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Abstract

The release of fluids in subduction zones is believed to be an important process con-
trolling earthquakes both in the downgoing plate and in the seismogenic megathrust fault
zone. Depending on the depth of slab dehydration, water may nurture rupture propaga-
tion and trigger arc magmatism. Growing number of geophysical evidence suggest that
alteration and hydration of the oceanic plate is most vigorous at the trench-outer rise,
where extensional bending-related faulting affects the hydrogeology of the oceanic crust
and mantle. To better understand the processes of hydration and alteration affecting the
oceanic lithosphere prior to and during subduction, I have studied the seismic velocity

structure of the oceanic Nazca plate offshore of southern central Chile.

A combination of swath bathymetric, wide-angle and reflection seismic data was used to
derive 2D velocity-depth models, using joint refraction and reflection travel-time tomogra-
phy along two main corridors: (i) offshore Isla de Chiloe (~43°S) and (ii) southern Arauco
peninsula (~38°S). The study area corresponds to the southern central accretionary Chile
margin, where the trench is heavily filled with up to 2.2 km of sediments. The velocity
models show P-wave velocities typical for mature fast-spreading crust in the seaward sec-
tion of the profiles, with uppermost mantle velocities as fast as 8.3-8.4 km/s. Approaching
the Chile trench seismic velocities are significantly reduced, however, suggesting that the
structure of both the oceanic crust and uppermost mantle have been altered, possibly
due to a certain degree of fracturing and hydration. The decrease of the velocities roughly

starts at the outer rise; ~100 km from the deformation front, and continues into the trench.

Anomalously low heat flow values near outcropping basement highs were founded at
the outer rise offshore Isla de Chiloe, suggesting an efficient inflow of cold seawater into
the oceanic crust. Hydration and crustal cracks, activated by extensional tectonic stresses,
are suggested to govern the reduced velocities in the vicinity of the trench. Considering
typical flow distances of 50 km, water might be redistributed over most of the trench-outer
rise area. In addition, Poisson’s ratios at the lowermost crust and uppermost mantle reach
values of ~0.26 and ~0.29, respectively. These features can be explained by an oceanic

crust partially weathered, altered and fractured. Relatively high Poisson’s ratios in the
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uppermost mantle may be likely related to partially serpentinized mantle. On the other
hand, the comparison of the uppermost mantle P-wave velocities at the crossing point
between perpendicular profiles at ~43°S (~90 km seaward from the trench axis) reveals a

low degree of P, anisotropy (<2 %).

Offshore southern Arauco peninsula, the Mocha Fracture Zone is obliquely subducting
underneath the South American plate and coincides with an area of even slower velocities
and thinning of the oceanic crust (10-15 % thinning), suggesting that the incoming fracture
zone may enhance the flux of the chemically-bound water into the subduction zone. The
low P, velocities found in the outer rise area span along the subducting plate and reach a
maximum depth of 6-8 km in the uppermost mantle, suggesting that as the oceanic plate
subducts at the trench, bending and faulting continues to affect the oceanic lithosphere.
The restoring to 'normal’ mantle velocities of ~8.4 km/s coincide with the 400-430°C
isotherm. This depth is interpreted as the depth limit of hydro-alteration within the

upper part of the oceanic lithosphere, where extensional stresses dominate.



Zusammenfassung

Die Freisetzung von Fluiden in Subduktionszonen gilt als ein wichtiger Prozess, der
die Erbeben sowohl in der abtauchenden Platte als auch in der seismogenen Megathrust-
Bruchzone steuert. In Abhéngigkeit von der Entwéserungstiefe der abtauchenden Platte
kann Wasser die Ausbreitung von Briichen férdern und Bogenmagmatismus auslésen. Geo-
physikalische Anzeichen legen zunehmend nahe, dass die stéarkste Verdnderung und Hy-
dration der ozeanischen Platte im Tiefseegraben-Outer Rise vorkommt, wo ausdehnende
Biegungsbriiche die Hydrogeologie von ozeanischer Kruste und Mantel beeinflussen. Um
die Hydrations- und Verénderungsprozesse, die die ozeanische Lithosphére beeinflussen,
vor und wahrend der Subduktion besser zu verstehen, habe ich die Geschwindigkeitsstruk-

tur der ozeanischen Nazca-Platte vor Stid-Zentral-Chile untersucht.

Eine Kombination von Facherecholot-Bathymetrie und seismischen Weitwinkel- und
Reflexionsdaten wurde verwendet, um 2D-Geschwindigkeitsmodelle unter Benutzung von
gemeinsamer Refraktions- und Reflexionslaufzeittomographie entlang zweier Hauptkorri-
dore, (i) vor der Chiloe Insel (~43°S) und (ii) vor der siidlichen Arauco-Halbinsel (~38°S)
herzuleiten. Das Arbeitsgebiet entspricht dem siidlichen zentralen akkretiondren Chile
Margin, wo der Tiefseegraben mit bis zu 2,2 km méchtigen Sedimenten gefiillt ist. Die
Geschwindigkeitsmodelle zeigen P-Wellengeschwindigkeiten typisch fiir vollentwickelte schnell-
spreizende Kruste in der seewértigen Sektion der Profile, von bis zu 8,3-8,4 km /s im oberen
Mantel. Zum Chile-Tiefseegraben hin sind die seismischen Geschwindigkeiten jedoch erhe-
blich reduziert, was auf eine verdaderte Struktur sowohl der ozeanischen Kruste als auch des
oberen Mantels hinweist, moglicherweise durch einen bestimmten Grad der Zerkliiftung
und Hydration hervorgerufen. Die Abnahme der Geschwindigkeiten beginnt grob am
Outer Rise ~100 km vor der Deformationsfront und setzt sich bis in den Tiefseegraben

fort.

Ungewohnlich niedrige Warmestromwerte in der Nahe von anstehendem Krustengestein
wurden am Outer Rise vor Chiloe Insel gefunden, was auf ein effizientes Einstrémen von
kaltem Meerwasser in die ozeanische Kruste hinweist. Hydration und durch tektonischen

Dehnungsspannung hervorgerufene Krustenrisse werden als Ursache fiir die reduzierten

vii
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Geschwindigkeiten in der Umgebung des Tiefseegrabens angesehen. Mit typischen Ausbre-
itungsdistanzen von 50 km kann Wasser tiber den Grofiteil des Gebiets vom Tiefseegraben-
Outer Rise umverteilt werden. Auflerdem erreichen die Poisson-Zahlen in der untersten
Kruste und im oberen Mantel Werte von ~0,26 bzw. ~0,29. Diese Merkmale kénnen
durch teilweise verwitterte, verdnderte und zurkliiftete ozeanische Kruste erklart werden.
Relativ hohe Poisson-Zahlen im oberen Mantel kénnen wahrscheinlich mit einem teiweise
serpentinisierten Mantel in Beziehung gesetzt werden. Auf der anderen Seite zeigt ein
Vergleich der oberen Mantelgeschwindigkeiten an den Kreuzprofilen bei ~43°S (~90 km

seewirts von der Tiefseegrabenachse) einen geringen Grad von P,,-Anisotropie (<2 %).

Vor der stidlichen Arauco-Halbinsel subduziert die Mocha-Bruchzone schriag unter die
siidamerikanische Platte und {iberschneidet sich mit einem Gebiet von noch langsameren
Geschwindigkeiten und verdiinnter ozeanische Kruste (10-15% diinner), was darauf hin-
weist, dass die hereinkommende Bruchzone den Fluss von chemisch gebundenem Wasser
in die Subduktionszone verstarkt. Die niedrigen P,-Geschwindigkeiten am Outer Rise
breiten sich entlang der subduzierenden Platte aus und erreichen eine Maximaltiefe von
6-8 km im obersten Mantel, was anzeigt, dass wahrend die ozeanische Platte am Tief-
seegraben subduziert das Biegen und Brechen weiter fortschreitet und die ozeanische
Lithosphére beeinflusst. Das Zuriicksetzen zu 'normalen’ Mantelgeschwindigkeiten auf
~8,4 km/s fallt mit der 400-430°C-Isotherme zusammen. Diese Tiefe wird als die untere
Grenze der Hydroverwitterung des oberen Teils der ozeanischen Lithosphére interpretiert,

wo Dehnungsspannungen vorherrschen.



Resumen

Se piensa que la deshidratacién de la placa oceanica durante subducién es un impor-
tante proceso que controla terremotos tanto en la placa subductante como en la zona sis-
mogénica. Dependiendo de la profundidad de deshidratacion de la placa subductante, agua
expulsada puede gatillar ruptura e inducir arco magmatismo. Recientes estudios geofisicos
en zonas de subducién sugieren que procesos de alteracién e hidratacién afectando la placa
oceanica son mas vigorosos en el outer rise, donde procesos de fallamiento inducidos por
la flexién de la placa afectan la hidrogeologia de la corteza y el manto ocednico. Con el
objeto de entender mejor los procesos de evolucién de la litosfera oceanica antes y durante
su subducién, he estudiado la estructura sismica de la placa ocednica de Nazca en la costa

del sur-centro de Chile.

Datos batimetricos, sismicos de refracciéon de gran dngulo y reflecciéon fueron combi-
nados para obtener modelos bi-dimensional de velocidad y profundidad a través de una
inversion conjunta de tiempos de llegadas de refracciones y refleciones a lo largo de dos
perfiles: (i) en la costa de la Isla de Chiloé (~43°S) y (ii) en la costa sur de la peninsula
de Arauco (~38°S). El drea de estudio corresponde al margen acrecionario del sur-centro
de Chile, donde la fosa esta pesadamente llenada con un méaximo espesor de 2,2 km de
sedimentos. En la parte occidental del perfil, el modelo de velocidad muestra que las
velocidades de onda P son caracteristicas de una corteza ocednica generada en una dorsal
con rapida tasa de expansion, en donde las velocidades del manto superior son tan rapidas
como 8,3-8,4 km/s. Sin embargo, mas préximo a la fosa, una significativa reduccién de
velocidades sismicas es observada, lo cual sugiere que la estructura de la corteza y el
manto ocednico han sido alterada, lo cual es posiblemente debido a un cierto grado de
fracturamiento e hidratacién. La reduccién de velocidades empieza aproximadamente en

el outer rise, ~100 km mar adentro del frente de deformacién, y se expande hacia la fosa.

Bajas y anémalas medidas de flujo caldrico cerca de un alto de basamento fueron en-
contradas en el outer rise en la costa de la Isla de Chiloé, lo cual sugiere una eficiente
infiltracion de agua fria dentro de la corteza ocednica. Las bajas velocidades encontradas

en la vecindad de la fosa son interpretadas como procesos de hidratacién y activacién

X
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de fisuras corticales debido al fallamiento asociado a la flexién de la placa. Agua podria
estar siendo re-distribuida en la mayor parte de la regién del trench-outer rise si se con-
sideran tipicas distancias de circulacién hidrotermal dentro de la corteza superior (~ 50
km). Ademds, razones de Poisson en el fondo de la corteza inferior y borde superior del
manto alcanzan valores de ~0,26 y ~0,29, respectivamente. Estos valores pueden ser ex-
plicados como el resultado de una corteza ocednica considerablemente hidratada, alterada
y fracturada. Relativas altas razones de Poisson en el manto superior reflejan que este
podria estar parcialmente serpentinizado. Por otra parte, la comparasién de ondas P de
velocidades en el manto superior entre dos perfiles sismicos perpendiculares localizados a
~43°S (~90 km mar adentro de la fosa) revela un bajo grado de anisotropia del manto

superior (<2 %).

En la costa sur de la peninsula de Arauco, la zona de fractura Mocha se encuentra
oblicuamente subduciendo bajo la placa Sudamericana y coincide con un area de veloci-
dades sismicas atin més bajas y un adelgazamiento de la corteza ocednica (10-15 % de
adelgazamiento), lo cual sugiere que la presencia de la zona de fractura podria aumentar
la cantidad de fluidos que son transportados hacia la zona de subduccién. Bajas veloci-
dades en el manto superior fueron encontradas en el drea del outer rise y también a lo
largo de la placa subductante con una profundidad maxima de 6-8 km en el manto su-
perior. Esto sugiere que procesos de flexién y fallamiento continian afectando la placa
oceanica, la cual ya fue debilitada y alterada antes de empezar a subducir. La restauracion
de velocidades "normales” en el manto (~8,4 km/s) es alacanzada a una profundidad que
coincide con la isoterma de 400-430°C. Esta maxima profundidad es interpretada como la
profundidad limite del frente de hidro-alteracién dentro de la parte superior de la litosfera

ocednica, la cual es dominada por un régimen extensional de estreses.
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Chapter 1

Introduction

The release of fluids from the oceanic subducting slab has been inferred both to trigger
the formation of magmatic arcs [Gill, 1981; Ulmer and Trommsdorff, 1995] and to induce
intraslab intermediate-depth earthquakes [Peacock, 2001; Tibi et al., 2002]. Dewatering of
subducting sediments leads to hydration of the mantle wedge at depths < 20 km [ANCORP
Working Group, 1999, Ruepke et al., 2004]. Methamorphic dehydration processes of the
subducting oceanic crust increase pore pressure and decrease effective confining pressure,
thereby promotting intraslab seismicity (~60-80 km depth) [Peacock, 2001; Hacker et al.,
2003]. Similarly, at depths > 100 km, the subducting lithospheric mantle dehydrates
[Ruepke et al., 2004] and trigger intraplate seismicity [Yuan et al., 2000; Peacock, 2001].
Typically at these depths (~ 100 km) the released fluids cause partial melting and lead to
arc volcanism [Ruepke et al., 2004]. In this regard, the amount of volatiles stored within

the subducting oceanic lithosphere play a crucial role on the subduction zone water cycle.

The amount of fluids stored within the incoming/subducting oceanic plate is linked to
the processes of hydration and alteration experienced during its lifetime (before subduc-
tion). Hydration and alteration commence at the genesis of the oceanic lithosphere at the
mid-ocean ridge. Oceanic lithosphere created at slow spreading centres is characterized by
an oceanic crust and uppermost mantle pervasively fractured and hydrated [e.g., Carbotte
and Scheirer, 2004]. In contrast, oceanic lithosphere created at moderate to fast spreading
mid-ocean ridges, such as most of the oceanic plates consumed at Circumpacific subduc-
tion zones, are characterized by pervasive fracturing and hydrothermal activity largely
confined to upper crustal levels [e.g., Carbotte and Scheirer, 2004; Karson, 1998]. Lower
crust and mantle rocks are therefore relatively dry and undeformed. However, growing
number of observational evidence suggest that this condition of relative "dry” and ”un-
deformed” oceanic lithosphere can be dramatically perturbed at the outer rise seaward of
a trench [Peacock, 1990; Ranero et al., 2003; Grevemeyer et al., 2007]. These authors

have suggested that much of the hydration will occur at the trench-outer rise area, when

9
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reactivated shallow faults and new faults, grow to penetrate across the crust into the upper

mantle.

The outer rise is formed when the oceanic lithosphere approaches a subduction zone
and bends upwards by the plate stresses, thus a prominent outer bulge seaward of the
trench axis is formed. The bending of the plate is associated with tension in the upper
part of the lithosphere, where outer rise earthquakes, caused by tensional failure induced
by the bending of the oceanic plate are common [Chapple and Forsyth, 1979; Clouard
et al., 2007; Lefeldt and Grevemeyer, 2008]. Most of the near-trench intraplate earth-
quakes show normal-fault focal mechanisms, consistent with mapped bending-related nor-
mal faults [Ranero et al., 2005]. Outer rise earthquakes are possibly linked to the rupture
of the upper oceanic lithosphere [Kanamori, 1971; Christensen and Ruff, 1983], creating
a pervasive tectonic fabric of horst-and-graben structures that may cut across the crust
le.g., Masson, 1991], penetrating deep into the uppermost mantle [Ranero et al., 2003].
This process may lead to a large scale formation of serpentinite in the upper mantle of
the downgoing plate [Peacock, 1990; Ranero et al., 2003]. Hydration of the mantle litho-
sphere at the outer rise can, potentially, more than double the amount of water carried
by the downgoing slab [Ruepke et al., 2004]. Ranero et al. [2003; 2005], and Ranero and
Sallares [2004] have suggested that the isotherm of 600°C (the depth limit of the brittle
lithosphere) corresponds to a good proxy for the maximum depth of mantle’s alteration.
However, this depth as a limit for the lithospheric hydro-alteration has not yet been con-
strained by active seismic studies. Estimating the maximum depth of hydro-alteration is
important to quantify the water input into the subduction zone, and hence its impact on

intra-slab seismicity and arc magmatism.

The percolation of large amounts of fluids alter dramatically the chemical composition
and seismic structure of the oceanic lithosphere. According to Christensen, [1996], dry
peridotite rocks have typical seismic velocities faster than 8.2 km/s at 200 MPa (typical
Moho depths), with increasing degree of serpentinization seismic velocities are forced to
change to ~4.7 km/s in serpentinite. Partially serpentinized peridotites have seismic ve-
locities that fall between these limiting values. Usually, in-situ measurements of seismic
velocities through wide-angle seismic experiments do not represent a direct quantification
of the degree of hydration. This is due to the fact that the increase of fracture poros-
ity of the oceanic lithosphere also change considerably its seismic structure. Fracturing
and hydration are processes acting simultaneously and it might be difficult to separate
their effects on seismic properties. Nevertheless, measuring of anomalously low seismic
velocities in subduction zones provides crucial information for hydro-alteration processes

within the oceanic lithosphere, and provides an upper bound for the degree of hydration.
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In addition, mapping of the spatial distribution of the low velocity zones provides im-
portant information regarding the processes which lead to hydro-alteration of the oceanic

lithosphere.

1.1 Outline and objectives of the thesis

This dissertation focuses on the study of the evolution of seismic properties of the
oceanic Nazca plate prior to and during subduction offshore of southern central Chile.
This region hosted the greatest ever recorded 1960 Chilean earthquake (M,,=9.5) [Ci-
fuentes et al., 1989; Barrientos and Ward, 1990; Cisternas et al., 2005], which propagated
for more than 900 km starting at ~38°S and stopping at ~46°S (Figure 1.1). In this
region, seismic data were acquired on board of the German vessel R/V Sonne during the
course of the TIPTEQ (from The Incoming Plate to mega-Thrust EarthQuakes process)
project [Scherwath et al., 2006a]. The seismic refraction experiment consists of five ma-
jor corridors (Figure 1.1). All transects were covered with seismic wide-angle refraction,
vertical incidence reflection data, and the northern four transects also featured with heat
flow measurements either on or near the lines. In addition, the seafloor was mapped
throughout the entire survey area using a multibeam system [Scherwath et al., 2006a].
For the propose of this thesis, the two northernmost corridors were processed in order to
characterize the seismic structure of the oceanic Nazca plate (see Figure 1.1 for location).
A combined analysis of seismic reflection and wide-angle and refraction data was applied
to derive 2D velocity models using joint refraction and reflection travel-time tomography
[Korenaga et al., 2000].

In chapter 2, I studied the seismic structure of the incoming Nazca plate prior to sub-
duction offshore Isla de Chiloe (corridor 2 in Figure 1.1). Here, the trench is filled with
up to ~2.2 km of sediments and the plate age at the trench axis is ~14.5 Ma [Tebbens et
al., 1997]. Turbidites fill the whole trench basin and flow seaward up to ~200 km from
the trench axis. Thus the top of the igneous crust in the trench-outer rise area is well
covered by sediments. Sediment thickness on top of the igneous oceanic crust is believed
to be an important parameter controlling the local hydrogeological regime of the oceanic
lithosphere. The sedimentary cover is though to limit seawater from communicating with
the underlying oceanic crust and thus limit hydration. However, Fisher et al., [2003b]
demonstrated that circulation through basement outcrops separated up to 50 km can be
sustained. In this chapter, I studied the interrelationship between sedimentary cover and
hydration. To achieve this, I have integrated seismic refraction and wide-angle data, com-
plemented by seismic reflection imaging of sediments together with heat flow data in order

to study the hydrothermal activity and its impact on seismic velocities at the trench-outer
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rise area.

An additional key parameter for understanding hydration and faulting mechanisms is
the Poisson’s ratio. Offshore Isla de Chiloe, a short term array (STA1) composed by a
series of short wide-angle seismic profiles was installed at the outer rise (Figure 1.1). Here,
P- and S-waves of excellent quality were recorded, additionally providing the opportunity
to map the Poisson’s ratio structure of the oceanic lithosphere. I performed two indepen-
dent P- and S-waves travel time tomographies to construct a 2D Poisson’s ratio model at
the outer-rise region. The results are presented in chapter 3, and are discussed in terms
of cracks and hydration mechanisms. In addition, seismic information recorded along two
perpendicular crossing wide-angle profiles provide the opportunity to study seismic man-
tle anisotropy in the outer rise region. These results are compared with measurements

obtained by refractions experiments performed seaward from the outer rise area.

In chapter 4, I present a 2D velocity model along corridor 1 (Figure 1.1). The seismic
stations sited on the seaward section of the profile were deployed during the course of
the TIPTEQ project. In order to study the seismic structure of the oceanic Nazca plate
during subduction, I have extended the velocity model landward of the trench (up to the
coast) using seismic data acquired during the course of the SPOC (Subduction Process
Off Chile) project. Some stations sited on the continental shelf recorded mantle refrac-
tions of long offsets (>100 km) imaging the subducting oceanic mantle. This data set
provides information regarding the depth limit of the hydro-alteration front within the
oceanic lithosphere. These results are crucial to asses the amount of water carried for the
downgoing slab to the deeper subduction zone, and the impact of the incoming lithosphere

on seismogenesis.

In chapter 5, I discussed and summarized the main results of the dissertation. In
addition, the results of this thesis are compared with other seismic studies carried out in
the outer-rise areas offshore northern and central Chile and middle America. This thesis
work also left several open issues that should be addressed in the future throughout new

studies, as proposed in the outlook of this dissertation.
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Figure 1.1: Map of TIPTEQ working area with all new TIPTEQ corridors plus the 2001 SPOC profile.
High resolution bathymetry of the area were acquired during TIPTEQ and SPOC cruises, and
from Bourgois et al., [2000].
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The chapters 2-4 have been written as stand-alone scientific papers. Chapters 2 and 3
are already published in Geochemistry, Geophysics, Geosystems (G-cubed) ! and in Geo-
physical Journal International 2, respectively. In chapter 4, the results along corridor 1
regarding to the oceanic lithosphere are presented and were extracted from a third pa-
per entitled ” Upper lithospheric structure of the subduction zone offshore southern Arauco
Peninsula, Chile at ~ 38°5” 3, which was accepted in April, 2008 in Journal of Geophys-
ical Research. This paper shows additionally the seismic results of the southern central

Chile continental margin, which are presented in the Appendix D.

LContreras-Reyes, E., I. Grevemeyer, E. R. Flueh, M. Scherwath, and M. Heesemann (2007), Alteration
of the subducting oceanic lithosphere at the southern central Chile trench-outer rise, Geochem. Geophys.

Geosyst., 8, Q07003 doi:10.1029/2007GC001632.
2Contreras-Reyes, E., I. Grevemeyer, E. R. Flueh, M. Scherwath, and J. Bialas (2008), Effect of trench-

outer rise bending-related faulting on seismic Poisson’s ratio and mantle anisotropy: a case study offshore

of southern central Chile, Geophys. J. Int, 173, 142-156.
3Contreras-Reyes, E., I. Grevemeyer, E. R. Flueh, and C. Reichert (2008), Upper lithospheric struc-

ture of the subduction zone offshore southern Arauco Peninsula, Chile at ~ 38 °S, J. Geophys. Res,
doi:10.1029/2007JB005569, in press.
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1.2 Regional plate tectonics

The oceanic Nazca plate currently subducts at ~6.6 cm/yr beneath South America
with a relatively high convergence azimuth of ~78°E [Angermann et al., 1999]. Nazca
plate was formed at two different spreading centers: north of the Valdivia Fracture Zone
(FZ) the oceanic lithosphere was formed at the Pacific-Farallon spreading center more
than 20 Myr ago [Mueller et al, 1997], whereas south of the Valdivia FZ it was created
at the Chile Rise within the past 20 Ma [Herron, 1981] (Figure 1.3). The boundaries of
the two parts of the Nazca plate are defined by the onset of the Mocha FZ in the north
and the Valdivia FZ in the south. Mocha FZ is currently obliquely subducting at ~38°S
(Figure 1.2), and corresponds roughly to the northern limit of the rupture area of the
largest ever recorded 1960 Chile earthquake [Cifuentes, 1990]. The age of the oceanic
Nazca plate [Tebbens and Cande., 1997; Mueller et al., 1997] along the Peru-Chile trench
increases from 0 Ma at the Chile Triple Junction (CTJ) with the Antarctic and South
American plates (~46.4°S) to a maximum of ~48 Ma around 20°S (Figure 1.3). North of
this latitude, the continental margin changes its orientation from NNE to NW, a feature
known as the Arica bend. Further to the north, the plate age decreases along the trench
up to ~28 Ma at 5°S.

Fracture zones cut the Chile Rise into several segments (Figure 1.2), resulting in abrupt
changes of thermal states along the plate boundary. These segments bounded by these
FZs are roughly parallel to the trench strike (Figure 1.2). The Antarctic plate moves
at ~1.8 cm/yr and it is fairly perpendicular to the trench between ~46 and 53°S, but
south of this, it is quite oblique to the margin [DeMets et al., 1990]. The CTJ is moving
northward [Cande and Leslie, 1986], and volcanism along the austral Andes south of the
Triple Junction is less active than in the northern segment but extends essentially to the

tip of South America.
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Figure 1.2: Geodynamic setting of Nazca, Antarctic, and South American plates. These plates join at
the Chile Triple Junction (CTJ), where the Chile Rise is currently subducting at ~46.4 °S.
The oceanic Nazca plate is segmented by several fracture zones (FZs), resulting in a strong
variability of the age of the subducting plate. The heavily sedimented south-central Chilean
trench is confined between two main oceanic features: the Juan Fernandez Ridge and the Chile

Rise.
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Figure 1.3: Black contour lines in the offshore region are isochrones of the oceanic Nazca plate [Mueller et

al., 1997] with ages in million of years.

1.3 Southern central Chile: a heavily sedimented margin

The southern central Chile trench between 34°S and 45.5°S is a heavily sedimented, the
result of sediments delivered by the rivers and rapid glaciation denudation of the Andes
[Thornburg et al., 1990; Bangs and Cande, 1997; Bourgois, 2000]. Sediment transport from
the continent to the trench is controlled by submarine landslides, submarine canyons, and
turbidity currents [Voelker et al., 2006]. Within the trench, turbidites migrate to the
north as the seafloor depth becomes deeper with the plate age (Figure 1.3). Figure 1.4
shows the depths of the seafloor and top of the oceanic basement at the Chile trench
axis between 20° and 48°S. The seafloor is only 3 km-depth in the vicinity of the incoming
Chile Rise, where the plate age is 0 Ma. Here, the trench fill is almost devoid of sediments,

which is explained by the migration of the sediments towards the south and north due
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to topographic gradients of the oceanic basement. As the oceanic plate becomes older to
the north, seafloor depth increase rapidly reaching a depth of ~3.5 km at 33°S and ~5.8
km at 33°S (Figure 1.4). The trench fill thickness between 34° and ~45°S ranges between
1.5 and 2.5 km, while north of the Juan Fernandez Ridge (JFR) sedimentary thickness is
only about 0.4-0.5 km [von Huene et al., 1997]. Further northward, the trench deepens
progressively to 8 km off Antofagasta at ~22°S and has little sediment fill (Figure 1.4).
The JFR behaves like a barrier for trench turbidites transport separating a sediment-
starved trench axis to the north from a sediment-flooded axis to the south [Flueh et al.,
1998; von Huene et al., 1997]. The shallow and buoyant Chile Rise ”displaces” sediments
to the north, confining thus between these two main oceanic features a thick sedimentary

cover along the southern central Chile trench (Figure 1.4).

Erosive margin

Accretionary margin Chile
- B Rise
Juan
2 Fernandez l —2
34 Erosive margin Ridge | 5

Latitude [S]

< : top of the oceanic crust

Figure 1.4: The seafloor depth was taken from the high resolution bathymetry data. Trench fill thicknesses
were taken from [von Huene and Ranero , 2003] in north Chile, [von Huene et al., 1997; Flueh
et al., 1998] in central Chile, [Diaz-Naveas, 1999; Scherwath et al., 2006a, Voelker et al., 2006]
in south-central Chile, and [Burgois et al., 2000] in south Chile.



Chapter 2

Alteration of the subducting
oceanic lithosphere at the
southern central Chile

trench-outer rise

Hydrothermal circulation and brittle faulting processes affecting the oceanic litho-
sphere are usually confined to the upper crust for oceanic lithosphere created at interme-
diate to fast spreading rates. Lower crust and mantle rocks are therefore relatively dry and
undeformed. However, recent studies at subduction zones suggest that hydration of the
oceanic plate is most vigorous at the trench-outer rise where extensional bending-faulting
affects the hydrogeology of the oceanic crust and mantle. To understand the degree of
hydration, we studied the seismic velocity structure of the incoming Nazca plate offshore
of southern central Chile (~ 43°S); here the deep-sea trench is heavily filled with up to
2 km of sediments. Seismic refraction and wide-angle data, complemented by seismic
reflection imaging of sediments, are used to derive a 2D velocity model using joint re-
fraction and reflection travel time tomography. The seismic profile runs perpendicular to
the spreading ridge and trench axes. The velocity model derived from the tomography
inversion comnsists of a ~ 5.3-km thick oceanic crust and shows P-wave velocities typical
for mature fast-spreading crust in the seaward section of the profile, with uppermost man-
tle velocities as fast as ~ 8.3 km/s. Approaching the Chile trench seismic velocities are
significantly reduced, however, suggesting that the structure of both the oceanic crust and
uppermost mantle have been altered, possibly due to a certain degree of fracturing and
hydration. The decrease of the velocities roughly starts at the outer rise; ~ 120 km from
the deformation front, and continues into the trench. Even though the trench is filled with

sediment, basement outcrops in the outer rise frequently pierce the sedimentary blanket.
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Anomalously low heat flow values near outcropping basement highs indicate an efficient
inflow of cold seawater into the oceanic crust. Hydration and crustal cracks activated
by extensional bending-related faulting are suggested to govern the reduced velocities in
the vicinity of the trench. Considering typical flow distances of 50 km, water might be
redistributed over most of the trench-outer rise area. Where trapped in faults, seawater
may migrate down to mantle depth causing up to ~ 9% of serpentinization in at least the

uppermost ~ 2 km of the mantle between the outer rise and the trench axis.

2.1 Introduction

Oceanic lithosphere created at moderate to fast spreading mid-ocean ridges is charac-
terized by a ridge-parallel fault pattern. Pervasive fracturing and hydrothermal activity,
however, are largely confined to crustal levels [e.g., Carbotte and Scheirer, 2004; Karson,
1998]. As the crust ages, cracks and pore spaces inherently related to the formation of
crust are clogged by precipitation of secondary hydrothermal alteration products in the
extrusive lava pile [e.g., Alt et al., 1986; Wilkens et al., 1991; Grevemeyer and Bartetzko,
2004]. Global compilations of seismic refraction velocities for the uppermost oceanic crust
[Grevemeyer and Weigel, 1996; Carlson, 1998] and dedicated seismic refraction experi-
ments [e.g., Grevemeyer and Weigel, 1997; Grevemeyer et al., 1999] have established an
empirical relationship between lithospheric age and seismic velocity. The global trend sug-
gests that uppermost P-wave velocities of layer 2 increase rapidly close to the spreading
axis and within ~ 8 Ma reach values of mature oceanic crust (> 4.5 km/s) [Carlson, 1998;
Grevemeyer and Bartetzko, 2004]. Within this context, we will refer to "normal” mature
oceanic lithosphere typical of fast spreading structures if: (i) hydration is confined to the
permeable upper lava pile, (ii) the ridge flank hydrothermal circulation system has largely
ceased, and (iii) the oceanic lithosphere is positioned away from anomalous regions such

as fracture zones and hotspots regions [e.g., White et al., 1992].

Growing observational evidence in subduction zones suggest that this condition of
"normal” and ”unaltered” ocean lithosphere can be dramatically perturbed at the outer
rise seaward of deep sea trenches [e.g., Peacock, 2004; Ranero et al., 2003]. The outer rise
is formed when the ocean lithosphere approaches a subduction zone and bends into the
trench; thus, producing a prominent outer bulge seaward of the trench axis. Here, outer
rise earthquakes are linked to bending-related normal faulting [Chapple and Forsyth, 1979
and possibly rupture the oceanic mantle [e.g., Kanamori, 1971; Christensen and Ruff,
1983], creating a pervasive tectonic fabric that may cut across the crust, penetrating deep

into the uppermost mantle [e.g., Peacock, 2001; Ranero et al., 2003]. Moreover, new crustal
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cracks and fissures are caused by bending-related faulting seaward of the trench axis, mod-
ifying the structure of the crust. Therefore, bending-related faulting plays a crucial role
for the alteration of oceanic lithosphere; it affects the porosity and permeability structure
of the entire oceanic crust and consequently generates pathways for fluids down to mantle

depth.

One key factor controlling the local hydrogeological regime of the oceanic lithosphere
is the thickness of the sedimentary blanket. Convergent margins such as central America,
north and central Chile are poorly sedimented, and seawater can easily enter the igneous
oceanic crust where the permeable basement rocks are widely exposed (e.g., surface-cutting
tectonic faults or outcropping basement highs). These subduction zones have been sug-
gested to be characterized by a high degree of hydration at the outer rise [Ranero et al.,
2003; Ranero and Sallares, 2004; Grevemeyer et al., 2005; 2007]. In contrast, in well sedi-
mented margins (Cascadia, Makran and southern central Chile), a thick sedimentary cover
is believed to hinder interaction between the ocean and basement. Therefore, the degree
of hydration is expected to be lower than in poorly sedimented trenches, although mech-
anisms by which fluids may bypass thick sediments remain still under debate. In general,
the hydrothermal activity in the oceanic crust is controlled by faulting and the presence
of outcropping basement highs. Heat flow data suggest that hydrothermal circulation is
more vigorous at trenches where bending-related normal faults breach the seafloor and
thus facilitate fluid flow into the crust [Grevemeyer et al., 2005]. Outcropping basement
also play a crucial role, since it may act as transmissive pathway for fluids and heat in
areas where the surrounding basement is blanketed by sediments, as it has been evidenced
by anomalous low heat flow values near seamounts, indicating an efficient inflow of cold
seawater into the oceanic crust [ Villinger et al., 2002; Fisher et al., 2003a, 2003b]. Isolated
basement outcrops penetrating through thick sediments might guide hydrothermal circu-
lation between sites separated by large distances [Fisher et al., 2003a]. Once cold seawater
is infiltrated and bounded in the upper oceanic crust, tectonic faulting may allow fluids
trapped within crustal pores spaces to enter the lower crust and perhaps even the upper

mantle [e.g., Grevemeyer et al., 2005].

To better understand the transition from ”"normal” and ”dry” to deformed and hy-
drated subducting lithosphere and its degree of hydration in the trench-outer rise area, we
studied the velocity structure of the incoming oceanic Nazca plate offshore of south-central
Chile. Seismic wide-angle reflection and refraction data are used to derive an accurate 2D
tomography velocity model of a ~ 250 km long seismic profile located oceanward from
the Chile trench axis. We present new geophysical evidence documenting changes in the

seismic structure of the incoming oceanic plate from the outer rise to just before its sub-
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duction in the deep sea trench. A nonlinear Monte Carlo uncertainty analysis is performed
to estimate a posteriori model variance of the tomography velocity model. In addition,
heat flow data recorded at the outer rise are used to study the distribution of temperature
along the sediment /crust boundary. The data were acquired during the R/V Sonne cruise
SO181 as part of the TIPTEQ (from The Incoming Plate to Mega-thrust EarthQuake
processes) project [Flueh and Grevemeyer, 2005).

2.2 Tectonic setting

Along the south-central Chile trench the southern Nazca plate subducts at a relatively
high convergence rate of ~ 6.6 cm/yr beneath the South American plate, with a conver-
gence azimuth of ~78°E [Angermann et al., 1999] (Figure 2.1). The southern Nazca plate
has been formed at the Chile Rise (a fast mid-ocean spreading ridge). Fracture zones
(FZs) cut the Chile Rise into several segments (Figure 2.1), resulting in abrupt changes of
thermal states along the plate boundary. The spreading center segments bounded by these
fracture zones are roughly parallel to the trench strike (Figure 2.1). At ~ 46.4°S the Chile
Rise is currently subducting, defining the Chile Triple Junction (CTJ) of the subducting
Nazca and Antarctic plates, and the continental South American plate. North of the CTJ
occur a series of age jumps across several fracture zones, from 0 Ma up to 18.5 Ma at
the Valdivia FZ (Figure 2.1). The south-central Chile trench is filled by terrigenous sedi-
ments sourced from the Andes [Thornburg and Kulm, 1987]. Sediment within the trench
are redistributed from south to the north [Thornburg et al, 1990], which is explained by
the slight northward dip of the trench floor [e.g., Thornburg et al, 1990]. Trench fans
(33-41°S) are built at the mouths of major submarine canyons and channels which act
as point sources of sediment supply [Thornburg and Kulm, 1987]. South of 41°S, sheet
turbidites extend across the entire width of the trench [Thornburg and Kulm, 1987].
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Figure 2.1: Geodynamic setting of Nazca, Antarctic, and South American plates. These plates join at
the Chile Triple Junction (CTJ), where the Chile Rise is currently subducting at ~46.4°S.
The oceanic Nazca plate is segmented by several fracture zones (FZs), resulting in a strong
variability of the age of the subducting plate. The study area is located between two Fracture
Zones: Chiloe FZ and Guafo FZ, and its plate age ranges from 18.5 to 10 Ma along the Chile

trench.

The westward terminus of the seismic wide-angle profile studied here is located ap-
proximately 280 km eastward of the Chile Rise on 9 Ma old crust [Tebbens et al., 1997],
the line orientation being parallel to the plate motion vector (Figure 2.1). The profile is
located between Chiloe and Guafo FZs (Figure 2.1), where the plate age decrease from
18.5 to 10 Ma. along the Chile trench, and the half-spreading rate ranges between 45 and
35 mm/yr [Tebbens et al., 1997]. The trench basin is broad, owing to the large extension
of turbidite deposits seaward [ Voelker et al., 2006]. Further to the west, the Nazca plate is
covered by a few hundred meters of hemipelagic and pelagic sediments, whereas towards
the trench, the sedimentary cover becomes thicker due to the turbiditic deposits filling the
trench with a total thickness of ~ 2 km [Scherwath et al., 2006]. The continental slope
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Figure 2.2: (a) High-resolution bathymetric image and wide-angle seismic profile P05. The seismic line

begins ~ 280 km from the Chile Rise (see Figure 2.1) and it extends up to the deep sea trench and
part of the continental slope. Yellow triangles indicate the siz stations of which data examples
are shown in Figures 2.3-2.5 and 2.10. Red dots indicate the three stations positioned on the
continental slope [Scherwath et al., 2006b], which are included in our tomographic model. (b)
High resolution seismic line SCS01 coincident with wide seismic profile P05. Locations of OBH
are shown by solid circles and OBS by solid triangles. Location of the high basement outcrop
1s denoted by asterisk. Some tensional normal faults are reflected by offsets in the trench-outer

TiS€ Tegiomn.

is steep and is characterized by the presence of the submarine Cucao Canyon (Figure

2.2a), while the continental shelf is broad and probably trapped large volume of Pliocene
sediments [Reichert et al., 2002].

2.3 Seismic data

From December 2004 to February 2005, the TIPTEQ project investigated the subduc-
tion zone offshore south-central Chile between 35° and 48°S aboard of the German R/V

Sonne. During the cruise seismic wide-angle reflection and refraction data, high-resolution

seismic reflection data, seismological data, heat flow, and multibeam bathymetry were ac-

quired in this region [Flueh and Grevemeyer, 2005; Scherwath et al., 2006a] to study the
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physical properties of the incoming Nazca plate and its impact on seismogenesis, offshore
of the rupture area of the 1960 Chile megathrust earthquake. In this paper, we present
seismic wide-angle data that were collected along the profile P05 located seaward of the
trench axis on the oceanic Nazca plate, supplemented by high-resolution swath bathy-
metric images of the surrounding seafloor (Figure 2.2a). Shots were recorded with 38
OBS (Ocean Bottom Seismometers) [Bialas and Flueh, 1999] and OBH (Ocean Bottom
Hydrophones) [Flueh and Bialas, 1996] spaced at a distance of ~ 5.5 km. Coincident
seismic reflection data were also collected along this profile (Figure 2.2b). For the reflec-
tion investigation a 100-m-long 16-channel streamer and a Generator/Injector (GI) gun
with a volume of 1.5 liters were used, providing high resolution images of the sedimentary
sequences blanketing the incoming plate. From the 38 seismic ocean bottom stations, 28
were deployed on the oceanic plate and the rest along the continental slope. In order
to study the seismic structure of the oceanic Nazca plate, we used the OBH/S deployed
seaward of the trench. Three stations on the continental slope were also included in the
inversion approach to constrain the velocity structure and Moho depth below the trench

(see Figure 2.2.a).

The seismic source for the refraction work was a cluster of 8x8-liters G-guns, providing
a total volume of 64 liters for each shot. This source was fired at a time interval of 60
s, which corresponds to an average shot spacing of ~150 m. The record sections were
interpreted after bandpass filtering and predictive deconvolution. The signal-to-noise ra-
tio obtained for most of the stations is high (Figures 2.3-2.5). Crustal refractions (Fy),
Moho reflections (P,,P) and upper mantle refractions (P,) were recorded on almost all
stations with excellent quality. Five examples of seismic record sections are shown in
Figures 2.3-2.5, with their respective seismic phases identified. Apparent velocities, which
are influenced by the trench-sediment, decrease towards the trench. Refractions through
trench-sediment Pj, and reflections from the top of the igneous crust (P, P) start to appear
at approximately profile-km 200 and hence 50 km from the trench axis. Figure 2.5e shows
P, and P, P of good quality at OBH 40 at the trench. Those travel times complement
the high-resolution seismic reflection data (Figure 2.2b) and are used to constrain the

sedimentary section in this part of the model.

Picking of the seismic phases was done manually, and picking errors were assigned on
the basis of the dominant period of the phase. A total of 5048 first arrivals (P, and P,),
and 1721 Moho reflections (P, P) were picked from 31 record sections. For the sedimentary
section only stations located to the east of x=200 km were utilized, because clear Ps and
P, P phases are confined to the trench basin. A total of 1456 P, and 654 P, P were picked

from these stations. Typically, errors were assumed to be half a period of one arrival,
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Figure 2.3: Ezamples of wide-angle seismic data with picked (solid circle with pick error) and predicted
(red circles) travel times. Calculated travel times are based on the velocity model presented in
Figure 2.9a, and corresponding ray paths are also plotted at the bottom. (a) OBH 68 and (b)
OBH 11.

to account for a possible systematic shift in the arrival identification, and were weighted
according to the phase quality. Average picking uncertainties are ~50 ms at near offsets
and ~70 ms at far offsets for refracted arrivals, and ~50 ms and ~70 ms for P, P and P,, P

phases, respectively.

2.4 Travel time tomography scheme

The velocity-depth model was derived using the joint refraction and reflection travel
time inversion method of Korenaga et al., [2000]. This method allows simultaneous refrac-
tion and reflection travel times inversion for a 2-D velocity field that is parameterized as

a sheared mesh hanging beneath the seafloor and where node spacings can vary laterally
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Figure 2.4: (continued) (¢) OBH 60 and (d) OBH 48.

and vertically. The floating reflector is represented as an array of linear segments whose
nodal spacing is independent of that used in the velocity grid and it has just one degree
of freedom (vertical direction). Travel times and ray paths are calculated by utilizing a
hybrid raytracing scheme based on the graph method and local ray-bending refinement
[van Avendonk et al., 1998]. Smoothing constraints using predefined correlation lengths
(average-smoothness window) and optimized damping constraints for the model parame-
ters are employed to regularize an iterative linearized inversion [Korenaga et al., 2000]. We
use a hybrid approach of multi-step tomography using four layers, (1) water, (2) sedimen-
tary section, (3) oceanic crust and (4) upper mantle. To derive the velocity depth model,
the water depths were taken from the multibeam bathymetry, which remained fixed during
the inversion. The vertical incidence reflection data, sediment refracted P, and reflected

P, P phases were used to invert for the velocities and thickness of the sedimentary trench
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Figure 2.5: (continued) (e) OBH 40

fill and hence the geometry of the top of the downgoing plate. Sedimentary velocities and
basement depth were then held fixed in the following iterative inversions. The oceanic

crust was inverted using P, and P, P phases in order to derive the velocity field and
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Moho depth, and similarly, the crustal velocities and Moho depth remained fixed for the
next inversion. Finally, the upper mantle velocities were inverted using P, phases. The
applied hybrid scheme uses both first and second arrivals to constrain the velocity model,
without the need to disregard for example secondary arrivals such as lower crustal P,

phases which become secondary arrivals where P, arrivals overtake P,.

Horizontal grid spacing of the model used for the velocity inversion is 0.5 km, whereas
the vertical grid spacing is varied from 0.05 km at the top of the model to 0.5 km at
the bottom. Depth nodes defining the reflectors are spaced at 2 km. We used horizontal
correlation lengths ranging from 2 km at the top to 10 km at the bottom of the model,
and vertical correlation lengths varying from 0.4 km at the top to 2.5 km at the bottom.
Depth and velocity nodes are equally weighted in the joint refraction and reflection travel

time inversion.

2.4.1 Sedimentary section tomography

Seaward from the trench, the basement was derived by picking and converting the
vertical incidence reflections from two-way-time (TWT) data to depth using a constant
velocity of 1.7 km/s. Approaching the trench (up to profile distance km 200), a 2-km deep
trench basin has been developed with incoming pelagic sediments and turbidites (Figure
2.2b). Here, refracted Ps; phases and reflected P, P phases (Figure 2.5) were used to invert
the velocity structure of the sediments in the trench and the top of the oceanic crust.
The starting model for the sedimentary trench fill and lower continental slope is shown in
Figure 2.6a and was set up using the semi forward modeling approach of Zelt and Smith,
[1992]. The starting model includes the known bathymetry; the velocity at the top of the
sedimentary layer is set to 1.7 km/s. Below the seafloor the velocity varies depending on

the depth using a constant vertical velocity gradient of 1 s71.

The starting reflector is
directly computed by converting the TWT data of the corresponding basement reflector
to depth. For this reference model, the initial root-mean-square (RMS) travel time misfits
for P; and P, P are 407 ms and 567 ms, respectively. As the crustal phases were omitted
in this step, the input model still contains sedimentary velocity below the sediment-crust
boundary (Figure 2.6a).

Tests with several starting models converge to nearly the same final model. In order to
study the accuracy of the final model, we employed the Monte Carlo method [e.g., Kore-
naga et al., 2000]. The uncertainty of a nonlinear inversion can be expressed in terms of the
posterior model covariance matrix [e.g., Tarantola, 1987], which can be approximated by
the standard deviation of a large number of Monte Carlo realizations assuming that all the

realizations have the same probability [e.g., Tarantola, 1987]. The uncertainty estimated

by this method should be interpreted as the uncertainty for our model parameters (i.e.,
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Figure 2.6: Result of sedimentary tomographic inversion using Ps and P,P phases, and reflection data.
(a) Initial velocity model used as a reference for the Monte Carlo analysis and for velocity
inversion. (b) Final average model of the Monte Carlo ensembles. (c) Derivative Weight Sum
DWS for rays traveling throughout model shown in (b). (d) Velocity depth uncertainty model

after Monte Carlo type realizations

starting velocity model and smoothing constraints). The procedure to estimate velocity
uncertainties consisted of randomly perturbing velocities of our reference model (Figure
2.6a). We generated 100 random initial velocity models by adding smooth perturbations
randomly distributed (maximum velocity perturbations of + 0.1 km/s at the top and +
0.4 km/s at the bottom of the model, with wavelength perturbations of 5 km horizontally
and 0.5 km vertically). The basement reflector depth was found by converting the TWT
data of the reflector into depth using the velocity distribution of every initial model. In ad-
dition to the perturbed reference models we produced 100 so-called noisy arrival time sets
constructed by adding random phase errors (£50 ms) and common receiver errors (£50
ms) to the original data set [Korenaga et al., 2000]. Then we performed a tomographic
inversion for each velocity model with one noisy data set, in order to estimate not only the
dependence of the solution on the reference model but also the effect of phase arrival time
picking errors. The mean deviation of all realizations of such an ensemble is considered to
be a statistical measure of the model parameter uncertainties [e.g., Tarantola, 1987]. All of
the Monte Carlo inversions converged in less then 10 iterations to x> = 1, where x? is the
normalized sum of the RMS misfits divided by the corresponding picking uncertainties; a

value of 1 means that the model error is equal to the data uncertainty. Figure 2.6b shows
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the average model from the 100 final models. The RMS error was reduced to ~50 ms
for refractions and ~55 ms for reflections. Figure 2.6¢ shows the derivative weight sum
(DWS), which is a statistical parameter indicating the model resolution and ray density.
The standard deviation of the calculated velocities for most of the model is below 0.1 km /s
and for the reflector depth < 0.1 km, except at the right edge of the model (Figure 2.6d)
where the velocity uncertainty increases to values larger than 0.2 km/s and for the depth

uncertainty to values of ~ 0.3 km due to the reduced data coverage.

2.4.2 Oceanic crust tomography

For the determination of the crustal part of the velocity model we held the previously
determined sedimentary section fixed by using spatial damping [Korenaga et al., 2000].
We inverted the oceanic crust by including all crustal phases (first and later arrivals) to
their maximum offset, and the depth of the floating reflector (Moho) was identified using
the mantle phases P,,, P simultaneously in the tomographic inversion [Korenaga et al.,
2000]. As with the inversion of sedimentary layer, we use the Monte Carlo scheme for
determining the crust velocities and thicknesses, and therefore a suite of starting models

was required.

Reference model

The 2-D starting velocity models were obtained by hanging 1-D crustal velocity profiles
beneath the basement (see Figure 2.7c). The reference 1-D velocity depth model was
composed of oceanic upper crust (layer 2) and the lower crust (layer 3). Minimum values
for top, mid, and bottom velocities were 3.0, 6.0, and 6.5 km/s, while corresponding
maximum values were 5.0, 7.0, and 7.5 km/s, respectively. The upper crustal thickness
could vary from 1 to 3 km, and the lower crustal thickness could vary from 3 to 5 km. The
initial geometry of the Moho boundary was chosen as the sum of the obtained smoothed
basement geometry in the previous sedimentary modeling and a given crustal thickness,
which allowed variations between 4 and 8 km. Different tests showed that variation of the
starting model within this model space did not affect significantly the solution. Figure

2.7a shows the final velocity model derived by averaging all Monte Carlo ensembles.

Model uncertainty, Monte Carlo-type analysis

Velocity and Moho-depth uncertainties of the model parameters in the oceanic plate
were estimated by performing a Monte Carlo-type analysis [e.g., Tarantola, 1987|, as we
described above. Figure 2.7c shows the area covered for the 100 initial two-layer crustal
velocity profiles and the 100 starting Moho reflectors underneath the basement. Initial

RMS travel time misfits were generally higher than 900 ms, and x? was initially greater
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than 100. The stopping criterion for each inversion was y? ~ 1.0, which was reached
typically after 5 iterations. Using the 100 realizations, the final average crustal velocity
model and its standard deviation were computed (Figure 2.7d). The standard deviation
of the velocities is lower than 0.1 km/s in the upper crust and the main part of the lower
crust as well, increasing to values of 0.1-0.15 km /s in the deepest region of the lower crust.
Velocity and Moho depth uncertainties are larger at the western edge of the model where
the ray coverage is poor. Moho depth uncertainties in the middle of the model are as low
as 0.15 km and reach 0.4 km at the edges of the velocity model. At the trench, velocities
and Moho depth are well constrained with the inclusion of stations on the continental
slope [Scherwath et al., 2006b]. The DWS for the model is shown in Figure 2.7b, which

shows excellent ray coverage.
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Resolution test

To check the resolvability of the obtained velocity model, in particular the anomalous

low velocity zones in the trench-outer rise region (Figure 2.7a), we have created a synthetic

model consisting of four sinusoidal anomalies located in the oceanic crust (see Figure

2.8a), which are superimposed onto the final average velocity model. The maximum

amplitude of each Gaussian anomaly is £ 6 % (Figure 2.8). Synthetic travel time data
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with the same source-receiver geometry as in the real data set have been generated with
the perturbed model, and they were inverted using an initial unperturbed model to see
how well given perturbations are recovered. The recovery model is plotted in Figure
2.8b, which was gained after 3 iterations. The result shows that position, shape and
amplitude of the velocity anomalies are reasonably well recovered within the uncertainty
limits. Despite a certain deterioration in the shape of the anomalies, the result indicates
that the geometry and instrument spacing yields a sufficiently high resolution for these
structural anomalies, discerning between positive and negative variations along the oceanic
crust. The tomographic inversion scheme used here is able to resolve structures with size
and amplitude similar to the normal and low-velocity zone at this depth range. This shows
that the crustal velocity reduction of the oceanic crust when approaching the trench shown

in Figure 2.7a is not an artifact of the seismic tomographic inversion procedure but a real

feature.
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Figure 2.8: Results of resolution test. (a) Synthetic reference velocity model, consisting of four single
sinusoidal anomalies superimposed onto the final velocity model of Figure 2.7a. (b) Recovery

obtained after three iterations.

2.4.3 Upper mantle tomography

For the subsequent tomographic inversion of the mantle refraction P,, a ”layer-stripping”
procedure was chosen, preserving the structural and velocity information above the Moho
interface gained before. For the Monte Carlo inversion approach, we constructed several
initial models by varying the uppermost mantle velocity between 7.5 to 8.5 km/s and the

mantle velocity gradient between 0 and 0.04 s~! respectively. The final average model and
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its uncertainties are plotted in Figure 2.9. The results exhibit a clear trend of velocity-
reduction towards the trench, which is well correlated with the location of the outer rise
but landward of the crustal velocity reduction. Uncertainties of the upper mantle velocity
in the outer rise region range between 0.1-0.2 km /s and are well constrained in the seaward

part (~ 0.1 km/s) where the plate geometry is relatively flat and the sediments are thin.
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Figure 2.9: Result of mantle tomographic inversion using refracted P, phases. (a) Final velocity model de-
rived by averaging all Monte Carlo ensembles (see text for details). (b) Corresponding standard
deviation for upper mantle velocity model, contours are drawn at 0.05 km/s interval. Veloc-
ity uncertainty is higher between £=220-250 km below the thick sediments at the trench. (c)
Comparison of velocity depth structure for extracted profile from our velocity model shown in
Figure 2.9a. Black line shows velocity structure V(z) away from the trench and blue line V (z)

beneath the trench-outer rise.

To survey the robustness of our tomographic results, we conducted independent for-
ward modeling seeking a minimum-structure model that satisfies the data. Model features
common to the tomographic and forward-modeling output may be assessed without using
subjective a priori information [e.g., Zelt and Smith, 1992]. We studied uppermost mantle

velocity and different velocity gradients by keeping the structural and velocity informa-
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tion above the Moho interface gained for the crustal tomography (Figure 2.7a). Figure
2.10a shows the record section of OBH 68, which displays an example of the onset of the
P,, P, P and P, phases. "Normal” crustal velocities fit the crustal phases well, and the
best-fitting uppermost mantle velocity is about 8.3 km/s. A comparison with a reduced
upper mantle velocity of 8.0 km/s produces a large P, travel time misfit (Figure 2.10a),
and so we conclude that the seismic data can only be explained with uppermost velocities
as fast as 8.3 km/s. Towards the trench the situation changes; a "delay” of P, arrivals is
observed (Figure 2.10b). These delayed P, arrivals are already apparent in most of the
trench-ward branches of seismic stations. A large amount of the total delay in P, arrivals
can be attributed to the thick sedimentary sequence, which covers the deflected downgoing
plate (see Figure 2.6b). However, as our previous sedimentary tomography constrains the
sediment structure, a remaining delay of 150 ms is still required to fit P, arrivals within
the uncertainty of the picked arrivals. A better P, travel time fit occurs with uppermost
mantle velocities ranging between 7.7-8.0 km/s. We also plotted the predicted travel times
for P, with an uppermost mantle velocity of 8.2 km/s; the arrivals are predicted up to 150
ms earlier than observed (Figure 2.10b). In conclusion, the high quality P, phases clearly

define a reduction of upper mantle velocities towards the trench.
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Figure 2.10: Detailed forward analysis of P, travel times for oceanward branch of OBH 68 (a) and trench-
ward branch of seismic record section of OBH 52 (b). Predicted Py and Py, P arrivals are
based on the final crustal model shown in Figure 2.7a. (a) P, oceanic phases can only be
predicted with values as fast as 8.8 km/s (red dots), uppermost velocities values of 8.0 km/s
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than observed using an uppermost velocity of 8.2 km/s (gray dots); a better P, travel time fit

occurs with uppermost mantle velocity of 7.8 km/s (red dots).
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2.5 Discussion

The data presented in this paper show systematic changes of crustal and upper mantle
seismic structure in the form of velocity reduction in the oceanic Nazca plate while it
approaches the Chile trench. In this section, we discuss the transition from “normal” to
deformed and altered oceanic subducting lithosphere and its possible causes within the

geodynamic framework.

2.5.1 Seismic structure of the oceanic lithosphere
Sediments and basement topography

Seaward from the trench (> 200 km) the southern Nazca plate is covered by a thin
sequence of pelagic and hemipelagic sediments (<150 m). Here, high resolution multibeam
bathymetric mapping shows the typical topographic pattern of the tectonic fabric formed
at the spreading center, which is obscured towards the trench due to turbidites deposits
(Figure 2.2b). From profile km ~50 to 200, turbidites fill the half-grabben structure and
overlay pelagic sediments, forming a mix-sedimentary sequence of 200-400 m thickness.
Further to the east (in the trench basin), the sedimentary-cover becomes thicker, resulting
in a total thickness of ~ 2200 m (Figure 2.6b). Trench sediments were mainly delivered
during the Pleistocene glaciation with a rapid sedimentation rate [Bangs and Cande, 1997].
At the bottom of the trench basin, compressional velocities of 3.0-3.5 km/s were detected
at 2 km-depth below seafloor. These velocities are because of compaction processes and
the increase of sediment size from top to bottom (graded bedding), associated to sedimen-

tary deposit events.

The basement topography is in general rough, and it is characterized by the pres-
ence of outcrops of basement highs (Figure 2.2a). In the outer rise (x~150 km), and
approximately 5 km to the north of the seismic profile a basement outcrop rises ~ 200
m above the surrounding seafloor (Figure 2.11a), while its associated basaltic edifice rises
~ 400 m above regional basement. Ten kilometers to the north of this basement out-
crop, several abyssal hills generated at the spreading center with pervasive faulting and
large offsets strike approximately parallel to the trench axis (Figure 2.2a). This area
is characterized by pervasive normal faults exposing basement caused by plate bending.
Southward and trenchward of the seismic profile, this fault pattern is not visible on the
multibeam bathymetry owing to the thicker sedimentary cover. Under the trench fill,
however, multi-channel data reveal that as the plate approaches the trench, basement to-
pography becomes rougher and the oceanic crust is probably pervasively fractured due to

bending-related faulting (Figure 2.2b).
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Oceanic crust

Two distinct zones of the oceanic crust can be identified in the final model: (i) the
oceanward section, away from the trench, and (ii) the trench-outer rise region just prior of
the subduction of the oceanic plate. Figure 2.9c compares the velocity structure beneath

the sediments for well resolved velocity-depth profiles of zones (i) and (ii).

In the oceanward section of the velocity model, the velocity structure below basement
roughly follows the basement topography. Velocities in the ~ 1.7 km thick layer are be-
tween 4.0-4.2 km/s at the top and ~ 6.6 km/s at the bottom and correspond to oceanic
layer 2; a typical sequence of extrusive basalts on top of a sheeted dike complex and

high velocity gradient of about 1.4 s™1.

Both seismic velocity and gradient are similar
to the seismic structure obtained off-axis in the upper crust of the southern East Pacific
Rise [Grevemeyer et al., 1998]. These values are in good agreement with mature oceanic
crust sufficiently far way from the ridge crests so that strong hydrothermal circulation
has largely ceased [Grevemeyer et al., 1999]. Layer 2 overlies a ~ 3.6 km thick layer with
velocities increasing from 6.6 km/s to ~7.0-7.1 km/s. This seismic structure is typical of
oceanic layer 3 normally associated with gabbro and layered gabbro rocks (layer 3A and
3B) [e.g., Vera et al., 1990]. The velocity range of 6.6-7.1 km/s is consistent with lower
crust relative anhydrous in composition, which is typical for oceanic crust formed at fast
spreading ridges [e.g., Carbotte and Scheirer, 2004; Karson, 1998]. The bulk porosity of
the crust should be rather low due to the closure of cracks and fissures by hydrothermal

mineralization [e.g., Grevemeyer and Bartezko, 2004].

Approaching the trench, velocities for the igneous crust start to decrease 100-150 km
from the deformation front (Figure 2.7a). The uppermost crustal velocities decrease to
values lower than 3.7 km/s (Figure 2.9¢), which are much lower than typical uppermost
layer 2 velocities of mature oceanic crust (> 4.5 km/s) [Carlson, 1998; Grevemeyer and
Bartetzko, 2004]. Lowermost crustal velocities decrease to values lower than 6.9 km/s
(Figure 2.7a), implying the likely presence of hydrous minerals, such as chlorite and am-
phibolites [e.g., Hess, 1962; Christensen and Salisbury, 1975]. The decrease of velocities
is accompanied with an increase in roughness of the basement topography, and probably
coincides with activation of new cracks and normal extensional faults induced by plate
bending [e.g., Ranero and Sallares, 2004]. This process suggests a significant alteration of

the porosity structure of the entire subducting oceanic crust.

Moho reflections (P, P) constrain the transition from ”crustal” gabbros to ”mantle”
ultramafic rocks, which ocurrs at ~ 5.3 km depth below the top of the basement. Crustal

thickness is therefore less than the average value of 6.48 4+ 0.75 km reported by White et
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al., [1992] for Pacific crust younger than 30 Ma. McClain and Atallah, [1986], however,
estimated that Pacific crust averages 5.67 £ 0.88 km for crust of the same age, and Walter
et al., [2000] and Grevemeyer et al., [2007] found in more recent studies that crust of the
Cocos plate is 5.0-5.5 km thick.

Uppermost oceanic mantle

Seaward from the trench, compressional velocity of 8.3 km/s was detected in the up-
permost 2-2.5 km of the mantle (Figure 2.9a). Typical mature oceanic mantle velocities
are > 8.1 km/s [White et al., 1992], which is usually associated to an anhydrous composi-
tion of mantle peridotite [e.g., Peacock, 1990]. Thus, oceanic Nazca plate approaches the
subduction zone with a mantle comparatively undeformed and dry (Figure 2.9a). Closer
to the trench, however, a progressive velocity-reduction in the upper mantle occurs. The
velocity reduction is visible ~ 80 km from the deformation front (Figure 2.9a), and they
decrease to minimum values of ~ 7.8 km/s, which is significantly lower than the velocity
of mantle peridotite (>8.1 km/s). P, phases image only the first ~ 2 km of the upper-
most mantle in the outer rise area (Figure 2.9a). Thus, the maximum depth of possible

hydration in the mantle remains unconstrained.

It has been documented that the uppermost mantle velocity reduction is even larger
in poorly sedimented margins. In north Chile, for example, upper-mantle velocities in
the trench-outer rise area reach values as low as 7.6 km/s [Ranero and Sallares., 2004].
Offshore of Costa Rica, seismic velocities under the trench at the Moho are even lower
(7.3-7.4 km/s), with velocities increasing to ~7.5-7.8 km/s at about 3-4 km below the
Moho [Grevemeyer et al., 2007]. Offshore of south-central Chile, upper mantle velocity
reduction is slightly lower and solely restricted to the trench-outer rise area (Figure 2.9a),
where bending-related faulting is suggested to lead to hydration of the upper mantle
[Ranero et al., 2003]. Since water is required to alter mantle peridotite to serpentinite,
pervasive fracturing of the entire crust is suggested for the lithosphere entering the Chilean

subduction zone offshore Chiloe Island.

2.5.2 Water pathways

The efficiency of fluid percolation depends on the sedimentary thickness and faulting
history. Faults constitute the possible water pathways but they can be blocked by insulat-
ing sediments. Therefore, slab hydration prior to subduction is believed to be largest where
outcropping basement relief facilitates the flow of seawater into the crust [Grevemeyer et
al., 2005]. The abyssal hill fabric inherently related to the formation process of the oceanic
lithosphere at the mid-ocean ridge is well imaged just 5 km to the north of the seismic line

(Figure 2.2a). Therefore; reactivation of fractures by bending-related normal faulting in
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this region might be an important mechanism for plate hydration. High resolution seismic
data provides evidence for some extensional faults reflected by offsets in the trench-outer
rise region (Figure 2.2b), suggesting the trenchward increase of fracturing intensity. This
indicates that the bending-related faulting is active in the outer rise, and it fractures the
oceanic crust beneath the sedimentary bed. High resolution multibeam bathymetry shows,
though, that surface-cutting faults are not visible on the seafloor along this profile (Figure
2.2a). As the insulating sediments are several hundreds of meters thick (Figure 2.2b) an
efficient inflow of seawater is unlikely to explain the reduced velocities in the outer rise.
However, the onset of velocity reduction in the oceanic crust is well correlated with the
location of an outcropping basement high or seamount (Figures 2.2a and 2.9a), suggesting
a relationship between plate hydration and basement outcrop. Seamounts or basement
highs provide the necessary pathways to move huge volumes of fluid through oceanic crust
over large distances, even when the crust is insulated by thick sediments [Fisher et al.,
2003a, 2003b]. In order to study the hydrothermal activity in the outer rise, we have
directly measured heat flow values on the outer bulge offshore of Chiloe Island [Flueh and
Grevemeyer, 2005]. Figure 2.11a shows the location of 10 heat flow stations immediately
at the seaward flank of the basement outcrop (see also the bathymetry in Figure 2.2a).
The heat flow values decrease from 100-150 to ~ 7 mW/m? over a distance of less than 10
km towards the trench (Figure 2.11b). We computed two predicted heat flow models using
two different temperature distributions at the top of the igneous basement. In the first
model basement temperature is isothermal. In the second model basement temperatures
varies as a function of distance from the basement high and hence mimics cooling by inflow
of cold seawater. Crucial parameters are the temperature at the basement Tp,, and at
the seafloor T, and the thermal conductivity structure k between the basement and the
seabed. We use a linear temperature gradient and the simple conductive heat transport

relation:

dr

S Pl
4 dz

where ¢ is the heat flow, dz = zp,s — 2seq 1S the thickness of the sediments, and dT" =
Tpas — Tseq- The sedimentary thickness comes directly from the high resolution reflection
data and is plotted in Figure 2.11c. The seafloor temperature is assumed Ty, = 0°C, and
thermal conductivity k was measured in situ. Testing with different Tp,(,) distributions,
the extreme low values toward the trench can only be predicted by the cooling model
(Figures 2.11b and 2.11d). This finding suggests a very efficient inflow of cold seawater
into the oceanic crust through the basement outcrop feature located just 5 km north of

the profile.
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Figure 2.11: (a) Location of heat flow stations along seismic profile. (b) Heat flow measurements (black
dots). Predicted heat flow values using a basement temperature of T, =40°C (dotted line).
Predicted heat flow values incorporating hydrothermal cooling (gray line). (¢) Basement to-
pography obtained from seismic reflection data. (d) Temperature distribution at the basement
used in our heat flow model with cooling. For (b), (¢) and (d) distance is measured from the

location of the basement outcrop high.

The flanks of the high outcrop basement probably act as an important and primary
entry of cold seawater into the igneous oceanic crust. This process accompanied by the
opening of new cracks and activation of extensional faults due to bending-related faulting
increases the permeability and hence facilitates a deeper fluid inflow, probably, reaching
mantle depths, as supported by our tomographic results (Figure 2.9a). We see a num-
ber of other mounds and basement ridges imaged in the multibeam bathymetry to the
north of the profile, which may act as recharge and discharge sites and therefore fuel a
hydrothermal circulation in the outer rise. Cold seawater might be transported laterally
between separated basement outcrops for distances of more than 50 km [Fisher et al.,
2003a], which implies that fluids may circulate through most of the studied trench-outer
rise area. Here, bending-related faulting might increases the permeability of the oceanic

crust, and consequently facilitates and reactivates hydrothermal circulation.
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Moreover, the incoming plate may laterally carry water already percolated in the
oceanward part of the outer rise (70-40 km from the trench axis), where plate bending
is strongest, igneous basement is more exposed, and due to a higher water/rock ratio
hydration might be more vigorous. In this part of the outer rise, the sedimentary thickness
is comparable with the outer rise in middle America (200-400 m thick), which is highly
hydrated [Ranero et al., 2003]. Once cold seawater is stored in cracks and/or faults and
faulting continues towards the deformation front, water trapped within the crust may

migrate deeper where larger faults cut into the mantle.

2.5.3 Volatiles stored in the oceanic subducting lithosphere

The amount of volatiles stored in the subducting oceanic lithosphere consists mainly
of three components: volatiles stored in (i) subducting sediments, (ii) in the oceanic crust
and (iii) in the oceanic mantle. Recent studies, however, suggest that most of the bound
water enters subduction zones within the oceanic crust and mantle [Peacock, 1990; Ranero
et al., 2003].

The observed crustal velocity reduction beneath the trench-outer rise is caused in part
by cracks and fissures induced by plate bending. The similar trend for upper and lower
crustal velocities has been observed in the northern Chile trench, which was explained
as consequence of fracturing rather than hydration [e.g., Ranero and Sallares, 2004]. The
amount of chemically bound water in the crust is therefore not straightforward to estimate
by the magnitude of velocity reduction. Peacock [1990] concludes from chemical analysis
of drill cores of oceanic crust that a 2.5-km-thick basaltic layer contains in average 2 wt.
% H0 and ~ 0.1 wt. % COs, and a 3- to 5-km- thick oceanic gabbro layer contains
roughly 1% H50 and ~ 0.1 wt. % COs. Hacker et al., [2003] calculated a maximum wa-
ter content of 1.3 wt % H>O for partially hydrated lower oceanic crust based on a global
compilation of physical properties of minerals. Carlson [2003] shows that, based on the
modal mineralogy and seismic properties of oceanic diabase and gabbro samples, gabbros
with velocities typical for the lower oceanic crust (6.7-7.0 km/s) already contain a mean
water content near 0.5 wt%. This value could be much larger if lower oceanic crust has

been altered by tectonic processes, as is probably the case in our study area.

Quantifying the amount of serpentine in subducting oceanic mantle is also difficult be-
cause relatively modest amounts of serpentine can represent a major HsO input into
the subduction factory [Peacock, 2001]. Following Carlson and Miller [2003], an ap-
proximate formula to estimate water content in the partially-serpentinized peridotites
is w(%)~0.33AV, where w is the water content (in weight percentage) and AV is the per-

cent difference between the observed velocity and the velocity in unaltered peridotite. The
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upper mantle P-wave velocity in our study region ranges between 7.8 to 8.3 km/s, corre-
sponding to serpentinite contents of roughly 0 to 9%; and the corresponding range of water
contents of 0 to 3.0% (0 to 4 moles/m?). These values are lower compared to estimates
in central America (>20 % of serpentinization) [Ranero et al., 2003], the erosional margin
in northen Chile (~ 17 % of serpentinization) [Ranero and Sallares, 2004], and offshore
Costa Rica (10-25% of serpentinization) [Grevemeyer et al., 2007]. Nevertheless, the total
amount of hydration and thus the total volume of fluids entering the subduction zone in
south central Chile should be larger than the 9% bound in the upper mantle because of
the volatile stored in the entire oceanic crust plus subducting sediments. Moreover, this
degree of hydration can be even larger if the oceanic plate continues to hydrate during

subduction [Ranero et al., 2003].

2.6 Conclusions

Joint inversion of seismic refraction and wide-angle data offshore of south-central Chile
yields the P-wave velocity structure of the subducting oceanic Nazca plate. This infor-
mation and the tectonic features obtained from high-resolution seismic data, multibeam
bathymetry and heat flow measurements suggest that the structure of the incoming plate
changes systematically within ~120 km off the trench axis as the lithosphere approaches

the deep sea trench. This work leads to the following conclusions:

- The 2D-velocity model derived from tomographic travel time inversion consist of a
~5.3 km thick oceanic crust and shows a classical mature fast-spreading P-wave velocity
structure in the seaward part outside of the influence of plate bending at the trench-outer
rise. Seismic analysis of P, arrivals reveals fast uppermost mantle velocities of ~ 8.3 km/s,
>120 km seawards of the trench. The velocity structure found in this zone indicates that

the oceanic lithosphere is relatively dry and undeformed.

- Approaching the Chile trench, seismic velocities decrease, indicating an evolutionary
process changing the structure of the lithosphere, likely to be related to an increase in frac-
ture porosity and hydration of both the oceanic crust and the uppermost mantle. Reduced
velocities are only located in the trench and outer-rise area. The decrease of velocities is
accompanied by an increase of basement-relief roughness and also by the amount of stress

induced by the plate bending.

- In spite of the thick sedimentary blanket on the incoming plate and in the trench
basin, an efficient inflow of cold seawater into the oceanic crust through outcropping base-

ment highs or seamounts is supported by anomalously low heat flow values, which are
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spatially well correlated with the onset of velocity reduction in crust and upper mantle.
Cold seawater might be laterally transported between high basement outcrops over large
distances (> 50 km) in the vicinity of the trench-outer rise area. This primary water
pathway could extend to mantle depth through bending induced trench parallel normal

faults, and thus cause a hydration of the upper mantle.

- Assuming that the mantle velocity reduction is produced only by hydration, ser-
pentinization of the uppermost mantle from the outer rise to the trench axis is ~ 9% in
the uppermost 2 km of the mantle, where seismic data provide enough resolution. This
degree of hydration in the uppermost mantle is about 10% less than observed in poorly

sedimented margins.

In summary, seismic data of high resolution reveal a clear alteration of the oceanic
lithosphere at the outer rise just prior to its subduction, showing that the alteration
occurs where strong plate bending is likely to modify the large scale porosity and per-
meability structure of oceanic lithosphere, and simultaneously nurtures the migration of
cold seawater through crustal faults down to mantle depth, resulting in hydration of both
oceanic crust and upper mantle. Infiltration of cold seawater, and consequently hydra-
tion of the subducting oceanic lithosphere may also occur at heavily sedimented trenches

through high basements outcrops where igneous crust is exposed.
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Chapter 3

Effect of bending-related faulting
on seismic Poisson’s ratio and
mantle anisotropy: a case study

offshore of southern central Chile

Several trench-outer rise settings in subduction zones worldwide are characterized by
a high degree of alteration, fracturing and hydration. These processes are induced by
bending-related faulting in the upper part of the oceanic plate prior to its subduction.
Mapping of P- and S-wave velocity structures in this complex tectonic setting provides
crucial information for understanding the evolution of the incoming oceanic lithosphere,
and serves as a baseline for comparison with seismic measurements elsewhere. Active
source seismic investigations at the outer rise off southern central Chile (~43°S) were
carried out in order to study the seismic structure of the oceanic Nazca plate. Seismic wide-
angle data were used to derive 2-D velocity models of two seismic profiles located seaward
of the trench axis on 14.5 Ma old crust; POla approximately parallel to the direction of
spreading and P03 approximately parallel to the spreading ridge and trench axes. We
determined P- and S-velocity models using 2-D traveltime tomography. We found that
the Poisson’s ratio in the upper crust (layer 2) ranges between ~0.33 at the top of the crust
to ~0.28 at the layer 2/3 interface, while in the lowermost crust and uppermost mantle
it reaches values of ~0.26 and ~0.29, respectively. These features can be explained by an
oceanic crust significantly weathered, altered and fractured. Relative high Poisson’s ratios
in the uppermost mantle may be likely related to partially hydrated mantle and hence
serpentinization. Thus, the seismic structure of the oceanic lithosphere at the southern
central Chile outer rise exhibits notable differences from the classic ophiolite seismic model

("normal” oceanic crust). These differences are primarily attributed to fracturing and
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hydration of the entire ocean crust, which are direct consequences of bending-related
faulting at the outer rise. On the other hand, the comparison of the uppermost mantle P-
wave velocities at the crossing point between the perpendicular profiles (~90 km oceanward

from the trench axis) reveals a low degree of P, anisotropy (<2 %).

3.1 Introduction

Alteration and serpentinization of oceanic lithosphere entering the subduction zone has
been postulated to arise from infiltration of seawater into normal faults in the trench-outer
rise where oceanic plates bend upon entering subduction zones [e.g. Peacock 2001; Ranero
et al., 2003]. Here, the oceanic plate is largely altered by extensional stresses at the top
of the lithosphere leading to normal faulting [Peacock, 2001; Ranero et al., 2003], horst
and graben structures [Ranero et al., 2003], and associated seismicity with tensional focal
mechanisms [Chapple and Forrsyth, 1979; Ranero et al., 2006]. Additionally, bending-
related faulting might open near vertical cracks and fissures, and reactivate pre-existing
cracks previously created at the spreading centre. Hence, bending-related faulting modi-
fies the porosity and permeability structure, and further provides the pathways for fluids
to enter the crust and mantle [e.g., Ranero et al., 2003]. This process has been evidenced
by a noticeable reduction of compressional mantle velocities in the outer rise in several
convergent margins. For example, reduced velocities of partially serpentinized mantle
have been reported in subduction zones with little sediments such as north Chile [Ranero
and Sallares, 2004], central Chile [Kopp et al., 2004] and central America [Grevemeyer et
al., 2007]. In south central Chile, the trench basin is heavily filled by terrigenous sedi-
ments sourced from the southern Andes [Thornburg and Kulm, 1987], and hydration of the
oceanic lithosphere in the outer rise area is comparatively less vigorous [Contreras-Reyes
et al., 2007]. Nevertheless, some regions of the outer rise are characterized by an oceanic
basement exposed to the infiltration of seawater at high basement outcrops and exten-
sional normal faults. Low compressional velocities and anomalous low heat flow values at
the outer rise have been reported in this region, suggesting infiltration of seawater and per-

haps hydro-alteration of the oceanic crust and upper mantle [Contreras-Reyes et al., 2007].

The Poisson’s ratio () is an indicator of lithology, porosity, structure and the existence
of fluids within the rock. Theory predicts that for increasing fluid-content, V; decreases
faster than V), resulting in the increase of v (i.e., v is more sensitive to the presence of
fluids than P-wave only). Therefore, mapping of v would provides crucial evidence for
existence of fluids within the oceanic lithosphere. Also, the presence of porosity, in the
form of cracks and fissures, has a profound influence on seismic velocities and Poisson’s

ratios. High crack-porosity affects in disproportional amounts V), and Vj, and it depends
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on the aspect ratios of the cracks [e.g., Shearer, 1988; Takei, 2002]. Moreover, v is quite
sensitive to the grade of methamorphism [Christensen, 1996], and it behaves differently
depending on the mineral nature of the original rock. Differences between seismic Pois-
son’s ratio measurements and laboratory analyses of ophiolites samples ("normal” oceanic
crust) serve as an indicator to detect hydro-alteration and perturbation of the density
structure of oceanic rocks. Theoretical prediction based on crack geometry and content of
water have advanced in recent years [e.g., Takei, 2002], but their application to geological
settings rich in hydrothermal and faulting activity such as the outer rise areas has been
limited by the difficulty of recording high-quality shear wave arrivals. During the TIPTEQ
(from The Incoming Plate to mega-Thrust EarthQuake Processes) experiment [Flueh and
Grevemeyer, 2005], P- and S- waves of high quality were recorded just 90 km oceanward
from the southern central Chile trench (~ 43° S). This data set allows us to image the
uppermost ~ 2 km of the mantle, and it provides an excellent opportunity to study the
v structure at the outer rise setting. Since fracturing and hydration process dramatically
affects the Poisson’s ratio structure of the oceanic crust and mantle, seismic P- and S-wave

tomography should be able to detect this.

Another important issue related to the evolution of seismic properties at the outer rise
is the study of upper mantle seismic anisotropy. Seismic anisotropy is initially controlled
by the lattice preferred orientation (LPO) of relatively dry olivine at the creation of the
oceanic lithosphere at mid-ocean ridges [Nicolas and Christensen, 1987]. Compressional
waves travel fastest along the a-axis of relatively dry olivine, which generally matches
the plate motion direction. However, several experimental and theoretical studies of P,
anisotropy have postulated that the presence of water affects considerably the preferential
orientation of olivine. Olivine can be recrystallized and aligned along the c-axis nearly
parallel to the shear direction when a large amount of water is present [Jung and Karato,
2001]. In our seismic experiment, we have recorded P, phases of good quality along two
mutually perpendicularly seismic profiles, yielding additionally the opportunity to inves-

tigate P, anisotropy at the trench-outer rise off southern central Chile.

We modelled the velocity structure of the oceanic Nazca plate near the southern central
Chile trench at ~ 43° S along two perpendicular seismic wide-angle reflection and refraction
transects. Seismic data recorded along one of these profiles allow us to identify refracted
and reflected energy of shear waves, and they were used to construct a two-dimensional
S-wave velocity model, and hence estimate Poisson’s ratios. We used a joint refraction and
reflection travel time inversion approach to obtain accurate 2D tomography velocity models
[Korenaga et al., 2000], and P- and S-wave velocity model uncertainties are estimated by

applying a nonlinear Monte Carlo method [Korenaga et al., 2000]. Finally, uppermost
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mantle velocities of the crossing profiles are compared to quantify P, anisotropy at the

outer rise, and it is interpreted within the tectonic framework.

3.2 Tectonic setting

The geological structure of the southern central Chile margin is controlled by the sub-
duction of the oceanic Nazca plate beneath South America. The incoming Nazca plate
(approaching South America at a rate of ~ 6.6 cm/yr) subducts at a relatively high con-
vergence azimuth of ~78°E [Angermann et al., 1999] (Figure 3.1). The part of the plate
investigated here has been formed at the Chile Rise (a fast spreading mid-ocean ridge).
Fracture zones (FZs) cut the Chile Rise into several segments, resulting in abrupt changes
of thermal states along the plate boundary. The southern central Chile trench is filled
by terrigenous sediments sourced from the Andes [Thornburg and Kulm, 1987], which are
redistributed from south to north due to the slight northward dip of the trench floor [e.g.,
Thornburg et al., 1990].

Our study area corresponds to the outer rise located between Chiloe and Guafo FZs
(Figure 3.1). Here, the plate age decrease from 18.5 to 10 Ma along the Chile trench, and
the half-spreading rate ranges between 45 and 35 mm/a [Tebbens et al., 1997]. The plate
age where the seismic profiles were positioned is approximately 12.5 Ma (Figure 3.1). The
spreading centre segments bounded by Chiloe and Guafo FZs are roughly parallel to the
trench strike (Figure 3.1). In the oceanward section of the outer rise, the plate is covered
by a few hundred metres of pelagic sediments and turbidites (0-500 m) [Contreras-Reyes
et al., 2007], whereas the sedimentary cover becomes thicker towards the trench owing
to the turbiditic deposits filling the trench basin with a total thickness of ~ 2 km at the
trench axis [Scherwath et al., 2006]. Active faulting underneath the sedimentary cover at
the outer rise has been evidenced by several basement-faults imaged by high resolution

seismic reflection data [Contreras-Reyes et al., 2007].

3.3 Wide angle seismic data

Seismic measurements offshore south central Chile were carried out using the Ger-
man R/V SONNE during the TIPTEQ project [Flueh and Grevemeyer, 2005]. In this
paper, we present the seismic wide-angle data that were collected along two seismic pro-
files (POla and P03) located seaward of the trench axis, supplemented by high-resolution
swath bathymetric images of the surrounding seafloor (Figure 3.1). Seismic line POla
runs perpendicular to the Chile Rise spreading centre and approaches the deep sea trench

roughly normal to the trench axis. Seismic line P03 runs parallel to the Chile trench and
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Figure 3.1: (top) Our study area is located between Chiloe and Guafo Fracture Zones, where the plate age
ranges from 18.5 to 10 Ma along the Chile trench. (bottom) High-resolution bathymetric image
of the incoming southern Nazca plate, with locations of three wide-angle seismic profiles: P0la,
P03, and P05. Black dots and station numbers indicate the four ocean bottom stations (17, 13,
02, and 03) shown in Figures 3.2 and 3.3

Chile Rise axes, and it crosses perpendicularly POla (Figure 3.1). Shots were recorded
with a total number of 9 OBS (Ocean Bottom Seismometers) [Bialas and Flueh, 1999]
and OBH (Ocean Bottom Hydrophones) [Flueh and Bialas, 1996]. The seismic source
for the refraction work was a cluster of 8x8-litres G-guns, providing a total volume of 64

litres for each shot. This source was fired at a time interval of 60 s, which corresponds to
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an average shot spacing of ~150 m. The record sections were interpreted after bandpass
filtering and predictive deconvolution. The signal-to-noise ratio obtained for most of the
stations is high (Figures 3.2 and 3.3). Crustal refractions (F,), Moho wide-angle reflec-
tions (P, P) and upper mantle refractions (P,) were recorded on almost all stations with
excellent quality. Four examples of seismic record sections are shown in Figures 3.2 and

3.3, with their respective seismic phases identified.

The profile POla, is a 65 km long East-West profile across the outer rise (Figure 3.1),
85 km to the north of the Guafo FZ. This profile was recorded with 5 OBH/S evenly
spaced every ~ 8 km. All of them returned data with a high signal-to-noise ratio. The
maximum shot receiver aperture was 62 km (Figure 3.2a). Figures 3.2a and 3.2b show
record sections representative of this profile with the identified P, P, P and P, phases.
The 76 km long profile P03 is located ~ 90 km west of the Chile trench (Figure 3.1),
which is covered by four OBSs spaced every ~ 8 km. Figures 3.3c and 3.3d show record
sections representative of this profile with the identified phases. P,,P and P, phases are
observed in most record sections with excellent quality. P, arrivals are abundant in many
stations (Figures 3.3c and 3.3d) with noticeable amplitude. The most striking feature of
the dataset is the abundance of very strong S-wave arrivals, including Moho wide-angle
reflections and P/S (S/P) conversions that can often be followed to offsets longer than 30
km. Shear-waves refractions S, and S,, are observed in most record sections along P03,

as well as S-wave Moho wide-angle reflections S,,S (Figures 3.3c and 3.3d).

Picking of the seismic phases was done manually, and picking errors were assigned on
the basis of the dominant period of the phase. Detailed information regarding average
picking uncertainties and number of picks for both profiles are summarized in Table 1.
Typically, errors were assumed to be half a period of one arrival, to account for a possible
systematic shift in the arrival identification, and were weighted according to the phase
quality. Secondary S, arrivals (arriving later than S;,) are not evident on the data. Moho
reflections S,,,S are identifiable on most of the stations (Figures 3.3¢ and 3.3d), although
with relative high uncertainty (>80 ms).

3.4 P-wave travel time modelling scheme

We obtained the P-wave velocity-depth structure using the joint refraction and reflec-
tion travel time inversion method of Korenaga et al., [2000]. This method allows jointly
inverting refraction (P, and P,) and reflection (P, P) travel times for a 2-D velocity field.
Travel times and ray paths are calculated employing a hybrid raytracing scheme based

on the graph method and the local ray-bending refinement [van Avendonk et al., 1998].
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Figure 3.3: (continued) (c) OBS 02 (hydrophone component), and (d) OBS 03 (hydrophone component).

Smoothing constraints from predefined correlation lengths and optimized damping for the

model parameters are employed to regularize an iterative linearized inversion [Korenaga et
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al., 2000]. The velocity models were constructed using four layers, (1) water, (2) sedimen-
tary section, (3) oceanic crust and (4) upper mantle. To derive the velocity depth model,
the water depths were taken from the known bathymetry, which remain fixed during the
inversion. The basement was derived by a combined analysis of the reflection and refrac-
tion seismic data. Along POla, we picked and converted the vertical incidence reflections
from Two-way-Time (TWT) data [Flueh and Grevemeyer, 2005] to depth using a constant
velocity of 1.7 km/s. Along P03, no streamer data are available to establish the thickness
of the sedimentary sequence. The basement depth was estimated from the seismic sections
at each section, taking the multiples into account where the basement reflection is relative

strong. Again, a constant velocity of 1.7 km/s was used for the sediments.

The sedimentary section was also held fixed in the inversion procedure. The P-wave
velocity structure for the oceanic crust was inverted using P, and P, P phases in order to
model the velocity field and Moho depth. Once the crustal structure was determined, this
section remains fixed for the subsequent upper mantle inversion, which is inverted using
the P, phases. Applying this hybrid technique not only the first arrivals are taken in
account but also later refracted P, could be used to constrain the lower crustal structure.
To fix the structures obtained in the respective previous inversion, we defined 2D velocity
damping functions with either large or low weighting factors depending on the zone to

retain or invert in the corresponding inversion [see Korenaga et al., 2000].

Horizontal grid spacing of the model used for velocity inversion is 0.5 km, whereas
vertical grid spacing is varied from 0.05 km at the top of the model to 0.5 km at the bottom.
Depth nodes defining the reflectors are spaced at 2 km. We used horizontal correlation
lengths ranging from 2 km at the top to 10 km at the bottom of the model, and vertical
correlation lengths varying from 0.4 km at the top to 2.5 km at the bottom. Several
tests have shown that varying the correlations lengths by 50% does not affect significantly
the overall smoothness. In addition, there is a trade-off between correlation lengths and
smoothing weights, and it is possible to obtain similar results with shorter correlation
lengths and larger smoothing weights. Thus, we choose short correlation lengths and large

smoothing weights in order to reduce memory requirements [Korenaga et al., 2000).

3.4.1 Oceanic crust tomography

We prepared a starting model for the crustal part by searching a 1-D velocity model
that best fits the P, and P, P arrivals for each profile. The initial 1-D model, shown
in the Appendix A, is composed of seismic layer 2 with a high vertical velocity gradient
(>1.2 s71), and layer 3 with a low gradient (<0.2 s™!). The starting Moho reflector was

chosen as the sum of the obtained smoothed basement geometry and crustal thickness of
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Table 3.1: Summary of arrivals time picks.
2Total number of picks for P-waves arrivals, *Total number of picks for S-waves arrivals, and

picking uncertainties (AT4vg) are given.

Phase Profile | Total picks | ATqvg, (ms)
Py POla 1335 55
P, P POla 623 80
P, POla 1052 70
*Total POla 3010
Py P03 1541 55
Py P P03 438 75
P, P03 873 65
“Total P03 2852
Sg + Sn P03 2294 80
SmS P03 336 100
bTotal P03 2630

5.3 km, which was obtained previously from processing a longer wide-angle transect P05
[Contreras-Reyes et al., 2007] in the surrounding study area (see Figure 3.1 for location).
Initial and final root-mean-square travel time misfits Trasg for the initial models are shown
in Table 2. The starting models already yield a relative good fit, with a total (P, and
P, P) Trys ~ 97 ms and Tras ~ 92 ms for profiles POla and P03, respectively. This
shows that the 1-D velocity model already fit the data well since the plate geometry is
quite flat along these short profiles (particularly for profile PO3 which runs parallel to the
trench).

In order to study the accuracy of the final model, we apply the Monte Carlo method to
estimate the uncertainties of the model (see Appendix for a description of this method).
Figures 3.4a and 3.4b show the average model for both profiles obtained after application
of the Monte Carlo method, with the inclusion of the upper mantle part of the model
as explained below. Trarg, x? parameters for the final average models are summarized
in Table 2. The standard deviation of the calculated velocities o, for profile POla and
P03 are displayed in Figures 3.4c and 3.4d, respectively. For the crustal part of the model
along P0la, o, ranges between 0.05 to 0.2 km/s. Uncertainties of the Moho depth o, range
between 0.1 and 0.3 km, average o, is less than 0.2 km. Maximum values of o, are reached
at the eastern edge of the model (Figure 3.4c) where the velocity uncertainty increases to

values larger than 0.15 km/s and the maximum value of o, is ~ 0.3 km. In this region the
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Figure 3.4: Result of P-wave wvelocity tomographic inversion. Final velocity model derived by averaging
all Monte Carlo ensembles along (a) Profile POla and (b) Profile P03. Asterisk in (a) and
(b) denotes the location of the crossing point between POla and P03. Corresponding standard

deviation for compressional velocities along (c) POla and (d) P03.

data coverage is reduced (Figure 3.4c). Along profile P03, o, ranges between 0.05 and 0.2
km/s and o, <0.25 km. Velocities uncertainties at the southern end of the upper crust

reach values of 0.2 km/s, showing a reduced model resolution (Figure 3.4d).

3.4.2 P, travel-time tomography

For the subsequent tomographic inversion of the mantle refraction P,,, a ”layer-stripping”
procedure was chosen, preserving the average velocity model and the average Moho inter-
face gained before. Analogously, velocity uncertainties were estimated using the Monte

Carlo approach (for details see Appendix).

Along P0la, uncertainties of the upper mantle velocity in the eastern part range be-
tween 0.05 and 0.15 km /s and are lower in the seaward part (< 0.1 km/s) where the crustal
velocity structure and Moho reflector are well constrained (Figure 3.4c). In general, upper
mantle velocity uncertainties along P03 are less than 0.2 km/s, and become lower in the

southern part (o, ~ 0.1 km/s) where there is good ray coverage of mantle phases.
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Table 3.2: Details of seismic P-wave crustal velocity-depth inversion based on the average final models
shown in Figures 3.4a and 3.4b.

Tras=root-mean-square travel time misfit, and x? = chi-square parameter are given

Initial Model Initial Model Average Final Average Final

Phase Profile Tryvs (ms) X2 Model Trys (ms) Model x?
Py Pola 96.60 2.44 58.17 0.84
PP Pola 97.26 1.93 79.37 1.28
Total (Py + Pm P) Pola 96.81 2.28 65.67 0.98
Py Po3 90.22 2.20 56.87 0.86
PP P03 96.55 2.49 81.86 1.72
Total (Py + Pm P) P03 91.64 2.26 62.4 1.05

A detailed comparison of P, velocities of both profiles at the crossing point (Figure
3.4) reveals that the difference between the velocities for these profiles is only 0.2 km/s,
The

faster P, velocity is oriented in the direction of the spreading (along P0la). A similar

slightly more than the magnitude of the uncertainty in the velocity estimation.

estimation is obtained by comparing the uppermost mantle velocity obtained along profile
P05 [Contreras-Reyes et al., 2007] with P03 at their intersection, which is located just 30
km to the north of the crossing point between P0la and P03 (see Figure 3.1).

Table 3.3: Details of seismic P-wave mantle velocity inversion based on the average final models shown in
Figures 3.4a and 3.4b.

Trars=root-mean-square travel time misfit, and y? = chi-square parameter are given

Average Final Average Final
Phase | Profile Model Tryrs (ms) Model x?2
P, POla 62.52 1.08
P, Po3 60.58 1.04

3.5 S-wave travel time modelling scheme

Shear waves arrivals of good quality were recorded only along P03 (which is oriented
parallel to the trench). Along POla, in turn S- waves are too weak to be included in
our tomographic model. In general, conversion from P-to S waves is more likely to occur

where a sediment blanket is present [Lewis and McClain, 1977], since cementation and
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infilling of cracks result in an increase of S-wave velocity and decrease shear attenuation
enough for an efficient P- to S-wave conversion. The mature oceanic crust in our study
area is covered by a sequence of 0-500 m of sediments, but the P- to S-wave conversion
is preferentially efficient in the direction parallel to trench and inefficient perpendicular
to it. Probably, the main reason is the topographic disturbances which parallel to the
trench are small compared to the characteristic wavelength of the affected S-waves modes.
Towards the trench, several extensional faults striking parallel to the trench axis (Figure
3.7) result in a basement surface quite heterogeneous. Thus, the P- to S-wave conversion

in the sediment-crust boundary near the trench is practically absent.

To obtain the shear velocity structure we assumed that the P- to S-wave conversion
took place at the sediment/crust interface, and we fixed the layer interfaces of the P-wave
velocity structure (sediment-crust, layer 2/3 and Moho boundaries) obtained previously
le.g, Mithal and Mutter, 1989]. Thus, only S-velocities values were altered in the tomo-
graphic inversion. Sedimentary velocities are not inverted in the seismic tomography, but
they were estimated using the PPS wave modes. The PPS wave modes travel through
the sedimentary layer and basement as a P-wave and they are converted to an S-wave at
the sediment/crust interface, and hence is recorded as an S-wave. Its time delay to the
normal P-wave mode is directly related to the time difference in P- and S-wave velocity
of the sediment section beneath the OBS station [e.g., Trummer, 2002]. We observed
PPS phases on most of the stations, which exhibit the same apparent velocity as the first
arrival P-phase but with a relative constant time delay of roughly 1s (Figures 3.3c and
3.3d). Using the geometry and velocity field of the sedimentary section gained in the
P-wave modelling, the estimated S-wave velocity is therefore ~0.5 km/s in the sediments.
The average picking uncertainty of PPS phases is 80 ms. Studying the travel time error
by perturbing S-wave velocities, we estimated an overall accuracy for shear wave velocities

for the sedimentary layer of 0.05 km/s.

Table 3.4: Details of seismic shear wave arrivals inversion based on the average final model shown in Figure
3.5a.

Trars=root-mean-square travel time misfit, and x? = chi-square parameter are given

Average Final Average Final
Phase Model Trys (ms) Model x?
Sg + Sn 72.70 0.95
SmS 62.52 0.48
Total (Sg + Sn + SmS) 71.88 0.89
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Figure 3.5: (a) Final shear wave velocity model derived by averaging all Monte Carlo ensembles. (b) Pois-
son’s ratio two-dimensional model derived from V, (Figure 8.4b) and Vs (Figure 8.5a) models
at the same ray-coverage intersection. (c) Standard deviation for S-wave velocity model. (d)

Standard deviation for Poisson’s ratio model.

To model the oceanic crust and upper mantle simultaneously, we inverted only the
first refracted shear wave arrivals (S, and S;,) and Moho reflections S,,,S. We used the
PSP modes, where the signal travels as a P-wave through the sedimentary layer but as an
S-wave through the oceanic crust (S, and S,,5) and upper mantle (5,). Picking uncer-
tainties and number of picked arrivals of these phases are shown in Table 1. Starting model
preparation and analysis of the uncertainties for the S-wave velocity model are described in
the Appendix A. Figures 3.5a and 3.5¢ display the final average S-wave velocity model and
its standard deviations, respectively. Trars and x? parameters are summarized in Table
4. Upper crustal velocity uncertainties range between 0.05 and 0.25 km/s, with a mean
value of ~ 0.1 km/s. In general, o, through the lower crust is < 0.15 km/s, its maximum
where the poorest ray-coverage is located at the southern edge. Velocity uncertainties in

the upper mantle reach values of 0.1-0.2 km/s.

In Appendix B and C, we present two independent synthetic tests in order to study
the robustness of our tomographic results. First, we study the travel time sensitivity of

the uppermost shear wave velocity by using classical 2D forward modelling (Appendix B).
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Second, we modeled the most prominent amplitude pattern of the seismic data by using

the method of Reflectivity (Appendix C).

3.6 Poisson’s ratio

The Poisson’s ratio v is the ratio of transverse contraction strain to longitudinal ex-
tension strain in the direction of stretching force. v is related to the compressional wave

velocity V), and shear wave velocity V via

and its standard error Av is given by:

Av— <%>2 A (ATY (32)
QKWJ)W(%) (%)

Vs

where AV, and AV; are the uncertainties of P- and S- wave velocities, respectively.

We used (3.1) to compute v directly from the obtained P and S wave velocity structure
at a common ray-coverage, which is given by the overlap of the ray-coverage of P- and S-
wave velocity models (see Figures 3.4b, 3.5a and 3.5b). Uncertainties of the Poisson’s ratio
are computed using (3.2) and they are plotted in Figure 3.5d. Usually AV, < AVj, and
thus Av is very sensible to the uncertainties of the S-wave velocity model. Characteristic
values of Av range between 0.01 and 0.03, its maximum at the top of the oceanic crust
(Figure 3.5d).

3.7 Results and Discussion

3.7.1 Seismic structure of the oceanic lithosphere
Sediments

The top of the incoming plate is covered by a mixture of pelagic and terrigenous
sediments with compressional velocity of 1.7 km/s and shear wave velocity of 0.5 km/s,
resulting in a Poisson’s ratio of ~0.48. The thickness of the sedimentary layer varies from

0 m (where igneous basement is exposed) to ~500 m at the eastern most section of profile
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PO1la.

In-situ measurements of shear wave velocity in marine sediments at less than 100 me-
ters below seafloor give v values ranging from 0.46 to 0.49 [Hamilton, 1976]. Wilkens et al.,
[1992], based on inversion of S-wave velocities from full waveform acoustic logs recorded
in partially lithified calcareous oozes, have determined Poisson’s ratios of 0.35-0.39. We
interpreted the Poisson’s ratio of 0.48 for the sedimentary layer offshore of southern central

Chile as a mixture-sequence of pelagic sediments and turbidites with rich water content.

Upper crust

Below the sediments, the velocity structure roughly follows the basement topography
and a ~1.7 km thick layer with compressional velocities between 4.0 £+ 0.2 km/s and 6.5
+ 0.15 km/s were obtained. Thus, seismic P-wave velocity is reduced by ~0.5 km/s with
respect to normal oceanic crust of that age [Grevemeyer and Weigel, 1996; Grevemeyer et
al., 1999]. The shear-wave velocity at the top of the upper crust is 1.9 + 0.2 km/s, hence
the Poisson’s ratio is 0.33 £ 0.03. S-wave velocity increases to 3.6 + 0.15 km /s and v=0.27
+ 0.02 at the 2/3 layer boundary (Figure 3.5b). The seismic structure is consistent with
oceanic layer 2 with the typical sequence of extrusive basalts on top of a sheeted dikes
complex [e.g. Vera et al., 1990]. High V,-gradient (~ 1.5 s7!) and V,-gradient (~ 0.9 s7!)
across seismic layer 2 is consistent with the rapid decrease of porosity, and consequently

the decrease of v with depth (Figure 3.5b).

Lithology, degree of hydro-alteration, geometry and density of cracks influence the
behavior of v. Discrepancies exist between seismic Poisson’s ratio measurements and
laboratory analysis of ophiolites samples. For example, several in-situ experiments have
shown that the uppermost 200-300 m of the oceanic crust are consistent with Poisson’s
ratio of 0.32-0.38, which exceed values obtained for normal ocean basement samples (v
=0.30) [Hyndman, 1979; Salisbury and Christensen, 1978; Collier and Singh, 1998]. Spu-
dich and Orcutt, [1980] determined high values of v (0.32-0.38) in the uppermost crust,
which were interpreted as a high degree of porosity. High Poisson’s ratios above 0.30
in the upper crust are typical for young oceanic crust due to its high porosity in the
form of cracks, fissures, breccias and talus [e.g., Hyndman, 1979]. Sediment thickening
and filling of cracks by secondary minerals during crustal aging result in an increase of
both P- and S-wave velocities [e.g., Wilkens et al., 1991], and a decrease of v, as shown
in laboratory studies [e.g., Shaw, 1994]. However, the mature oceanic crust (~12.5 Ma)
offshore south central Chile is characterized by active faulting beneath the ”thick” sed-

imentary cover [Contreras-Reyes et al., 2007], reactivating fluid circulation and creating
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new cracks and re-opening old ones. Thus, additional pore space is created and hence
porosity is increased at the outer rise owing to strong bending-related faulting. In this
in-situ experiment, we detected Poisson’s ratios of ~ 0.33 at the top of seismic layer 2,

which are in close agreement with altered and fractured upper oceanic crust (Figure 3.5b).

With increasing depth v decreases to values of ~0.28 at the base of the upper crust
(Figure 3.5b). Au and Clowes, [1984] detected seismic Poisson’s ratios of 0.22-0.26 at 1-1.5
km crustal depth, which are noticeably lower than for metamorphosed basalts (0.26-0.32)
occurring at these depths in ophiolites. This difference between rock-laboratory and seis-
mic measurements can be explained by crack theory. Shearer [1988] predicts that the
Poisson’s ratio is increased by the presence of thin cracks (aspect ratio < 0.005) and is
decreased by thick cracks (aspect ratio > 0.5). At low depths both types of cracks are
present, but thin cracks have a much greater effect on elastic properties than thick cracks
[Shaw, 1994]. In contrast, Poisson’s ratio is less sensible to porosity increment of thick
cracks at shallow depths. At greater depth most of the thin cracks are closed and thick
cracks dominate the behavior of Poisson’s ratio, resulting in its reduction. Shaw [1994]
interpreted the depth pattern of cracks closures to be related to the aging of the ocean
crust. In young crust thick cracks remain unsealed at depths of 1-1.5 km [Shearer, 1988],
and they gradually become sealed by hydro-mineral deposition as oceanic crust ages and

sedimentary cover becomes thicker [e.g., Shaw, 1994].

Our estimated Poisson’s ratios of ~0.28 at the base of layer 2 (~1.7 km beneath sed-
iments), fall between values of metamorphosed basalts (Figure 3.6b). It is noteworthy
that given the complexity and heterogeneity of crack-geometry perturbation caused by
bending-related faulting, several scenarios might produce identical Poisson’s ratio distri-
bution, e.g. fracturing and hydration acting simultaneously in the upper crust. On one
hand, if active normal-faulting is able to increases the number of thick cracks, then accord-
ing to the model of Shaw [1994] v should decreases. On the other hand, if bending-related
faulting allows the infilling of thick cracks by fluids, then v should increase, contrasting the
effect of thick cracks. Thus, hydro-fracturing effects may overprint Poisson’s ratio values of
metamorphosed basalts. Since bending-related faulting modifies heterogeneously the bulk
porosity, different distributions of distinct types of cracks should result in disproportional

variations of the v structure.

Lower crust

The upper crust overlies a ~ 3.6 km thick layer with compressional velocities increasing
from 6.5 + 0.1 km/s at the top of the layer to 6.8 + 0.1 km/s at the bottom. Uppermost
lower crust S- wave velocities are 3.6 £+ 0.15 km/s and reach 3.8 £ 0.15 km/s at the Moho,
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Figure 3.6: (a) Extracted compressional and shear velocity-depth profile at x~40 km along profile P03. Grey
area represents the velocity-uncertainty of the models. (b) P velocity versus S velocity paths for
P03 (black solid line). Paths for constant Poisson’s ratio (dot lines), which form straight lines
in the Vp, — Vi plane, are plotted at intervals of 0.04. V, and Vs values for dunite, serpentinite,
basalt, amphibolite, and gabbro were taken at 200 MPa [Christensen, 1996]. (c) Trend of V,
and Vs as a function of degree of serpentinization based on compilation of laboratory mantle
peridotite [Christensen, 1996].

resulting in a Poisson’s ratio decreasing from 0.28 + 0.02 to 0.26 £+ 0.02 within the lower
crust (Figure 3.5b). The base of the lower crust is constrained by Moho reflections (P, P)
at about 5.3 km depth below the basement.

This seismic structure corresponds to oceanic layer 3, generally associated with gab-
bro and layered gabbro rocks (layer 3A and 3B). However, noticeable reduced lowermost
crustal P-wave velocities (< 7.0 km/s) suggest the likely presence of hydrous minerals such
as chlorite and amphibolites [e.g., Hess, 1962; Christensen and Salisbury, 1975]. Further-
more, Carlson and Miller [2004] pointed out that even in gabbros with top and bottom
compressional velocities typical of seismic layer 3 (6.7 and 7.0 km/s, respectively) contain
already 5-15% alteration products, including 5-15 % amphibole and 0-5 % phyllosicates.

Our estimates (6.5 and 6.8 km/s) are consistent with gabbros of high degree of metamor-
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phism. Salisbury and Christensen [1978] determined v values ranging from 0.26 to 0.31
based on experimental measurement of an ophiolite complex. Christensen [1996] reported
v values of 0.29 for gabbro decreasing with metamorphism to values as low as 0.26 for
amphibolite facies rocks, based on measurements of V,, and V; to hydrostatic pressures of
200 MPa.

Fracturing and population of cracks might also be partially responsible for the observed
velocity reduction [e.g., Ranero and Sallares, 2003]. Old crustal cracks originally created
at the spreading crest might be re-opened and new ones created by bending-related faulting
near the trench, producing a large population of cracks at lower crustal depths. These
cracks can be filled by infiltrated seawater via outer rise hydraulic faults, resulting in
the hydro-alteration of the oceanic gabbro. Figure 3.6b shows the reduction of v within
layer 3 between depths of 1.7 and 5.3 km beneath sediments, reaching a value of ~ 0.26
at the base of the crust. This value is clearly lower than laboratory measurements of
gabbro rocks (~ 0.29) (Figure 3.6b). According to the model of Shaw [1994], cracks of
both small and large aspect ratios are closed at lower crustal depths, restoring Poisson’s
ratio values to be consistent with laboratory measurements (0.28-029). Our results near
the Chile trench, however, show a decrease of v rather than an increase within the lower
crust (Figure 3.6b). This implies that fracturing and/or hydro-alteration at lower crustal
depths occurs, regardless that our seismic profile is emplaced on mature oceanic crust of ~
12.5 Ma, where usually hydrothermal alteration is largely confined to upper crustal depths
le.g., Carbotte and Scheirer, 2004).

Uppermost mantle

Uppermost mantle V,, of 7.9 £ 0.1 km/s and V; of 4.3 + 0.15 km/s were detected
along P03, which are lower than dry peridotite (V}, > 8.1 km/s and V5 > 4.6 km/s). Thus,
along the Moho discontinuity a rapid increase of v from 0.26 4+ 0.02 at the lowermost crust
to 0.29 £ 0.02 at the uppermost mantle is observed (Figure 3.6b). Hyndman (1979) re-
ported ratios of 0.24 (V,,/Vs = 1.71) with a compressional velocity of 8.4 km/s for mantle
peridotite. Based on laboratory samples of ophiolites, Christensen [1996] describes the
transition from mafic to ultramafic igneous intrusions as a decrease of the Poisson’s ratio
reaching a value of ~ 0.26 (V,/Vs; = 1.76) immediately below the Moho. This v reduction
is due primarily to increasing dry olivine content. In the case of partially serpentinized
mantle, however, the behavior of v is totally different, as Poisson’s ratio increases abruptly
where peridotite or dunite is hydrated. For example, serpentinization of dunite forces v
to change from an average 0.24-0.26 in peroditite to an average of 0.35 in serpentinite
[Christensen, 1996]. Partially serpentinized dunites and peridotites have Poisson’s ratios

that fall between these limiting values.
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Figure 3.6¢c shows a compilation of V}, and V, for mantle peroditite as a function of
degree of serpentinization based on laboratory results of Christensen [1996]. The data were
taken at 200 MPa, and the average zero-serpentine for this suite of laboratory data is about
8.4 km/s and 4.7 km/s for V,, and Vj, respectively. Our new tomographic results exhibit
slightly reduced V,, and V;, and high Poisson’s ratios (~0.29) for mantle rocks reflecting a
partial degree of hydration (Figures 3.6b and 3.6¢). These values correspond to moderately
hydrated mantle composition with a degree of serpentinization of 10-20% (Figure 3.6c¢).
Since water is required to alter mantle peridotite to serpentinite, pervasive fracturing of
the entire crust is suggested for the lithosphere entering the Chilean subduction zone off
Chiloe Island.

3.7.2 Hydrothermal activity at the southern central Chile outer rise

The relative young oceanic Nazca plate created at the Chile Rise is characterized
by the absence of a strong outer bulge oceanward from the trench axis and by a thick
sedimentary cover. In some parts of the outer rise area shown in our bathymetric map,
pelagic sediments and turbidites obscure normal outer rise faults (Figure 3.7a). Since
sediments are thought to limit seawater from communicating with the underlying oceanic
crust, hydrothermal activity should be absent. However, seismic reflection data show
some faults which expose basement, and also rough basement topography (Figure 3.7b),
suggesting that bending-related faulting pervasively fractures the oceanic crust beneath
the sedimentary blanket and likely creates pathways for seawater into the uppermost brittle
lithosphere. In addition, basement outcrops also expose igneous basement resulting in an
easy percolation of cold seawater trough their flanks. Infiltration of cold sea water into
the crust has been reported in the working area [Contreras-Reyes et al., 2007, where
extremely low heat flow values in the outer-rise (~ 7 mW/m?) are readily explained with
the inflow of cold seawater trough a basement outcrop marked in Figure 3.7a. The seismic
profile P03 passes next to the high basement outcrop and anomalous high Poisson’s ratios
in the oceanic crust in mantle are observed. Thus, hydration mechanisms in the oceanic

plate provide a natural explanation for the velocity and Poisson’s ratio anomaly.

3.7.3 P, anisotropy at the outer rise

The genesis of the oceanic lithosphere involves active mantle flow, resulting in duc-
tile deformation and intense crystal anisotropy of olivine within the uppermost mantle
[Nicolas and Christensen, 1987]. Seismic anisotropy therefore is controlled by the lat-
tice preferred orientation (LPO) of relatively water-poor olivine [Nicolas and Christensen,
1987]. P-waves travel fastest along the a axis of relatively dry olivine. Hence, the direc-

tion of the fastest P-wave velocity is usually assumed to indicate the flow direction in the
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Figure 3.7: (a) High-resolution bathymetric image of the southern central Chile outer rise. (b) Multichan-
nel reflection data reveals active faulting underneath the sedimentary cover, as is shown by
extensional bending faults, which cut the oceanic crust and expose igneous basement to direct

contact with seawater.

mantle [e.g., Zhang and Karato, 1995]. This assumption is not always valid, however, in

environments with a large stress field and high water-content, such as subduction zones
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[Jung and Karato, 2001]. Experiments of Zhang and Karato [1995] show that at large
strain, the main a axis orientation no longer follows the finite strain ellipsoid but rotates
toward the shear direction. This process is also accompanied by intensive dynamic recrys-
tallization. In addition, the presence of water can alter the relative strengths of olivine
slip planes and change how it deforms [Jung and Karato, 2001], and consequently results
in variation of both degree and orientation of seismic anisotropy. Mineral physics studies
showed that crystal anisotropy of wet peridotite is unusually low, despite of considerable
texture strength [Precliz, 2005]. Furthermore, the hydration process enhances anisotropic
deformation of olivine, increases with the amount of water and re-orients the fast wave
speed orientation with the c-axis nearly parallel to the shear direction [Jung and Karato,
2001].

Clowes and Au (1982), in an in-situ seismic experiment, reported strong P, anisotropy
of 10 % offshore western Canada (seaward from the trench), with a fastest speed of 8.3
km/s aligned parallel to the direction of the spreading and slowest of 7.5 km/s oriented
approximately parallel to the spreading ridge. The difference was attributed to azimuthal
velocity anisotropy of the type normally found in the Pacific basin. Christensen and Sal-
isbury [1979] performed laboratory analyses of 15 ultramafic tectonite samples from an
ophiolite complex, and they estimated a compressional seismic anisotropy of 6 % with a
fastest upper mantle velocity of 8.7 km/s parallel to the inferred spreading direction, and
the slowest of 8.2 km/s perpendicular to this direction. Christensen and Smewing [1981]
provide empirical results of harzburgites samples from the lower ultramafics of the Oman
ophiolite. They found P, anisotropy as high as 8 %. Our in-situ P,, anisotropy estimation
of ~ 2% at the trench-outer rise area is considerably lower than the measurements men-

tioned above.

Fast P, velocities of > 8.3 km/s were detected > 200 km seaward from the southern
central Chile outer rise [Contreras-Reyes et al., 2007], reflecting a dry-peridotite compo-
sition of the oceanic mantle. However, towards the trench uppermost mantle velocities
become systematically slower (~7.8 km/s) indicating an evolutionary process and alter-
ation of the seismic properties of the oceanic lithosphere in the vicinity of the trench
[Contreras-Reyes et al., 2007]. We speculate, therefore, that tectonic and hydration pro-
cesses near the trench decrease the difference between compressional velocities along the
fast and slow axis of olivine or the partially serpentinized zones, and we anticipated that
the fastest P-wave velocity orientation might be rotated while the plate approaches the
trench, where hydrothermal circulation and stress magnitude increase. This interpretation
is supported by laboratory experiments on mantle rocks [Zhang and Karato, 1995; Jung
and Karato, 2001].
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3.7.4 Conclusions

Joint inversion of seismic refraction and wide-angle reflection data at the southern cen-
tral Chile outer rise yields the P- and S-wave velocity structure of the incoming oceanic
Nazca plate. We presented new results showing the impact of bending-related faulting
on seismic properties of the oceanic subducting lithosphere prior to its subduction. This

work leads to the following conclusions:

- The oceanic Nazca plate at the southern central Chile outer rise is covered by a
sequence of oceanic pelagic sediments and turbidites of 0-400 m, with a Poisson’s ratio of
~ 0.48. Frequently, the igneous basement with its extensional normal faults is exposed to

direct contact with cold seawater through high basement outcrops.

- The upper oceanic crust is characterized by relatively low V), low Vj, and high
Poisson’s ratios ranging between ~0.33 at the top of the crust and ~0.28 at the layer
2/3-interface. These high values of v are interpreted to be the cause of high hydro-activity

and high degree of porosity in the form of cracks and fissures.

- The trend of Poisson’s ratio within the lower crust is characterized by a slight de-
crease of v from the top of the lower crust down to the Moho (where v reaches values of
~ 0.26 at the bottom of the crust). The observed decrease of v is interpreted as the likely

presence of a high degree of fracturing and/or hydro-alteration at lower crustal depths.

- Anomalously high Poisson’s ratios in the upper mantle of ~ 0.29 are likely caused
by partial hydration, since bending-related faulting may breach the entire oceanic crust
providing the necessary water-pathways up to upper mantle depths. Based on laboratory
seismic velocity measurements of mantle peridotite and serpentinite, the degree of serpen-

tinization is 10-20%.

- Comparison of the uppermost mantle velocities at the crossing points of perpendic-
ular profiles reflects low degree of P, anisotropy (<2 %). Our in-situ refraction seismic
experiment detected much lower degree of anisotropy than laboratory measurements of

ophiolite complex and refractions experiments performed seaward from the outer rise area.
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Chapter 4

Seismic structure of the
incoming/subducting oceanic

Nazca plate offshore the southern

Arauco Peninsula, Chile at ~ 38° S

A joint interpretation of swath bathymetric, seismic refraction, wide-angle reflection
and multi-channel seismic data was used to derive a detailed tomographic image of the
Nazca-South America subduction zone system offshore southern Arauco peninsula, Chile
(~38°S). Here, the trench basin is filled with up to 2.2 km of sediments and the Mocha Frac-
ture Zone (FZ) is obliquely subducting underneath the South American plate. The velocity
model derived from the tomographic inversion consists of a ~7-km-thick oceanic crust and
shows P wave velocities typical for mature fast spreading crust in the seaward section of
the profile, with uppermost mantle velocities > 8.4 km/s. In the trench-outer rise area,
the top of incoming oceanic plate is pervasively fractured and likely hydrated as shown by
extensional faults, horst-and-graben structures, and a reduction of both crustal and man-
tle velocities. These slow velocities are interpreted in terms of extensional bending-related
faulting leading to fracturing and hydration in the upper part of the oceanic lithosphere.
The incoming Mocha FZ coincides with an area of even slower velocities and thinning
of the oceanic crust (10-15 % thinning), suggesting that the incoming fracture zone may
enhance the flux of chemically-bound water into the subduction zone. Slow mantle ve-
locities occur down to a maximum depth of 6-8 km into the upper mantle, where mantle

temperatures are estimated to be 400-430°C.
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4.1 Introduction

Subduction at convergent margins has a major impact on both the incoming plate,
which is forced to subduct, and the overriding block. As the incoming plate approaches
the continent (or island arc), the lithosphere bends into the trench, producing a prominent
bathymetric bulge, the outer rise. Depending on the age, rheology and stress state of the
lithosphere, uplift may start several hundreds of kilometers from the trench axis. Plate
bending, however, is strongest within 50 km of the trench, where bending stresses ex-
ceed the yield strength of the lithosphere, producing normal faulting [e.g., Masson, 1991;
Ranero et al., 2003; Grevemeyer et al., 2005] and earthquake activity [e.g., Chappel and
Forsyth, 1979; Tilmann et al., 2008] seawards of the trench. Recent work suggested that
bending-related faulting might be an evolutionary process, affecting structure and com-

position of the downgoing plate [Ranero et al., 2003; Grevemeyer et al., 2005; 2007).

The southern central Chile margin hosted the rupture area of the great 1960 Chilean
earthquake (M, ~ 9.5) [Cifuentes, 1989; Barrientos and Ward, 1990] and is character-
ized by a filled trench confined between two main oceanic features: the Juan Fernandez
Ridge (JFR) and the Chile Rise (Figure 4.1). The southern central Chile margin was
characterized by Bangs and Cande [1997] using structural constraints from multichannel
seismic reflection data. Main features were a 15-20 km wide accretionary prism and a
~2 km thick trench fill. The backstop underlying the continental slope and its velocity
structure, however, were poorly resolved. Krawczyk et al., [2006] used seismic refraction
and wide-angle reflection data from an amphibious experiment to yield structural con-
straints of the entire subduction zone system offshore of the southern Arauco peninsula at
~38°S. Their final velocity-depth model concentrated on the nucleation area of the great
1960 earthquake more than 80 km landwards of the trench and hence put less emphasis
on the marine forearc. To refine the crustal model of the accretionary complex, marine
forearc and downgoing plate, we re-analysed a subset of the SPOC (Subduction Process
Off Chile) data [Krawczyk et al., 2006] and extended the profile across the trench-outer
rise seaward of the trench to study the impact of bending-related faulting on the structure
of the incoming plate. We integrated multi-channel seismic reflection (MCS) data and
seismic refraction and wide-angle reflection data into our inversion and performed a joint
refraction and reflection travel-time tomography to obtain a detailed velocity model of the
marine forearc and the incoming/subducting oceanic lithosphere off Arauco peninsula,
south central Chile (~38°S).

One of the aim of this study is to investigate the evolution of the seismic structure
of the incoming/subducting oceanic plate. Prior to subduction the oceanic lithosphere

suffers from plate bending, causing normal faulting [e.g., Masson, 1991; Ranero et al.,
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2003] and earthquake activity ranging from micro-earthquakes of M,, <1 [Tillmann et
al., 2008] to large intraplate earthquakes of M,,>6.5 [e.g., Chappel and Forsyth, 1979;
Lefeldt and Grevemeyer, 2008]. Bending-related faulting modifies the porosity structure
and hydro-geology of the oceanic lithosphere and thus affects the subduction water cycle
[Ranero et al., 2003; Grevemeyer et al., 2007]. A number of seismic experiments provided
evidence that plate bending affects the subducting Nazca plate off northern [Ranero and
Sallares., 2004], central [Kopp et al., 2004; Grevemeyer et al., 2005], and southern central
Chile [Contreras-Reyes et al., 2007; 2008a]. At the trench-outer rise area, the oceanic
crust is pervasively fractured and hydrated by extensional bending-related faults, allowing
the percolation of fluids to mantle depths and thus resulting in the weakening of the
oceanic lithosphere prior to subduction [Ranero et al., 2003]. During subduction, large
intraplate earthquakes associated with normal-faulting under the inner trench slope region
suggest that plate bending and faulting continues until the plate un-bends at greater depth
[Mikumo et al., 2002; Vallee et al., 2003]. Thus, oceanic lithosphere already hydrated
and weakened at the outer-rise is further fractured and faulted by extensional stresses
underneath the overriding plate. Ranero et al., [2003], and Ranero and Sallares, [2004]
have suggested that the isotherm of 600°C (the depth limit of the brittle lithosphere)
corresponds to a good proxy for the maximum depth of mantle hydration. However, this
depth as a limit for lithospheric hydro-alteration has not yet been constrained by active
seismic studies. In this paper, we present new geophysical evidence for the evolution of
the seismic structure of the oceanic Nazca plate prior to and during subduction, and we

assess the maximum depth of mantle alteration using wide-angle data.

4.2 Geodynamic setting

The geological structure of the southern central Chile margin is controlled by the sub-
duction of the oceanic Nazca plate beneath South America (Figure 4.1). The incoming
Nazca plate subducts at ~6.6 cm/yr with an azimuth of about N78°W [Angermann et al.,
1999]. The Chilean subduction zone is composed of two major segments defined by the
incoming oceanic plate formed at two different spreading centers: north of the Valdivia
Fracture Zone (FZ) the oceanic lithosphere was formed at the Pacific-Farallon spreading
center more than 20 Ma ago [Mueller et al., 1997], whereas south of the Valdivia FZ it
was created at the Chile Rise within the past 20 Ma [Herron, 1981] (Figure 4.1). North
of the Valdivia FZ, the seafloor spreading fabric of the Nazca plate strikes approximately
45° to the trench axis, whereas south of the Valdivia FZ it strikes ~15° to the trench axis.
The Chile trench, Mocha and Valdivia Fracture Zones (FZs) define a triangle called the
Mocha block, which is an area of high stress concentration on the plate interface that acts

as a boundary between two major segments of the Chilean subduction zone [Barrientos
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and Ward, 1990]. The main shock of the 1960 Chile earthquake (M, ~9.5), the largest
ever instrumentally recorded, nucleated near the Mocha FZ and propagated southward for
more than 900 km [Cifuentes, 1989; Barrientos and Ward, 1990].

Our study area is located offshore southern Arauco peninsula, where the Mocha FZ
trending N55°E, is currently entering the trench at ~38°S (Figure 4.2) and may be partly
responsible for the uplift of the peninsula [Kaizuka, 1973]. Because Mocha FZ strikes
obliquely to the trench axis, the fracture zone intersection with the trench migrated south-
ward at ~3.1 cm/yr over the past million years relative to South America. North of the
Mocha FZ, the plate age at the trench axis is ~30 Ma, whereas south of it the seafloor
is about 24 Ma [Tebbens et al., 1997]. The southern central Chile trench is filled by ter-
rigenous sediments sourced from the Andes [Thornburg and Kulm, 1987]. The deposited
material is transported through submarine canyons and redistributed within the trench
from south to north [Thornburg et al., 1990; Voelker et al., 2006].

The primary geologic units exposed on land along the southern Chile coast are the con-
tinental basement rocks that are part of a Paleozoic accretionary complex and magmatic
arc [Mordojovich, 1974; Herve et al., 1988]. Exploratory drilling into the Arauco basin
(see Figure 4.2 for location) reached metamorphic basement beneath ~500 m of Pliocene
shelf sediments [Mordojovich, 1974]. Interpretation of seismic reflection data across the
Arauco basin indicates that the oldest sediments in the depocenter of the forearc basin

are Senonian [Gonzalez, 1989].

4.3 Seismic reflection and bathymetric data

Seismic reflection and swath bathymetric data were acquired offshore Arauco peninsula
during the SPOC and TIPTEQ projects using R/V SONNE in 2000/2001 and 2004,/2005,
respectively [Reichert et al., 2002; Krawczyk and SPOC Team, 2003; Flueh and Greve-
meyer, 2005; Scherwath et al, 2006]. The seismic signals for the seismic reflection experi-
ment were generated by a tuned set of 20 airguns with a total volume of 51.2 litres. The
multi-channel seismic reflection data were analysed using standard processing, including
re-binning, normal-move out correction, stacking, deconvolution, and post-stack time mi-
gration. A predictive deconvolution with two gates, for the shallow sedimentary events
and the deeper crustal events, was applied before the stack. A space and time variant
frequency filter prior to a post-stack migration completed the processing flow [Reichert et

al., 2002]. Seismic reflection data are displayed in Figure 4.3.
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Figure 4.1: Geodynamic setting of Nazca, Antartctic, and South America plates; plates join at the Chile
Triple Junction (CTJ), where the Chile Rise is currently subducting at ~46.4°S. The southern
central Chilean margin is heavily sedimented and lies between the Juan Fernandez Ridge (JFR)
and Chile Rise spreading center. P09 is the study profile (Figure 4.2). Small black dots indicate
locations of the drilled wells [Mordohovic, 1974]. Seismic profiles ENAP 1, 2, 4 and 6 were
studied by Bangs and Cande, [1997] and Diaz-Naveas, [1999], while black lines denote the
published seismic profiles: SER05 Sallares and Ranero., 2005]; K04 [Kopp et al., 2004]; C-
RO7 [Contreras-Reyes et al., 2007] and S07 [Scherwath et al., 2007].
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Figure 4.2: (a) High-resolution bathymetric image of the seafloor off Arauco peninsula. Solid black lines
are the integrated TIPTEQ and SPOC reflection and refraction profiles, while red dots and
station numbers indicate the five stations (250, 230, 38, 45 and 28) shown in Figures 4.4-4.6.
Solid black square denotes the location of the well drilled by ENAP [Mordohovic, 1974]. (b)
Seismic profile P09 and numbers of the 48 OBH/S stations used in the travel-time tomographic

inversion.
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4.3.1 The trench-outer rise area

Seaward from the trench axis (>70 km) the oceanic plate is covered by a thin 0-400 m
layer of pelagic sediments, which is draped by a much thinner and transparent blanket of
hemipelagic mud. Here, high resolution multibeam bathymetric mapping shows the SE-
NW-trending topographic pattern of the tectonic fabric formed at the spreading center,
which is overprinted by horst-and-graben structures caused by bending-related faulting
(Figure 4.2). Roughly 50 km off the trench axis, turbidites begin to fill the graben-like
structure and overlay pelagic sediments, forming a sedimentary sequence with increasing
thickness towards the trench (Figure 4.3). The trench-fill wedge is ~40 km wide, with
a maximum thickness of ~1900 m of turbidites overlying a ~300 m thick sequence of
hemipelagic/pelagic sediments (Figure 4.3). Moho reflections occur at ~2.3 s below the
top of the oceanic basement and can clearly be identified in the seismic section (Figure
4.3a).

The Nazca plate carries seamount ”chains” rising up to 2 km above the surrounding
seafloor and elongated ridges aligned sub-parallel to the trend of the Mocha FZ (Figure
4.2). Approaching the trench, these edifices become progressively buried by sediments
(Figure 4.2). The traverse ridge of the Mocha FZ is usually not higher than 700 m. At
~25 km seaward of the deformation front, a 5 km wide trench axial channel cuts into the
seabed. The axial channel is buried by turbiditic deposits, and coincides with a horst-and-
graben fault (Figure 4.3b). Towards the trench, bending-related faults tend to continue
and and cut often through the entire trench fill (Figure 4.3). In addition, the top of the
oceanic crust becomes rougher in the trench-outer rise area, which might be caused by the
combined effect of bending-related faulting and the rough relief of the Mocha FZ, which

intersects the seismic line in the vicinity of the trench axis (Figure 4.2).
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Figure 4.3: (a) Post-stack time migration of the trench-outer rise and deformation front areas of seismic
profile P09. (b) The seaward limit of the smooth trench is marked by the notably rough topog-

raphy of the igneous basement. Its surface displays a characteristic, linear, topographic pattern
caused by crustal horst-and-graben structures, masked by a thin sediment cover.

The outer
trench slope is disrupted by a set of subparallel normal faults that cut the oceanic crust.

4.4 Wide-angle seismic data

Figure 4.2 shows the location of the seismic refraction/wide-angle reflection profile

analysed to study the incoming plate and marine forearc at ~38°S. The westernmost part
of the line was obtained during the TIPTEQ cruise SO181 aboard R/V Sonne in 2005. 25
seismic stations were placed along the ~215 km long profile P09 [Flueh and Grevemeyer,
2005; Scherwath et al., 2006]. This line extended SPOC profile PO1 shot during SO161
in 2001 [Krawczyk and SPOC Team, 2003] further seaward across the trench-outer rise.
Shots were recorded with a total number of 48 OBS (Ocean Bottom Seismometers) [Bialas
and Flueh, 1999] and OBH (Ocean Bottom Hydrophones) [Flueh and Bialas, 1996], cov-

ering a distance of ~250 km along the easternmost portion of the incoming oceanic Nazca
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plate, and ~75 km along the westernmost portion of the continental margin (Figure 4.2).
The seismic source for the refraction work carried out during TIPTEQ was a cluster of
8x8-liter G-guns, providing a total volume of 64 litres for each shot. During SPOC a tuned
array of 20 airguns provided a total volume of 51.2 litres. Both sources were fired at a
time interval of 60 s, which corresponds to an average shot spacing of ~150 m. The record
sections were interpreted after bandpass filtering (1 to 20 Hz) and predictive deconvolu-

tion. The signal-to-noise ratio obtained for most of the stations was high (Figures 4.4-4.6).

We have recorded crustal refractions (P,), Moho wide-angle reflections (P, P), upper
mantle refractions (P,), refractions through trench-sediment (Ps), and reflections from the
top of the oceanic crust (P,.P) with excellent quality. Five examples of seismic record
sections are shown in Figures 4.4-4.6, with their respective seismic phases identified. Ap-
parent velocities influenced by the trench-sediment and forearc structures decrease and
increase landward, respectively. P and PP phases occur at approximately km-200 and
hence 40 km from the trench axis. Figure 4.5d shows an example of record section OBH 38
positioned on the continental slope (see Figure 4.2 for location). The OBH data provide
coverage of trench fill and accreted sediments down to basement at the NW and SE branch,
respectively. Mantle, oceanic and continental crustal phases were recorded on most of the
stations with excellent quality (Figures 4.5c, 4.5d, and 4.6e). Two striking features of
the dataset are: the rapid increase of apparent P, velocities from profile-km ~310, and
the long offsets of P,, phases (>100 km) of some stations located on the continental shelf
(Figure 4.6e).

Picking of the seismic phases was done manually, and picking errors were assumed to
be half a period of one arrival, to account for a possible systematic shift in the arrival
identification, and were weighted according to the phase quality. Detailed information
regarding average picking uncertainties and number of picks for the study profile are sum-

marized in Table 4.1.
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Figure 4.4: Ezamples of wide-angle seismic data with predicted travel times (white circles), which are com-

puted based on the velocity model presented in Figure 4.7b. (a) OBH 250 and (b) OBH 230.
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OBH 45 and (d) OBH 38.
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4.5 Travel-time tomography scheme

We obtained the P-wave velocity-depth structure using the joint refraction and re-
flection travel time inversion method of Korenaga et al., [2000]. This method allows joint
inversion of seismic refraction and reflection travel time data for a 2-D velocity field. Travel
times and ray paths are calculated using a hybrid ray-tracing scheme based on the graph
method and the local ray-bending refinement [van Avendonk et al., 1998]. Smoothing con-
straints using predefined correlation lengths and optimized damping constraints for the
model parameters are employed to regularize an iterative linearized inversion [Korenaga
et al., 2000].

The velocity model consists of the following geological units, (1) water, (2) sediments,
(3) marine forearc basement, (4) oceanic crust and (5) upper oceanic mantle. To derive
the velocity depth model, the water depth was taken from the known bathymetry, which
remained fixed during the inversion. Thickness of the sediment unit overlying the oceanic
plate seaward of the trench wedge was obtained by picking and converting the vertical
incidence reflections from the time migrated MCS data, using a constant velocity of 1.7
km/s. In order to obtain the velocity of the sediments and the thickness of the sedimentary
forearc basin, a combined approach using sedimentary refractions trough the basin and
reflections from the top of the oceanic basement plus TWT reflection data was applied.
Landward of roughly km-200, refracted Ps and P, and reflected P;,.P phases were used to
directly invert for the velocity structure of the marine forearc and geometry of the top of
the oceanic plate. Inverted velocities and the depth of the plate boundary (igneous oceanic
basement) were then held fixed in the following iterative inversions. The inner oceanic
crust structure was inverted using P, phases (first and later arrivals) to their maximum
offset and P,,, P phases in order to derive the velocity field and Moho depth. Similarly, the
crustal velocities and Moho depth remained fixed for the next step of the inversion, where

the upper mantle velocities were derived using oceanic F,, phases.

The applied hybrid scheme uses both first and second arrivals to constrain the velocity
model, without the need to disregard for example secondary arrivals such as lower crustal
P, phases, which become secondary arrivals where P, arrivals overtake P,. However,
one problem of this approach is the identification and separation of crustal refractions P,
traveling trough the continental and oceanic crust. This fact is critical in the landward
portion of the model, where the small velocity-contrast at the plate boundary makes
it difficult to separate oceanic and continental P, arrivals (Figure 4.5d). To solve this
problem, we used for the upper plate inversion only P, phases with offset up to 40 km

(Py1). For the lower plate and subsequent inversions, we decreased damping weight values
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in this area of the velocity-depth model and inverted P, arrivals up to their maximum
offsets (Py2). Thus, arrivals at greater offset might constrain the upper structures. Several
tests have shown that this approach fails at velocity discontinuities of high velocity contrast
(for example Moho) but works adequately in continuous velocity-boundary (landward part
of the plate boundary). This is due to the fact that the tomographic inversion tends to
smooth the lowermost and uppermost part of the upper and lower layer, respectively.
As we described above, we use 2D velocity damping functions with either large or low

weighting factors depending on the zone to retain or invert [Korenaga et al., 2000].

4.5.1 Reference model and inversion parameters

The 2-D velocity model is ~324 km long and 30 km deep. We used two floating re-
flectors to model (1) the interplate boundary beneath the continental margin and (2) the
oceanic Moho. The initial geometry of the interplate boundary reflector was obtained by
forward modelling of the Py, Ps and P, P phases landward of profile-km 200 profile. Un-
fortunately, PP reflections landward of km-280 are weak and modelling of the reflector
is difficult. We have therefore continued the geometry of the plate boundary towards the
land by fitting it to hypocenter data of a temporary network in the Arauco peninsula
which imaged the plate contact [Haberland et al., 2006]. We prepared the reference model
for the tomographic inversion by 1D-modeling of four OBH/S stations, which we consider
as a key to define the general structure of the margin [Vera, personal communication,
2007]. Figure 4.7a shows the locations of the four selected stations and their respective
1-D models. The 2-D seismic velocities of the reference model are calculated by linearly
interpolating the velocities of the four 1-D velocity models. A similar approach is pre-
sented by Sallares and Ranero [2005].

The root mean square travel time residuals (Trars) obtained with the 2-D reference
model are presented in Table 4.1. The horizontal grid spacing of the model used for the
velocity inversion is 0.5 km, whereas the vertical grid spacing is varied from 0.1 km at the
top of the model to 1 km at the bottom. Depth nodes defining the plate boundary and
Moho reflectors are spaced at 1 and 2 km, respectively. We used horizontal correlation
lengths ranging from 2 km at the top to 10 km at the bottom of the model, and vertical
correlation lengths varying from 0.1 km at the top to 2.5 km at the bottom. Different tests
showed that varying the values of correlations lengths by 50% does not significantly affect
the solution. Because the trade-off between correlation lengths and smoothing weights,
we tried to use shorter correlation lengths and larger smoothing weights in order to re-
duce memory requirements [Korenaga et al., 2000]. Depth and velocity nodes are equally

weighted in the refraction and reflection travel time inversions.
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4.5.2 Final and uncertainty velocity models

Tests with several starting models converge to nearly the same final model. In order
to study the accuracy of the final model, we employed the Monte Carlo method [Korenaga
et al., 2000]. The uncertainty of a nonlinear inversion can be expressed in terms of the
posterior model covariance matrix [e.g., Tarantola, 1987], which can be approximated by
the standard deviation of a large number of Monte Carlo realizations assuming that all the
realizations have the same probability [e.g., Tarantola, 1987]. The uncertainty estimated
by this method should be interpreted as the uncertainty for our model parameters (i.e.,
starting velocity model and smoothing constraints). The procedure to estimate velocity-
depth uncertainties consisted of randomly perturbing velocities and reflector-depths of
our reference model (Figure 4.7a). We generated 100 random initial velocity models by
adding randomly distributed smooth perturbations. The 2-D starting velocity models
were obtained by linearly interpolating 1-D velocity profiles shown in Figure 4.7a, where
gray areas represent possible variations in velocity randomization. The initial geometry
of the interplate and Moho reflectors were randomly varied within a range of +1.5 and
+2 km, respectively. In addition to the perturbed reference models we produced 100 so-
called noisy arrival time sets constructed by adding random phase errors (£50 ms) and
common receiver errors (50 ms) to the original data set [Korenaga et al., 2000]. Then
we performed a tomographic inversion for each velocity model with one noisy data set,
in order to estimate not only the dependence of the solution on the reference model but
also the effect of phase arrival time picking errors. The mean deviation of all realizations
of such an ensemble is considered to be a statistical measure of the model parameter
uncertainties [e.g., Tarantola, 1987]. The stopping criterion for each inversion was 2 ~1.
Figure 4.7b shows the average velocity-depth model from the 100 final models, and detailed
information regarding root-mean-square travel time misfits Trasg and x? parameters for

the final average model is summarized in Table 1.

The standard deviation of the calculated velocities (o) is well constrained in the
seaward portion of the velocity-model (Figure 4.8). Landward from profile-km 260, o,
values in the upper plate increase to larger than 0.15 km/s due to the reduced data
coverage (Figure 4.8a). Below the upper plate and within the upper oceanic crust, o,
values increase up to 0.5 km/s, which indicates that velocities in this part of the model are
largely unconstrained. The depth uncertainties of the interplate reflector oceanward from
km~255 are lower than 0.1 km and reach 0.4 km at the landward edge of the velocity-depth
model (Figure 4.8b), which is a zone characterized by the absence of Pj,.P reflections.
Moho depth uncertainties oceanward of km~270 range between 0.1 km and 0.3 km, and
reach values higher than 0.5 km at the south eastern edge of the velocity model (Figure
4.8d).
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Figure 4.7: (a) One-dimensional reference models. (b) Final velocity-depth model derived by averaging all
Monte Carlo ensembles, displayed together with projected earthquakes. The onset of shallow
and coastal seismicity coincide roughly with the location of the most landward velocity transition
zone inferred by our tomographic model. Hypocenters are taken from the TIPTEQ temporary
seismological network [Haberland et al., 2006]. Isotherm computations are based on the cooling
of a semi-infinite half-space model [e.g., Turcotte and Schubert., 1982]. (c) 1D-Velocity depth
profiles are extracted from (b) below sediments in order to compare the seismic structure of the

"normal” (blue), altered incoming (red) and altered subducting oceanic lithosphere (black).
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Table 4.1: Summary of travel-time picks, and details of seismic P-wave velocity-depth inversion based on
the average final models shown in Figure 4.7b. Pgyi: continental crustal refraction or crustal
refractions with offsets <40 km; Ps: trench fill refractions; Pio.P: reflection from the top of
the oceanic crust; Pg2: oceanic crustal refraction or crustal refractions with offsets >40 km;

P, P: Moho reflections; P,: oceanic mantle refractions.

Trms (ms): root-mean-square travel time misfit, AT4.4: average travel time uncertainty and

X23 chi-square parameter, are given.

ATgvg | Initial Model | Reference Model | Average Final Model | Average Final Model
Phase (ms) Tryms (ms) X2 Trys (ms) X2
Py1+Ps 55 222.36 15.5 52.79 0.85
Pioc P 70 198.70 9.52 75.00 1.24
Pyo 60 68.32 1.12 54.45 0.68
PP 75 99.70 2.02 76.91 1.20
P, 75 135.75 3.93 75.54 1.17

4.5.3 Resolution test

To check the resolvability of the obtained velocity model we have created a synthetic
model consisting of sinusoidal anomalies located both in the upper plate and the oceanic
crust (Figures 4.9a and 4.9c). The anomalies are superimposed onto the final average
velocity model shown in Figure 4.7b. The maximum amplitude of each anomaly is + 8 %
for the upper plate and + 6 % for the oceanic crust (Figure 4.8). Synthetic travel time
data with the same source-receiver geometry as in the real data set have been generated
with the perturbed model, and they were inverted using an initial unperturbed model
to see how well given perturbations are recovered. The recovery models are plotted in
Figures 4.9b and 4.9d, which were gained after 5 and 3 iterations, respectively. The
results show that most of the anomalies are reasonably well reproduced in position, shape
and amplitude, except for two regions: (1) at the bottom of the upper plate at km~285,
and (2) in the upper oceanic crust at km~250 (Figures 4.9b and 4.9d). These regions have
low ray coverage and are poorly constrained, as is shown by the velocity uncertainty model
(Figure 4.8). The recovered velocity anomalies in the upper part of the overriding plate,
trench fill and oceanic crust seaward from km-220 show certain shape deterioration (Figure
4.8). Nevertheless, the results indicate that the geometry and instrument spacing yields a
sufficiently high resolution for these structural anomalies, discerning between positive and

negative variations along the overriding plate and oceanic crust.
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Figure 4.9: Results of resolution test. (a) and (c) Synthetic reference velocity models, consisting of four
single sinusoidal anomalies superimposed onto the final velocity model of Figure 4.7b.(b) and
(d) Recovery obtained after five and three iterations, respectively.
4.6 Results and Discussion

4.6.1 Alteration of the oceanic crust

In the seaward section of the tomographic model, the velocity structure of the oceanic

crust provides uppermost and lowermost crustal velocities of ~4.4 and ~7.2 km/s, respec-

tively. These velocities are typical for mature oceanic crust sufficiently far way from the

ridge crests so that strong hydrothermal circulation has largely ceased [Grevemeyer et al.,

1999; Grevemeyer and Weigel, 1996]. The ”typical” lower crustal velocities seaward of the

trench-outer rise area are consistent with a undeformed and dry oceanic crust [Carlson,

1998; Contreras-Reyes et al., 2007], which reflect an unaltered state of the crust away from
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the influence of tectonic extensional stresses in the outer rise region.

Approaching the trench, however, velocities for the igneous crust begin to decrease
100-120 km seaward from the deformation front at crustal and uppermost mantle depths
(Figure 4.7c). The uppermost crustal velocities decrease to values lower than 3.5 km/s,
which are much less than typical uppermost velocities of layer 2 of mature oceanic crust
(>4.5 km/s) [e.g., Grevemeyer and Weigel, 1996]. Low crustal velocities (< 7 km/s) in the
trench-outer rise area suggest a significant alteration of the porosity structure of the entire
oceanic crust. The decrease of velocities is accompanied by an increase in the degree of
fracturing (Figure 4.3), and probably coincides with activation of new cracks and normal
extensional faults induced by bending-related faulting [Ranero and Sallares, 2004]. A
similar trend in velocity reduction in the trench-outer rise area has been observed offshore
Antofagasta at ~23.5°S [Ranero and Sallares, 2004], and offshore Isla de Chiloe at ~43°S
[Contreras-Reyes et al., 2007].

4.6.2 Alteration of the oceanic mantle prior to subduction

Seaward of the trench, mantle velocities faster than 8.4 km/s are interpreted to be fea-
tures of dry mantle peridotite [Christensen, 1996], indicating that the oceanic Nazca plate
approaches the subduction zone with an undeformed and dry mantle. Closer to the trench,
however, mantle velocities decrease to minimum values of ~7.8 km/s (Figure 4.7c), which
is significantly lower than the velocity of mantle peridotite (>8.1 km/s). The velocity
reduction suggests fracturing and/or hydration of the oceanic mantle in the trench-outer
rise area. With an increasing degree of hydration and hence serpentinization the seis-
mic compressional wave velocity is reduced from >8.1-8.3 km/s for pristine peridotite to
~4.5 km/s at 100% transformation of peridotite to serpentinite [Christensen, 1996]. Per-
haps, though, the "normal” uppermost mantle velocity >8.1 km/s between km~260 and
km~280 is not a real feature but rather an artifact of the seismic tomography due to the

low resolution, as indicated by the uncertainty of the velocity model (Figure 4.8c¢).

Along seismic line ENAP-2 (Figure 4.1), Diaz-Naveas [1999] imaged bend-faults cut-
ting through the crust/mantle boundary into uppermost mantle. Similarly, to the south
along seismic transect ENAP-6, Diaz-Naveas [1999] and Grevemeyer et al., [2005] imaged
outer rise bending-related faults cutting at least ~6 km into the uppermost mantle. Off-
shore Isla de Chiloe (at ~43°S), a similar trend of P, velocity reduction and relative high
Poisson’s ratios were observed [Contreras-Reyes et al., 2007; 2008a]. These observations
give a clear sign of pervasive fracturing of the entire oceanic crust offshore south central
Chile. Since water is required to alter mantle peridotite to serpentinite, pervasive frac-

turing of the entire crust is suggested for the lithosphere entering the subduction zone.
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Similar features have also been observed in central America [Grevemeyer et al., 2007,
Ivandic et al., 2008], suggesting that serpentinization occurring in the trench-outer rise

might be a characteristic feature of subduction.

4.6.3 Hydro-alteration processes affecting the subducting oceanic litho-

sphere

Figure 4.7c summarized the evolution of the seismic structure of the oceanic lithosphere
as it approaches to the subduction zone. The velocity structure within the uppermost 12
km of the mantle imaged below the continental slope (Figure 4.7¢c) is characterized by a
single velocity gradient of 0.1 s~'. ”Normal” mantle velocities of ~8.4 km/s are reached
roughly 6-8 km below the Moho. One mechanism to cause a vertical velocity gradient
is impact of overburden pressure conditions at greater depth. Christensen [1996] used
laboratory measurements to show that compressional velocities for serpentine at 200 MPa
(typical pressure at the Moho) is about 0.1 km/s slower than serpentine at ~400 MPa
(estimated pressure at ~16 km depth from the top of the lithosphere). Thus, the steep
gradient in the uppermost mantle could not be caused by lithostatic pressure alone. We
favor the interpretation that a decrease in degree of hydration and fracture porosity may
control the rapid increase in seismic velocities with depth. Mantle velocities of 8.4 km/s
occurring at 16 km depth may define the lower limit of hydro-alteration within the oceanic
lithosphere, and thus may indicate the depth limit where seawater can penetrate. Ranero
et al., [2003; 2005] and Ranero and Sallares [2004] have already suggested a depth limit
of ~20 km, which is based on the thickness of the brittle layer defined by the isotherm of
600°C. However, we calculated the geotherm for 30 Ma old lithosphere [e.g., Turcotte and
Schubert., 1982] and overlie the temperature model with the seismic tomographic model,
which indicates that the 400-430°C isotherm matches the lower limit of hydro-alteration of
the oceanic mantle (assuming that the base of ”alteration front” lies where upper mantle
velocities reach values of ~8.4 km/s) (Figure 4.7c). Thus the suggested isotherm of 600°C
overestimates the amount of water carried with the incoming lithosphere into the deep

subduction zone (Figure 4.7b).

The transition from a tensional fault to a compressional fault may have important
implications for percolation of water along the faults. While a tensional crack may support
migration of water into the mantle, a compressional fault may prevent effective transfer
of water into the mantle. Therefore, the maximum depth down to which water could
penetrate would be at the neutral surface between extensional and compressional stresses,
or rather slightly above the neutral surface, where bending stresses are too low to induce
fracture and thus brittle faulting and hydro-alteration. Estimating the location of the

neutral plane between the compressional and tensional regime is difficult and depends
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on the rheology, thermal age and stress state of the plate. Based on statistical data,
Seno and Yamanaka, [1996] proposed that the 450°C isotherm is a good proxy for the
depth limit between the tensional and compressional setting in the trench-outer rise area.
The good match between the 400-430°C isotherm with the base of the alteration zone
(8.3-8.4 km/s isoline) supports the idea that percolation of seawater might indeed be
governed by tensional stresses, suggesting that the vicinity of the neutral plane where the
tensional regime changes into a compressional regime defines the lower limit of mantle

serpentinization.

4.6.4 The role of the Mocha FZ

Alteration of the seismic structure of the oceanic crust may not only be induced by
bending-related faulting, but also by the influence of the Mocha FZ which intersects the
seismic line at the trench-outer rise area (Figure 4.2). Seismic tomography studies across
the Clipperton transform fault revealed anomalously low velocities of ~1 km/s less than
usual at all crustal depths, which is interpreted in terms of transpression and brittle de-
formation acting on the fault zone [van Avendok et al., 2001]. Seismic studies reported
that oceanic crust within large fracture zones consists of a thin, intensely fractured, and
hydrothermally altered basaltic section overlying serpentinized mantle [e.g., Detrick et al.,
1993].

The crustal thickness of ~7 km found between profiles-kms 0 and 170 may be expected
for oceanic lithosphere formed at the fast Pacific-Farallon spreading center [ White et al.,
1992; Carbotte and Scheirer, 2004]. Crustal thinning from 7.0 to < 6.4 km in the trench
coincides roughly with the intersection of the subducting Mocha FZ and the seismic line
(Figure 4.2) and hence may suggest that thinner crust is related to the fracture zone.
Some amount of this difference in crustal thickness may be attributed to uncertainties of
the Moho depth (Figure 4.8d). However, as we described in section 4.5.2, Moho depth
uncertainties are lower than 0.3 km in this part of the velocity-depth model. Therefore,
a major part of thinning remains unexplained. Seismic measurements and rare earth el-
ement inversions have evidenced crustal thinning beneath fracture zones [White et al.,
1992]. According to Detrick et al., [1993], the thinning of the oceanic crust in fracture
zones may be caused by a reduced magma supply within a broad region near ridge offsets
due to the three-dimensional nature of upwelling beneath a segmented spreading center
and by tectonic dismemberment of the crust by large-scale detachment faults that form

preferentially in the cold, brittle lithosphere near the ends of segments.

Oceanic fracture zones are characterized by a high degree of hydration in both the

crust and mantle, and they commonly host bodies of serpentines deep into the oceanic
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lithosphere | White et al., 1992]. The presence of the Mocha FZ may suggest a further po-
tential source of fluids and provides an additional and natural explanation for the reduced
low velocities in the crust and upper mantle. Furthermore, the projection of the Mocha FZ
inland at the magmatic arc corresponds roughly with the location of the Longavi volcano,
where the erupted magma composition has been studied [Selles et al., 2004]. These au-
thors interpreted the magma composition to be high-degree mantle melts, highly hydrous
and oxidized, formed as response to high fluid input into the subarc mantle. Thus, efficient
water transport to the subarc mantle is a plausible effect of dehydration processes during
the subduction of the Mocha FZ [Selles et al., 2004].

4.7 Conclusions

- Seaward from the area affected by bending-related faulting and the Mocha fracture
zone (>120 km seawards of the trench axis), the oceanic crust is ~7 km thick and shows a
typical P-wave velocity structure generated during fast spreading. Here, uppermost man-
tle velocities are faster than ~8.4 km/s, suggesting an oceanic lithosphere that is relatively

dry and undeformed.

- Approaching the trench, seismic velocities decrease in both oceanic crust and man-
tle, indicating an evolutionary process altering the structure of the lithosphere. This is
likely related to an increase in fracture porosity and hydration of the oceanic lithosphere.
In addition, extensional outer rise and horst-and-graben faults were mapped in the up-
per igneous crust and the seaward part of the trench fill sediment, defining the onset of
bending-related faulting. Here, some extensional faults reach the seafloor, perhaps form-

ing pathways for seawater into the underlying oceanic crust.

- Reduced upper mantle velocities are confined to a region between the outer and in-
ner trench wall with a maximum thickness of 6-8 km in the uppermost oceanic mantle
and coincide with the isotherm of 400-430°C. This depth is interpreted as the lower limit
for hydro-alteration within the upper part of the oceanic lithosphere, where extensional

stresses dominate.

- The seismic profile crosses the subducting Mocha fracture zone at the trench. In
this area inversion of P, P arrivals support that crustal thickness is significantly reduced
(10-15% thinning). Anomalous crust and mantle associated with the fracture zone may

carry fluids and altered crustal and mantle rocks into the subduction zone.
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Chapter 5

Conclusions and Outlook

5.1 Discussion and Conclusions

The P-wave velocity structure of the oceanic Nazca plate obtained along both corridors
suggest that the structure of the incoming plate changes systematically within >100 km
seaward of the trench axis as the lithosphere approaches the sea trench. The oceanic crust
shows a classical mature fast-spreading P-wave velocity structure in the oceanward part
outside of the influence of tectonic stresses at the trench-outer rise with uppermost and
lowermost crustal velocities of ~4.2 and ~7.2 km/s, respectively. Seismic analysis of P,
arrivals reveals fast uppermost mantle velocities of 8.3-8.4 km /s, >120 km seawards of the
trench. The velocity structure found in this zone indicates that the oceanic lithosphere is

relatively dry and undeformed.

Approaching the Chile trench, crustal and upper mantle seismic velocities decrease to
minimum values of ~7.8 km/s, indicating an evolutionary process changing the structure
of the lithosphere, likely related to an increase in the fracture porosity and hydration
of both the oceanic crust and the uppermost mantle. Reduced velocities commence in
trench-the outer rise area, and span along the subducting plate. The zone of reduced seis-
mic velocities is accompanied by an increase of basement-relief roughness and fracturing
intensity. Offshore southern Arauco peninsula, high resolution seismic reflection reveal
clear extensional outer rise faults in the upper crust and the seaward part of the trench
fill sediment, where some extensional faults reach seafloor surface. These processes sug-
gest that fracturing and faulting are key processes controlling the evolution of the oceanic

lithosphere in the outer rise area.

Similar observations have been observed in many others subduction zones. Table 5.1
shows the minimum values of P, velocities and degree of serpentinization reported in

middle America and Chile. The trend shows that the reduction of P, velocities in the
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Table 5.1: Degree of serpentinization for different subduction zones.
2Mantle velocities in the outer rise area, *Degree of serpentinization assuming that the reduced

mantle velocities is only due to hydration.

Subduction * P, velocity Plate age b Degree of
Zone (km/s) (Ma) serpentinization (%) Reference
Central America Grevemeyer et al., [2007];
(~15°N) 7.5-7.8 22 ~17 Ivandic et al., [2008]
North Chile Ranero and Sallares,
(~23.5°S) 7.5-7.7 42 ~17 [2004]

Central Chile

(~33°9) 7.4-7.7 37 15-25 Kopp et al., [2004]
South-Central Chile Contreras-Reyes et al.,

(~38°8) 7.7-7.9 30 ~10 [2008Db]
South-Central Chile Contreras-Reyes et al.,

(~43°8) 7.8-8.0 14.5 ~10 [2007]

outer rise is a general feature in subduction zones. Table 5.1 shows that the lowest degree
of hydration (~ 10%) corresponds to the currently heavily sedimented southern central
Chile trench. A thick sedimentary cover is believed to limit significantly the amount of
fluids entering into the igneous oceanic crust. However, hydration processes affecting the
southern Nazca plate offshore Isla de Chiloe were inferred through: (i) efficient inflow of
cold seawater into the crust supported by anomalously low heat flow values [Contreras-
Reyes et al., 2007], (i) relative high Poisson’s ratios of ~ 0.29 in the uppermost mantle
[Contreras-Reyes et al., 2008a] and (i17) swarm seismicity attributed to fluid pressure
variations [Tilmann et al., 2008]. Therefore, thick sedimentary cover may limit, but not
considerably the infiltration of cold seawater into the igneous crust. Percolation of water
may occur via high basement outcrops [Fisher et al., 2003b] and trough faults in the sea-
ward part of the outer rise, where the sediment thickness is much thinner and comparable
to middle America (300-400 m thick). Once cold seawater is stored in cracks and faults
and faulting-intensity increases landward, water trapped within the crust may migrate
deeper where larger faults cut into the mantle. In addition, the trench sediments deposi-
tion corresponds to a recent process attributed to the Pleistocene glaciation with a rapid
sedimentation rate [Bangs and Cande, 1997]. Geological evidence shows that the southern
central Chile margin was dominated by erosion during the Miocene [Melnick and Echtler,
2006; Encinas et al., 2008], when the thickness of the trench fill was much thinner than

today. Thus, ”"paleo” hydration processes may also explain the low mantle velocities under
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the thick trench fill (in the landward side of the outer rise).

Bending-related faulting is a natural explanation as cause for hydro-alteration of the
oceanic lithosphere in subduction zones, where deep extensional faults have been mapped
with multichannel seismic reflection data such as middle America [Ranero et al.,, 2003] and
southern central Chile (35-39°S) [Diaz-Naveas, 1999; Grevemeyer et al., 2003]. Similarly
in subduction zones where an intense set of bending faults are visible from the multi-
beam bathymetry such as in north [Ranero and Sallares, 2004] and central Chile [Kopp
et al., 2004]. Offshore Isla de Chiloe, there is no available MCS data to study possible
faulting processes affecting the oceanic crust, and surface-cutting faults are not visible in
the seafloor bathymetric image due to the thick sedimentary cover [Contreras-Reyes et al.,
2007]. A direct effect of the bending plate on the faulting history of the oceanic lithosphere
in this area is not evident. Tilmann et al., [2008] suggest that the oceanic crust offshore
Isla de Chiloe must be perversely fractured. Although, not necessarily due to bending
related faulting. These authors argued that no pronounced outer rise buldge exists on the
very young Nazca plate formed at the Chile Rise (south of the Valdivia FZ), and proposed
that the regional stresses such as a ridge push or the progression of the seismic cycle
on the megathrust [Christensen and Ruff, 1988] are more dominant than bending-related
trench-perpendicular normal faulting. In contrast, the oceanic Nazca plate formed at the
Pacific-Farallon spreading center (north of 40°S) is much older and rigid. A pronounced
outer rise buldge exists (Figure 4.3), and several normal faults have been imaged in this
area [Diaz-Naveas, 1999]. Establishing a relationship between degree of serpentinization
and plate age based on the published results shown in Table 5.1 is not straightforward.
The degree of serpentinization in central Chile is higher than in north Chile, despite that
the oceanic plate in the north is much older. The stress field in the outer rise area off
central Chile is strongly affected by the incoming/subducting Juan Fernandez Ridge and
their fault system [Ranero et al., 2006; Clouard et al., 2007]. In addition, subduction
zones in general are affected by dynamic stresses, induced by forces such as a slab pull,
ridge push, and drag forces, which also affect the stress state of the lithosphere prior to
subduction [Kanamori, 1971; Clouard et al., 2007]. Thus, actual mechanisms often de-
viate from the simple idea of a bending plate. This may be controlled also by regional
tectonic stresses [Mueller et al., 1996a; Mueller et al., 1996b; Tilmann et al., 2008]. Future
researches should also take into account others parameters such as rheology, thermal plate
age, loading history and their interrelationship in oder to understand the state of stress

across the plate, and hence the impact of faulting on hydration.

Ranero et al., [2003; 2005], and Ranero and Sallares [2004] have suggested that the

isotherm of 600°C (maximum temperature for brittle faulting) corresponds to a good
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proxy for the maximum penetration depth of outer rise extensional faulting and mantle
hydration. However, the seismic results of this dissertation suggest that the 400-430°C
isotherm match the depth limit of hydro-alteration of the oceanic mantle. As I described
in chapter 4 extensional stresses may allow seawater to percolate deep into the mantle,
while compressional stresses prevent effective transfer of water into the mantle. The tran-
sition depth from a tensional to compressional regimes corresponds to the neutral plane
and may represent the maximum depth down to which water may actually penetrate. Es-
timating the location of the neutral plane between the compressional and tensional regime
is difficult, and depends on the rheology, thermal age and stress state of the plate. Based
on statistical data, Seno and Yamanaka, [1996] proposed that the 450°C isotherm is a
good proxy for the depth limit between the tensional and compressional setting in the
trench-outer rise area. The good match between the 400-430°C isotherm and the base of
the alteration zone supports the idea that percolation of seawater might indeed be gov-
erned by tensional stresses, suggesting that the vicinity of the neutral surface where the
tensional regime grades into a compressional regime defines that maximum depth of man-
tle serpentinization. The location of the neutral plane may correspond to the maximum
depth of serpentinization rather than the location of the isotherm ~600°C. Estimation of
the depth of the neutral plane deserves future researches and provides an upper bound for
the maximum depth of mantle hydration, and hence also an upper bound for the amount

of water carried to the deeper subduction zone.

Hydration of the incoming/subducting plate plays an important role on intermediate-
depth earthquakes. As the oceanic crust and mantle dehydrates at depths of 50-300
km [Ruepke et al., 2004], the increase of pressure decreases the effective normal stress and
hence promotes brittle failure at those depths [Meade and Jeanloz, 1991; Tobi et al., 2002].
Thus, the considerable amount of water stored in the southern central Chile trench-outer
rise and later released in the deep subduction may be an important processes for the nu-
cleation of megathrust earthquakes in the region. In addition, a considerable amount of
earthquakes may occur by reactivation in preexisting structures formed at the initiation
of the slab subduction at the trench. As Savage [1969] and Kirby et al., [1996] pointed
out, faults produced at shallow depth in the trench outer rise setting being reactivated at

greater depths may be useful for the assessment of seismic hazard of the region.

5.2 Outlook

This seismic study suggested that hydration-alteration of the incoming oceanic is in-

deed happens in the trench outer-rise area offshore southern central Chile. Despite the
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thick sedimentary cover on top of the oceanic crust, percolation of seawater through bend
faults and high basement outcrops are evidenced by low heat flow values, normal and
horst-grabens faults and reduction of seismic velocities. Additionally, relative high seis-
mic Poisson’s ratios in the uppermost mantle suggest the presence of fluids in the oceanic
crust at the outer-rise. To further quantify the areal extent of the hydro-altered oceanic
crust and mantle offshore south central Chile, future seismic investigations are needed.
Additional mapping of Poisson’s ratios and 1D and 2D amplitude modelings would enable

the comprehensive estimation of the amount of the fluid input in subduction zones.

A pioneer estimation of the maximum depth of mantle’s alteration using an active
seismic experiment was presented in chapter 4, which was possible to the recording of
long and deep penetration of mantle refractions. Thus, a preliminary explanation for the
interrelation between plate age and the maximum brittle depth of the oceanic lithosphere
was established. However, to better understand these processes and their relationship
with tectonic stresses affecting the oceanic lithosphere at subduction zones more seismic
experiments with higher resolution and deeper ray coverage into the mantle are required.
In addition, seismic study of the mantle velocity gradient is crucial for understanding the
mechanical behavior of mantle rocks partly serpentinized at large depths, and can be used
to compute the depth limit of mantle hydration, and hence to estimate the amount of

water carried by the subducting slab to the deeper subduction zone.
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Monte Carlo Test

In order to study the accuracy of the final model, we employed the Monte Carlo
method [Korenaga et al., 2000]. The uncertainty of a nonlinear inversion can be expressed
in terms of the posterior model covariance matrix [e.g., Tarantola, 1987], which can be
approximated by the standard deviation of a large number of Monte Carlo realizations
assuming that all the realizations have the same probability [e.g., Tarantola, 1987]. The
uncertainty estimated by this method should be interpreted as the uncertainty for our
model parameters (i.e., starting velocity model and smoothing constraints). The pro-
cedure to estimate velocity uncertainties consisted of randomly perturbing velocities of
our reference model (Figure A.1). We generated 100 random initial velocity models by
adding smooth perturbations randomly distributed (maximum velocity perturbations of
+0.8 km/s at the top and +0.4 km/s at the bottom of the crustal reference models shown
in Figure A.1). Maximum perturbations for the Moho reflector depth were +1.5 km. In
addition to the perturbed reference models we produced 100 so-called noisy arrival time
sets constructed by adding random phase errors (£50 ms) and common receiver errors
(£50 ms) to the original data set [e.g., Korenaga et al., 2000]. Then we performed a to-
mographic inversion for each velocity model with one noisy data set, in order to estimate
not only the dependence of the solution on the reference model but also the effect of phase
arrival time picking errors. The mean deviation of all realizations of such an ensemble is
considered to be a statistical measure of the model parameter uncertainties [e.g., Taran-
tola, 1987]. All of the Monte Carlo inversions converged in less then 7 iterations to 2
~ 1, where the model error is equal to the data uncertainty. In the upper mantle, we
constructed several initial models by varying the uppermost mantle velocity between 7.5
to 8.5 km/s and the mantle velocity gradient between 0 and 0.04 s~!, respectively. The
final average models and their uncertainties for profile POla and P03 are plotted in Figures

3.4c and 3.4d, respectively.

We prepare the V; starting model by searching the best 1-D velocity model using
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Figure A.1: (a) Velocity reference models for the crustal part of the P-wave velocity models (black line).
These models are based on the 1-D wvelocity models that best fits the Py and Py P arrivals for
each profile. (b) Initial shear wave velocity model and range of velocities for Monte Carlo
ensambles. For (a) and (b) velocity-depth profiles are shown beneath sediments, and grey areas

represent the possible variations of the velocity randomization.

a trial and error scheme. This velocity model is exhibited in Figure A.1b (black line).
Similarly to the P-wave modelling, we perturbed this reference model and generated 100
initial models. Grey regions in Figure A.1b represent the possible variations of the velocity
randomization. All of the Monte Carlo inversions converged in less then 5 iterations to x?2
~ 1. Figures 3.5a and 3.5c¢ show the average final S-wave velocity model and its standard

deviations.
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S, Traveltime sensitivity

We studied S,, velocity and different velocity gradients by keeping the shear velocity
information above the Moho interface gained from previous crustal seismic tomography.
Figure B.1 shows the record section of OBS 02, which displays an example of the onset of
the S, phase with an offset up to ~ 40 km. The best-fitting shear wave uppermost mantle
velocity is about 4.3 km/s, which is slow compared with dry peridotite (> 4.7 km/s). A
comparison with a higher S,, velocity of 4.6 km/s produces a S,, travel time misfit of ~ 0.5
s, and so we conclude that the seismic data can only be explained by uppermost velocities

as slow as 4.3 km/s.
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Figure B.1: (a) Detailed forward analysis of S, travel times for OBS 02. (b) S, oceanic phases can only
be predicted with values as slow as 4.8 km/s (white dots), typical uppermost S-wave velocities

of 4.6 km/s produce a misfit > 450 ms (black dots). (c) Corresponding ray paths.
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Amplitude Modelling

We calculated synthetic seismograms using the reflectivity method of Fuchs and Mueller
[1971]. Because the reflectivity method can deal only with constant-velocity layers, the ve-
locity gradients were approximated using several uniform-velocity layers with a thickness
of half the smallest wavelength present [Chapman and Orcutt, 1985]. We modelled the
most prominent amplitude pattern of the southern branch of OBS 03 based on the final P-
and S-wave velocity models derived by the tomographic inversion (Figures 3.4 and 3.5).
We have chosen this branch of the station because it is less affected by the influence of the
high topography of the basement outcrop (Figure 3.1), which clearly produces 2D effects
on the traveltime pattern (see for example Figure 2.2). Nevertheless, two-dimensional ef-
fects linked to the variability of the basement topography and diffractions affect adversely
the fit between the data and theoretical curves that are computed on a horizontal layer
assumption. Figure C.1 exhibits the final 1D velocity model obtained by using the reflec-
tivity method, and quality factors (@, and @), and density are shown. Figure C.2 shows
the comparison of the data with the synthetic seismograms. In general, all major arrivals
were reproduced by the synthetic models. A striking feature of the record section are the
high-amplitudes of P, P reflections at around 30 km offset, which marks the onset of the
bright spot associated with the triplication point of the P, P, P and P, phases. This
observation is nicely produced by the synthetic seismograms (Figure C.2). Moho S-wave
reflections S,,.5 of noticeable amplitude between ~17 and ~35 km offset are also clearly

produced by the reflectivity method, as well as all the main P-wave multiples (Figure C.2).
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Figure C.1: (a) 1D P- and S-wave models determined from the amplitude analysis, and quality factors
Qp and Qs are shown. (b) 1D density model used during the computation of the synthetic

seismograms.
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identified. (b) Synthetic seismograms at 150-m spacing computed using the reflectivity method
based in our 1D final model shown in Fig. C.1.
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Structure of the accretionary
convergent margin offshore of

southern Arauco Peninsula, Chile
at ~38? S

A joint interpretation of swath bathymetric, seismic refraction, wide-angle reflection
and multi-channel seismic data was used to derive a detailed tomographic image of the
Nazca-South America subduction zone system offshore southern Arauco peninsula, Chile
(~38°S). Here, the trench basin is filled with up to 2.2 km of sediments and the Mocha
Fracture Zone is obliquely subducting underneath the South American plate. The velocity
model derived from the tomographic inversion reveals two prominent velocity transition
zones characterized by steep lateral velocity gradients, resulting in a seismic segmentation
of the marine forearc. The margin is composed of three main domains; (1) a ~20 km
wide frontal prism below the continental slope with V,, < 3.5 km/s, (2) a ~50 km area
with V,= 4.5-5.5 km/s, interpreted as a paleo accretionary complex, and (3) the seaward
edge of the Paleozoic continental framework with V,, > 6.0 km/s. Frontal prism velocities
are noticeably lower than those found in the northern erosional Chile margin, confirming

recent accretionary processes in south central Chile.

D.1 Introduction

Subduction at convergent margins has a major impact on both the incoming plate,
which is forced to subduct, and the overriding block. At the trench, convergence between
subducting and overriding plate causes either erosion of the upper plate typically when

the sedimentary trench fill is < 1 km and the convergence rate is > 6.0 cm/yr or accretion
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when the trench sediment thickness exceeds 1 km and convergence rate is < 7.6 cm/yr
[Clift and Vannuchi, 2004]. Seismic data can be used to study the structure of incoming
and overriding plate and reveal the interaction between both plates causing continents to

grow or shrink as they collide in the trench.

The southern central Chile margin hosted the rupture area of the great 1960 Chilean
earthquake (M, ~ 9.5) [Cifuentes, 1989; Barrientos and Ward, 1990] and is characterized
by a filled trench confined between two main oceanic features: the Juan Fernandez Ridge
and the Chile Rise (Figure 4.1). The southern central Chile margin was characterized by
Bangs and Cande [1997] using structural constraints from multichannel seismic reflection
data. Main features were a 15-20 km wide accretionary prism and a ~2 km thick trench
fill. The backstop underlying the continental slope and its velocity structure, however,
were poorly resolved. Krawczyk et al., [2006] used seismic refraction and wide-angle re-
flection data from an amphibious experiment to yield structural constraints of the entire
subduction zone system offshore of the southern Arauco peninsula at ~38°S. Their final
velocity-depth model concentrated on the nucleation area of the great 1960 earthquake
more than 80 km landwards of the trench and put less emphasis on the marine forearc.
To refine the crustal model of the accretionary complex, marine forearc and downgoing
plate, we re-analysed a subset of the SPOC (Subduction Process Off Chile) data [Krawczyk
et al., 2006] and extended the profile across the trench-outer rise seaward of the trench
to study the impact of bending-related faulting on the structure of the incoming plate
(see chapter 4). We integrated multi-channel seismic reflection (MCS) data and seismic
refraction and wide-angle data into our inversion and performed a joint refraction and
reflection travel-time tomography to obtain a detailed velocity model of the marine fore-
arc and the incoming/subducting oceanic lithosphere off Arauco peninsula, south central
Chile (~38°S).

An important aspect of this work is the seismic characterization of the continental
margin off south central Chile. In this area, south of the Juan Fernandez Ridge (JFR)
and north of the Chile Triple Junction (CTJ) the Chilean margin is characterized by
accretion (Figure 4.1). Seismic data image up to 2.2 km of trench fill, resulting in an
active frontal prism roughly 15-25 km wide [Bangs and Cande, 1997; Diaz-Naveas, 1999].
The proposed contact between the metamorphic/metasedimentary basement (continental
backstop) and the young frontal prism is poorly imaged with seismic reflection data, and
its crustal structure was mostly conceptual. A detailed tomographic seismic image of the
upper plate derived from wide-angle data is presented in this paper for the first time. In
addition, the erosional Chile margin to the north of the JFR consists of a frontal prism
comprised of slope debris and a middle slope prism of continental basement framework

rock [von Huene and Ranero, 2003]. Its crustal structure has been investigated with
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multichannel reflection [von Huene and Ranero, 2003] and seismic refraction and wide-
angle reflection data [Sallares and Ranero, 2005] and can be compared to the results from
this study. We present new geophysical constraints for our understanding of erosion and

accretion processes along the Chilean margin.

D.2 Characterization of geological structures from seismic

reflection and bathymetric data

Seismic reflection and swath bathymetric data were acquired offshore Arauco peninsula
during the SPOC and TIPTEQ projects using R/V SONNE in 2000/2001 and 2004,/2005,
respectively [Reichert et al., 2002; Krawczyk and SPOC Team, 2003; Flueh and Greve-
meyer, 2005; Scherwath et al., 2006b]. The seismic signals for the seismic reflection exper-
iment were generated by a tuned set of 20 airguns with a total volume of 51.2 litres. The
multi-channel seismic reflection data were analysed using standard processing, including
re-binning, normal-move out correction, stacking, deconvolution, and post-stack time mi-
gration. A predictive deconvolution with two gates, for the shallow sedimentary events
and the deeper crustal events, was applied before the stack. A space and time variant
frequency filter prior to a post-stack migration completed the processing flow [Reichert et

al., 2002]. Seismic reflection data are displayed in Figure D.1.

D.2.1 The frontal accretionary prism

Seismic reflection data reveal a well-developed frontal thrust and current active off-
scraping of the trench fill (Figure D.1c). A succession of small sedimentary ridges define
the onset of the pre-accretionary prism, which strikes parallel to the trench axis and
coincides with a set of reverse faults imaged in the seismic reflection data (Figure D.1).
The thrust faults develop at depth, and some of them reach the seafloor crosscutting the
entire trench fill sequence (Figure D.1c). The largest accretionary ridge shown in Figure
D.1c marks the onset of the lowermost slope, and its stratigraphy reveals compressional

folding.

D.2.2 The forearc basin

The Arauco forearc basin consists of a depression between the Coastal Cordillera and
the horst block of the basement filled with more than 3 km of late Cretaceous and Tertiary
clastic sediments in the depocenter [Gonzalez, 1989]. From base to top, the shelf basin
consists of (1) Senonian; (2) Paleocene-Eocene; (3) Oligocene-Miocene; and (4) Pliocene to
Quaternary clastics [Gonzalez, 1989]. The post-stack time migration cross section shown

in Figure D.1a images the sedimentary Arauco basin just 20 km north of the Isla Mocha
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(Figure 4.2). Here, the depocenter of the basin lies 50 km landward of the deformation
front with maximum sediment thickness of 1.7 s TW'T. Some inverted faults cutting the
metasedimentary basement can be identified by offsets at the eastern part of the depocenter
(Figure D.1a). A striking feature at profile-km ~276 is the deep incision left by the path
of the paleo-Pellahuen submarine canyon. This is manifested by the deep erosion through
all substrates, from unlithified shelf sediments to the metasedimentary basement. Another
striking feature shown in Figure D.la is the uplifted shelf that belongs to the uplifted part
of the Arauco peninsula [Kaizuka et al., 1973; Nelson and Manley, 1992].

D.3 Results and Discussion

Our interpretation of the margin structure is summarized in Figure D.2. The seismic
segmentation of the continental margin is defined by two high horizontal velocity gradients,
one located at the shelf break and the other ~75 km from the deformation front. Figure
D.2 shows the lateral variation of the uppermost basement velocity within the marine
forearc (below the slope sediments and forearc basin). The horizontal velocity gradients
define three main domains: (1) a wedged-shaped body of low velocity (<3.5 km/s) below
the trench slope, which is interpreted as an active frontal prism, (2) a paleo accretionary
complex or metamorphic basement with V,= 4.5-5.5 km/s, and (3) the seaward edge
of the Paleozoic continental framework (V, > 6.0 km/s). The young frontal prism is
approximately 20 km wide and hence in close agreement with previous seismic reflection
results presented by Bangs and Cande, [1997] and Diaz-Naveas [1999]. The most landward
velocity transition zone coincides roughly with the onset of intraplate earthquakes located
by Haberland et al., [2006], which are plotted in Figure 4.7b.

D.3.1 Seismic segmentation of the accretionary margin

Active frontal accretion processes at the seaward edge of the young accretionary wedge
is evident by the style of deformation of the trench fill (Figure D.1c). Here, sediment ridges
represent a small fold-and thrust belt caused by compressive sediment deformation (re-
verse faults). Reverse faults imaged within the trench basin control the current style of
accretion. The transition from the upper slope to the continental shelf marks a gradual
transition to stronger material, affecting the wedge stability and hence taper of the margin
wedge [Davis et al., 1983]. The steep slope of the continental slope (~7°) offshore southern
Arauco peninsula may indicate a transition from features formed during Miocene tectonic
erosion [Encinas et al., 2008] to accretion at the present. Alternatively, the accretionary
wedge may have thickened rapidly vertically during the Pliocene as a result of basal accre-
tion beneath the prism and resulted in the steep slope. The accretionary prism is made

up of trench sediments added to the toe of the margin, resulting in the seaward migration
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(a) Shelf section of seismic line P09. (c) Offsets in the sediment-trench stratigraphy indicate
the existence of reverse faults cutting the entire sedimentary sequence and some hundred meters
of the oceanic basement. The expression of these processes at the seafloor surface corresponds to

a set of accretionary ridges seen in the bathymetry (b), and defines the frontal thrust surfaces.
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of the trench axis.

The abrupt increase of seismic velocities roughly 60 km landward of the shelf break
(at km-312) indicates a change of rock-type (Figure D.2), and might be associated with
the seaward edge of the truncated Paleozoic continental framework [Mordohovich, 1974],
whereas the inner wedge sandwiched between the frontal prism and this seismic ”bound-
ary” may correspond to a paleo accretionary complex. Unfortunately, drilling did not
sample crust from this geological unit but is confined to coastal sites, where basement
rocks are of Paleozoic age [Mordohovich, 1974]. Based on the location of an exploratory
well marked in Figure 4.2, the Paleozoic basement rock found here is located landward of
the seaward edge of the continental framework (Figure D.2a). Therefore, the composition
and age of the proposed paleo accretionary complex still remains unclear. It is interesting
to note that the presence of a similar seismic "boundary” at roughly the same distance
from the deformation front (70-80 km) has been observed further to the south [Scherwath

et al., 2007], and thus may form an integral part of the marine forearc.

The paleo accretionary complex has a higher degree of consolidation and lithification
than the frontal prism but lower than the Paleozoic continental framework. Alternatively,
the unit interpreted as a paleo accretionary complex might be part of the continental
framework deformed and metamorphosed during a phase of tectonic erosion. However,
the remarkable high lateral velocity gradient from 5.5 km/s to >6.0 km/s favors a rapid
change in rock type (Figure D.2), and hence alternation between accretion and erosional
phases. The size of the paleo accretionary complex should have been much larger at the
end of the accretion phase, when the complex was formed. Thereafter, an integral part of
the accretionary complex was tectonically eroded [Mordohovic, 1981; Melnick and Echtler,
2006; Encinas et al., 2008]. At present, the width of ~50 km of the paleo accretionary
complex represents the remaining material left after the last erosional phase, which took
place in the Miocene according to Melnick and Echtler, [2006] and Encinas et al., [2008].
Assuming alternation between accretion and erosion phases and based on the age of the
oldest shelf sediments (Senonian age), we estimate that the paleo accretionary complex

might be formed of Jurassic age.

The location of the seaward edge of the Paleozoic continental framework is well corre-
lated with the onset of intraplate seismicity (Figure 4.7b) [Haberland et al., 2006], reflecting
the interseismic transpressional deformation of the forearc due to the subduction of the
Nazca plate. In addition, this region coincides with the coastal uplifted area of the Arauco
peninsula [Kaizuka, 1973] and belongs to the area of the Mocha block, which is character-

ized by high rates of modern seismicity [Habermann et al., 1986]. The interrelationship
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between intraplate seismicity and uplift of the Isla Mocha is complex, and may be associ-
ated to asperities on the plate-interface beneath the Mocha block and the local structures
within the upper plate [Kaizuka, 1973; Nelson and Manley, 1992]. Subduction of the
Mocha FZ may explain the strength of the asperity beneath the Mocha block [Barrientos
and Ward, 1990], which may induce upward stresses propagating through the overriding
plate and activating crustal faults. Thus, intraplate seismicity in the upper and fragile

part of the overriding plate could be induced, at least in part, by the subduction of the
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Figure D.2: (a) Detailed tomographic image of the marine forearc complez, showing the seismic segmen-
tation of the accretionary margin wedge. (b) Extracted velocities along the thick black line
shown in (a), which landward of the lowermost slope corresponds to the uppermost basement
velocities below the slope and forearc basement sediments. Note the strong horizontal velocity
gradients at the slope break and seaward edge of the Paleozoic continental framework, which

may suggest a change in rock type.
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Mocha FZ.

D.3.2 Subduction of sediments - the subduction channel

Subduction of poorly consolidated sediments (subduction channel) beneath the over-
riding accretionary prism and crystalline block are usually assumed to be characterized by
lower seismic velocities than the overriding structures, and thus may form a low velocity
zone (velocity inversion). However, this velocity-contrast has not yet been constrained by
seismic refraction experiments. A low velocity layer cannot be resolved by the resolution of
our refraction data, especially landward of the accretionary prism where the velocities are
poorly constrained as is shown by the high velocity uncertainties in Figures 4.8a and 4.8c.
Our model, however, favors a more gradual velocity structure above the plate boundary

and hence could not resolve a subduction channel.

The existence of a decollement zone and hence subduction channel is usually derived
from multi-channel seismic reflection data (strong reflector, often with reversed polarity)
or in ancient accretionary prisms in the form of tectonic melanges and duplex structures
[Kitamura et al., 2005]. Diaz-Naveas [1999] used depth migrated MCS data to yield a ~1
km thick layer of subducting sediments above the top of the downgoing plate along profile
ENAP-4 (Figure 4.1). The velocity-contrast between the overlying prism and subducted
sediments was rather small, roughly comparable with the velocity uncertainties of our
tomographic model. Krawczyk and SPOC Team [2003] and Gross et al., [2007] used near-
vertical reflection data to image a region of high reflectivity with a thickness of 2-5 km
above the plate boundary, which is located below the coast line at a depth of about 25
km at ~38.2°S. These authors interpret this reflectivity pattern as a subduction channel,
which extends arcward for roughly 30 km [Gross et al., 2007]. However, in this case the
thickness of the subduction channel would exceed the thickness of the trench fill and the
thickness of the subduction channel imaged offshore [Dias-Naveas, 1999; Bangs and Cande,
1997]. Therefore, the observed reflectivity pattern may represent laminated lower crust or

shear zones within the continental crust, rather than a subduction channel.

D.3.3 Comparison with the northern erosional Chile margin

Figure D.3 compares 2D-tomographic velocity models from the accretionary southern
central and erosional northern Chile margin. von Huene and Ranero, [2003] and Sallares
and Ranero, [2005] pointed out that the overriding plate in north Chile is mainly made
of arc-type igneous basement, where the front of the margin is probably fluid-saturated,
metamorphosed and disaggregated by fracturing as a consequence of frontal subduction
erosion. The trench is sediment starved, the margin has no forearc basin, and the exten-

sional regime across the continental slope has caused gravitational destabilization of the
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margin framework resulting in steepening of the margin related to progressive subduction
erosion [von Huene and Ranero, 2003, Ranero et al., 2006]. Offshore southern Arauco
peninsula, in contrast, the trench is shallower and filled with up to 2.2 km of sediments,
the continental shelf is broad (70-80 km), and has a well developed forearc basin. Uplift
events and focal mechanism of intraplate events suggest that the margin suffers from com-
pressional tectonics [Kaizuka et al., 1973; Barrientos and Ward, 1990; Haberland et al.,
2006].
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Figure D.3: Direct comparison of the velocity depth-models between (a) the young accretionary margin
offshore of southern Arauco peninsula and (b) the northern erosional margin off Antofagasta
[Sallares and Ranero, 2005].

A clear difference between these margins inferred from our tomographic model is the

velocity structure at the front of the margin wedge. The frontal prism seaward of the
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shelf break off south central Chile has seismic velocities lower than 4 km/s, while off north
Chile velocities are faster than 4 km/s (Figure D.3). This observation indicates that the
front of the southern central Chile margin is composed of sediments, indicating accre-
tionary processes. Off north Chile, in contrast, velocities >4 km/s are characteristic of
igneous rocks rather than sedimentary rocks [Sallares and Ranero, 2005]. Velocities in
the paleo accretionary complex (seaward of the shelf break) are >4 km/s (Figure D.3a)
and hence similar to the metamorphosed igneous continental crust off north Chile (Fig-
ure D.3b). Metasedimentary and metamorphosed rocks are therefore indistinguishable
in terms of seismic velocities. Nevertheless, the seismic tomography for the accretionary
southern central Chile margin suggests a clear seismic segmentation, supporting episodes
of accretion. In contrast, at the erosional northern Chilean margin, fracturing, alteration,
and erosion have continuously lowered the velocity to the seaward edge of the margin,

providing a gradual change of seismic velocity within the margin wedge.

D.4 Summary

- A lateral seismic segmentation of the margin wedge was inferred from the tomographic
model. Three main units are imaged: (1) a 15-20 km wide frontal accretionary prism be-
low the continental slope with V,, < 3.5 km/s, (2) a ~50 km wide block with V,= 4.5-5.5
km/s, perhaps representing a paleo accretionary complex or metamorphic basement, and

(3) the truncated seaward edge of the Paleozoic continental framework with V}, > 6.0 km/s.

- The seaward edge of the Paleozoic continental framework coincides with the onset of

continental intraplate seismicity and the uplifted shelf offshore southern Arauco peninsula.

- Frontal prism velocities are clearly lower than in the seaward section of the northern
erosional Chile margin, where rocks are of metamorphosed igneous composition rather than
sediments. Thus, the southern central accretionary Chile margin is characterized by a clear
seismic segmentation, in contrast to the northern erosional margin, where seismic velocities
gradually decrease towards the trench, interpreted to be linked to hydro-fracturing and

erosional processes [von Huene and Ranero, 2003; Sallares and Ranero, 2005].
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