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Abstract

Earthquakes are the main cause of considerable human losses and damage on Earth.
The most active seismic areas are now widely studied. However, the hazard potential
and recurrence rate of major earthquake events remains poorly understood for some
seismic faults. This is the case of the island of Sulawesi, in eastern Indonesia.
Although the magnitude 7.5 Palu earthquake in 2018 focused seismological research
on the section that ruptured, the Palu-Koro fault runs for hundreds of kilometers
across the island of Sulawesi. The entire fault is considered to be a potential source

of earthquakes, yet it is understudied.

Seismic risk evaluation is crucial to prepare populations for major
earthquakes, and thus limit fatalities and damage. Analysing the seismic hazard
is an essential part of this evaluation. It consists of identifying past earthquakes
and their recurrences and then estimating the probability of return of these types
of events, based on the principle that if an earthquake of a given magnitude has
occurred in a region in the past, a similar event could occur in the same region in
the future.

Instrumental and historical records of earthquakes on the island of Sulawesi
only cover the last 100 years. This time range prevents the identification of major
earthquakes with magnitudes greater than 6, as their return periods exceed the
seismological records. While it is difficult to study seismic evidence in a tropical
setting, due to the enhanced erosion and the dense vegetation, paleoseismology is
here essential in evaluating the island’s seismic hazard. Lake Towuti and Lake Poso
are two ancient tectonic lakes located in central Sulawesi. The sediments act as

natural seismographs and cover several hundreds thousands years. Core samples
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and sediment boreholes taken at Lake Towuti, in complement of seismic reflection
data, have enabled to understand how the lake reacted to climatic and tectonic
fluctuations. On the other hand, bathymetric and seismic data from Lake Poso
have made it possible to identify and correlate slope collapse deposits triggered by
seismic events, and also to observe fault structures directly beneath the sediment

surface, revealing tectonic activity.
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Introduction
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1. Background and motivation

1 Background and motivation

1.1 Global tectonic and seismology

Global tectonics describes the deformation of the Earth, including seismicity and
volcanism (Kearey et al., 2009). Deformation is mostly located at the boundaries of
the major tectonic plates (Figure 1.1). These plates comprise the surface layers of
the Earth, along with the oceanic crust and the terrestrial crust. Consequently, the
tectonic plates generate multidirectional pressure between themselves, accumulating
stress (Crétaux et al., 1998). When the stress becomes too strong, the rupture
point is reached, and all the accumulated energy is suddenly released in the form of
earthquakes. Therefore, most earthquakes recorded on the earth are located along

the tectonic plate boundaries.
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Figure 1.1: Map of the world’s tectonic Great Plates. The red dots are earthquakes of
magnitude > 5 recorded over the last 20 years (USGS catalogue: https://earthquake

.usgs.gov/earthquakes/search/).

The seismic risk combines hazard and vulnerability (Silva et al., 2020). The

seismic hazard is the probability of triggering an earthquake in a defined area at
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a specified time. It can be quantified with the Peak Ground Acceleration (PGA),
which determines the maximal amplitude in speed that an earthquake can generate
to the ground (Midorikawa, 1993; Figure 1.2). The vulnerability is the exposure
of populations and infrastructures to natural events. It can be evaluated with the
capacity of communities to resist and react to these disasters. Therefore, a seismic
risk can be insignificant if low-magnitude earthquakes occur in a dense population
area with shake-proof buildings. In contrast, it is possible to record very high
magnitude earthquakes in the middle of oceans, with no danger to the human

population (without considering tsunami hazard).

Peak Ground Acceleration

z2[10g-001¢g

~ [ 0.011g-0.02g
1 0.021g-0.03g
[ 0.031g-0.05¢
[ 0.051g - 0.08g
[ 0.081g-0.13g
[ 0.131g-0.2g
[ 0.201g-0.35¢
[ 0351g-0.55¢
[ 0.551g-0.9g

ﬁ)- 0.901g - 1.5g

= [ 1.501g - 1.89¢

Figure 1.2: Global seismic hazard map showing the distribution of the Peak Ground
Acceleration (PGA) with a 10% probability of being exceeded in 50 years (data: Johnson
et al. (2023)).

Nevertheless, the world’s population has increased exponentially since the
beginning of the 19th century, extending high vulnerability regions over areas with
high seismic hazard (Freire and Aubrecht, 2012). South-East Asia and Japan are
likely the most relevant examples of the increase in seismic risk. The seismic hazard
is the third most recurrent natural disaster on Earth (8% of all the natural hazards),
after floods (43%) and Storms (28%). But if we look at the number of casualties, it

emerges as the main cause of fatality, responsible for 56% of all casualties linked to
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1. Background and motivation

natural disasters (Wallemacq et al., 2018). Compared with weather forecasts, which
are available for a few days in advance, the seismic hazard is almost considered
unpredictable. Therefore, improving our knowledge of these natural disasters is

essential to improve population awareness and preparation.

The intensity scale is used to estimate the strength of an earthquake spatially
and assess the impact on human perception and material damage (Gutenberg and
Richter, 1942). The intensity of an earthquake is a subjective parameter estimated
with the feeling effects. The intensity evaluation is processed a posteriori by
surveying the local population and estimating the damage and ground deformation.
This method is essential for the estimation of the seismic risk. It appears that
the composition of the substratum is decisive on the effect of shaking (Trifunac and
Brady, 1975). Soft sediments amplify the ground movement and can be accentuated
by the water content in the sediment, triggering a liquefaction effect (Jalil et al.,
2021). At the same distance from the epicentre, the damage to buildings installed
on alluvial sediments is typically more severe than infrastructures settled on hard

rock, in the mountains, for example.

1.2 Seismic cycles

The seismic hazard is integrated into earthquake forecasting. It is founded on two
principles: Where and when will the next earthquake occur? Plate tectonics already
indicate the probably location of most earthquakes: along active faults and plate
boundaries (Figure 1.1). To assess the timing, it is important to study the evolution
of fault dynamics. The frequency, intensity and probability of triggering a major

earthquake are the essential parameters for modelling earthquake projections.

Short-term prediction (days to weeks) would likely be the most useful way
to alert and protect populations. It consists of analysing the early warning signals,
composed of foreshocks or earthquake swarms (Kagan and Knopoff, 1987), and
can also be indicated by spontaneous groundwater level changes (Koizumi, 2013),
and occasionally abnormal release of radon from the crust (Ghosh et al., 2009).

However, these analysis methods are at best indicators for an upcoming event but
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still too unreliable to predict the exact timing of the next event. It is, therefore,
fundamental to enhance earthquake forecasting using long-term predictions to better

predict future events and improve seismic risk preparedeness.

The long-term prediction is based on a certainty that when an earthquake
occurs in an area, another one will occur in the future. The tectonic stress of faults
follows a cycle of energy accumulation and release (Robert and Bousquet, 2013).
The recurrence time is fundamental to determining the long-term prediction. It is
estimated by calculating the time average between several historical earthquakes,
depending on the magnitude. The Gutenberg - Richter law (Gutenberg and
Richter, 1949) states the relation between the magnitude and the total number
of earthquakes in a specific region and a period of time for a minimum magnitude
(Figure 1.3). Therefore, a significant threat concerns high-magnitude earthquakes
(M > 7) because the recurrence interval may exceed the instrumental and historical

record of past earthquakes.
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Figure 1.3: Number of earthquakes by the magnitude, recorded in Indonesia from 1970 to
2022 with a depth < 40 km. Source: ISC - https://doi.org/10.31905/D808B830

The principle of seismic cycles was introduced for the first time at the
beginning of the 20th century, after the San-Frnacisco Mw 7.9 earthquake in 1906
(Reid, 1910). The theory divides seismic deformation into two phases (Figure 1.4): a

phase of slow elastic deformation, accumulating stress energy (interseismic), followed

5


https://doi.org/10.31905/D808B830

2. Paleoseismology

by a phase of spontaneous rupture (coseismic). With that theory, it would be
relatively easy to model the earthquake recurrence, especially in the case of a regular
seismic cycle, assuming that earthquakes are triggered with the same time interval
and at a constant released stress (Shimazaki and Nakata, 1980). Nevertheless,
long-term paleoseismologic studies show more complex patterns, with periods of
activity, including several earthquakes, followed by periods of quiescence Wallace
(1987). During the long interseismic phase, faults continue to accumulate stress.
The gap between two coseismic phases also depends on the region and the motion
rate between the plates. A supercycle can last from several hundreds of years to
millions of years (Salditch et al., 2020).

2 Paleoseismology

2.1 Earthquake recording methods

Various disciplines are applied to identify past earthquakes on different time scales
(Figure 1.5). Analytical instruments and the modern seismographic network are
highly effective for detecting tremors, even of low magnitudes, and provide precise
locations of the epicentres (McCalpin, 2009). Nevertheless, they cannot be used for
events triggered before their inventions. Historical documents and archeoseismology
are similar because they are related to the populations. Historical documents can be
precise in time, but their magnitude can only be estimated based on the descriptions.
Archeoseismology, on the contrary, is less precise on the timimg of the earthquakes,
but the magnitudes are estimated with physical parameters measured in the field.
Both disciplines are also heterogeneous in spatial and temporal distribution over
the world. Neotectonics studies the structural deformation of the Earth’s crust
since the Miocene. This discipline focuses on the geomorphology of landscapes and
the topography to identify areas and periods of tectonic activity. Therefore, only

high-magnitude events can leave evidence of their effects.
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2. Paleoseismology

Earthquake databases rarely span several centuries, such as in the USA
(Stover and Coffman, 1993) or Europe (Griinthal and Wahlstrom, 2012). Major
earthquakes generally have recurrence periods exceeding these catalogues, and
coseismic and interseismic phases can compromise interpretations over short periods
of time. Offshore paleoseismology can fill these geographical and spatial blanks. This
discipline can be applied to almost all the world’s oceans, seas, and lakes, providing
continuous global coverage for up to several million years (Colman et al., 2003;
Kutterolf et al., 2018).

2.2 Principle of the lacustrine records

On-shore investigations can indicate fault movements precisely, but the surveys
must be located exactly on the fault lineament (Gastineau, 2022). Additionally,
lakes record the climate and natural events (earthquakes, floods, storms, tsunamis,
volcanic eruptions) in all the catchment areas. They are, therefore, essential for
identifying off-fault seismic events. However, it is important to first differentiate
between earthquake-related deposits and those triggered by other natural hazards.
All these event deposits are associated with gravity-driven flows, identified by
upward-grading (normal grading) beds (Goldfinger, 2011). It is, therefore, essential
to characterised event deposits, such as slumps, mass transport deposits (MTD), and
turbidites, and identify their source to establish the stratigraphy of the lake (Figure

1.6), which is generally representative of the catchment area (Sabatier et al., 2022).

Event-deposit identification has been used for decades worldwide, as
examples in Chile (Wils et al., 2020), in Alaska (Praet et al., 2017), in the Alps
(Wilhelm et al., 2017), in East-Africa (Maitituerdi et al., 2022), in Japan (Shiki
et al., 2000), in Middle East (Lu et al., 2017), in Cascadia (Morey Ross, 2020). The
magnitude, distance of the epicenter to the lake, and bedrock/subtrate type are the
control parameters that trigger lake floor destabilisation. In general, a minimum
intensity of VI is necessary to trigger turbidites and MTDs (Van Daele et al., 2015).
However, lakes act differently, depending on the region, the compaction (Alsop et al.,
2016), the sedimentation rate (McHugh et al., 2002), or the pore-water pressure
(Blumberg et al., 2008). These parameters can be used to qualitatively assess the

sensitivity of lakes to record earthquakes in their sediments.
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Figure 1.6: Earthquake-related depositional processes and sediment sections associated
with the different types of earthquake-related deposits (modified from Sabatier et al.
(2022)).

The identification of earthquake-related deposits is based on their spatial
and temporal extent. Geophysical mapping of MTDs and turbidites using
high-resolution multibeam bathymetric and seismic reflection data is crucial for
charactirising the depositional processes on a basin scale. In addition, analysis of
seismo-turbidites from multiple sediment cores can help to identify their sedimentary
sources and to date individual events. Petrophysical and geochemical analysis allow

the understanding of sediment composition and depositional processes.

2.3 Classification of Paleoseismic evidence

Palaeoseismological studies use geological features to determine the intensity or
the magnitude of prehistoric earthquakes and their spatio-temporal characteristics.
They focus on geomorphic expressions contrasting with the nonseismic deposition
and erosion processes (background or climate-control). The classification of
paleoseismic evidence is based on location and time (McCalpin, 2009). Evidence of
past earthquakes distinguishes all features directly related to certain fault sections

(on-fault) from the physical responses of the deformation or the shaking (off-fault).
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On-fault evidence encompasses instantaneous (coseismic) geomorphic and
stratigraphic expressions like fault scarps, fissures, folds, pressure ridges, and
unconformities. It induces delayed responses (postseismic) with, for example, fissure
fills and slope instabilities along the fault segments. Off-fault evidence is essentially
related to sediment deposition processes and is mostly induced by the shaking
rather than by the movement of the fault itself They occur in an extended area
surrounding the rupture zone, up to several hundred kilometres, depending on the
intensity of the earthquake (even several thousand in the case of tsunamis). Tilted
surfaces, uplifted or subsided shorelines, fluid escapes, Mass Transport Deposits
(MTD) and turbidites are considered coseismic expressions. Delayed responses
include sediment unconformities because of the subsurface deformation, erosion,

and change in sedimentation rates.

3 Study sites

Indonesia (Southeast Asia) is located along the active Ring of Fire. The vulnerability
of the large and unprepared population inside a high seismic hazard area makes this
archipelago one of the highest seismic risk places in the world (Figure 1.2). In
2004, an earthquake with a magnitude of 9.1 occurred in Sumatra, triggering a

large tsunami that caused more than 227,000 fatalities.

Indonesia is currently the fourth most populated country. Since the
beginning of the 20th century, it has grown from 70 million inhabitants in 1950
to more than 280 million today. However, earthquake research is lacking in this
area. The pre-industrial major events are poorly documented. Therefore, the
only knowledge of past earthquakes is probably the memories of people. Yet the
return periods of major earthquakes can exceed generations, which means that the
population is unaware of the seismic risk in regions that have not experienced major
earthquakes in the recent past. Indeed, the most destructive earthquakes generally
have return periods of hundreds or thousands of years. For example, since the Mw
9.1 Sumatra earthquake, several studies have highlighted the temporality of major

seismic events in this area, with a return period of about 200 years (Philibosian
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and Meltzner, 2020; Salditch et al., 2020; Sieh et al., 2008). The PGA map of
Indonesia (Figure 1.7) highlights the Sunda subduction zone along the Sumatra
western shoreline. Nevertheless, a high seismic hazard is also estimated with the
PGA on the Island of Sulawesi.
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Figure 1.7: Indonesian map showing the distribution of the Peak Ground Acceleration
(PGA) with a 10% probability of being exceeded in 50 years (data: Johnson et al. (2023)).

3.1 Sulawesi

The Island of Sulawesi is located at the junction of the Eurasian, Philippine, Pacific
and Australian plates (Figure 1.8). Delineated to the north by the North Sulawesi
Trench, to the East by the Tolo Thrust and to the west by the Makassar Strait. The
particular shape of the island is due to a complex geodynamic history of collisions
and rotations of continental blocks and oceanic crust (Hamilton, 1972). The island
can be divided into two geological zones. The western arc is composed of a Middle
Cretaceous metamorphic basement, overlayed by Tertiary and Quaternary volcanic
formations (Katili, 1978). The eastern arc, formed by a Cretaceous subduction
complex, is composed of the East Sulawesi Ophiolite formation (Silver et al.,
1983b). The stress induced by the North Sulawesi Trench and the Tolo Thrust

11
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is accommodated by the Sulawesi strike-slip fault system, including the Palu-Koro
Fault (PKF), the Matano Fault (MF) and the Lawanopo Fault (LF) (Silver et al.,
1983a). A west-dipping slab subduction of the eastern Sulawesi block created the
western volcanic arc since the early Oligocene and obducted the ophiolite nappe to
the east. At the end of the collision, the slab is detached and exhumed by collapse
(Villeneuve et al., 2002).

For the Mw 7.5 Palu earthquake in 2018, scientists were able to measure
directly on land the rupture (Bao et al., 2019). However, in this tropical setting, a
high erosion rate and a dense vegetation cover hamper the study of earthquakes
triggered more than a few decades ago. There is also a paucity of historic
documentation or archeological evidence of past events. Therefore, lacustrine
paleoseismology is a promising approach likely the last discipline to provide more
comprehensive insight into the seismic evolution of Sulawesi and recurrence of
strong earthquake in the past. Two ancient lakes are located along the Sulawesi
fault system: Lake Towuti (southeast of Central Sulawesi) and Lake Poso (Central
Sulawesi). These two lakes are promising sites for recording the spatial extent and
timing of past earthquakes a spatial and temporal study of the earthquakes recorded

in the sediments.

3.2 Lake Towuti

Lake Towuti (2.75° S, 121.5° E) is the largest tectonic lake in Indonesia (Russell
and Bijaksana, 2012). With a surface of 552 km? and a maximum depth of 203 m
water depth, the lake is one of the three interconnected ancient (1 to 4 Ma ago)
lakes of the Malili Lake system, with upstream Lake Matano and Lake Mahalona,
associated with two satellite lakes, Lontoa and Masapi (Figure 1.9). The location
provides a unique site for paleoclimate studies and understanding the Indo-Pacific
Warm Pool (IPWP). The geology around Lake Towuti is composed of ultrabasic
(ophiolitic) rocks releasing high concentrations of iron, nickel and chromium into the
lake (Morlock, 2018). The Malili Lake system is delineated by strike-slip faults to
the north by the Matano Fault and to the south by the Lawanopo Fault (Watkinson
and Hall, 2017).
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Figure 1.8: Tectonic map of the Island of Sulawesi, representing the earthquakes recorded
from 1960 to 2024, with a magnitude > 5 and depth < 40 km (source: ISC bulletin
catalogue: http://www.isc.ac.uk/iscbulletin/search/catalogue/. PKF': Palu-Koro
Fault, MF: Matano Fault, LF: Lawanopo Fault)
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Between 2007 and 2013, three surveys of seismic reflection data (CHIRP,
airgun multi-channel and airgun single-channel), totalling more than 1000 km of
lines, were collected at Lake Towuti. In addition, 12 sediment piston cores have
been sampled, covering the upper 10 - 20 m of sediment in various parts of the
lake (Russell and Bijaksana, 2012). This preliminary phase of the Towuti Drilling
Project (TDP) illustrated the potential for paleoclimate records of the lake. In 2015,
the TDP recovered 1000 m of sediment cores from three sites and reached bedrock
at more than 160 metres below the lake floor (mblf). The ages calculated on these
boreholes estimate the formation of the permanent Lake Towuti to be ~ 1 Ma old
(Russell et al., 2020).
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Figure 1.9: Morphological map of the Malili Lake system and the data collected on Lake
Towuti for the Towuti Drilling Project. The plain lines are faults included in the Sulawesi

strike-slip fault system, and the dashed lines represent the undefined secondary faults.
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3.3 Lake Poso

Lake Poso (1°54’49.0” S, 120°36°40.5” E) is located in central Sulawesi at 485 meters
above sea level (masl), 30 km to the north of the PKF. Its formation initiated ~
2 Myr ago (Monnier et al., 1995) and resulted in a succession of extensions and
retrogressions of a half-graben, open to the sea and the Gulf of Tomini until the
Pleistocene (Hamilton, 1972).
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Figure 1.10: Morphological map of the surroundings of Lake Poso with the gravity core
locations, the seismic and the bathymetric grids. The faults and other lineaments are
reported from Watkinson and Hall (2017).
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Field work of the Poso Project started in November 2022. After complex
logistics for sending the material to Indonesia and to Lake Poso, a bathymetric
survey was conducted for the first time on the island of Sulawesi. In total, ~ 950
km of track lines were surveyed in 17 days. The preliminary results were used to
plan the seismic survey. About 576 km of seismic reflection profiles were recorded
to image ~ 40 m subsurface sediment of the lake. In addition, 23 short cores were
sampled with an ETH-style gravity corer. The locations were selected based on the

bathymetry and the seismic profiles.

Figure 1.11: Images of the (A) bathymetric acquisition, (B and C) seismic acquisition,

and (D) coring during the field mission on Lake Poso in 2022.

16



Introduction

4 Qutline of this thesis

There is a significant disparity in the study sites, with much more research conducted
in the northern hemisphere than in the southern hemisphere. On the island of
Sulawesi, the earthquakes recorded by instrumental instruments are located mainly
along the northern section of the PKF. High-magnitude earthquakes can likely occur
in central Sulawesi and along the Matano Fault, for example, with the 2011 Mw
6.1 earthquake to the north of Lake Matano (Watkinson and Hall, 2017). The
distribution of the PGA in Indonesia also indicates a high seismic hazard in this area
(Figure 1.7. Without historical documents on past earthquakes, paleoseismology is
the best discipline to improve earthquake records and estimate the return periods

of devastating earthquakes.

The initial phase of this study was to analyse how tropical lakes react to
earthquakes and climate change. It is important to differentiate between various
processes and the response of the lake environment in terms of sedimentation or
water level. All these parameters determine the sensitivity of a lake to record natural

hazards.

- Chapter 2 of this thesis identifies the evolution of the sensitivity of
Lake Towuti by comparing climatic fluctuation with the record of event deposits.
This study site was ideal for this initial phase because a large amount of data is
already available from the Towuti Drilling Project, which focused on the palaeo-
environmental and palaeo-climatic studies of the lake. This chapter uses seismic
reflection correlated with piston cores to conduct a high-resolution study of the past
40 kyr.

- Chapter 3 is a preliminary stage in the continuity of Chapter 2. After
identifying the sensitivity of Lake Towuti over the last 40 kyr, a correlation between
borehole data and single-channel seismic reflection is carried out to estimate the
return period of turbidites over 1 Ma. In addition, a detailed seismic stratigraphy
between the different basins of the lake will highlight the geomorphological evolution
of Lake Towuti.

- Chapter 4 is the first paleoseismological study on Lake Poso. The data
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collected at the lake in 2022 show the considerable potential of this site for
paleoseismological studies. This pioneering project in Sulawesi will provide an
overview of past seismological evidence using bathymetric and seismic acquisition
data.
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Climate-controlled sensitivity of
lake sediments to record
earthquake-related mass wasting
in tropical Lake Towuti during the

past 40 kyr

Aerial picture of Lake Towuti (photo: indonesia-tourism).
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Climate-controlled sensitivity of lake sediments to record earthquake-related mass
wasting in tropical Lake Towuti during the past 40 kyr

Abstract

Located at the triple junction of the Pacific, Eurasian and Sunda plates, the Island
of Sulawesi in Indonesia is one of the most tectonically active places on Earth. This
is highlighted by the recurrence of devastating earthquakes such as the 2018 Mw 7.5
earthquake that damaged the city of Palu and caused several thousand fatalities in
central Sulawesi. The majority of large-magnitude earthquakes on Sulawesi are related to
stress release along major strike-slip faults such as the Palu-Koro Fault and its southern
extensions, the Matano and Lawanopo Faults. To date, information on the frequency
and magnitude of past major events on these faults is limited to instrumental records
and historical sources restricted to the last century, whereas information from natural
archives is completely lacking. Lake-sediment records can fill this gap, but a detailed
assessment of the various factors that influence the sensitivity of sediment successions to
past earthquakes is required to evaluate their suitability. Lake Towuti, situated in Eastern
Sulawesi, is known for its paleoclimate record and also promises to be a key site to generate
a paleoseismology record for Sulawesi. The lake lies close to the highly active Matano
and Lawanopo strike-slip faults and thereby is an ideal archive for past earthquakes that
have occurred in the surrounding area. Here we combine high-resolution chirp seismic
data with lithostratigraphic and petrophysical data of sediment piston cores to assess the
recurrence of seismically generated mass-transport and turbidite deposits. Three major
seismic-stratigraphic units are distinguished in the upper ~10 m of the sediment succession
and linked to differences in the frequency of mass-wasting during the past 60 kyrs. The
evidence of a more turbidite-prone period between 12 and 40 ka is roughly coincident
with a dry phase and associated lake-level lowstand during the last glacial period at Lake
Towuti. Hence, we suggest that climate strongly influences the sensitivity of slopes to
fail during seismic shaking in this tropical setting as a consequence of lowstand-forced
sediment redeposition from the shelves onto the slopes and into the basins. As climate
significantly impacts the sensitivity of the lacustrine sediments to record earthquake-
related mass wasting deposits, we suggest that the frequency of mass-transport deposits
can additionally be employed as a quantitative indicator for past changes in hydroclimate

in these tropical settings.
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1. Introduction

1 Introduction

When the crustal deformation rate of a region is low, or when the release of fault energy
through small earthquakes is frequent, there is a necessity to observe major seismic events
over long time periods to successfully reveal their recurrence pattern (Lafuente et al.,
2014; Moernaut et al., 2014). This relates to the extended recurrence period of strong
earthquakes that is often longer than the time covered by both instrumental and historical
records (Kremer et al., 2017). To identify periods and regions with moreactive seismic
activity and to evaluate fault activity and evolution, it is therefore necessary to extend

our knowledge of the temporal and spatial distribution of seismic events.

The Island of Sulawesi, in Eastern Indonesia, is located on the ‘Ring of Fire’
that encircles the entire Pacific Ocean. Consequently, it is subject to frequent and severe
earthquakes (Bellier et al., 2001). In 2018, a magnitude 7.5 earthquake in Palu (Bao et al.,
2019; Omira et al., 2019; Wu et al., 2021) caused several thousand fatalities and massive
material damage. The earthquake-induced damage was further enhanced by an associated
tsunami heavily affecting the shorelines along the Gulf of Palu. Seismic events of this
magnitude are regarded as exceptional in the region, though, based on the documented
and recorded 13 moment magnitude (Mw) 7+ earthquakes since 1924, they occur on
average every decade on the Island of Sulawesi. Less powerful earthquakes strike more
frequently. About one Mw 6.0 to 6.9 earthquake occurs every year and Mw 5.0 to 5.9
earthquakes occur nine times per year on average (depths <35 km), as documented in
the Sulawesi earthquake catalogue (1924 — 2022) of the International Seismological Center
(ISC) (Willemann and Storchak, 2001). The Island of Sulawesi is segmented by three major
strike-slip faults (Fig. 2.1): the Palu-Koro (PKF), the Matano (MF) and the Lawanopo
(LF) Faults. These faults cut across the island from NW to SE and define a major
transform zone between the eastern and the western parts of the island (Fig. 2.1A), between
the North Sulawesi Trench and the Tolo thrust (Silver et al., 1983). The entire Island of
Sulawesi is split into multiple rotating tectonic microblocks, which accommodate the entire
collision of the area by crustal rotation rather than by orogenesis. While the south-eastern
part of Sulawesi rotates anticlockwise, the north-eastern part rotates clockwise (Socquet
et al., 2006). Most of the earthquakes, and particularly the shallow large magnitude ones,
typically have their epicenters along the three crustal faults PKF, MF and LF. Therefore,
stress is generally transferred via left-lateral movement along those faults, accompanied by

a rotation of various tectonic microblocks (Socquet et al., 2006; Villeneuve et al., 2002),

26



Climate-controlled sensitivity of lake sediments to record earthquake-related mass
wasting in tropical Lake Towuti during the past 40 kyr

rather than by crustal shortening. Earthquakes are also concentrated along the North

Sulawesi subduction zone (Fig. 2.1).
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Figure 2.1: (A) Seismo-tectonic map of the Island of Sulawesi. Earthquakes from 1924 to
2022 are displayed, with a Mw magnitude > 6 and a depth < 35 km. (B) Bathymetric
map of Lake Towuti with the high-resolution CHIRP seismic grid and the location of the

piston cores.

The oldest earthquakes on Sulawesi recorded by the United States Geological
Survey (USGS) and the ISC date back to the early 1900s. To date, only few
paleoseismological studies are available to extend the earthquake catalogue beyond
instrumental and historical records (Irsyam et al., 2020; Natawidjaja et al., 2020).
However, the expansion of our knowledge of the region’s seismic event history is vital
to improve our understanding of the seismic and tsunamigenic hazard in the region (i.g.
Daryono et al. (2021); Watkinson and Hall (2017); Wils et al. (2021b)). Given the severity
of the few instrumentally recorded earthquakes and the population increase in city centres
and agglomeration areas, better estimates on the earthquake cycle (e.g. recurrence period
and pattern) are essential. The September 2018 Mw 7.5 earthquake in Palu has recently
generated considerable attention to the hazard potential of the PKF while such awareness

is currently absent for other areas of Sulawesi. For example, the south-eastern part of
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Sulawesi remains poorly studied despite the presence of the similarly active MF and LF.
Historical events call for the generation of a paleorecord of similar events, which will allow
better estimates of recurrences and magnitudes and, consequently, better adaptation to

these natural hazards through mitigation measures (building stability, education, etc.).

Lake Towuti represents the ideal site to generate a long regional paleoseismic
record. It has a continuous >1 Myr sedimentary record (Russell et al., 2020b), large surface
area-to-depth ratio with gently inclined slopes Morlock et al. (2019); Vogel et al. (2015)
necessary for off-fault recording of seismic shaking (e.g. turbidites, mass movements), a
large number of available drill and piston core records (Russell et al., 2020b,1; Vogel et al.,
2015), and a dense grid of seismic reflection data (Russell et al., 2016). Tectonically, the
Towuti basin formed by fault movement of the MF (an eastward extension of the PKF')
and its conjugated fault structures, making it possible to directly analyse the creation
of tectonically-controlled sediment accommodation space on local and regional scales.
However, the lake and its catchment also experienced considerable changes in climate, lake
level and land cover over its ~1 Myr history (Russell et al., 2020b), making it essential
to understand how these environmental processes might interact with tectonic changes to

influence the lake’s paleoseismic record.

The sedimentary fill of lakes represents a continuous timeline over thousands of
years, very sensitive to climatic (Ariztegui et al., 2001; Guyard et al., 2007), seismic (Avsar
et al., 2015; Chapron, 1999; Howarth et al., 2014,2; Oswald et al., 2021; Schwestermann
et al., 2020; Strasser et al., 2013; Talling, 2021) and volcanic (Chassiot et al., 2016;
Shinohara et al., 2015) processes. Lakes constitute an essential archive for the study
of geological events and processes and are among the very few continental depositional
environments that continuously record changes over geological time-scales. Most long-lived
lakes form in volcanic (Moernaut et al., 2010; Wils et al., 2021a), impact Melles et al.
(2012); Shanahan et al. (2006) or tectonically active areas involving either extensional
(e.g. East African, Russell et al. (2020a)), collisional (subduction zones in Chile, Alaska,
Japan, Chapron et al. (2006); Inouchi et al. (1996); Kempf et al. (2020); Moernaut et al.
(2014); Praet et al. (2017), transtensional regimes (Gastineau et al., 2021; Hage et al.,
2017; Hubert-Ferrari et al., 2020) or a combination thereof (e.g. Japan and Indonesia,
Shiki et al. (2000); Watkinson and Hall (2017)), creating and sustaining accommodation
space over time, and hence making them invaluable paleoseismology archives. Therefore,
lakes are ideal sites to provide a better understanding on earthquake recurrence patterns,

fault behaviour and seismic hazard assessment.
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Several criteria have to be met for a lacustrine setting to serve as an ideal archive
of past earthquake events. Most importantly, factors such as sedimentation rate and
earthquake intensity are critical (Wilhelm et al., 2016a). Generally, low sedimentation
rates cause a slow charging of subaqueous slopes with fresh sediments, and therefore the
probability to record earthquake-induced subaqueous mass movements may be low, leading
to a less sensitive setting (Moernaut, 2020). On the other hand, sites characterized by lower
sedimentation rate offer more easily accessible long-term records through sediment coring.
Slope inclination is also a significant factor in the susceptibility of lakes to experience
sediment failures (Pohl et al., 2020). A steeper slope increases the gravitational stress
relative to the strength and stability of the sediments. However, a gentle inclined slope
can also generate mass movements and soft sediment deformations (Avsar et al., 2016;
Molenaar et al., 2021), especially following an earthquake (Field et al., 1982). During
seismic shaking, liquefaction can destabilize the sediments either on land, as documented
by the devastating landslide triggered by the 2018 Palu earthquake (Tohari et al., 2021;
Watkinson and Hall, 2019), or within water filled basins (Boncio et al., 2020). Several
studies indicate an intensity of > VI is necessary to trigger mass transport deposits (MTDs)
and the formation of turbidites, and minimum VII1/2 for the development of massive slope
failures and megaturbidites (Moernaut et al., 2007; Van Daele et al., 2015; Vanneste et al.,
2018). Systematic turbidite-paleoseismological approaches have been successful in several
regions that meet these criteria, like in Cascadia (Goldfinger, 2011; Leithold et al., 2019,1),
New-Zealand (Howarth et al., 2014,2), Mediterranean (Badhani et al., 2020; Ratzov et al.,
2015), Southwest Iberian margin (Collico et al., 2020; Gracia et al., 2010), Alaska (Praet
et al., 2017,2), European Alps (Chapron et al., 2016; Daxer et al., 2022; Kremer et al.,
2015; Schnellmann et al., 2005; Strasser et al., 2020) and Chile (Chapron et al., 2006;
Moernaut et al., 2018; Volker et al., 2012; Wils et al., 2020) as well as in other regions
(Inouchi et al., 1996; Nayak et al., 2021).

A connection between water-level fluctuations and MTDs has already been
proposed for different settings (ten Brink et al., 2016), such as in Patagonia (Anselmetti
et al., 2009), East Africa (Moernaut et al., 2010), New Jersey continental margin (McHugh
et al., 2002), and the Dead Sea (Waldmann et al., 2009), the latter of which has a tectonic
strike-slip fault context similar to that of Lake Towuti (Bartov and Sagy, 2004). For the
Dead Sea, a link between climate-controlled lake-level fluctuations (Bartov et al., 2002;
Bookman et al., 2006; Goldstein et al., 2020) and the occurrence of submarine mass failures
has been documented (Belferman et al., 2018; Closson et al., 2010; Dente et al., 2021; Lu

et al., 2021b). Lowstands from 35 ka to 15 ka, may have caused slope erosion and decreased
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the stability of the emerged areas around the lake (Lu et al., 2021a).

This study forms part of the International Continental Scientific Drilling Program
(ICDP) co-funded Towuti Drilling Project (TDP, Russell et al. (2016,2)). Previous and
ongoing investigations on piston cores from site surveys and cores from scientific drilling
document that Lake Towuti is highly sensitive to record past changes in hydroclimate.
Evidence from various sedimentological and geochemical indicators suggests the region
has experienced substantial drying during the last glacial between ~29 and 16 kyr BP,
roughly coincident with marine isotope stage (MIS) 2 and broadly consistent with other
reconstructions from the region (De Deckker et al., 2003; Konecky et al., 2016; Krause
et al., 2019; Ma et al., 2022; Partin et al., 2007; Reeves et al., 2013; Windler et al., 2020).
Drying during the last glacial led to lake-level lowstands with basinward progradation of
major deltas (Morlock et al., 2019; Vogel et al., 2015), opening of the local forest vegetation
(Hamilton et al., 2019; Russell et al., 2014; Wicaksono et al., 2017), reduced terrestrial
runoff (Morlock et al., 2019,2; Russell et al., 2020b,1) and deep mixing and oxygenation
of the water column (Costa et al., 2015; Tamuntuan et al., 2015). These climatically
driven environmental and depositional changes are likely to influence the sensitivity of
Lake Towuti and, more broadly similar tropical sites, to record past earthquakes. Lake
Towuti may therefore represent the ideal site to explore the interplay of climatic and
depositional processes on the sensitivity of lacustrine settings to document the impact of

past earthquakes.

Here we aim at generating an event stratigraphy based on seismic reflection
and sediment-core data from Lake Towuti. The correlation of these analyses permits
us to: (1) understand depositional processes occurring within and across the different
stratigraphic and seismic units, (2) identify earthquake-related structures and deposits and
their temporal relationships, (3) contribute to creating a paleoseismic record for the Malili
Lakes region of East-Sulawesi, and (4) explore the effect of (hydro-) climate changes and
associated lake-level fluctuations on the sensitivity to record past earthquakes in tropical

settings.

2 Regional setting

The Island of Sulawesi (Fig. 2.1), in eastern Indonesia, comprises four elongated arms
with a diverse geology that includes volcanic extrusives underlain by metamorphic rocks

to the west, outcropping metamorphic rocks in the central part and ophiolites that are

30



Climate-controlled sensitivity of lake sediments to record earthquake-related mass
wasting in tropical Lake Towuti during the past 40 kyr

partly covered with sedimentary rocks to the east (Villeneuve et al., 2002). The obduction
of the East Sulawesi Ophiolite (ESO) is related to the interaction of the Eurasia, Indo-
Australia and Pacific plates forming a triple junction since the Late Mesozoic to Oligocene
(Kadarusman et al., 2004; Villeneuve et al., 2002).
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Figure 2.2: Map of the Malili system and the Matano and Lawanopo faults
(from Watkinson et al., 2017) showing historical earthquakes. The earthquake
catologue originates from the International Seismological Center (ISC), with only
events of magnitude > 4, depth < 35 km, between 1924 and 2021 shown
(Supplementary Material Table S2). The majority of the seismic events are located
along the Matano Fault.  The 2011 Mw 6.1 earthquake (purple star) affected
the northern shoreline of Lake Towuti with an intensity of VI (Shakemap by
USGS Earthquake Hazards Program: https://earthquake.usgs.gov/earthquakes/
eventpage/usp000huje/shakemap/intensity, modified acceseed in Feb. 2022). The
labels A-E are the five basins delineated by the faults
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2. Regional setting

The Malili Lakes are located within Sulawesi’s southeast arm forming a drainage
basin that is tectonically active and characterized by major strike-slip faults with oblique
components (Fig. 2.2). The three largest lakes of the Malili system (Matano, Mahalona and
Towuti) are interconnected while the two other lakes (Lontoa and Masapi) are presently
not connected. The formation of this ancient lake system is thought to have taken place
1 to 4 Ma ago (Russell et al., 2020b) following the activation of transform faults in the
Early Miocene (Hall and Wilson, 2000), with Lake Matano thought of being the oldest lake
(Vaillant et al., 2011). The catchment is predominantly composed of ultramafic bedrock
(harzburgite peridotite and lherzolite; Hasberg et al. (2019)) with minor associations of
more mafic rocks (Costa et al., 2015). These mafic and ultramafic rocks are interspersed
with Mesozoic limestones or Tertiary sandstones and shales (Hamilton, 1972). Bedrock in
the catchment is transformed to thick lateritic soils, which supply the lake with substrates

high in redox-sensitive metals such as iron, nickel, and chromium (Crowe et al., 2008).

Lake Towuti formed around 1 Ma ago within a transtensional basin created by
the predominant strike-slip motion along the MF (Russell et al., 2020b). The lake has a
maximum depth of 203 m, lies at 319 m a.s.l. and represents the most downstream lake in
the Malili Lake system. Lake Towuti is hydrologically open with a surface area covering
560 km? and a watershed comprising 1145 km2 (Morlock et al., 2019). The Mahalona
River drains 25% of the Lake Towuti watershed dominated by Quaternary alluvial deposits
(Hasberg et al., 2019; Morlock, 2018). To the east of the lake, the Loeha River partly drains
metasedimentary rocks and supplies felsic minerals to the lake. To the south, three rivers
drain 10% of the watershed composed of ultramafic rocks. The remaining shoreline to
the north and west is dominated by steep slopes and dense vegetation, without permanent
rivers. Lake Towuti has an average annual temperature of 25.7 °C, with monthly variations
lower than 1 °C (Vogel et al., 2015). The maximum precipitation is in April and the
minimum in August, for an annual average of 2540 mm. The annual cross-equatorial
movement of the Intertropical Convergence Zone (ITCZ) and the Australo-Indonesian
Summer Monsoon (AISM) control most of the seasonal rainfall distribution. The lake is
also affected by El-Nino events, which can induce a decrease in lake level, such as the 3—5
m decrease during the 19971998 event (Tauhid and Arifian, 2000).

The three strike-slip faults are highly active, with displacements of ~30—50
mm /year for the PKF (Bellier et al., 2006; Stevens et al., 1999; Watkinson and Hall, 2017).
Displacement rates for the MF and LF are not as accurately documented as for the PKF,

but the geomorphic features and their conjugated position in relation to the PKF point to
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a similar rate in the order of tens of mm/year (Costa et al., 2015). These fault structures
induce the formation of transtensional basins, like Lake Towuti, which are common features
in a strike-slip faulting context (Ballance and Reading, 1980). This conjugated strike-slip
fault system is responsible for most of the earthquakes in the region. Since the early 20th
century, 150 earthquakes with Mw > 4.5 and depths < 35 km have occurred along the
main strand of the MF and LF in the Malili Lakes area (Fig. 2.2, Willemann and Storchak
(2001)). Amongst these events, the 2011 Mw 6.1 earthquake, with its epicenter on the
MF, damaged the only hospital within a 100 km radius (Watkinson and Hall, 2017) near
Lake Matano.

3 Material and methods

3.1 Seismic reflection survey

In 2007 in preparation of the TDP, more than 250 km of highresolution seismic lines
(CHIRP) were acquired with an Edgetech™ 3200 with SB-424 (Russell and Bijaksana,
2012; Vogel et al., 2015) to characterize the sediment architecture of the basin and
identify suitable sites for paleoclimate research. The data were acquired using a length
of the source signal of 46 us, a frequency of 3—15 kHz, and a shot time interval of 1 s,
corresponding to shot spacing of approximately 1.74 m. Coordinates were continuously
recorded using a Furano™ GPS. The data were converted to SEG-Y files that were then
imported into the seismo-stratigraphic interpretation software Kingdom 2020 provided by
IHS Markit. No bandpass filters were used but small bulk shifts were applied prior to data
visualization and export of the seismic sections. The seismic horizons were traced along
high-amplitude reflections in the acoustic signals, thus forming virtual lines allowing the
definition of different seismic units. Within these units, acoustic facies were identified and
described, and their characteristics were associated with specific depositional processes
documented in the literature (Adams et al., 2001; Gasperini et al., 2020; Gilli et al., 2004;
Maitituerdi et al., 2022; Moernaut and De Batist, 2011; Praet et al., 2017; Sammartini
et al., 2021; Schnellmann et al., 2005). Airgun data were also collected to understand
basin evolutionary processes and for detailed TDP drill site characterization (Russell and
Bijaksana, 2012; Russell et al., 2020b), totalling~1200 km of seismic lines. In this study,
airgun data was only used for the generation of a bathymetric map along with the CHIRP
data. For details on the generation of the airgun data, we refer to Russell et al. (2020b). For

the generation of a bathymetric map, the lake-floor horizon was picked prior to applying a
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time-depth conversion with a constant acoustic velocity of 1450 m/s for the water column.
Interpolation of the seismically-derived lake-floor data was performed in ArcGIS 10.8 using
a natural neighbour interpolation method, which resulted in the bathymetric map of Lake
Towuti presented here (Fig. 2.1B).

3.2 Sediment piston-coring

In 2010, the 19.8-m-long Co1230 piston core was collected in~200 m water depth in the
northern Basin A of Lake Towuti (Fig. 2.1B, 2°42°019”S, 121°35’033”E). The coring site
is located a few kilometres downstream of the Mahalona River inlet, towards the distal
part of its delta but not directly on the proximal deltaic deposits (Fig. 2.1). The base
of Co1230 is dated to 28.8 cal ka BP (Vogel et al., 2015). The cores IDLE-TOW10-9 B-
1K (2°43'012”S, 121°31°032”E; hereafter TOW9) and IDLE-TOW10-6 A-1K (2°43°057”S,
121°30°058”; hereafter TOWG6) are 11.5- and 11.2-m-long piston cores recovered from the
northern Basin B (Fig. 2.2) at 154 m and 158 m water depth (Fig. 2.1B), respectively. The
location in the centre of the basin distal to the steep slopes and protected from deltaic
deposition by bedrock highs results in the deposition of fine-grained, primarily pelagic
sediments (Russell et al., 2020b). The base of TOW9 is dated to ~60 ka (Russell et al.,
2014). Cores IDLE-TOW10-7 B-1K (2°48°054”S, 121°30’016”E; hereafter TOW?7) and
IDLE-TOW108B-1K (2°50°040”S, 121°28’003”E; hereafter TOWS), are the only available
piston cores from the southern Basins C and D (Figs. 2.1B and 2.2). The 11.0-m-long
core TOWT is located in the middle part of the lake at 140 m water depth, between Loeha
Island and a bedrock ridge, which splits the southern part into two basins (Basins C and
D, Figs. 2.1 and 2.2). Core TOWS (11.2-m-long) was recovered in the deepest part of the
southern Basin D at 174 m water depth.

3.3 Petrophysical analyses and radiocarbon dating

Whole core Gamma Ray density (GRAPE) and magnetic susceptibility (MS)
measurements were performed on all cores with a resolution of 0.5 cm, using a Geotek
Multisensor Core Logger (MSCL) equipped with a Bartington MS2E loop sensor. Split
core high-resolution linescan images were brightness corrected using the same parameters

for all core sections.

Radiocarbon dates (20 bulk organic carbon and 3 terrestrial macrofossil ages)
from Russell et al. (2014) for core TOW9 were projected onto TOW6, TOW7 and TOWS.
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These projections are based on clearly distinguishable stratigraphic features present in
magnetic susceptibility, gamma-ray density data, and changes in lithology at all sites
(Fig. 2.3 and Supplementary Material Fig.S1). Upon transfer of radiocarbon ages, age
models were calculated using the IntCal20 calibration curve (Reimer et al., 2020) for cores
TOWG6, TOW7, and TOWS. The R package CLAM v.2.3.9 (Blaauw, 2010) was used to
generate age-depth models using a smooth spline interpolation. For core TOW9 we relied
on the age-depth model presented in Russell et al. (2014) and for core Co1230 on the one
presented in Vogel et al. (2015).
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Figure 2.3: Core logs (lithological units, turbidites, Gamma ray density and magnetic
susceptibility) aligned with respective windows of chirp seismic lines (two-way-travel-time,
in ms). Differentiation of green and red clays was done using core images and magnetic
susceptibility data. Ages measured on core TOW9 (Russell et al., 2014) are interpolated

on the other cores with the matching patterns in MS variations.
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3.4 Intensity prediction equation

Earthquake intensities in the surroundings of Lake Towuti are only available for strong
events. However, a considerable number of smaller earthquakes are located at sufficient
distances to reach the shores of the lake with an intensity > VI. The Intensity Prediction
Equation IPE in Leonard (2015) was used to estimate the Modified Mercalli Intensity
MMI for additional events listed in Supplementary Table S2:

MMI = Co+ Cy % My + Co % In(y/R? + (1 + Cs x exp(M,, — 5))?)

where R is the minimum /shortest distance to the shore of Lake Towuti, M,,, the moment
magnitude of the event, and Cy, C1, Co, and (4, are constants, equal to 3.5, 1.05, —1.09,
1.1 respectively.

4 Results

4.1 Bathymetry

The bathymetric map indicates five basins of variable depth separated transversely by
bedrock ridges (Figs. 2.1 and 2.4) and fault structures (Fig. 2.2). The deepest basin to
the north (A) receives the majority of direct sediment input from the Mahalona River,
which forms a delta that progrades southeastward towards the Basin A center. Owing to
its topographic confinement, slopes bordering Basin A are steep, often exceeding >15°.
The lake-floor morphology of the two Basins B and C is rather flat, with water depths
ranging between ~120 and ~160 m (Fig. 2.4). Basin B is characterized by gently inclined
slopes to the NW and SE, while slopes from the bordering ridges to the N and S are
generally steeper, particularly slopes originating off the Loeha Island (~12°). Basin C
shows a more complex morphology with gradual slopes towards the north and south sills
and steepest slopes to the west and east. The southern Basin D is characterized by an
expansive relatively flat surface with a nearly constant water depth of ~160 m. The slopes
bordering Basin D are gently inclined at 3° and 5° along the shoreline but are much steeper
(max.18°) at its northern end, marked by a prominent ridge. Basin E is isolated in the

northeast of the lake, featuring a circular shape and a depth of ~140 m.
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4.2 Seismic stratigraphy

Single and multi-channel airgun seismic data reveal two clearly distinguishable seismic
units for Lake Towuti (Russell et al., 2020b). The upper Unit 1, reaching a maximum
thickness of nearly 150 m (using a seismic velocity of 1500 m/s) in the southern Basin D,
is acoustically well stratified with alternations of parallel and continuous low- and high-
amplitude reflections across all basins. The lower Unit 2 varies from ~10 to ~150 m in
thickness and generally shows a chaotic appearance with limited areas of continuous and
discontinuous sub-parallel high-amplitude reflections. These two seismic units correlate
well with substantial lithological changes in the sediment cores obtained from the 2015
TDP deep drilling boreholes. The sediment succession is comprised of predominantly fine-
grained lacustrine sediments in the upper part (Unit 1) and predominantly coarser grained
fluvio-lacustrine sediments interspersed with occasional peats in the lower part (Unit 2)
(Russell et al., 2020b).

Using the high-resolution CHIRP data, we delineated the seismic stratigraphy of
the uppermost strata within Unit 1 into 5 seismic sub-units (youngest Unit S1.1 to oldest
S1.5, Table 2.1, Fig. 2.4). This sub-classification is based on differences in the amplitude
and frequency of reflections (seismic facies) and their overall geometry. However, in the
depocenters, where sediment deposits are thickest, and near the major deltas where coarser
sediments prevail, the CHIRP data lack signal strength to image the entire Unit 1 down
to the Unit 1/Unit 2 boundary. Correlation of the seismic units between the different
basins is not always straightforward as bedrock ridges separate the different basins. In
this study, we therefore focus only on the three uppermost seismic sub-units (named Unit

S1.1 to S1.3), which are also covered by sediment piston-cores (Fig 2.3).

Unit S1.1

Unit S1.1 reaches an average thickness of 11 ms two-way travel time (TWT, ~8 m using
a constant seismic velocity of 1500 m/s, Fig. 2.4) and is characterized by parallel and
continuous reflections, with a general succession of higher amplitudes at the base to lower
amplitudes at the top of the unit (Table 2.1). Some of the reflections terminate in onlaps
at the slopes. At sites proximal to the delta, the lower limit of Unit S1.1 is more difficult
to determine because gas rich sediments hamper the visualization of the reflections due to

dissipation of energy at depth.

In Basin A, Unit S1.1 is substantially thicker than in the other basins. This
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is because steep slopes and the great water depth direct the suspended load from the
Mahalona River and its delta towards the Basin A depocenter (Fig. 2.1, Vogel et al. (2015)).
The amplitudes of the reflections in this deep basin are weak to moderate, with transparent
seismic facies at the base of the slopes. Unit S1.1 in Basin B, which is located farther away
and protected by E-Wtrending bedrock highs from delta sediments, is much thinner (~5
ms TWT, ~3.5 m) but spread over a large area compared to Basin A. It is acoustically well-
stratified, with horizontally continuous and parallel low-to moderate-amplitude reflections
over the entire Basin B. In Basin C, Unit S1.1 exhibits a generally constant thickness
with parallel and continuous reflections of moderate amplitude (Fig. 2.4). Its thickness is
similar to that in Basin B, except for the western littoral part where it tends to become
thinner. The reflections of Unit S1.1 in Basin D are parallel and continuous with low
amplitudes and an average thickness of 3 ms TWT (~2.3 m). A few thick and acoustically
transparent acoustic strata, identified as MTDs are locally identifiable, especially towards

the northwestern shore of the basin.

Table 2.1: Description of CHIRP seismic units of Lake Towuti with respective thicknesses

in different basins A-D using a constant seismic velocity of 1500 m/s for time-depth

conversion.
maximal thickness
Unit  preview description A B c D
Parallel, continuous, high-(base) to low-amplitude (surface) in Basin A. Acoustically well-stratified,
S1.1 with horizontally continuous and parallel reflections in Basins B, C and D 8m 35m 35m 2m

High-amplitude, continuous and sub-parallel in Basin A. Succession of acoustically high-

¥ 5 r 1 amplitude, parallel, continuous and homogeneous reflections in Basin B. Medium- to high- c
S1.2 Y amplitude, semi-continuous, with ruptures (irregularities and discontinuities) in Basin C. Medium- 2 35m 45m 825m
: N ' to high-amplitude, continuous and parallel in Basin D e ’ ’ ’
e =]
@
o
Not imaged in Basin A. Thinly acoustically alternated reflections of low- and very low-amplitude, §
S1.3 with high frequency, globally homogeneous and continuous, parallel with some minors 1% 12m 105m 95m
deformation and disruption in Basin B, C and D =3
g
]
¥ W——— Several high-amplitude reflections associated to tephra layers (Russell et al., 2020). Parallel and 2]
S1.4 M sub-parallel disrupted low-amplitude reflections in Basins B, C and D ~ 35m 20m 33m

Succession of acoustically low- to very low-amplitude reflections, parallel and sub-parallel,

$1.5 continuous and homogeneous in Basin B, C and D Undefined (loss of energy)

Unit S1.2

The boundary between Units S1.1 and S1.2 is defined by a high-amplitude reflection

visible across almost the entire sedimentary subsurface of Lake Towuti. This reflection
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Figure 2.5: NW to SE CHIRP seismic profile close to the eastern shoreline of Basin B,

showing a large MTD with an irregular surface.

is the first of a succession of high-amplitude reflections, which together form Unit S1.2
(Table 2.1). In the deep Basin A, the lower boundary of Unit S1.2 is not visible on the
CHIRP data, but the thickness reaches at least 14 m (~19 ms TWT) in the deeper part.
Unit S1.2 reflections are high in amplitude in the upper part, but appear less pronounced
in the lower parts likely due to energy dissipation with depth. The decimetre-scale high-
and low-amplitude alternations are continuous and sub-parallel. Variation in thickness is
observed, with divergent stratification in the southern part of the Basin A depocenter.
Most reflections terminate with onlaps onto frontally emergent subaquatic landslides at
the toe of the slopes. Unit S1.2 is not visible in the CHIRP data in proximity to the
Mahalona River delta (Fig. 2.4).

In Basin B, Unit S1.2 is comparably thin (~5 ms TWT, ~3.5 m) with ~8 clearly
discernible, continuous, homogeneous, and high-amplitude reflections. The alterations
become less distinct in the depocenter located to the north of the Loeha Island and are
interspersed with acoustically transparent facies of varying thicknesses. To the east of
this basin, chaotic facies appear with some reflections preserved close to the shoreline
(Fig. 2.5), identified as a MTD.

Unit S1.2 in Basin C appears less continuous and is relatively thin. Some

medium-to high-amplitude reflections are parallel over longer distances, but often show
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discontinuous reflection patterns with irregularities (Fig. 2.4). These patterns occur in
particular in the eastern part of Basin C, where a thick (up to 12 ms TWT, ~9 m)
megaturbidite covering a large area is observed, increasing the thickness of the unit to 25

ms TWT or almost 18 m (Supplementary Material Fig. S2).

The reflections in Unit S1.2 in Basin D show medium- to high-amplitudes and are
generally continuous and parallel. Within this unit, several alternations of high-amplitude
reflections and transparent seismic strata occur. Although the packages of high-amplitude
reflections are of nearly uniform thickness in this basin, the transparent strata pinch
out towards the shorelines and increase in thickness towards the basin center to ~1 m.
Mediumamplitude reflections appear very locally, sometimes with identifiable geometric
structures, thickening in the center, with onlap terminations, transparent and with a very

irregular surface (Fig. 2.6).

Unit S1.3

Similar to the transition from Unit S1.1 to S1.2, the boundary between Units S1.2 and
S1.3 is marked by a strong contrast in reflection amplitude with the lowest high-amplitude
reflection marking the unit boundary. Unit S1.3 is characterized by thinlyspaced reflections
with amplitudes lower than those in unit S1.2. In Basin A, Unit S1.3 is not imaged by
CHIRP data due to limited acoustic penetration. In Basins B, C, and D, it is homogeneous
with thicknesses of ~16, 14 and 13 ms TWT (~11, 10, and ~9 m), respectively. The
reflections are of low-to very low-amplitude (Table 2.1), they are continuous across the
basins, parallel and show only minor undulations. Within Basins B and C, two groups of
mediumamplitude and evenly-spaced reflections are observable. These two groups appear

as a single strong reflector in Basin D.

Units S1.4 and S1.5

Unit S1.4 is bounded at the top with a strong reflector. It is thick (~70 ms TWT, ~50 m)
and widely transparent, including several high-amplitude reflections, associated with cm-
to dm-thick tephra layers (Russell et al., 2020b). Unit S1.5 begins at its top with a higher
number of discernible reflections of low-to very low-amplitudes, probably caused by the
loss of energy with depth due to geometric spreading. These two units are characterized

by parallel and sub-parallel and often non-continuous reflections (Table 2.1).
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Figure 2.6: NW to SE CHIRP seismic profile through the depocenter of Basin D (see Fig.
1 for location). Seismic unit boundaries for S1.1 to S1.2, and S1.2 to S1.3 are delineated
by the red lines. The MTDs, triggered on opposing slopes of the lake, are highlighted in
brown. The numbers 1 to 5 correspond to the succession of MTDs from the oldest (1) to

the youngest (5).

4.3 Lithostratigraphy of sediment cores

Sediment cores recovered from Lake Towuti’s deeper basins show lithologies dominated
by fine-grained pelagic muds with variable but generally low contents of organic matter
and siderite (Russell et al., 2020b). Classifications introduced by Russell et al. (2020b,1)
and Vogel et al. (2015) comprise alternations of green organic matter-rich and reddish
sideritic clays. These alternations are a result of climate-induced changes in water-column
oxygenation and lake level with the reddish-sideritic clays being deposited during colder
and drier climates (glacials, stadials) with lake-level lowstands and deep oxygenation of
the water column. In contrast, green clays are deposits that formed during wetter and
warmer climate conditions (interglacials, interstadials) with lakelevel highstands and a

stratified partly anoxic water column (Russell et al., 2020b).

The fine-grained muds are occasionally interrupted by turbidites, consisting of
coarser-grained beds with a characteristic coarse-grained/sand-sized normal graded base

overlain by a more homogenous silt-dominated succession occasionally showing cross-
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bedding towards the top and typically capped by a several millimetre-thick clay bed
(Fig. 2.7). The coarse base of these layers has grain sizes >100 pum and is clearly
distinguishable from surrounding sediments by high GRAPE values (Figs. 2.3 and 2.7).
We attribute the occurrence of abundant plant macrofossils, mainly occurring in the
homogenous silt-sized sequence of some turbidites, to be a source indicator for deltaic
material. Hence, these types of turbidites are very numerous in the deep Basin A
where they have been described in detail and have been assigned to seismically triggered
Mahalona Delta slope collapses (Vogel et al., 2015). We also find these features in the
turbidites deposited at the TOW 7 site, where they probably originate from the slopes
of the Loeha Delta. Turbidites lacking abundant plant macrofossils, which represent the
majority at distal coring sites, are likely originating from mass wasting of hemipelagic
slopes that experience little direct river sediment deposition. Color differences of the
coarse base and the upper homogenous turbidite succession are likely the result of bedrock
differences in sediment-source areas. The Mahalona River primarily delivers sediments
with abundant serpentine minerals (Morlock et al., 2019; Vogel et al., 2015) explaining
the dark-green colored base of these turbidites. In contrary, sediments supplied by the
Loeha River show a more felsic composition (Morlock et al., 2019) likely leading to the
lighter colored sediments in turbidites at site TOW 7 (Fig. 2.7).

Here we introduce a new and detailed account of turbidite occurrence, thickness,
and chronological context (Fig. 2.3) in the form of a Towuti turbidite catalogue
(Supplementary Material Table S1).  Centimeter to decimeter-thick turbidites are
abundant across the entire lake but most common in the deep Basin A (C01230) in which
units Lla and L1b are predominantly composed of these beds (Vogel et al., 2015). Basins
B-D show substantially fewer turbidites, especially within Unit L1a. Overall, 23 turbidites
were observed in core TOW9 (Basin B), with an average thickness of 3.1 cm (from 1 to 5
cm). Cores TOW6 (basin B) and TOWS (Basin D) comprise 16 turbidites each, but the
average thickness is 4 cm in TOW6 and 16 cm in TOWS. In core TOW7 (Basin C), only

9 turbidites are observed with an average thickness of 15.5 cm.

Alternations coinciding with the occurrence of green or redsideritic clays are
present across all petrophysical and geochemical datasets obtained for cores from Lake
Towuti including TOW6, 7, 8, and 9 (Fig. 2.3) as well as Co1230 (Vogel et al., 2015).
Based on these major changes in lithology we suggest a sub-unit classification scheme for
the upper ~10 m in the piston cores, based on the seismic and lithological unit classification

introduced by Russell et al. (2020b). For the purpose of correlating lithologies between the
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typical turbidites observed in the cores.

different basins and for core-to-seismic correlation, we rely mostly on the MS and GRAPE
data. MS is elevated in red sideritic clay and low in the green clay lithologies (Tamuntuan
et al., 2015). MS therefore serves as an ideal dataset to correlate lithologies between the
different cores and basins. GRAPE is particularly elevated in coarser/denser lithologies
but also shows subtle changes at the transition of the fine-grained pelagic lithologies due to
differences in sedimentary iron contents and interspersed sandy layers, often observed at
the base of turbidites. GRAPE therefore serves as an ideal dataset to correlate turbidites

between core and seismic data.

Three lithostratigraphic Units L1a, L1b and Llc can be identified and correlated
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between cores TOW6, TOW7, TOWS, and TOW9 based on visual appearance and by
matching prominent features of the MS data. The thickness of Unit L1la ranges from 113
(TOWT) to 240 cm (TOW9) in Basins B, C, and D, and reaches 640 cm thickness in the
deep Basin A (TOW4 and Co01230). Unit Lla is composed of light green clay interspersed
with cm-thick brownish to dark green beds. MS data shows some variability in Unit Lla
but values are relatively low. One remarkable feature of Unit L1a, present in all the cores
from the different basins, is a 7-17-cm-thick deposit characterized by a massive mottled
siderite-bearing silty clay with elevated GRAPE values at the transition to Unit L1b,
likely related to sediment remobilisation from onshore slopes induced by the lakelevel rise
and subsequent formation of siderite concretions (Vuillemin et al., 2019). Unit L1b has a
relatively constant thickness across the entire lake (between 506 and 622 cm). This unit
is composed mainly of light to dark brownish red clay, sometimes tending towards light
orange-red. MS variability is strong with high average values (>3 SI 10°*). Unit Llc is
the lowermost identifiable lithologic unit in the piston cores. Its total thickness cannot be
determined because the unit was not sampled entirely in the piston cores. The description
provided here is based on the upper ~3 m of this unit collected in the piston cores. Unit
Llc is composed of dark green clay interspersed with lighter colored clay. This unit is

wellstructured with bedding in the mm — cm range.

This new unit and event deposit framework in combination with the projected
chronology allows us to construct a depositional and event history of Towuti’s different
basins. The three lithological units (L1la—L1c) can be discerned in all piston cores from
Basins B, C, and D. The boundary between Units Lla and L1b is dated to ~12.3 +
0.13 ka and the transition between Units L1b and Llc is dated to ~40.8 &+ 0.64 ka. In
unit Llc MS-based core-to-core correlation is hampered by the muted data variability
and the lack of reliable radiocarbon dates in cores TOW 7 and 8. Sedimentation in Unit
Llc appears fairly constant with estimated rates of up to 15 cm/ ka in all of the sediment
cores. Therefore, we here focus on the last ~40 kyr BP where chronological constraints are
most robust also due to the identified tephra marker layer, clearly visible in cores TOWG6,
TOWT and TOWS, and dated to ~41 ka (Fig. 2.3). Sedimentation rates, calculated by
considering turbidites as instantaneous (constant ages), vary between lithological units
and cores from different basins. In contrast, Unit L1b shows a variable sedimentation
rate, with a prominent peak in all cores but particularly pronounced in TOW9 with 35
cm/ka around 560 cm (~28.8 ka) and TOW7 with 38 cm/ka at 325 cm (~21 ka). This
increase in sedimentation rate in the Unit L1b red clays is followed by a slight decline and
stabilization at 10-20 cm/ka towards the top of Unit Lla (Fig. 2.8) in all cores.
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Of all the turbidites recorded in the cores, more than half occur in the red clay Unit
L1b. Both the abundance and thickness of turbidites (Fig. 2.9) is increased between ~10
and ~35 ka relative to preceding and following periods. Turbidites constitute between
10.4% (TOW9) and 41% (TOWS) of the entire Unit L1b succession. The thickness of
background sediments not including turbidites of Unit L1b differs between the basins
(Table 2.2) with 348 cm in Basin D (core TOWS), 457 cm (core TOW9) and 429 cm (core
TOWSG) in Basin B, and 486 cm (core TOWT) in Basin C. Therefore, a significant overall
increase in sedimentation rate in the red clays in Basin C relative to the other basins and

in particular to Basin D is observed.
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Figure 2.8: Comparison of event free sedimentation rates (curves) and turbidite thicknesses
(bars, in cm) on cores TOW6 and TOW9 (Basin B), TOW7 (Basin C) and TOWS8 (Basin
D). For visual purposes, these data are based on smoothed age models. The data are
plotted for the last 40 kyrs due to extrapolations beyond that time interval being not very

coherent.
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4.4 Sediment core—to—seismic correlation

In general, a strong correspondence between lithological and seismic facies is observed.
This is particularly well demonstrated by the strong relationship of density with amplitude
changes in seismic reflection data (Fig. 2.3). Low-amplitude reflections in seismic Unit S1.1
coincide well with lithologic Unit L1a, which is characterized by green clays and infrequent
occurrence of coarser turbidites or MTDs, as is also evident by the overall low density.
Likewise, the transition between seismic Units S1.1 and S1.2 coincides with the lithological
Unit L1a to L1b transition as it is characterized by an increase in amplitude and sediment
density, respectively. Individual turbidites are clearly resolved in seismic data for cores
TOWG, 7, and 8 where these deposits reach thicknesses of several decimetres. On the
contrary, turbidite thickness in TOW 9 is not sufficient to provide a clear distinction
between individual deposits in seismic data but the increase in turbidite frequency leads to
an overall increase in sediment density and thereby seismic reflection amplitude. A sudden
decrease in seismic reflection amplitude marks the seismic Unit S1.2 to S1.3 transition and
matches broadly with the change in lithology from high-density red clays of lithologic Unit
L1b to lower density green clays of Unit Llc. Thick turbidites creating high-amplitude

reflections in seismic data are largely absent in Units S1.3/L1c.

5 Discussion

5.1 Interpretations on sediment thicknesses

The thickness of seismic and lithologic units differs greatly between the basins. Lithological
Units L1a and L1b in Basin A are 3-6 times thicker than in the other basins of the lake.
The Mahalona River leads to a significant discharge of sediment directed primarily towards
the deep Basin A (Costa et al., 2015; Hasberg et al., 2019; Morlock et al., 2019; Vogel
et al., 2015), and the slopes surrounding the basin are steep with angles reaching up to 30°.
This morphology results in an effective trap for sediments supplied by the Mahalona River
(Vogel et al., 2015). Notable spatial variations in thickness are also observed elsewhere
in the lake, albeit with much smaller magnitudes. Lithological Unit Lla is relatively thin
in Basin D (~170 cm) and very thin in Basin C (~110 cm) compared to Basin B (~240
cm, Figs. 2.3 and 2.4). We interpret these thickness variations of Unit Lla primarily
as a result of spatial differences in sediment supply from rivers and by basin proximity

to the Mahalona River inlet, which is the main source of suspended sediment loads to
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and D receive sediment supply by smaller rivers with the largest being the Loeha River

entering Basin C (Figs. 2.1 and 2.2). However, the sediment input from the Loeha River is

probably, to a large extent, also diverted to the northern basins by the Loeha island and the
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associated NW — SE trending bedrock ridge (Fig. 2.1B) clearly visible in the bathymetric
data. Additional submerged bedrock ridges surrounding Basin C also contribute to a lower

thickness of Unit Lla in this southern basin.

Table 2.2: Comparison of lithostratigraphic Unit L1b thicknesses with and without
turbidites. The turbidite proportion is relative to entire Unit L1b (100%).

Thickness Unit L1b (cm) TOW9 - Basin B TOWSG - Basin B TOW? - Basin C TOWS - Basin D
with turbidites 510 484 623 592
without turbidites 457 429 486 348
turbidite proportion (% Unit L1B) 10.4 1.4 22 41.2

5.2 Earthquakes as triggers of slope failure in Lake Towuti

Available data for recent earthquakes on Sulawesi and more specifically for the vicinity of
Lake Towuti, based on the USGS (Shakemap by USGS Earthquake Hazards Program;
https://earthquake.usgs.gov/earthquakes/eventpage/usp000huje/shakemap/

intensity) and IPE show 12 earthquakes with MMI > VI (Supplementary Material Table
S2), sufficient to trigger sublacustrine slope failures (Moernaut et al., 2007; Van Daele
et al., 2015). As an example, the 2011 Mw 6.1 earthquake with its epicenter 18 km to the
north of Lake Towuti along the MF induced ground shaking with an intensity of VI along
Towuti’s northern shore (Fig. 2.2). In 1941, a Mw 6.2 earthquake was recorded with an
epicenter 8 km to the southeast of Lake Towuti, with an estimated MMI intensity of VII
calculated on the shoreline. We suggest that this event is responsible for the surficial MTD
deposited on the western slope in the southern Basin D (Fig. 2.6). Basinward, the MTD is
associated with a moderate-to high-amplitude surface reflection caused by the deposition
of coarse material in a turbidite. This 4 cm thick turbidite is recovered in core TOWS,
only 1 cm below the sediment-water interface (Supplementary Material Fig. S3). A more
robust age determination using for example short-lived radionuclides is hampered by the
extremely low sedimentation rate of around 0.1 mm per year. Nevertheless, we suggest
that this deposit is a potential candidate for mass wasting related to the 1941 earthquake

(Supplementary Material Fig. S3) when applying the above-mentioned sedimentation rate.

To better assess the return periods of earthquakes causing macroseismic intensities
> VI and > VII at the lake shore we used the IPE (Leonard, 2015) and earthquake events
with Mw > 4.5 from the ISC catalogue, 2021. These data suggest return periods of ~8

20


https://earthquake.usgs.gov/earthquakes/eventpage/usp000huje/shakemap/intensity
https://earthquake.usgs.gov/earthquakes/eventpage/usp000huje/shakemap/intensity

Climate-controlled sensitivity of lake sediments to record earthquake-related mass
wasting in tropical Lake Towuti during the past 40 kyr

years for > VI and ~32 years for > VII intensities, based on 12 events covering the last
100 years (Supplementary Material Table S2). However, turbidites recorded in the cores
of Lake Towuti are far less frequent compared to the number of earthquakes that can
generate intensities > VI at Lake Towuti. This is likely a result of insufficient sensitivity
at Lake Towuti to record each individual seismic event with a triggered slope instability

due to the overall low sedimentation rate in the different basins.

Before interpreting the seismic origin of turbidites, potential hydrological events
must be excluded. An earthquake can cause destabilization of a slope, triggering a mass
movement that will transition into a turbidity current (Kremer et al., 2017; Sabatier et al.,
2022). In contrary, heavy precipitation induced processes such as floods and mudstreams
(Wils et al., 2021a) cause a more steady flow of suspended sediment into the lake at the
river mouths, inducing an increase in the capacity to erode and transport sediment along
its path (Wilhelm et al., 2022). Many studies have focused on discerning earthquake-
and flood-triggered turbidites (Kremer et al., 2015; Lauterbach et al., 2012; Praet et al.,
2020; Vandekerkhove et al., 2020). Typically a sharp coarse-grained base overlain by a
fining upward section is characteristic of turbidites related to a rapidly increasing energy,
such as floods, spontaneous slope failure, or earthquake-induced slope failure (Sabatier
et al., 2022; Talling, 2021; Vandekerkhove et al., 2020; Wilhelm et al., 2017). Flood-
generated turbidites are often characterized by angular-shaped grains and often show
several normal graded intervals and sometimes also reverse grading in one event as a result
of changes in runoff volumes during flooding and a generally prolonged period (hours-days)
of peak flow (St-Onge et al., 2004; Sturm and Matter, 1978; Vogel et al., 2015; Wilhelm
et al., 2017). On the contrary, turbidites originating from slope failures typically show
a normal graded base immediately followed by a thick and more homogenous sediment
succession with an overlying clay cap as a result of the mobilization and fluidization of
a large volume of sediment in a short time (Beck, 2009; Vandekerkhove et al., 2020).
Sediment components such as abundant macrofossils are often indicative for a riverine
source but are not suitable to differentiate between flood versus delta slope-failure sourced
turbidites because macrofossils would also be mobilized and deposited in primarily riverine-
sourced delta sediments. Based on their broadly basinwide consistent characteristic
features with a graded coarsegrained base followed by a homogenous succession sometimes
showing cross-bedding towards the top and a clay cap in combination with frequent large
magnitude earthquakes in the region, we follow the interpretation by Vogel et al. (2015)
suggesting turbidites in Towuti originate primarily from earthquake-triggered and slope-

failure-induced mass-movement processes. The absence of flood turbidites at the coring
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sites studied here can be explained by the morphology of the lake that constrains the
propagation of flood-generated underflows and turbidity currents from the major inlets
(Russell et al., 2020b). Several ridges in Towuti constitute effective hydrologic obstacles,
especially in Basins B and D(Fig. 2.1), where the sediment input from rivers is already

quite low.

Mass movements occur when the gravitational force exerted on the slope sediments
exceeds their resisting force. This balance is influenced by several parameters, such as
slope inclination (Sultan et al., 2004), sediment thickness and sedimentation rate (Wilhelm
et al., 2016b), gas hydrate destabilization (Haq, 1998), pore pressures (Urlaub et al., 2015)
and existence of weak layers (Strupler et al., 2017). Gas-hydrate stability, pore-pressure
changes and activation of weak layers can be affected by seismic shaking contributing
to slope instability and failure. For example, during an earthquake and the associated
ground motions, pore-water escape can induce large-scale sediment liquefaction or pore-
water overpressure, thereby reducing the sediment’s shear strength (Biscontin et al., 2004).
While spontaneous subaquatic or rainfall-induced onshore slope failures cannot be ruled
out completely, we suggest these to be rather rare events considering the low sedimentation
rates leading to slow slope charging in combination with frequent seismic shaking. Frequent
seismic shaking may, in addition, also lead to so-called seismic strengthening through
enhanced sediment compaction and efficient removal of surficial sediments (Molenaar et al.,

2019).

The major parameters that control the formation of a turbidite triggered by an
earthquake are the slope angle, the thickness and geotechnical properties of the sediment
package emplaced on the slope, as well as the intensity of the seismic shaking (Molenaar
et al., 2021; 7). The slope angle as well as the thickness of the sediment package and its
rheology are factors determining the stability of the sediments and thus the sensitivity
to generate a failure (Hansen et al., 2016; Strasser et al., 2011,0; Van Daele et al., 2015;
Wiemer et al., 2015; Wilhelm et al., 2016b). In case of Basin A with a high supply of
suspended sediments from the Mahalona River, we assume that the slope angles and the
sediment package are rather sensitive to seismic shaking as witnessed by a larger number of
turbidites compared to the other basins (Russell et al., 2020b; Vogel et al., 2015). However,
turbidite return periods of > 200 years in Basin A are still well below the return periods
of earthquakes leading to intensities of > VI and > VII (Supplementary Material Fig.
S4). The slopes in Basin B originating from the Loeha Island are similarly steep, with up

to 10° in areas where mass movements occur (Supplementary Material Fig. S5) but lack
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the steady supply of sediment from major rivers. This is emphasized by the presence of
frequent but rather thin turbidites at coring sites TOW6 and TOW9. In contrast, slopes
are generally much more gently inclined in the southern Basins C and D (<4°). This
permits accumulation of a thicker sediment package over time that is less prone to failure.
Turbidites in the southern basins are consequently less frequent but generally thicker than
in Basin B (Figs. 2.3 and 2.9B), as also evidenced by the presence of large slope failure
related MTD’s observed on seismic data (Fig. 2.6). Hence, the less frequent but thick
turbidites suggest a lower sensitivity of slopes to fail during moderate earthquakes, and
therefore imply a lower sensitivity to ground shaking. Consequently, we propose that
high-intensity shaking is required to cause slope failures in the southern Towuti basins.
We suggest that such strong events must have triggered the large MTDs clearly visible in
seismic units S1.1 and S1.2 and in cores TOW7 and TOWS. In Basin D, several MTDs
are recorded on the CHIRP data, including some deposits within Unit S1.2 that appear
to have been generated during the same event but on different/opposing slopes (Fig. 2.6
and Supplementary Material Fig. S6) thereby fulfilling the synchronicity criterium for an
earthquake trigger as suggested by Schnellmann et al. (2002).

Owing to the ridges separating the basins, hampering the tracing of individual
reflections, and age uncertainties, correlation of individual turbidites in the different basins
remains rather vague. Dating these turbidites to estimate the age of an earthquake is very
challenging, as radiocarbon dates are extrapolated from TOW9 and errors often exceed
the recurrence intervals of major events (Talling, 2021). Nevertheless, the general increase
in occurrence of turbidites in Unit L1b (Figs. 2.3 and 2.9B-C) clearly shows increased
mass-movement activity during the dry Last Glacial between ~15 and 30 ka at Lake
Towuti. This pattern suggests a potential aseismic influence related to regional changes
in hydroclimate and Lake Towuti’s associated lake level on the sensitivity towards seismic

triggering of MTDs.

5.3 Climate-induced changes in sensitivity of slope failures

Based on previous studies in different settings, the link between lake or sea-level changes
with the frequency of subaqueous mass failures has raised a controversial and ongoing
debate. Some studies conclude that an increase in slope sensitivity towards failure occurs
during a highstand phase (Brothers et al., 2013; Lu et al., 2021a; Neves et al., 2016) due to
higher sedimentation rates, as well as due to immersion of steep banks, which destabilize

the cohesion of sediments when they are loose and/or coarse. On the contrary, other
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studies report an increase in slope failures during lowstands due to the (i) more significant
erosion of emerged shelves resulting in higher sedimentation rates on the slopes (McHugh
et al., 2002) eventually leading to sediment overloading and decreasing slope stability;
and/or (ii) lowstand-induced pore-fluid overpressure (Anselmetti et al., 2009; Blumberg
et al., 2008; Lee et al., 1996) possibly closely restricted to the phase when the lake-level
is dropping (Moernaut et al., 2010). A higher frequency of turbidite deposition in the
late Pleistocene and a lower frequency during the Holocene was observed at all latitudes
(Anselmetti et al., 2009; Blumberg et al., 2008; Brothers et al., 2013; Lee et al., 1996;
Wien et al., 2006) similar to Lake Towuti. Despite the discrepancies between high and
low water levels, it seems evident that slope stability is influenced strongly by climate-

induced water-level changes.

Our study of Lake Towuti turbidite occurrence indicates increased slope sensitivity
towards failure during a climatically driven lake-level lowstand (Fig. 2.9). Indeed, the
difference in turbidite occurrence between Units Lla and L1b is probably not associated
with a change in tectonic activity alone. Previous studies suggest changes in lithology to be
related with changes in the regions hydroclimate with green clays (Lla) deposited during
warm and humid periods, and red sideritic clays (L1b) during colder and drier climate
conditions of MIS 2 (Konecky et al., 2016; Russell et al., 2014) with lower lake levels (Vogel
et al., 2015) and deep mixing at Towuti (Costa et al., 2015). Accordingly, deposition of the
green clays of Lla (~Holocene) and Llc (MIS 3) took place under lake-level highstands
and a permanently stratified water column with anoxia in bottom waters (Russell et al.,
2020b). We suggest the increase in turbidites in L1b to be related to changes in the
regions hydroclimate (Konecky et al., 2016; Russell et al., 2014; Wicaksono et al., 2017)
and an associated up to 30 m lower lake-level (Vogel et al., 2015) between ~29 and 15
kyr BP, coincident with the regionally drier last glacial. Although an overall drier climate
does not rule out heavy precipitation events and increased flooding, the observed turbidite
compositions at our distal coring sites do not indicate increased occurrences of flood-related
turbidites. However, accumulation of sediment in the catchment in intermediate storages/
sinks that can be mobilized during single heavy precipitation events in combination with
a change in style of erosion during dry phases (Morlock et al., 2019) may also contribute
to rapid slope charging and thereby a higher susceptibility of slopes to fail during an
earthquake.

Lake-level changes in Lake Towuti also affected the background sedimentation

rate, a parameter that was already shown to play a considerable role in the occurrence
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of MTDs in other basins (Leynaud et al., 2007; Owen et al., 2007). In fact, all cores
recovered from Lake Towuti’s different depocenters show almost a twofold increase in
background sedimentation rates during the last glacial period between ~41 and 15 ka
BP (Fig. 2.8). The increase cannot be explained by the coincident changes in sediment
composition alone with more abundant diagenetic siderite in glacial red clays compared
to more organic-rich interglacial green clays (Russell et al., 2020b). While sedimentation
rates in Towuti’s depocenters remain relatively low overall, we suggest lowstand-forced
sediment redeposition from the exposed shore and shelf areas to be the most important
factor explaining the increase in event-free sedimentation rate. Slope-to-basin focusing is
also supported by rather constant glacial-interglacial slope sedimentation rates relative to
the substantially higher glacial versus interglacial sedimentation rates in the depocenters.
In addition, the lowering in base level of the tributaries likely contributed to increased
sediment redeposition by rivers eroding into their own delta deposits (Morlock et al.,
2019; Vogel et al., 2015). Moreover, the discharge of river suspension moved lakeward and
focused closer to the basin depocenters. We thus hypothesize that the lowstand-forced
increase in sediment redeposition caused a notable increase in slope charging that, in turn,
increased the susceptibility of slopes to fail due to seismic shaking. Seismic data, acquired
to image the basin fills, did not reach shallower areas where paleoshorelines or erosional
features would allow to better characterize and quantify the impact of past lake-level
lowstands (Anselmetti et al., 2006). Nevertheless, collected evidence from Towuti clearly
points to a close interplay between climate-induced lake-level changes and associated
sedimentation rates with frequency and thickness of seismoturbidites (Figs. 2.8 and 2.9),
an interference that needs to be taken into account when interpreting a seismic event

catalogue based solely on the turbidite record.

6 Conclusion and perspectives

Correlation of sediment piston-core lithologies with seismic reflection data enabled us
to establish a lithology-based high-resolution seismic stratigraphy of Lake Towuti. The
particular morphology of the lake, with basins separated by tectonicallycontrolled bedrock
ridges, induces a complex and heterogeneous sedimentation within the different basins,

accentuated by their variation in depth.

Based on seismic reflection, lithological and petrophysical data, we established

a detailed unit subclassification scheme for Lake Towuti’s upper lacustrine sediment
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fill (Unit 1 in Russell et al. (2020b)). This scheme is based on the appearance of
different and alternating lithotypes comprising green clays and red sideritic clays with more
abundant turbidites and coinciding seismic reflection data with higher amplitudes in the
red versus the green clays. Turbidites are particularly abundant with thicknesses reaching
several decimetres in some of the basins during a last glacial/MIS 2 lake-level lowstand
phase. Analysis of lithological characteristics, petrophysical parameters alongside seismic
reflection data suggest that these turbidites predominantly originate from mass-transport
processes triggered by seismic shaking. Differences in the abundance and thickness of
turbidites between the different lake basins indicate varying susceptibilities of slopes to

failure, primarily due to differences in slope angle and sedimentation rate.

Comparison of the seismological catalogue since the beginning of the 20th century
with the Towuti turbidite record suggests an overall low sensitivity of Lake Towuti to
record moderate earthquakes as a result of low sedimentation rates and reduced slope
charging in this tropical setting. Given the higher abundance of seismo-turbidites during
the MIS 2 lowstand phase, we suggest a strong climatic influence on slope sensitivity
to failure. Lake-level lowstands at Lake Towuti cause sediment remobilisation from the
exposed shoreline and shelf onto the slope and into the basins’ depocenters thereby
increasing slope-charging rates and sensitivity to failure. This process is supported
by overall higher background sedimentation rates in all of the lake basins during the
lowstand phase when compared to the preceding and following highstand phases. The
interplay of climate, sediment slopecharging, and mass-transport deposits at Lake Towuti
may, while complicating the establishment of an accurate earthquake catalogue, serve
as a valuable quantitative hydroclimate indicator. In the case of Lake Towuti, higher
frequency turbidites indicates lakelevel lowstand phases and coinciding drier regional
climate conditions. Additional studies from other regional settings are required to
fully exploit this relationship for paleoclimate reconstructions but the basin-scale results

provided here appear promising.
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Figure S1: Seismic profile in the eastern part of basin C. At the edges of this profile,

the seismic units S1.1, S1.2 and S1.3 are well defined. In the centre of this section, a

wide (~ 2 km) and thick (~ 18 m) transparent facies occurs that may be interpreted as

a mega turbidite. This CHIRP seismic profile is the only one in this part of the lake, and

the bedrock highs that divide the lake into separate basins do not allow the event to be

correlated to a piston core. The indicated faults and possible MTDs at the base of Unit

S1.1 clearly indicate a tectonically active and sensitive zone.
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Towuti, using R package CLAM based on ages measured on core TOW9.
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Figure S5: CHIRP seismic profile from Loeha Island to deep Basin B, showing sediment
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suggests some slope charging.
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data. The black arrows indicate the probable direction of the sediment failure based on

the slope inclination and direction as well as the morphology of the MTDs.
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Table S1: Catalogue of turbidites identified on piston cores TOW9 (Basin B), TOW6
(Basin B), TOW7 (Basin C) and TOWS8 (Basin D), based on macroscopic observations
and gamma ray density data. Estimated ages of turbidites older than the base of core

TOW9 are not included due to uncertainty in the extrapolation of sedimentation rates.

Core Unit depth top (cmblf) thickness Age_top

TOW9 Lla 52 3 2847
TOW9 Lla 108 4 6220
TOW9 Lla 199 1 10083
TOW9 L1b 305 5 16448
TOW9 L1b 315 4 16675
TOW9 L1b 348 3 18204
TOW9 L1b 352 3 18280
TOW9 L1b 367 5 19193
TOW9 L1b 424 3 21959
TOW9 L1b 437 3 22607
TOW9 L1b 483 2 25123
TOW9 L1b 487 2 25272
TOW9 L1b 490 3 25347
TOW9 L1b 504 4 26169
TOW9 L1b 511 4 26393
TOW9 L1b 583 3 29520
TOW9 L1b 659 3 31114
TOW9 L1b 727 3 37976
TOW9 L1b 738 3 39786
TOW9 L1c 871 4 42771
TOW9 L1c 955 3 47577
TOW9 Llc 1111 3 56228
TOW9 Llc 1143 2 57970
TOWG6 Lla 78 1 3557
TOWG6 Lla 112 3 5596
TOWG6 Lla 200 1 10717
TOWG6 L1la 209 4 11189
TOWG6 Lla 229 2 12133
TOWG6 L1b 315 4 17154
TOWG6 L1b 343 8 18615
TOWG6 L1b 368 5 19758
TOWG6 L1b 471 10 24075
TOWG6 L1b 526 6 26023
TOWG6 L1b 614 2 29578
TOWG6 L1b 654 6 31187
TOWG6 L1b 689 9 35457
TOWG6 Llc 874 1 44291
TOWG6 L1c 876 1 44314
TOWG6 L1lc 1032 2 47928
TOW7 Lla 1 6 46
TOW7 L1b 243 17 18314
TOW7 L1b 327 35 21091
TOW7 L1b 417 12 24000
TOW7 L1b 447 17 24968
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Table S1 (continued)

TOW?7 L1b 600 14 32337
TOW?7 L1b 649 31 35614
TOW7 Llc 876 4 54251
TOW7 Llc 1016 4 67315
TOWS8 L1la 1 10 30
TOWS8 L1b 212 13 14634
TOW8 L1b 262 32 18117
TOW8 L1b 327 14 20547
TOWS8 L1b 355 69 22005
TOWS8 L1b 425 1 22086
TOWS8 L1b 427 1 22167
TOWS8 L1b 474 11 24778
TOWS8 L1b 487 53 24866
TOWS8 L1b 596 9 27408
TOWS8 L1b 616 12 28153
TOWS8 L1b 670 5 30037
TOWS8 L1b 686 5 30563
TOWS8 Llc 964 3 76468
TOWS8 Llc 1049 14 91135
TOWS8 Llc 1067 14 91850
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Chapter 3

Late Quaternary seismic
stratigraphy and sedimentary

borehole analysis of Lake Towuti

Picture of the TDP borehole platform on Lake Towuti (picture: Marina Morlock).
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1 Introduction

Indonesia is located at the junction of the converged Great Pacific, Indo-Australian,
Philippine, and Eurasian plates, making the tectonics of this area one of the most active in
the world. As evidence, the biggest earthquakes, responsible for tsunamis and landslides,
causing hundreds of thousands of fatalities, i.e. the 2004 Mw 9.1 Great Sumatra-Andaman
Earthquake, triggered along the Sunda-Andaman trench system (Lay et al., 2005). The
island of Sulawesi is bordered to the north and to the east by subduction zones (Fig. 3.1).
The Tolo trust, to the east, is responsible for the formation of the island since the Oligocene
(Robert and Bousquet, 2013) with the displacement moving the oceanic crust upward.
Between these two subduction zones, the island is trough by a fast-slipping left-lateral
strike-slip fault system, with the Palu-Koro Fault PKF, the Matano Fault MF and the
Lawanopo Fault LF. Since the early 1900’s, more than 200 magnitude M > 5 earthquakes
occurred along this strike-slip fault system ("International Seismological Centre", 2023).
This system is responsible for the Mw 7.5 Palu “supershear” earthquake in 2018 in the
northern part of the PKF (Bao et al., 2019; Natawidjaja et al., 2020; Socquet et al., 2019).

Before the invention of instrumental tools to record earthquakes, data on past
events was lacking on the island of Sulawesi, which is considered one of the most tectonic
places in the world. Therefore, the return period of major events is imprecise. The tropical
setting, with high erosion and dense vegetation cover, makes the field expeditions difficult
on land. However, Sulawesi contains 3 ancient lakes (Lake Matano, Lake Poso and Lake
Towuti), and the lacustrine sediments are well known to record climate and environmental
changes and tectonic activity (Costa et al., 2015; Crowe et al., 2008; Damanik et al., 2024;
Morlock et al., 2019; Russell and Bijaksana, 2012). Previous studies clearly show that
climate fluctuations induce modifications in the sediment composition, and the tectonic

events destabilise the slope, triggering sediment collapse.

The method of correlating seismic stratigraphy with sediment core analysis is used
and has been proven for decades over the world (Chapron et al., 2006; Colman et al., 2003;
Daxer et al., 2022; Maitituerdi et al., 2022). In 2023, the sensitivity to record earthquakes
of Lake Towuti has been studied over the last 40 kyr and highlights the influence of the
climate on the capacity of the lake to generate earthquake-related turbidites (Tournier
et al., 2023). This study extends this approach to the 1 Myr sediment drill core record
and available airgun seismic data to differentiate between the climatic control and long-

term tectonic processes on the paleoseismological record in the long-lived Lake Towuti
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Figure 3.1: A. Tectonic map of the Island of Sulawesi with the M > 5 earthquakes recorded
since 1924 and depth < 35 km (source: USGS catalogue). B. Map of the Malili Lake system
and the bathymetric data of Lake Towuti generated with the seismic data. The letters

A-E are the names of the basins of Lake Towuti.

setting. Such an approach is thought to enable the detection of tectonic phases and
earthquake evidence associated with the Sulawesi strike-slip fault system, which is still

active nowadays.

2 Study site

2.1 Lake Towuti

Lake Towuti (2.75°S, 121.5°E) is located in central Sulawesi at 318 m above sea level.
It is one of the largest lakes in Indonesia, second to Lake Toba. Previous studies in
the framework of the Towuti Drilling Project (TDP) have already provided insight into
depositional processes since the middle Pleistocene (Morlock et al., 2021; Russell et al.,
2016; Sheppard et al., 2021; Ulfers et al., 2021; Vuillemin et al., 2020). The climate was
drier during the Last Glacial Maximum (Wicaksono et al., 2015), with notably lower
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lake levels (Vogel et al., 2015). During that phase, an increased turbidite deposition has
been reported in several piston cores in the lake, likely both climate- and seismic-induced
(Tournier et al., 2023).

2.2 Seismic settings

The earthquake catalogue around Lake Towuti contains only the events from 1924. The
intensity maps of only three events are available (USGS Shakemap). Nevertheless, the
Intensity Prediction Equation has been calculated, and buffer areas are defined around
Lake Towuti’s edges to estimate the earthquakes that potentially reached the shoreline
with an intensity > VI (Fig. 3.2), the minimum intensity estimate to generate a MTD
(Van Daele et al., 2015). We reported that height events since 1924 likely triggered
sufficient intensities to generate MTDs (Fig. 3.2).

2.3 Borehole descriptions

Macroscopic observations of the TDP boreholes’ bedrock Unit 2 (Russell et al., 2020) show
tens of meters of peat formation and lithified mafic conglomerate paleosol. Overlying
this paleosol, a thin layer of coarse gravel suggests a transition from an open basin with
river channels and swamps to a deeper lacustrine basin during the early phases of basin

formation and subsidence.

After the initial subsidence, the low-energy environment of Lake Towuti induces
the deposition of clastic clay and silt sediment (Unit 1). The entire lacustrine succession
was deposited during the Pleistocene, with a base estimated at 1 Ma. However, the
mineralogy reveals significant changes in the source of the sediments and the depositional
conditions over the lake’s history (Morlock, 2018). Changes in %Fe and %Siderite, from
high values at the base to low values at the top indicate the tectonic evolution of the lake

and the creation of accommodation space (Russell et al., 2020).

The lower Unit 1A (Fig. 3.3) is assimilated to the establishment of the permanent
lake. It is composed of high clay content and suggests a low transport energy at the coring
site. An increase in lake surface area induced a pulse of basin extension after the last peat

formation, shifting the coring site to a distal position in the lake.

Unit 1B is representative of a deep-water environment at Sites 1 and 3 without

major tectonic disturbance. Units 1A and 1B have sediment compositions indicating a very
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Figure 3.2: Digitalization of the earthquake magnitude’s buffer areas to reach the edge
of Lake Towuti with an Intensity > VI. The single- and multi-channel survey grids are

displayed on the lake.

reduced or absent influence of the Mahalona River, which delivers most Mg-serpentine-rich
sediment to the lake at present (Morlock (2018), Fig. 3.3). Sediments are dominated by

Si, suggesting the Loeha River is the main source of sediment (Hasberg et al., 2019).

Unit 1C shows fundamental changes in the hydrology of Lake Towuti. At 30 mcd
(metre composite depth), the mineralogy changes abruptly to high serpentine and lower
kaolinite content of the sediment. In this unit, the Mahalona River is the most important
source of serpentine-rich material in the northern lake basin, indicated by the high amount
of Mg (Fig. 3.3).
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Figure 3.3: Stratigraphic logs of unit 1 of the boreholes Site 1 and Site 3. The Mg XRF
data for Site 1 is representative of Mahalona River input. The yellow area shows the
sections where the Mahalona River is the main source of sediment input. The age-depth

models for both sites are displayed on the right. (from Russell et al. (2020)).

3 Material and methods

3.1 Seismic surveys

This study combines two airgun seismic datasets collected between 2010 and 2013 (Russell
and Bijaksana, 2012; Russell et al., 2016) for a total of more than 1000 km of seismic lines
(Fig. 3.2). The material used for the Single-Channel (hereafter SC) and the Multi-Channel
(hereafter MC) is a Teledyne Bolt™ 600B equipped with 5 in3 chambers and a 150 m long
Geometrics™ GeoEel Solid™ analogue streamer using 24-channel Geometrics™ Geode

seismograph.

We used the seismo-stratigraphic interpretation software Kingdom™ (v.2022)
provided by HIS Markit to analyse the SEGY files generated by the surveys. No Bandpass
filter has been used for both SC and MC. The seismo-bathymetric map has been generated
by tracing the sediment surface horizon on the SC, MC, and CHIRP data (3 — 15 kHz),
described in Tournier et al. (2023). The thickness map has been generated by digitalising
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the horizon of the Unit 2 — Unit 1 boundary and using the map calculator tool on
Kingdom™. The difference between this horizon and the surface sediment, computed in
seconds (two-way travel time), was converted to depth on ArcGIS Pro (v. 3.2.2) using a

seismic velocity of 1500 m/s and extrapolated with the natural neighbor method.

3.2 Boreholes logging

Three sites were drilled during the Towuti Drilling Project (TDP) in 2015 (Russell et al.,
2016). Site 1 (2°43'4” S, 121°30’53” E) with a terminal depth of 153 m and Site 3 (2°43’9”
S, 121°30’13” E) with a terminal depth of 173 m are located in the northern basin of
Lake Towuti, at respectively 157 m and 159 m water depth (Fig. 3.1). Site 2 (2°41°56”
S, 121°35’39” E) with a terminal depth of 132 m is in the deep basin in 201 m of water
depth.

XRF analysis has been processed for major element concentrations on dry and
powder samples with an ITRAX core scanner (Cox Ltd., Sweden) equipped with a
chromium anode X-ray tube (Cr-tube) at the University of Bern (Morlock et al., 2019).
The parameters have been set to 30 kV, 50 mA, and 50 s integration time, with a resolution

of 2 mm.

3.3 Chronology

Dates from piston core TOW9 (20 AMS 14C ages on bulk organic carbon + 3 ages
measured on terrestrial macrofossils, Russell et al. (2020)) have been correlated to the
borehole Site 1. In addition, °Ar/3?Ar dating on 2cm thick sanidine-bearing ash (tephra
18 — T18) at 72.95 mcd yielded an age of 797 £+ 1.6 ka (Russell et al., 2020). Beyond
the 14C timescale, an extrapolation of the average sedimentation rate is used down to the
tephra date, which functions as another tie point. Below the tephra, the ages have been
extrapolated to the Unit 1/2 boundary.

Tephra layers between Sites 1 and 3 have been compared to get the best correlation
(Fig. 3.3). The ages of these layers, estimated based on sedimentation rate interpolation
and extrapolation at Site 1, were applied to the same layers on Site 3 to establish
a sedimentation rate specific to each drilling site. Age-depth models (Fig. 3.3) were
generated with the Bacon R package v.2.5.8 (Blaauw and Christen, 2011) using the
SHCal20 calibration curve.
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4 Results

4.1 Seismic stratigraphy

The thickness map of Unit 1 (Fig. 3.4) shows that basin B, where drill sites 1 and 3 are
located, has the thinnest lake sediment fill, with a thickness of around 100m. The other
basins show thicknesses of Ul of up to 130 m for Basin D, 140 m for Basin E, 145 m for
Basin A and 157 m for Basin C.

Mahalona River

Loeha River
O Boreholes

Thickness (m)
0-20

20-40

40 - 60

60 - 80

80 -100
100 - 120
5 km [0 120 - 140
b [0 140 - 160

Figure 3.4: Thickness map of Unit 1. The white letters A-E are the basins, and the black

lines are the seismic profiles displayed in this study.

Analysis of single- and multi-channel seismic profiles reveals a complex
morphology of the whole basin of Lake Towuti. The bedrock is irregularly structured
with ridges, sometimes outcropping sediment (Fig. 3.4 and Fig. 3.5). These ridges divide
the lake into different basins with independent sedimentary fills (Morlock, 2018). Basins

B, C, D and E show broadly similar stratigraphy with medium-amplitude reflections.
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Some cuts in the reflections are noticed in the lower part of the seismic Unit 1 of Basin B
(Fig. 3.5).

150 m water depth TDP Site 1

| Phase 2 [Phase 3

two-way travel time (ms)- .~

Figure 3.5: Single-channel line showing the seismic stratigraphy in Basin B of Lake Towuti

near borehole Site 1. The location of the line is displayed in Fig. 3.4.

Deep basin A, on the other hand, has a distinctive seismic stratigraphy. The
lacustrine Unit 1 is divided into two seismic sections. The lower section is ~92 ms TWT
thick (~70 m) with medium-amplitude reflections draping the bedrock and composed
of hemipelagic clay. The upper seismic section, with a similar thickness, shows high-

amplitude reflections ending with onlaps (Fig. 3.6).

4.2 Turbidite catalogue

The turbidites identified in the boreholes of Site 1 and Site 3 are composed of a coarse
base, topped by a layer with a grading that becomes finer towards the top. Turbidites on
Site 2 are not included in this study, as the morphology of the deep basin makes it too
sensitive to spontaneous delta collapse. In the lacustrine sediments of Unit 1, 19 turbidites
are reported from Site 1 and 22 turbidites from Site 3 (Table 3.1). These deposits are

dated by extrapolation of the sedimentation rate.
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Figure 3.6: Seismic line crossing the deep basin A and the borehole TDP Site 2. Unit 1
is divided into two seismic sections (delineated by the turquoise line): a high-amplitude
reflection section overlying the medium-amplitude reflection section. The location of the

line is displayed in Fig. 3.4.

5 Discussion

At 1 Ma ago, sediment supply started from the Loeha River, the only major sediment
source at that time, indicated by the high concentration of Si, Ca, Ti, K and Al (Hasberg
et al., 2019). Subsequently, a change in the Lake Towuti catchment led to the input of Mg
Serpentine-rich sediment from the Mahalona River at 230 ka (Fig. 3.3). Prior to this date,
the area to the north of the lake had drained into Lake Mahalona and was not directly
connected to Lake Towuti. The only possible explanation for this change in hydrology is
a transformation of the catchment induced by tectonic movements of the Matano Fault.
The gentle slope of the Mahalona River (Morlock, 2018) suggests that a slight variation

in topography can induce significant modifications in the river’s path.

The seismic stratigraphy of basins B, C and D does not reveal this hydrological
change. However, the filling of the deep Basin A is influenced by this change due to its
proximity to the Mahalona River delta and the steep slopes. Overlying the transition
from hemipelagic sediment to sand to silt clastic sediment (Vogel et al., 2015), a high
concentration of turbidites is reported after 230 ka (Fig. 3.6).
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Table 3.1: Turbidite catalogue on boreholes Site 1 and Site 3 with the ages reported on

each model.

Ste 1 Ste 3
depth (mcd) Age (kyr) depth (mcd) Age (kyr)
6 53 2 15
8 55 4 3
12 81 15 132
13 A 16 142
15 108 20 183
16 131 27 253
17 141 45 424
20 168 47 442
21 178 48 451
49 464 52 483
55 529 53 491
56 539 60 545
60 581 62 559
61 590 64 574
66 639 68 604
73 706 70 619
75 724 74 645
76 735 79 677
77 744 80 684
81 693
82 702
83 715

The macroscopic analysis of the turbidites in the boreholes at Site 1 and Site 3
and interpretations of the seismic stratigraphy identified three phases (Fig. 3.7). From 740
ka to 420 ka, a first cluster of turbidites is reported, with an estimation of one turbidite
every ~12 kyr. The high concentration of turbidite and the faults observed in the seismic
lines (Fig. 3.5) suggest a phase of active tectonic. From 420 ka to 180 ka, only one
turbidite deposit occurs. This period could be considered a quiet phase without a major
event deposit identified during that time. Then, from 180 ka to the present day, several
turbidites have been reported to have a higher concentration in borehole Site 1 than in
Site 3. Without clear evidence of faults in the seismic stratigraphy during that time, we
suggest that this phase is associated with the catchment area change. The sediment supply

from the Mahalona River, starting at 230 ka, induced Site 1 to be in a proximal location.
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Also, as shown in the modern earthquake records, the events are mainly localised along
the Matano fault, to the north of the lake.
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Figure 3.7: Identification of turbidites in the boreholes Site 1 (orange dots) and Site 3
(blue dots), dated with the age models. The accumulation of turbidites (black line) shows
the sum of turbidites in both Site 1 and Site 3 over time. The green curve represents the
variation of benthic §'80 in the Oceans and is a global proxy for the Marine Isotope Stage
(MIS) during the Quaternary (from Lisiecki and Raymo (2005)).

In order to compare these data with climatic fluctuations, the benthic 6'30 records
are plotted in parallel and show much faster cycles. However, on a short geological
timescale, we can identify the effect of climate on the recurrence of turbidites (Tournier
et al., 2023). The comparison between seismic cycles and climatic fluctuation shows no
correlation over the last 1 Ma. If the climate seems to have control in the turbidite

formation at a short-time scale, we interpreted the absence of correlation at a long
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timescale by the strength of the seismic cycle, dissipating the climate input.

6 Conclusion

The seismic stratigraphy of Lake Towuti provides an insight into the tectonic history
of Central Sulawesi. The Matano and Lawanopo faults have profoundly deformed the
bedrock and overlying sediments. Over the past 1 Ma, fault unconformity has led to the

formation of basins in Lake Towuti, involving sedimentary isolation.

Three phases have been identified in the lacustrine sediment of Lake Towuti. From
740 ka to 420 ka, a high tectonic activity phase is defined by the turbidite concentration
and the faults observed in the lake, followed by a quiet phase from 420 to 180 ka. Then,
from 180 ka to the present day, the catchment area change modified the sediment input.
The Mahalona River becomes the major sediment inlet and induces low stability in the

delta and steep slopes of the deep basin.

By combining this survey with the study of the sensitivity of Lake Towuti,
analysed with the piston cores and covering 40 kyr, we better understand how the lake
reacts to its environment. It would appear that climate plays a significant role in the
lake’s sensitivity to record earthquakes during recent history. Variations in lake level will
result in a different response depending on the magnitude of an earthquake. However, this
is only verified on short-time scales with high-resolution analyses. On a long-time scale,

the influence of climate is not visible because the seismic phases remain predominant.
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The large-magnitude earthquake
potential of an active strike-slip
fault system in Lake Poso, Central

Sulawesi, Indonesia

Picture of the city of Tentena with Lake Poso in the background (personal collection).
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The large-magnitude earthquake potential of an active strike-slip fault system in
Lake Poso, Central Sulawesi, Indonesia

Abstract

Earthquakes along the Ring of Fire are considered among the most destructive earthquakes
on Earth. In Indonesia, 19 earthquakes with a magnitude greater than 7.5 have been
recorded in the last 20 years, all causing devastating catastrophes. As witnessed by
the 2018 magnitude 7.5 Palu earthquake, extensive areas on the island of Sulawesi are
particularly prone to seismic hazards due to the converging Australian, Eurasian, Pacific,
and Philippine tectonic plates. However, larger areas in the island’s centre appear to
be seismically inactive, as the instrumental record lacks indication for magnitude >
7 earthquakes in the last century. The sedimentary subsurface of lakes serves as a
natural archive for seismic events, allowing us to question the notion of absence of large-
magnitude earthquakes in those areas. In 2022, we conducted a seismic and high-resolution
bathymetric survey at Lake Poso to provide insight into seismic activity in Central Sulawesi
beyond the instrumental record. Large subaquatic landslides and lake-bottom offsets
indicate high-intensity earthquakes possibly related to an active local fault system. Our
paleoseismological assessment suggests a recurrence of large-magnitude earthquakes every
~1600 + 1450 years over the last 11,000 years. Based on our subsurface observations, the
evolution of the Poso tectonic basin indicates that the next high-magnitude earthquake
could happen in the following decades. The consequences of such an event may be
devastating for populations and infrastructures in less developed and underprepared areas

of Sulawesi.

1 Introduction

Owing to the convergence of the Pacific, Philippine, Australian, and Eurasian plates, the
island of Sulawesi in Indonesia is located in one of the most active tectonic regions in
the world (Baillie and Decker, 2022; Hamilton, 1972; Patria et al., 2023; Titu-Eki and
Hall, 2020). Most of the convergence is accommodated by a left-lateral strike-slip fault
system, including the Palu-Koro Fault (PKF), the Matano Fault, and the Lawanopo Fault
between the North Sulawesi Trench and the Tolo Thrust (Fig. 4.1). With an average
displacement of 30 mm /year for the PKF (Watkinson and Hall, 2017), the seismic activity
is high, as demonstrated by the 2018 Moment Magnitude (Mw) 7.5 Palu earthquake
(Frederik, 2019) and several Mw > 6 events along the strike-slip fault trace for the

duration of the instrumental record (Fig. 4.1A). In recent years, several studies have
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explored Sulawesi’s tectonic evolution, fault systems, and the associated seismicity (i.e.
Beaudouin et al. (2003); Hall (2009); Hutchings and Mooney (2021); Villeneuve et al.
(2002)). However, the studies predominantly relied on instrumental and historical data
and outcrop investigations (Watkinson and Hall, 2017). Only a few events have been
instrumentally tracked (ISC and USGS) during the last 60 years (Fig. 4.1B), with the
result that only areas that have been seismically active along the PKF during this period
are included in the seismic hazard maps for Sulawesi (Irsyam et al., 2020). Consequently,
these records are insufficiently long to identify the recurrence pattern of high-magnitude

earthquakes, which may exceed 100 or 1000 years (Fig. 4.1C).
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In presently active seismic zones, such as the Sumatra subduction zone or the
Molucca Sea (Hutchings and Mooney, 2021), the earthquake catalogue is fairly accurate
and suitable for risk evaluation purposes (Pasari et al., 2021; Supendi et al., 2023)
since the region showed significant seismic activity during the instrumentally recorded
timespan. However, areas without significant seismic activity during the instrumental
period may temporarily be dormant, implying a false sense of security and thus posing an
underestimated threat (Galli et al., 2019; Rubin and Sieh, 1997; Schulz and Wang, 2014).
Contrary to most regions on the island of Sulawesi, some areas lack instrumental evidence
of larger magnitude earthquakes. One such region is the collision zone, where the western
and eastern arms of Sulawesi converge (Nugraha et al., 2023), an area known as the Poso
Depression (Fig. 4.1A and Fig. 4.1B), only ~50 km to the east of the seismically highly
active PKF. In a 200 km radius surrounding the depression, earthquakes with magnitude
M > 7 are lacking during the past 60 years (Fig. 4.1C). The absence of larger magnitude
events in this area may be due to the lack of active tectonic structures generating these
events. However, it may also result from a longer return period of > 100 years, which
is also supported by extrapolation of the instrumentally recorded events (Fig. 4.1C).
Generally, large-magnitude earthquakes (M > 7) often leave traces in the form of surface
ruptures or landslides (Galli et al., 2023; Ocakoglu and Tuncay, 2023; Tiwari et al., 2021;
Waldmann et al., 2011). However, in tropical settings where rainfall is on the order of
several meters per year with high surface runoff, substantial erosion, and dense vegetation,
uncovering surficial exposed earthquake traces is notoriously difficult (Bellier et al., 1998).
Tectonic lakes, on the contrary, can offer an ideal erosion- and vegetation-free setting where
traces of past earthquakes are recorded, either in the form of lake-bottom or subsurface
ruptures along active faults as direct proof (on-fault) or seismically generated sedimentary
structures and deposits as indirect evidence of active faulting (off-fault) (Gastineau et al.,
2023; Ghazoui et al., 2019; Howarth et al., 2014; Inouchi et al., 1996; Kremer et al., 2017,
Moernaut et al., 2007; Schnellmann et al., 2002; Wils et al., 2021).

The morphology of the lake floor’s surface and subsurface can reveal direct
evidence of tectonic activity in the form of lake bottom offsets, linear fault expressions
and pull-apart basins or thrusting and uplift (Fabbri et al., 2021; Lozano et al., 2022;
Ribot et al., 2021). Indirect evidence appears typically in the form of offset linear features
such as subaquatic canyon shifts or offset paleoshorelines, which allow the delineation of a
lateral or vertical displacement of a fault that otherwise shows no surface expression (Alsop
et al., 2016). While such primary, on-fault evidence can often be directly linked to an active

fault structure, off-fault evidence is typically only indicative of local shaking intensities
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that are dependent on magnitude, epicentral distance, and local effects. Off-fault evidence
becomes more significant when observed at multiple locations independently within the
same lake basin or neighbouring sub-basins. Subaquatic mass movements and related
turbidites are typical off-fault paleoseismic indicators caused by seismically triggered
submerged slope failures (Moernaut et al., 2017). These deposits were successfully used
as paleoseismological indicators in many studies worldwide (Adams, 1990; Gracia et al.,
2010; Lu et al., 2021a; Ratzov et al., 2015). During an earthquake, different locations
receive different amounts of shaking, whereas a Modified Mercalli Intensity MMI of > VI
is often considered as a threshold to induce slope instabilities (Van Daele et al., 2015).
In the case of a high-intensity earthquake, mobilised material occurs in larger areas as
it can flow for kilometres through the water and as intensities reach high values also
in large distances to the fault, making the evidence detectable also far away from its
source. However, subaquatic sediment collapses can be triggered by multiple factors, such
as climate due to fluctuations in lake level (Anselmetti et al., 2006; Lu et al., 2021b;
Tournier et al., 2023; Vogel et al., 2015), excessive precipitation and flooding (Simonneau
et al., 2012; Vandekerkhove et al., 2020; Wilhelm et al., 2022), and sediment overload,
leading to a spontaneous collapse (Hilbe and Anselmetti, 2014; Sabatier et al., 2022).
Therefore, the combination of multiple types of off- and on-fault seismic evidence, such as
pockmarks (single and aligned), offset channels, mass transport deposits and head scars
thereof, turbidites, and soft-sediment deformation structures in cores, is vital for a sound
paleoseismological assessment. Ideally, on- and off-fault structures are combined and used
to confirm independently the existence of an active fault zone, which is, however, rarely
observed (Gastineau et al., 2021; Oswald et al., 2021).

Here, we apply these paleoseismological concepts to tectonic Lake Poso in Central
Sulawesi to explore whether large-magnitude earthquakes have occurred in the past, in an
area that is otherwise indicated as being a low-hazard zone. For this, we combined for
the first time in one of the large SE Asian lakes detailed multibeam swath bathymetry
and seismic reflection data spanning the entire lake area with sediment short cores to
provide a thorough characterisation of the lake-floor morphology and subsurface sediment
architecture. These combined datasets are then used to estimate the evolution of the
seismic activity for the Poso Depression while also contributing to the region’s seismic

hazard awareness.
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2 Geological Setting

The shape of the island of Sulawesi is a consequence of the collision of the Sula Platform
with the northern Australia-New Guinea continental margin. The collision resulted in the
rotation of the volcanic arc and the development of the North Sulawesi Trench (Parkinson,
1998; Silver et al., 1983). Lake Poso was formed by the extension of an asymmetric half-
graben of the Poso Depression. The half-graben was initially open to the sea to the N,
but an uplift during the Early Pleistocene connected East Sulawesi and West Sulawesi and
resulted in the closed basin as of today (Nugraha et al., 2023). The region around Lake
Poso in central Sulawesi therefore shows a distinct division into two metamorphic units.
A Middle Cretaceous metamorphic basement is observed on the western part of the lake,
and the eastern part is composed of Mesozoic and Cenozoic sediments (Villeneuve et al.,
2002). The collision is accommodated by the Sulawesi strike-slip fault system and induced

the obduction of an ophiolite formation to the East (Stevens et al., 1999).

Lake Poso is elongated SSE-NNW, ~33 km long and ~12 km wide. Its morphology
is best described as a single tub-shaped basin with an extensive central depocenter with a
maximum depth of 395 m (Fig. 4.2). Steep slopes (>20°) occur to the east and west and
more gently inclined slopes (1-4°) to the north and south (Fig. 4.2).

3 Material and methods

3.1 Bathymetry acquisition

A 17-day bathymetric survey was conducted on Lake Poso in Nov. 2022, using a Kongsberg
EM2040 multibeam echosounder (300 kHz, 1° x 1° beam width) combined with a Leica GX
1230+ GNSS receiver for positioning. The acoustic sound-velocity profiles were measured
using a Valeport MiniSVP probe. The bathymetric raw data and the 5 m backscatter
mosaics were processed and reviewed using Caris HIPS — SIPS 10.4 software. The maps
were generated with ArcGIS pro (v. 3.1.1). The bathymetry point clouds were rasterised
using a “swath angle surface” algorithm with a horizontal grid size of 4 m. The raster was

interpolated to fill minor data gaps.
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Figure 4.2: A. Bathymetric map of Lake Poso. B. Interpretation of the bathymetry
highlighting the sediment-surface features and the slope-angle map. Blue dots are the

reported pockmarks.

3.2 Seismic survey

A seismic acquisition survey was carried out with a single-channel 3.5 kHz Geoacoustic
pinger source. A total of 576 km of seismic reflection profiles (Suppl. Fig. S1) were
recorded to image the lake’s subsurface using an independent GPS receiver (Garmin GPS
72H) for positioning. The data were processed with the IHS Markit Kingdom software
(v. 2022). To remove noise, a bandpass filter was applied with low-cut and high-cut
frequencies of 1500 Hz and 6700 Hz.
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3.3 Coring and radiocarbon dating

In addition to the bathymetric and seismic surveys, three short (max. 99 cm long) sediment
cores were recovered from Tentena Area, Siuri Area, and the depocenter of Lake Poso
(Fig. 4.2) using an ETH-style gravity corer. After opening the cores lengthwise, linescan
images were taken, and a lithological description was performed. Radiocarbon dating was
performed on macrofossils at the AMS laboratory of the Department of Chemistry at
the University of Bern and ETH Zurich (Suppl. Table S1). Age-depth models (Fig. 4.3)
were generated with the Bacon R package v.2.5.8 (Blaauw and Christen, 2011) using the
SHCal20 calibration curve. The extrapolations of the sedimentation rates were calculated
using a velocity of seismic data of 1500 m/s and supposing a constant sedimentation rate

in the entire sections for each core.
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Figure 4.3: High-resolution images and simplified lithological description of the cores POS-
22-23 (top left; depocenter), POS-22-01 (right; Tentena area) and POS-22-18 (bottom left;

Siuri Area) with their respective age-depth models.
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4 Results

4.1 On-fault evidence in Lake Poso

Tentena Area

Near the outflow, in the Tentena Area in the northeast part of the lake, the bathymetric
data indicate a prominent SW-NE-trending sinuous and irregular canyon-like structure
(Fig. 4.4). The offset between the topographic high to the west of the canyon-like
structure and its thalweg is ~20 m (Suppl. Fig. S2), extending along longitudinal NW-
SE trending sections of up to 280 m in length. Backscatter-intensity data, indicating lake
bottom hardness, exhibit extended areas with hard reflectors, interpreted as coarse-grained
sediment or outcropping bedrock (indicated in bright yellow in Fig. 4.4B) and dark-blue
areas (fine-grained sediment). The high backscatter intensity in the Tentena Area shows

hard ground following the sinuous ridge.

The seismic data reveal the detailed morphology of the sediment strata helpful for
the analysis of tectonic processes. We defined two seismic stratigraphic units (Ua below
and Ub above) characterised by a similar seismic facies, with a medium-frequency and
alternating between reflections of high- and low-amplitudes. The units are separated by
a high-amplitude reflection, marking a sharp unconformity, and can be differentiated by
the morphology of the reflections. The reflections of Ua are parallel and inclined to the
NW (Fig. 4.4D), ending with toplaps at the unconformity. Ub is laterally continuous and
often fills the irregular surface of the underlying Ua. At the base of the steep slopes,
the seismic facies shows medium- to high-amplitude reflections, indicative of a seismic
sequence jammed by the bedrock ridge. At greater depth, typically around 150 ms two-way
travel time (TWT), gas-rich sediments often hampered seismic penetration, and the deeper
sections could not be imaged. At the centre of the Tentena Area, the seismic data show a
large body of acoustically transparent seismic facies, rising vertically from deep sections of
the profiles to the lake floor with almost no sediment cover (Fig. 4.4). In accordance with
the high-intensity backscatter signal and the laterally onlapping reflections, this structure

is interpreted as bedrock (Suppl. Fig. S2).

Based on the bathymetry and seismic observations, we interpreted the sinuous
SE-NW-trending feature with outcropping bedrock as a geomorphic expression of a strike-

slip fault with a discernible oblique component. This interpretation is also supported by
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the SE-NW alignment of pockmarks, delineating secondary faults in the same direction
(Fig. 4.2). We attributed the inclined layers within seismic Ua to a tectonic tilting
induced by active faulting and bedrock uplift. The overlying and substantially less
inclined sediments making up Ub are interpreted as a phase of fault inactivity. Plant
macrofossils were retrieved from 97 cm depth in core POS-22-01 (Fig. 4.4A and Suppl.
Table S1), revealing a radiocarbon age of 2326 + 1749 cal year BP. This suggests an
average sedimentation rate of 0.40 mm/year for the uppermost sediments. Extrapolation
of the sedimentation rate to 10 ms TWT depth (7.5 m of sediment) yields an approximate
age of 16.8 kyr for the Ua-Ub boundary.

(I) m 1(|)0 2(|)0 3(|)0 4(|)0 5(|)0
g =
7170 m water depth g

80 m water depth

Ub/’/"tﬁpI /i \’.
Ua ./

L'

|nc||ned
sediment
layers

163 KXF

{\S)
1

fractured
bedrock
Gas

(no signal penetration)

O 2 [two-way travel tim

fig.3c[ @

70 m water depth

strike-slip fault

- Ua

k¥ nb[inéd fractured \ 90 m water depth
sediment bedrock

_ layers

vessel
artefacs

Gas
(no signal penetratio

Backscatter Intensity (dB)
8 (sand, bedrock)

two-way travel time (ms)

0 (clay, silt)

Figure 4.4: A. Bathymetry of the northeastern part of Lake Poso. B. Backscatter-intensity

map. C. and D. Seismic sections crossing the sinusoidal fault.

Siuri Area

In the northwestern part of the lake, the lake bottom forms an up to 1-km-wide local
depression that is bounded by a topographic high to the east, the shoreline to the
northwest and a southeast trending cliff along its southwestern extent (Fig. 4.5B). The
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depression aligns with a basin onshore bounded by a topographic high to the east and
a prominent mountain range to the west. The clearly discernible limitations of the
depression indicate that the feature is the result of active and localised tectonic subsidence
bordered by normal faults to the W and E. The seismic data reveal mostly parallel high-
and low-amplitude reflections (Fig. 4.5), interpreted as stratigraphic equivalent of Ub in
the northeastern part of the lake. Deeper penetration in the centre of the depression is
hampered by gas (Fig. 4.5). The reflections of Ub are not continuous near the depression
area where decimetric offsets in the horizons along vertical cuts indicate faults with a

normal component (Fig. 4.5C). The surface of the sediment is also cut by a fault, indicating

a recent surface-rupturing tectonic event.
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Figure 4.5: A. Seismic line across the depression in the Siuri Area. B. Bathymetric map

of the Siuri Area. The seismic line (A) is displayed by the white line. C. Zoom on the
faults cutting seismic unit Ub.

Seismic profile C — C’ extending basinward from the western shoreline shows
a vertical and lateral succession of four stacked clinoform sequences (1-4) below ~10 m
of continuously and acoustically stratified Ub strata. These clinoforms comprise thin
horizontal topsets and well-developed foresets, but lack clearly distinguishable bottomsets,
except for the topmost clinoform sequence 4, for which a thick bottomset unit can be clearly
distinguished in the seismic data. Each individual clinoform sequence is interpreted as a
prograding subaqueous delta, with the sequence comprising four vertically distinguishable

deltas as the result of significant changes in relative lake level (Marin et al., 2017).
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Differentiating between tectonic subsidence and climatically driven changes in shoreline
is not straightforward in active tectonic and climate-sensitive settings such as Lake Poso.
Extrapolating a radiocarbon date of a terrestrial macrofossil found at 52 cm depth in the
69 cm-long core POS-22-18, which yielded an age of 1019 £ 691 cal year BP (Fig. 4.3),
indicates estimated ages of 25 kyr, 21.2 kyr and 17.5 kyr for the clinoform sequences 2,
3 and 4, respectively. Even when considering the uncertainty of the sedimentation rates,
the ages fall broadly into the Last Glacial Maximum (LGM; 23 — 18 kyr BP). At nearby
Lake Towuti, lake-level indicators (Tournier et al., 2023; Vogel et al., 2015), as well as
runoff and dry-adapted vegetation indicators (Russell et al., 2014), suggest a significantly
drier regional LGM with up to 30 m lower lake levels. Consequently, we suggest that the
paleoshorelines at Lake Poso primarily result from drier climate conditions during the last

glacial maximum.

Off-fault features

We find multiple geomorphic expressions of off-fault earthquake traces in Lake Poso,
comprising Mass Transport Deposits (MTD), turbidites, fluid escapes and pockmarks.
Based on their characteristic surface morphologies and distinctive seismic facies, eight
large-volume MTDs (>3 Mm?) were identified in different parts of Lake Poso (Fig. 4.2),
flowing towards the depocentre. For the most recent MTD, slump headscarps are clearly
visible upslope of the frontally emergent positive topography and the irregular, often
blocky surface of the respective MTD. Three MTDs, hereafter named Bancea, Peura and
Pendolo MTDs (Fig. 4.2), are the result of large-scale substantial slope failures.

Seismic reflection data of lines crossing the MTDs illustrate characteristic
acoustically transparent seismic facies with a basal detachment surface and accumulation
zones in the centre (Fig. 4.6); MTDs are either concave or convex. The internal
sedimentary structures are not, or rarely partially, preserved in Lake Poso, as is also
reported elsewhere (Frey-Martinez et al., 2006; Gamberi et al., 2011; Sammartini et al.,
2021; Strasser et al., 2013). The estimated volumes of the Peura and Pendolo MTDs
comprise ~20 and ~50 Mm?, respectively. The Bancea MTD lacks a clearly visible
headscarp, and the seismic data coverage is spatially insufficiently resolved for volume
calculation. The seismic line E -—— E’ crossing the depocentre (Fig. 4.6) shows three
large units of acoustically transparent facies, with the deepest one associated with the
Bancea MTD. Interestingly, this MTD exhibits an unusual topography with a central

depression and a topographically higher outer rim (Fig. 4.6A), as was also described for
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MTDs in Worthersee, Austria (Daxer et al., 2020), contrasting with the typical concave-
up topography of MTDs (Clare et al., 2019; Moernaut and De Batist, 2011). The seismic
line across the Bancea MTD (Fig. 4.6B) shows that the contact between the MTD’s
transparent seismic facies and the acoustically well-stratified strata, indicating pelagic
background sediments, is disrupted along the MTD’s outer rim by vertical, chimney-like
transparent facies. These vertical chimney-like features with a similar seismic facies as
within the MTD are interpreted as fluid escapes that formed because of the dewatering of
the underconsolidated and fluid-rich sediment body of the MTD. A collapse of the MTD’s
body accompanied by fluid escapes along its outer rim would explain the peculiar reversed
topography of the Bancea MTD. Fluid escape structures related to seismic shaking have
also been described in two lakes in South Central Chile (Moernaut et al., 2009). Similar,
albeit less frequent, fluid-escape structures intersecting the entire overburden are also
apparent on top of other larger MTDs in Lake Poso (e.g. MTD, Fig. 4.6C). The prevalence
of these fluid-escape structures in Lake Poso is interpreted as an indicator of frequent
seismic shaking causing enhanced sediment compaction. In Lake Poso, not every fluid
escape structure captured in the seismic data extends entirely through the overlying
sediment. It remains uncertain whether this is due to variable intensity of different

earthquake events or due to variable fluid release pressure and volume variations.

Some fluid-escape structures on the Bancea M'TD seem to penetrate the overlying
sediments but do not propagate through a high-amplitude reflection correlated with the
upper MTD4. This suggests a possible correlation between the fluid escapes and the
MTD4’s slope-failure event. It remains, however, uncertain whether the fluid escape in
the Bancea MTD resulted from seismic shaking triggering the MTD4 event or whether
it originated from the impact of the sliding mass. However, the timing of fluid-escape
structures on top of the older Bancea MTD with the emplacement of the MTD4 suggests

these fluid escapes could be potential off-fault indicators of earthquakes in Lake Poso.

In addition to these fluid-escape structures associated with the MTDs, we find
pockmarks with the highest spatial densities in the Tentena Area and the Pendolo Slope
(Fig. 4.2). These pockmarks are not aligned in a systematic way that would allow
correlation with underlying MTDs or fault structures but could also indicate fluid escape
related to seismic events (Cojean et al., 2021; Hovland et al., 2002).

Six event deposits located in the depocentre (undefined MTDs or turbidites)
in the seismic line F — F’ (Fig. 4.7) have been identified. These are characterised by

a transparent and homogeneous seismic facies, covering large areas with conformable
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Figure 4.6: A. Seismic line across the 395 m depth depocentre showing mass movement
deposits. B. Zoom of the western part of the lake, showing the depocentre and a massive
MTD. C. Seismic line of the previously mentioned MTD.

boundaries. Their thicknesses vary from ~10 cm (thinner layers are limited by the
resolution of the seismic data) to slightly more than 1 m. The ages were estimated from
the dating of core POS-22-23 and extrapolated to the deeper layers. The oldest turbidite
1 in our seismic data is dated at ~11.4 4+ 3.1 kyr.

5 Discussion

Lake Poso shows multiple on- and off-fault indicators for recent and sub-recent seismicity,
including active faulting, mass transports, and fluid expulsions (Fig. 4.8). Despite
the limitations in terms of the chronological succession of the events observed in our
datasets, we attempt to provide interpretations of the observed on- and off-fault features
likely associated with historical earthquakes and the chronostratigraphy of the events.
Through the combination of the rough paleoseismological event chronostratigraphy with

the available instrumental data, we provide a better estimate of earthquake magnitude
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23. The location of the line is shown in Fig. 4.2.

and recurrence in the Lake Poso region.

The chronostratigraphy of seismic events in Lake Poso (Fig. 4.8) is based on the
extrapolation of sedimentation rates derived from the radiocarbon dating of terrestrial
plant macrofossils and charcoal found in sediment short cores (Fig. 4.3). Sedimentation
rates vary across the entire lake basin, with generally lower sedimentation rates in near-
shore areas (0.45 mm/year on core POS-22-01) and highest sedimentation rates in the
depocenter (1.00 mm/year on core POS-22-23). We used the bulk sedimentation rate
without prior removal of event deposits for extrapolation purposes, as the only sizeable
cm-thick event deposit was observed in core POS-22-23 (Fig. 4.3). This approach provides
a somewhat representative sedimentation rate for extrapolation and age assignment of
event deposits and structures, for which the sedimentation rates of the nearest cores to
the seismic lines in which we identified the event deposits were used. Additionally, we

took the seismic stratigraphy into consideration for extrapolation purposes.

The clinoform sequences 2 (~25 kyr BP), 3 (~21.2 kyr BP) and 4 (~17.5 kyr
BP) in the Siuri Area indicating past lake levels are the oldest structures, falling roughly
into the LGM, we attempted to date based on our extrapolation of sedimentation rates.
Owing to the clustering of these dates and the reconstructed drier climate with a more
open landscape, reduced terrestrial runoff (Russell et al., 2014) and lower lake levels at
nearby Lake Towuti (Tournier et al., 2023; Vogel et al., 2015) during this period, we
suggest that these paleoshorelines are indicative of a climate-driven lake-level lowstand at

Lake Poso rather than being the result of submergence due to tectonic subsidence.
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Figure 4.8: Time scale representing all the dated features in Lake Poso, likely related
to tectonic movement or earthquake evidence. The red rectangles indicate probable
correlations between MTDs and associated turbidites (Fig. 4.6) based on ages or
correlations of seismic reflections. The delta topsets (in the Siuri Area) are displayed
even if they are likely climate-induced because we cannot completely exclude a tectonic

influence and better visualise the lake’s timeline.

In the Siuri Area, the limited penetration depth of the seismic data is restricted
to 60 ms TWT and, therefore, only captures the upper ~45 m of the sediment fill. In
the depocenter, it does not exceed 20 ms TWT or ~15 m of sediment. Nevertheless,
seismic penetration and the extrapolation of sedimentation rates are sufficient to provide
a chronostratigraphy for event deposition in the lake’s depocentre. Four MTDs, clearly
distinguishable in both seismic and bathymetric data, are dated to ~11.4 + 3.2 kyr (Peura
MTD), ~6.7 £ 2.5 kyr (Bancea MTD), ~5.2 £ 2.3 kyr (MTD3) and ~2.2 £ 1.7 kyr
(MTD4); Fig. 4.6). In addition, six MTDs or turbidites are dated to 11.4 £+ 3.1 kyr, 6.8 £+
2.6 kyr, 3.2 + 2.0 kyr, 3.0 + 1.9 kyr, 2.3 + 1.7 kyr and 1.4 + 1.5 kyr (Fig. 4.7). The oldest
event 1 is likely a turbidite related to the Peura MTD (Suppl. Fig. S3). The Bancea MTD
can be correlated to the turbidite event 2 (Fig. 4.7). However, the other MTDs in the
depocenter, identified via bathymetric data, cannot be linked to the seismic line crossing

the depocentre due to the limited penetration of the seismic signal.

Providing accurate earthquake magnitudes for individual events is challenging
based on the available data. However, the observed on-fault features, especially the rupture
length of the strike-slip fault in the Tentena Area, can provide a rough estimate for a
minimal possible magnitude. The magnitude estimation for the fault in the Tentena Area
can be calculated using the regression of Mw on surface-rupture length (Stirling et al.,

2002) for a pre-instrumental event with the following equation:
M, = a+ blog(L)

with Mw being the moment magnitude, a and b the regression parameters (5.89 and 0.79,

respectively) and L the fault length in km. Assuming that the entire section of the fault is
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visible on the bathymetric data with a total length of 7 km and assuming it ruptured in a
single event results in a minimum Mw of 6.6 = 0.2. An overestimation of this magnitude
is possible, considering that only a small section of the fault ruptures. Similarly, if the
fault continues onshore beyond the reach of the bathymetric dataset or offshore, below the

penetration capacity of the seismic data, an underestimation magnitude may be possible.

The constructed event catalogue suggests a return period for larger magnitude
earthquakes of ~1600 4+ 1450 years over the last 11 ka. The standard deviation indicates a
low confidence in the return period estimation. Nevertheless, the Coefficient of Deviation
(CoV) is lower than 1 (CoV = 0.95), which indicates that we have a weak periodicity
without considering the data as “bursty” (Salditch et al., 2020). Based on the instrumental
record and considering the relationship between the magnitude and the total number of
earthquakes in the region, M > 6 earthquakes occur every ~55 years. When extrapolating

this relationship, M > 7 earthquakes are expected to occur every ~1350 £ 450 years.

A minimum intensity of VI is necessary to trigger a slope failure in a lake system
(Van Daele et al., 2015). Nevertheless, it is essential to also consider the sensitivity of lakes
to record earthquakes (Wilhelm et al., 2016). The sedimentation rate, the composition of
the sediment and the slope angles influence the sediment stability and the failure potential,
as demonstrated in Lake Towuti ~130 km to the SE of Lake Poso (Tournier et al., 2023;
Vogel et al., 2015). Since the beginning of the instrumental record, only one earthquake
(2019 Mw 5.5, ~3 km from the lake) reaching Lake Poso with an intensity > VI has been
documented (Fig. 4.9). On- and off-fault traces of this event are absent in the 2022 seismic
and bathymetric data from Lake Poso. Nevertheless, the local population living on the
eastern shoreline testified that a large wave washed ashore that day. Therefore, we suggest
that Lake Poso has a low sensitivity to record earthquakes in the form of mass-wasting
events, which is also supported by the large gap between the number of high-magnitude
earthquakes (i.e. one M > 6 earthquake every ~55 years) and the recurrence of event
deposits reported here. Therefore, the lake seems insufficiently sensitive to respond to
M > 6 earthquakes but may, in turn, be a suitable recorder of strong (M > 7) local

earthquakes with sufficient intensity to trigger slope failure in this setting.

Seismic hazards in coastal lake settings include tsunami threats (Nigg et al., 2021;
Schnellmann et al., 2006). The massive MTDs in Lake Poso remobilised large volumes
of sediment that likely have the potential to generate tsunami waves in Lake Poso. A
seismic event similar to the one that triggered the Pendolo MTD could lead to a serious

tsunami hazard for the town of Tentena and other coastal villages today. This hazard is
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Figure 4.9: Intensity (MMI) map of the 2019 Mw 5.5 earthquake located 2 km to the
western shoreline of Lake Poso. (Shakemap
by USGS Earthquake Hazards Program; https://earthquake.usgs.gov/earthquakes/
eventpage/us1000jkv5/shakemap/intensity,modifiedaccessedinApr.2024)

accentuated by the great depth of the lake, its large volume, and the steep slopes on the
eastern and western flanks of the lake basin, which form a corridor for the propagation of

a tsunami wave (Franco et al., 2021).

6 Conclusion

In the tropical setting of seismically active Central Sulawesi, where records of prehistoric
earthquakes are otherwise scarce, Lake Poso’s sediment record provides a well-needed
archive of past seismic activity. Seismic events in Lake Poso are apparent through

characteristic features in the lake-floor morphology (faults, pockmarks, slide scars) and
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frequent mass-wasting deposits in the subsurface (Suppl. Fig. S4). Assuming that the
16.8 kyr BP rupture of the fault in the Tentena area was likely caused by a M > 6.8
earthquake and considering the low sensitivity of Lake Poso’s subaquatic slopes to fail
during seismic shaking, we suggest that M > 7 earthquakes are likely to occur in the
region. Our event-based return period closely overlaps with the expected return period of
M > 7 earthquakes based on the Gutenberg-Richter law and the available instrumental
record. Considering the uncertainty in the chronology of the estimated return period of
larger magnitude events, these initial data provide a working hypothesis that can be tested

in future studies at Lake Poso that allow for a more sophisticated chronological framework.

Owing to the scarcity of paleoseismological studies in lacustrine settings in the wet
tropics, datasets presented here are considered of exploratory nature that will help access
the information on past seismic events and to design future, more targeted research studies.
The lack of detailed historical and instrumental records limits the accurate assessment of
the seismic hazard. The need for more data on past earthquakes is partly compensated
by our paleoseismological approach analysing on- and off-fault seismic evidence and the
morphology of the faults underneath the lake, revealing active sub-recent Late Pleistocene
tectonics. To achieve a more precise assessment of seismic hazard in the Lake Poso region,
utilising sediment long-cores would enable us to quantify the frequency of significant
earthquakes throughout the entire Quaternary period. This information could then be
extrapolated to estimate future recurrence rates. Additionally, it would facilitate the

analysis of Maximum Credible Earthquake (MCE) and tsunami hazard scenarios.
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Figure S1: 3.5 kHz seismic grid of the 2022 survey on Lake Poso.
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Table S1: Radiocarbon ages measured on the cores used in this article.

Core 1Id Depth (top tube) Material Uncalibrated age (y BP) +1s (y)

P0OS-22-01 97 macrofossil 2168 86
POS-22-18 52 macrofossil 881 72
P0OS-22-23 29 macrofossil 348 69
P0OS-22-23 47 macrofossil 437 65
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Figure S2: Seismic line crossing the strike-slip fault near Tentena, showing the bedrock

outcropping the sediment and the formation of a pull-apart basin.

130



The large-magnitude earthquake potential of an active strike-slip fault system in
Lake Poso, Central Sulawesi, Indonesia

Om
|

5(|)0 10|00

15|00 20|00 25|00 30|00

525

530

535

540 -

545 —

two-way travel time {ms)

= 5m

Figure S3: Seismic line in the depocentre, showing 6 event deposits (undefined MTDs or

turbidites) underlying the Peura MTD. By correlation, we assume that the Peura MTD
is likely related to the turbidite 1, dated at 11.4 kyrs.
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Figure S4: Seismic line in the Tentena Area showing a recent MTD from the eastern

shoreline. The location into the fault canyon makes it difficult to date this event.
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Conclusion and outlook

Picture of Lake Poso from the coring boat (personal collection).
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1 Conclusion

The Island of Sulawesi is located along a tectonically highly active zone. Apart from the
northern section of the PKF, which has been extensively investigated since the Mw 7.5
Palu earthquake in 2018, the Sulawesi strike-slip fault system is poorly studied. Even
though Indonesia is the 4th most populous country in the world, seismic risk maps are
imprecise in remote areas. To better assess seismic risk, we first need to understand the
hazard. However, data on earthquakes only cover modern time from the early 1900s. The
time covered by these instruments is not sufficient to identify high-magnitude earthquakes

(>7), which can have return periods of several hundred or thousands of years.

Lake Towuti and Lake Poso are two ancient lakes. Their sediments, accumulated
over millions of years, are natural seismographs of central Sulawesi. Seismic acquisition
missions and sediment core and borehole sampling enable the analysis of the paleoclimate,
but also the detection of events that can be interpreted as major seismic episodes since

the late Quaternary.

In Lake Towuti, the impact of climate on the sensitivity of the lake to record
seismic deposits from the LGM was first demonstrated using piston cores and CHIRP
high-resolution seismic reflection. Fluctuating lake levels lead to changes in the stability

of the slopes, which can then collapse during seismic events of varying magnitudes.

On the other hand, the study of the TDP boreholes with single- and multi-channel
seismic data allowed an extension of the palaeoseismological analysis back to the formation
of Lake Towuti 1 Ma ago. First, it was shown that the climatic impact was not significant
on this time scale. This is because seismic cycles control the recurrence of earthquakes.
The periodicity of turbidites, associated with slope destabilisation, revealed three distinct
phases in the sediments with a phase of active tectonics, followed by a quiescent phase, and
finally, a rather concentrated turbidite phase controlled by the change in the hydrology of
the lake’s watershed and the formation of the delta from the Mahalona River. This new
input of sediment therefore changes the sensitivity to recording turbidites during seismic

events in the northern part of the lake.

Lake Poso is the second study site in this project. The first palaeoseismological
survey of this lake was carried out in November 2022. This preliminary study used high-
resolution bathymetry to identify massive MTDs, evidence of high-magnitude earthquakes.

The faults are also indicators of the area’s seismic activity. An estimation of the maximum
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magnitude of a fault under the lake indicates that earthquakes of magnitude 6.6 may occur.

2 Outlook

All these studies, with a spatial and temporal distribution (from several thousand years
to 1 Ma), show the seismic potential of central Sulawesi. Lake Towuti and Lake Poso
demonstrate a particularly virulent tectonic past. However, modern records of earthquakes
on the island do not highlight this significant seismicity. Lake paleoseismology provides a

better insight into the seismic and tectonic evolution of the Palu-Koro and Matano faults.

However, these data are not yet complete enough to interpret paleoseismology
accurately. The TDP aimed to study the palaeoclimate and palaeoenvironments.
Therefore, the boreholes and seismic lines are located at sites with little tectonic impact.
For an in-depth palaeoseismological study, it would be interesting to carry out boreholes
in the southern part of the lake, where tectonic faults appear to have been active recently.
In addition, a new seismic survey closer to the shoreline or a bathymetric campaign would
enable the identification of potential MTDs.

The survey at Lake Poso revealed the potential of this site for a palaeoseismological
study. This pioneering mission to this lake revealed a sensitive area for large magnitude
earthquakes, with MTDs and recent faults. It would be judicious to take piston core
samples to continue the investigation on this lake. It would also be very useful to carry
out a second bathymetric survey in the next few years. In recent years, a new approach
has made it possible to calculate erosion and accumulation areas by comparing two
bathymetric surveys of a single lake. Lake Poso is one of the few lakes in the world where
observing a likely active fault is possible. Using the same bathymetric data comparison

approach would be interesting for observing and calculating fault movements.

These new seismic, bathymetric and sediment data will better assess the seismic
risk in central Sulawesi and supplement modern records. Few earthquakes of magnitude
7 or more have been identified since the beginning of the 20th century. However,
palaeoseismological studies show the potential of Sulawesi’s strike-slip faults to generate
this type of earthquake. It is, therefore, coherent to say that an event of this
magnitude could happen in the near future. However, it has been stated that even
where paleoseismologists have pointed out potentially dangerous faults worldwide, local

governments have often not used that information to increase public awareness of seismic
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hazards or mitigate the effects of future earthquakes.
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