the measured gréeitd and contribute to the understanding
of the sources of the signals and the significaotehe coefficients and degree of the

spherical harmonics in the calculation of the camedigeopotential models.
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