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Zusammenfassung

Die kontinentale Kruste ist das bestimmende Merkmal unseres Planeten, denn sie ist
unsere Heimstatt: Sie bildet das Fundament der Landmassen, auf denen wir leben, ist das
Reservoir der meisten mineralischen Ressourcen, die die menschlichen Gesellschaften
versorgen, und ein entscheidender Faktor fir die Klimaregulierung. Trotz allem bleibt ihre
Entstehung eines der am meisten diskutierten Themen in den Geowissenschaften. Zu
verstehen, wie diese einzigartige krustale Struktur entstanden ist, ist daher nicht nur eine
wissenschaftliche Herausforderung, sondern auch entscheidend fiir das Verstidndnis, wie
unser Planet bewohnbar wurde. Intraozeanische Inselbégen spielen in dieser Debatte eine
zentrale Rolle: Sie gelten als zentraler Ort fiir die Entstehung neuer Kruste iiber
Subduktionszonen, wo die Umwandlung von basaltischer ozeanischer Lithosphére zu
kontinentaldhnlichen Zusammensetzungen stattfindet. Fundierte Kenntnisse iiber die
Wechselwirkungen von Flissigkeiten, Magmen und tektonischen Kréaften in diesen
geologischen Umgebungen sind entscheidend, um zu erklaren, wie Kontinente im Laufe der

geologischen Zeit wachsen, sich recyceln und entwickeln.

Diese Arbeit verfolgt und wuntersucht diese Transformation in Umgebungen mit
Subduktionsbezug, indem sie aktive seismische Methoden wie seismische Tomographie und
Vorwéartsmodellierung auf Fallstudien an wichtigen Schliisselstellen im Subduktionssystem
anwendet. Das zentrale Marianen-Inselbogen-Back-Arc-Becken-System bildet das
wichtigste natiirliche Labor und wird ergénzt durch Arbeiten zur subduzierenden Platte
vor der Kiiste Costa Ricas und eine eher methodisch ausgerichtete Studie zu flachen
Fluidsystemen im Schwarzen Meer. Seismische Geschwindigkeitsstrukturmodelle in
Verbindung mit anderen geophysikalischen, petrologischen und geochemischen Daten
liefern neue Erkenntnisse iiber den Aufbau der Kruste, die Struktur des oberen Mantels

und vorhandene Fluidpfade.

Die Studienergebnisse zeigen, dass man im Donaufécher im nordwestlichen Schwarzen Meer
mittels integrierter Ozeanbodenseismometer und Mehrkanalseismik die Fluidmigration und
Hanginstabilitat in einem hydratarmen Randgebiet aufdecken kann. Im zentralen Marianen
Becken zeigt die Entwicklung von symmetrischem Rifting zu stark asymmetrischer
Spreizung, wie Mantelheterogenitdt, von der subduzierenden Platte herrithrende Fluide
und die Dynamik der Doppelsubduktion die Entstehung der Back-Arc-Beckenkruste
beeinflussen. Im zentralen Marianenbogen weist die Tomographie auf eine gut entwickelte
felsische Mittelkruste und eine graduelle Manteliibergangszone hin, die auf eine rasche

Differenzierung des Inselbogens und eine Anlagerung von Schmelzen von unten hinweisen,
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die die Kruste zu einer kontinentaldhnlichen Zusammensetzung umwandelt. Vor der Kiiste
Costa Ricas demonstrieren die seismischen Tomographien, dass die Subduktion von
Tiefseebergen und die mit der Biegung verbundenen Verwerfungen innerhalb der Platte die
Hydration stark verstdrken, den Wassergehalt des Mantels lokal verdoppeln und den Fluss

von fliichtigen Stoffen in das Subduktionssystem férdern.

Zusammengenommen unterstreichen diese Untersuchungen, dass das Wachstum der
kontinentalen Kruste nicht auf einen einzelnen Mechanismus zuriickzufiihren ist, sondern
sich aus dem Zusammenspiel von fliichtigen Stoffen, Mantelheterogenitat und tektonischem
Regime ergibt. Dabei bestimmt die Hydration den Anteil an fliichtigen Stoffen innerhalb
der Subduktionszone, der Magmatismus des Inselbogens wandelt diese Stoffe um und nutzt
sie fir die Differenzierung und Verdickung der Kruste, und die éffnung des
Back-Arc-Beckens verdndert und recycelt die krustale Struktur. Durch die Zusammenschau
dieser Prozesse in subduktionsnahen Umgebungen liefert die Arbeit einen kohérenten
Rahmen dafiir, wie Subduktionszonen die Grundbestandteile der Kontinente bilden,
umformen und recyceln. Dariiber hinaus wird die wichtige Rolle von Fluiden bei der
Schmelzenbildung, der Krustenzusammensetzung und der entsprechenden Entwicklung der

Krustenstruktur hervorgehoben.
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Summary

Continental crust is the defining feature of our planet, because it is our human home: the
foundation of the landmasses we inhabit, the reservoir of most mineral resources that sustain
human societies, and a key factor in climate control. Yet its origin remains one of the
most debated subjects in Earth system sciences. To understand how this unique crust
formed is, therefore, not only a scientific challenge, but also essential for understanding how
our planet became habitable. Intra-oceanic island arcs play a central role in this debate:
they are considered prime sites of new crust generation above subduction zones, where the
transformation from basaltic oceanic lithosphere toward continental-like compositions occurs.
In-depth knowledge about the interaction between fluids, magmas, and tectonic forces in
these geologic settings is crucial to explain how continents grow, recycle, and evolve over

geological time.

This thesis traces and investigates that transformation across subduction-related
environments by combining active-source seismic methods, such as seismic tomography and
forward modelling, with case studies at key locations in the subduction system. The
Central Mariana Arc-Back-Arc System forms the main natural laboratory and is
complemented by work on the subducting plate offshore Costa Rica, and a more
methodologically focused study on shallow fluid systems in the Black Sea. Seismic velocity
structure models in conjunction with other geophysical, petrologic and geochemical data

provide new insights into crustal architecture, upper mantle structure, and fluid pathways.

The results demonstrate that in the Danube Fan within the northwestern Black Sea,
integrated ocean-bottom-seismometer and multichannel seismic imaging can resolve fluid
migration and slope instability in a hydrate-poor margin. In the Central Mariana Trough,
the development from symmetric rifting to strongly asymmetric spreading reveals how
mantle heterogeneity, slab-derived fluids, and double-subduction dynamics shape back-arc
crust accretion. In the Central Mariana Arc, tomography images a well-developed felsic
middle crust and a gradational mantle transition zone, evidence of rapid arc differentiation
and underplating that drive crust toward continental-like compositions. Offshore Costa
Rica, seismic tomographies show that seamount subduction and bending-related faulting
strongly enhance hydration, locally doubling mantle water content and driving volatile-rich

fluxes into the subduction system.

Together, these investigations underscore that continental crust growth is not the product

of a single mechanism, but emerges from the interplay of volatile input, mantle



heterogeneity, and tectonic setting. Hydration defines the volatile budget of the subduction
zone, arc magmatism forms these inputs into crustal differentiation and thickening, and
back-arc basin spreading modifies and recycles crustal architecture. By linking these
processes across subduction-related settings, the thesis provides a coherent framework for
how subduction zones assemble, reshape, and recycle the basic components of continents.
Further, it highlights the important role of fluids in melt generation, crustal composition,

and corresponding crustal structure evolution.
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Abbreviations

Abbreviation Definition

ANE
BSR
CBS
CDP
CFDDP
CMP
CO;
CSEM
CSF
DDR
DEAL

DFG

DIVE
DSDP
DWS

EA

EMT
EPR
ETOPO1
FS

Ga

legacy seismic profile offshore Costa Rica

Bottom Simulating Reflector

Central bathymetric sections

Common Depth Point

Campi Flegrei Caldera Deep Drilling (project acronym)
Common Mid Point

Carbon Dioxide

Controlled-Source Electromagnetic (method)

Chaotic Seismic Facies

Downward-Dipping Reflection

German project for Open Access funding (Projekt DEAL)

Deutsche  Forschungsgemeinschaft (German Research

Foundation)

Drilling the Ivrea-Verbano Zone (project acronym)

Deep Sea Drilling Project

Derivative Weight Sum

Remnant Eocene Arc

Eastern Mariana Trough domain

East Pacific Rise

Earth Topography One (global bathymetry dataset)
Fantasgisiia Seamount (location name/feature abbreviation)

Billion years
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Abbreviation

Definition

GCMT
GEBCO
GEOMAR

GHASS

GHSZ

GI (airgun)
GMT
GNU
GPS
HVZ

IBA

IBM
ICDP
IODP
ISC-EHB

JAMSTEC
KMT

KPR

LGM

LWD

MA

Ma

MAT

MCS

MeBo200

Global Centroid Moment Tensor
General Bathymetric Chart of the Oceans
GEOMAR Helmholtz Centre for Ocean Research Kiel,

Germany

Gas Hydrates, Fluid Activities, and Sediment Deformation

in the western Black Sea

Gas Hydrate Stability Zone
Generator-Injector airgun

Generic Mapping Tools

GNU’s Not Unix (software license)
Global Positioning System
High-Velocity Zone

Izu-Bonin (Ogasawara) Arc
Izu-Bonin-Mariana

International Continental Scientific Drilling Program
International Ocean Discovery Program

International Seismological Centre — Engdahl, van der Hilst
and Buland Bulletin

Japan Agency for Marine-Earth Science and Technology
Krafla Magma Testbed (project acronym)
Kyushu-Palau Ridge

Last Glacial Maximum

Logging-While-Drilling

Mariana Arc

Million years

Middle America Trench

Multichannel Seismic

Mobile drilling device (Marum Meeresboden-Bohrgerét)




Abbreviation Definition

MIDAS
MNT

modeling

Moho
MT
MTD
MTZ
My
NBS
NCEI

NNR-
MORVELS56

NOAA

NT

OBS

ODP

OoP

oT

P-wave (Vp)

pasteup

Pg

PmP

Pn
PnP

PT

Managing Impacts of Deep-Sea Resource Exploitation
Manila Trench

Forward modeling software used for simulating seismic wave

propagation and travel times

Mohorovicié¢ discontinuity (the crust-mantle boundary)
Mariana Trough

Mass-transport deposits

Mantle transition zone

Million years

Northern bathymetric sections

National Centers for Environmental Information

No-Net-Rotation version of the MORVEL56 global plate

motion model

National Oceanic and Atmospheric Administration
Nankai Trough

Ocean-bottom-seismometer

Ocean Drilling Program

Ogasawara Plateau

Okino-Torishima

Primary seismic wave (compressional wave velocity)

Software tool for seismic data processing and travel-time

picking
Crustal refracted P-wave

Wide-angle P-wave reflections from the Moho (crust-mantle

boundary)
Mantle refracted P-wave
Seismic P-wave reflection from the upper mantle

Philippine Trench
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Abbreviation

Definition

QGIS

RMS

RT

S-wave (Vs)
SBS

SC

Seismic  Unix

(SU)

SUGAR

tomo2d

Open-source Geographic Information System (GIS) software
for creating, editing, visualizing, and analysing geospatial
data

Root Mean Square (error)

Ryukyu Trench

Secondary seismic wave (shear wave velocity)
Southern bathymetric sections

Seismic chimney

Open-source software package for processing, analysing, and
visualizing seismic reflection data, widely used in academic

and industry geophysics
Submarine Gas Hydrate Reservoirs (project acronym)

Two-dimensional seismic tomography software package used

for velocity model inversion and subsurface imaging
Volcanic Front

volume percent (unit by fraction per volume)

Ratio of P-wave to S-wave velocity

Wide-Angle Seismic

West Mariana Ridge

Western Mariana Trough domain

weight percent (concentration unit)
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1 Motivation and Qutline

1.1 Motivation

The study of lithospheric evolution is a fundamental challenge to understand what makes
Earth unigue among the terrestrial planets. Earth's surface is characterised by a unique
bimodal hypsographic curve (Fig. 1.1) with two distinct peaks: one in abyssal ocean basins
and another in the average elevated continents (Cawood et al., 2022; Roberts et al., 2015).
This two-level distribution re ects the coexistence of two fundamentally dierent
lithospheres. While the oceanic crust is thin, dense, and mac in composition, the
continental crust is thick, buoyant, and silica-rich (e.g., Cawood et al., 2022; Christensen
and Mooney, 1995; White et al., 1992). No other planet in our Solar System exhibits a
similar compositional and structural dichotomy (Arndt, 2023; Cawood et al., 2022).

The geological records further highlight this uniqueness. Oceanic crust is geologically young,
with rock ages less than™280 My (e.g., Muller et al., 2008). In contrast, continental crust
preserves crustal remnants that formed more than 4-4 billion years ago (e.g., Harrison, 2009;
Valley et al., 2005). This highlights continents not only as the oldest existing lithosphere
on Earth, but also as the basis for stable landmasses that regulate climate, sustain long-
term habitability, and provide critical natural resources upon which human society depends
(Condie, 2022; Roberts et al., 2015).

Despite decades of research, one of the main challenges in solid Earth science is still explaining
how the lithosphere evolves from its oceanic beginnings into continental crust type. While
crustal formation at mid-ocean ridges is well understood (e.g., Fah-Green et al., 2022;
Brandl et al., 2016; Purdy et al., 1992; White et al.,, 1992; MacDonald et al., 1991), the
processes of thickening, geochemical di erentiation, and long-term stabilisation that bridge
the gap toward continental lithosphere are still debated (e.g., Collins et al., 2020; Jagoutz
and Kelemen, 2015; Stern, 2010; Hawkesworth and Kemp, 2006; Rudnick, 1995).

Subduction zones are the most promising environments to investigate this transformation.
They recycle oceanic plates into the mantle while simultaneously generating new crust in
arcs (Roberts et al., 2015; Larter and Leat, 2003; Stern, 2002). These arcs are dynamic
systems where juvenile crust is produced, modi ed, and matured. In particular, island arcs
are widely regarded as the primary sites of continental crustal growth (e.g., Jagoutz and
Kelemen, 2015; Clift et al., 2009; Hawkesworth and Kemp, 2006; Ellam and Hawkesworth,
1988). At the same time, adjacent back-arc basins add complexity to the subduction zone



Chapter 1. Motivation and Outline

Figure 1.1: (a) Cumulative histogram and (b) hypsographic curve of Earth's present-day surface
based on ETOPO-1 global relief model (Amante and Eakins, 2009). Earth's surface is characterized
by a bimodal elevation re ecting the contrasting di ering properties of continental and oceanic
lithosphere (Cawood et al., 2022).

setting, as they are neither purely oceanic nor continental in their structure and composition
(e.g., Artemieva, 2023; Grevemeyer et al., 2021; Eason and Dunn, 2015). Their development
is intrinsically linked to slab rollback and mantle ow beneath the overriding plate (e.g.,
Artemieva, 2023; Ishii and Wallis, 2022; Magni, 2019; Martinez and Taylor, 2002). These
subduction-related processes not only generate magmatism in island arcs (Hacker et al.,
2003; Stern, 2002) but also govern the accretion and modi cation of crust in adjacent back-
arc settings (Grevemeyer et al., 2021; Dunn and Martinez, 2011). Moreover, crustal evolution
cannot be fully understood by isolating processes at the mantle, crust, or surface processes. It
emerges from their interaction across scales, governed by subduction dynamics (e.g., Roberts
et al., 2015; Jagoutz and Behn, 2013; Tatsumi, 2000; Rudnick, 1995).

Although island arcs are central sites of crustal generation, the architecture and evolution of
their deep roots remain uncertain. Seismic and petrological evidence suggest that beneath
many arcs, the crust-mantle boundary is not a sharp Moho but rather a transitional zone
with underplated cumulates, recycled lower crust, and melt-rock interaction (e.g., Jagoutz
and Behn, 2013; Hacker et al., 2003; Tatsumi, 2000). Whether this transition zone represents
a transient accumulation that is periodically delaminated and recycled into the mantle, or
a long-term stabilising root that facilitates the transformation into continental-like crust,
remains a matter of active debate (e.g., Ribeiro et al., 2020; Beall et al., 2017; Tatsumi
et al., 2014). To understand the development of such island arc roots is critical because they
govern how island arc crust matures into thick and stable lithosphere and can be re-absorbed
into the mantle (e.g., Jagoutz and Kelemen, 2015; Tatsumi, 2000; Hawkesworth and Kemp,
2006). Thus, the study of island arc roots, particularly in natural laboratories like the
Mariana system, o ers insights into the processes of crustal thickening, di erentiation, and
stabilisation that are considered to drive the crustal transformation.



Chapter 1. Motivation and Outline

1.1.1 Crustal Development in Subduction Zones

The Mariana system o ers a natural laboratory and a complete example of the lithospheric
"life cycle". Together with the study o shore Costa Rica, its spatial arrangement mirrors
the geological stages of crustal development, albeit in reverse order:

Input and alteration (outer rise, seamounts):

Hydration of the subducting plate is enhanced by subducting seamounts, increasing crustal
permeability and facilitating the transport of large volumes of water into the mantle. This
marks the starting conditions and input of the subduction system.

Crustal generation and maturation (island arc):

At the active arc, melts rise from the hydrated mantle wedge to form juvenile arc crust.
Beneath the arc, seismic data reveal a dynamic mantle transition zone with underplated
melts and cumulates, recording the progressive thickening and di erentiation of the arc
crust toward a more continental compaosition.

Crustal reformation and overprinting (back-arc basin):

The actively spreading Mariana Trough shows asymmetric and unusually thick crust. Here,
juvenile crust is reshaped and overprinted under the overlapping in uences of spreading
and subduction.

Figure 1.2: Schematic cross-section of a subduction zone with the di erent geological domains. Blue
arrows indicate the plate motions, while black arrows display the mantle ow in the asthenosphere.
During subduction, dehydration reactions occur in the incoming plate and release uids. Hydrous
and partial melts from asthenospheric upwelling rise upwards and feed the island arc and back-arc
spreading centre.

This combined aspect of spatial arrangement and temporal evolution allows an
investigation of the processes that control lithospheric development, from hydration and
melt generation to di erentiation and reworking. This thesis addresses multiple aspects of
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lithospheric evolution. In doing so, it contributes to resolving how intra-oceanic arc
systems provide the building blocks for continental crust.

Next to the primary focus on island arc lithospheric evolution, this thesis also includes a
methodological case study based on combined ocean-bottom-seismometer (OBS) and
multichannel seismic (MCS) data from the northwestern Black Sea. Although geologically
distinct from subduction zone settings, this extinct back-arc basin provided a valuable test
site to explore the capabilities and limitations of integrated OBS{MCS imaging for
resolving sedimentary structures and uid-related features. The study o ered practical
insights into data resolution and interpretation strategies that informed subsequent
analyses in arc settings.

1.1.2 Research Areas

The Mariana system (Fig. 1.3) provides a uniquely suited natural laboratory to investigate
lithospheric evolution from arc crust to continental-type structures. First, the
Izu-Bonin-Mariana arc system preserves multiple stages of arc development within a single
region (Reagan et al.,, 2013; Yan and Shi, 2011): the Kyushu-Palau Ridge and West
Mariana Ridge represent remnant arcs, while the currently active Mariana Arc record
ongoing crustal generation (Stern et al.,, 2003). This spatial arrangement permits direct
comparison of di erent evolutionary stages in one tectonic setting (e.g., Larter and Leat,
2003; Stern, 2002). Second, its intra-oceanic location ensures that arc crust forms without
contamination from pre-existing continental lithosphere, while the scarcity of sediments
entering the subduction zone minimises the geochemical components involved (e.g., Stern,
2010; Plank and Langmuir, 1993). Third, the Mariana subduction zone represents an
endmember system: the world's deepest trench, one of the coldest subduction geotherms,
and well-developed back-arc spreading in the Mariana Trough provides boundary
conditions de ning subduction processes (e.g., Stern, 2010; Hacker et al., 2003). Finally,
the Izu-Bonin-Mariana system is among the best studied globally, with dense geophysical
coverage (e.g., Dunn and Martinez, 2011; Takahashi et al., 2009; Calvert et al., 2008;
Kodaira et al., 2007), dredge samples (e.g., Ikeda et al., 2016; Stern et al., 1996), drill cores
and logs of the International Ocean Discovery Program (IODP) (e.g., Fryer et al., 2018;
Reagan et al., 2015), Ocean Drilling Program (ODP) (e.g., Plank et al., 2000; Fryer et al.,
1990), and Deep Sea Drilling Project (DSDP) (e.g., Hussong et al., 1982; Kroenke et al.,
1981), as well as geochemical data sets (e.g., Ishizuka et al., 2020; Pearce et al., 2005; Wade
et al., 2005) that enable multi-scale integration of crustal processes. In summary, these
factors make the Mariana system an excellent setting to investigate how juvenile island arc
crust is generated, modi ed, and potentially transformed into continental-like lithosphere.

This evolutionary framework is further complemented by the Mariana Trough, the actively
spreading back-arc basin behind the arc. Although its crustal structure is neither purely
oceanic nor continental, it provides critical context for understanding arc processes because
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Figure 1.3: Topographic map of the world based on the global bathymetry and topography SRTM
15+ model (Tozer et al., 2019). Red rectangles indicate the location of the research areas of this
thesis.

mantle ow and melt supply in the back-arc directly in uence the chemistry, thickness, and
architecture of the adjacent arc crust (e.g., Grevemeyer et al., 2021; Dunn and Martinez,
2011; Martinez and Taylor, 2002). The coexistence of an active island arc with a well-
developed back-arc basin in the same system, therefore, allows not only the study of crustal
generation at the arc front, but also how arc lithosphere is modi ed and reshaped in response
to subduction-driven extension.

The o shore Costa Rica margin (Fig. 1.3) oers an excellent setting to investigate how
subducting seamounts in uence the hydration state of the incoming plate. Seismic studies
reveal that seamounts substantially enhance crustal permeability and hydrothermal
circulation, facilitating deep penetration of seawater and signi cantly increasing water ux
into the upper mantle (e.g., Grevemeyer et al.,, 2018; Ivandic et al., 2008; Ranero et al.,
2003). Beneath such seamounts, strong low-velocity anomalies indicate intense
serpentinisation and elevated water contents compared to the surrounding lithosphere (e.q.,
Ivandic et al., 2008; Grevemeyer et al., 2018). This demonstrates the key role of seamount
subduction in focusing volatile transport into subduction zones. In addition, the Cocos
Plate oshore Costa Rica is pervasively cut by bending-related normal faults as it
approaches the Middle America Trench (e.g., Grevemeyer et al., 2007; Ranero et al., 2003).
These faults, visible even in sea oor morphology, act as e cient conduits for seawater
in ltration and amplify the hydration initiated by seamount structures. Together,
seamount subduction and bending-related faulting create a uniquely well-expressed natural
laboratory to study how structural heterogeneities in the incoming plate control uid
pathways, hydration, and ultimately subduction dynamics.
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Additionally, the Danube Fan in the northwestern Black Sea (Fig. 1.3) serves as an ideal
methodological test site for integrated OBS{MCS imaging. Its ne-grained,
underconsolidated sediments, interbedded mass-transport deposits, and localised gas
accumulations (e.g., Bialas et al., 2020; Hillman et al., 2018; Popescu et al., 2007; Popescu
et al.,, 2006; Winguth et al., 2000) provide well-constrained targets for assessing seismic
resolution, velocity inversion, and uid-related signal interpretation. Although geologically
distinct from the Mariana subduction zone, insights gained from this potentially remnant
back-arc setting (Artemieva, 2023) help re ne acquisition strategies and analytical
approaches, ensuring that OBS{MCS methods are robust when applied to more complex
arc crust and mantle structures.

1.2 Aims and Scope of the Thesis

Building on the observations and analyses presented in this thesis, the work focuses on the
processes controlling lithospheric evolution in subduction-related settings, with an emphasis
on the Mariana system. The study encompasses the subducting plate, including seamount-
induced hydration, the active Mariana Arc, and the Mariana Trough as an actively spreading
back-arc basin. Complementary insights are drawn from the Black Sea Danube Fan, an
extinct back-arc basin, which provides a methodological case study for near-surface seismic
imaging.

The scope of the thesis includes characterisation of crustal and mantle structure using
integrated OBS{MCS data and tomographic inversion, the analysis of magmatic processes
driving crustal generation, maturation, and modi cation, and the assessment of hydration
and uid transport. By focusing on these processes, the thesis investigates how juvenile arc
crust evolves and becomes increasingly dierentiated, approaching continental-like
properties, and how back-arc spreading modi es and overprints these structures.

From these studies, the thesis sets out to describe the spatial and temporal evolution of the
lithosphere in the Mariana system, quantify the role of seamount-induced hydration in

crustal development, characterise the mantle transition zone beneath the arc and its
in uence on crustal thickening, and demonstrate the applicability of integrated seismic

imaging for resolving lithospheric structure. Together, these aims provide a coherent,
evidence-based picture of how intra-oceanic arc systems contribute to the formation and
evolution of continental crust.

1.3 Thesis Outline

This thesis is structured around a series of case studies that collectively address the evolution
of oceanic lithosphere in subduction settings, with a particular focus on the Mariana system.
Each paper provides a complementary perspective, either methodological or thematic, and
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together they trace the transformation of oceanic crust from its input into subduction to its
modi cation and maturation within arcs and back-arcs.

Chapter 1 states the motivation behind these case studies. An introduction to lithosphere
dynamics, the associated geological settings, and processes is providedGhapter 2 . The
methodological background is presented irChapter 3 .

Chapter 4, 5, 6, and 7 , respectively, contain a for submission prepared manuscript,
a published article, another prepared manuscript, and another published manuscript that
represents the scienti c output of these case studies.

Chapter 4 is a scientic manuscript titted Gas Migration and Slope Instability in the

Danube Fan: Insights from Integrated OBS{MCS Seismic Analysisand is prepared for

submission to the European Geoscience Union: Solid Earth

The Black Sea study presents a methodological case study. The extinct back-arc basin
provides a controlled environment to test and validate the combination of ocean-bottom

seismometer (OBS) data with multichannel seismic (MCS) imaging. This approach
demonstrates the capacity of the method to resolve crustal structure and provides a
comparative framework for active subduction systems.

This manuscript was previously submitted to Geochemistry, Geophysics, Geosystems
and rejected for publication. Consequently, the manuscript has been reworked and shall be
submitted to another journal (European Geoscience Union: Solid Earth), where it is more
closely aligned with the interests and goals of the journal.

Chapter 5 is an article titled From Symmetric Rifting to Asymmetric Spreading { Insights
into Back-Arc Formation in the Central Mariana Trough (Hilbert et al., 2024) and is
published in Geochemistry, Geophysics, Geosystems &p.

The Mariana Trough Paper investigates the actively spreading Mariana Trough. It
highlights the unusual crustal thickness and asymmetry of the back-arc basin, showing how
spreading processes are modi ed by their proximity to subduction. This study emphasizes
the overprinting and modi cation stage of lithospheric evolution.

Chapter 5 is published as: Hilbert, H.-S. , Dannowski, A., Grevemeyer, |., Berndt, C.,
Kodaira, S., Fujie, G., Takahashi, N. (2024). From Symmetric Rifting to Asymmetric
Spreading { Insights into Back-Arc Formation in the Central Mariana Trough.
Geochemistry, Geophysics, Geosystems &, https://doi.org/10.1029/2024GC011690

Chapter 6 is a scienti c manuscript titted A Dynamic Mantle Transition Zone Beneath
the Central Mariana Arc: Implications for Crustal Formation and Evolution and is
prepared for submission toJournal of Geophysical Research (JGR): Solid Earth

The Mariana Arc Paper focuses on the active Mariana Arc itself. By imaging the crust
and uppermost mantle, it reveals a dynamic mantle transition zone beneath the arc. These
results challenge the classical de nition of a sharp crust{mantle boundary and demonstrate
how arc crust undergoes progressive thickening and dierentiation, advancing toward
continental-like composition.
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Chapter 7 is a scientic manuscript titled Impact of Seamounts on the Hydration of
Subducting Platesand is published in Geology

The Seamount study o shore Costa Rica shifts to the incoming plate at the outer
rise. It shows how subducting seamounts enhance hydration of the lithosphere, facilitating
uid transport into the mantle and setting the initial conditions for arc magmatism and
crustal recycling. This study represents the input stage of the system and links deep
geodynamic processes to volatile cycles and subduction-related hazards.

Chapter 7 is published as: Li, Y., Grevemeyer, l.,, Robinson, A. H., Henstock, T. J.,
Marjanove, M., Dannowski, A., Kaul, N., Klaucke, I., Vannucchi, P., Hilbert, H.-S.
Teagle, D. A. H., Phipps Morgan, J. (2025). Impact of Seamounts on the Hydration of
Subducting Plates. Geologyhttps://doi.org/10.1130/G53355.1

The Chapter 8 provides conclusions and future perspectives. This thesis concludes with
acknowledgments, a curriculum vitae, and a publication list.
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2 Introduction

2.1 Dynamic Lithosphere Evolution: from Oceanic to Continental
Crust

2.1.1 Oceanic and Continental Crust: Structure and Composition

A central challenge in studying the dynamic lithosphere lies in the diversity of crustal types

and tectonic environments, which record di erent stages of lithospheric evolution. The

tectonic setting strongly inuences which geological processes prevail and how they
interact. This results in a spectrum of crustal structures ranging from oceanic to

continental, with a series of transitional forms in between. These transitional types are

often found in passive margins, back-arc basins, or other complex tectonic regions.

Figure 2.1: Simplied schematic sections of the continental and oceanic crust. Adapted from
Hawkesworth and Kemp (2006) and Christeson et al. (2016), respectively.

Oceanic crust forms at mid-ocean ridges through the partial melting of the mantle and is
primarily ma c in composition, consisting largely of basalts (Christeson et al., 2019; White
and Klein, 2014; White et al., 1992). Its relatively high density (3.5 Cm% Schen, 2015) and
isostatic balance produces a thin lithospheric structure, typically 5-8 km thick (Christeson
et al., 2019; White et al., 2001). With increasing age, oceanic crust cools and becomes
denser, eventually subducting into the mantle once it is heavier than the underlying material
(Arculus et al., 2019). The oceanic crust can be described by a layered structure, though
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variations exist (Fig. 2.1; e.g., Christeson et al., 2019; White et al., 1992; Christensen and
Salisbury, 1975):

Layer 1 Sedimentary coverage

Layer 2a  Basalt ows and pillow basalts
Layer 2b  Sheeted dikes

Layer 3 Layered and massive gabbros

In contrast, the continental crust is thicker (typically at an average of ~40 km; Cawood
and Hawkesworth, 2019; Rudnick and Gao, 2014) and composed of a diverse suite of rocks
with a predominantly andesitic bulk composition (760:1%; Rudnick and Gao, 2014; Rudnick
and Fountain, 1995). Its lower density (T72:7-2:8 Cm% Schen, 2015; Rudnick and Fountain,
1995) makes it more buoyant, resisting recycling into the mantle and allowing preservation of
some of the oldest rocks on Earth £ 4 Ga; Hawkesworth and Kemp, 2006). The simpli ed
structure of the continental crust (Fig. 2.1; e.g., Mooney et al., 2023; Condie, 2022; Roberts

et al., 2015; Hawkesworth and Kemp, 2006) can be represented as:

Uppermost Layer Sedimentary coverage

Upper Crust Felsic composition (granite, granodiorite, volcanic, anador
metamorphosed rocks)

Middle Crust Intermediate composition (felsic granulite)

Lower Crust Ma ¢ composition (gabbro, granulite)

Between these two endmember crust types exists a variety of transitional lithosphere,
which exhibits characteristics of both oceanic and continental crust. Back-arc basins, for
instance, form behind subduction zones due to slab rollback and exhibit crustal thickness,
composition, and structure that dier from typical oceanic crust (Artemieva, 2023;
Martinez et al., 2007; Sdrolias and Maller, 2006). Investigating these regions is crucial to
understanding the processes that drive the dynamic evolution of the lithosphere.

The formation of continental crust cannot be explained by mid-ocean ridge processes.
Convergent margins, particularly island arcs, play a critical role in crustal di erentiation.

In these arcs, mantle-derived melts undergo fractionation, underplating, di erentiation,
and crustal recycling, producing compositions that gradually evolve toward continental
characteristics (e.g., Lee and Anderson, 2015; Hacker et al., 2015; Tatsumi, 2000).
Simultaneously, continental crust is continuously reworked by tectonics, magmatism, and
erosion, which reshape its structure and composition over geological time (e.g., Condie,
2022). Crustal recycling through subduction, delamination, and erosion creates a dynamic
balance between crustal growth and destruction, while hydrothermal alteration, sediment
deposition, and faulting further modify the shallow lithosphere (e.g., Fisher and Wheat,
2010; Stern et al., 2003; R. J. Stern, 2002).

Modern geophysical techniques, such as seismic tomography and wide-angle refraction
studies, allow researchers to image the lithospheric structures from the sedimentary cover
to the upper mantle, revealing deep and shallow processes. These tools provide the
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foundation for gaining knowledge of how oceanic crust evolves into continental-like crust in
subduction zone settings, motivating the focus of this thesis on island arc crust and its role
in Earth's continental growth.

2.1.2 Crustal Growth and Recycling in Subduction Zones

Subduction zones are fundamental sites of crustal growth on Earth. At convergent margins,
oceanic plates sink into the mantle beneath an overriding plate, creating a trench and driving

a complex cascade of geological processes (e.g., Arculus et al.,, 2019; R. J. Stern, 2002;
Widiyantoro et al., 1999). The descending slab dehydrates as it is subjected to increasing
pressure and temperature, releasing uids that induce partial melting in the overlying mantle
wedge (Fig. 2.2; e.g., Chesley et al., 2021; Cai et al., 2018; Paulatto et al., 2017). This melt
rises to form arc magmas, which are a primary mechanism for generating a new continental
crust (e.g., lkeda et al., 2016; R. J. Stern, 2010).

Figure 2.2: Three-dimensional schematic section through a subduction zone. Blue arrows illustrate
uid ow, black arrows show the ow of solid material, and melt zones are marked in red. The
enlarged insets depict the key processes operating at the slab mantle interface and the arc magma
source region, respectively. In addition, the lower inset elucidates a typical P-T diagram of material
that is subducted and entrained in a melt diapir. While heating up and rising into the mantle wedge,

it crosses the dehydration curves of serpentine and chlorite, as well as the,O-saturated (\wet")
peridotite solidus (T. L. Grove et al., 2009). Marschall and Schumacher (2012).
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The composition of arc magmas is controlled by several factors: the degree of partial
melting, the composition of the mantle wedge, and crustal assimilation processes (e.g.,
Cruz-Uribe et al., 2018; Schmidt and Jagoutz, 2017; Marschall and Schumacher, 2012). In
island arcs, magmas are often mac at inception but evolve through fractional
crystallization, underplating, and crustal recycling to produce intermediate to felsic
compositions that resemble continental crust (e.g., Muentener and Ulmer, 2006; Tatsumi,
2000; Tatsumi et al., 1983). Over time, repeated cycles of magmatism contribute to crustal
thickening and di erentiation, progressively transforming juvenile arc crust toward more
mature, continental-like compositions (e.g., Ribeiro et al., 2020; Lee and Anderson, 2015).

The mantle wedge itself plays a critical role (Fig. 2.2). Fluids released from the subducting
slab lower the solidus of the wedge peridotite, allowing melt extraction (T. Grove et al., 2006;
Kushiro et al., 1968). Variations in wedge temperature, hydration, and slab dip in uence
melt composition and volume, thereby controlling the e ciency of crustal growth (e.g., Kelley
et al., 2010; Kelley et al., 2006; Gaetani et al., 1993). Juvenile arc crust is typically thinner
and denser than continental crust, but continuous magmatic underplating and di erentiation
gradually build a thicker, more buoyant crust capable of resisting subduction (e.g., Thybo
and Artemieva, 2013; Tatsumi, 2000; Tatsumi et al., 1983).

Figure 2.3: Schematic comparison between crustal formation and destruction. A maximum crustal
. 3 . .
production rate of about 3:2 k;“—r is estimated. Stern and Scholl (2010).

Finally, crustal growth is balanced by recycling processes. Portions of the arc crust are
returned to the mantle through subduction erosion, delamination, and tectonic removal,
while arc magmatism replenishes material (C. R. Stern, 2011; Clift and Vannucchi, 2004).
This dynamic interplay between construction and destruction governs the evolution of
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continental lithosphere over geological time (Rudnick and Gao, 2014; Stern and Scholl,
2010).

2.1.3 Subduction as a Driver of Lithospheric Transformation

Subduction zones represent the most dynamic environments on Earth, where oceanic plates
descend into the mantle and undergo profound physical and chemical transformation. These
processes not only recycle oceanic lithosphere but also create the conditions necessary for
arc magmatism and the evolution of juvenile crust into continental-like lithosphere.

Hydration and Serpentinisation of the Incoming Plate.

As oceanic lithosphere approaches a trench, it is pervasively fractured by bending-related
normal faults (Fig. 2.4; e.g., lvandic et al., 2008; Ranero et al., 2003). These faults act as
e cient pathways for seawater in Itration, promoting hydration of the crust and lithospheric
mantle (Grevemeyer et al., 2007; Ranero et al., 2003). In particular, subducting seamounts
and fracture zones enhance permeability, allowing water to penetrate deeply and triggering
serpentinisation in the upper mantle (Li et al., 2025; Hatakeyama et al., 2017; Ivandic et al.,
2008). The addition of water alters rock rheology, reduces seismic velocities, and lowers
the density of the lithosphere, all of which in uence subduction dynamics (Hyndman and
Peacock, 2003; Hacker et al., 2003; Carlson and Miller, 2003).

Metamorphism and uid release within the slab.

Once subducted, the oceanic crust and lithospheric mantle undergo progressive
metamorphic reactions, including the breakdown of hydrous minerals such as lawsonite,
amphibole, and chlorite (e.g., Van Keken et al., 2011; Hacker, 2008). These reactions
release uids at characteristic pressure{temperature conditions (Fig. 2.5), producing a
series of dehydration fronts with depth (Manning, 2004; Hacker et al., 2003). The liberated
uids migrate upward into the overlying mantle wedge, uxing partial melting and
triggering arc magmatism (e.g., T. L. Grove et al., 2012; Marschall and Schumacher, 2012;
Cagnioncle et al.,, 2007). Thus, slab metamorphism directly links the hydration of the
incoming plate to the genesis of new crust in island arcs.

Tectonic processes in outer rises and forearcs.

At the outer rise, the downgoing plate is bent by slab pull, generating extensional faulting
that further enhances hydration pathways (lvandic et al., 2008; Grevemeyer et al., 2007;
Ranero et al.,, 2003). In the forearc, tectonic erosion, accretion, and underplating
continuously reshape the overriding plate, recycling material back into the mantle (Fig.
2.6; C. R. Stern, 2011; Clift and Vannucchi, 2004). These processes not only redistribute
mass but also control the uid budget and mechanical coupling of the subduction interface.

Subduction-driven lithospheric transformation.
Together, hydration, serpentinisation, metamorphism, and forearc tectonics create the
physical and chemical environment that governs melt generation in the mantle wedge. This
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Figure 2.4: Poststack nite-di erence time migration of line 39 of cruise BGR99. Line 39 show
the structure of the Cocos plate across the ocean trench slope. The crust{mantle boundary (CMB)
is de ned by a series of gently dipping re ections, delineated by white lled circles. Several normal
faults cross much of the lithosphere as indicated by the black arrows. Ranero et al. (2003)

environment provides the basis for island arc crust formation, where mantle-derived melts
are modied, dierentiated, and eventually transformed into crust with continental
anities. Subduction acts as both a recycling process of oceanic lithosphere and a
"factory" for continental crust.

2.2 Island Arcs: Prime Sites of Continental Crust Formation

2.2.1 Introduction to Island Arcs

Volcanic arcs represent one of the most dynamic tectonic environments on Earth, forming
above subduction zones where an oceanic plate descends beneath another oceanic or
continental plate. They are typically divided into island arcs and continental arcs, whereby
intra-oceanic arcs are built entirely on oceanic crust, and account for about 40% of today's
active subduction zones (Larter and Leat, 2003). In patrticular, island arcs are a
fundamental component of the arc{back-arc system that develops behind trenches (Fig.
1.2). Globally, they are distributed along convergent margins that encircle the Paci c (also
referred to as "Ring of Fire"), the Caribbean, and parts of the western Indian Ocean (Fig.
2.7; Syracuse and Abers, 2006; R. J. Stern, 2002). Together, island arcs and associated
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Figure 2.5: Model for dehydration of subducted materials (modi ed after Schmidt and Poli (1998)).

The shaded region in the mantle wedge labeled \partially molten region” is expected to melt to a
signi cant degree. Open arrows indicate the rise of uid, solid arrows indicate the rise of melts.
Dashed lines outline stability elds of hydrous phases in peridotite. Long arrows indicate the ow of
asthenosphere in the mantle wedge. Chl stands for chlorite; Cld stands for chloritoid. R. J. Stern
(2002)

continental margins account for a signi cant portion of today's plate boundary length,
highlighting their fundamental role in Earth's geodynamics.

Geodynamically, volcanic arcs play a key role in the formation of new continental crust as
they produce ~75% of it (Fig. 2.8; Clift et al., 2009). They form in response to the release
of uids and melts from the subducting slab, which trigger partial melting in the mantle
wedge (e.g., T. L. Grove et al., 2012; Marschall and Schumacher, 2012; Cagnioncle et al.,
2007). The resulting magmas ascend and construct arc volcanoes, producing linear chains
of volcanoes and islands parallel to the subduction trench.

Island arcs are particularly important in the context of crustal growth and geochemical

di erentiation. Magmas generated in arcs evolve from mantle-derived basalts toward
intermediate and felsic compositions, which are compositionally more similar to continental
crust (e.g., Tatsumi, 2000; Tatsumi et al.,, 1983). Repeated cycles of arc magmatism,
di erentiation, and crustal thickening produce juvenile crust that can mature into
continental-like compaositions over time (e.g., Ribeiro et al., 2020; Lee and Anderson, 2015).
Consequently, island arcs are widely regarded as modern analogues of the processes that
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Figure 2.6: Schematic cross-section through forearc endmember types: (a) accretionary forearc
(modi ed after Dickinson (1995)) and (b) non-accretionary forearc (P. Fryer, personal communication,
2001). While the non-accretionary forearc is exposed due to a lack of sediments, the accretionary
forearc is characterised by an accretionary prism and a thick forearc basin. R. J. Stern (2002)

generated the early continental crust, which makes them key to understanding Earth's
long-term evolution.

2.2.2 Magmatic Processes in Island Arcs

Magma generation in island arcs is fundamentally linked to the interplay between the
subducting slab, the mantle wedge, and the overriding crust. As the slab descends, hydrous
minerals within the oceanic crust and lithospheric mantle break down at specic
pressure{temperature conditions, releasing uids and melts into the overlying mantle
wedge (Fig. 2.5; e.g., Van Keken et al., 2011; Hacker, 2008; Manning, 2004). These uids
lower the solidus of peridotite, enabling partial melting at temperatures signi cantly below
those required in dry mantle conditions (Fig. 2.9; T. L. Grove et al., 2012; T. Grove et al.,
2006). Consequently, arc magmatism is often water-rich (e.g., Kelley et al., 2010; Carlson
and Miller, 2003) compared to mid-ocean ridge or intraplate settings (e.g., Green and
Falloon, 2015; Hirschmann, 2006), with important implications for magma chemistry and
eruptive behaviour.
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Figure 2.7. Global location map of modern intra-oceanic island arcs (yellow highlighted areas).
Subduction zones associated with these arc systems are marked by triangles indicating the subduction
direction. Other plate boundaries are shown as thin dark blue lines (plate boundaries after Bird
(2003)). Intra-oceanic island arcs marked by the numbers enclosed by squares are: 1 { Aleutian, 2 {
Izu-Bonin (Ogasawara), 3 { Mariana, 4 { Ryukyu, 5 { Sangihe and Halmahera, 6 { New Britain, 7 {
Solomon, 8 { New Hebrides (Vanuatu), 9 { Tonga-Kermadec, 10 { Mac Quarie, 11 { South Sandwich,
12 { Lesser Antilles Arcs.

Arc volcanism is the surface expression of this subduction-induced hydrous melting. The
primary melts are typically basaltic, but their evolution toward more intermediate and
felsic compositions is a distinguishing feature of island arc systems (e.g., Lee and Anderson,
2015; Jagoutz and Kelemen, 2015). Di erentiation occurs through fractional
crystallisation, assimilation of crustal material, and magma mixing, often within complex
plumbing systems that are driven by magmatic underplating (Fig. 2.10; Cashman et al.,
2017; Farner and Lee, 2017; Huber et al., 2011; Huber et al., 2010; Tatsumi, 2000). Besides
controlling the composition of the erupted magmas, these processes also progressively
modify the bulk composition of the arc crust toward more continental-like signatures
(Tatsumi, 2000; R. J. Stern, 2010).

The role of water extends beyond lowering the melting temperature. ElevatedH,O
contents increase the mobility of melts and modify the transport and incorporation of
mineral assemblages into arc magmas and subsequently in the crust (T. L. Grove et al.,
2012; Muentener and Ulmer, 2006; Gaetani et al., 1993; Kushiro et al., 1968). In addition,
the solubility of volatiles in volcanic arc melts governs the degassing dynamics and eruption
styles, contributing to the volcanic nature of the island arc volcanoes (Sparks, 2003). Thus,
water and other slab-derived uids and melts have both a physical and chemical in uence
that produces a characteristic island arc architecture and magmatic ngerprint that
distinguishes island arcs from other tectonic settings (Fig. 2.10).
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