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Summary

Localized shear zones accommodate the deformation of the Earth’s surface and are referred

to as geological faults. Where the stress of tectonic plate movement or gravitational forces

act on the internal strength of rocks or sediments and exceed certain shear stresses, rapid

brittle deformation releases elastic energy, in the form of an earthquake. When physical

properties, loading rate, or environmental conditions reduce the slip rate, no or long-

period seismic energy is radiated and referred to as aseismic deformation. Varying fault

slip behavior plays an essential role in the earthquake cycle and poses a significant risk to

coastal populations, especially when occurring offshore due to potential cascading effects.

The rigorous study of the seismic or aseismic behavior of faults involves the application

of seafloor measurements and coastal observations to provide adequate assessments and

mitigate future marine geohazards.

This thesis aims to analyze offshore seismic and aseismic deformation using different seis-

mological and geodetic constraints from on- and offshore observations to better understand

the spatial and temporal variations in fault slip behavior. The main methodology com-

bines marine seismology and seafloor geodesy in a shoreline-crossing approach to estimate

the spatio-temporal slip behavior along two major fault types. The behavior varies from

seismic to radiation of elastic energy to aseismic (silent or slow slip), and is estimated

to provide constraints on overarching tectonic or geological processes. To decipher slip

variation along different fault types and to understand the underlying processes, three

distinct settings are investigated: the offshore megathrust along the north Chilean sub-

duction zone, the strike-slip North Anatolian Fault in the central Sea of Marmara and

the southern limit of the unstable eastern flank of Europe’s largest active volcano, Mount

Etna.

The north Chilean subduction zone is characterized by the erosional underthrusting of the

oceanic Nazca plate underneath the continental South American plate. The 2014 Mw 8.1

Iquique earthquake sheds light on the subduction processes of the shallow megathrust and

the marine forearc. Analysis of an amphibious seismic network and multi-channel seismic

data reveals a coupled process involving the seismic behavior at the seismogenic up-dip

limit and shallow subduction erosion during the co- and postseismic phase.
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Aseismic deformation of sub-seafloor faults is ubiquitous and requires the application of

seafloor measurement techniques. Direct displacement monitoring using acoustic direct-

path ranging is beneficial for in situ detection and discrimination of aseismic and seismic

fault displacement. The analysis of seismic activity and deformation on the submerged

strike-slip fault zone of the North Anatolian Fault using acoustic direct-path ranging with

long-term monitoring revealed the locking state of the central Marmara segment and the

implications of strain accumulation for the densely populated region.

Gravitational-driven fault displacement in the event of a submarine landslide poses a

significant risk to inhabited coastal areas. The eastern flank of Mount Etna in Sicily has

long been known for its instability, but offshore constraints were lacking. Analyses of

the submerged eastern flank, which is limited by an onshore elongated strike-slip fault to

the south, revealed aseismic slip behavior that includes slow slip and demonstrated the

potential hazard of sudden flank movement in the Mediterranean Sea.
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Zusammenfassung

Die Deformation der Erdoberfläche findet an örtlich begrenzten Scherzonen statt, welche

als geologische Verwerfungen bezeichnet werden. Wirkt die Belastung durch tektonis-

che Plattenbewegungen oder Gravitationskräfte auf die innere Festigkeit von Gesteinen

oder Sedimenten ein und überschreitet diese bestimmte Scherspannungen, wird durch

rasche spröde Verformung elastische Energie in Form von Erdbeben freigesetzt. Verringern

physikalischen Eigenschaften, Belastungsrate und Umgebungsbedingungen die Gleitrate,

wird keine oder eine langanhaltende seismische Energie abgestrahlt. Dies wird als aseis-

mische Deformation bezeichnet. Das variable Gleitverhalten von Verwerfungen spielt eine

wesentliche Rolle im Erdbebenzyklus und stellt eine erhebliche Gefahr für die Küsten-

bevölkerungen dar, insbesondere wenn es aufgrund möglicher Kaskadeneffekte vor der

Küste auftritt. Die gründliche Untersuchung des seismischen oder aseismischen Verhal-

tens von Verwerfungen erfordert die Anwendung von Messverfahren am Meeresboden

sowie Beobachtungen an der Küste, um in Zukunft eine angemessene Bewertung marine-

geologischer Gefahren vornehmen zu können.

Ziel dieser Arbeit ist es, seismische und aseismische Deformation abseits der Küste

mit Hilfe verschiedener seismologischer und geodätischer Daten aus Land und marinen

Beobachtungen zu analysieren, zum besseren Verständnis der räumlichen und zeitlichen

Variationen des Verwerfungsverhaltens. Die Hauptmethode kombiniert marine Seismolo-

gie und Meeresbodengeodäsie in einem küstenlinienübergreifenden Ansatz, der beitra-

gen soll, das räumlich-zeitliche Gleitverhalten entlang zweier Hauptverwerfungstypen

abzuschätzen. Die Deformation variiert von seismisch, über die Abstrahlung elastischer

Energie, bis hin zu aseismisch, welches nicht notwendigerweise über Abstrahlung von En-

ergie erfolgt (stilles oder langsames Gleiten). Das Untersuchen der verschiedenen Defor-

mationen liefert Hinweise auf tektonische oder geologische Prozesse. Um die Gleitvariatio-

nen entlang verschiedener Verwerfungstypen zu entschlüsseln und die zugrundeliegenden

Prozesse zu verstehen, werden in dieser Studie drei verschiedene Regionen untersucht:

die submarine Plattengrenze entlang der nordchilenischen Subduktionszone, die Nordana-

tolische Horizontalverschiebung im zentralen Marmarameer und die südliche Grenze der

instabilen Ostflanke von Europas größtem aktiven Vulkan, dem Ätna.

Die nordchilenische Subduktionszone ist durch das erosive Abtauchen der ozeanischen

Nazca-Platte unter die kontinentale südamerikanische Platte gekennzeichnet. Das Iquique-
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Erdbeben von 2014 mit einer Stärke von Mw 8,1 wirft ein Licht auf die aktiven Subduk-

tionsprozesse der flachen Plattengrenze und des marinen Forearcs. Die Analyse eines

amphibischen seismischen Netzwerks und mehrkanalreflexionsseismischer Daten weist auf

einen gekoppelten Prozess hin, der das seismische Verhalten aufwärts der seismogenen

Zone und die Subduktionserosion während der co- und post-seismischen Phase umfasst.

Die seismische Deformation von Verwerfungen am Meeresboden ist allgegenwärtig und

erfordert die Anwendung von Messverfahren am Meeresboden. Die direkte Überwachung

von Verschiebungen mit Hilfe von akustischem Distanzmessungen ist für die in situ Erken-

nung und Unterscheidung von aseismischen und seismischen Verwerfungen von Vorteil.

Die Analyse der seismischen Aktivität und der Verformung an der unter Wasser liegen-

den Nordanatolischen Horizontalverschiebung, mit Hilfe von akustischen Distanzmessun-

gen und Langzeitbeobachtungen, zeigte den Verriegelungszustand des zentralen Marmara-

Segments und die Auswirkungen der Spannungsakkumulation auf die dicht besiedelte Re-

gion.

Schwerkraftbedingte Horizontalverschiebung, im Falle einer submarinen Hangrutschung,

stellen eine erhebliches Risiko für besiedelte Küstenregionen dar. Die Ostflanke des Ätnas

in Sizilien ist seit langem für ihre Instabilität bekannt, doch fehlte es an küstenfernen

Beobachtungen. Analysen der submarinen Ostflanke, die durch eine langgestreckte Hor-

izontalverschiebung an Land im Süden begrenzt ist, ergaben ein aseismisches Rutschver-

halten, das langsames vorübergehendes Rutschen einschließt und die potenzielle Gefahr

einer plötzlichen Flankenbewegung im Mittelmeer aufzeigt.
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1 Motivation and Outline

1.1 Motivation

Globally, the proportion of people that live within 100 km of the coast is increasing and

will reach 50 % of the world’s population by 2030 (Small and Nicholls, 2003; Adger et al.,

2005). These growing coastal populations are exposed to specific geohazards, including

earthquakes, volcanic eruptions, submarine landslides and resulting tsunamis. In particu-

lar, great submarine earthquakes are among the most devastating natural disasters because

of their potential to trigger cascading or cumulative effects, such as submarine landslides

or tsunamis. The largest earthquakes on Earth occur where plate boundaries store and

build up energy for centuries and then release it within minutes. Subduction zones have

released 90 % of the total global seismic moment in the last century through large, shallow

earthquakes, representing a significant portion of the Earth’s seismic potential (Ruff and

Kanamori, 1983; Pacheco and Sykes, 1992; Scholz and Campos, 1995). The most powerful

of these earthquakes have the ability to propagate up-dip into the shallow subduction zone

and thus can have exceptionally devastating consequences (e.g., the 2004 Sumatra earth-

quake). In particular, the sudden failure of the plate boundary at shallow depth, resulting

in slow rupture propagation (Kanamori, 1972) can cause vertical movement of the seafloor

and generate large tsunami waves that pose an even greater threat to coastal populations

by destroying the infrastructure of coastal communities and causing significant loss of life

(Stein and Okal, 2005; Newman et al., 2011; Simons et al., 2011; Lay et al., 2012). The

short and incomplete historical seismic record since 1900 hinders an enhanced scientific

estimation of event probability. In particular, the last decade has made us aware of how

challenging calculating the probability of a major earthquakes is, especially for the rupture

of earthquakes that were larger than expected (2011 Tohoku earthquake) or that occurred

in regions where they were least expected (e.g., 2011 Christchurch earthquake, 2015 Illapel

earthquake).

The tsunamigenic potential of submerged continental strike-slip fault zones has long been

neglected because they generally cause mainly horizontal and limited vertical displace-

ments (Elbanna et al., 2021; Scott, 2021). A recent review of strike-slip fault zones,

however, revealed that transform plate boundaries have the ability to pose a significant

1



Chapter 1. Motivation and Outline

tsunami potential, especially if supershear earthquakes are involved, where the rupture

propagation velocity exceeds the shear wave velocity (Mai, 2019). Despite the disregarded

tsunami potential, transform faults are able to release seismic energy with moment mag-

nitudes above 8.5 (Meng et al., 2012). This knowledge demands a revised tsunami hazard

assessments for affected populated coastal regions such as the Marmara Sea (Ambraseys,

2002) or the San Francisco Bay area (Song et al., 2008), where tsunamis have been recorded

in the past (Elbanna et al., 2021).

Besides the risk for coastal populations, the world‘s industry is increasingly interested in

the ocean floor and processes affecting it. Exploitation of the global seas and marine re-

sources has increased over the last decade and is expected to grow, although the percentage

from the oil and gas sector will decline in the next decade. In the future, seabed mining

will rise to an essential component of the Blue Economy to meet the growing demand for

materials of our rapidly developing technological world and to reach the objectives of e.g.

the European Green Deal (compare The EU Blue Economy Report 2021; European Com-

mission, 2021). Moreover, marine minerals and metals are frequently concentrated along

tectonic plate boundaries and therefore inextricably linked to the geohazards posed by the

sudden movement of boundary faults.

To provide adequate assessments and mitigate future geohazards, it is essential to de-

termine the seismic potential of specific fault zones. Moreover, the spatio-temporal dis-

tribution of elastic strain accumulation, release of fault zones, and existence of different

fault slip behaviors are crucial information for improving our understanding of the physics

of earthquake phenomena and to recognize potential risks for coastal regions (Bürgmann

et al., 2005; Harris, 2017; Uchida and Bürgmann, 2019). Varying fault slip behavior

plays an important role in the earthquake cycle and associated geohazards (Lienert and

Havskov, 1995). Tectonic faults that accommodate essential portions of their slip budget

in an aseismic mode reduce the seismic hazard they pose, or act as precursory events and

initiate or trigger earthquakes (Bürgmann, 2018). However, our knowledge and quantifi-

cation of potential offshore geohazards is often limited by the coastline due to a lack of

accurate information on the sub-seafloor domain. Assessing the heterogeneity of spatio-

temporal faulting at submerged fault zones requires in situ ground truth determinations of

their structures and properties. Consequently, the need for shoreline-crossing research ap-

proaches, combining land and marine seismology (Petersen et al., 2021) or linking Global

Navigation Satellite System (GNSS) methods with seafloor geodesy techniques (Petersen

et al., 2019) is immense (compare SZ4D Initiative, McGuire et al., 2017, and Helmholtz

Research Program 2021-2027). Furthermore, shoreline-crossing approaches are crucial for

a better understanding of slip behavior in offshore fault zones to constrain models (Tréhu,

2016), and for understanding and identifying the potential risks posed by geohazards.
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1.2 Outline of this thesis

The thesis encompasses nine chapters, including six chapters dealing with the seismic and

aseismic fault slip behavior at different fault zones and a concluding chapter. Finally, I

will give an outlook on future challenges and recommendations of potential projects to

enhance our understanding of fault slip characteristics. I authored three of the presented

manuscripts, contributed substantial input to the manuscript of chapter eight, and con-

tributed to the data acquisition, processing and discussion of the other manuscripts. All

presented manuscripts have been published in or submitted to peer-reviewed journals.

Chapter 2 provides an overview of seismic and aseismic deformation characteristics,

including a general introduction to the spatio-temporal behavior of subduction and strike-

slip faults zones. Furthermore, this chapter examines measurement techniques for con-

straining sub-seafloor fault deformation by integrating shoreline-crossing observations.

Chapter 3 deals with the impact of active subduction erosion on the state of stress on

the marine forearc of northern Chile. This chapter combines the results of two long-

term ocean bottom seismometer (OBS) deployments on the marine forearc with long-

offset multi-channel seismic data, and aims to provide insight into the seismo-tectonic

structure of the 2014 Mw 8.1 Iquique earthquake rupture area. Based on the seismicity

distribution along a wide stretch of the plate interface and upper plate, the chapter reveals

that subduction erosion processes affect the base of the upper plate up-dip of the coseismic

rupture. The transition from a fractured fluid-filled to a less deformed section of the upper

plate witnesses active subduction erosion during the postseismic and possibly coseismic

phases that leads to basal abrasion of the upper plate at the up-dip end of the seismogenic

zone.

Author contributions: DL, IG, EV, AT, HK designed the study. FP, DL, IG, HK, SB,

ECR deployed and recovered the OBS. FP, MR, AT, ECR participated on MGL1610 cruise

of RV Marcus G. Langseth during which the seismic reflection data was collected. FP

processed the earthquake data and discussed the results with all co-authors. BM processed

the multi-channel data with support of DK. FP produced the figures and wrote the paper

supported by all co-authors. All co-authors contributed to the reviewing and editing of the

paper.

Chapter 3 is published in Geophysical Research Letters as:

Petersen, F., Lange, D., Ma, B., Grevemeyer, I., Geersen, J., Klaeschen, D., Contreras-

Reyes, E., Barrientos, S., Tréhu, A. M., Vera, E., & Kopp, H. (2021). Relationship between

subduction erosion and the up-dip limit of the 2014 mw 8.1 iquique earthquake. Geophys-

ical Research Letters, 48, e2020GL092207(9), https://doi.org/10.1029/2020GL092207.
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Chapter 4 deals with the compelling observation of a spatial match between the rup-

ture area of the 2014 Iquique earthquake and the coherent seismic reflectivity of the plate

boundary using long-offset multi-channel seismic data. This chapter uses pre-stack depth

migrated multi-channel seismic data covering the rupture area of partly unaffected seg-

ments north and south of the 2014 Mw 8.1 Iquique earthquake. We show that the after-

shock distribution from Chapter 3 correlates spatially to the decrease in plate boundary

reflection and supports our inference of a spatial relationship between the rupture area and

the plate boundary reflectivity. Based on the sensitivity of seismic reflections to resolve

fluid-pressure variations, this chapter suggests an interplay between the seismic rupture

extent and coherent plate boundary reflection. The chapter concludes that the seismic re-

flection data may provide crucial information on seismic and tsunami hazards along active

margins.

Author contributions: DL, AT, HK designed the study. FP, MR, AT, ECR participated

in cruise MGL1610 of RV Marcus G. Langseth during which the seismic reflection data

were collected. BM processed the multi-channel data with support of DK. BM, JG, DL and

HK discussed the results with all co-authors. FP processed the earthquake data. ECR, AT,

MR, and YX contributed to the discussion of the seismic data. IG, DL, FP contributed to

seismological topics. BM produced the figures. All co-authors contributed to the reviewing

and editing of the paper.

Chapter 4 is submitted to Nature Geoscience as:

Ma B., Geersen, J., Lange, D., Klaeschen, D., Grevemeyer, I., Petersen, F., Riedel,

M., Xia, Y., Tréhu, A. M., Contreras-Reyes, E., & Kopp, H. (submitted). Megathrust

reflectivity matches the 2014 Iquique earthquake rupture. Nature Geoscience.

Chapter 5 deals with the analysis of repeating earthquakes from thirteen years of earth-

quake monitoring in the rupture area of the 2014 Mw 8.1 Iquique earthquake. This chapter

uses multiple earthquake data sources, including the high-resolution aftershock catalog of

Chapter 3, to determine an accurate resolved depth location of repeating earthquake

sequences at the up-dip limit of the seismogenic zone. The study reveals repeating earth-

quake activity within the upper plate that correlates with the large-scale upper plate

extensional faults identified in Chapter 3. Based on waveform coherency, repeaters in-

dicate that upper plate fault slip begins during the foreshock period, characterized by

thrust fault motion. The chapter concludes that the gradual unlocking of the plate in-

terface during the long foreshock period induced weakening of the frontal upper plate by

reverse activation of large-scale extensional faults and initiated subduction erosion.

Author contributions: FP, DL, HK, IG designed the study. FP processed the earthquake

data and discussed the results with all co-authors. SB provided the CSN earthquake catalog.
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FP produced the figures and wrote the paper supported by all co-authors. All co-authors

contributed to the reviewing and editing of the paper.

Chapter 5 is submitted to the Journal of Geophysical Research Solid Earth as:

Petersen, F., Lange, D., Grevemeyer, I., Barrientos, S. & Kopp, H.(submitted). Repeat-

ing earthquakes reveal pre-seismic upper plate weakening by the 2014 Iquique foreshock

sequence. Journal of Geophysical Research Solid Earth.

Chapter 6 reviews the emerging field of acoustic seafloor geodesy to study strain build-

up by monitoring shallow seismic/aseismic fault displacement. We reviewed the recent

development and progress in sea-going technology of long-term seafloor geodetic instru-

mentations, including the studies of the following Chapters 7 and 8 and analyzed potential

effects of environmental influences on measurement precision. The method of acoustic

direct-path ranging has proven to be a powerful tool by contributing essential information

on the fault slip behavior of submarine fault zones. Further, the chapter examines the

best approach to install acoustic ranging networks to achieve measurements precision at

millimeter level, using recent seafloor geodetic studies of Chapters 7 and 8.

Author contributions: FP, HK, DL, KH, MU designed the study. FP discussed the

results with all co-authors. FP produced the figures and wrote the paper supported by all

co-authors. All co-authors contributed to the reviewing and editing of the paper.

Chapter 6 is published in the Journal of Geodynamics as:

Petersen, F., Kopp, H., Lange, D., Hannemann, K., & Urlaub, M. (2019). Measur-

ing tectonic seafloor deformation and strain-build up with acoustic direct-path ranging.

Journal of Geodynamics, 124, 14–24, https://doi.org/10.1016/j.jog.2019.01.002.

Chapter 7 deals with the analysis of long-term monitoring for interseismic strain-build up

on the North Anatolian Fault (NAF) in the Sea of Marmara. The chapter uses the acoustic

direct-path ranging method, reviewed in Chapter 6, in collaboration of Turkish, French

and German institutes to estimate the fault slip across the fault at the seafloor. Based on

onshore GNSS ground displacement observations of the NAF and in-situ acoustic ranging

slip measurements, the chapter provides strain rate sensitivity estimates using a theoretical

dislocation model to assume the creeping depth below the seafloor geodetic observatory.

Complemented by earthquake data from OBS and land data, the chapter shows that the

central fault segment is in a locking state without transient aseismic displacement, thus

accumulating strain. The result of an increasing slip-deficit poses a significant risk to the

Istanbul metropolitan area.

Author contributions: JYR, VB and HK funded and designed the experiment. DL,

FP, KH, LYR, PH, VB, LG, PS deployed and collected the seafloor geodetic data. PH.
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implemented the analytical solution for the strain calculations, the modelling of strain was

done by DL. The GPS land-stations and calculation of the water column parameters were

done by SO, SE and FP. PS inverted the strike-slip rate from baseline data. The OBS

data were processed by DL with input from LG, JB and ZC. The offshore geodetic data

set was independently processed with a different software written by DL, FP who reached

the same results. DL, HK produced the figures and drafted the manuscript supported by

all co-authors. All co-authors contributed to the reviewing and editing of the paper.

Chapter 7 is published in Nature Communications as:

Lange, D., Kopp, H., Royer, J. Y., Henry, P., Cakir, Z., Petersen, F., Sakic, P., Ballu,

V., Bialas, J., Ozeren, M. S., Ergintav, S., & Geli, L. (2019). Interseismic strain build-up

on the submarine north anatolian fault offshore istanbul. Nature Communications, 10 (1),

3006, https://doi.org/10.1038/ s41467-019-11016-z.

Chapter 8 deals with the observation of an aseismic slow-slip event along the southern

limit of the eastern submerged flank of Mount Etna, Sicily. This chapter uses the acous-

tic direct-path ranging method reviewed in Chapter 6 linked with onshore GNSS/InSAR

observations and high-resolution multi-channel seismic data to analyze the slip character-

istics of the offshore-extending onshore faults. The chapter finds that the offshore fault slip

has a similar character to the onshore fault, but total displacement exceeds the onshore

counterpart, inferring a gravitational driven movement of the eastern volcanic flank.

Author contributions: MU, FGross, GP, designed the study. FP, DL, MU, HK are

responsible for the design of the seafloor network and formal data analysis. FP, FGross and

SK participated in the acquisition of marine data. AB, FGuglielmino, and GO formally

analyzed the onshore data. MU, FP, FGross, AB, and GP interpreted the data. MU, FP

produced the figures. M.U. drafted and prepared the article supported by all co-authors.

All co-authors contributed to the reviewing and editing of the paper.

Chapter 8 is published in Science Advances as:

Urlaub, M., Petersen, F., Gross, F., Bonforte, A., Puglisi, G., Guglielmino, F., Krastel,

S., Lange, D., & Kopp, H. (2018). Gravitational collapse of mount etna’s southeastern

flank. Science Advances, 4 (10), eaat9700, https://doi.org/10.1126/sciadv.aat9700.

Chapter 9 summarizes the results and discussions of the previous chapters and provides

an outlook for potential research with regard to yet unnoted fault systems, and suggests

recommendations for future fault slip behavior related studies.
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2 Introduction

2.1 Seismic and aseismic slip characteristics

Geological faults are elongated discontinuities in rock formations that can host the litho-

spheric deformation through abrupt fast (seismic) slip and slower (aseismic) slip. Sudden

fast seismic slip is characterized by a stick-slip behavior of involved rocks, which releases

elastic energy. The elastic energy is radiated through the earth and along its surface in

the form of seismic waves, which are recorded by seismometers. The amount of seismic

energy is expressed by its moment magnitude, which depends on the shear module of

involved rocks, the dimension of the fault plane and the average slip along the fault plane

(Hanks and Kanamori, 1979). The mode of slip at faults is governed by a complex re-

lationship between friction, slip velocity, duration and distance, also known as rate- and

state-dependent friction (Dieterich, 1978, 1979; Ruina, 1983). For instance, if the decrease

in frictional resistance to a fault movement exceeds the stress reduction of fault motion,

sudden sliding with an associated stress drop occurs and seismic energy is released as elas-

tic waves. Between sudden motions, periods of rest lead to the recharge of stress, known as

stick-slip (Scholz, 1998). Seismic fault slip velocities that radiate high-frequency seismic

waves range from 10−4 to 1 m/s (Bürgmann, 2018).

The existence of slow fault slip has been known for decades, but its significance and im-

plications for hazard assessment were not recognized until GPS networks recorded such

slow slip events in the early 90s (Linde et al., 1996; Peng and Gomberg, 2010). In general,

slow fault slip is several orders of magnitude slower than seismic slip and can last for a few

seconds to several years (Figure 2.1; Mallick et al., 2021). In the last two decades, slow

seismic signals have been identified by a rapid increase in the number of permanently oper-

ated seismometers and campaign-type studies with temporarily deployed seismic sensors.

Subsequent studies have uncovered a whole new class of earthquakes that occur unusually

slow compared to seismic earthquakes (e.g., Beroza and Ide, 2011). In contrast to seismic

slip, aseismic slip (slow slip), also frequently referred to as fault creep, is slow enough that

inertial forces and seismic radiation are negligible, but there is no clear boundary between

seismic and aseismic fault slip, and the rate of slow fault slip can be constant or vary over

time. Since their discovery, various types of slower fault slip have been classified as tec-

tonic tremor or episodic tremor and slip (ETS), low-frequency earthquakes (LEFs) (Shelly
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et al., 2006), very-low-frequency earthquakes (VLFEs) (Obara and Ito, 2005), with source

durations of less than one second and a few tens of seconds, respectively. Among these

signals, the most commonly observed are slow-slip events (SSEs), a slip phenomenon that

is associated with an aseismic transient on a fault patch (Dragert et al., 2001; Ide et al.,

2007; Peng and Gomberg, 2010; Beroza and Ide, 2011).
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Figure 2.1: The moment magnitude Mw versus the characteristic duration t of various
seismic and aseismic earthquakes (based on Ide et al., 2007; Gomberg et al., 2016). Letters
refer to observed aseismic deformation: slow-slip events (SSE); low-frequency earthquakes
(LEF); very low frequency earthquakes (VLFE) and episodic tremor and slip (ETS).

Aseismic or slow-slip fault deformation has also been documented on non-tectonic fault

types, including glaciers (Wiens et al., 2008) and landslides (Urlaub et al., 2018), although

the fault deformation is driven by gravity rather than plate motion. The study of such

characteristic slow earthquakes have revealed that their moment magnitude is proportional

to their characteristic duration (Figure 2.1), inferring that slow slip earthquakes are a

different expression of the same occurrence (Ide et al., 2007). The proposed scaling law

is expressed as seismic moment M0 and duration tn where n is 3 for seismic and 1 for

aseismic deformation. However, dislocation models indicate that for both seismic and

aseismic deformation appears to transition from M0 ∼ t3 to M0 ∼ t as slip zones are

confined at their up-dip and down-dip limits (Gomberg et al., 2016).
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The phenomenom of SSE, which are accelerated episodes of slip (Ide et al., 2007), has been

most commonly observed at subduction zones, particularly in the circum-Pacific region,

and has generated tremendous interest in the physical processes that control fault slip

(Beroza and Ide, 2011; Wallace, 2020). To allow slow fault motion, a strengthening mech-

anism is required that slows the speed of faulting down to sub-seismogenic slip velocities

(Bürgmann, 2018). In general, the increase of fault strength with growing slip prevents

fast earthquake rupture and promotes fault creep (velocity-strengthening). In contrast,

faults that weaken with increasing slip rate are referred to as velocity weakening and can

enter seismic stick-slip behavior and radiate elastic waves (Scholz, 1998).

Active plate tectonics and their restless boundaries are the main driver for changing slip

behaviors. Furthermore, the interaction between the two moving tectonic plates is ac-

commodated by a combination of interseismic slow slip, seismic rupture and postseismic

deformation. In general, plate boundaries are classified as either divergent (e.g., mid ocean

ridges), convergent (subduction thrust) or transform faults (strike-slip faults). The region

of the plate boundary exhibiting stick-slip (velocity-weakening) behavior and capable of

generating large earthquakes is referred to as the seismogenic zone. This zone is bounded

by regions that are dominated by a frictional transition from unstable to stable sliding

(velocity-strengthening). However, the extent and width of the seismogenic zone varies

spatially along the plate boundary (Figures 2.2 and 2.3; e.g., Schmidt et al., 2005; Lay

et al., 2012; Yamamoto et al., 2017). Such fault zones with varying slip modes are re-

ferred to as partially coupled, where fault coupling defines the degree to which slip on a

fault is determined by seismic vs. aseismic slip (Wang and Dixon, 2004). The coupling

ratio ranges from 0 to 1, but coupling ratios are highly dependent on the length of the

observation period. For instance, the observation of short period fault slip at a rate faster

than the overall plate convergence rate causes a coupling ratio of < 0 and is not unlikely

(Wang and Dixon, 2004). However, a coupling ratio of > 1 implies a backward motion

compared to the long-term fault slip motion and seems physically impossible (Wang and

Dixon, 2004).

2.2 Observational constraints on offshore seismic and

aseismic deformation

The first observations of slower fault slip date back more than 60 years. They were made

on onshore tectonic strike-slip faults including the San Andreas fault (Steinbrugge et al.,

1960), Hayward fault (Louderback, 1942), and the North Anatolian Fault (Ambraseys,

1970) by observing the slowly increasing offset of artificial structures (Harris, 2017). Sub-

sequently, the comparison of global seismic moment release and the distribution of es-

timated fully coupled areas indicated that large portions of plate boundaries, including
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tectonic strike-slip faults, may slip aseismically (Pacheco et al., 1993; Tichelaar and Ruff,

1993; Bird and Kagan, 2004). Early measurements of slow fault movements were restricted

to the shallow near surface shear zone, but precise and fault distance-dependent motion

measurements allowed aseismic and fully coupled fault patches, i.e. at the San Andreas

Fault (Harris and Segall, 1987), to be modelled. Today, geophysical observations of slow

fault slip are mainly carried out using geodetic methods; for instance, continuous GNSS

monitoring or Interferometric Synthetic Aperture Radar (InSAR) with a high spatial res-

olution at a millimeter level. To directly measure fault displacement, creepmeters cross

fault traces and are able to resolve movements at sub-millimeter accuracy (e.g., Victor

et al., 2018). Slip on submarine fault systems is more difficult to measure due to the lower

resolution of slip observations, as well as coupling models being based only on terrestrial

geodetic observations (e.g., Chlieh et al., 2008; Loveless and Meade, 2011; Métois et al.,

2013). Networks of short- and long-period ocean-bottom seismometers are used to esti-

mate accurate hypocenter locations far offshore and to reveal the seismogenic properties of

the megathrust zone (e.g., Husen and Kissling, 2001; Petersen et al., 2021) or the seismic

structure of faults (Lange et al., 2010; Yamamoto et al., 2017). OBS station runtimes,

however, are highly dependent on battery life and are only able to record seismic defor-

mation. Consequently, in situ ground-truthing of aseismic deformation requires the use

of seafloor measurement techniques to directly observe aseismic deformation and deter-

mine fault coupling (Bürgmann and Chadwell, 2014; Petersen et al., 2019). The following

have proven to be powerful tools for revealing shallow offshore slip and inter-seismic strain

build-up: acoustic direct-path ranging arrays (Urlaub et al., 2018; Lange et al., 2019; Pe-

tersen et al., 2019; Yamamoto et al., 2019); GNSS-acoustic sensors (Gagnon et al., 2005;

Yokota and Ishikawa, 2020); ocean bottom pressure sensors (Wallace et al., 2016); on- and

offshore linked earthquake observations (e.g., Lieser et al., 2014; Petersen et al., 2021);

and boreholes pore–pressure measurements (Araki et al., 2017).

Although the occurrence of aseismic or slow slip is by definition silent, seismic signals

and methods can be used to reveal its existence and provide additional information about

the spatio-temporal distribution of slow slip along faults (Uchida and Bürgmann, 2019).

Earthquakes that have nearly identical waveforms are referred to as repeating earthquakes

that occur at the same fault by repeated rupturing of small asperities that catch up with

surrounding aseismic slip (Nadeau and McEvilly, 1999; Uchida and Bürgmann, 2019).

These repeated seismic moment releases are used to analyze and estimate the slow slip

of faults in time through the geodetically calibrated magnitude-slip empirical relationship

(Nadeau and Johnson, 1998; Igarashi et al., 2003). Repeating earthquakes have been found

at extensional faults (Valoroso et al., 2017; Vuan et al., 2017; Duverger et al., 2018), thrust

faults (Chen et al., 2008), subduction related megathrust faults (Chen et al., 2007; Uchida

and Matsuzawa, 2013; Kato and Nakagawa, 2014) and transform plate boundaries (Nadeau

and Johnson, 1998; Peng, 2005; Turner et al., 2015; Bohnhoff et al., 2017). The occurrence
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and analysis of their cumulative slip, spatial distribution and recurrence have improved

our understanding of fault slip characteristics, event triggering and the predictability of

earthquakes. However, the lack of repeating earthquakes along silent fault zones does not

imply the absence of aseismic/slow slip (Uchida and Bürgmann, 2019). Constraints on the

occurrence of aseismic/slow slip can also be provided by swarm-like earthquake sequences,

which do not have a clear relationship between the main and aftershocks and do not show

a decay in time according to standard aftershock scaling laws (e.g., Omori law-type).

However, a lack of constraining geophysical data means that their driving processes are

often unclear (Roland and McGuire, 2009).

2.3 Subduction zone deformation modes

At convergent plate boundaries, the far-field motion of two different tectonic plates is

accommodated on a localized zone of deformation. The interface between the subducting

and overriding plate is referred to as a megathrust fault (Figure 2.2). The megathrust is

thought to be a shear zone rather than a single surface (Calahorrano et al., 2008; Van-

nucchi et al., 2008). Comparisons of seismic moment release and estimated fully coupled

subduction zones indicate that large portions of convergent plate boundaries may slip aseis-

mically (Pacheco and Sykes, 1992; Pacheco et al., 1993). Based on the analysis of large

and great earthquakes in the last century, the seismogenic zone where great earthquakes

nucleate includes certain depth-dependent rupture variations. The shallow megathrust

(0 - 55 km depth) is separated into faulting domains (Figure 2.2). The very shallow part

of the plate interface extends from the trench toe to the up-dip limit of the seismogenic

zone. The up-dip limit of the seismogenic zone that confines the shallow part is suggested

to be related to forearc structure and morphology (Wang and Hu, 2006; Tilmann et al.,

2010); metamorphic processes (Moore and Saffer, 2001); or thermal properties (Oleske-

vich et al., 1999; Moore and Saffer, 2001). This shallow region has long been considered

to exhibit a major aseismic behavior, but recent developments in offshore instrumentation

revealed that modes of slip similar to other shallow fault zones, including SSE (e.g., Song

et al., 2009) LFE and VLFE (e.g., Ito and Obara, 2006), tectonic tremor with or without

slow slip (e.g., Shelly et al., 2006) are a common feature along the shallow subduction

zone megathrust (Figure 2.2; Bilek and Lay, 2018; Yokota and Ishikawa, 2020). However,

slip behavior within the shallow subduction zone indicates very large spatial and tempo-

ral variations, so that some regions may undergo stable sliding that prevents significant

strain accumulation (Hu and Wang, 2008). It has been suggested that geological features,

such as disparities in interface roughness or subducting seamounts, evoke shallow fault

creep and impact the deeper seismogenic zone of the plate interface (Wang and Bilek,

2014; Edwards et al., 2018). Further along-dip, a transition zone of conditional stable
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sliding prevails, defining the up-dip limit of the seismogenic zone until unstable sliding

predominates (nucleation of large earthquakes) (Scholz, 1998).

Coast

SeismicRepeaters
Repeaters

Up-dip limit
Down-dip limit

Slow slip/Tremor

ConditionallyStableAseismic

Pore fluids Normal faults

Seismogenic zone

Trench

Figure 2.2: Fault structure and slip behavior of an example subduction thrust fault on
a predominantly erosional convergent margin (based on Lay et al., 2012).

In the seismogenic zone, a twofold earthquake rupture pattern has been observed, com-

prised of an area of large coseismic slip with low short-period energy earthquakes and,

further down-dip, an area of high short-period energy with intermediate slip earthquakes

(Figure 2.2; Lay et al., 2012). Great earthquakes (M ≥ 8) with large fault slip tend to

rupture at depths between 15 to 35 km, whereas large earthquakes (M ≥ 7) rupture at

greater depth between 35 - 55 km. Down-dip of the seismogenic zone, a second transi-

tional region appears where slow slip phenomena have been documented and ductile flow

in the mantle wedge sets in (Bilek and Lay, 2018). In this second transitional region, high

temperatures and pressures at the megathrust shear zone allow slow fault motion and

continuous shearing (Avouac, 2015). With increasing temperature at depth, the accom-

panying transition from conditional sliding to velocity-strengthening frictional behavior

is believed to be responsible for the termination of earthquakes, with stable sliding ac-

commodating plate motion (Figure 2.2; Schwartz and Rokosky, 2007). In this deep part

of the subduction zone, slow earthquakes and subduction associated deep-situated fault

creep was first observed using land-based seismometers and GNSS stations two decades

ago at two extremely well monitored subduction zones: Cascadia (Dragert et al., 2001)

and Nankai (Hirose et al., 1999; Obara, 2002).

Investigations of the shallow offshore located subduction thrust, using on- and offshore

geodetic and seismological techniques enable an improvement in the understanding of sub-
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duction erosion and accretion, splay fault activity, interface coupling ratios, delimitation

of large interface asperities, state of stress of the overriding plate, and bend fault activ-

ity. In particular, the up-dip end of the seismogenic zone where frictional transition from

unstable to conditional and stable sliding occurs has important implications for tsunami

generation. Although great earthquakes nucleate at greater depth, megathrust ruptures

characterized by long durations with moderate magnitudes can propagate to the trench

as a result of conditional stability of fault friction (Scholz, 1998; Hu and Wang, 2008) and

produce disproportionally large tsunamis (Kanamori, 1972; Kanamori and Kikuchi, 1993;

Satake, 1994; Newman et al., 2011).

2.4 Strike-slip deformation modes

Transform plate boundaries are characterized by two tectonic plates that slide past one

another in a predominantly horizontal motion. Most strike-slip faults occur at mid ocean

ridges, where they are referred to as transform faults; however continental transform

faults have been intensively studied over the last decades, using creepmeters, InSAR,

near-field GNSS and/or terrestrial surveying, geological field studies, and strainmeters.

These studies, especially at the San Andreas Fault and North Anatolian Fault have led to

an improved resolution of the distribution of locked and creeping fault areas on continental

strike-slip fault zones. Offshore strike-slip fault investigations, conversely, depend on the

use of sophisticated measurement technology, including seafloor acoustic ranging; near-

field ocean bottom pressure; and borehole pore pressure, strain- and tiltmeters (Harris,

2017; Bürgmann, 2018).

Figure 2.3: Fault structure and seismic behavior of an example strike-slip fault zone
(based on Bürgmann, 2018).
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In general, strike-slip fault zones are characterized at depth by a brittle to ductile transi-

tion that induces velocity-strengthening frictional behavior, creep, slow-slip events and

tremors. Above a certain temperature (300 - 360 °C), the rate-and-state frictional be-

havior changes from aseismic to seismic deformation and large earthquakes are able to

nucleate (unstable sliding) (e.g., Cole et al., 2007; Fagereng and Toy, 2011). The seismo-

genic zone along the fault zone varies, with large asperities adjacent to creeping segments

and smaller asperities, including repeating earthquakes (Figure 2.3). Large distributed

aseismic deformation along fault segments that extend to greater depth may impact the

earthquake timing and magnitude (Harris, 2017). The shallow fault zone can exhibit zones

of distributed shearing and slip partitioning, expressed through complex surface faulting

and secondary faults, which accommodate displacement through stable frictional behavior

(aseismic). Tensional stresses on the strike-slip fault create trans-tensional normal faults,

resulting in basins such as the Sea of Marmara. On the contrary, compressional stresses

create transpressional reverse faults and cause small-scale mountain building. Fault sys-

tems that splay off with tensional or compressional stresses and create secondary faulting

are known as flower structures, which are characterized by numerous fault exposures at

the surface. When features below the seafloor have complex strain distribution, seafloor

measurements struggle to reveal the degree of local locking and to estimate the seismic

potential (Petersen et al., 2019). Lateral displacement also occurs where gravity acts on

large masses and triggers large submarine landslides (Urlaub et al., 2018) or drives the

movement of glaciers (Wiens et al., 2008).
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Key Points

• We investigate structure and seismicity at the up-dip end of the 2014 Iquique earth-

quake rupture using amphibious seismic data.

• Seismicity up-dip of the 2014 Iquique earthquake occurs over a broad range likely

interpreted to be related to the basal erosion processes.

• Coseismic stress changes and aftershocks activate extensional faulting of the upper

plate and subduction erosion.

Abstract

The aftershock distribution of the 2014 Mw 8.1 Iquique earthquake offshore northern

Chile, identified from a long-term deployment of ocean bottom seismometers installed

eight months after the mainshock, in conjunction with seismic reflection imaging, provides

insights into the processes regulating the up-dip limit of coseismic rupture propagation.

Aftershocks up-dip of the mainshock hypocenter frequently occur in the upper plate and

are associated with normal faults identified from seismic reflection data. We propose that

aftershock seismicity near the plate boundary documents subduction erosion that removes

mass from the base of the wedge and results in normal faulting in the upper plate. The

combination of very little or no sediment accretion and subduction erosion over millions

of years has resulted in a very weak and aseismic frontal wedge. Our observations thus

link the shallow subduction zone seismicity to subduction erosion processes that control

the evolution of the overriding plate.

Plain Language Summary

To better understand the controls on shallow seismicity and subduction erosion follow-

ing large subduction earthquakes, we use marine recordings of the Mw 8.1 2014 Iquique

earthquake aftershocks and long-offset multi-channel seismic data. By comparing the af-

tershock locations and seismic imaging, we observe that most aftershocks occurred in

the upper continental plate and abruptly stopped in the frontal forearc. The amplitude

characteristics of upper-crust reflections indicate a fractured and fluid-filled outer forearc,

which is associated with the absence of aftershocks. Large-scale faulting, as evidenced by

disrupted reflections in the seismic image, can be correlated to upper plate seismicity. We

propose that the aftershocks up-dip of the main earthquake area reflect active subduction

erosion processes.
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3.1 Introduction

The largest earthquakes on the globe occur along convergent plate margins, rupturing the

boundary between upper overriding and lower subducting plates. For most subduction

zones, the precise location of the far offshore located up-dip limit of coseismic slip and its

controlling parameters remain poorly resolved, despite being of fundamental importance

for earthquake hazard assessment. Controls on the up-dip limit were suggested to be re-

lated to forearc structure and morphology (Wang and Hu, 2006; Tilmann et al., 2010),

metamorphic processes (Moore and Saffer, 2001), or thermal properties (Oleskevich et al.,

1999; Moore and Saffer, 2001). Earthquake ruptures that extend into the shallow frontal

subduction domain cause larger seafloor displacement and hence trigger potentially large

tsunamis as evidenced by a historical slip-to-trench megathrust event offshore Costa Rica

(Vannucchi et al., 2017) or exemplified by the 2011 Mw 9.0 Tohoku-Oki earthquake and

associated tsunami (Simons et al., 2011; Kodaira et al., 2012). Knowledge of the seismo-

genic up-dip limit and its controlling factors are thus essential for assessing subduction

zone hazards. Material transfer at subduction zones is primarily governed by either frontal

or basal accretion of oceanic sediments or by tectonic erosion at the front and base of the

upper plate (hereafter referred to as subduction erosion).

A slight majority of subduction zones worldwide are of erosive nature (Scholl and von

Huene, 2007; Straub et al., 2020). It has been suggested that subduction erosion and the

occurrence of seismicity along subduction zone megathrusts and in the upper overriding

plates are inherently related (Wang et al., 2010). Long-term permanent subsidence of

the forearc (von Huene and Lallemand, 1990) and the landward migration of the trench

and the volcanic arc (Rutland, 1971) have been linked to subduction erosion (Clift and

Vannucchi, 2004). Two modes of subduction erosion have been identified: (1) frontal

erosion as commonly caused by the underthrusting of rough seafloor topography, like

bending related horst-and-grabens or seamounts colliding with the lower slope (Ranero

and von Huene, 2000; Sallarès and Ranero, 2005) and (2) basal erosion by the continuous

removal of material from the base of the overriding plate (von Huene et al., 2004). The

latter directly impacts the structural development of the plate boundary and might be

essential to understand the up-dip limit of seismic rupture during megathrust earthquakes

and the onset of seismicity at the seismogenic up-dip end (Byrne et al., 1988; Wang et al.,

2010). The offshore location of the shallow subduction interface complicates the recording

of earthquake-related processes by geophysical data, causing a gap in our understanding

of the structural configuration of the plate boundary, overriding plate and subducting

plate. Hence, the slip-rate deficit (kinematic coupling ratio) and the detailed seismicity

are not accurately resolved during the seismic cycle. However, the extent and termination

of coseismic slip are frequently revealed through the spatial distribution of seismicity after
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the mainshock, (Mendoza and Hartzell, 1988), therefore, the postseismic period offers the

opportunity to study postseismic processes (Husen et al., 1999; Tilmann et al., 2010).
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Figure 3.1: (a) Map of historical earthquakes along northern Chile. The 2014 Iquique
earthquake is sketched in red by the 2 m slip contour line Duputel et al. (2015). The 1877
M ~9 North Chilean earthquake is displayed as an dashed ellipse (Comte and Pardo, 1991),
the rupture area of the M8.1 1995 Antofagasta (Chlieh et al., 2004) and the 2007 M7.7
Tocopilla earthquake (Schurr et al., 2012) are outlined by 0.5 m slip contours. Depths
of the plate interface (Slab2; Hayes et al., 2018) are shown with dashed gray lines and
20 km depth intervals. Plate convergence rate is shown as a black arrow (Angermann
et al., 1999). Bathymetry from Geersen et al. (2018a) combined with GEBCO, SRTM
Topography from Farr et al. (2007). (b) Map of the aftershock hypocenter distribution
(1,471 events) of the Mw 8.1 2014 Iquique earthquake from 9th December, 2014, until 31st

October 2016, recorded by Ocean Bottom Seismometers (OBS) and land stations from the
CSN and IPOC networks. C1 marks the up-dip cluster of the aftershock seismicity and
C2 the up-dip cluster of seismicity following the greatest aftershock with Mw 7.6. The
green line indicates the MC23 profile (Tréhu et al., 2017) shown in Figure 3.2a. gCMT
solutions indicate the Mw 8.1 2014 Iquique mainshock and the largest M7.6 aftershock.
(c) Seismicity cross section of depth versus latitude.
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The South American subduction zone off the coast of northern Chile is a convergent

margin dominated by subduction erosion since Mesozoic times (Rutland, 1971; von Huene

and Scholl, 1991). This is manifested in the landward migration of the volcanic arc and

pervasive extensional faulting of the terrestrial (Armijo and Thiele, 1990; Allmendinger

and González, 2010) and marine forearc (von Huene et al., 1999; von Huene and Ranero,

2003; Geersen et al., 2018b). Further, erosional systems are characterized by the sediment-

starved trenches, lacking accretionary prisms and vast amount of trench sediments (Clift

and Vannucchi, 2004; Geersen et al., 2018a). The 2014 Iquique earthquake on 1st April

broke a central segment between 19 °S and 21 °S of the north Chilean seismic gap, which

previously ruptured in 1877 during a M~9 earthquake (Figure 3.1; Comte and Pardo,

1991). A long precursory phase preceded the 2014 mainshock (e.g., Bedford et al., 2015)

and devolved into an intense foreshock series before the 2014 Iquique mainshock (Brodsky

and Lay, 2014; Schurr et al., 2014; Yagi et al., 2014; Cesca et al., 2016; Herman et al., 2016;

León-Ríos et al., 2016). The 2014 Iquique earthquake did not result in enough shallow

rupture to trigger a significant tsunami in the Pacific Ocean (An et al., 2014; Lay et al.,

2014).

To study the processes that govern the up-dip limit of seismic rupture in the northern

Chilean subduction zone, we combine data from amphibious seismic observations from

the postseismic phase of the 2014 Iquique earthquake with multi-channel seismic reflection

data of the marine forearc acquired in 2016. We suggest that the up-dip limit of the 2014

Iquique earthquake activates subduction erosion at the up-dip limit of the seismogenic

zone during the postseismic and possibly the coseismic phase, which leads to extensive

faulting of the upper plate, thereby manifesting the location of the up-dip limit over many

earthquake cycles.

3.2 Data and Methods

We installed two temporary passive seismic networks on the marine forearc. The first

deployment was an array of 15 short period ocean bottom seismometers (OBS) eight

months after the 1st April 2014 Iquique mainshock, using the Chilean Navy vessel OVP

Toro. After one year, the seismic network was recovered and 14 OBS were redeployed

during R/V SONNE cruise SO244/2 in December 2015 and subsequently with a denser

station distribution to focus on the up-dip aftershock distribution (Figure 3.1)Furthermore,

we used waveform data of the permanent seismic network of the Centro Seismológico

Nacional (CSN, www.sismologia.cl) and the Integrated Plate Boundary Observatory

Chile (IPOC, www.ipoc-network.org).
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Earthquakes were detected with the scanloc module of SeisComP3 (GFZ and gempa GmbH,

2008) using a cluster search algorithm to associate phase detections to one or many poten-

tial earthquake sources. Source scanning was done with the local 1-D velocity model from

Husen et al. (1999). Next, P-phases (Aldersons, 2004; Lange et al., 2012) and S-phases

were picked automatically (Diehl et al., 2009), however, automated phase picking on OBS

data proved to be unsatisfactory on small magnitude events due to the elevated noise level

on some waveform data. Therefore, we manually revised the P- and S-phase onsets of all

offshore events.

We calculated a minimum 1D velocity model (Kissling et al., 1995; Husen et al., 1999)

and a local 2D earthquake tomography for vp and vs across the South American margin

at 20 °S from 71.5 °W to 69.4 °W using SIMUL2000 (Thurber, 1983, 1992). Subsequently,

we estimated absolute locations based on the 2D velocity model with NonLinLoc (Lomax

et al., 2000). The velocity model used was constructed from the 2D model transposing it

across the whole study region by following the geometry of the trench. Relative hypocen-

ter locations were estimated using a double-difference location scheme (Waldhuser and

Ellsworth, 2000). After the final relocation, seismicity in the up-dip area forms distinct

clusters compared to previous processing steps.

Finally, we calculated moment magnitudes (Ottemoller and Havskov, 2003) and local

magnitudes (Hutton and Boore, 1987), followed by the calculation of focal mechanisms

for 98 stronger events (Reasenberg et al., 1985). We used focal mechanisms from the

Global Centroid Moment Tensor catalog (Dziewonski et al., 1981; Ekström et al., 2012)

for the largest events as those overloaded our data loggers, in turn, causing problems in

identifying first motion polarities. Additional details on the seismological data processing

are given in the supporting information and Figures 3.4 - 3.15.

To provide additional structural context for the seismicity analysis, we use a multi-channel

reflection seismic (MCS) line MC23 acquired during the R/V Marcus Langseth cruise

MGL1610 in November 2016 (Tréhu et al., 2017). The along-dip MCS profile is processed

up to pre-stack depth migration (Ma et al., 2020) and images the structure around the

Iquique mainshock down to 35 km depth (Figure 3.2a). The MCS data were collected

with an 8-km long, 640 channel streamer and 6600 cubic inch airgun array and resolve

the plate boundary and the internal structure of the marine forearc in greater detail and

to a greater depth than available from previous seismic reflection studies of the northern

Chilean margin (Coulbourn and Moberly, 1977; Moberly et al., 1982; von Huene et al.,

1999; von Huene and Ranero, 2003; Geersen et al., 2015).

28



Chapter 3. Relationship between subduction erosion and the up-dip limit of the 2014
Mw 8.1 Iquique earthquake

CoastData gapBend faults

-10

-10

1 2 3 4 5 Ml

Distance from Trench (km)

Depth (km
)

Depth (km
)Co

seimic sli
p (m)

Depth (km
)

Lower forearc Middle forearc

Mw 8.1

EW

b

c

a

Mw 8.1

VE 1.5

Seaward dipping normal faults

0°22.5°11.25°

0 10 20 30Frontal prism
MC23 Top of oceanic crust Décollement

Figure 3.2: Seismogenic up-dip limit crossing profile illustrated by different datasets.
Subplots A - C showing the same seismicity MCS profile of Figure 3.1. (a) Pre-stack depth
migrated multi-channel seismic reflection line MC23. (b) coseismic slip from Duputel
et al. (2015) above the aftershock distribution (287 events) using a 15 km swath on each
side of the seismic profile. The aftershocks are colored according to the time scale from
9th December until the end of the operation in October 2016. Focal mechanisms from
FPFIT and gCMT are classified by faulting type in thrust (red), normal (green), strike-
slip (yellow), or oblique (blue) fault mechanism. OBS station locations are marked as
green and orange triangles. The Mw 8.1 Iquique mainshock hypocenter is indicated by the
black focal mechanism. (c) Projection of vp/vs ratio from 2D local earthquake tomography
to the MCS profile of panel a using the hypocenters from panel b. Black solid line indicates
the region of good resolution.
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3.3 Results

3.3.1 Aftershock distribution in the marine forearc

Our final seismicity catalog spans 23 months and starts eight months after the mainshock

occurred (Figure 3.1). Since we focus on the marine forearc, our local seismic catalog

covers the region between 72 ° W and 69.5 °W in longitude and between 22 °S and 19 °S

in latitude, comprising 1,778 local earthquakes (Figure 3.4). Aftershocks outside this

region and deeper than 40 km will be excluded from the following discussion. Generally,

the majority of hypocenters are widely distributed, occurring along the plate interface,

in the subducting slab, and the overriding plate (Figure 3.2). However, a significant

number of events with higher magnitudes occurred up-dip of the mainshock and the largest

aftershock. These occurred in two major clusters, marked as C1 and C2 in Figure 3.1,

which are separated by a zone of low aftershock activity. C1 forms an NNW-SSE trending

band, whereas C2 trends west to east, forming a less focused cluster of smaller magnitude

earthquakes. Similar elevated aftershock seismicity up-dip of the mainshock area has been

reported for other subduction zones (e.g., Tilmann et al., 2010) and has elsewhere been

correlated to changes in the slope or subducting plate topography interacting with the

upper plate (Wang and Bilek, 2014). The elevated Iquique aftershock activity in the

shallow marine forearc was previously described in studies using land stations only (León-

Ríos et al., 2016; Soto et al., 2019; Schurr et al., 2020; Sippl et al., 2018). However, the

seismicity of the marine forearc occurs far outside the land network, resulting in increased

uncertainties and a systematic bias in hypocenters for offshore earthquakes. We compare

our seismicity with the catalog from Soto et al. (2019). Both catalogs have 23 days and

425 events in common. Soto et al. (2019) observe several west-east striking seismicity

streaks interpreted as markers of surrounding aseismic creep along the plate interface. We

do not observe the east-west striking seismicity clusters, and offshore our events tend to be

located in the continental crust. In general, the horizontal location discrepancies increase

with increasing distance from the coast and are largest at the seismogenic up-dip limit,

where the OBS are located (see Figure 3.11; Soto et al., 2019, Figure 3.5). We explain the

difference between the catalogs by the much better coverage of the forearc seismicity with

the OBS stations. Furthermore, we use a more accurate 2D velocity model derived from

the offshore seismicity

The depth uncertainties, estimated by absolute locations, of events in C1, on which the

following discussion focusses, shows a range between 0.5 km and 2 km (Figure 3.6) and

thus indicates to be a smaller depth error compared to previous seismicity studies offshore

Iquique (Sippl et al., 2018; Soto et al., 2019). The observed seismicity in the forearc cross-

section of Figure 3.2 will be described from west to east following the subduction direction.

Beneath the outer rise, westward of the trench, no significant seismic activity was detected
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during the 23 months of OBS recording. Elsewhere outer rise aftershock seismicity has

been correlated to slip during large earthquakes that extend to the trench (Sladen and

Trevisan, 2018). East of the trench, a ~35 km wide zone with very sparse seismicity is

observed. Further East of the observed aseismic zone (> 35 km), a large number of events

are located within 5 km distance of the plate boundary, that is derived from the multi-

channel seismic data. Below the plate interface, seismicity occurred between 20 and 30 km

depth, indicating earthquakes are located in the lower plate. Above the plate interface,

several earthquakes occurred in the upper plate during the entire observations period. The

local earthquake tomography (LET) reveals an elevated vp/vs ratio in the upper crust that

decreases towards the inner forearc (Figure 3.2 and Figure 3.8). East of the mainshock,

the aftershocks are diffusely distributed in the upper crust with local magnitudes mostly

lower than 3. The vast majority of focal mechanisms at the seismogenic up-dip end indicate

thrust faulting with one focal plane oriented subparallel to slab dip (Figure 3.13).

3.3.2 Marine forearc structure and active tectonics in the 2014 Iquique

earthquake region

The multi-channel seismic profile MC23 crosses the epicentral region of the 2014 Iquique

earthquake (Figure 3.1) and images the structure of the incoming and subducting oceanic

plate and the marine forearc (Figure 3.2). On the incoming plate, the crust of the oceanic

Nazca Plate is repeatedly offset by up to 500 m along bending related landward and sea-

ward dipping normal faults (Geersen et al., 2018a). The trench is characterized by less than

500 m of sediment cover. Landward of the trench, a series of shallow, landward-dipping

reflections indicates a ca. 7 km wide frontal prism (Figure 3.2). Below the frontal prism,

the top of the subducting oceanic basement has a landward dip of ~12°. The high reflec-

tivity of the oceanic basement under the marine forearc can be observed down to depths

of ~17 km at 35 km from the trench, where aftershock seismicity commences. Between

50 and 70 km from the trench, a series of pronounced seaward dipping normal faults cut

from the seafloor into the framework rock of the upper plate (dashed lines; Figure 3.2b).

Their locations correlate to some of the aftershock hypocenters in the upper plate (also

compare Reginato et al., 2020).

3.4 Discussion

The combined analysis of the 2014 Iquique aftershocks and the seismic reflection image

of the marine forearc within the rupture area offers the possibility to link short term

deformation associated with a single seismic cycle to the permanent deformation history

of an erosive convergent margin. Previous studies of the marine forearc structure of the
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2014 Iquique earthquake related the up-dip aftershock seismicity to postseismic processes,

including postseismic relaxation or afterslip (Cesca et al., 2016; León-Ríos et al., 2016;

Soto et al., 2019). In contrast to Soto et al. (2019), our aftershock catalog, which is

based on 23 months of amphibious and deep crustal MCS data, does not resolve any E-W

elongated streaks of seismicity. Instead, we find a broad band of seismicity with individual

earthquake clusters up-dip of the coseismic rupture in the upper and lower plate, besides

the plate interface related seismicity. Similar lower plate aftershocks related to the up-dip

limit were observed in Costa Rica (Bilek and Lithgow-Bertelloni, 2005) and Japan (Obana

et al., 2013). Obana et al. (2013) related oceanic upper crustal events to bending of the

incoming plate since they observed normal faulting events in the oceanic plate. Since we

observe few thrust mechanisms at the Iquique up-dip limit and below the plate interface

(in the oceanic plate) this might be similar to thrust faulting in the downgoing plate

as observed by Nippress and Rietbrock (2007) after the 1995 Antofagasta earthquake

(Figure 3.1). The thrust faulting in the oceanic crust and mantle was suggested to be

associated with the re-activation of horst and graben structures from the plate bending at

the outer rise bend (Nippress and Rietbrock, 2007). Above the lower plate seismicity, we

document an up-dip limit of aftershock seismicity that is correlated with crustal reflectivity

(Figure 3.1 and Figure 3.2), indicative of long-term along-dip seismo-tectonic segmentation

of the subduction zone.

If the up-dip limit of plate-boundary seismicity is stable in space over many earthquake

cycles, it can induce permanent forearc deformation expressed in first-order topographic

changes (Rosenau and Oncken, 2009). Indeed, at other subduction zones, similar intense

up-dip clusters of seismicity often correlate with structural or topographic changes of the

forearc (Lange et al., 2007; Tilmann et al., 2010; Lieser et al., 2014; Tréhu et al., 2019).

Furthermore, such up-dip seismicity occurs predominantly along the plate boundary. The

aftershocks associated with the 2014 Iquique earthquake in northern Chile show a very

different pattern. Most aftershocks occur in a narrow band roughly up-dip of the main

coseismic rupture (upper panel in Figure 3.2b), implying postseismic deformation at the

seismic-to-aseismic transition. These aftershocks are, however, not associated with a struc-

tural or topographic change of the forearc (Figure 3.2). They are further not limited to

the megathrust fault but also occur in the upper overriding and lower subducting plates

(Figure 3.2b).

We interpret the striking aftershock sequence at the up-dip limit of seismic rupture fol-

lowing the 2014 Iquique earthquake as an indication of active subduction erosion during

the coseismic and early postseismic phase. From fossil subduction zones, we have learned

that a wide shear zone, as exemplified by the different depths of the 2014 Iquique after-

shocks, is characteristic for margins dominated by subduction erosion (Vannucchi et al.,

2008). In the concept of subduction erosion, fracturing at the base of the upper plate
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starts at the up-dip limit of the seismogenic zone and increases towards the shallow plate

interface up to the frontal prism (von Huene et al., 2004). This basal erosion induced by

the 2014 Iquique earthquake is indicated by the high number of aftershocks that occur

at or slightly above the plate boundary (Figure 3.2b). Such abrasion of material from

the underside of the upper plate is expected to be in a dynamic equilibrium between the

removal of material and steepening of forearc slope (von Huene et al., 2004). The asso-

ciated deformation of the entire upper plate is illustrated by the overall fewer but still

significant number of aftershocks above the up-dip limit of seismic rupture (Figure 3.2b).

These aftershocks seem to occur along seaward dipping planes that match the location of

seismically imaged normal faults within the upper plate (Figure 3.2a). This implies that

the faults have moved in the postseismic phase of the 2014 Iquique earthquake. Although

the absolute depths of the normal faults are not fully resolved by the seismic data, data

from other erosive convergent margins suggest that they may cut to the plate boundary

(Ranero et al., 2008; Kodaira et al., 2012; Contreras-Reyes et al., 2015).

While the aftershocks of the 2014 Iquique earthquake represent forearc deformation during

the early postseismic phase of one earthquake, the seismically imaged structure of the

marine forearc is a result of forearc deformation from hundreds to thousands of seismic

cycles (Scholz, 1998). Repeated coseismic and postseismic deformation and associated

subduction erosion force extensive faulting and pervasive fracturing at the up-dip limit of

seismic rupture. Deformation is not limited to the plate boundary but active throughout

the entire upper plate from the plate boundary to the seafloor (compare Geersen et al.,

2018a). This is consistent with earlier studies based on numerical and analog modeling and

conceptional considerations on the relationship between long-term forearc deformation of

the overriding plate and earthquake behavior of subduction zone forearcs (Wang and Hu,

2006; Rosenau and Oncken, 2009). Northern Chile is an end-member margin in terms of

trench sediment thickness, and subduction erosion is likely the dominant tectonic mode

since at least Mesozoic times (Rutland, 1971). This is manifested in about 250 km loss

of overriding continental plate since 150 Ma (Scheuber and Reutter, 1992) and associated

eastward migration of the trench and volcanic arc. Over time, tectonic erosion of the

upper plate (von Huene and Ranero, 2003) causes the up-dip limit to migrate landwards,

mimicking the migration of the volcanic arc and the trench.

In the Iquique region of the 2014 Iquique earthquake, long-term upper plate faulting and

fracturing at the up-dip limit of the seismogenic zone are manifested in the permanent

deformation pattern of the marine forearc seaward of the 2014 Iquique aftershocks. This

part of the marine forearc between the trench and the current up-dip limit (40 km distance)

has migrated through the up-dip limit over the last millions of years. It is heavily faulted

as indicated by discontinuous seismic reflections. The overall high reflection amplitudes
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in this region further support a high degree of fracturing and possibly fluids within the

fractures.

Iquique Ridge

Aseismic Zone

Bend Faults

Subducting Plate Interface

Seaward-dipping Normal Faults

Basal Erosion
Coseismic Slip

FrontalErosion FrontalPrism Fractured Forearcwith Pore Fluids

Figure 3.3: Conceptional model of seismotectonic segmentation and basal erosion of the
North Chilean margin offshore Iquique. Pore-fluid extent marks the region of increased
vp/vs ratio.

The elevated vp/vs ratio in the upper plate recognized from local earthquake tomography

(Figure 3.2c) further supports the presence of fluids in the highly fractured outermost

marine forearc (Popp and Kern, 1994; Wang et al., 2012). The fractured and fluid-rich

outermost marine forearc, seaward of the 2014 Iquique earthquake rupture is likely too

weak (and heavily deformed) to store sufficient elastic energy to nucleate a great earth-

quake. Further down-dip, the decrease in faulting and fluid content in the marine forearc,

together with the onset of aftershock seismicity, indicates an increase in strength of the

overriding plate that allows the storing of elastic energy (Figure 3.3). A similar down-dip

segmentation of the North Chilean forearc that can build up elastic energy and rupture

during great earthquakes has been previously suggested based on gravity data and seismic

velocity structure (Sallarès and Ranero, 2005; Contreras-Reyes et al., 2012; Maksymowicz

et al., 2018). The segmentation is in-line with our amphibious aftershock observation of

the 2014 Iquique earthquake rupture. It is further supported by the decrease of coseis-

mic rupture at the transition from the heavily deformed outermost marine forearc to the

less deformed section of the forearc between the coast and the up-dip limit of the seismic

rupture (Schurr et al., 2014; Duputel et al., 2015; Jara et al., 2018).
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3.5 Conclusion

Combining two years of local seismicity observations following the 2014 Iquique earthquake

and structural constraints on forearc architecture derived from MCS data, we provide

evidence for the interplay of plate boundary rupture and upper plate deformation in the

context of long-term subduction erosion. The majority of aftershocks of the 2014 Iquique

earthquake occurred up-dip of the coseismic slip and ~32 - 60 km landward of the trench.

Although most of the seismicity was within ~5 km of the plate boundary, earthquakes

extended through the upper plate, defining a seaward dipping zone that coincides with

seaward dipping normal faults imaged in the MCS data. The up-dip band of aftershock

seismicity separates a pervasively fractured and likely fluid-filled marine forearc farther

seaward from a less deformed section of the upper plate forearc. At the transition, active

subduction erosion during the postseismic and possibly coseismic phases leads to basal

abrasion of the upper plate and associated extensional faulting of the upper plate at the up-

dip end of the seismogenic zone. Landward migration of the up-dip end of the seismogenic

zone, at similar rates compared to the trench and the volcanic arc, preconditions the

structural setting of the heavily fractured, fluid-filled and therefore weak and aseismic

outermost marine forearc.
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Supporting Information

Introduction

This appendix provides supporting information on the methods we used to investigate the

local seismicity following the 2014 Mw 8.1 Iquique earthquake. We used the continuous

waveform data from two subsequent Ocean Bottom Seismometer installations and the

permanent land stations from CSN (Barrientos, 2018) and IPOC (GFZ and CNRS-INSU,

2006) between December 9, 2014, and October 31, 2016.

Our local seismic catalog covers the region between 72 °W and 69.5 °W and between

22 °S and 19 °S. In total, the amphibious catalog comprises 1,990 earthquakes observed

on at least eight stations (Figure S1), including 27,877 P-phase picks and 7,229 S-phases.

The entire seismic catalog and waveform data are available from the PANGAEA archive

(https://www.pangaea.de). The local magnitude of completeness is Ml 1.75 in the first

year and Ml 2.5 in the second year. The decrease in the magnitude of completeness results

from less operating OBS in the second year.

Earthquake detection and picking of P-phases

Earthquakes were detected with the scanloc module of SeisComP3 (GFZ and gempa GmbH,

2008) using a cluster search algorithm to associate phase detections to one or many po-

tential earthquake sources. Source scanning was done with the local 1-D velocity model

from Husen et al. (1999) (Figure 3.4). In the next step, the SeisComP3 estimated P-phase

picks were used to re-pick P-phases onsets using the automatic Manneken Pix (MPX) al-

gorithm (Aldersons, 2004) following the procedure of (Lange et al., 2012). All phase picks

manually revised and associated with uncertainty from 0 to 4 according to their quality

and re-picked using the SEISAN software (Havskov et al., 2020).

Picking of S-phases

In the next step, S-phases were picked for all events with more than 8 P picks using the S-

phase pick algorithm of Diehl et al. (2009). All phase picks are associated with uncertainty

from 0 to 4 according to their quality, and we removed all phases with a ratio of station

residual to epicentral distance higher than 0.05 s/km. However, automated phase picking

on OBS data turned out to be unsatisfactory due to increased noise on the waveform data.

Hence, we manually revised the phase picks on the OBS data.
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Figure 3.4: (Left) Map view of the total seismic catalog from December 9, 2014, until
October 31, 2016. Coseismic slip model from Duputel et al. (2015) (Right) Profiles A-C
crossing the rupture area of the 2014 Iquique earthquake. Blue dots indicate earthquakes
located within the two-dimensional local earthquake tomography velocity model. Triangles
mark the locations of the OBS deployments and land stations of CSN/IPOC, respectively.
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Figure 3.5: (Left) Wadati diagram of all events detected OBS06, located in the center of
the OBS network. The dashed line marks the vp/vs ratio of 1.78. (Right) Plot of vp/vs
ratios versus hypocenter longitudes (e.g., Haberland et al., 2009). Events east of 70.5 °W
show an increase in the vp/vs ratio.

1D minimum Velocity Model

We selected 520 events from our local earthquake catalog with a gap of less than 180°

and more than 12 P-wave arrivals and 8 S-wave arrivals to calculate local one-dimensional

(1D) vp models and 1D vp/vs velocity models. The inversion is performed with VELEST

(Kissling et al., 1995) using the staggered approach for inverting vp and vp/vs 1D velocity

models (Husen et al., 1999) using a wide range of input velocity models (e.g., Sielfeld et al.,

2019). The 1D velocity models are shown in Figure 3.6).

2D-tomography

The 1D models are then used as input for the 2D local earthquake tomography (LET)

using SIMUL2000 (e.g., Thurber, 1983, 1992) following the procedure of Collings et al.

(2012). The earthquake locations from the minimum 1D velocity model and the one-

dimensional input velocity model were used for the 2D tomography (Figure 3.8). The

resolution matrix contains at each row an averaging vector for a single model parameter

and reflects how individual model parameters are dependent on all other model parameters

(Collings et al., 2012). High resolution and large diagonal elements result in a low spread

value (Figure 3.9). The two-dimensional tomography resolution indicates good resolution

for the updip region and the coastal area for both vp and vp/vs. The marine forearc basin
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is poorly resolved because of a small amount of shallow seismic activity and no station

coverage. The 2D velocity model was used to relocate the entire catalog using NonLinLoc

(Lomax et al., 2000).

Magnitudes

We calculated moment magnitudes after Ottemoller and Havskov (2003) using standard

values for geometric spreading and local magnitudes after Hutton and Boore (1987) us-

ing the maximum amplitudes of horizontal components of OBS and land stations. The

instrument responses of OBS sensors are calibrated to match event magnitudes from land

stations of the CSN (Figure 3.12) and result in similar magnitudes.

Earthquake locations and uncertainties

Hypocenter locations were determined using the non-linear oct-tree search algorithm Non-

LinLoc (Lomax et al., 2000). The maximum likelihood location is chosen as the preferred

location from the probability density functions of event scatter samples. Furthermore, the

oct-tree algorithm estimates hypocenter uncertainties based on a 3D error ellipsoid (68 %

confidence). The distribution of the obtained location errors was averaged in the latitude,

longitude and depth for all the events within each of the spatial 0.1° x 0.1° grid cells in

which we subdivided the study region. To classify hypocenter locations in best (A), good

(B), and fair (C) events, we use the procedure from Husen and Smith, 2004. We only

consider the highest two classes, A and B with the most reliable earthquake locations

(Husen and Smith, 2004).

Double-difference locations

To obtain precise relative relocations and to investigate the internal seismicity structure of

the marine forearc, we applied the double-difference algorithm (HypoDD, Waldhuser and

Ellsworth, 2000) on our local earthquake catalog with events relocated using the 2D local

earthquake tomography (section 3.5). The algorithm minimizes the residual between ob-

served and theoretical travel time differences based on waveform cross-correlations between

two nearby earthquakes at the same station that recorded both events. Cross-correlations

for events pairs with calculated time differences are considered with a maximum dis-

tance of 10 km and a cross-correlation coefficient greater than 0.8. The local catalog now

encompasses 916 earthquakes relocated using the double-difference algorithm HypoDD
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Figure 3.6: Location uncertainties from average event locations for hypocenters at 0 – 60
km depth for 0.25° × 0.25° squares. Uncertainties estimated using the oct-tree algorithm
of the probabilistic location scheme of NonLinLoc. Error ellipsoids (68 % confidence) in
three components x (longitude), y (latitude) and z (depth). Depth errors for shallow
events outside the station network are not comparable to the large horizontal errors as
the oct-tree search algorithm only explores the PDF within the pre-defined grid (e.g., no
air-quakes).
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(Waldhuser and Ellsworth, 2000) and 862 earthquakes located using the non-linear oct-

tree search algorithm NonLinLoc (Lomax et al., 2000) with the quality classes A and B

(Husen and Smith, 2004).

Catalog comparison

The aftershock seismic catalog presented here overlaps in 23 days with the local seismicity

catalog from Soto et al. (2019), starting on December 9, 2014, with the deployment of the

first Ocean Bottom Seismometer (OB01) (Figure 3.11). We compared both catalogs and

searched the OBS data for missing events by comparing the origin times. Both catalogs

have 425 events in common, but we could not locate 25 events from Soto et al. (2019) in

our OBS data (Figure 3.11) due to a low signal-to-noise ratio on OBS waveforms. Our

OBS network detected additional 58 events missing in the catalog from Soto et al. (2019).

These 58 events are mainly located offshore at the seismogenic up-dip limit. In contrast,

the 25 events observed only by Soto et al. (2019) are primarily located in the down-dip

region of the Iquique earthquake. The earthquake locations from the Soto et al. (2019)

catalog are biased 1.6 ± 0.04 km southwards, 3.27 ± 0.02 km westwards and 0.9 ± 0.06 km

in depth relative to the locally determined hypocenters (Figure 3.11).

Focal mechanisms

Focal mechanisms of 98 events are calculated based on revised first motion P phase polar-

ities of events with more than 20 P polarities (FPFIT, Reasenberg et al., 1985). Unique

solutions are considered, which are based on event azimuths and take-off angles from

hypocenters. Besides, we used focal mechanisms from the Global Centroid Moment Ten-

sor (gCMT) catalog (www.globalcmt.org) (Dziewonski et al., 1981; Ekström et al., 2012),

which comprises 20 earthquakes (Mw > 4.7) that occurred during the two years of the OBS

deployment. CMT and focal mechanisms of the marine forearc are shown in Figure 3.13).

In addition, we compared the focal mechanisms from FPFIT with three larger events of

the global CMT catalog. We identified the largest discrepancy in the strike angle of the

focal mechanisms (Figure 3.15). We calculated the bias in location as a weighted average

for the events that the gCMT catalog and the local aftershock catalog have in common to

compare the focal mechanism locations. The global gCMT catalog is displaced by 25 ± 0.5

km in the North direction and 2.9 ± 0.5 km in the East direction and 8 km deeper relative

to our local catalog based on amphibious data.
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Figure 3.7: Minimum 1D velocity model for the marine forearc. The red line indicates
the velocity model calculated with the offshore recorded Iquique aftershock sequence de-
termined using VELEST (Kissling et al., 1995). The upper layers up to 15 km are not
well constrained due to the near-vertical ray paths below the seismic network (Sippl et al.,
2018; Husen et al., 1999).
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Figure 3.8: Local earthquake tomography at 20 °S west to east starting at 71.49 °W
using SIMUL2000 (e.g., Thurber, 1983) and aftershock seismicity. The grey dashed line
indicated the Slab2 model by (Hayes et al., 2018). OBS locations on the marine forearc
are marked as triangles with defined color codes as in Figure 3.1 of the main manuscript.
(Top) the vp model, (Bottom) vp/vs ratio. Black solid line encircles the region of good
resolution.
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Figure 3.9: Spread of the two-dimensional local earthquake tomography model for vp
(top) and vp/vs (bottom). Estimates are based on the analysis of the resolution matrix
with gray shading following the spread function values.
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Figure 3.10: Checkerboards from the 2D local earthquake tomography. The profiles are
oriented east west at 20 °S. Stations are shown with green triangles at their real depths
(projected onto the profile at 20 °S. Contours lines exceeding the 5 % of the input checker-
board are indicated with black thick lines and are labelled. Nodes are indicated with
crosses. The location of the coast (trench) is marked with C and T, respectively. (Left)
(a) 1x1 checkerboard test vp, without noise; (b) 2x2 checkerboard test vp, without noise;
(c) 2x2 checkerboard test vp, with noise dependent on the uncertainties of the different
qualities of the picked phases. (Right) (d) 1x1 checkerboard test vp/vs, without noise; (e)
2x2 checkerboard test vp/vs, without noise; (f) 2x2 checkerboard test vp/vs, with noise
dependent on the uncertainties of the different qualities of the picked phases.
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Figure 3.11: Difference between the OBS catalog of this study (blue dots/stars) and the
catalog based on land stations from Soto et al. (2019) (red dots/stars). Both Catalogs
overlapping 23 days in December 2014 and have 425 in common. (Right) Common events
in both catalogs with the epicentral difference displayed as a black line. (Left) Blue stars
indicate event locations that appear only in the amphibious catalog and red stars indicate
event locations in the catalog of Soto et al. (2019).
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Figure 3.12: Local magnitudes of our catalog versus the local magnitudes of the CSN
catalog (Barrientos, 2018).
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Figure 3.13: Focal mechanisms from FPFIT shown together with moment tensors from
the gCMT catalogs (www.globalcmt.org). Beachballs are color-coded by faulting type in
thrust (red), normal (green), strike-slip (yellow), or oblique (blue) fault mechanisms.
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Figure 3.14: Ternary azimuthal gnomonic projection for the classification of focal mech-
anisms (Frohlich, 1992). Red circles indicate earthquakes with vertical distances to the
plate interface of 5 km on either side of the plate interface of the global Slab2 model
(Hayes et al., 2018). Blue circles are focal mechanisms of earthquakes in the subducting
lower plate and orange circles are focal mechanisms deeper 10 km below the global Slab2
model.
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Figure 3.15: Comparison of focal mechanisms between the (left) global gCMT catalog
solutions and (right) our FPFIT solutions (Reasenberg et al., 1985).
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Abstract

The updip limit of seismic rupture during a megathrust earthquake exerts a major control

on the size of the resulting tsunami. Offshore Northern Chile, the 2014 Mw 8.1 Iquique

earthquake ruptured the plate boundary between 19.5 °S - 21 °S. Rupture terminated un-

der the mid-continental slope and did not propagate updip to the trench. Here, we use

state-of-the-art seismic reflection data to investigate the tectonic setting associated with

the apparent updip arrest of rupture propagation at 15 km depth during the Iquique

earthquake. We document a spatial correspondence between the rupture area and the

seismic reflectivity of the plate boundary. North and updip of the rupture area, a coher-

ent, highly reflective plate boundary indicates excess fluid pressure, which may prevent

the accumulation of elastic strain. In contrast, the rupture area is characterized by the

absence of plate boundary reflectivity, which suggests low fluid pressure that result in

stress accumulation and thus control the extent of earthquake rupture. Generalizing these

results, seismic reflection data can provide insights into the physical state of the shallow

plate boundary and help to assess the potential for future shallow rupture in the absence

of direct measurements of interplate deformation from most outermost forearc slopes.

4.1 Introduction

Megathrust earthquakes result from the sudden failure of the plate boundary in a region

where elastic strain has accumulated prior to the event. Fluid pressure is a critical param-

eter that determines the strength of the megathrust and therefore exerts a main control

on where and how seismic moment is released (Hubbert and Rubey, 1959; Saffer and To-

bin, 2011). Pore fluid pressure in excess of hydrostatic pressure diminishes fault strength

(Hubbert and Rubey, 1959). The key processes that release water in shallow subduction

zones, and thus control fluid pressure, are compaction dewatering and clay and opal de-

hydration reactions in subducting sediments and the upper oceanic basement(Moore and

Saffer, 2001; Ranero et al., 2008; Saffer and Tobin, 2011; Kameda et al., 2011). These

processes take place under low temperatures and low confining pressures (Hubbert and

Rubey, 1959; Kastner et al., 1991), so that excess pore pressures are expected in areas of

low overburden, such as the shallow plate-boundary. Seismic reflection data are sensitive

to the high acoustic impedance contrast generated by fluids and thus seismic reflection

studies have proven powerful to investigate spatial variations in plate boundary fluid pres-

sure, at least in a qualitative manner (Shipley et al., 1994; Casey Moore et al., 1998;

Hurowitz and McLennan, 2007; Ranero et al., 2008; Spinelli and Wang, 2008; Tobin and

Saffer, 2009; Bell et al., 2010; Bangs et al., 2015).
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Figure 4.1: Overview map of the erosional margin of Northern Chile in the region affected
by the 2014 Iquique earthquake. The hypocenter (star) and slip contour lines (in meters)
of the 2014 Iquique Mw 8.1 mainshock (red) and Mw 7.7 aftershock (blue) are from Dupu-
tel et al. (2015). Black lines indicate the locations of the seismic lines used in this study
with yellow regions indicating a coherent plate boundary reflection. Compare Petersen
et al. (2021) for a detailed image of line MC23. The white dashed lines show the depth
of the plate interface estimated from the seismic reflection data. Blue circles are after-
shocks (December 2014 until October 2016) from the 2014 Iquique earthquake recorded by
ocean bottom seismometers indicated as green and orange triangles (Petersen et al., 2021).
Seafloor bathymetry from Geersen et al. (2018) combined with GEBCO_2019 bathymetry
(https://www.gebco.net), SRTM topography from Farr et al. (2007). The convergence
of the Nazca and South America plate indicated by a black arrow (Angermann et al.,
1999)
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For the subduction erosion dominated Central American margin, Ranero et al. (2008)

suggested a high fluid content along the shallow aseismic section of the plate boundary

(also compare to Bangs et al., 2015; Edwards et al., 2018) in a temperature regime where

compaction dewatering and clay-mineral diagenetic reactions are expected to release most

of the water in the subducting sediments (Saffer and Tobin, 2011). The authors further

described a rapid decrease in fluid content where temperatures exceed ~150 °C, which

corresponds to the transition from aseismic sliding at shallow depth to stick-slip sliding in

the seismogenic zone.

On 1 April 2014, the Mw 8.1 Iquique earthquake ruptured the plate boundary between

19.5 °S - 21 °S along the erosive continental margin of Northern Chile (Hayes et al., 2014;

Schurr et al., 2014; Ruiz et al., 2014; Schurr et al., 2020). Seismic rupture did not break

updip to the trench but terminated under the mid-continental slope (Figure 4.1). Af-

tershocks of the 2014 Iquique earthquake concentrated around the updip limit of seismic

rupture with little activity towards the trench (Petersen et al., 2021; Sippl et al., 2018).

We use high-resolution multichannel seismic reflection profiles in a grid layout covering

the 2014 Iquique mainshock and aftershock region as well as the surrounding forearc not

affected by seismic rupture (Figure 4.1). The seismic reflectivity variations along the plate

boundary elucidate the spatial variation in megathrust fluid pressure.

4.2 Data and Methods

Multichannel seismic reflection data. Seismic multichannel reflection data used in this

study were acquired in 2016 during the MGL1610 cruise of R/V Marcus G. Langseth

offshore Northern Chile (Tréhu et al., 2017). Seismic signals were generated with a source

of 6600 cubic inches (108.15 liters), provided by four strings of 10 air-guns each. Data

were recorded with an 8 km long streamer towed by R/V Marcus G. Langseth. The source

was towed at 12 m depth below the water surface, and the record length was 16 s. The

shots were acquired using a shot interval of 125 m to avoid interference from previous

shots. Surface-related multiple prediction, anomalous amplitude noise attenuation and

adaptive filter are effective methods to attenuate multiples in our 2D seismic data. The

plate boundary could be observed as a low frequency response of the seismic record. After

that, pre-stack depth migration is applied to the sections with the aim to reveal more

structural details. See Supplementary Methods for more information.

62



Chapter 4. Megathrust reflectivity reveals the updip limit of the 2014 Iquique
earthquake rupture

Figure 4.2: Pre-stack depth migrated section of seismic dip-lines. Yellow arrows indicate
a coherent plate boundary reflection. The vertical red dashed line denotes the location
of the deformation front. The red arrows specify the intersections with the strike lines.
Temperatures at the plate boundary are from Kellner (2007). (a): seismic line MC04. (b):
seismic line MC06. (c): seismic line MC25. (d): seismic line MC17. (e): Temperature
distribution along the plate boundary from the trench downwards (Kellner, 2007). The
approximate depth range of smectite clay dehydration is based on Kastner et al. (1991);
Bekins et al. (1994); Spinelli (2004); Underwood (2007); Saffer and Tobin (2011).

4.3 Correspondance between plate boundary reflectivity

and rupture surface of the 2014 Iquique earthquake

Pre-stack depth migrated seismic reflection profiles with a total length of 912 km cover

the Northern Chilean marine forearc in the region that ruptured during the 2014 Iquique

earthquake as well as in the adjacent un-ruptured forearc (Figure 4.1). The shallow plate
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boundary underneath the lower continental slope is visible as a prominent seismic reflection

on all profiles. At greater depth, the reflectivity shows a high degree of variation in the

dip direction and along strike. Along the northernmost line MC04, located to the north of

the 2014 Iquique rupture where only sparse aftershocks occur (Figure 4.1; Petersen et al.,

2021), the plate boundary is imaged as a band of strong, albeit discontinuous, reflectivity

from the trench to at least 103 km landward of the deformation front (Figures 4.1 and 4.2a,

yellow lines and arrows), where the plate boundary is at a depth of about 35 km. Between

profile kilometers 0 - 35 km, the plate boundary is imaged with a high degree of lateral

coherency from the deformation front adjacent to the trench axis to a depth of around

15 km on all profiles (Figures 4.1 and 4.2b - d, yellow lines and arrows). South of MC04,

however, plate boundary reflectivity drops suddenly and is below the background noise

level more than 30 - 35 km east of the trench.

The down-dip variations in plate boundary reflectivity are also seen on lines parallel to the

trench (MC15, MC16A and MC30; Figure 4.3) which image the lower continental slope

with increasing distance from the deformation front (Figure 4.1). The intersections of the

trench-parallel lines with the dip lines provide an independent verification of the reflection

character of the plate boundary at the crossing points. Along strike line MC15 which is

located closest to the trench, a highly coherent plate boundary reflection is observed along

the entire line at a depth of 11.5 - 16 km (Figure 4.1, yellow line; Figure 4.3a, yellow arrows).

Strike line MC16A, located ~16 km farther downdip, shows intermittent high reflectivity

on the plate boundary between profile kilometers 0 - 6, 20 - 33, 38 - 88, 94 - 137,145 - 150

and 157 - 175 km (Figure 4.3b). Elsewhere, the reflectivity is moderate or even absent.

Again, the reflectivity pattern matches the reflectivity of the dip lines, as evidenced at the

cross points and intersections with MC25 and MC04 (coherent plate boundary reflection)

as well as MC06 and MC17 (weak or absent plate boundary reflection). Only ~8 km

farther landward, strike line MC30 shows a completely different pattern of plate boundary

reflectivity. Here the plate boundary is located at depths between 17 - 21 km (Figure 4.3c).

Along line MC30, the plate boundary reflection is absent or very weak, except around the

intersection with MC04, which is consistent with the reflection signal on MC04 at the

corresponding depth.

Thermal constraints from numerical modelling (Kellner, 2007, Figure 4.2e) reveal the

temperature structure along the plate boundary from the trench downwards. The lower

limit of the coherent and highly reflective plate boundary around 15 km depths corresponds

to a temperature of 120 - 150 °C (Figure 4.2). Further down-dip, plate boundary reflectivity

decreases remarkably rapid in the rupture area of the 2014 Iquique earthquake and its main

aftershock. Most noticeable, it stands also in sharp contrast to the region immediately

north of the rupture zone (MC04), where a moderate plate boundary reflection is observed

to a depth of 35 km, corresponding to a temperature well above 300 °C.
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Figure 4.3: Pre-stack depth migrated sections of seismic strike-lines. Yellow arrows
indicate a coherent plate boundary reflection. The red arrows specify the intersections
with the dip lines. (a): seismic line MC15. (b): seismic line MC16A. (c): seismic line
MC30. All symbols as in Figure 4.2.

Storch et al. (2021) observed down-dip variations in plate boundary reflectivity over short

(5 - 10 km scale) distances. The maximum depth extent of reflectivity in their data is

consistent with our observations. The seismic data used by Storch et al. (2021) were

recorded in 1995 with a significantly shorter streamer and thus lack resolution at larger

depths (> 16 km) compared to data from our seismic campaign and did not resolve the

dramatic decrease in reflectivity in the region of the 2014 rupture.

4.4 Impact of fluid pressure on the 2014 Iquique earthquake

rupture

A striking observation is the spatial correlation between the reflection character of the plate

boundary and the rupture areas of the 2014 Iquique Mw 8.1 earthquake and the Mw 7.7
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aftershock, and the aftershock distribution (Figure 4.1). Updip of both rupture areas,

a highly reflective plate boundary coherently imaged on all seismic lines. Subduction

zone plate boundaries that are imaged as coherent high reflections in seismic data are

usually interpreted as high porosity and fluid rich fault zones. In many subduction zones,

some of which have been targeted by scientific ocean drilling (Northern Barbados, Costa

Rica, Nankai Trough, Hikurangi), such coherent, high reflectivity thoroughly outlines the

shallow aseismic region of the plate boundary (Shipley et al., 1994; Casey Moore et al.,

1998; Bangs et al., 1999; Ranero et al., 2008; Spinelli and Wang, 2008; Rampone et al.,

2009; Bell et al., 2010; Bangs et al., 2015).

Along the erosive Central American margin, Ranero et al. (2008) observed a highly reflec-

tive shallow plate boundary (also compare to Bangs et al., 2015; Edwards et al., 2018). In

their conceptual model, the high reflectivity is mainly caused by dehydration of sedimen-

tary smectite clays at temperatures below 150 °C. The released fluids reduce the strength

of the shallow plate boundary to an aseismic state and migrate upwards through an upper

plate dissected by large normal faults. Off Northern Chile, the shallow plate boundary is

also highly reflective and the outermost part of the marine forearc is similarly fractured

by long-term subduction erosion (Petersen et al., 2021) and the subduction of excess lower

plate topography in relation to the Iquique Ridge (Geersen et al., 2015). The small vol-

ume of trench fill along the Northern Chilean margin (Figure 4.2, also compare to Geersen

et al., 2018), however, excludes subducting sediments as a significant fluid source for plate

boundary reflectivity. Recent deep-ocean drilling campaigns targeting the oceanic plates

offshore Costa Rica and Nankai recovered oceanic basalts with smectite concentrations

(Kameda et al., 2011; Harris et al., 2013). In both cases, the smectite clay was formed

as an alteration product during the basalt interaction with sea water. Dehydration of

weathered clay-bearing basalt within the uppermost oceanic basement is generally less

well studied and understood compared to dehydration reactions within the subducting

sediments (Kastner et al., 1991; Bekins et al., 1994; Spinelli, 2004; Underwood, 2007;

Saffer and Tobin, 2011), or metamorphic reactions that release fluids from the deeper

sections of the oceanic crust and the upper mantle at temperatures >̇ 300 °C Schmidt

and Poli (1998); Peacock and Wang (1999); Jarrard (2003). However, similar to what is

happening in the subducting sediments, dehydration of the subducting weathered basalt

may initiate between the 60 °C and 150 °C isotherms (Bethke, 1986; Jarrard, 2003; Under-

wood, 2007; Saffer and Tobin, 2011; Kameda et al., 2011). For the fossil margin complex

of the Shimanto Belt (southwest Japan), the smectite to chlorite conversion within the

uppermost oceanic basement is discussed as a major source of water (Kameda et al., 2011;

Hashimoto et al., 2012). Furthermore, the high vp/vs ratio derived from a recent local

earthquake tomography using ocean bottom seismometers (Petersen et al., 2021) is indica-

tive of hydration of the oceanic crust underneath the lower forearc. Therefore, we conclude

that the coherent highly reflective aseismic shallow plate boundary off Northern Chile is
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fluid-rich, which is predominantly facilitated by pore water contained in intergranular and

fracture porosity in layer 2a (Anderson et al., 1976; Jarrard, 2003; Kameda et al., 2011) of

the oceanic crust and mineral bound water which is released through dehydration of the

weathered clay-bearing oceanic basalt.

Farther downdip, into the seismogenic portion of the 2014 Iquique earthquake, the coherent

reflectivity of the plate boundary diminishes rapidly where the plate boundary slipped in

2014 but not immediately to the north of the 2014 rupture zone (Figure 4.1). For the

Central American margin and elsewhere, similar observations are usually explained by a

reduction in fluid pressure and/or thinning of the fault zone to a thickness that lies below

the resolution of seismic reflection data (Tobin and Saffer, 2009; Bangs et al., 2015). From

our seismic reflection observation and the comparison to other ground-truthed subduction

zones, we conclude that a high fluid content and high pore pressures at the shallow plate

boundary updip of the 2014 Iquique rupture prevent the accumulation of elastic strain and

therefore promote reduced coupling as suggested by Moreno et al. (2014) for the southern

boundary of the 2010 Maule earthquake. In contrast, the well-drained region farther

downdip promotes the build-up of elastic strain that was released during the 2014 Iquique

earthquake. In particular, the three strike lines that sample the region seaward of the

updip limit, the updip limit itself, and the region just below the updip limit, demonstrate

the turnover from the coherent, strong reflective shallow plate boundary that did not

rupture to the non-reflective plate boundary within the 2014 Iquique earthquake rupture

area. While seismic resolution is a function of energy penetration with depth, profile MC04

(Figure 4.2a) documents sufficient resolution of our data set to image the plate boundary

to a depth of ~35 km. While in general the reflection intensity decreases with increasing

depth due to intrinsic attenuation and the viscoelastic material behavior of the subsurface

(Bormann et al., 2012), the very rapid and rigorous disappearance of the plate boundary

reflection over a very short depth range along-strike, in conjunction with the temperature

isotherms increasing to beyond 150 °C precludes a seismic imaging problem. The ultimate

reason for the higher plate boundary fluid content at depths beyond 15 km to the north

of the 2014 Iquique earthquake remains enigmatic, however, our seismic reflection data

clearly suggest a hydrogeological control on the updip and likely also the along-strike

extent of seismic rupture along the erosive Northern Chilean continental margin.
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Figure 4.4: Conceptual model of the seismotectonic and hydrogeological setting in the
region of the 2014 Iquique earthquake.

4.5 Implications for assessing the hazard of shallow

earthquake rupture

he updip extent of seismic rupture during a plate boundary earthquake exerts a major

influence on the magnitude of the associated tsunami. Models using only land geodetic

measurements, however, cannot resolve whether the shallowest part of a plate boundary is

locked and therefore accumulates elastic energy or if it creeps aseismically (Métois et al.,

2016; Almeida et al., 2018; Kosari et al., 2020; Mallick et al., 2021). For the 2014 Iquique

earthquake, we show that seismic reflectivity of the plate boundary is spatially related

to the rupture area, with coherent, high reflectivity in the shallow aseismic regions that

did not rupture and weak to absent reflectivity farther downdip within the rupture area

(Figure 4.4). Seismic reflection data, which are sensitive to fluid-pressure variations along

the shallow most part of the plate boundary, may provide crucial, but often missing,

information towards a comprehensive evaluation of seismic and tsunami hazard along

active margins. This is especially relevant close to the trench where land-based geodetic

and seismological studies lack resolution and offshore geodetic data are sparse or missing,

but where the hazard of tsunami and tsunamigenic earthquakes is greatest.
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Supporting Information

Seismic Processing

Seismic data processing was conducted with the Schlumberger OMEGA2 software. Here

we present the processing sequences and the corresponding results in terms of seismic line

MC04. The same processing strategy is used for all profiles to eliminate possible discrep-

ancies of the plate boundary interface during processing. An overview of the processing

scheme is shown below (Suppl. Figure 4.5). The main seismic processing included four

steps:

A. Step1: Processing Geometry Implementation

In this step, the seismic data are exposed to a series of pre-processing modules, including

sail extract module, geometry crooked module, geometry update module and grid define

module, aiming to implement the processing geometry. In particular, the sail extract

module is used to merge the geometry survey file information with the seismic traces. The

geometry crooked module analyses the location of detectors, sources, and midpoints and

projects them onto a smooth 2D crooked common-mid-point (CMP) profile. Subsequently,

the geometry update module and the grid define module were used to update the seismic

trace header literals to the new processing grid. These pre-processing steps prepare the

seismic data set for further analysis. Seismic shooting was conducted at an interval of 125

m to avoid interference from the previous shot. Due to the large shot interval, the original

CMP gathers are imaged with prominent spatial aliasing. The aliasing has serious effects

on the performance of multichannel data analysis processes such as f-k filtering. Because

of spatial aliasing, these processes can perceive events with steep dips at high frequencies

as different from what they are and, hence, do not treat them properly.

B. Step2: Increase Vertical Resolution and General Noise Cleaning

In this step, four modules were used to increase the vertical resolution and clean the

general noise. In particular, the deconvolution module is applied to compress the ba-

sic wavelet, thus increasing temporal resolution. The direct wave cleaning module was

employed in shallow seafloor areas to enhance near-surface wide-angle reflections. Attenu-

ation of random noise (RNA) was applied by a predictive deconvolution in the fx-domain.

The anomalous amplitude attenuation (AAA) removed high amplitude events such as ma-

rine swell, rig and ship noise by transforming the seismic data into frequency bands and

applying a spatial median filter. These pre-processing steps yield CMP gathers (Suppl.

Figure 4.6a) which will be interpolated in the next step.
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C. Step3: Shot Interpolation

To avoid prominent spatial aliasing between neighboring shots resulting from the large shot

interval, shot-ordered seismic data were interpolated three times from 125 m to 15.625 m by

f-k trace interpolation. As the result is not a multiple of the receiver interval, an irregular

interpolator module was used to interpolate it to 12.5 m, where aliased components have

been eliminated (Suppl. Figure 4.6b).

D. Step 4: Multiple attenuation

Prior to multiple attenuation, the plate boundary reflection is severely obscured by mul-

tiples (Suppl. Figure 4.7a). The multiples were predicted by surface related multiple

elimination (SRME) using wavefield inversion based on the Kirchhoff integral and sub-

tracted from the raw data after shot interpolations. After the multiple attenuation, we

applied the f-k filtering to remove the high frequencies to enhance the image (Suppl. Fig-

ure 4.7b). The plate boundary reflection is clearly observed in the travel time range where

the first multiple occurs and we can now trace the plate boundary interface further land-

ward on the time section of seismic line MC04 (Suppl. Figure 4.8). The extensive data

volume generated by the shot interpolations led to long calculation times in the pre-stack

time domain and the pre-stack depth domain, so we reconstructed the offsets of CMP

gathers with an increment of 100 m. After the reconstruction of offset distances, a prelim-

inary vp model based on an unpublished 3D vp model from ocean bottom seismometers

(OBS) during cruise MGL1610 of the R/V Marcus G. Langseth in 2016 was applied for the

pre-stack depth migration. Referring to the OBS velocity field, we calculated the velocity

gradient starting from the seafloor to yield an initial velocity model (Suppl. Figure 4.9)

for application to the multichannel seismic profiles. Although this initial velocity model

is not sufficiently confining the shallow depth (< 15 km) and may produce an inaccuracy

of 1 - 2 km in the depth of the plate boundary compared to an accurate velocity model,

it does not affect the spatial distribution of the reflectivity. In the meanwhile, this initial

velocity does not enable to carry out amplitude analysis. However, our main focus is on

the reflectivity pattern and the lateral coherence and continuity of the plate boundary

reflectivity. The pre-stack depth migrated seismic images are not significantly affected

by seafloor multiples anymore and resolve sub-seafloor structures in the upper plate and

subducting lower plate at high resolution (Suppl. Figure 4.10).

Supplementary Discussion

Reflection energy absorption, seismic processing parameters, differences of gun energy

during seismic acquisition and shooting direction may all potentially cause a variation of

reflectivity along the plate boundary. To allow a spatial comparison of the reflectivity
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and avoid issues caused by seismic processing, the same processing strategy is used for all

profiles. In addition, we discuss the following issues:

A. Is the plate interface on seismic line MC04 visible to greater depth because

of stronger gun energy during data acquisition? The plate interface is traced to a

depth of approximately 35 km on the northern dip line MC04 but disappears at shallower

depth on the dip lines that run through the rupture area of the 2014 Iquique earthquake.

The acquisition geometry and gun array remained unchanged during the survey, which

covered seismic lines parallel to the trench as well as profiles in the dip direction. Strike

line MC30, which crosses the middle continental slope and is located furthest from the

trench axis, documents that the plate interface along the northern part of the line can be

traced to greater depth than along the southern part. This observation is augmented by

all seismic dip lines and seismic strike lines of our survey.

B. Is the difference of the plate interface reflection caused by shooting direc-

tion?

The shooting direction did not cause the observed differences of the plate interface re-

flection as seismic dip lines MC04, MC 06, and MC25 were shot from west to east, while

seismic dip lines MC17 and MC231 were shot from east to west. There are at least two

seismic lines in the same direction, documenting that the shooting direction does not exert

a major influence.
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Figure 4.5: Overview of the processing sequence.

Figure 4.6: The CMP gathers before and after interpolation of seismic line MC04. Before
the interpolation processing, the trace spacing is 250 m, which is shown in (a). After the
interpolation processing the trace spacing is 25 m in (b).
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Figure 4.7: The CMP gathers before and after the de-multiple step of MC04. Before the
demultiple processing, seismic signals are obscured by several multiple orders below the
seafloor multiple start time indicated by the transparent red dashed line in (a). After the
demultiple processing and high frequencies elimination, the multiples are mostly eliminated
and we can see the interface traced by yellow arrows around 8 - 9 s TWT in (b).
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Figure 4.8: Stack section in the time domain of seismic line MC04 before and after the
demultiple processing. Before the demultiple processing, the interface reflection is obscured
by the multiples below the seafloor multiple start time indicated by the transparent red
dashed line in (a). After the demultiple processing, the interface reflection can be traced
around trace number 20000, as indicated by the yellow arrows in (b). Sections are shown
after application of a depth customized gain of amplitudes.

Figure 4.9: An initial variation velocity model based on an unpublished 3D OBS velocity
model was applied for the pre-stack depth migration. The black dashed line indicates the
plate boundary of profile MC04.
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Figure 4.10: The pre-stack depth migrated seismic image of seismic line MC04.
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Key Points

• Repeating earthquakes are used to study the depth-dependent variation of slip in

the marine forearc.

• The OBS data allow to discriminate between repeaters in the upper plate and plate

interface during the seismic cycle.

• The gradual unlocking of the plate interface forces the reverse reactivation of upper

plate extensional faults causing subduction erosion.

Abstract

Repeating earthquakes are considered to be a proxy for the surrounding aseismic slip.

Here, we analyze offshore hypocenters several years before and after the 2014 Mw 8.1

Iquique earthquake. High-resolution ocean-bottom seismometer recordings of repeating

earthquakes during the inter-, pre- and postseismic phase document the depth-dependent

slip in the overriding South American plate. We find upper plate repeating earthquakes

aligned parallel to the trench and coast, suggesting a large trench parallel striking fault

structure in the upper plate as the origin of those events. The analysis of repeater se-

quences focal mechanisms reveals a reverse reactivation of the large-scale extensional faults

induced by the 2014 Iquique foreshock sequences at the seismogenic up-dip limit. The cu-

mulative slip in the frontal overriding plate accelerates ten days before the mainshock,

suggesting a shortening of the frontal wedge. We propose that the pre-seismic gradual un-

locking of the plate interface forced upper plate extensional faults to slip in thrust mode

in response to the basal erosion of the upper plate.

Plain Language Summary

The north Chilean subduction zone consists of the down-going, subducting Nazca plate

and the overriding South American plate. The contact zone between the two tectonic

plates produces the largest earthquakes on the planet. Before and after such large earth-

quakes, like the Mw 8.1 2014 event, smaller earthquakes are generated, known as fore-

and aftershocks. Some of these earthquakes are repeated earthquakes. These repeating

earthquakes are ruptures at the same location at different times with very similar rupture

behavior repeatedly breaking the same small patch. Our study searches for repeating
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earthquakes before and after the mainshock. We use ocean-bottom seismometers to esti-

mate the accurate location of the repeating earthquakes throughout several years before

and after the main earthquake. We find that deformation has occurred on large fractures

in the overriding plate before the 2014 earthquake and increased during the last ten days.

Estimates of the faulting mechanisms of the repeating earthquakes have shown that the

overriding plate is under compression, which means that the tectonic erosion of the plate

has been reactivated. We propose that the overriding plate enters a long phase of relax-

ation and extension of the fractures sets in while stress builds up at the plate boundary.

5.1 Introduction

Megathrust earthquakes are one of the main drivers of subduction erosion, empowering

the removal of material from the base of the overriding plate in the course of subduction.

The temporal fluctuation of deformation along the megathrust and within the frontal up-

per plate are the key factors to understand the process of margin subsidence extending

over several seismic cycles (Wang and Hu, 2006; Wang et al., 2010). Seismic reflection

techniques and forearc seismicity observations reveal the tectonic structure and state of

stress of shallow erosional margins (e.g., Ranero and von Huene, 2000; von Huene and

Ranero, 2003; Sallarès and Ranero, 2005; Obana et al., 2013; Reginato et al., 2020; Ma

et al., submitted; Läderach et al., 2012). Sediment-starved margins are often characterized

by crystalline basement or older sedimentary rocks that are fractured by large extensional

faulting as the result of long-term permanent subsidence of the forearc (von Huene and

Lallemand, 1990; von Huene et al., 2004). In principle, the presence of upper plate exten-

sional faults above a coseismic rate-strengthening interplate fault is contradictory to the

high basal friction that is required to erode the upper plate base (Wang et al., 2010).

Repeating earthquakes (repeaters) are characterized by nearly identical waveforms and are

inferred to recur at the same location by repeated rupturing of small asperities that catch

up with the surrounding aseismic slip (Nadeau and McEvilly, 1999; Uchida and Bürgmann,

2019). Since their recognition two decades ago, repeaters have been found along all types

of plate boundaries worldwide, including transform faults (Nadeau and Johnson, 1998;

Bohnhoff et al., 2017), extensional faults (Valoroso et al., 2017; Vuan et al., 2017; Duverger

et al., 2018) and convergent megathrust faults (Chen et al., 2007; Uchida and Matsuzawa,

2013; Kato and Nakagawa, 2014). Repeater studies allow the estimate of cumulative slip

from moment magnitudes (Mw) and improved our understanding of aseismic/slow-slip

earthquakes and earthquake triggering and our knowledge of the earthquake cycle (e.g.,

Uchida and Bürgmann, 2019).
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The north Chilean subduction zone is an excellent area to study stress varying processes

and mechanisms leading to shallow subduction erosion. The Mw 8.1 2014 Iquique earth-

quake demonstrated the impact of subduction erosion on postseismic stress changes on

the marine forearc by the occurrence of abundant aftershock seismicity at the seismogenic

up-dip limit (León-Ríos et al., 2016; Petersen et al., 2021). The megathrust event on April

1, 2014, was preceded by an intensive and long foreshock sequence in the up-dip area of

the main rupture starting in July 2013 (Schurr et al., 2014). Similar to the 2011 Mw

9.0 Tohoku foreshock period earthquake, the last two weeks of the Iquique precursory se-

quence were characterized by seismicity migration towards the nucleation center (Brodsky

and Lay, 2014). However, the mechanisms that generate foreshocks are often unknown,

and their duration indicates no direct relation to the mainshock magnitude (e.g., Aber-

crombie and Mori, 1996). On March 16, a Mw 6.7 earthquake struck in the upper plate

and initiated the final phase of foreshock activity, leading to a gradual unlocking of the

plate interface until April 1 (Brodsky and Lay, 2014; Kato and Nakagawa, 2014; Schurr

et al., 2014; Meng et al., 2015; Herman et al., 2016; Kato et al., 2016; Schurr et al., 2020).

Interaction between upper-plate faults and the plate interface was modeled and discussed

previously (e.g., Delouis et al., 1998; Kato et al., 2011; Hardebeck, 2012; Aron et al., 2013;

Li et al., 2014; Contreras-Reyes et al., 2015). Activation of upper plate faults depends on

the orientation of the crustal fault and its location relative to the slip on the interface (Li

et al., 2014). Although some earthquakes showed this behavior [Maule 2010 earthquake:

Farías et al. (2011), Lange et al. (2012); Tohoku 2011 earthquake: Kato et al. (2011)],

repeating earthquakes allow observation of the interaction down to smaller slip and for

longer periods.

In expectation of a great earthquake to rupture the long-standing seismic gap, which last

ruptured in 1877, the north Chilean subduction zone is densely monitored onshore by the

Integrated Plate Boundary Observatory Chile since 2006 (GFZ and CNRS-INSU, 2006)

with permanent broadband seismic stations complemented by other permanent geophysical

instruments. In response to the 2014 Iquique earthquake, additional temporary seismic

stations were deployed (Soto et al. (2019). Offshore and directly above the aftershock

sequence two successive long-term networks of amphibious seismic stations were deployed

to augment the land network (Petersen et al., 2021). Without OBS observations, events

beneath the marine forearc have poor hypocentral depth estimates because they occur

outside the onshore network. As a result, slip from repeaters is mostly assumed to occur

on the plate interface in subduction zones (e.g., Kato and Nakagawa, 2014; Meng et al.,

2015; Kato et al., 2016). The OBS networks installed after the Mw 8.1 2014 Iquique

earthquake allow to discriminate between the megathrust and upper plate faulting. The

comprehensive long-term monitoring of earthquakes along the north Chilean subduction
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zone allows the investigation of seismic slip-related processes during the interseismic and

postseismic phase during the end of one seismic cycle.

This study examines recent seismicity catalogs for the northern Chilean subduction zone

to detect repeating earthquakes. To study the depth-dependent behavior of repeating

earthquakes, we estimate the sequence hypocenter using high-resolution offshore hypocen-

ter locations from an amphibious seismometer deployment conducted over 23 months

after the Iquique earthquake. Since repeaters rupture repeatedly the identical fault patch,

high-resolution hypocentral depths can be obtained for all events in case the location is

accurately known for at least one event. We suggest that the gradual unlocking of the

plate interface at the seismogenic up-dip limit drives the frontal upper plate into a com-

pressive state of stress. This progressively weakens the upper plate, resulting in the reverse

reactivation of the large-scale extensional faults and in active subduction erosion of the

overriding South American plate.

5.2 Data and methods

5.2.1 Earthquake catalogs

In northern Chile, several seismological studies investigated the seismicity at the plate

interface between the overriding South American plate and the subducting Nazca plate

(e.g., Ruiz et al., 2014; Sippl et al., 2018; Soto et al., 2019), including a two-year amphibi-

ous deployment (Petersen et al., 2021). To identify the maximum number of repeating

earthquakes, we use earthquakes from published catalogs covering the interseismic phase

and six years of the postseismic phase (2007 until December 2020). The catalogs of Sippl

et al. (2018) and Centro Seismológico Nacional (CSN; Barrientos, 2018) start in 2007 and

cover the entire north Chilean region. During the 2014 Iquique foreshock series and after

the mainshock, the permanent land stations were complemented by over 80 additional

temporary seismic stations (Soto et al., 2019). The resulting catalog from Soto et al.

(2019) starts in March 2014 and focuses on the rupture area of the 2014 Iquique earth-

quake and its greatest aftershock. The catalog ends shortly after the deployment of OBS

in December 2014, which encompasses 1,778 events during 23 months of offshore seismo-

logical recordings of the marine forearc until the end of October 2016 (Petersen et al.,

2021). The catalog from CSN (Barrientos, 2018) covers the period from November 2016

until December 2020, following the OBS deployment. We focus on the region of the 2014

Iquique rupture (19 °S - 21 °S and 70.0 °W - 72 °W, Figure 5.1).
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Figure 5.1: Repeating earthquake analysis offshore northern Chile. (a) Map view of the
2014 Iquique rupture area. The stars mark relocated (blue and green) and non-relocated
(gray) repeating earthquake sequences. Upper plater repeater clusters are indicated in
green und repeater clusters along the plate interface in light blue. Symbol size is scaled by
the number of repeaters per sequence (4 – 30). Black lines indicate the coseismic slip model
(Duputel et al., 2015, 3, 6, 9, and 12 m contour lines) and aftershock slip model (Duputel
et al., 2015, 0.85 and 0.6 m contour lines). Bathymetry from (Geersen et al., 2018)
combined with GEBCO, SRTM Topography from Farr et al. (2007). Focal mechanisms
mark the location of the two foreshocks with the first three Mw ≥ 6 between March 16 and
March 18 (orange) and the second Mw > 6 from March 22 until March 23 (red), including
the April 1 mainshock (Mw 8.1) and greatest aftershock (Mw 7.6) in black. The seismicity
from the searched catalog is shown as gray circles. (b) Cross-profile through the marine
forearc up-dip offshore northern Chile. Stars mark the location of relocated repeating
earthquake sequences within the upper plate, plate interface and lower plate. The plate
boundary derived from multi-channel seismic data (Petersen et al., 2021) is indicated as
a blue dashed line.
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5.2.2 Identifying repeating earthquakes

Our combined seismological catalog encompasses 15,429 earthquakes from January 2007

until December 2020. We performed cross-calculations on the vertical components be-

tween all earthquakes with a horizontal inter-event distance of less than 20 km, taking

the highest location uncertainties into account. To find as many repeaters as possible, we

use waveforms of 18 broadband land-stations (seismic networks CX and C1) and 5 OBS

deployed in the vicinity of the 2014 Iquique earthquake rupture area for cross-correlation.

In addition, we estimated theoretical P-phase onsets on unpicked stations (TauP, Crotwell

et al., 1999) using a local minimum 1D velocity model (Petersen et al., 2021).

The identification of repeating earthquakes depends on the moment magnitudes, and hence

the corner frequency. In general, two earthquakes located within a quarter of a wavelength

cannot be separated based on waveform similarity (Geller and Mueller, 1980). Therefore,

the search for repeating earthquakes requires high-frequency waveform data with quarter

wavelengths smaller than the event rupture size from scaling relations to identify repeating

earthquakes. The waveforms are filtered using a band-pass with four different overlapping

frequency bands (0.1 – 1 Hz; 0.5 – 2 Hz; 1 – 4 Hz, and 3 – 15 Hz). We consider the rec-

ommended minimum frequency for certain earthquake moment magnitudes from Uchida

(2019) to reduce the number of potentially different earthquakes. Next, we cross-correlate

the vertical components starting 5 s before and 30 s after the P-phase onset to make sure

the S-phase is included.

We classify event pairs if the cross-correlation coefficient (CC) is above 0.95, following the

Igarashi et al. (2003) repeater criterion. A histogram of the cross-correlation coefficient

from broadband station PB11 is shown in Figure 5.6. An event pair whose cross-correlation

coefficient is larger than 0.95 at a cross-correlation waveform length of 35 s and identified

at two or more stations is further considered as a repeater event pair. In total, we identified

2,608 repeater event pairs. The last step to combine repeating earthquake sequences is

to group repeater event pairs that have events in common into a cluster of repeating

earthquakes until all clusters are mutually exclusive.

5.2.3 Seismic fault slip estimation

Earthquake pairs with high CC at the same station can be considered as recurrent earth-

quakes, representing repeated ruptures of the same fault patch. In general, repeating

earthquakes are defined as small asperities catching up with the surrounding aseismic slip

(Uchida and Bürgmann, 2019). To quantitate the seismic slip driven by the aseismic sur-

rounding, we converted the seismic moment M0 (dyn cm) to fault slip d (cm), employing

the widely used empirical relationship (Nadeau and Johnson, 1998; Igarashi et al., 2003):
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log(d) = 2.36 + 0.17 log(M0) (5.1)

The seismic moment M0 can be estimated using the relationship between moment mag-

nitude Mw and scalar seismic moment (Hanks and Kanamori, 1979):

log(M0) = 1.5Mw + 16.1 (5.2)

Not all used catalogs included moment magnitudes (Mw) for all events. Therefore, we

converted local magnitudes (Ml) to Mw to estimate the M0 using a relationship between

local magnitudes and moment magnitudes for the Iquique area (Figure 5.2; Petersen et al.,

2021). The Ml – Mw empirical relationship is comparable to the 2010 MauleMw 8.8 earth-

quake aftershock sequence (Lange et al., 2012) up to a local magnitude of 4.1. For higher

local magnitudes, we use the Ml – Mw relationship to convert the magnitudes determined

for northern Chile (Meng et al., 2015).

Mw = 0.74 Ml + 1.56 Ml ≤ 4.1

Mw = Ml + 0.09 4.1 < Ml < 5.71
(5.3)

Prior to the Iquique earthquake (from 2007 until the end of March 2014) the magnitude

of completeness (Mc) for the catalogs from Sippl et al. (2018) and Soto et al. (2019) is

between Mc 2.7 and 2.9, respectively. Owing to the increase in numbers of the aftershock

station deployment, the Mc decreases to 1.7 shortly after the mainshock on April 1, 2014

until December 2014. During the OBS deployment, the Mc is 1.8 during 2015 and 2.5 in

2016 (Petersen et al., 2021). After the final recovery of OBS in November 2014, the Mc

increases to 3.5, as a result of the decrease in station density along the north Chilean coast

(Barrientos, 2018). Due to the Mc variations in time, it is possible that the cumulative

slip based on found repeating earthquakes in our estimates is overestimated for the given

time periods with high Mc. Since the missing events are mostly small in magnitude, their

contribution to the cumulative slip will be small and hence likely not significantly increase

the cumulative slip.

Finally, in order to study the fault mechanism of the repeating earthquakes, we combine

first polarities from repeaters in one sequence (Barrientos, 2018; Petersen et al., 2021) and

calculate the focal mechanism for the entire repeater sequence using FPFIT (Reasenberg

et al., 1985).
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Figure 5.2: Moment magnitudes Mw versus local magnitudes Ml from the local earth-
quake catalog based on OBS data for the 2014 Iquique earthquake rupture area (Petersen
et al., 2021). The grey color scale indicates the number of magnitude pairs. The blue line
has a slope of 0.74.

5.3 Results

The repeating earthquake distribution that has been found by analyzing thirteen years

of seismicity data of the north Chilean subduction zone is displayed in Figure 5.1. In

our study area, we found that 1,939 events (~15 %) are repeating earthquakes and that

65 % of these repeaters are considered as event doublets/triplets or outside of our study

area (Figure 5.7). To distinguish between closely triggered, on neighboring faults, and co-

located earthquakes, we only take into account all 143 repeater sequences which contain

at least three events or sequences with more than four events that span more than 20

days. The resulting 681 repeating earthquakes, which we will further analyze, are in

the moment magnitude range between 1.4 and 4.3 (Figure 5.8). Therefore, we detected

more repeating earthquakes than previous studies of the 2014 Iquique earthquake (Kato

and Nakagawa, 2014; Meng et al., 2015; Kato et al., 2016; Schurr et al., 2020). The

study from Kato et al. (2016) uses a similar search procedure and identified 408 repeating

earthquakes between 2008 and 31 May 2014 using a constructed catalog by template

matching waveforms. Thus, we identified 1,159 repeating earthquakes in the same time

period (including doublets). This difference is mainly caused by the disparity in the seismic

catalogs used for the repeater analysis. Here, we use a compilation of earthquake catalogs

that were acquired using temporary seismic land-stations and OBS (Sippl et al., 2018;
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Soto et al., 2019; Petersen et al., 2021) in addition to the permanent broadband stations

onshore(Barrientos, 2018) used by Kato et al. (2016).

In addition to the enhanced detection of offshore earthquakes, the OBS deployment after

the Iquique mainshock (Petersen et al., 2021) allowed a more accurate hypocenter esti-

mation in the marine forearc (Husen et al., 1999). Since events of a repeater sequence

rupture on co-located locations (Uchida and Bürgmann, 2019; Uchida, 2019), it allows

the complete repeater cluster to be “relocated” to the event with the most accurately

known hypocentral coordinates. In our case, the hypocenters during the OBS deployment

(Figure 5.1) effectively expanded the high resolution of hypocentral coordinates for events

of the whole time series (e.g., obtaining high-resolution hypocenters for the interseismic,

although this was before the OBS deployment). The relocation enables us to study the

depth-dependent occurrence of repeater clusters and accompanied surrounding aseismic

slip not only on the subduction interface, but also deformation of upper plate faults that

have been imaged with multi-channel seismic (MCS) data (Sallarès and Ranero, 2005;

Reginato et al., 2020; Petersen et al., 2021; Ma et al., submitted).

The time span of the complete repeater sequence (2007 - 2020) is larger than the time

span of the OBS deployments. In total, we find 143 repeater sequences, of which 83 (58 %)

repeaters containing events registered on the OBS. We assign the location and hypocenter

from the event located with the OBS data to the whole repeater sequence. Then, we

classify the events as plate interface repeaters in case, their depth is within ± 4 km of the

plate interface derived from the MCS data (Petersen et al., 2021; Ma et al., submitted).

For the remaining 60 repeater sequences, we average the individual event locations.

Repeaters above the plate interface are classified as upper plate repeaters, and all repeaters

below the plate interface as intraplate repeaters (Figure 5.1b). Since we focus on repeating

earthquakes in the upper plate, the misclassification of plate interface repeaters as upper

plate repeaters or the disregard of non-relocated repeaters might also have an impact on

our analysis. Due to the OBS deployment eight months after the Iquique 2014 mainshock,

we might have missed upper plate repeater sequences that have not been active during the

23 months of the OBS deployment. However, repeater recurrence times are lower than 23

months and it is therefore unlikely that we have missed a significant number of repeaters.

5.3.1 Spatial distribution of upper plate repeating earthquakes

The spatial distribution of repeating earthquake sequences in the marine forearc is shown

in Figure 5.1, with the color code separating the sequences relocated with OBS-derived

depths (blue and green stars, Figure 5.1) and non-relocated sequences (gray stars, Fig-

ure 5.1). The relocated and non-relocated repeater sequences occur in similar regions as
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the Iquique foreshocks and aftershocks. Previous repeater studies investigated the fore-

shock aseismic slip or slow-slip (Kato and Nakagawa, 2014; Kato et al., 2016; Schurr et al.,

2020) and discussed the accompanying aseismic slip in the context of bifold plate interface

slip behavior before and after the mainshock (Meng et al., 2015). However, the spatial

distribution of repeaters changes significantly after the OBS-derived hypocenters are used

to relocate the repeater sequences. We are now able to differentiate repeating earthquake

activity within the overriding plate, at the plate interface, and in the lower plate, respec-

tively. The highest density of repeater sequences appears to cluster at the seismogenic

up-dip limit of the 2014 Iquique earthquake. This area between the rupture zone and the

trench was affected by the largest foreshocks (M ≥ 6) since March 16, 2014 (Figure 5.1a,

orange, and red focal mechanisms), which migrated north towards the mainshock nu-

cleation hypocenter (e.g., Kato and Nakagawa, 2014). Non-relocated repeater sequences

occur closer to the trench then relocated repeaters, suggesting an East to West bias of

earthquake locations. Petersen et al. (2021) showed that accurately located aftershocks

using OBS stations reduce the East-West bias significantly, especially far offshore, and

mapped a distinct seismogenic up-dip limit at ~35 km distance from the trench. There-

fore, it can be expected that 41 % of the non-relocated repeater sequences that are far

offshore are located farther east. Down-dip and north of the coseismic slip area, small

isolated repeater sequences occur, surrounding a circular-shaped main rupture asperity

of the 2014 Iquique earthquake (Schurr et al., 2020). The region between the greatest

aftershock and the mainshock (between 20.15 °S and 20.25 °S; Figure 5.1) shows one large

interface repeater sequence and several intermediate repeater sequences farther south that

cluster in two areas. These repeaters were associated with the occurrence of aseismic slip

induced by incoming interplate corrugations (Soto et al., 2019), but the previous East-

West streak-like pattern from Soto et al. (2019) disappears after the relocation using OBS

data. Besides the mainshock rupture area, we find repeaters in the vicinity of the greatest

aftershock, south of the mainshock, but the lateral repeater distribution is significantly

different from the mainshock area. Intermediate plate interface repeater and non-relocated

sequences are distributed in the slip area of the greatest aftershock.

Repeating earthquakes in the upper plate are distributed in a near trench-parallel pattern

with a location mainly east of the plate interface repeaters. In cross-profiles, the upper

plate repeaters indicate an east-to-west depth increase (Figure 5.1a-c) and correlate to

large-scale seaward dipping faults in the upper plate that are derived from multi-channel

seismic data acquired after the 2014 Iquique earthquake (Petersen et al., 2021; Ma et al.,

submitted). The existence of the identified large-scale faults is also supported by large

seaward dipping outcrops on the forearc (Geersen et al., 2018). Below the plate boundary

in the oceanic crust, we find a lower repeater activity with small clusters containing six or

fewer repeating earthquakes. Focal mechanisms of upper plate repeater sequences indicate

a thrust fault movement (Figure 5.1).
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5.3.2 Repeater cumulative pre-seismic and coseismic slip

Some plate interface repeaters are active since the deployment of broadband seismic sta-

tions of the IPOC network development in 2007. In contrast to the area of the greatest

aftershock south of 20.25 °S, the up-dip region of the main rupture area indicates a fre-

quent repeater activity since the end of 2009 with a nearly constant increase of cumulative

seismic slip until July 2013 (Figure 5.3a-b). Considering only the relocated plate interface

repeaters, the best linear fit of the cumulative seismic slip rate during the interseismic

phase is 0.96 cm/yr (Figure 5.9). Non-relocated repeaters (Figure 5.3a, gray line) indi-

cate a similar slip rate in the same period, but most of these repeaters occured south of

20.25 °S (Figure 5.3b). The estimated average cumulative slip rate is 0.29 cm/yr greater

than the value of 0.67 cm/yr calculated by Kato et al. (2016) in their repeater analysis.

The discrepancy in slip rate may result from the different earthquake catalogs with lower

magnitudes of completeness in our study. The increase of plate interface repeater activ-

ity in July 2013 coincides with the proposed initiation of the Iquique foreshock sequence

(Schurr et al., 2014; Kato et al., 2016)).

Repeater activity in the upper plate first emerged in January 2013, about 430 days before

the mainshock up-dip of the later rupture area and again in January 2014 at the northern

edge of the rupture area (Figure 5.3a). The foreshock burst in July 2013, which marks the

initiation of the foreshock period (Schurr et al., 2014; Kato et al., 2016) and the largest

foreshock earthquake on March 16 with a moment magnitude of 6.7, which indicated a

major impact on foreshock seismicity, did not affect upper plate repeaters (Figure 5.5).

After the subsequent northward migration of seismicity at a rate of 2 - 10 km per day (Kato

and Nakagawa, 2014; Meng et al., 2015; Herman et al., 2016), the last larger foreshock burst

occurred on March 22 and 23, which ruptured a compact asperity with two Mw >,6 events,

causing significant repeater activity on upper plate sequences located northeast of the two

Mw > 6 events (Figure 5.5, green stars). Comparing the average cumulative seismic slip

between upper plate and interface, the upper plate slip significantly dominates from March

22 until March 26 (Figure 5.4a). After the coseismic rupture of the Iquique earthquake

on April 1, 2014, repeaters reactivated ~5 days after the mainshock, and the locations are

concentrated at the up-dip limit of the main rupture with ~10 cm averaged cumulative

slip in nine days (Figure 5.3c and d). The nearly constant increase of cumulative upper

plate slip is equal to the simultaneous increase of interface and non-relocated repeater

cumulative slip (Figure 5.3d).
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16 Mar. 2014

16 Mar. 2014

01 April2014
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22 Mar. 2014

22 Mar. 2014

c

d

b
0.96 cm/yr

a Upper platePlate interfaceNon-relocated repeaters

Figure 5.3: Repeating earthquake activity and cumulative seismic slip before and one
month after the Iquique mainshock. (a) Cumulative seismic slip from 2007 until May 1,
separated into repeaters within the upper plate (light blue line), plate interface (blue line),
and non-relocated repeater sequences (gray line). (b) Repeater activity in space. Stars
mark the repeating earthquakes and symbol size is scaled by seismic slip. The color scale
is similar to panel a. (c) closeup of the pre-seismic and coseismic phases. The time of the
greatest foreshock with Mw 6.7, on March 16, is marked by the orange dashed line and
orange focal mechanism. The time of the last foreshock burst, on March 22, is marked
by the red dashed line and red focal mechanism. (d) Same as panel a, but from January
2014 to April 1.
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16 Mar. 2014

22/23 Mar. 2014

01 Apr. 2014

Slip before the mainshock Slip after the mainshockba

Figure 5.4: Comparison of the cumulative upper plate versus interface cumulative slip.
Color scale indicates the time in years before and after the 2014 Iquique earthquake on
April 1. (a) The arrows mark the time of upper plate and plate interface slip during the
final foreshock sequences starting on March 16 and March 22, respectively. (b) Upper plate
aseismic fault slip versus interface slip after the 2014 Iquique earthquake. The cumulative
daily slip was averaged for the upper plate and the plate interface.

5.4 Discussion

The study of repeating earthquakes in the north Chilean marine forearc, using OBS de-

rived high-resolution offshore hypocenters, reveals the slip partitioning from repeating

earthquakes over 13 years, from the pre-seismic to the postseismic phase of the 2014

Iquique earthquake. Repeating earthquakes are assumed to represent small asperities on

fault patches triggered to slip seismically by surrounded aseismic fault slip (Nadeau and

McEvilly, 1999; Uchida and Bürgmann, 2019). We are able to assign repeater sequences to

the plate boundary and overriding plate above the up-dip limit of the 2014 Iquique earth-

quake by using the highest quality hypocenter from the whole period. To our knowledge,

this is the first observation of seismic slip of repeating earthquakes in a marine forearc

where hypocenters can be assigned to the overriding plate and the interface allowing to

observe the transient behavior of faulting for the different depth levels during the seismic

cycle.

Previous studies reported that the upper plate presents low seismic activity during the

foreshock sequence of the 2014 Iquique earthquake (e.g., Meng et al., 2015; Herman et al.,

2016). Here we show that slip not only occured along the plate boundary but that in the
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upper plate averaged slip has accelerated since January 2013 significantly ten days before

the main rupture (Figures 5.3a and 5.4a). Furthermore, the March 16 foreshock event

with a moment magnitude Mw 6.7 at 12 km depth (global centroid moment tensor project

gCMT) triggered a significant change in seismicity rate at the plate interface, whereas

upper plate repeaters remained largely unaffected (Figure 5.3c and d; Schurr et al., 2014).

In contrast, the last foreshock burst ten days before the mainshock activated several

repeater clusters in the upper plate up-dip of the main rupture (Figure 5.5, green stars).

We note that between March 22 and the mainshock on April 1, slip significantly occurs on

the upper plate faults compared to events belonging to the plate interface (Figure 5.4a).

Slip on the upper plate exceeded slip on the interface approximately eightfold (upper plate

~16 mm, lower plate ~2 mm slip, Figure 5.4a). This is clearly different from the previous

foreshock period before March 22 (Figure 5.4a) or postseismic phase (Figure 5.4b) where

partitioning of slip appears more balanced. Since the thrust events of March 22 and 23,

2014, are related to the plate interface (Figure 5.1b), we interpret this as a triggering

mechanism of upper plate faults above the seismogenic up-dip limit by stress changes at

the plate interface during the latest stage of the foreshock period. A similar interaction

of repeating events for Parkfield along the San Andreas Fault has been observed by Chen

et al. (2013) and interpreted as triggering by stress changes induced from larger events.

The near linear alignment of upper plate repeaters parallel to the trench and coast suggests

the presence of a large margin parallel trending structure in the upper plate as the origin

(Figure 5.1). The spatial distribution of repeaters suggests that they occurred along large

seaward-dipping normal faults which were previously identified in multi-channel seismic

reflection lines (Petersen et al., 2021; Ma et al., submitted) and multibeam bathymetric

data (Geersen et al., 2018). Upper plate seismicity above the up-dip limit of the 2014

Iquique mainshock likely occurred along these large normal faults, supporting subduction

erosion at the base of the upper plate during the coseismic and early postseismic phase

(von Huene and Ranero, 2003; von Huene et al., 2004; Petersen et al., 2021). Wang

et al. (2010) discussed the contradiction between the widely observed extensional faults

at erosional margins and the compressional forces needed to induce high basal friction to

erode the upper plate. In their model, coseismic stress transfer from the seismogenic zone

to the outermost aseismic wedge leads to a strengthening of the shallow megathrust and

compression of the overlying upper plate (Hu and Wang, 2008; Wang et al., 2010).

Focal mechanisms of the repeater sequences (Figure 5.1) reveal compressional faulting

along large upper plate normal faults. We interpret this as inverse reactivation of the nor-

mal faults, resulting from a stress transfer as described by the model of Wang et al. (2010).

During the progressing foreshock sequence of the 2014 Iquique earthquake, accompanied

by plate interface aseismic slip/transients and slow-slip events (Kato and Nakagawa, 2014;

Bedford et al., 2015; Herman et al., 2016), the upper plate entered a compressional state
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16 Mar. 2014 01 April201422 Mar. 2014

March April
Figure 5.5: Repeater distribution in time in the latest foreshock and early postseismic
periods. The stars mark individual events of repeater sequences. The symbol color indi-
cates the corresponding occurrence depth with the same color code as figure 5.1. The gray
circles show non-repeating earthquakes. The focal mechanisms mark the rupture latitude
and time of the two latest foreshock bursts on March 16 and March 22. The black dashed
line indicates the Iquique rupture on April 1.

in response to the strengthening of the shallow plate interface (Wang et al., 2010) . This

forced the upper plate faults hosting the repeaters up-dip of the main rupture to start slip-

ping in thrust mode. After re-locking of the megathrust, the outermost wedge undergoes

continuous deformation driven by afterslip. Simultaneously at the shallow plate inter-

face, small rate-weakening patches emerge in the surrounding rate-strengthening interface

thereby generating the observed aftershocks (Soto et al., 2019; Petersen et al., 2021).

Further, at the same time, repeaters occurred at the plate boundary, suggesting that the

resolution was high enough to detect offshore repeaters. In contrast to the coseismic com-

pression of upper plate faults, the interseismic forearc relaxation evokes tensional forces on

the upper plate, resulting in a normal slip motion along the extensional faults (Wang et al.,

2010). Fault slip inversion (e.g. “back-slip” of repeating events) will appear as negative

correlation coefficients in the cross-correlation, but we did not detect cross-correlations co-

efficients below -0.85 (Figure 5.6). The process of interseismic relaxation through normal

faulting of the upper plate fault is assumed to occur over geological timescales with low

slip rates (Ranero and von Huene, 2000) and may require observations over the length of

a complete seismic cycle.
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Upper plate relaxation and associated vertical subsidence during the interseismic phase

have been observed and estimated by comparing historical megathrust events in central

Chile with the 2010 Mw 8.8 Maule earthquake (Melnick et al., 2012; Wesson et al., 2015).

The Isla Santa María, located on the forearc, has subsided almost one and a half meters

between two large megathrust events in 1835 and 2010. Fault inversion caused by upper

plate repeaters following the 2014 Iquique earthquake produced an average cumulative

slip of about 1.21 m in total until the end of 2020 (Figure 5.10b). Interseismic relaxation

in the overriding plate therefore needs to accommodate these 1.21 m plus an additional

normal component that generates the observed permanent deformation pattern of long-

term margin subsidence evidenced through prominent upper plate normal faults. By

considering the recurrence time of large earthquakes in the Iquique area since 1877, the

required extensional fault displacement rate of upper plate faults must be larger than 8.8

mm/yr to accommodate the fault deformation by upper plate weakening.

Interseismic tension of the frontal upper plate requires a creeping or slow slipping inter-

face underneath. Using repeating earthquakes, we can quantify the percentage of plate

interface slip during the interseismic phase five years prior to the Iquique earthquake. We

assume a constant increase in cumulative slip during the interseismic phase to estimate the

annual deformation at the interface where the repeating earthquakes occur. The analysis

of relocated repeater locations shows a nearly constant cumulative slip rate of 0.96 cm/yr

from the end of 2009 until July 2013 (Figure 5.3a). This estimated cumulative slip rate

represents approx. 14 % of the 6.7 cm/yr convergence rate of the Nazca plate underneath

the South American plate (Angermann et al., 1999). This fraction of seismic slip of the

convergence rate is consistent with the observed plate interface locking (~80 %) derived

from geodetic measurements (Schurr et al., 2014; Métois et al., 2016). The rate of 0.96

cm/yr represents a first-order estimation of the aseismic fault slip, which supports the

absence of upper plate repeaters during the interseismic phase. However, the inhomoge-

neous distribution of plate interface repeaters, especially in the region south of the 2014

Iquique mainshock (Figure 5.1a), suggests another process that controls the occurrence of

repeaters up-dip of the mainshock. GPS measurements revealed a significant along-strike

decrease in interseismic locking from the Iquique rupture area to the shallow plate inter-

face (Schurr et al., 2014), where most repeaters are located. This observation supports the

concept that the repeating earthquakes are controlled by a nearby large asperity rather

than representing the overall aseismic slip (Sammis and Rice, 2001).

The presence of repeating earthquakes in the upper plate raises the question about the

impact on tsunami hazards in the north Chilean region. Generally, it is suggested that

repeaters act as indicators for creeping faults, which in turn, lower the degree of coupling

and lower the accumulation of strain. The probability of these large-scale upper plate faults

slipping suddenly during a megathrust event would consequently be reduced. However,
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the plate interface up-dip of the rupture area has not experienced coseismic slip and either

may have resisted the rupture (Lay et al., 2014), or the shallow plate boundary behaves

aseismically (Ma et al., submitted). Nevertheless, in the case of a nascent megathrust

rupture, filling the southern remaining seismic gap, the upper plate faults still pose a

significant potential for sudden thrust slip and tsunami triggering (Wendt et al., 2009).

The potential hazard underlines the necessity of seafloor geodesy techniques to monitor

seafloor outcrops of such large-scale faults or to monitor the stress relaxation process after

a great subduction earthquake (Petersen et al., 2019).

5.5 Conclusion

We analyze repeating earthquakes recorded over 13 years during and before the 2014

Iquique earthquake using high-resolution offshore hypocenter locations and OBS. The

OBS data result in accurate hypocenter depths to distinguish deformation between the

upper plate and plate boundary. Although the OBS network was deployed 23 months

on the marine forearc starting eight months after the 2014 Iquique earthquake, accurate

locations using the OBS data can be assigned to the other repeater sequences, even if the

events occurred before or after the OBS deployment. Upper plate repeating earthquakes

are spatially correlated to large extensional faults in the upper plate imaged by MCS

data and multibeam bathymetry. The along-strike aligned upper plate repeater sequences

indicate accelerating cumulative slip in the overriding plate following two strong plate

interface events ten days before the mainshock. For other times the partitioning of slip in

the upper crust and interface is more balanced. The gradual unlocking of the plate interface

forces the reverse reactivation of upper plate extensional faults causing subduction erosion.
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Supporting Information

Figure 5.6: Frequency distribution of cross-correlation coefficients of the permanent
broadband stations PB11 from the IPOC network.
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All repeater sequences

Re-located repeater sequences

Figure 5.7: Results of the repeater clustering from 2007 until the end of 2020. (Upper
panel) The time span repeater sequences, which contain at least three events with or
sequences with more than four events that span more than 20 days, is plotted with black
lines, including the individual events belonging to each cluster (blues dots). (Lower panel)
All re-located repeating earthquake sequences.
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Moment magnitude Mw

Number o
f events

Figure 5.8: Frequency distribution of moment magnitudes Mw for all considered repeating
earthquakes.

Figure 5.9: Averaged interseismic cumulative slip from plate interface repeaters from the
end of 2009 until July 2013.
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Upper platePlate interfaceNon-relocated repeaters

a

b

Figure 5.10: Repeating earthquake activity after the 2014 Iquique earthquake. (a) Re-
peater activity in time versus latitude. Stars mark the repeating earthquakes and symbol
size is scaled by seismic slip. (b) Cumulative slip of upper plate, plate interface and non-
relocated repeaters. The color scale is similar to panel a.
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Chapter 6. Measuring tectonic seafloor deformation and strain-build up with acoustic
direct-path ranging

Abstract

The Earth 'ocean floor deforms continuously under the influence of plate tectonic processes.

In recent years, the development of deep-sea instruments using acoustic direct-path ranging

allows observations of ocean floor deformation with unprecedented spatial and temporal

resolution. Due to rapid technological progress, acoustic ranging emerged as a central

research field to monitor seafloor deformation. Here we review recent developments and the

progress of direct-path ranging applications. We discuss the methodology and examine the

effects of the oceanographic environment on the measurement precision. Comparing the

resolution of previous deployments, we find that the baseline uncertainty increases linearly

with baseline length, at least for distances up to 3 km, but with different linear relations

for each deployment. Measurements of displacement at millimeter-level precision across

normal, thrust or strike-slip faults are discussed to evaluate the influence of dedicated

network designs appropriate for the discrete fault geometries. Furthermore, tectonically

quiet areas, such as flanks of coastal or ocean island volcanoes and passive continental

margins pose substantial hazards that often lack in-situ monitoring and are therefore a

significant target for the application of seafloor geodetic techniques.

6.1 Introduction

Our comprehension of Earth's crustal dynamics has fundamentally advanced through satel-

lite geodesy, but the frequency-dependent attenuation of electromagnetic waves in seawater

limits satellite geodesy to the onshore domain, whereas it is not applicable offshore. The

satellite-based geodetic techniques in Earth Sciences comprise the Global Positioning Sys-

tem (GPS) and Interferometric Synthetic Aperture Radar (InSAR). These techniques have

been applied routinely for more than three decades to monitor active motion of tectonic

plates, the movement of fault zones and plate boundaries as well as volcanic activity (e.g.,

Owen et al., 2000; Reilinger et al., 2006; Tong et al., 2010). Furthermore, gravity models

reveal large scale tectonic structures of the seafloor but are not capable to resolve tectonic

deformation with high temporal and spatial resolution (Sandwell et al., 2014). There-

fore, the global coverage with standard geodetic and surveying methods is only 30 %,

even when considering all ocean islands. However, most tectonic plate boundaries are

located offshore and most earthquakes occur along plate boundaries. Away from active

plate boundaries, non-tectonic seafloor displacement arises where volcanic activity builds

steep edifices that are prone to gravitational sliding and catastrophic flank failures with

subsequent tsunami generation. This also applies to passive continental margins, where

the largest slope failures have been detected to date (Masson et al., 2006).
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Figure 6.1: Illustration of acoustic geodesy methods to monitor seafloor displacement.
(1) Acoustic direct-path ranging between several transponders to monitor relative displace-
ment, for example across tectonic faults, (2) Indirect-path ranging between transponders
and a water column floating transponder to extend measuring distances to several kilo-
meters, (3) GPS-acoustic measurement with combination of satellite GPS positioning and
a seafloor transponder network to determine the centered seafloor position (white dot) in
the global reference frame (modified after Spiess, 1985).

The first steps towards seafloor geodesy were initiated by the development of underwa-

ter vehicle positioning at meter scale (Yamamoto et al., 2018; Bürgmann and Chadwell,

2014). Technological achievements in the 1980s facilitated the development of first acous-

tic geodesy studies capable of centimeter-scale monitoring of seafloor displacement (Spiess,

1980, 1985). Today, technical advances, together with enhanced battery capacity allows

the operational extension of seafloor geodetic applications of up to ten years. Besides

some free-fall deployments (e.g., Phillips et al., 2008; McGuire and Collins, 2013), accu-

racy seafloor geodetic installations at narrow fault zones or in regions of significant seafloor

topography often require difficult and cost-intensive Remotely Operated Vehicle (ROV)

and Autonomous Underwater Vehicle (AUV) operations.

6.2 Acoustic ranging

Displacement at the seafloor occurs in vertical and horizontal directions. The vertical

component can be estimated by pressure variations of the water column at the seafloor

after the correction of the tidal constituents (Polster et al., 2009). The relative horizontal

displacement is calculated from travel time and water sound speed. Spiess (1985) proposed

three basic set-ups for acoustic seafloor geodesy measurements (Figure 6.1):

1) Direct-path ranging allows distance measurements between two or more transpon-

ders in an array configuration across a geologic feature. This direct-path ranging
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method provides relative deformation measurement since the absolute transponder

positions are not determined (e.g., Sakic et al., 2016).

1) Indirect-path ranging provides up to several kilometer-long ranges between transpon-

ders and an interrogator transponder in-between, which can be a floating or vessel

operated device. The enlargement of measured distances using an interrogator can

be combined with a direct-path ranging network (e.g., Yamamoto et al., 2018).

1) GPS-acoustic or GPS-A determines the absolute position of a transponder network

relative to the global reference. This is done by acoustically measuring the relative

position of the seafloor transponders to a sea surface vehicle with known position

(using GPS satellites). The precise determination of the seafloor transponders lo-

cation is achieved through a high number of acoustic measurements (e.g., Gagnon

et al., 2005).

Ocean bottom pressure sensors are commonly linked to all acoustic geodesy installations.

6.2.1 Direct-path and indirect-path ranging

The objective of direct-path and indirect-path ranging is the detection of relative seafloor

deformation at millimeter precision and high temporal resolution. Travel time information

between transponders is used to derive the relative acoustic distance, which is represented

by a baseline between two seafloor transponders. Travel times are dependent on the sound

speed in water. The sound speed information, however, requires the correction for tem-

poral variations in temperature, pressure, and salinity, which are all in situ measurable

parameters. However, the in-situ measurement of these parameters is commonly only con-

ducted at the transponder sites and is therefore not available along the entire acoustic

ray path between the geodetic stations. Consequently, the sound speed is approximated

by averaging the measurements from both endpoints of the baseline. The seafloor defor-

mation is subsequently inferred using multiple baselines. The combination of direct-path

and indirect-path approaches allows the expansion of the survey area by installing moored

interrogation transponders. The centered floating transponder is triangulated by at least

three surrounded stations and position changes over time reveals seafloor deformation

(Chadwell and Sweeney, 2010). The use of acoustic signals for the detection of seafloor

deformation was first discussed by Spiess (1980, 1985). In the early 1990s, the U.S. Ge-

ological Survey installed one of the first acoustic ranging networks to measure horizontal

deformation associated with seafloor spreading across the southern Juan de Fuca Ridge

(Figure 6.2), a divergent plate boundary offshore Oregon State (Chadwick et al., 1995;

Morton et al., 1994). Three transponders were installed in an L-shape configuration across
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the Cleft segment comprising one crossing-ridge baseline and one along-ridge baseline. No

active spreading of the ridge was observed during the two years of direct-path ranging

(Chadwell et al., 1999). A second ridge-crossing deployment also yielded no extensional

motion within the uncertainty of 10 mm at the Cleft segment (Chadwick and Stapp,

2002; Chadwell and Spiess, 2008). Further to the north, Chadwick et al. (1999) deployed

five acoustic transponders across the active rift zone of Axial Seamount on the Juan de

Fuca Ridge, offshore Cascadia (Figure 6.2), with a precision of ≥ 1 cm over a distance

of 100 m – 400 m and measured up to 9 cm horizontal extension during an eruption of

Axial Seamount. In 2007, (McGuire and Collins, 2013) deployed seven acoustic ranging

transponders across the Discovery Transform Fault on the East Pacific Rise (Figure 6.2)

to enhance our understanding of plate motion partitioning of aseismic and seismic slip

and achieved millimeter baseline precision for a 1 km long baseline. Furthermore, acoustic

direct-path ranging has been employed in monitoring an unstable slope to determine de-

formation across the headwall of a prospective submarine landslide in the Santa Barbara

Basin offshore California (Figure 6.2 Blum et al., 2010).

6.2.2 GPS-acoustic (GPS-A)

While the direct-path or indirect-path acoustic ranging techniques reveal the relative dis-

placements between transponders on the seafloor, they do not provide information about

the absolute position in the global reference frame. Direct satellite-based positioning (i.e.

‘underwater GPS’) is not possible at the seafloor. Therefore, a complementary acous-

tic ranging method (relative measurement) to transfer the absolute coordinates from GPS

from the sea surface (e.g. from a ship or autonomous surface vehicle) onto the transponder

array on the seafloor is required. This system is called GPS-acoustic or GPS-A because

it combines GPS and acoustic methods (e.g., Figure 6.1 and Spiess (1985); Gagnon et al.

(2005); Fujimoto (2006); Matsumoto et al. (2008)). A GPS-acoustic system measures the

two-way travel time between the mounted transducer on board of a ship or surface ve-

hicle and the seafloor transponder (e.g., Fujita et al., 2006). Simultaneously, the system

determines the ship’s coordinates via GPS and the ship’s movement with a motion sensor.

One difficulty of the GPS-A method is the precise and accurate positioning of the GPS

antennas relative to the transponder mounted on the ship, which communicates with the

beacons on the seafloor (Chadwell, 2003). Data acquisition campaigns are conducted in

regular intervals from once to a few times per year and are mainly realized by vessels. First

tests of autonomous surface vehicle operations are initiated at the Cascadia subduction

zone (Chadwell, 2016) and at the Mexican subduction zone (Cruz-Atienza et al., 2018).

The GPS-A method was developed at Scripps Institution of Oceanography in the 1980s.

The first GPS-acoustic campaign was conducted offshore Vancouver Island to measure the
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Figure 6.2: Global map summarizing acoustic seafloor geodesy networks. Black triangles
indicate GPS-acoustic experiments and white triangles show direct-path ranging deploy-
ments. From West to East: Etna volcanic flank: Urlaub et al. (2018); North Anatolian
Fault: Sakic et al. (2016); Kido et al. (2017); Nankai Trough: Osada et al. (2008); Yokota
et al. (2016); Japan Trench: Sun et al. (2014)); Yamamoto et al. (2017a,b); Hikurangi
Margin: Henrys et al. (2016); Kilauea volcanic flank: Brooks et al. (2011); Cascadia
subduction zone: Chadwick et al. (1995), Chadwell et al. (1999); Spiess et al. (1998);
Chadwick and Stapp (2002); Santa Barbara Basin: Blum et al. (2010); East Pacific Rise:
McGuire and Collins (2013); Mexican subduction zone: Cruz-Atienza et al. (2018); Peru
shallow forearc: Gagnon et al. (2005); North Chilean subduction zone: Hannemann et al.
(2017) and J. McGuire, pers. comm. Figure modified from Weatherall et al. (2015).

convergence of the Cascadia subduction zone offshore Vancouver Island at centimeter-scale

resolution (Spiess, 1985; Spiess et al., 1998)(Figure 6.2). In 2001, Gagnon et al. (2005)

targeted the subduction zone offshore Peru (Figure 6.2) with a seafloor GPS-acoustic array

and installed two transponder networks spaced 30 km apart from each other. The networks

were arranged perpendicular to the trench to obtain the absolute horizontal deformation

and to determine the up-dip limit of the locked subduction interface. After two years the

five days-long data acquisition survey revealed no slip along the thrust fault with 1 cm

precision. This observation, as well as the shallow Mw 7.5 earthquake in 1996 offshore

Peru with the subsequent tsunami (Satake and Tanioka, 1999) supports shallow locking

of the Peruvian subduction zone from 40 km to 2 km depth.

Pioneering seafloor monitoring in a convergence setting is located off Japan, where the

first co-seismic displacement was recorded using acoustic seafloor geodesy during the Mw

7.3 Kii Peninsula earthquake in 2004 at the Nankai Trough Kumano Basin (Kido et al.,

2006) (Figure 6.2). The observed horizontal trench-perpendicular displacement is three

times larger than predicted by global navigation satellite system (GNSS) models derived
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on land. On the marine forearc of the Nankai Trough, 15 GPS-acoustic stations were

deployed by the Hydrographic and Oceanographic Department of the Japan Coast Guard

and six stations were installed offshore Honshu prior to the 2011 Tohoku-Oki event by

Tohoku University and the Japan Coast Guard (Sato et al., 2013). The Nankai Trough

located between the Philippine Sea and Amur plate is interpreted as a locked plate interface

with an expected megathrust event in the near future (Yokota et al., 2016). Yokota et al.

(2016) showed that offshore plate coupling heterogeneities cannot be precisely resolved

using only the GNSS observations. Hence the set-up of GPS- acoustic sites provides a

crucial extension to the onshore GNSS sites. A network of seven GPS-acoustic stations

recorded the Mw 9 Tohoku-Oki earthquake. This great event generated up to ∼31m of

co-seismic displacement measured in-situ near the trench (Kido et al., 2011; Sato et al.,

2011) and provided surprising results about the deformation of the marine forearc during

the postseismic period. In subduction zones, onshore observations previously suggested

that the overriding plate is moving during the postseismic period in the same direction

as the coseismic slip, which is directed towards the trench. However, offshore GPS-A

data from Sun et al. (2014) revealed the contrary motion of the marine forearc during the

postseismic period which can be explained with viscoelastic relaxation processes.

6.3 Ocean bottom pressure

Atmospheric pressure sensors are commonly used in navigation applications to determine

topographic elevation, whereas the relatively low density of air limits the application for

geodesy. However, seawater has a higher density and the pressure increases with approx-

imately 100 kPa every 10m in depth change. Ocean bottom pressure sensors commonly

use Bourdon tube mechanical gauges (Paros, 1976; Wearn and Larson, 1982). The coiled

tube is open on one side to ensure a constant balance with the surrounding pressure at

the seafloor. An oscillating quartz element is attached at the closed end. Increasing am-

bient pressure induces uncoiling of the tube and changes the tensile stress and following

resonant frequency changes of the oscillating quartz element (Watts and Kontoyiannis,

1990). The initial exponential drift and vertical short-term deformation can be well mea-

sured. However, long-term changes are difficult to distinguish from unpredictable linear

sensor drift (Polster et al., 2009). Pressure sensors have been used widely at the seafloor

(e.g., Ballu et al., 2010; Ohta et al., 2012; Sasagawa et al., 2016; Wallace et al., 2016),

in boreholes (e.g., Davis et al., 2011), and in the water column to detect approaching

tsunamis and to calculate their magnitude (e.g., Baba, 2004). Uplift and subsidence of

the seafloor are monitored in many cases with continuous seafloor pressure measurements.

Vertical seafloor deformation has been monitored since the late 1980s during eruptions of

the Axial Seamount located on the Juan de Fuca Ridge (Fox, 1999; Chadwick et al., 2006).
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Recent applications of absolute pressure gauges focus on slow slip events at subduction

zones, e.g. Hikurangi subduction zone in New Zealand (Wallace et al., 2016) and the Boso

Peninsula, Japan (Sato et al., 2017) Their usage has also added additional constraints on

precursory slip (Ito et al., 2013) and afterslip processes (Ohta et al., 2012) of the 2011

Tohoku-Oki event.

6.4 Methodology of acoustic direct-path ranging

Acoustic direct-path ranging transponders are commonly equipped with high-precision

hydrophone transducers to transmit and receive acoustic signals. A piezoelectric element

converts an electronic signal to a pressure signal emitted with omnidirectional pattern and

vice versa converts incoming pressure to an electronic signal. These signals consist of a

phase-coded pulse in a kHz range bandwidth and are transmitted between transponders

in a network to yield distances derived from the two-way travel times and consequently

deformation over time (e.g., Seitz et al., 2007; Osada et al., 2008; Sakic et al., 2016). The

transmitted acoustic rays are also reflected at the seafloor, sea surface and water column

interfaces, however, the reflected signals have increased or shortened travel times and ran-

dom phases and amplitudes. Two major procedures are used: One master transponder

transmits a common interrogation signal to all slave acoustic repeater stations and mea-

sures the travel time periodically (Chadwick and Stapp, 2002; Osada et al., 2008; McGuire

and Collins, 2013). This method involves a risk in terms of data loss in the case of failure

at the master transponder and results in one-way baseline measurements. Alternatively,

one transponder acts as master and transmits an interrogation signal to all other (slave)

transponders in the same network using a phase-encoded acoustic signal. Afterwards, an-

other transponder sends an interrogation signal as master to all other transponders. The

slave transponders individually reply after a specific delay time. The resulting travel time

is calculated by cross-correlation of transmitted and received signals at the first transpon-

der. Additionally, advanced signal processing techniques are used to improve the precision

of the direct arrival selection in the cross-correlation (i.e. pseudo peak subtraction or

cluster analysis of resulting correlograms, for details see Azuma et al. (2016)). Thereafter,

the whole procedure is repeated using another transponder to transmit a common inter-

rogation signal (Chadwick et al., 1999; Dunn et al., 2016; Sakic et al., 2016). As a result,

the baselines are measured in both directions and the data are stored on all transponders

to minimize possible data loss.

The frequency range of 5 kHz to 100 kHz is widely used for subsea navigation and results in

wavelengths of 1.5 – 30 cm (Urick, 1983), which is similar to electromagnetic wavelengths

of the L-Band used for GPS navigation systems (Bajaj et al., 2002). The optimum fre-

quency band for acoustic signals is dependent on the measuring distance and becomes
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lower as the distance increases. At lower frequencies, the noise level increases, and for

higher frequencies, the acoustic signal is more affected by attenuation (Stewart et al.,

1981). While precise travel time measurements are essential for millimeter resolution in

underwater geodetic implementations, variations in sound speed are the major obstacle for

precise travel time and hence distance measurements (e.g., Sakic et al., 2016). In isother-

mal waters of the deep-sea, the vertical sound velocity gradient is mainly controlled by the

increase of pressure with depth, which allows high baseline resolution. However, the direct

ranging is limited by geometric spreading and absorption loss of acoustic signals. Besides

this, bending (e.g. bending upward away from seafloor) of sound rays in the deep-sea

(Spiess, 1985) requires in occasion up to 5 m high structures, frames or floating units,

which, however, are more prone to tilt and hence influence baseline lengths. Subsea de-

ployments oblige a recovery procedure at the end of operation. The most common method

is a release mechanism with anchor and buoys, which is also prone to a higher degree of

tilt. Tilting of instruments can be minimized by installing frames on monuments (e.g.,

Phillips et al., 2008; McGuire and Collins, 2013) or without attached buoyancy bodies

on the seafloor. Data correction for inclination is feasible if tiltmeter data with known

orientation are available.

6.4.1 Time of flight

The time of flight can be measured with microsecond resolution, equivalent to millimeters

of range. The two-way travel-time is defined as the time of flight from one transponder to

another and the time required by the reply (Figure 6.3a). Two-way time of flight travel

time measurements do not require a most accurate time synchronization on both endpoints,

however, long-term monitoring must take the transponder clock drift into account. Drifts

greater than 3.8 ppm (120 s/yr) affect the two-way travel time with a baseline error of

more than 5 mm, hence the determination of the sound wave propagation velocity on both

endpoints or ideally along the acoustic path is crucial to detect millimeter-level distance

changes. This is achieved by monitoring the ambient parameters of temperature, pressure,

and conductivity (salinity) or by direct measurements with high-frequency sound velocity

meters (Osada et al., 2012). In addition, the measurement of seafloor displacement by

acoustic ranging between two fixed transponders or between a transponder and a ship

depends on the quality of the received sound signals. In conclusion, the combination of

travel time and sound velocity yields the geometrical distance between two transponders.

Additionally repeating interrogations over months and years provide the baseline changes.
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Figure 6.3: Time series examples from a direct-path installation at the Northern Chilean
subduction zone in more than 5000 m water depth from January to November 2016. (a)
Two-way travel-time between two acoustic transponders. The measurement occurs nine
times per day in both directions. The travel-times are obtained by cross-correlating the
transmitted and received signal. (b) Sound speed between two acoustic transponders.
Temperature, pressure and a constant salinity were used to calculate the sound speed by
using the Leroy et al. (2008) formula. Changes in sound speed are less than 0.05 m/s in
deep oceans. (c) A baseline example between two stable transponders inferred from the
conversion (Eq. 6.1) from two-way travel-time (a) and sound speed (b).
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6.4.2 Speed of sound in oceans

The speed of sound in oceans is approximately five times faster than in the atmosphere

and its spatial and temporal behavior has important effects on propagating acoustic waves.

It is predominantly controlled by temperature and less dependent on salinity and pressure

(Wilson, 1960). Shallow water mixing largely affects temperature and salinity, whereas

below 1000 m water depth temperature and salinity stabilize and the linearly increasing

pressure dominates Urick (1983). The depth varying temperature, salinity, and pressure

create a horizontal layer of minimum sound speed in the water column of the oceans.

Sound waves are trapped in this low-velocity zone termed SOFAR (Sound Fixing and

Ranging) channel and can propagate for thousands of kilometers (e.g., Metz et al., 2016).

This unique characteristic of the SOFAR channel is used for large-scale monitoring of

oceanographic properties with acoustic tomography Munk et al. (1995).

Nevertheless, ocean bottom water mass variations and turbulence imposed by currents

significantly decrease the signal-to-noise ratio of sound speed measurements. Sound speed

formulas are polynomial fits to empirically determined values from laboratory measure-

ments of seawater temperature, pressure, and conductivity. Different equations were de-

veloped: Chen and Millero (1976) published a solution that is known as the UNESCO

equation and has developed into the international standard algorithm. On the contrary,

Grosso (1974) estimated sound speed from absolute measurements with seawater and offer

an alternative to the standard algorithm, however, this approach is limited to a smaller

range of environmental parameters. The Leroy et al. (2008) formula uses latitude and

depth instead of pressure. However, direct-path ranging monitors relative changes of

transponder locations and the sensor precision of the measurement is less dependent on

the absolute values of temperature, pressure and salinity, as most uncertainty in baseline

precision is imposed from the temporal changes of the physical properties of the water

mass along the ray paths (Figure 6.3b).

6.4.3 Baselines

The acoustic distance between two acoustic geodetic stations or beacons, which is derived

from the conversion of time of flight and sound speed in water, is called a baseline (Fig-

ure 6.3c). Time of flight is measured as two-way travel-time (twt) from one transponder

to another. Simultaneous incoming reply signals at the interrogator transponder result in

signal time clashes and hence cross-correlation failure. Therefore, a delay time (deltai) for

each transponder i is set to avoid signal time clashes. The delay times are chosen based

on the expected travel times between the stations. The baseline is then calculated with:
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s = v ·
(twt − deltai)

2
(6.1)

The sound speed v can be measured directly by SV (sound velocity) probes with less

accuracy (Sakic et al., 2016), thus v is commonly calculated from temperature, pressure

and salinity (Chen and Millero, 1976, Section 6.4.2). The aforementioned uncertainty

propagation from the averaged sound speeds to the estimated acoustic distances is also

visible in the baseline estimates presented in Figure 6.3c. Moreover, the baseline data often

show apparent drifts originating from sensor drifts (in addition to the potential tectonic

deformation signal), therefore the separation of deformation from the sensor drift signal is

crucial. For instance, Sakic et al. (2016) utilized a least squares inversion approach using

a strike-slip deformation model to linearly detrend the baselines. The method assumes

that no deformation between two reference transponders (e.g. on one side of a strike-slip

fault, where the crustal block is assumed stable) occurs.

6.4.4 Resolution

The estimated baseline changes are strongly related to transient changes of the water

column conditions that can exceed the expected deformation signal, especially for long

direct-path baselines. The standard deviations of baselines reveal a linear increase in

relation to the ranging distance within one network (Figure 6.4). This is related to the

aforementioned mapping of the sound speed uncertainties into the acoustic distance, due

to the incompletely known sound speed distribution along the ray path.

The resulting uncertainty of sound speed by averaging the in-situ measurements at the

ranging transponders affects the acoustic distance determination. Therefore, the measure-

ments require a certain accuracy to achieve mm precision. These values are dependent

on pressure (and hence water depth), temperature and salinity. For instance, if a 1 mm

baseline precision is to be achieved for a 1000 m baseline, considering an ideal time mea-

surement, in 5000 m water depth, salinity of 32 PSU and temperature of 5 °C, the following

sensor accuracy should be met. Pressure sensors of oceanographic moorings can achieve

an accuracy of 0.01 kPa (approx. 0.1 cm absolute depth), which is lower than the required

sensor accuracy of 1 kPa (approx. 10 cm absolute depth). Salinity can be determined

by electrical conductivity measurements, but long-term measurement of conductivity is

a major challenge in acoustic direct-path ranging. Custom conductivity sensors achieve

salinity accuracy less than 0.001 PSU and are biased by sensor fouling induced drift. To

circumnavigate this problem, sound speed calculations with assumed constant salinity val-

ues are commonly used to convert travel times to baselines (e.g., Osada et al., 2012; Sakic

et al., 2016; Urlaub et al., 2018). The temperature measurements require a high accuracy

120



Chapter 6. Measuring tectonic seafloor deformation and strain-build up with acoustic
direct-path ranging

Figure 6.4: Baseline length plotted against standard deviation (SD) of baseline scatter as
proxy for baseline precision. Five direct-path ranging GeoSEA networks run by GEOMAR
are color-coded: (blue) North Chilean subduction zone in 2300 m water depth located
on the middle continental slope, (red) North Chilean subduction zone in 5000 m water
depth located seaward of the deep- sea trench on the oceanic plate, (black) North Chilean
subduction zone in 5300 m water depth located east of the deep-sea trench on the lower
slope of the marine forearc (Baseline of Figure 6.3 is marked as black star), (green) North
Anatolian Fault in 800 m water depth in the Kumburgaz Basin of the Marmara Sea, (cyan)
on Mount Etna’s eastern flank in 1000 m water depth.

of 0.0005 the following sensor accuracy should be met. Pressure sensors of oceanographic

moorings can achieve an accuracy of 0.01 kPa (approx. 0.1 cm absolute depth), which

is lower than for a 1 mm long baseline precision. However, millimeter precision can be

achieved with a stable temperature and salinity field (e.g., McGuire and Collins, 2013;

Sakic et al., 2016).

Analysis of seafloor geodetic networks in distinct ocean environments and water depths

indicates a linear increase of uncertainty with distance for each deployment. We assign this

behavior to sound speed heterogeneities along the ray path (e.g., Chadwell and Sweeney,

2010) This is supported by comparing the standard deviation of baselines in the geodetic

networks deployed in different oceanographic conditions. A network located on the middle

continental slope of the north Chilean forearc shows a moderate resolution compared to

other geodetic networks, which used the identical instrumentation (Figure 6.4, compare

blue curve and data points to all others). This region is well known as an area of up-

welling and of being highly influenced by the northward flowing Humboldt current (e.g.,
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Montecino and Lange, 2009). This is an example of how the mixing of water masses due to

ocean currents presumably influence the ray path uncertainties of the baselines. Although

Figure 6.4 shows that short ranges result in smaller scatter, long baseline measurements

are often favored in regions of distributed deformation since strain resolution increases

linearly with increasing distances. Geodolite distance measurements indicate a similar

precision decrease with line length (Savage and Prescott, 1973). In their study, standard

deviation shows a non-linear increase with line length above 5 km, however, aircraft ob-

tained temperature profiles improved the measurements in the past. For acoustic ranging,

it remains unclear if the linear relation between baseline lengths and baseline uncertainties

holds for distances exceeding ~3 km or if a similar behavior to geodolite measurements

appears since nonlinear effects in the ray propagation increase.

6.5 Application of direct-path ranging to different fault

scenarios

The primary target of acoustic seafloor geodesy so far is to monitor crustal displacement or

slope stability. Often acoustic ranging networks are employed at fault systems repeatedly

struck by devastating earthquakes. Currently, the precise distribution of coseismic and

postseismic slip or interseismic strain accumulation is unknown along submarine fault

segments (Lange et al., 2014), so that partitioning of seismic and aseismic slip along these

segments is not resolved. Different targets and tectonic displacement patterns require

dedicated network designs of the direct-path ranging geodetic array. In this section, we

discuss how networks are best designed for different fault geometries. The distribution

between horizontal and vertical displacement is mainly governed by the fault’s dipping

angle. Considering a shallow dipping fault, most of the displacement at the fault will

be horizontal. For a steeply dipping fault, the largest displacement component at the

fault will be vertical. In general, baselines will shorten when crossing a thrust fault

(compressional fault) and lengthen when crossing a normal fault (extensional fault), while

both, shortening and lengthening of baselines will be observed across a strike-slip fault,

depending on the baseline geometry relative to the fault.

6.5.1 Strike-slip fault

Strike-slip faults are nearly-vertical fault zones characterized by horizontal shear defor-

mation. During the interseismic phase of the seismic cycle, steady motion occurs distant

from the fault, while the fault is accumulating stress (e.g., Reid, 1910; Savage and Bur-

ford, 1970). The amount of accumulated stress is reflected by the locking degree of the
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fault. The network design for a strike-slip fault should consider the end members of a

fully locked and a fully creeping fault (e.g., Savage and Burford, 1970, 1973). The mea-

sured displacement is dependent on the distance to the fault since the strain occurs not

only on razor-sharp lineament and hence, strain decays rapidly with distance to the fault.

Furthermore, the baselines are measured at different angles to the fault. We modified the

one-dimensional simple elastic rebound model of an infinite strike-slip fault for a creeping

(coseismic phase) fault and a locked (interseismic phase) fault (Savage and Burford, 1970,

1973). In the interseismic phase one side moves in one direction in the far field. In this

phase the fault is locked to the depth W , below which it is freely slipping. In the coseis-

mic phase, the fault moves with displacement D = v · t in one direction, but the slip s(x)

decreases with perpendicular distance x to the fault, because motion occurred in the far

field during the interseismic phase. The direct-path ranging approach monitors only the

very near field of the fault. Considering a transponder pair crossing the fault to monitor

the baseline length l and length change u during the seismic cycle, one transponder is

located on one side close to the fault and the second transponder across the fault in a

distance x = l · sin(α). The observed baseline change u(l, α) is hence a function of the

angle α between the baseline and the fault at the seafloor, and length of the baseline l:

(a) Coseismic phase: u(l, α) =
(

D −

(

D
π

· tan−1

) (

x
W

))

· cos(α) (6.2)

(b) Interseismic phase: u(l, α) =
(

D
2

−

(

D
π

)

· tan−1

) (

x
W

)

· cos(α) (6.3)

In both phases (coseismic and interseismic), the maximum measurement of change in

baseline length is observed for nearly fault parallel baselines (Figure 6.5). Short baselines,

during the coseismic phase, experience higher relative baseline changes than longer base-

lines (Equation 6.2, Figure 6.5a), whereas the inverse behavior is observed for a locked

fault (Equation 6.3, Figure 6.5b), for which longer baselines have higher relative changes

in baseline length. However, the maximum baseline change in the interseismic phase is

approx. 40 % less than a measured coseismic fault motion. These considerations show the

relevance of specific network designs at strike-slip faults.

The North Anatolian Fault is a continental strike-slip fault that forms the boundary

between the Eurasian and the Anatolian plates. The right lateral strike-slip fault system

creates the marine pull-apart basin of the Sea of Marmara. The North Anatolian Fault

experienced a westward propagating sequence of events in the 20th century with the

last large destructive earthquake (Mw 7.4) in 1999 near the city of Izmit causing more

than 17,000 casualties (Hubert-Ferrari et al., 2000). The Izmit event marked the end

of the 20th century sequence, which terminated at the eastern boundary of the Sea of

Marmara. The east-to-west migration of major events along the North Anatolian Fault
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Figure 6.5: (a) Coseismic or creeping baseline-length change in percent of the fault slip
as a function (Eq. 6.2) of the intersect angle of the direct-path ranging baseline and a
strike-slip fault and the baseline length (modified after Savage and Burford, 1970), (b)
Interseismic deformation (Eq. 6.3) of a locked fault zone for a simple elastic rebound
model of a strike-slip fault with 15 km locking depth (beneath which the fault is freely
creeping). In both plots, the contour lines show the deformation of a baseline in percentage
of the total slip.
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left a seismic gap in the central main Marmara fault segment (Ambraseys, 2002; Şengör

et al., 2005). The offshore location of the fault in the Sea of Marmara impedes studies

to gain a detailed knowledge of the fault geometry and depth of the seismogenic zone

in the western region. Networks of Ocean Bottom Seismometers (OBS) and onshore

seismometers identified distinct areas of active seismicity and areas of absent seismicity

(Schmittbuhl et al., 2015; Yamamoto et al., 2017b). The heterogeneous local distribution

of seismicity lead to the deployment of acoustic ranging networks to monitor potential

strain accumulation or surface fault creep across the western and the central Marmara

Sea segments. Onshore GPS surveys in the vicinity of Marmara derive slip partitioning in

the Sea of Marmara with a predicted right-lateral slip rate of 18 - 20 mm/yr and extension

of 8 mm/yr across the Sea of Marmara Basins (Le Pichon et al., 2001). Ergintav et al.

(2014) considered a minimum aseismic creep rate of 2 mm/a and additional geo-mechanical

models suggest a strain accumulation rate of 10 - 16 mm/a (Hergert et al., 2011).

Two networks were installed in 2014 under Turkish-Japanese and Turkish-French-German

collaboration. KOERI, Turkey, and IRIDeS from Tohoku University in Sendai, Japan,

deployed a network of five transponders in September 2014. After 20 months of oper-

ation, changes in baseline length consistent with right-lateral strike-slip motion indicate

a creeping fault segment with 9 - 14 mm/yr (Kido et al., 2017). The joint IUEM (Insti-

tute University Institute European De La Mer), GEOMAR (Helmholtz Centre for Ocean

Research Kiel) and ITU (Istanbul Teknik Üniversitesi) cruise simultaneously installed a

seafloor geodesy array in 2014 (Sakic et al., 2016). Ten acoustic monitoring transpon-

ders in two independent networks were deployed on the Central High across the North

Anatolian Fault to measure horizontal deformation and strain build-up (Figure 6.6). This

segment is considered to be locked or aseismically creeping (e.g., Ergintav et al., 2014;

Sakic et al., 2016). The first six months of direct-path ranging data were processed with a

least square inversion and revealed no significant deformation within the acoustic network

(Sakic et al., 2016) in-line with a locked fault segment.

125



Chapter 6. Measuring tectonic seafloor deformation and strain-build up with acoustic
direct-path ranging

Figure 6.6: Location map of seafloor geodetic direct-path ranging networks in the Sea of
Marmara to monitor the locked segment (red line) of the North Anatolian Fault. Direct-
path ranging networks are installed by the Tohoku University (Kido et al., 2017, red
triangle) at the Tekirdag Basin and western Kumburgaz Basin and by GEOMAR in the
eastern Kumburgaz Basin (Sakic et al., 2016, yellow triangle). Fault traces (grey lines)
from Armijo et al. (2002). The recent major earthquakes near the Sea of Marmara occurred
in 1912 (Ganos, Mw 7.4) and 1999 (Izmit, Mw 7.4) (e.g., Barka, 2002; Aksoy et al., 2010).
The cities of Istanbul and Izmit (white squares) are indicated for reference.

6.5.2 Normal and thrust fault

Dip-slip faults involve vertical and horizontal shifting of rocks. Mid oceanic ridges, sub-

duction zones and passive margins are deformed by such active normal, reverse and thrust

faults. Acoustic ranging networks at dip-slip faults require a different set-up compared

to strike-slip fault systems. Network designs need to consider the baseline length in rela-

tion to the fault step height and the obliquity of the baseline to the fault. In contrast to

strike-slip faults, baseline orientation across normal and reverse faults needs to be opti-

mally conducted perpendicular to the surface expression of the fault and in line with the

expected maximum deformation direction for oblique behavior.

Generally, steep faults result in mostly vertical displacement and slip is mostly inferred

by hydrostatic pressure changes. In turn, horizontal changes for shallow dipping faults

are large and the vertical displacement small. Overall, the dislocation modeling of normal

and thrust faults is based on elastic modeling (Savage, 1983), yet the elastic case is more

complex than the strike-slip modeling (section 6.5.1).

126



Chapter 6. Measuring tectonic seafloor deformation and strain-build up with acoustic
direct-path ranging

127



Chapter 6. Measuring tectonic seafloor deformation and strain-build up with acoustic
direct-path ranging

Figure 6.7 (previous page): Location of current direct-path ranging networks monitor-
ing the marine forearc of the north Chilean subduction zone. (a) White triangles indicate
the locations of the GEOMAR direct-path ranging networks, located on the forearc middle
slope (2), lower slope (3) and outer rise (4) (Hannemann et al., 2017) and blue triangle
indicates the location on the forearc (1) of the WHOI direct- path ranging network (J.
McGuire, pers. comm.). Contour lines indicate the co-seismic rupture areas of the 1
April 2014 Iquique Mw 8.2 and 3 April 2014 Tocopilla Mw 7.6 earthquakes in 0.5 m slip
intervals with 5 m maximum slip for the Iquique event (Schurr et al., 2014). The swath
bathymetric data collected during R/V SONNE cruise SO244, R/V Marcus G. Langseth
cruise MGL1610 complemented with data from other cruises with R/V SONNE and R/V
METEOR (Geersen et al., 2018). Plate boundary data between Nazca and South America
from Bird (2003) and black arrow indicates the annual movement of the Nazca Plate with
respect to the South American Plate (Angermann et al., 1999). The cities of Iquique,
Pisagua and Tocopilla (white squares) are in-dicated for reference. (b) Schematic cross-
section of the Chilean subduction zone to illustrate the target structures of the different
networks (modified from Kopp, 2013).

Subduction zones host the greatest thrust earthquakes in the offshore domain, commonly

far out of the reach of onshore geodetic observations. In northern Chile, the oceanic Nazca

plate is subducting underneath the South American continent with a rate of 67 mm/yr

(Angermann et al., 1999) (Figure 6.7). This segment of the megathrust has been identified

as a seismic gap prior to the 2014 Iquique Mw 8.1 earthquake (e.g., Comte and Pardo,

1991; Schurr et al., 2014). In December 2015, 23 acoustic transponders were installed

in three networks across the subduction zone to monitor submarine faults (Hannemann

et al., 2017). Two networks are located on the continental slope, to observe fault motion

of the topographic ridges and the complex deformation induced by the incoming Nazca

Plate. A third network monitors normal faults caused by oceanic plate bending in the

upper crust of the outer rise. In addition, Woods Hole Oceanographic Institution (WHOI)

deployed a network in shallower depth on the upper continental slope (J. McGuire, pers.

comm.; Figure 6.7). The four network locations are aligned in a trench perpendicular

orientation to fully capture the strain build up across the North Chilean subduction zone.

The monitoring is still ongoing.

The Mw 9.0 Tohoku-Oki earthquake in 2011 caused a co-seismic surface displacement

up to 31 m (Kido et al., 2011; Iinuma et al., 2012) towards the Japan Trench first ob-

served with seafloor geodetic methods. Deformation during the post-seismic phase was

monitored by offshore GPS-acoustic measurements and shows evidence for viscoelastic re-

laxation after the main event (Sun et al., 2014). The relative motion of the incoming plate

and the frontal prism represents the motion of the shallow plate boundary fault, there-

fore Yamamoto et al. (2017a, 2018) installed in 2013 three continuous direct-path ranging

networks across the Japan Trench in addition to the already existing GPS-acoustic net-
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works. The results indicate no significant shortening or deformation of the trench-crossing

baseline and indicate absence of afterslip at the shallow portion within the resolution.

Hitherto, slow earthquakes or slow-slip events have been observed at several convergent

plate boundaries (e.g., Ito et al., 2013; Graindorge, 2004; Wallace et al., 2016) by absolute

pressure gauges at the seafloor or in boreholes, though solely the vertical deformation com-

ponent was measured and an acoustic direct-path ranging observation of slow earthquakes

is still lacking.

6.5.3 Unstable slopes

In addition to active tectonic faults, submarine slopes prone to mass wasting and slope

failure are a target of seafloor geodetic investigations. At submerged slopes, in particular

at passive continental margins or ocean island volcanic edifices, sudden mass movements

may generate devastating tsunamis that potentially cause the loss of human lives and

destruction of infrastructure. Direct-path ranging provides information on the spatial and

temporal dynamics of areas with a tendency of failure and are thus crucial to hazard

assessment (Urlaub and Villinger, 2018). The first assessment of an area prone to slope

failure was conducted at the northern flank of the Santa Barbara Basin (Blum et al., 2010).

A connecting seafloor crack between two slides is suspected to evolve into the headwall

of a future slide. The two years of monitoring of the crack revealed no active seafloor

movement. Absolute pressure gauges have been used to monitor the offshore décollement

of the landslide associated to Kilauea’s unstable flank (Phillips et al., 2008; Brooks et al.,

2011). During a four-year period, the data revealed an uplift of 9.0 ± 2.4 cm/a. However,

only the acoustic ranging technique is capable of determining slip along the décollement

fault plane or relative to the stable surrounding. Active volcanoes grow in mass and are

prone to gravitational or magma induced instabilities leading to flank movements and,

potentially, collapses (McGuire, 1996). In the geologic record catastrophic failures of

volcanic flank edifices were identified for example at the Canary Islands (Krastel et al.,

2001), Cape Verde Islands (Ramalho et al., 2015), Fiji archipelago (Cronin et al., 2004),

Mount Kilauea (Moore et al., 1994; Phillips et al., 2008), Ritter Island (Johnson, 1987),

and Mount Etna (Calvari, 1996). Currently, numerous volcanoes with submerged flanks

show evidence of flank movement (Poland et al., 2017).

One example for the application of acoustic ranging in such settings is the unstable sub-

merged volcanic flank of Mount Etna, Italy (Figure 6.8). Mount Etna on the east coast of

Sicily is the largest and most active volcano in Europe. Over the last decades, extensive

satellite geodetic surveys focusing on the onshore flanks of Mount Etna have revealed the

instability of its eastern flank, which continuously moves seawards with displacement rates

of up to 50 mm/yr (Borgia et al., 1992; Palano, 2016).
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Figure 6.8: Seafloor geodetic monitoring of the unstable south-eastern Flank of Mount
Etna. (a) Map of Etna volcano with the city of Catania in Sicily with onshore faults after
Barreca et al. (2013) Topography and bathymetry after Ryan et al. (2009) and Gutscher
et al. (2017). The direct-path ranging network (white triangle) is located at the southern
boundary of the presumably sliding flank. (b) Close-up of the direct path-ranging network
with five monitoring transponders (white triangles). (c) Baseline time series of G2 - G5
and G4 - G5 (b). Right-lateral slow-slip deformation occurred within 8 days in May 2017
(modified after Urlaub et al., 2018).

Offshore measurements to complement these surveys were lacking to date, but necessary

to capture the full spectrum of flank movement and to understand the causes and mech-

anisms responsible for volcanic flank instability and, ultimately, to improve the regional

hazard assessment. In 2016, five direct-path monitoring transponders were installed across

the right-lateral strike-slip fault that defines the southern boundary of the sliding sector

(Figure 6.8) (Gross et al., 2016). Since then the seafloor geodetic network revealed up to 4

cm of right-lateral fault slip released in a slow-slip event lasting eight days (Urlaub et al.,

2018). These unique data show the importance of so far unconsidered offshore deforma-

tion at unstable slopes for an improved assessment of the mass volumes affected by slope

instability.

6.6 Summary

The field of seafloor geodesy is a rapidly emerging research field driven by fast technological

developments and increasing number of deployments worldwide. GPS-acoustic observa-
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tions of the Tohoku-Oki event revealed the importance of seafloor geodesy to understand

the co-seismic and post-seismic deformation of the overriding plate at convergent margins

during megathrust events. The acoustic ranging method is divided into two major imple-

mentations. Combination of satellite-based GPS and acoustic ranging to the seafloor and

direct-path ranging between two or more transponders are the preferred methods. The

corresponding reference systems are global or local, respectively, and the choice of method

and hence reference system depends on the addressed geological question. The propaga-

tion of sound waves in water and environmental conditions of oceans constrain the extent

and resolution of acoustic seafloor networks. Furthermore, the analysis of error sources is

required to identify sensor drift induced baseline changes. The precision of deformation

measurements is not only determined by the oceanographic environment but also by the

implemented network design and fault geometry as discussed above. Besides major tec-

tonic fault scenarios such as strike-slip, normal and thrust faults, submarine slopes prone

to failure are targets of seafloor geodesy using direct- or indirect-path ranging methods.

Acoustic ranging networks are currently monitoring subduction zones as the Northern

Chilean subduction zone (Hannemann et al., 2017) and in the region of the Tohoku-Oki

megathrust event of the Japan trench (Yamamoto et al., 2017b). Strike-slip faults are

monitored along the submerged western part of the North Anatolian Fault (Sakic et al.,

2016; Kido et al., 2017) and the unstable eastern flank of Mount Etna in Sicily (Urlaub

et al., 2018). Numerous new seafloor geodetic networks are currently in the planning stage

and will be installed in the coming years.

In this article, we reviewed the recent technological and data processing strategies as well

as applications of direct path acoustic ranging for different geological settings. Baseline

resolution with mm precision can be measured nowadays, even for large numbers of base-

lines and time spans of years. We show that the baseline uncertainty increases linearly with

baseline length with different relations for each deployment. This finding holds at least for

baselines up to 3 km. Acoustic direct-path ranging as a part of acoustic seafloor geodetic

approaches is a promising method to understand the processes of fault deformation and

strain build-up of tectonic and non-tectonic structures

6.7 Outlook

The recent progress and increasing number of scientific applications of acoustic seafloor

geodetic surveys demonstrate the significant potential of the method. Decreasing energy

consumption and increasing energy storage in batteries will allow operation of ten years

and beyond, and the ability to integrate additional sensors. Technological developments

will allow a more feasible deployment without the requirement of remote operating vehicles
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(ROV) and autonomous surface vehicles (ASV). For instance, autonomous data collection

campaigns or alternative sea surface platforms, such as moored buoys or towed buoys or

rafts, small-unmanned engine boats or wave gliders can dramatically reduce survey costs

and lay the foundation for monitoring in near real-time. Additionally gathered oceano-

graphic parameters of long-term acoustic monitoring stations which periodically measure

the ambient parameters of the water column provide the opportunity to monitor water

mass movements at the seafloor at small scales as well as seasonal or annual oceanographic

changes (e.g., Thomson and Davis, 2017). Therefore, global geodetic data can be used

to infer properties to provide new insight into ocean bottom currents at very high spatial

resolution. A recent example observed frequent transient and subtle cold water pulses

of -0.02 °C at intervals of several days flowing through a direct-path ranging network in

the Sea of Marmara (Sakic et al., 2016; Timmermann, 2016). Seafloor geodesy such as

acoustic direct-path ranging and GPS-acoustic surveys will be crucial in fully revealing

plate tectonic processes and mitigation of marine hazards, including tsunamis.
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Abstract

Using offshore geodetic observations, we show that a segment of the North Anatolian Fault

in the central Sea of Marmara is locked and therefore accumulating strain. The strain accu-

mulation along this fault segment was previously extrapolated from onshore observations

or inferred from the absence of seismicity, but both methods could not distinguish between

fully locked or fully creeping fault behavior. A network of acoustic transponders measured

crustal deformation with mm-precision on the seafloor for 2.5 years and did not detect

any significant fault displacement. Absence of deformation together with sparse seismicity

monitored by ocean bottom seismometers indicates complete fault locking to at least 3

km depth and presumably into the crystalline basement. The slip-deficit of at least 4 m

since the last known rupture in 1766 is equivalent to an earthquake of magnitude 7.1 to

7.4 in the Sea of Marmara offshore metropolitan Istanbul.

7.1 Introduction

It is well known that Istanbul city and populations along the coasts of the Sea of Marmara

were previously severely affected by earthquakes related to the submerged North Anatolian

Fault (NAF) in the Sea of Marmara (Ambraseys, 2002a). Some of the earthquakes were

associated with seismically driven sea-waves and six destructive run-ups are known from

historical reports for the last 20 centuries (Ambraseys, 2002b). For example, the 1766

earthquake, suggested to have nucleated beneath the western Sea of Marmara (Parsons

et al., 2000), resulted in very strong shaking in Istanbul (Mercalli Intensity VII, very strong

shaking) and seismically driven sea-waves submerged the quays in Istanbul (Ambraseys,

2002b).

The Sea of Marmara, crossed by the NAF, is one of the regions on the globe where

the fragmentary knowledge on the degree of fault locking poses a significant impediment

for assessing the seismic hazard in one of Europe’s most populated regions, the Istanbul

metropolitan area. Since 1939, destructive seismic events on the onshore portion of the

NAF have propagated westwards towards Istanbul (Figure 7.1c) (Karabulut et al., 2011).

The most recent events were the Mw 7.2 Düzce and Mw 7.4 Izmit earthquakes in 1999

(Figure 7.1a) that caused 854 and 18,000 casualties, respectively. Towards the Dardanelles

in the west, the Mw 7.4 Ganos earthquake ruptured the NAF in 1912 (Aksoy et al., 2010).

In the Sea of Marmara, the NAF forms a well-known seismic gap along a 150 km-long

segment (Bohnhoff et al., 2013), inferred to have last ruptured in 1766, whereas all the

onshore segments of the NAF from the province Erzincan in Eastern Anatolia to the Sea

of Marmara ruptured in the last 100 years (Stein et al., 1997). The degree of aseismic
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deformation and hence the locking state of the marine fault segments of the NAF cannot

be well resolved using onshore GPS stations alone (Klein et al., 2017). Owing to the lack

of offshore observations, the uncertainty on fault slip rates on the order of 10 mm a−1 in

the central part of the Sea of Marmara prevails.

While onshore deformation of faults is monitored using geodetic techniques such as GPS

and InSAR, movement of offshore faults remains mostly unknown due to the opacity of

water to electromagnetic waves. As a result, we rely on extrapolated observations of GPS

land measurements to the marine domain (Hergert and Heidbach, 2010; Ergintav et al.,

2014). However, extrapolating onshore observations requires assumptions about crustal

properties and fault geometry to determine the locking state of a fault or fault segment

(Ergintav et al., 2014). Inferring the slip rate of faults from seismicity (Schmittbuhl et al.,

2015; Bohnhoff et al., 2017; Yamamoto et al., 2017) includes assumptions about the fric-

tional behaviour of the fault because deformation is known to be partitioned into seismic

moment release (e.g. through micro-seismicity) and aseismic creep (Lange et al., 2014).

Other studies use the relationship between the frequency and magnitude of earthquakes,

known as the Gutenberg–Richter law, to infer the state of differential stresses on faults

(Tormann et al., 2015). Our blindness to offshore deformation leads to pivotal debates in

science. For instance, the kinematic state of a fault can vary between the two end mem-

bers from fully locked to continuously creeping, resulting in a slip accumulation between

zero and full displacement along the fault. The fault kinematics is thus determinative

of hazard estimates and we are far from the level of knowledge we have on deformation

onshore (Bürgmann and Chadwell, 2014). Seafloor uplift and subsidence can be resolved

by pressure measurements (Wallace et al., 2016) and absolute horizontal displacement by

combining GPS and acoustic measurements (Gagnon et al., 2005). Direct and contin-

uous acoustic path-ranging between two sites on the seafloor becomes increasingly used

in oil exploration (Dunn et al., 2016) and research (McGuire and Collins, 2013; Urlaub

et al., 2018; Petersen et al., 2019; Yamamoto et al., 2019). Recent works used submarine

fibre optic telecommunication cables to detect subtle strain changes induced by distant

earthquakes (Marra et al., 2018). Here, we use acoustic ranging techniques to measure hor-

izontal crustal strain on the seafloor with mm-precision over periods of years and dozens

of baselines to resolve tectonic deformation. The geodetic monitoring together with the

OBS observation indicate that the NAF segment in the Kumburgaz Basin is fully locked.
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Figure 7.1: Overview and tectonic setting of the Sea of Marmara. (a) Tectonic setting
of the NAF (solid line) in the Marmara region with local seismicity (orange dots) between
1999 – 2009 (Karabulut et al., 2011) and 2010 – 2012 (Hergert and Heidbach, 2010). The
geodetic acoustic network is located in the yellow box (top center) and the local ocean bot-
tom seismometer (OBS) stations (29/10/2014 – 25/04/2015 and 26/04/2015 - 13/04/2016)
are indicated with triangles. Microseismicity based on the OBS (this study) in the area
of the geodetic network is shown with green circles. The red star indicates the location
of a recent Turkish-Japanese direct path-ranging network in the western Sea of Marmara
(Yamamoto et al., 2019). Fault traces of the NAF (Armijo et al., 2005) and GPS displace-
ments relative to stable Eurasia (Ergintav et al., 2014) are shown with black arrows and
lines. Bathymetry from (Le Pichon et al., 2001) and topography from (Ryan et al., 2009).
Tekirdağ basin (TB), Central Basin (CeB), Kumburgaz Basin (KB), Central High (CH)
and Çınarcık Basin (CB) (Schmittbuhl et al., 2015). (b) Profile view of seismicity north
of 40.6 °N, same symbols as in panel a. Sedimentary basins are indicated with red arrows
and the extent of the Ganos 1912 and Izmit 1999 earthquakes (Bohnhoff et al., 2017) are
indicated with black arrows. Creeping (Schmittbuhl et al., 2015; Bohnhoff et al., 2017; Ya-
mamoto et al., 2019) and locked (Bohnhoff et al., 2013) segments of the NAF are labelled.
See text for discussion about locked fault beneath the KB and the CB. (c) Large-scale
tectonic setting of north-western Turkey with rupture zones of major earthquakes (Armijo
et al., 2005; Bohnhoff et al., 2013) along the North Anatolian Fault (NAF)
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7.2 Methods

7.2.1 Direct path ranging method

We measure the acoustic distance between two transponders by the two-way travel time

of acoustic signals between the transponders and from the sound velocity, measured inde-

pendently (Yamamoto et al., 2019; Petersen et al., 2019):

s = v ·
(TWT − deltai)

2
(7.1)

where s is the acoustic distance (i.e. baseline length), v the sound velocity in water,

and TWT the two-way travel time of the signal between the transponders and deltai the

response delay time of the responding station i to the incoming signal. Due to the two-way

travel time measurement, the acoustic signals travel in forward and backward direction

and directional effects imposed by water fluxes cancel out. This is only possible since

the temporal changes of water currents are clearly slower than our two-way travel times,

which are mostly below 3 s. Overall little is known on the accurate water parameters on

the seafloor of the Sea of Marmara because most stations measuring oceanic parameters

are located at shallow water depths (Aydoğdu et al., 2018). The temperature and pressure

are measured at the active transponder during the TWT measurement; the velocity along

the acoustic path is approximated by the harmonic mean of the sound velocities of water

at the stations (i.e. the endpoints of ray-paths).

7.2.2 Acoustic transponders

Ten acoustic distance metres, four from the Ocean Geosciences Laboratory in Brest (sta-

tion names start with F) and six from Geomar’s GeoSEA array in Kiel, Germany (station

names start with G), were installed late October 2014 (Sakic et al., 2016) and fully opera-

ble until 5 May 2017. During the last visit with R/V Yunus on 29 January 2018 only three

F-stations were running, all others stopped due to empty batteries. During the 2.5 years

of complete operation of the network, each transponder measured temperature, pressure,

inclination (Figure 7.3 and Supplementary Figures 7.7 – 7.9) and two-way travel times to

the neighbouring stations (Supplementary Figure 7.12).

7.2.3 Sound velocity

Each transponder had an integrated sound-velocity sensor but they showed unexpected

offsets and long-term drift of up to 0.5 m s−1 water speed in the time-series, which would
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map into apparent baseline changes of ~0.5 m. Although the sound speed measurement

turned out useless for estimating the baseline lengths, they could be used to estimate

salinity at the transponders in the order of 38.6 PSU, in-line with published data (Boyer

et al., 2013). The sound speed (Figure 7.3d, Supplementary Figure 7.13) was calculated

from temperature, pressure and the derived salinity value (Leroy et al., 2008) assumed to

have remained constant throughout the experiment.

7.2.4 Salinity

The sound speed v can be calculated from pressure, temperature, and salinity (Leroy et al.,

2008). We use the empirical relations, assuming a constant salinity, as in similar acoustic

experiments (Chadwell et al., 1999; Osada et al., 2012).

7.2.5 Temperature

For the time after 5th May 2017 until January 2018 the F-stations were still operable, but

the temperature sensors of the F-stations do not allow estimating a high-resolution baseline

since artefacts of their temperature sensor cannot be isolated from a baseline change.

Both networks operated independently but measured some common baselines (Figure 7.2).

We use the temperature data from the G-transponders for the close-by F transponders

(distances less than 100 m each) since they have a high-resolution temperature sensor.

The temperature timeseries from the G-stations (sample interval of 90 min) were spline

interpolated onto the measurement times of the close by F-stations (six measurements

during the first 10 min of each hour).

Station F4 stopped sending out active baselines requests on 25 April 2015 but still re-

sponded to incoming baselines requests allowing to estimate the baselines for one-direction

during the deployment (using pressure and temperature for F4 of close-by stations). The

pressure sensor of transponder G2 was only working until 10 April 2016, later on, we used

the pressure of G5 instead. Stations F2 (faulty temperature sensor) and G4 (temperature

sensor broken after 19 November 2015) had both artefacts with the temperature sensors.

Although close by to G1 the temperatures of G1 could not be used for G4 nor F1 since

both stations are likely located in a slightly different temperature field as suggested by

the travel times measurements from G4 to all other transponders (Supplementary Figure

7.12). Since the acoustic distance changes are dependent on sound speed variations (Eq.

7.1), which in turn are mostly influenced by temperature (Leroy et al., 2008), the lack

of accurate temperature measurements of G4 and F1 does not allow isolating a geologic

movement using these stations. We extensively tried to use temperatures of G1 and G5 for
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G4 and F1, but this cannot compensate the different behaviour of travel time and due to

the small heterogeneities of the temperature field and due to the trade-off between distance

and water speed (Eq. 7.1) we did not use baselines from and to G4 and F1. Adopting

the temperatures from other G-stations to G5 resulted in apparent baseline lengthening

of ~1 cm to all other stations.

The temperature measurements (Figure 7.9a and Supplementary Figure 7.7) indicate a

long-term increase of temperature with an approximate rate of 0.028 °C per year ( ~0.07 °C

during the 2.5 years of deployment). Together with the temperature increase in the western

part of the Sea of Marmara (Yamamoto et al., 2019) (annual rate of 0.02 °C at the location

indicated with a red star, Figure 7.1), these observations might suggest general warming

of sea bottom water in the Sea of Marmara. Furthermore, we observe repeated influx

of cold water with an average temperature drop of 0.016 °C and average durations of

two days. The temperature change can be tracked as the temperature successively drops

within mostly ~10 h from east to west suggesting water mass movement of ~5 cm s−1 and

shows a seasonal effect with a higher rate of temperature drops in winter time (November -

February).

7.2.6 Pressure

The pressure time series (Figure 7.3b and Supplementary Figure 7.8) for all sensors are

very similar with variations similar to tide-gauge observation at the north coast of the

Sea of Marmara (tide gauge station Marmara Ereğlisi, https:// tudes.hgk.msb.gov.

tr/tudesportal/, downloaded 2 September 2018). The pressure does not show a clear

geological long-term trend as expected for a tectonic uplift or subsidence and we interpret

the signal as long-term water changes above the transponders such as river-runoff, water

in-flow from the Black Sea and the Dardanelles. For the baselines, pressure changes of 1

kPa would result in a baseline change of 11 mm for a 1000 m long baseline in case pressure

change would not be compensated by travel times.

7.2.7 Installation of geodetic frames on the seafloor

First, potential sites along the NAF were mapped using high-resolution Autonomous Un-

derwater Vehicle (AUV) bathymetry (Grall et al., 2018a,b). Then, 4 m high frames (Sup-

plementary Figure 7.14) with the transponder on top were lowered to the seafloor using a

deep-sea cable. For accurate positioning on a target position, two transponders attached

to the cable above the frame were used. Furthermore, buoyancy and weight were attached

to the cable and above the frame, which allowed detecting the touch-down of the frames
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on the seafloor by observing the cable slack (Kopp et al., 2017). After their installation,

all stations were inspected using a Remotely Operated Vehicle (Supplementary Figures

7.14 and 7.15).

7.2.8 Seismicity

The OBSs were first deployed in a very small aperture array (29 October 2014 until 25

April 2015, upright green triangles) and then re-deployed along the NAF (26 April 2015

until 13 April 2016; inverted green triangles) (Figure 7.1). The OBS network was installed

in the shipping lane of the access to the Bosphorus in order to avoid station loss due to

fishing activities. As a result, the elongated installation prevents very accurate estimates

of the event depths using OBS only. Therefore, all events shown with red circles were

located with land and OBS observations. Only events with RMS values smaller then 1

s and recorded on more than five stations are used. Events were located using the 1D

velocity model from Cros and Geli (2013) and the seismological analysis software SEISAN

(Havskov and Ottemoller, 1999). The OBS stations did not sig- nificantly increase the

number of events detected close to the geodetic network. Few additional events were

detected compared to Koeri’s catalogue, but P-S times (always larger than 2 s) and P

polarisation indicate that these events did occur outside the OBS network and hence the

geodetic network.

7.3 Results

7.3.1 Direct path ranging experiment

Our inability to resolve sub-horizontal tectonic displacement on the seafloor is addressed

by a path-ranging method based on acoustic travel-time measurements (McGuire and

Collins, 2013; Bürgmann and Chadwell, 2014; Sakic et al., 2016; Urlaub et al., 2018; Ya-

mamoto et al., 2019). Distance changes between seafloor instruments are estimated from

two-way travel times and sound speed of water. Sound speed along the entire ray-path

is approximated by the geometric mean of the sound velocities measured at both end-

points. In October 2014, an offshore geodetic network of intercommunicating transponders

was installed in 800 m water depth where the NAF trace is identified in high-resolution

multibeam seafloor bathymetry maps (Grall et al., 2018a,b) acquired by autonomous un-

derwater vehicles (Figure 7.2) and in 3.5 kHz seismic profiles (Geli and Henry, 2009).

The deployment site was selected based on the existence of a linear scarp of the NAF

clearly visible in the bathymetry as a proxy for maximised strain release along the NAF
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Figure 7.2: Baseline shortening or lengthening rates, based on the total deformation mea-
sured at the end of the deployment, are colour coded. A constant strain of 4.5 · 10−6 was
subtracted to each baseline in order to correct for the inferred constant salinity decrease
of 0.002 PSU yr−1. Transponder locations are shown as black circles. F- and G- stations
only communicate within their respective network. High-resolution shaded bathymetry
map (Grall et al., 2018a,b) is shown with a light source from the South

(Le Pichon et al., 2001; Armijo et al., 2005). Ten acoustic transponders, four from the

Ocean Geosciences Laboratory in Brest, France (station names starting with F) and 6

from GEOMAR’s GeoSEA array in Kiel, Germany (station names starting with G), were

installed (Sakic et al., 2016) in October 2014 and remained fully operational until May

5, 2017. Each set of stations, manufactured by Sonardyne Ltd (UK), used a different

center-frequency (F: 22.5 kHz, G: 17 kHz), so the F- and G-stations communicated only

with F- and G-stations, respectively. Pairs of stations, < 100 m apart, shared common

baselines and all stations monitored the temperature, pressure, and tilt (Figure 7.3a, b,

Supplementary Figures 7.7 – 7.9) at the transponder site along with the two-way travel

time between them (Figure 7.3c).

7.3.2 Baseline estimation

We use 650.000 two-way travel time measurements based on two soundings, respectively.

Each station either interrogates the other stations of its kind or acts as a replying in-

strument, thus the experiment forms an autonomous intercommunicating network on the
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seafloor, rather than observations at individual positions. The acoustic distance is then

calculated from the average sound-speed in water multiplied by the one-way travel time.

We estimate the sound-speed in water from temperature and pressure measurements

(Leroy et al., 2008), assuming a constant salinity, similar to other path-ranging exper-

iments (Chadwell et al., 1999; Osada et al., 2012; McGuire and Collins, 2013). Figure

7.3 shows the time series of the measured parameters together with the calculated sound

speed and baselines for the southwest-northeast fault crossing baseline G2 - G5.

For the final strain estimates (Figure 7.4), we subtracted a mean strain of 4.5 · 10−6 es-

timated from all baselines not crossing the fault (corresponding to a baseline decrease of

4.5 mm for a 1000 m long baseline during 2.5 years). Subtracting a constant strain value,

instead of a constant increase or decrease in the baseline lengths, accounts for the fact

that linear trends in sensor drift or water parameters are linearly related to strain. In

addition, considering strain makes the observation independent from the baseline lengths.

The baselines show a consistent behaviour (Figure 7.2, Supplementary Figures 7.10, 7.11

and Supplementary Table 7.1), with a long-term resolution better than 8 mm for all base-

lines (Figure 7.3), and strain is smaller than 1 · 10−5 for all baselines (e.g. less than 1 cm

deformation on a 1 km-long measurement distance). For instantaneous baseline changes,

the resolution capability is ~2 mm, in particular, if an event would influence different base-

lines. We interpret the nominal lengthening of all baselines as a result of subtle changes

in the physical properties of water, such as a salinity decrease of 0.005 practical salinity

units (PSU) during the 2.5 years of deployment (0.002 PSU a−1). Alternatively, one could

consider a total drift in all pressure sensors of -0.242 kPa or a total drift in all temperature

sensors of -0.00126 °C. In particular, a pressure drift of -0.242 kPa during the deployment

cannot be distinguished from a local uplift of 2.4 cm. Because the Sea of Marmara is

an extensional step-over or pull-apart structure system including substantial subsidence

(Armijo et al., 2002) with the basement imaged at a depth of ~4.5 km below the Central

High and therefore close to the geodetic network, uplift is unlikely (Bécel et al., 2010). The

data suggest an absence of vertical movement and the remaining small baseline changes

originate from measurement uncertainties of the pressure and temperature sensors. The

subtle changes of water parameters such as the temperature increase of 0.002 °C on March

2016 (Figure 7.3a) might be a sensor artefact since they are not compensated by pressure

or travel time resulting in an apparent ~3 mm baseline length change (Figure 7.3e). How-

ever, since baseline estimates are based on the equation distance = time × velocity, travel

times and water sound-speeds must be jointly accurately known. This problem is similar

to the hypocenter-depth-velocity dependency in earthquake location techniques. This is

the reason why the network was designed to measure a high number of baselines across

the fault to allow isolating effects of sensor drift from baseline changes.
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Figure 7.3: Measured parameters and estimated baseline for station pair G2-G5. Black
lines indicate monthly medians. (a) Temperature. (b) Pressure. (c) Acoustic one-way
travel times between the transponders for the forward- and backward measurement. (d)
Estimated sound speed from temperature and pressure (using a constant salinity). (e)
Resulting baselines for both measurement directions. Orange lines indicate the monthly
mean baseline lengths with the inferred linear salinity decrease rate of 0.002 PSU yr−1
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Figure 7.4: Strain of all baselines. Strain (monthly medians) estimated from the mea-
sured travel times and calculated sound speeds based on pressure, temperature and a
linear salinity decrease of 0.002 PSU yr−1. Baselines not crossing the fault (e.g. sub-
parallel to the NAF) are shown in black; for a simple, east-west oriented, right-lateral
strike-slip fault, baselines oriented southwest-northeast (red lines) should lengthen and
those oriented northwest- southeast (blue lines) should shorten. Predicted strain rates
correspond to a strike-slip movement reaching the seafloor.

7.3.3 Estimation of slip on the fault from baseline data

We compared the observed baseline changes with a vertical west-east trending strike-slip

model crossing the network. We used a least square inversion to determine the slip rate

of the fault which minimizes the differences between the observations and the strike-slip

fault model (Sakic et al., 2016). This approach implicitly includes the assumption that

baselines located on one side of the fault (i.e. not crossing the fault) are not changing.

From baselines crossing the fault we found an optimal rate for strike-slip movement of 0.80

± 1.25 mm yr−1. This suggests that the surface fault slip rate across the network is close to

zero and consistent with the results from the first six months of deployment (Sakic et al.,

2016). Analysis of the geodetic data during the first six months of the deployment resulted

in an upper bound on the slip rate of 6 mm yr−1 only (Sakic et al., 2016). The seven-fold

increase of fault slip resolution clearly demonstrates the need for long-term deployments

in order to resolve tectonic processes.

7.3.4 Modelling of strain and locking depth

Next, we model strain for vertical strike-slip faulting. We use an analytical half-space

solution, based on the elastic dislocation theory for an infinitely long vertical strike-slip

fault (Rybicki, 1971). Since the geodetic network is located on low rigidity sediments, we

model the dependency of strain in the presence of a low rigidity layer (= weak layer). We

use a simple model consisting of two horizontal layers with a rigidity contrast (Rybicki,
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1971) to investigate the dependency of strain on creep below given depths, rigidity and

varying thickness of the overlying sedimentary layer. The slip rates estimated for the NAF

from onshore observations range between 15 and 27 mm yr−1 (Meade, 2002; Reilinger

et al., 2006; Hergert and Heidbach, 2010) from GPS observations and between 15 and

19.7 mm yr−1 from mass deposit considerations (Kurt et al., 2013; Grall et al., 2013).

We model fault creep with a rate of 20 mm yr−1 (in-between the GPS and geological

estimates) for different faulting depths, above which the fault is locked and below which

it creeps. The modelled strain is linearly depen- dent on the inferred slip rate of 20 mm

yr−1 (Rybicki, 1971). We model scenarios for creep below 3 km (corresponding to the

thickness of the basin sediments (Bécel et al., 2010) and hence strain in the pre-kinematic

basement rocks (Figure 7.5a) and for creep below 4.5 km depth (corresponding to the

depth of the crystalline basement) (Figure 7.5b). The depths of the geological units are

known from a seismic profile passing in ~5 km distance south-east of the geodetic network

(Bécel et al., 2010). The results show that the overlaying low rigidity sedimentary layers

focus the strain close to the fault (Figure 7.5a,b). Fault creep below 3 km (Figure 7.5a),

corresponding to slip in the pre-kinematic basement rocks (Bécel et al., 2010), is clearly

above the strain rate sensitivity of the geodetic network. The strain rate sensitivity of

the geodetic network is 1.6 · 10−6 yr−1 corresponding to the inverted strike-slip movement

of 0.8 mm yr−1 considering the 500 m coverage of the geodetic network per- pendicular

to the fault (Figure 7.5). Modeling the minimal fault slip inferred from onshore geodetic

observations (16 mm yr−1) results in 20 % less strain and would still have been above to

the sensitivity of the offshore geodetic network, in particular, due to the existence of weak

shallow layers (Figure 7.5a). From the modelling we find the locking depth of 3 km as

the most conservative estimate. The strain rate induced from 20 mm yr−1 creep in the

crystalline basement (Figure 7.5b), located below 4.5 km (Bécel et al., 2010) depth, results

in a signal exceeding the strain rate sensitivity for sedimentary layers thicker than 1 km.

Slip at depths below 16 km (Figure 7.5c), corresponding to the interseismic deformation,

results in a small strain signal and is still in line with the measurement uncertainty of

strike-slip faulting of 0.80 ± 1.25 mm yr−1. In the last step, we modelled the dependency of

strain on rigidity contrasts between the upper and lower layer (Figure 7.5d). We estimated

the rigidity from empirical relations from a seismic P-velocity profile (Bécel et al., 2010)

(Supplementary Table 7.2). Despite the uncertainties of the empirical relations we find

rigidity ratios clearly exceeding 10 for the material above and below the basement, so the

calculated strain rate of strike-slip faulting on the seafloor is little dependent on these

large values (Figure 7.5d). From the strain rate estimates, we conclude that the strain

rate sensitivity of the geodetic network is likely sufficient to resolve fault movement above

the basement (Figure 7.5a,b) and the model shows that the maximal resolution is reached

for slip occurring at depths below 5.5 km (Figure 7.5d).
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Figure 7.5 (previous page): Modelled strain rates for a vertical strike-slip fault. The
strain for homogenous and layered half space, based on elastic dislocation theory, was
estimated using the analytical solution for a horizontally layered half-space and a vertical
strike-slip fault (Rybicki, 1971). (a) Model for creeping below 3 km depth corresponding to
slip in the pre-kinematic basement rocks (Bécel et al., 2010) and below. Above the locking
depth, the fault is fully locked. Below the locking depth, the fault creeps at 20 mm yr−1.
The ratio of rigidity between the lower and upper layer is 4. The strain rate sensitivity of
the geodetic network is 1.6 ·10−6 yr−1, corresponding to strike-slip movement of 0.8 mm
yr−1 considering a 500 m extension of the geodetic network perpendicular to the fault. (b)
Model for slip below 4.5 km in the basement rocks (Bécel et al., 2010). (c) Creep below 16
km depth corresponding to interseismic deformation. d Dependency of rigidity contrast
on the strain rate for a 4.5 km weak layer and creep below 5.5 km. Rigidity contrast from
empirical relations is in the range between 8 and 16 (Supplementary Table 7.2). (e) Sketch
showing the modelling setup and parameters. µ1 and µ2 are the rigidities of the shallow
layer and below.

With the possibility of distributed strike-slip across a few kilometre-wide zone of faults at

the seafloor (Le Pichon et al., 2001; Grall et al., 2018a; Henry et al., 2018; Wollin et al.,

2018), we might not have captured the complete possible slip. However, deformation is

clearly focussed beneath the geodetic network since the fault trace can be unambiguously

identified in the bathymetry (Le Pichon et al., 2001; Grall et al., 2018a). In particular,

there is a clear 3.5 km right-lateral offset of a ridge between the baselines, indicating the

location of the geodetic network above the main zone of surface deformation of the NAF

(Armijo et al., 2005).

7.3.5 Local seismicity

To better detect small-magnitude events indicative of a creeping behaviour, two small

aperture OBS arrays were deployed in the vicinity of the geodetic stations and close to

the NAF: a 5 km wide array during five months and a 12 km wide array for the next

12 months (Figures 7.1 and 7.6). Such small aperture OBS arrays are significantly more

sensitive to low-magnitude (from 0 and up) and shallow seismicity than larger aperture

OBS arrays (e.g., 10 km station spacing) which have typically a magnitude of completeness

of 1 (Yamamoto et al., 2017). The OBS detections were complemented with phase picks

from the land stations of the Kandilli Observatory and Earthquake Research Institute

(KOERI). In 17 months, only 45 events with local magnitudes between 1.4 and 4.2 were

detected and none are located near the geodetic experiment (Figure 7.6). These events are

9 to 25 km deep and slightly offset (~2 km) from the NAF surface trace. The offset can

be explained with the increased strain and hence stress accumulation in the vicinity of the

locked fault (Rybicki, 1971) (Figure 7.5c) and gas migrations at depth (Henry et al., 2018;

Geli et al., 2018). The local observation is in-line with the sparse seis- micity recorded by
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onshore stations during the last decade along this segment of the NAF (Figure 7.1) and,

as the geodetic observation, also concurs with its quasi-locked status.

7.4 Discussion

Seismicity below the Kumburgaz Basin is sparse (Figures 7.1b and 7.6). This observation

precludes a model where the fault would be locked at shallow depths but creeping at deeper

levels (as modelled in Figure 7.5), since seismicity would focus along the locking/ creeping

transition, as observed on the Prince Island segment (Bohnhoff et al., 2013) southeast of

Istanbul (29.1 °E). The seismic gap beneath the Kumburgaz Basin, together with the high

level of seismicity on either side rather suggests that this section of the NAF is either

completely locked or fully creeping. The observation of sparse seismicity, together with

the absence of observable deformation from the geodetic network (Figures 7.4 and 7.5)

indicates a completely locked fault below the geodetic network down to larger depths.

Our results contrast with that of the Turkish-Japanese path-ranging (Yamamoto et al.,

2019) in the western part of the Sea of Marmara (red star in Figure 7.1). Their data

evidence a continuous dextral strike-slip deformation of 10.7 ± 4.7 mm yr−1 in an area

characterized by pronounced seismicity and where active creeping was previously inferred

from repeating seismic events (Schmittbuhl et al., 2015; Bohnhoff et al., 2017). The seis-

micity patterns beneath both geodetic networks significantly differ but are consistent with

the respective geodetic observations, where the fault segment with no seismicity seems

locked, whereas the fault segment with a high level of seismicity is interpreted as being

partially creeping. Although this observation is common for onshore faults, submarine

faults may have a different behaviour due to the possible high amount of gas migrating

upwards (Henry et al., 2018; Geli et al., 2018; Batsi et al., 2018) and the large water

content of the shallow sediments. The fault segment east of our geodetic network related

to the çınarcık Basin (CB) segment is characterized by seismicity which significantly in-

creased (Bohnhoff et al., 2013) after the Mw 7.4 1999 Izmit earthquake and was suggested

to be related to stress increase imposed from the 1999 Izmit rupture zone to the eastern

Sea of Marmara (Bohnhoff et al., 2013). Although this segment is characterized by small

magnitude seismicity, high-resolution hypocenter locations revealed that seismicity occurs

almost exclusively below 10 km depth with very sparse seismicity at shallow depths (Bohn-

hoff et al., 2013), interpreted as being locked. Furthermore, seismicity in the eastern Sea

of Marmara is characterized by the absence of repeating events suggested to be related to

a locked fault (Bohnhoff et al., 2017).

Assuming a quasi-locked status of the NAF in the Sea of Marmara since its last known

rupture in 1766, the accumulated slip deficit would be in the order of 4 m. We estimate
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Figure 7.6: Seismicity located with the ocean bottom seismometer data. Microseismicity
locations in map view (a) and projected along a vertical west-east trending profile (b).
The OBSs were first deployed in a very small aperture array (29 October 2014 until 25
April 2015, upright triangles) and then re-deployed along the NAF (26 April 2015 until 13
April 2016; inverted triangles). Red circles show the events located with phases from OBS
data combined with arrival times from land stations (KOERI). Yellow diamonds clustered
near the OBSs show the geodetic stations. Bathymetry from Le Pichon et al. (2001),
topography from Ryan et al. (2009) and fault traces from Armijo et al. (2005)

(Supplementary Table 7.3) the equivalent moment magnitude with 7.1 magnitude units for

an earthquake rupturing a 34 km-long fault segment of the NAF beneath the Kumburgaz

Basin (Figure 7.1). The slip deficit for a larger rupture involving all unbroken and locked

segments in the Sea of Marmara Istanbul (e.g. rupture of the NAF in the Kumburgaz

Basin and CB, Figure 7.1) equals a moment magnitude 7.4 earthquake passing 25 km

South of the city center of Istanbul. The magnitudes are in-line with previous studies

(Armijo et al., 2005; Bohnhoff et al., 2016) and with the magnitudes of historical events

along the NAF (Ambraseys, 2002a; Parsons et al., 2000) and can be considered as a major

hazard for the close-by Istanbul metropolitan area and its 15 million inhabitants.

Previous studies assumed a complete locking of the NAF in the eastern Sea of Marmara

based on onshore observations since in situ seafloor data were not available. Using ob-

servations from an intercommunicating network of acoustic transponders located on the

seafloor and measuring across the NAF we show that the fault is locked down to at least

3 km and presumably down to 5.5 km depth, into the crystalline basement. Long-term
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OBS deployments designed to detect very small microseismicity reveal very sparse seis-

micity and absence of events directly beneath the OBS network. The geodetic monitoring

together with the OBS observation indicate that the fault in the Kumburgaz Basin is fully

locked. Together with recent results from a geodetic network (Yamamoto et al., 2019) in

the western Sea of Marmara, which revealed partial creep, our results indicate a complex

fault locking pattern of the submerged NAF. Two unbroken and locked segments in the

Sea of Marmara with accumulated strain equivalent to an earthquake between magnitude

7.1 and 7.4 remain and need to be considered in hazard assessments and risk estimates for

the contiguous Istanbul metropolitan area. This study clearly demonstrates that in situ

seafloor geodetic measurements along with OBS monitoring can fill observational gaps at

sea and advocates the urgent need to conduct similar studies in regions with a high hazard

potential from active faults offshore.
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Supplementary Information

Figure 7.7: High-resolution temperature data used for the baseline calculation. (a) Ab-
solute temperatures for all stations show an increase in temperature of approx. 0.007 °C
yr−1. Temperature sensors of the French network had a long time drift and were not used
for the baseline calculation. Therefore, the time-series of the close-by G-station temper-
ature sensors were interpolated onto the measurement times of the F-stations. F-station
temperature values are not shown since they would overlay and obscure the G-data. Sta-
tion G4 stopped logging temperature after 19 November 2015. (b) Relative temperature
data used for the baseline calculation. For better visualization values were set to zero at
the beginning of the experiment. Black lines indicate monthly means.

Figure 7.8: Pressure data. (a) Absolute pressure for all stations. (b) Relative pressure
changes for all stations. For better visualization values were set to zero at the beginning
of the experiment. Lines indicate monthly means. F2 measured a relative increase of
approximately 1 kPa (equivalent to 10 cm water column change) relative to closeby station
G5 which we interpret as most likely due to a systematic pressure drift of station F2. In
general, the pressure sensors used are known to have a long term mean drift of 0.88 ± 0.73
kPa yr−1. As a result, drift and the differences between the pressure measurements might
all be explained with sensor drift. Resolution of pressure is around 10 Pa corresponding
to an effective depth resolution of ~1 mm.
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Figure 7.9: Inclinometer data. (a) Absolute inclinometer data of all stations documenting
the stability of the transponders. Since the orientation of the sensors is not known, pitch
and roll only relate to the instrument reference frame. (b) Relative inclination change. For
better visualization values were set to zero at the beginning of the experiment. Station G3
is located on an inclined slope and has the largest forward- and backward tilt of maximal
0.8°. Most stations have tilt smaller than the amplitude resolution of the inclinometer of
0.057° which equals to a maximal 4 mm lateral movement of the top of a 4 m high structure.
Station G3 (shown with yellow lines) is located on a slope and tilted by 8° shows variations
of inclination of 0.23° which equals to a maximal 1.6 cm lateral movement of a vertical 4
m high structure.

Figure 7.10: Baselines from one G-transponder to all others. Black lines indicate 14-
days average (median). Due to different baseline lengths, absolute values are difficult to
compare. Therefore, zero is set arbitrarily at the beginning of the experiment. As discussed
in the text, the baselines were linearly de-trended using a strain rate of 1.8 · 10−6 per year,
corresponding to 1.8 mm baseline correction for a 1 km long baseline. Baselines of G4
after 19 November 2015 are based on the temperature measurements taken from F5 and
are therefore not reliable (see discussion above).
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Figure 7.11: Baseline length changes. (a) Baselines for all stations calculated using the
sound speed estimated from pressure, temperature and a constant salinity. The average
baseline lengthening of 3.6 mm is likely originating from a linear salinity decrease at a
rate of -0.002 PSU yr−1 resulting in apparent lengthening of baselines. See the main text
for discussion about the linear correction. (b) Same as panel a, but after removing the
mean strain of 4.5 - 6 (corresponding to a baseline decrease of 4.5 mm for a 1000 m long
baseline during the deployment time) estimated from all baselines on one side of the fault.
The baselines are measured in the direction of the curved acoustic ray traveling from one
transponder to the other and therefore include the horizontal and vertical components of
the length changes.

Table 7.1: Details of estimated baselines, strains, and baseline drifts. Linear regression
was done without the constant salinity decrease of 0.002 PSU/a.
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Figure 7.12: Measured travel times. Relative travel times for all baselines measured
from one transponder to all others. Due to different baseline lengths, absolute values are
difficult to compare. Therefore, zero is set arbitrarily at the beginning of the experiment.
Transponder names are given in the bottom left.

Figure 7.13: Estimated sound speed. Sound speed of water calculated from pressure,
temperature and a constant salinity for all G-stations. Sound speed differs between stations
due to different water depths.
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Figure 7.14: Station on the seafloor. Remotely Operated Vehicle (ROV) images show-
ing transponder G3 (a) and F4 (b) on the seafloor. The photos were taken during the
MARSITE cruise of research vessel Pourquois Pas? shortly after the installation on 2
November 2014. Frames are approximately 4 m high and the total weight under water of
the G-transponders is 311 kg to support stability of the installation.

Figure 7.15: Seafloor image. ROV manipulator arm touching the seafloor. The seafloor
in the area of the geodetic deployment consists of muddy sediments.
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Table 7.2: Rigidity estimate of sediment below the geodetic network. We used the seismic
P-wave velocity (vp) profile and depth of geological units from seismic refraction observa-
tions located ~5 km south-west of the geodetic network (Bécel et al., 2010). Shear wave
velocity (vs) was estimated using the empirical mudrock line line (Castagna et al., 1985)
from vp velocities. Density was estimated using Gardner’s empirical relation (Gardner
et al., 1974) from vp and rigidity using the standard relation from density and vs. Be-
cause the empirical relations include significant uncertainties we used for the modelling
rigidity ratio of 4 between the upper (weak) and lower (strong) layer and modelled the
weak layer with 3 km and crystalline basement depth (Bécel et al., 2010).

Table 7.3: Magnitude estimates for different scenarios. Accumulated seismic moment
and moment magnitude estimates for the Kumburgaz and çınarcık Basin (Figure 7.1).
We estimated the moment magnitude for constant shear modulus of 35 GPa and for rocks
with increasing shear modulus with depth using the values from Supplementary Table
7.2. The seismic moment (Aki, 1966) was calculated for an accumulated slip of 4m and
a fault locking depth of 15 km and converted to equivalent moment magnitude (Hanks
and Kanamori, 1979). For the horizontally layered shear modulus scenario the seismic
moment is 25 % smaller compared to a constant shear modulus of 35 GPa. The difference
in moment magnitude is small (0.065 magnitude units) due to the logarithmic conversion
from seismic moment to moment magnitude.
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Abstract

The southeastern flank of Etna volcano slides into the Ionian Sea at rates of centimeters per

year. The prevailing understanding is that pressurization of the magmatic system, and not

gravitational forces, controls flank movement, although this has also been proposed. So far,

it has not been possible to separate between these processes, because no data on offshore

deformation were available until we conducted the first long-term seafloor displacement

monitoring campaign from April 2016 until July 2017. Unprecedented seafloor geodetic

data reveal a > 4 cm slip along the offshore extension of a fault related to flank kinematics

during one 8-day-long event in May 2017, while displacement on land peaked at ~4 cm at

the coast. As deformation increases away from the magmatic system, the bulk of Mount

Etna’s present continuous deformation must be driven by gravity while being further

destabilized by magma dynamics. We cannot exclude flank movement to evolve into

catastrophic collapse, implying that Etna’s flank movement poses a much greater hazard

than previously thought. The hazard of flank collapse might be underestimated at other

coastal and ocean island volcanoes, where the dynamics of submerged flanks are unknown.

8.1 Introduction

Volcanic flanks can slide in response to various internal and external forces. For example,

the unbalanced weight distribution of a volcanic edifice and horizontal “pushing” due to

magmatic intrusions can trigger flank spreading. Unstable flanks can fail catastrophically

and result in giant landslides, such as those at the submarine slopes off Hawaii (Moore

et al., 1989; Morgan et al., 2000; Denlinger and Morgan, 2014). Catastrophic collapses of

ocean island volcanoes or those built at the shoreline pose the largest threat as the sudden

dis placement of large amounts of material in water can trigger tsunamis with extreme

effects (Keating and McGuire, 2000; Ramalho et al., 2015). Assessing the hazard potential

of cata strophic collapse requires a profound understanding of the mecha nisms that cause

flank movement, which is also crucial for the design of appropriate monitoring strategies.

Numerous hypotheses have been proposed to explain flank sliding at Mount Etna, in-

cluding increases in magma pressure (Lundgren et al., 2004), eruptive activity (Acocella

et al., 2003), repeated dyke intrusions (Bruno et al., 2017), basement uplift (Stewart et al.,

1993), gravita tional spreading (Borgia et al., 1992), gravitational reorganization (Merle

and Borgia, 1996), gravity driven instability accelerated by inflation and/or lateral in-

trusions (Bonforte et al., 2008), or combined magmatic inflation and continental margin

in stability (Chiocci et al., 2011). All hypotheses are derivatives of two basic processes

capable of triggering flank instability: horizontal pushing of ascending magmatic intru-

sions or gravitational pull. These endmember mechanisms have fundamentally different
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hazard implications: While magma dynamics can trigger slope failures near the magma

path ways (Bonforte and Guglielmino, 2015), gradual deepseated gravitational deforma-

tion can induce catastrophic collapse as in the cases of Mombacho (van Wyk de Vries and

Francis, 1997), Kilauea ((Morgan et al., 2000), other Hawaiian volcanoes (Denlinger and

Morgan, 2014), and Ritter Island, Papua New Guinea (Karstens et al., 2019). The overall

consensus for Etna has been that it is mainly the magnetic plumbing system that drives

movement of the unstable southeastern flank, rather than gravitational or tectonic forces.

Uncertainties regarding the causes of flank sliding originate from the lack of information

on the dynamics of the submarine part of Etna volcano. Onshore geodetic measurements

have documented largescale continuous seaward motion at an average rate of 3 to 5 cm per

year since the early 1980s (Hutton and Boore, 1987; Patanè et al., 2003; Bonforte et al.,

2011; Bruno et al., 2017), immediately evidencing the highest rates at the coast (Houlié

et al., 2006; Jokat et al., 2008). However, no information on the movement of the submarine

part of the flank existed before this study. Here, we document rapid deformation of Etna’s

offshore flank and combine the offshore measurements with onshore ground deformation.

Our combined onshoreoffshore data define the dynamics of the entire volcanic flank.

8.2 Seafloor displacement measurements at Etna’s

submerged flank

Established satellitebased geodetic tools are not adaptable for use in the marine environ-

ment due to the opacity of seawater to electro magnetic waves. Underwater, distances can

be estimated with the sound speed of water and travel time measurements between tran

sponders on the seafloor. Periodic backandforth acoustic interro gations between several

transponders equipped with absolute pressure sensors and arranged in a network allow con-

tinuous determination of seafloor displacement in horizontal and vertical directions within

the network (Brooks et al., 2011; McGuire and Collins, 2013; Bürgmann and Chadwell,

2014). A network of five such transponders was placed on both sides of the submerged

southern boundary of Etna’s unstable flank (Gross et al., 2016) at a water depth of ~1200

m. Changes in distance between transponders across the fault and increases in pressure

at transponders to the north of the fault indicate movement of the presumed unstable

flank relative to the stable surrounding. Our seafloor network is the first to monitor an

offshore strikeslip event in subcentimeter reso lution, therewith proving the feasibility of

the emerging acoustic direct path ranging method to monitor volcanic flank instability.

On land, the spatial outline of the unstable flank is well defined by geodetic, geophysical,

and geological methods (Figure 8.1): Along the northern boundary of the unstable flank,

deformation focuses along the leftlateral Pernicana fault (Bonforte et al., 2011). To the
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south, the rightlateral Tremestieri and Acitrezza (ATF) fault systems accommodate most

of the flank movement (Bonforte et al., 2011; Wang et al., 2011). Off the coast, the

Riposto Ridge forms the prolongation of the northern boundary. In distal direction, two

anticlines observed in seismic reflection data mark the seaward termination of the unstable

volcanic flank (Figure 8.1) (Gross et al., 2016). To the south, a rightlateral transpressive

fault north of Catania Canyon, interpreted as the offshore prolongation of onshore fault

systems, represents the southern boundary of the unstable flank (Chiocci et al., 2011;

Gross et al., 2016).

This fault is a pronounced westeast striking feature in the bathymetry (Figures 8.1

and 8.2C). Seismic data indicate distinct reflection characteristics on either side of the

fault (Figure 8.5) (Gross et al., 2016). On the basis of these observations, we deployed

transponders 1 and 4 south of the fault and transponders 2, 3, and 5 north of the fault

(Figure 8.2C). All transponders were in line of sight of each other, resulting in 10 base

lines with distances between 144 and 1254 m. All transponders monitored distances to all

other transponders and pressures every 90 min. Periodic data upload via an acoustic link

provided a continuous time series from April 2016 to July 2017.

8.3 Material and Methods

8.3.1 Bathymetry

Bathymetric data were acquired during research vessel (RV) Meteor expedition M86/2

in 2012 with hullmounted Kongsberg Simrad EM122 and EM710 multibeam sounders.

Standard data processing with MBSystem produced a grid with a cell size of 30 m by 30 m.

Coastal bathymetry was acquired in the framework of the MaGIC (Marine Geohazards

along the Italian Coast) project (Chiocci and Ridente, 2011).

8.3.2 Seafloor geodesy

The direct-path acoustic ranging method provides relative positioning by using high pre-

cision acoustic transponders (Sonardyne Autonomous Monitoring Transponders, AMT).

Multiple transponders installed at the seafloor measure the time of flight of acoustic sig-

nals between them with a microsecond resolution and water sound speed, temperature,

and absolute pressure. Travel time observations were converted into distances with milli-

metric precision. Pressure measurements provided information on vertical displacement.

Dual axis inclinometers detected changes in instrument tilt. Repeated interrogations over
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Figure 8.1: Morphologic map of Mount Etna including tectonic features of the southeast-
ern flank. Onshore topography in gray and offshore bathymetry in green to blue colors.
Contour line interval is 300 m. Main features are shown as dashed (Gross et al., 2016)
and solid (Barreca et al., 2013) black lines. The thick gray line delineates the coastline.
The orange rectangle marks the location of the seafloor geodetic network.

months to years allowed the determination of displacements and, hence, deformation of

the seafloor inside the network for extended periods, depending on battery capacity.

Here, we used five transponders from GEOMAR’s GeoSEA array. The transponders com-

municated with 8 ms phasecodes pulses and an 8 kHz bandwidth with a centered frequency

of 18 kHz. The acoustic ranges were calculated by crosscorrelation of the interrogation

and receiving signals. The AMTs logged pressure, temperature, tilt, and sound speed.

The log period for each transponder was set to 90 min. We noted instability in the sound

speed measurement and recalculated the sound speed using the highresolution tempera

ture and pressure measurements at each transponder and assum ing a constant salinity

of 34 practical salinity units (Leroy et al., 2008). We removed the tide signals from the

pressure data using the data provided by the Istituto Superiore per la Protezione e la

Ricerca Ambientale tide gauge in the port of Catania (www.mareografico.it). Pressure

was converted to depth with the seawater density of 1024 kg/m (Denlinger and Morgan,

2014). For better com parison to the relative distance measurements obtained by acoustic

telemetry, and because we are mostly interested in the relative move ment of the unstable
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sector compared to the stable sector, we only showed relative vertical displacement be-

tween transponder pairs. These were obtained by subtracting the time series recorded by

one transponder from that of another transponder.

The autonomous monitoring transponders were located at the outcrop of a fault at the

seafloor. Locations for individual transponders were chosen on the basis of a closely

spaced highresolution two dimensional (2D) seismic survey and swath bathymetric data.

The network design ensures that at least two AMTs sit at each side of the fault and are in

acoustic sight of each other. The AMTs were mounted on anchored buoyancy bodies. The

deployed trapezeshaped setup results in 10 monitored baselines. Besides transponder 1, all

baselines were recorded in two directions (forward and backward measure ments), resulting

in six bidirectional baselines and four unidirec tional baselines. Distances for forward

(for example, measuring the travel time from AMT 1 to 2 and return) and backward

measurements (measuring from AMT 2 to 1 and return) closely agree for all transponder

pairs.

We deployed the transponders in April 2016 during RV Poseidon expedition POS496 at

meter precision using ultrashort baseline acoustic positioning in water depths of 950 to

1180 m. Data stored in each sta tion were uploaded from the seafloor to the surface with

an acoustic modem.

8.3.3 Onshore geodesy

We processed and integrated the onshore data covering the same period as the offshore

data acquisitions to compare the results and extend the information about the deformation

measured by the sea floor network. GPS data collected during the first week of April 2016

and the last week of July 2017 were processed separately by using the usual approach

adopted for geodetic surveys (Barreca et al., 2013) to obtain the most precise coordinates

of each station at the two periods. Thus, the 3D displacements at the GPS stations from

April 2016 to July 2017 were obtained by comparing the two sets of coordinates.

The Sentinel-1A ascending (31 March 2016 and 30 July 2017) and descending (6 April 2016

and 30 July 2017) data were processed by GAMMA software, using the socalled twopass

interferome try (Massonnet and Feigl, 1998) to generate the interferometric products. A

spectral diversity method was used to coregister the Sentinel-1 pairs to obtain an extremely

high precision (< 0.01 pixel). The result of this processing is the ground displacement

along the Line Of Sight (LOS) across the entire area. To derive the 3D surface motion

maps, we integrated GPS and DInSAR displacements by applying the SISTEM method

(Guglielmino et al., 2011). A linear matrix equation accounts for both GPS and DInSAR
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data, the solution of which provides the strain tensor, the displacement field, and the rigid

body rotation tensor throughout the entire investigated area.

8.4 Results

For most parts of the observation period, acoustic distances between transponders re-

mained stable within approximately 0.5 cm (Figure 8.2 and Figure 8.6). However, a

significant change in distances occurred be tween 12 and 20 May 2017.Only baselines

across the fault recorded the 8daylong aseismic fault motion that stands out from the

back ground noise (Figure 8.1 Figure 8.6). Relative distance changes during the May

2017 event ranged between 0.6 and −3.9 cm for different transponder pairs (Table 8.1,

Figure 8.2, and Figure 8.6). As expected for a dextral strikeslip fault, length changes are

dependent on the angle of the baseline to the fault (Figure 8.7). This angle can be used to

deter mine true fault slip. The main uncertainty in slip results from the lack of knowledge

of the exact fault trace on the seafloor. The ranging data confirm that the fault trace

must run in the very narrow corridor between transponders 1 and 3 (Figure 8.2C) within

a range of 5°. Taking into account all fault crossing baselines, the true slip is between

3.87 and 4.23 cm (Table 8.1). We also observe that transponders on the north side of the

fault showed a downward vertical displacement of 1 cm relative to those on the south side

during the May 2017 event (Figure 8.2 and Figure 8.8).

Overall, no significant changes in distances or depths occurred between transponders that

were located on the same fault side (Figure 8.2 and Figures 8.6 to 8.8). We exclude the

possibility of a local land slide coherently moving these transponders based on the lack

of evidence for soft sediments in seismic and sediment echosounder data, as well as in

seafloor samples. The observed distance changes are in all aspects consistent with right-

lateral strikeslip movement sep arating transponders 2, 3, and 5 from transponders 1 and

4 (Figure 8.2C).

Notably, the observed length change in the network of ~4 cm provides a minimum estimate

of the true slip along the fault during the May 2017 event. The gross motion of the unstable

flank might not have been fully captured, leading to a potential underestimation of slip.

The southern boundary fault splits into several branches to ward the seafloor, as imaged

in seismic data (Figure 8.5) (Gross et al., 2016). The network of transponders, however,

does not span over all fault branches. Branches out of the reach of our network may have

also accommo dated flank movement during the investigated time period.

A slip of 4 cm corresponds to a moment magnitude release equivalent to a Mw of 4.3 to

5.3 earthquake (Hanks and Kanamori, 1979). Since the initiation of instrumental seismic
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recording at Etna in the 1980s, no earthquake with a magnitude larger than 4 has been

observed in the area (Alparone et al., 2013). Hence, the main style of deformation of the

offshore volcanic flank is episodic and aseismic sliding rather than seismic rupture.

8.5 Overall flank dynamics

Our offshore observations show that the submarine part of Mount Etna’s southeastern

flank moves in east and downward direction with a minimum aseismic fault slip of at least

4 and 1 cm relative subsidence, respectively (Figure 8.2). The total slip may be even

larger as not all fault branches could be captured by the seafloor network (Figure 8.5).

Onshore, the seaward flank motion at Etna in the observation period April 2016 to July

2017 manifested in continuous deformation (Figure 8.12) rather than in episodic slip, as

observed offshore. Cumulative displacements were highest along the coast (Figure 8.3).

SISTEM (simul taneous and integrated strain tensor estimation from geodetic and satellite

deformation measurements) integration of GPS (Figure 8.9) and DInSAR (Differential

Interferometry Synthetic Aperture Radar) (Figure 8.10) data (Guglielmino et al., 2011)

shows that flank movement mainly occurred across the ATF and San Leonardello fault

(Figure 8.3 and Figure 8.11) with a maximum slip of ~2 cm along each fault. The offshore

flank movement was thus in the same order of magnitude as the sum of onshore fault slips

for identi cal periods of time. Therefore, the offshore fault probably cumulated the slip of

both the ATF and San Leonardello fault.

Gross onshore and offshore movements are kinematically consistent (Fig 8.4) and, there-

fore, are expressions of the same underly ing process related to flank instability. The

observed differences in fault slip mode during the observation period, i.e., continuous

creep onshore and slow slip offshore, can result from variations in fault properties, such as

temperature, fluid pressure, or fault gouge material (Scholz, 2018), while still representing

the same overall dynamics. Nevertheless, onshore deformation at Etna’s unstable flank

also manifests in slow slip events along the coastline, as monitored by continuous GPS

(Bruno et al., 2017).

8.6 Discussion

Reasons for instability of Mount Etna’s southeastern flank have been related either to the

volcano’s magmatic plumbing system or to gravitational forces. Displacement induced by

magma injection strongly decays with distance to the dyke (Elsworth and Voight, 1995).

Inflation of the volcanic edifice caused by uprising magma is expected to cause the highest
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Figure 8.2: Seafloor deformation across the fault that marks the offshore southern bound-
ary of Mount Etna’s unstable flank, as recorded by the network of five autonomous mon-
itoring transponders. (A and B) Relative changes in distances between transponder pairs
(blue and green colors indicate active interrogation and passive response of acoustic sig-
nals, respectively) and relative vertical displacement between transponder pairs (gray line,
3-day moving average). Time series for all other transponder pairs are shown in Figures 8.6
and 8.7. (C) Map view of relative distance changes within the array during the observation
period plotted on gray-shaded bathymetry (see Figure 8.1 for location). Black numbers
indicate transponder numbers.
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Figure 8.3: Eastward displacement of the southeastern flank of Mount Etna from April
2016 to July 2017. The map is obtained by integrating GPS and InSAR analysis using
the SISTEM method (Guglielmino et al., 2011). White dashed lines show principal faults.
Dots show locations of the seafloor geodetic transponders.

displacements near the volcanic center, which is inconsistent with our data. In contrast,

our geodetic measurements demonstrated that flank movement increases away from the

summit toward the coast and into the Ionian Sea, while no increase in magma activity

was noticed simultaneous to the May 2017 offshore event, implying that magma dynamics

cannot be solely responsible for the observed deformation pattern. The comparison of

onshore and offshore fault slip further suggests that offshore deformation focuses along

one fault north of Catania Canyon and that strain is partitioned near the coast into two

fault systems (Figure 8.4). The observations of (i) largest deformation away from and (ii)

strain partitioning toward the summit indicate that the basal shear zone accommodating

flankmovement began offshore and has developed retrogressively landward. Therefore,

the forcing mechanism that controls the bulk of Mount Etna’s flank movement must have

its origin seaward and is separated from the volcanic edifice. Gravitational pull of the

subsiding continental margin is a potential tectonic trigger (Bonforte et al., 2011).

Yet, magmatic activity also influences flank movement as episodic accelerations of onshore

flank movement have been related to dyke intrusions and magma ascent repeatedly (Bon-

forte et al., 2013; Bruno et al., 2017). Analyses of onshore seismic and ground deformation

data show a clear decoupling of the shallow and deep strain regimes beneath the eastern

flank at a depth of 2 km during an inflation period (Alparone et al., 2011). Inflation

and dyke intrusions can thus favor episodic accelerations of flank movement in addition

to largescale continuous gravitational sliding. Both processes may well interact with and

influence each other, as demon strated by analog models (Le Corvec et al., 2014).
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Table 8.1: Morphologic map of Mount Etna including tectonic features of the southeast-
ern flank. Onshore topography in gray and offshore bathymetry in green to blue colors.
Contour line interval is 300 m. Main features are shown as dashed (Gross et al., 2016)
and solid (Barreca et al., 2013) black lines. The thick gray line delineates the coastline.
The orange rectangle marks the location of the seafloor geodetic network.

Figure 8.4: Populated areas are obtained from a Landsat-8 classification on a 30 m by
30 m grid (Landsat-8 image courtesy of the U.S. Geological Survey). Bold lines represent
main active features during the observation period.
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Marine geological records off the Canary Islands document that largescale submarine flank

failures occurred in multiple stages, all preceding explosive eruptions (Hunt et al., 2018).

A similar pattern is recorded in sediment cores at Etna’s submerged flank, where ash layers

overlie landslide deposits (Gross et al., 2014). These observations further support a close

interaction of flank movement and magmatic activity. However, eruptions do not trigger

catastrophic flank collapses, implying that gravitational sliding is the governing process.

Our results show that only the combination of onshore and off shore ground deformation

data gives a clear picture of overall volcano flank dynamics, from which the hazard of

catastrophic flank collapse can be assessed. In the case of Mount Etna, our shoreline

crossing deformation analysis implies a greater hazard for flank collapse than previously

assumed, as deepseated gravitational sliding can potentially lead to catastrophic collapse

(Morgan et al., 2000; Denlinger and Morgan, 2014; Karstens et al., 2019). Onshore ground

deformation analyses reveal signs of ongoing flank instability at numerous coastal and

ocean island volcanoes today (Poland et al., 2017). Volcanoes, including those in Hawaii,

the Canary Islands, and La Réunion, are potentially liable to collapse, but shoreline-

crossing ground defor mation analyses are needed to obtain a comprehensive view of the

dynamics and constrain the hazard. Our results demonstrate both that seafloor geodetic

investigations are capable of characterizing the dynamics of submerged volcanic flanks and

that such investigations provide deformation data at a resolution comparable to GPS.
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Supplementary Materials

Seismic and bathymetric characteristics of the offshore

boundaries of Mount Etna’s unstable flank

The northern boundary of the onshore unstable sector is the seismically active left-lateral

Pernicana Fault, which splits up into several smaller scale fault systems near the coast

(Hanks and Kanamori, 1979; Bonforte et al., 2011). The latter fault systems are aseismic

and deformation appears diffuse. This is similar offshore, where no clear structure is

evident, but Riposto Ridge forms a morphological boundary (Gross et al., 2016). In the

south, the right-lateral Tremestieri-Trecastagni fault zone, which appears to merge near

the coastline to the Acitrezza fault (Gross et al., 2016), transfers extension to the East

(Bonforte et al., 2011). The fault outcrop extends beyond the coast (Chiocci et al., 2011)

and on to a morphologically prominent structural feature north of Catania Canyon (e.g.

Figure 8.1), termed ‘lineament’ (Chiocci et al., 2011; Gross et al., 2016).

Regional seismic reflection lines reveal that the lineament coincides with discontinuous

strata in the shallow subsurface indicating active tectonic deformation (Gross et al., 2016).

The deformation pattern has been interpreted as a positive flower structure indicative

of a right-lateral oblique transpressive fault system (Gross et al., 2016). New closely

spaced high resolution seismic profiles across the lineament, which were collected in 2016

during RV POSEIDON expedition POS496 support this interpretation. Figure 8.1 shows

a seismic line from the POS496 survey, which crosses the lineament in the area of the

seafloor geodetic array. At kilometer 3.3, i.e. the location of the lineament, seismic

reflectors are sharply truncated. Whereas reflectors to the south appear predominantly

horizontally layered, reflectors to the north are slightly tilted northwards. The structural

discontinuity and the truncation of seismic reflectors lend support to the interpretation

that the lineament is the surface expression of an active underlying strike slip fault. The

data recorded by the geodetic array that measures across this strike slip fault confirm

this observation and we therefore interpret the lineament north of Catania Canyon as the

southern boundary of the unstable flank.

Results of seafloor displacement monitoring campaign

Data download in July 2017 during RV Poseidon expedition POS515 provides continuous

time series for an observation period of almost 16 months without interrupting the long-

term monitoring campaign. The stations were recording all parameters (travel times,

187



Chapter 8. Gravitational Collapse of Mount Etna’s south-eastern flank

sound speed, pressure, temperature, tilt) with the exception of transponder 2 that shows a

data gap in June-July 2016. Transponder 1 recorded data correctly but data download was

corrupt. However, both transponders were continuously answering to incoming acoustic

signals resulting in one- directional baselines.

Distance changes

Changes in the acoustic measurements of distances may result from a combination of true

length variations and drift in the computed sound speeds used in the time-to-distance

conversion. This makes it hard to differentiate very long period displacement signals

from drift. However, it is with large certainty that the length changes recorded in May

represent deformation on a strike-slip fault because it is observed in all of the six fault-

crossing baselines (Figure 8.6). The changes in lengths clearly stand out of the background

noise level and data scatter. Standard deviations range between 2 mm for the shortest

baseline (transponder pair 2 - 5) and 20 mm for one of the longer baselines (pair 2 - 3)

(Figure 8.3) and is smaller than the observed baseline change.

For some transponder pairs we note a change in distances to the opposite direction prior to

the main May 2017 event as well as an overshoot to more extreme distance changes during

the event (e.g. 1 - 3, 2 - 4, 3 - 4, 4 - 5 in Figure 8.6). The same pattern also shows up in the

pressure baselines (Figure 8.8). Such a signal has been observed during slow-slip events

elsewhere (Montgomery-Brown et al., 2009). A possible explanation is that sliding of the

southern side of the fault is triggered during the slow-slip event. This may well affect only

the very shallow sediments, but we do not have any constraints on that. We therefore do

not consider the overshoot, which is the common consensus (Montgomery-Brown et al.,

2009).

The changes in distance between two transponders are the sum of horizontal and vertical

movements of both transponders. Acoustic distances are not sensitive to height changes

and therefore changes in acoustic distances reflect horizontal displacement. For example,

for an original transponder pair distance of 1000 m with height difference of 100 m (ap-

proximate averages in the geodetic network), a relative change in depth of one transponder

of 0.1 m is required to explain a distance change of 0.01 m.

Cosine relationship of displacement and fault angle

Relative distance changes during the May 2017 event range between 6 mm and -39 mm for

different transponder pairs. These variations are in line with the network geometry and

the strike direction of the fault relative to the baselines. The measured relative distance
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changes between transponder pairs are a function of the slip on the fault and the angle

at which the baseline crosses the fault. A very small angle provides a minimum estimate

of fault slip. Our data show that the fault trends between transponders 1 and 3. Owing

to the network geometry, the baseline between these stations and the fault itself cross at

very small angle, so that the change in acoustic distance between transponders 1 - 3 may

be regarded as the best estimate of fault slip. Figure 8.7 shows that the acoustic distance

changes recorded by other transponder pairs that cross the fault fit extremely well with

the expected cosine relationship.

Estimated magnitude and characteristics of the May 2017 offshore event

The cumulative aseismic moment released in the May 2017 offshore event is Mw 4.3 - 5.37

assuming fault plane lengths ranging between 5 - 15 km, fault depths between 0.5 and 5

km, and a shear modulus of 30 GPa (Alparone et al., 2013). With its duration of eight

days and an estimated moment magnitude between 4.3 and 5.3 the Mount Etna offshore

event in May 2017 classifies as a slow slip event (Ide et al., 2007). The phenomena of slow

earthquakes or ‘slow slip events’ (SSE) are mainly observed at convergent plate boundaries.

Observations of SSE on strike-slip faults are extremely rare. Under water as yet only the

vertical component has been detected by pressure gauges.

Onshore data

Data from the permanent GPS monitoring network of Etna acquired during the first

week of April 2016 and the last week of July 2017 were processed for calculating the

cumulative displacements (Figure 8.9). To investigate the deformation during the obser-

vation period, we also performed a Differential Interferometry Synthetic Aperture Radar

(DInSAR) analysis of ascending and descending Sentinel 1A/1B TOPSAR images. We

analyzed the ascending 31 March 2016 - 30 July 2017 and the descending 06 April 2016 – 30

July 2017 pairs (Figure 8.10). The SISTEM results (Figure 8.11) depict the 3D ground

deformation occurring during the April 2016 - July2017 time span; they show an inflation

affecting the summit central area of the volcano (with an uplift of about 5 cm), coupled

with an eastward movement of the eastern flank (maximum value of about 7 cm recorded

along the Pernicana fault). Another important feature of the 3D deformation pattern

obtained by integrating GPS and InSAR data is the clear control of the main fault system

(Pernicana fault, at the northern flank, and Acicastello fault, in the south) on horizontal

displacements.
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Supplementary Figures

2.5 3.0 3.5 4.0 4.5 5.0 5.51.2
1.4

1.6
1.8 Catania Canyon

NS

VE 2.7 (1500 m/s)

Offset (km)

Two­Way
­Traveltim

e (s) 1 2
B

1400
1200

1000
800

600Depth [m]
37.53˚

37.54˚

0 1km15.23° 15.24° 15.25° 15.26° 15.27° 15.28°
13

4
52

Panel B

A

Figure 8.5: Transponder locations shown on local bathymetry (A) and high resolution
seismics (B). (A) Triangles represent transponders with individual numbers. (B) Part of
seismic profile p500 crossing the seafloor geodetic array recorded with a Geometrics GeoEel
streamer consisting of 11 solid state sections (each 12.5 m). One standard 2 x 0.2l Mini-
GI-gun was used as source. Triangles above the seafloor indicate projected transponder
locations.
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Figure 8.6: Relative changes in distances for all 10 baselines during the entire observation
period from April 2016 to July 2017. Blue and green markers indicate active interrogation
and passive response of acoustic signals, respectively. Due to high sampling frequency
individual measurements partly overlap. Dark blue and yellow lines show a 10 day moving
average also for interrogation and response. Transponder 1 did not record any data but
was still responding to the interrogations of all other transponders. All plots show a range
of 0.2 m. For transponder locations see Figure 8.5A.
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Figure 8.7: Cosine relationship between the relative distance shortening and lengthening
during the May 2017 event and the angle at which the baselines cut the fault trace. Error
bars represent the standard deviation of the baseline time series before 10 May 2017. For
transponder locations see Figure 8.5A.
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Figure 8.8: Relative pressure differences for the entire observation period (10-day moving
average) between individual transponder pairs. The displacement of the second transpon-
der relative to the first is shown (e.g. in A the vertical displacement of transponder 3
relative to transponder 2 is shown, i.e. transponder 2 is assumed fixed). Left panels show
transponder pairs north of the fault and right panels show transponder pairs crossing the
fault. Grey vertical bars represent the time period of the May 2017 event. We do not show
time series for baselines of transponder 1 because it recorded corrupt data. The May 2017
event is evident in all fault crossing transponder pairs in that all stations on the northern
side of the fault move downward by approximately 10 mm with respect to transponder 4.
Long period signals occur in all transponder pairs and do not reflect true vertical displace-
ment but are the result of seasonal temperature variations. For transponder locations see
Figure 8.5A.
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Figure 8.9: GPS displacements referring to the April 2016 to July 2017 comparison. Red
vectors in the map indicate the observed horizontal displacements. On the right, vertical
displacement is reported for each station.

Figure 8.10: Ascending 31 March 2016 to 30 July 2017 and descending 6 April 2016 to
30 July 2017 Sentinel-1 phase interferograms. Ascending 31 March 2016 to 30 July 2017
(left) and descending 06 April 2016 to 30 July 2017 (right) Sentinel-1 phase interferograms.
Fault traces (Hanks and Kanamori, 1979) are reported in the figure in order to demonstrate
how the main discontinuities in the ground deformation field are controlled by the local
fault systems.
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Figure 8.11: East, north, and up displacement components resulting from the SISTEM
integration. Fault traces (Hanks and Kanamori, 1979) are reported in the figure in order
to evidence how the main discontinuities in the ground deformation field are controlled by
the local fault systems.
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Figure 8.12: Ground displacements along the LOS across the study area measured by
both Sentinel 1A and 1B satellites with a 6-day interval. (a) Descending Sentinel 1A-B
mean LOS velocity (2014 - 2018); positive values approaching to the sensor. (b) Time
Series of two selected points located on to northern and southern side of Acitrezza fault,
respectively. The yellow rectangle represents the time period investigated by the offshore
array.
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9 Conclusion and Outlook

9.1 Conclusion

The analyses of seismic and aseismic deformation at offshore located fault zones is im-

portant to understand the physics of earthquake nucleation and enable us to improve our

understanding of the strength of plate boundary faults. Many fault zones are located off-

shore and cannot be investigated using conventional space-based methods or land-based

instrumentation. Combining data from shoreline-crossing studies, in particular connecting

ocean-bottom seismometers, acoustic seafloor geodesy, long-offset multi-channel seismic

data with onshore broadband seismometers, InSAR and GNSS data, this thesis demon-

strates how the offshore analysis of seismic and aseismic deformation significantly improves

our knowledge in frictional behaviors of fault zones. Furthermore, better constraints on

the spatio-temporal distribution of fault slip allows to understand the underlying processes

that drive frictional properties in different fault zones and to improve adequate assessments

of potential geohazards, especially for the coastal areas.

At the North Chilean subduction zone, the erosional underthrusting of the oceanic Nazca

plate under the continental South American plate zone poses a significant risk to the

coastal populations in the circum-Pacific belt due to the absence of a large earthquake

since 1877. In 2014, the Iquique earthquake ruptured a central segment of the north

Chilean seismic gap and has released elastic energy with a magnitude 8.1 earthquake,

but the remaining portions along the north Chilean margin persist in a combination of

high and lower plate interface coupling. The understanding of the variability of fault slip

behaviors in shallow subduction zones is essential to discern internal stress and changes

throughout the seismic cycle. Therefore, the analysis of aftershocks following the 2014

Iquique megathrust event recorded by two subsequent OBS deployments and land seis-

mometers in combination with long-offset multi-channel seismic data indicates a relation-

ship between the abundant occurrence of aftershocks at the seismogenic up-dip limit and

the long-term process of subduction erosion of the overriding plate (Chapter 3). Despite

the stress redistribution as a consequence of the large seismic rupture, expressed as after-

shocks, intense seismicity up-dip of the seismogenic zone, with the majority near the plate

interface and a significant number of aftershocks above, support the model of subduction
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erosion, which removes forearc material over long periods of time. Active fracturing at

the base of the upper plate at the updip limit of the seismogenic zone induces seismicity

and removes material of the upper plate. The provoked upper plate deformation is man-

ifested in seismic deformation along seaward dipping planes. Multi-channel seismic data

show an overall increase in reflection amplitudes, which is indicative of a high degree of

fracturing and the presence of fluids. Large-scale faulting above the seismogenic up-dip

limit matches the aftershock seismicity. This seismic deformation results in permanent

deformation and erosion of the overriding plate, seaward of the 2014 Iquique earthquake,

over several earthquake cycles.

The decrease of the coherent plate boundary reflection amplitude correlates spatially to

the up-dip extent of the seismic rupture area (Chapter 3 and 4). This compelling obser-

vation has significant impact on our understanding of seismic deformation. If the seismic

reflection technique is able to resolve seismic rupture asperities and to discriminate be-

tween seismic and aseismic slip behavior at other subduction zones, then possible other

prominent asperities can be revealed. Aseismic deformation is difficult to constrain using

solely seismic instrumentation on the seafloor (Chapter 2), however, small asperities on

faults that are repeatedly caused to slip by the surrounding aseismic deformation can be

used as a proxy for the total cumulative slip (Chapter 5). To expand our investigation of

time-dependent stress variations within the marine forearc, we analyzed the behavior of

repeating earthquakes from the interseismic to the postseismic phase of the 2014 Iquique

earthquake in Chapter 5. The search for repeaters revealed the evident occurrence of

seismic and aseismic deformation on large faults above the seismogenic up-dip limit since

the foreshock period of the 2014 Iquique earthquake. Comparing the average cumulative

slip of the plate interface and within the upper plate, we find that the gradual unlocking

of the plate interface forced extensional faults in the upper plate to reverse the slip mode

one week before the main earthquake. Taking the results of Chapter 3 into account, we

provide evidence for an emerging process that leads to the erosion of the upper plate

from the pre-seismic to the postseismic phase. Concluding the results of Chapter 3 to 5,

the accumulated strain as a result of basal erosion of the upper plate at the seismogenic

up-dip boundary requires gradual relaxation that transitions to an extensional state and

favors slow extensional faulting as observed in multi-channel seismic data (Chapter 3 and

4). Such normal faulting and associated subsidence of the marine forearc occurs over

long-time scales and is related to aseismic deformation.

To measure long-term aseismic sub-seafloor deformation processes, seafloor measurements

techniques are beneficial (Chapter 6). The emerging field of seafloor geodesy aims to mon-

itor either relative or absolute deformation, according to the research target. Acoustic

direct-ranging has proven to be powerful to identify aseismic deformation and to deter-

mine the locking state of fault portions. Uncertainty analyses of environmental effects on
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measurements and network configurations, discussed in Chapter 6, indicated that fault ge-

ometries (strike-slip or normal) and slip partitioning, i.e., over several fault branches, need

to be considered in the conception of the network geometry. Analysis of the slip behavior

at the continental North Anatolian strike-slip fault in the Sea of Marmara contributed to

the understanding of frictional properties of faults. The central Marmara segment is char-

acterized by sparse seismicity including patches that lack seismicity altogether. Chapter 7

evaluates offshore geodetic observations and reveals that during the monitoring period no

significant deformation has occurred. According to a concurrent seafloor geodetic mea-

surement on a western segment, which revealed partial fault creep, the results of Chapter 7

indicate a complex fault locking pattern that infers the accumulation of strain equivalent

to an earthquake of magnitude 7.1 to 7.4.

Drivers for aseismic deformation are not necessarily accommodated tectonic plate motion,

but also gravitational forces that can lead to slow aseismic deformation. In particular,

the southeastern flank of Etna volcano, which slides into the Ionian Sea at rates of cen-

timeters per year, has been continuously monitored using onshore geodetic measurements.

The shoreline-crossing study in Chapter 8 applies a similar approach to reveal the slip

behavior of the southern submarine landslide limit, including acoustic direct-path ranging

combined with onshore geodetic measurements. The analysis revealed that aseismic defor-

mation, expressed as a slow-slip event, increases away from the volcano summit into the

Ionian Sea. Simultaneously, no volcanic activity such as inflation of the volcanic edifice

caused by uprising magma was recorded, implying a secondary origin that causes fault

displacement. Such a deformation pattern has been observed at other volcanic edifices

and has been associated with gravitational sliding. In summary, the studies of Chapters 7

and 8 demonstrate clearly that only the combination of onshore and offshore deformation

analysis allows the determination of fault slip behavior in these settings.

9.2 Outlook

Over the past decade, the employment of marine geophysical techniques to decipher sub-

seafloor processes through the analysis of seismic and aseismic deformation has increased.

This thesis, as part of a recent effort using shoreline-crossing observations to analyze fault

slip behaviors, demonstrates that numerous underlying processes, such as subduction ero-

sion on the marine forearc or the state of locking on an offshore strike-slip fault zone

that poses a significant geohazard, are poorly understood. However, the monitoring of

spatial and temporal variabilities of seismic and aseismic displacement along subduction

margins or strike-slip fault zones, including seafloor geodetic monitoring have been used

selectively and remain still in their infancy (compare Chapter 6). In addition, the analysis
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of deformation at divergent plate boundaries, where the majority of plate motion is ac-

commodated aseismically, was beyond the scope of this thesis. To enhance our knowledge

of the processes that drive the partitioning between aseismic and seismic slip and promote

the nucleation of earthquakes, I recommend the following proposals:

Mid-ocean ridges form where tectonic plates spread apart and create new oceanic crust and

lithosphere through magmatism and extension. These spreading ridges are interrupted by

transform faults which generally have a less heterogeneous composition than continental

strike-slip faults, but the rotation of normal stress from the ridge into transform strike-

slip displacement comprises increasingly oblique shearing, resulting in a two-stage crustal

accretion process involving thinning and magmatism (Grevemeyer et al., 2021). At the

transform faults, plate motion is accommodated on average 85 % aseismically, and only

15 % of deformation is related to high-frequency acoustic emissions, such as seismicity

or tremors (Boettcher and Jordan, 2004). Moreover, earthquake monitoring of trans-

form faults in intermediate and fast-spreading contexts have revealed high foreshock rates

preceding mainshocks, compared to continental strike-slip faults, suggesting a linkage be-

tween foreshocks and mainshocks that leads to short-term predictability (McGuire, 2008;

McGuire et al., 2012). To study such stress changes driven by slip partitioning, particularly

the relationship between seismicity and displacement, a multidisciplinary approach com-

bining seafloor geodesy, seafloor hydroacoustics, seismic monitoring, and repeated high-

resolution seafloor mapping using an autonomous underwater vehicle (AUV) is needed.

At the Southeast Indian Ridge, the intermediate spreading-rate that splits the Australian

and Antarctic plates apart is offset by the large Amsterdam transform fault, which causes

Mw > 5 earthquakes every year over the past two decades. The intersection between the

Amsterdam St Paul hotspot and the Southeast Indian Ridge is bounded to the west by

two short and active transform faults (Boomerang and Hillegom) and is an appropriate

research area to expand the analyses of seismic and aseismic deformation. The nearby

located Amsterdam and St Paul islands, equipped with permanent GNSS and broadband

seismometers, allow the collaboration between French and German research institutes to

combine resources and know-how of acoustic direct-path ranging (Lange et al., 2019; Pe-

tersen et al., 2019) and GNSS-A (Sakic et al., 2018, 2020) methods. I propose to focus

on two deployments sites, covering the Boomerang transform fault and spreading ridge

segment, where each site independently comprises an acoustic ranging network, GNSS-A,

and long-term pressure gauges, surrounded by a network of OBS. A study at the East

Pacific Rise considers ratios of the average slip of transform fault earthquakes (Mw ≤ 6) to

the plate motion rate and suggests that the repetitive time of seismic cycles is in the range

of ten years (McGuire et al., 2005). Considering the current battery capacities of up to

ten years, deployment may have the ability to capture the stress transfer from spreading

to strike-slip faulting during the entire seismic cycle.
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Building on the experience of the Southeast Indian Ridge seafloor geodesy experiment

and recent numerical modeling of mid-ocean ridge transform earthquake sequences (Liu

et al., 2020), I recommend to initiate a similar interdisciplinary seafloor geodesy experi-

ment at the fast-spreading East Pacific Rise. The Quebrada-Discovery-Gofar transform

fault system is located south of the Galapagos Triple Junction and exhibits a range of

different fault slip behavior. The seismically active Gofar and Discovery transforms which

repeatedly rupture in quasi-periods every 5 to 6 years in a magnitude 6 earthquake con-

trasts the Quebrada transform that generates only one magnitude 5.5 earthquake every

five years (McGuire, 2008). This distinct contrast in earthquake behavior demonstrates

an along-strike change in mechanical properties and implies a variation in fault coupling of

discrete transform segments that requires in situ seafloor measurements to reveal the un-

derlying processes. Building on an early acoustic direct-path ranging experiment that was

conducted at the western Discovery transform fault segment (McGuire and Collins, 2013);

also discussed in Chapter 6, a joint multinational experiment encompassing US, French

and German research institutes, will provide the capability to manage such a long-term

(up to 10 years) project in this remote location.

The third proposal I recommend is to initiate an integrated interdisciplinary approach,

similar to Chapter 7, at the Queen Charlotte Fault (QCF) to complement the ongoing

joint U.S. Geological Survey / Geological Survey of Canada program to investigate the

seismic/aseismic deformation pattern and the tectonic structure of the Queen Charlotte

Fault in North America (e.g., Riedel et al., 2020). The Queen Charlotte Fault ruptured

twice in the last decade (2012 and 2013) with moment magnitudes between 7.5 and 7.8,

including detectable tsunamis, raising concerns about its potential to damage coastal and

seafloor infrastructure (James et al., 2013). The highly seismically active QCF displaces

with rates of ~55 mm/yr (Brothers et al., 2020) and represents a model area to address

the following research questions: What is the relationship between the ratio of foreshocks

to aftershocks and fault displacement?; Are there precursors that precede the mainshocks?

In addition, the coastal location simplifies and reduces project costs through the use of

coastal vessels. Building on the joined forces of Canada and the USA that have been used

to map the surface expression of the Queen Charlotte Fault with high-resolution AUV

bathymetry, a direct-path ranging network encircled by long-term OBS can monitor the

accumulation of strain and discern between fully locked or fully creeping fault behavior.

This proposal may allow to contribute to an adequate basis for an assessment of potential

geohazards affecting adjacent coastal population.

Besides applying seafloor measurement techniques to analyze fault slip behavior and to

answer research questions, which I have discussed in this thesis, the development of new

methods and data analysis techniques can lead to progress in the detection and quantifi-

cation of strain transients. Regions with complex seafloor deformation (across a distinct
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fault or diffusive over a large area), such as the North Anatolian Fault in the Sea of Mar-

mara (Chapter 7), where slip partitioned across a pull-apart basin, impedes the precise

measurement of strain accumulation. Such complex distribution of strain can be resolved

by integrating the analytical method of network adjustment. This technique calculates

the individual station locations with the specified distance changes of the acoustic mea-

surement network over time (compare Free Network Adjustment). The development of a

modified land-established algorithm using existing field data from Chapters 7 and 8 are

appropriate data sets to improve the technique for seafloor geodetic use. The implemen-

tation of an error analysis based on Bayesian statistics to solve the inverse problem will

foster the network adjustment algorithm.

Another challenge of underwater acoustic distance measurements is the reliance on the

exact sound speed in water. In Chapters 6, 7 and 8, I have shown that direct measure-

ments of sound speed are less accurate than individual measurements of temperature,

pressure, and salinity (Chapter 6). However, measuring the physical properties of the

water column at the seafloor and converting sound speed and travel-time into distance re-

mains challenging, as the acoustic ray path is influenced by tides, ocean currents, weather

incidents and sensor drift. Improvements in acoustic distance measurements are critical

for identifying and quantifying long-term strain transients, and distinguishing such slow

deformation from ocean environmental noise and fault rupture. I intend to improve acous-

tic measurements by developing new processing methods by, i.e., stacking all normalized

distance measurements to identify mutual environmental influences.

Overall, the field of seafloor measurements will increase over the next decades and more

countries exposed to geohazards near their coasts begin to investigate sub-seafloor defor-

mation. Due to the mounting interest in accurate acoustic monitoring for the offshore in-

dustry and advances in technology development of sea-going instrumentation, the seafloor

is now becoming more accessible.
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