Sedimentologike

Research article

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

Nicolas Tournier' @, Stefano C. Fabbri'2?[®, Adrianus Damanik'®®, Flavio S. Anselmetti' @@, Taufan Wiguna®®,
Sri Yudawati Cahyarini® @, Hendrik Vogel™

' Institute of Geological Sciences & Oeschger Centre for Climate Change Research, University of Bern, Baltzerstrasse 1+3, 3012,

Bern, Switzerland
Federal Office of Topography swisstopo, Seftigenstrasse 264, 3084 Wabern, Switzerland
Research Centre for Climate and Atmosphere, National Research and Innovation Agency (BRIN), Indonesia

2
3

*corresponding author: Hendrik Vogel (hendrik.vogel@unibe.ch) doi: 10.57035/journals/sdk.2025.e31.1604
Editors: Suzanne Bull and Siddhi Joshi Submitted: 03.07.2024
Reviewers: Nicolas Waldmann, Kathleen Wils and one anonymous reviewer Accepted: 04.08.2025
Copyediting, layout and production: Jarred C. Llyod, Romain Vaucher and Francyne Bochi do Amarante Published: 28.08.2025

Abstract | Earthquakes along the Ring of Fire are considered among the most destructive 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, instrumental records show that extensive areas in the central part of the island appear to be seismically quiet in
the last century regarding larger magnitude > 7 earthquakes. Lake sediments are excellent sentinels for environmental
changes occurring in its near surroundings, hence they serve as a natural archive for events, including seismicity,
thus allowing the investigation of the notion of absence of large-magnitude earthquakes. In 2022, we conducted a
geophysical and high-resolution bathymetric survey at Lake Poso to provide insight into seismic activity in Central
Sulawesi beyond the instrumental record. The survey allowed us to image large subaquatic slides and lake-bottom
offsets, which indicate high-intensity earthquakes, possibly related to the presence of 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 tectonic Poso basin indicates
that large-magnitude earthquakes are also possible in this region. The consequences of such an event may have
devastating consequences for local populations and infrastructures in Sulawesi.

Lay summary | The island of Sulawesi in Indonesia is located at the junction of the Australian, Eurasian, Pacific, and
Philippine tectonic plates. These collision zones accumulate stress over time, which can be released suddenly in the
form of earthquakes. Particularly strong and devastating earthquakes may take decades to hundreds of years of stress
accumulation before they occur. Hence, instrumental and historical records are often insufficiently long for proper
seismic hazard evaluation. It is therefore important to study prehistoric earthquakes (paleoseismology) and determine
the time of occurrence of past events to estimate recurrence probabilities. In 2022, we went to Lake Poso, located in
central Sulawesi, 50 km away from the Palu-Koro fault — the fault that ruptured during the magnitude 7.5 earthquake
in Palu in 2018. The goal was to understand the paleoseismology of the region using lake sediments, which act as
natural seismographs. During a tremor, the slopes of the lakeshore can be destabilized, causing sediment to collapse.
Likewise, active tectonic faults leave their traces in the lake floor with little inundation by erosional processes. Our
geophysical instruments can identify these structures, and plant remains from sediment cores allow us to date these
events using the radiocarbon dating method. We discovered sedimentary structures indicative of past earthquake
shaking and found recurrence approximately every 1,600 years over the last 11,000 years. In addition, we identified an
active fault beneath the lake, which we assume can generate a future large-magnitude earthquake.
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Tournier et al.
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 & Decker, 2022; Hamilton,
1972; Patria et al., 2023; Titu-Eki & 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 (Figure 1).
With an average displacement of 30 mm/year for the
PKF (Watkinson & 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 since 1923 from the
International Seismological Centre (ISC) and United States
Geological Survey (USGS) instrumental record (Figure 1A).
In recent years, several studies have explored Sulawesi’s
tectonic evolution, fault systems, and the associated seis-
micity (i.e., Beaudouin et al., 2003; Hall, 2009; Hutchings
& Mooney, 2021; Villeneuve et al., 2002). However, the
studies predominantly relied on instrumental and his-
torical data and outcrop investigations (Watkinson &
Hall, 2017). Only a few events have been instrumentally
tracked (ISC and USGS) during the last 60 years (Figure
1B). The instrumental data show seismic activity predomi-
nantly along the trace of the Sulawesi strike-slip fault sys-
tem and adjacent subduction zones with the result that
only areas in the vicinity are included in the seismic haz-
ard maps for Sulawesi (Irsyam et al., 2020). Consequently,
these records are likely insufficiently long to identify the
recurrence pattern of high-magnitude earthquakes, also
along other fault systems which may exceed recurrence
rates of 100 or 1000 years (Figure 1C).

In presently active seismic zones, such as the Sumatra sub-
duction zone or the Molucca Sea (Hutchings & Mooney,
2021), the recent earthquake catalogue provides a high-
er probability of better evaluating the hazard potential
(Pasari et al., 2021; Supendi et al., 2023), as these regions
have demonstrated significant seismic activity during the
instrumentally recorded timespan. Areas with absence of
significant seismicity during the instrumental period may,
however, be temporarily dormant and therefore inade-
quately represented in hazard potential evaluations pos-
ing an underestimated threat (Galli et al., 2019; Rubin &
Sieh, 1997; Schulz & Wang, 2014). The Poso Depression
region, which is situated in the vicinity of the collision
zone where the western and eastern arms of Sulawesi
converge, lacks instrumental evidence of large-magni-
tude earthquakes (Nugraha et al., 2023; Figure 1A and
1B). Within a 200 km radius surrounding the tectonic
Poso depression, the occurrence of earthquakes with M
> 7 appears to be absent during the past 60 years (Figure
1C). However, the absence of M > 7 events may sim-
ply be the result of a return period = 100 years, which
is also suggested by extrapolation of the instrumentally
recorded events (Figure 1C). Generally, large-magnitude
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earthquakes (M > 7) often leave traces in outcrops and
surface landforms, such as surface ruptures or landslides
(Galli et al., 2023; Ocakoglu & 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 weather-
ing, coupled with dense vegetation, causes difficulties in
identifying surficially exposed earthquake traces (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) (Gastineau et al., 2023) or seismi-
cally 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 and subsurface can reveal
direct evidence of recent and past tectonic activity. This is
expressed 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;
Wils et al., 2018). Indirect evidence appears typically in
the form of offset linear features such as subaquatic can-
yon shifts or offsets of submerged paleoshorelines, which
allow the delineation of a lateral or vertical displacement
of a tectonic lineament lacking surface expression (Alsop
et al., 2016; among others). 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 that are dependent on magni-
tude, epicentral distance, and local effects. Off-fault ev-
idence becomes more significant when observed at mul-
tiple locations independently within the same lake basin
or neighbouring sub-basins. Subaquatic mass movements
and related turbidites are typical off-fault paleoseismic in-
dicators caused by seismically triggered submerged slope
failures (Moernaut et al., 2017). These deposits were suc-
cessfully used as paleoseismological indicators in many
studies worldwide (Adams, 1990; Gracia et al., 2010;
Lu, Moernaut, Bookman, et al., 2021a; Moernaut, 2020).
During an earthquake, different locations experience
varying amounts of shaking, whereas a Modified Mercalli
Intensity (MMI) of = VI is often considered a threshold
for inducing slope instabilities (Van Daele et al., 2015). In
the case of a high-intensity earthquake, remobilized sed-
iments may occur across large areas of the basin as these
can descend the slopes and flow for kilometers driven by
density differences, allowing to reach areas far away from
their sources, known as hyperpycnal flow (Zavala, 2020).
However, subaquatic sediment collapse can be triggered
by multiple factors, such as rapid fluctuations in lake lev-
el (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 (Hilbe
& Anselmetti, 2014; Sabatier et al., 2022). Yet, a seismic
source can be suggested when multiple simultaneous
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Tectonic map of the Island of Sulawesi showing earthquakes with a magnitude = 6, depth < 40 km since 1923, documented

by USGS and ISC. (B) Seismotectonic map of Lake Poso and its surroundings. (C) Gutenberg-Richter plot illustrating the number of
earthquakes per year for Sulawesi (red) and the Lake Poso area (green) based on instrumental records of the last 100 years.

mass wasting events are identified (Schnellmann et al.,
2002).

Here, we apply a paleoseismological concept to the tec-
tonic basin of Lake Poso in Central Sulawesi to explore
whether large-magnitude earthquakes have occurred in
the past. This, in turn, will provide the tools to identify
potential hazards in an area that is otherwise designat-
ed as a low-hazard zone. For this, we combined detailed
multibeam swath bathymetry and seismic reflection data
spanning the entire lake area with sediment short cores
to provide a thorough characterization of the lake-floor
morphology and subsurface sediment architecture. These
combined datasets are then used to estimate the evolu-
tion of the seismic activity for the Poso Depression while
also contributing to the region’s seismic hazard awareness.

2. Regional 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 western volcanic arc and
the development of the North Sulawesi Trench (Parkinson,
1998; Silver et al., 1983). Lake Poso (c. 33 km long and
c.12 km wide) is elongated in a SSE-NNW direction and
formed by the extension of an asymmetric half-graben
of the Poso Depression. The half-graben was initially
open northwards to the sea, but uplift during the Early
Pleistocene bridged east and west Sulawesi, resulting in
the closure and disconnection of the basin with the sea
(Nugraha et al., 2023). The collision is accommodated
by the Sulawesi strike-slip fault system and induced the
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obduction of an ophiolite complex to the East (Stevens et
al., 1999). The bedrock geology surrounding Lake Poso,
therefore, includes a distinct division into two metamor-
phic units: a mid-Cretaceous metamorphic basement and
Mesozoic to Cenozoic phyllites and marble units along
the western and eastern shorelines of the lake, respec-
tively (Villeneuve et al., 2002).

Lake Poso is characterized by a humid tropical climate,
receiving c. 3,075 mm of annual precipitation (Hidayat,
2019). The lake's major inlets include the Pendolo River to
the south and the Meko River to the west, as well as sever-
al smaller rivers draining the steeper eastern and northern
parts of the catchment (Figure 1B; Damanik et al., 2024).
The lake’s outlet is formed by the Poso River to the north-
east, where it flows through the town of Tentena before
draining into the Gulf of Tomini (Figure 1B; Damanik et
al., 2024). Nutrient inputs from rivers and anthropogenic
land use areas are low, resulting in overall oligotrophic
conditions in Lake Poso (Damanik et al., 2024). The wa-
ter column is presently permanently stratified with bot-
tom-water anoxia and accumulation of redox-sensitive
metals and nutrients below the oxycline at c. 90 m water
depth (Janssen et al., 2024; Damanik et al., 2024).

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 us-
ing a Valeport MiniSVP probe. The bathymetric raw data
and the 5 m backscatter mosaics were processed and re-
viewed using Caris HIPS — SIPS 10.4 software. The maps
were generated with ArcGIS pro (v. 3.1.1). The bathym-
etry point clouds were rasterized using a “swath angle
surface” algorithm with a horizontal grid size of 4 m. The
raster was interpolated to fill minor data gaps.

3.2. Seismic survey

A seismic acquisition survey was carried out with a sin-
gle-channel 3.5 kHz Geoacoustic pinger source. A total
of 576 km of seismic reflection profiles (Supplementary
Figure 1) 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.

3.3. Coring and radiocarbon dating
In addition to the bathymetric and seismic surveys, three

short (max. 99 cm long) sediment cores were recov-
ered from the Tentena and Siuri areas, as well as from
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the depocenter of the lake (Figure 2 for locations) using
a UWITEC gravity corer. The UWITEC gravity corer is a
typical free-fall corer equipped with steel weights and a
plastic liner that is fixed with a ring clamp. Upon entering
the sediment, the top of the core liner is closed by a lid to
prevent the sediments from falling out on its way back to
the surface. The corer is lowered through the water col-
umn using a manual winch and low-stretch sailing rope.
Depth markings on the rope, along with precise depth
information from bathymetric data, are used to estimate
the depth from where the corer is released for free fall
(c. 3 m above the sediment) after assuring the rope is
straight without any noticeable movement. After open-
ing the cores lengthwise, line-scan images were obtained,
and a lithological description was performed following
standard limnogeological protocols established at the
Institute of Geological Sciences of the University of Bern.
The cores were sampled every cm and sieved to collect
plant macrofossils for radiocarbon dating. Radiocarbon
dating was performed on selected plant macrofossils at
the Laboratory for the Analysis of Radiocarbon with AMS
of the Department of Chemistry at the University of Bern
and ETH Zurich. Age-depth models were generated with
the Bacon R package v.2.5.8 (Blaauw & Christen, 2011)
using the SHCal20 calibration curve. Extrapolation of the
sedimentation rates from terminal sediment core depths
to deeper target horizons in seismic data is based on a
seismic velocity of 1500 m/s and assuming a constant
site-specific sedimentation rate.

4. Results
4.1. Lake morphology

With its length of c. 33 km along its SSE-NNW axis, max-
imum width of 12 km, maximum depth of 395 m, steep
slopes (> 20°) along its western and eastern shorelines
and more gently dipping slopes (1-4°) to the north and
south Lake Poso’s morphology is best described as a sin-
gle tub-shaped basin. The central depocenter is extensive
and mostly flat (Figure 2). The bathymetric data of Lake
Poso indicate some prominent morphological features:
(1) a prominent sinuous and irregular canyon-like struc-
ture in the northwestern part of the lake close to the out-
flow, (2) a confined depression in the northwestern part of
the lake, (3) mass transport deposit (MTD) traces, and (4)
pockmarks (Figure 2).

4.2. Core description and age model

Short cores were collected from morphologically different
areas of the lake to document lithological characteristics
and to provide site-specific average sedimentation rates.
The core from the depocenter (POS-22-23; 395 m water
depth) comprises fine-grained, predominantly siliciclastic
sediments interbedded with dark organic matter rich layers
interpreted as pelagic background deposits. Sediments
appear thinly-bedded between 30-40 cm depth but are
interrupted by a ¢.10 cm thick deposit showing normal
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bathymetry.

Core ID Depth (cm) Type 14C age (year BP) error Mean (cal yr BP) error
POS-22-01 95-96 macrofossil 2168 86 2077 282
POS-22-18 50-51 macrofossil 881 72 784 163
POS-22-23 27-28 macrofossil 348 69 334 149
POS-22-23 45-46 macrofossil 437 65 373 158

Table 1| Results of AMS “C-dating

gradation and interpreted as turbidite. Radiocarbon dat-
ing from macrofossils retrieved from above and below
this deposit suggests turbidite deposition c. 300 cal year
BP. The radiocarbon ages suggest sedimentation rates of
c. 0.67 mm/year and c. 1.00 mm/year for the sediment
above and below the turbidite, respectively. Sediments
in the cores from the Tentena (POS-22-01; 79 m water
depth) and Siuri sites (POS-22-18; 45 m water depth) to
the northeast and northwest, respectively, comprise fine-
grained (silty-clay) massive mud and appear slightly red-
dish in color. Plant macrofossils were retrieved from 95 cm
depth in core POS-22-01 (Figure 3; Table 1), revealing a
radiocarbon age of c. 2000 cal year BP. This results in an
average sedimentation rate of c. 0.44 mm/year for the
uppermost sediments. A terrestrial macrofossil retrieved
at 50 cm depth in core POS-22-18 (Figure 3) was dated to

c. 700 cal year BP, resulting in an average sedimentation
rate of c. 0.59 mm/year.

4.3. On-fault evidence in Lake Poso
4.3.1. Tentena area

The bathymetric data show a prominent SW-NE-trending
sinuous and irregular canyon-like structure near the out-
flow in the Tentena area (Figure 4). The offset between
the topographic high to the west of the canyon-like struc-
ture and its thalweg is c. 20 m (Supplementary Figure 2),
extending along longitudinal NW-SE trending sections
of up to 280 m in length. Backscatter-intensity data, indi-
cating lake bottom hardness, exhibit extended areas with
hard reflectors, interpreted as coarse-grained sediment or
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Tentena area) and POS-22-18 (bottom left; Siuri Area) with their respective age-depth models. Dates indicate the mean + 2SD calibrated

age.

outcropping bedrock (indicated in bright yellow in Figure
4B) and dark-blue areas (soft/fine-grained sediments).
Moreover, the high backscatter intensity in the Tentena
area indicates the presence of hard ground following the
sinuous ridge.

Based on the seismic reflection data, we defined two
seismic stratigraphic units (Ua below and Ub above)
characterized by a similar seismic facies, with a medi-
um-frequency and alternating pattern between high- and
low-amplitude reflections (Figure 4). The units are sep-
arated by a high-amplitude reflection, marking a sharp
angular unconformity, and can be differentiated by the
morphology of the reflections. The reflections of Ua are
parallel and inclined to the NW (Figure 4D), ending with
toplaps at the angular unconformity. Ub is laterally contin-
uous 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 ca. 150 ms two-way travel time
(TWT), gas-rich sediments often hamper seismic penetra-
tion, preventing imaging of the deeper sections. At the
center of the Tentena area, the seismic data shows a large
body of acoustically transparent seismic facies, rising ver-
tically from deep sections to the lake floor with almost no
sediment cover (Figure 4). In accordance with the high-in-
tensity backscatter signal and the laterally onlapping re-
flections, this structure is interpreted as a bedrock ridge
(Supplementary Figure 2).

Based on the bathymetry and seismic observations, we
interpreted the sinuous SE-NW-trending feature with out-
cropping bedrock as a geomorphic expression of a strike-
slip fault with a discernible oblique component. This in-
terpretation is also supported by the SE-NW alignment of
pockmarks, delineating secondary faults in the same di-
rection (Figure 2). We attributed the inclined layers within
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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 vertical fault inactivity. Extrapolation of the sedi-
mentation rate of core POS-22-01 (c. 0.44 mm/year) to 10
ms TWT depth (7.5 m of sediment) yields an approximate
age of 16.8 kyr for the Ua-Ub boundary.

4.3.2. 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 north-
west and a southeast trending ridge along its southwest-
ern extent (Figure 5B). The depression aligns with a basin
onshore bounded by a topographic high to the east and
a prominent mountain range to the west (Figure 2B). The
clearly discernible boundaries of the depression indicate
that the feature is the result of active and localized tecton-
ic subsidence bordered by normal faults to the W and E.
The seismic data mostly reveal parallel high- and low-am-
plitude reflections (Figure 5), interpreted as the strati-
graphic equivalent of Ub in the northeastern part of the
lake. Deeper penetration in the center of the depression
is hampered by the presence of gas below ¢.100 ms TWT
(Figure 5). The reflections of Ub are discontinuous near
the depression area, where decimetre-scale offsets in the
horizons along vertical displacements indicate faults with

a normal component (Figure 5C). The fault-related offsets
are also discernible as steps on the lake floor, as visible in
bathymetric data, indicating recent seismicity.

Seismic profile C-C" extending basinward from the west-
ern shoreline shows a vertical and lateral succession of
four stacked clinoform sequences (1-4) below c. 10 m of
continuously and acoustically stratified Ub strata. These
clinoforms comprise thin horizontal topsets and well-de-
veloped foresets, but lack clearly distinguishable bottom-
sets, 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). Differentiating between tectonic sub-
sidence and climatically driven vertical shoreline changes
is not straightforward. Especially in settings controlled by
both active tectonics and hydrological changes on similar
time-scales, such as Lake Poso.

By extrapolating sedimentation rates (c. 0.59 mm/year)
based on a radiocarbon date c. 700 cal year BP for a ter-
restrial macrofossil retrieved at 50 cm depth in core POS-
22-18, (Figure 3), we estimate ages of c. 25 kyr, c. 21.2
kyr and c. 17.5 kyr for the clinoform sequences 2, 3 and
4, respectively. Even when considering the uncertainty of
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Figure 5 | (A) Seismic reflection line C-C' crossing the depression in the Siuri Area from W to E (white line in B insert). (B) Bathymetric
map of the Siuri area. (C) Zoom on the faults cutting seismic unit Ub to the W. Faults indicating the eastern termination of the depression

are indicated by a thin black line in the overview seismic profile.

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 vegeta-
tion indicators (Russell et al., 2014), suggest a significant-
ly drier regional LGM with up to 30 m lower lake levels.
Consequently, we suggest that the clinoform succession
likely indicates lake-level lowstands, possibly as a result
of a drier than present LGM climate. However, given their
location on a slope that seems to align with active faulting
with a discernible normal component, we can not com-
pletely rule out a tectonic component on relative lake-lev-
el changes in this area.

4.4. Off-fault features

We find multiple geomorphic expressions that may serve
as tentative off-fault earthquake traces in Lake Poso, com-
prising 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 (Figure 2). For the most recent MTD,
slump head-scarps are clearly visible upslope of the fron-
tally emergent positive topography and the irregular, of-
ten blocky surface of the respective MTD. Three MTDs,
hereafter named Bancea, Peura and Pendolo (Figure 2),
are the result of large-scale substantial slope failures. As
is often the case in paleoseismological studies assign-
ment of MTD to earthquakes as a triggering mechanism
is difficult. Other triggers, such as heavy rainfall-induced
subaerial landsliding, rapid and substantial lake-level
changes, gas release, or spontaneous collapses, can also
trigger subaquatic slope collapses (Sabatier et al. 2022).

However, the size of the deposits, generally low sedimen-
tation rates and the rather rare occurrence of the deposits
in combination with the documented frequency of earth-
quakes generating sufficient intensity in Lake Poso sug-
gest seismic shaking as a plausible trigger mechanism.

Seismic reflection data of lines crossing the MTDs illus-
trate characteristic acoustically transparent seismic facies
with a basal detachment surface and accumulation zones
in the center (Figure 6); MTDs are either concave or con-
vex. The internal sedimentary structures are partially well
preserved in Lake Poso, as is also reported in other geo-
logically diverse lake settings 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 c. 20 and c. 50 Mm?, re-
spectively. The Bancea MTD lacks a clearly visible head-
scarp, and the seismic data coverage is spatially insuffi-
ciently resolved for volume calculation. The seismic line
E-E’ crossing the depocenter (Figure 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 de-
pression and a topographically higher outer rim (Figure
6A), as was also described for MTDs in Worthersee,
Austria (Daxer et al., 2020), and contrasting with the typ-
ical concave-up topography of MTDs (Clare et al., 2019;
Moernaut & De Batist, 2011). The seismic line across the
Bancea MTD (Figure 6B) shows that the contact between
the MTD’s transparent seismic facies and the acoustically
well-stratified strata, indicating pelagic background sed-
iments, is disrupted along the MTD’s outer rim by verti-
cal, chimney-like transparent facies. These vertical chim-
ney-like features with a similar seismic facies as within the
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Figure 6 | (A) Magnification of the western slope area and depocenter of the lake, showing the surface expression of a large MTD. (B)
Seismic line crossing the terminal part of the Bancea MTD from SSE to NNW showing laterally extensive transparent acoustic facies
interpreted as MTD and vertical ‘chimney-like’ acoustic facies interpreted as fluid escape structures. (C) Seismic line crossing the 395 m
deep depocenter from WSW to ENE, a vertically stacked series of transparent acoustic facies interpreted as MTDs.

MTD are interpreted as fluid escape structures that were
formed following overloading and dewatering of the un-
der-consolidated and fluid-rich MTD sediment unit. A col-
lapse 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
several lakes elsewhere (Moernaut et al., 2009; Praet et al.
2017). Similar, albeit less frequent, fluid-escape structures
intersecting the overburden appear on top of other MTDs
in Lake Poso (e.g., MTD, Figure 6C), and thus suggest-
ing that these fluid-escape structures represent sediment
compaction following compaction and/or seismic shak-
ing. However, it is unclear if every fluid escape structure is
the result of variable intensity of different seismic events
or due to variable fluid release pressure and volume vari-
ations.

Some fluid-escape structures on the Bancea MTD seem to
penetrate the overlying sediments but do not propagate
through a high-amplitude reflection correlated with the
upper MTD4 (Figure 6). This suggests a possible correla-
tion between the fluid escapes and the MTD4's slope-fail-
ure 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 earth-
quakes in Lake Poso.

In addition to these fluid-escape structures associated
with the MTDs, pockmarks were identified in the lake
floor with the highest spatial densities in both the Tentena
area and on the Pendolo slope (Figure 2). While these
pockmarks are not always aligned in a systematic manner
that would allow correlation with MTDs or fault lineaments
in seismic and bathymetric data, they can potentially be
associated with seismically triggered fluid escape events
(Cojean et al., 2021; Hovland et al., 2002; among others).

Penetration depths of the pinger sonic signal along seis-
mic line F-F" (Figure 7) are restricted to 60 ms TWT in
the Siuri area to the W and 20 ms to the E towards the
depocenter, resulting in calculated depths of the upper-
most c. 45 m and c.15 m, respectively. Six event deposits
located in the depocenter (undefined MTDs or turbidites)
in the seismic line F-F' (Figure 7) have been identified.
These are characterized by a transparent and homoge-
neous seismic facies, covering large areas with conform-
able boundaries. Vertical thicknesses of individual event
deposits visible in seismic data vary from c. 10 cm (vertical
resolution limit of the pinger seismic data) to slightly more
than 1 m. Ages of event deposits are rough estimates
based on the extrapolation of sedimentation rates from
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core POS-22-23, with the deepest visible event deposit 1
dated to c. 11.4 cal kyr BP.

Overall we can identify four MTDs, clearly distinguishable
in both seismic and bathymetric data, with roughly esti-
mated ages of c. 11.4 kyr BP (Peura MTD; Figure 7), c
6.7 kyr BP (Bancea MTD), c. 5.2 kyr BP (MTD3) and c. 2.2
kyr BP (MTD4) (Figure 6). In addition, six MTDs or tur-
bidites visible in seismic line F-F' (Figure 7) crossing the
depocenter return age approximations of c. 11.4 kyr BP, c.
6.8 kyr BP, c. 3.2 kyr BP, c. 3.0 cal kyr BP, 2.3 kyr BP and 1.4
kyr BP (Figure 7). The oldest event 1 is likely a turbidite
related to the Peura MTD (Supplementary Figure 3).

5. Discussion

Lake Poso shows multiple on- and off-fault indicators for
recent and sub-recent seismicity, including active faulting,
mass transport deposition, and fluid expulsions (Figure
8). Despite the limitations in terms of the chronological
succession of the events observed in our datasets and
associated age caveats, we attempt to provide an event
stratigraphy and initial interpretations of the observed on-
and off-fault features likely associated with pre-historical
earthquakes. By combining a rough event stratigraphy
framed by the existing chronology with the available in-
strumental data, we provide a better estimate of possible
earthquake magnitude and their recurrence in the Lake
Poso region.

The chronostratigraphy of seismic events in Lake Poso
(Figure 8) is based on the extrapolation of sedimentation
rates derived from the radiocarbon dating of terrestrial
plant macrofossils and charcoal found in short sediment
cores (Figure 3). Sedimentation rates vary across the en-
tire lake basin, with generally lower sedimentation rates
in near-shore areas (c. 0.44 mm/year on core POS-22-01)
and highest sedimentation rates in the depocenter (c.
1.00 mm/year on core POS-22-23). Given the abundance
of event deposits in the seismic data, we used the bulk
sedimentation rate of core POS-22-23 (Figure 3) from
the depocenter without prior removal of event depos-
its for extrapolation purposes. This approach provides a
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somewhat representative sedimentation rate for extrap-
olation and age assignment of event deposits and struc-
tures visible in seismic reflection data across the depocen-
ter. Additionally, we took the seismic stratigraphy into
consideration for extrapolation purposes.

Based on the seismic interpretation and rough age es-
timates from the extrapolation of sedimentation rates
from core POS-22-18, the clinoform sequences 2 (c. 25
kyr BP), 3 (c. 21.2 kyr BP) and 4 (c. 17.5 kyr BP) in the Siuri
area are temporarily coincident with the LGM. At nearby
Lake Towuti, the LGM is characterized by a drier climate,
a more open vegetation cover with abundant C4 grasses,
reduced terrestrial runoff (Russell et al., 2014), as well as
lower lake levels (Tournier et al., 2023; Vogel et al., 2015).
As a result, we suggest that the clinoform successions at
Lake Poso are likely morphological features indicative of
climate-driven lake-level lowstands, rather than resulting
from tectonic activity.

Providing accurate earthquake magnitudes for individ-
ual 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 mag-
nitude estimation. 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+ b log(l)

with Mw being the moment magnitude, a and b the re-
gression parameters (5.89 and 0.79, respectively) and L
the fault length in km. For a conservative estimate of the
Mw, we only take the section of the fault visible in the
bathymetric data with a total length of 7 km into account.
When assuming the displacement along the entire length
of the fault considered here was produced during a single
event, this would result 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 could have ruptured.
Similarly, if the fault continues onshore beyond the reach
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Sedimentologika | 2025 | Issue 1

10



Tournier et al.

Earthquake potential of an active strike-slip fault system

Peura event Bancea event MTD4
4 3 2 Ua/Ub u IV. v V MTD2
| — 2 | —— H , X | et KIVI'-I-D3 Lo .y .
T T W WO NN O N 1 O N T R L1 ' |Tlme (kyr)
L L L L L T — present
25 20 15 T 10 5 5 3/ 45 6
Vv delta topset * MTD undefined event deposit quiescence phase (Tentena area) +——— error

Figure 8 | Time scale representing dated on- and off-fault features and delta topsets in Lake Poso. The red rectangles indicate probable
correlations between MTDs and associated turbidites (Figure 6) based on seismic stratigraphic considerations and sedimentation rate
extrapolation. The delta topsets (in the Siuri area) are displayed but interpreted to represent climate-induced changes in lake level. They
are included here to better visualize the lake's timeline as discussed in the text.

of the bathymetric dataset or offshore, beyond the sur-
face expression of the fault visible in bathymetric data, an
underestimation of the magnitude is also possible.

The constructed event catalogue suggests a return period
for larger magnitude earthquakes of 1600 + 1450 years
over the last 11 ka only considering the largest MTD. The
standard deviation indicates a low confidence in the re-
turn period estimation. Nevertheless, the Coefficient of
Deviation (CoV) is lower than 1 (CoV = 0.95), which indi-
cates that a weak periodicity prevails, without considering
"bursty” data (Salditch et al., 2020). Based on the instru-
mental record and considering the relationship between
the magnitude and the total number of earthquakes in
the region, M = 6 earthquakes occur approximately every
55 years (Figure 1). When extrapolating this relationship,
M = 7 earthquakes are expected to occur every 1350 +
450 years, similar to the estimated return period of larger
magnitude earthquakes in the proposed Lake Poso event
catalogue. The temporal agreement of these return peri-
ods suggests that Lake Poso may host a promising paleo-
seismological archive suitable to record larger magnitude
earthquakes. However, additional seismic reflection data
allowing for deeper penetration and longer sediment
cores are required to refine the age constraints for the
event catalogue and to provide a more detailed sedimen-
tological analysis of the event deposits to distinguish seis-
mic from aseismic triggers.

Previous studies show that a minimum intensity of VI is
necessary to trigger lacustrine slope failure (Van Daele et
al., 2015), depending on the lithology, basin configura-
tion and limnic conditions. Nevertheless, given the dif-
ferent site-specific factors such as sedimentation rates,
slope angles, climate and weather conditions, catchment
configuration, basin hydrology, and limnological parame-
ters, it is essential to consider the sensitivity of each lake
individually to record earthquakes (Wilhelm et al., 2016).
Indeed, at nearby Lake Towuti (c. 130 km to the SE of Lake
Poso), it is suggested that presently low sedimentation
rates in combination with the basin morphology result in
a relatively low sensitivity of the lake to record moderate
magnitude earthquakes (Tournier et al., 2023; Vogel et al.,
2015). Considering the instrumental record, only a single
Mw 5.5 earthquake in 2019 with an epicentre distance of
c. 3 km from the western lake shore generated intensities

> VI (Figure 9). While bathymetric data document fresh
surface ruptures with a few decimeters of offsets, there is
a lack of evidence for off-fault traces such as subaquatic
slope failures related to this event. Conversations with the
local population at Lake Poso regarding the 2019 earth-
quake revealed that the earthquake was strongly noticed
and that it generated larger waves washing ashore that
day (Herson Rare’a, pers. comm.). Wave generation could
be a result of the shaking itself, but may also be relat-
ed to the subaquatic fault offsets generated close to the
western shore visible in seismic data. The lack of recent
slope failures that could be related to this event suggests,
however, that at Lake Poso, earthquakes with magnitudes
larger Mw > 5.5 and intensities > VI are required to trig-
ger mass wasting and consequently that the sensitivity
of Lake Poso to record small-magnitude earthquakes is
low. This is further supported by the large gap between
the number of high-magnitude earthquakes (i.e., one M
> 6 earthquake every c. 55 years) and the recurrence of
event deposits reported here. In turn, Lake Poso, with its
steep slopes along the western and eastern shorelines
and overall low near-shore sedimentation rates, is poten-
tially a suitable recorder of primarily strong (Mw > 5.5)
local earthquakes with sufficient intensity to trigger slope
failure in this setting.

Seismic hazards in near-shore lake settings include tsuna-
mi threats (Nigg et al., 2021; Schnellmann et al., 2006).
The large MTDs in Lake Poso remobilized large volumes
of sediment that likely have the potential to generate tsu-
nami waves. The sediment volumes mobilized during the
emplacement of the documented MTDs in Lake Poso sug-
gest a potentially significant tsunami hazard for the town
of Tentena and other coastal villages (Supplementary
Figure 4). The great depth of the lake, its large volume,
and the steep slopes on the eastern and western flanks of
the lake basin, which promote corridor long-axis propaga-
tion of a tsunami wave, may contribute to further accentu-
ate the propagation of slope failure induced Tsunamis in
this setting (Franco et al., 2021).

6. Conclusions
In the tropical setting of seismically active central Sulawesi,

where records of pre-historic earthquakes are otherwise
scarce, Lake Poso’s sediment record has the potential to
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Figure 9 | Intensity (MMI) map of the 2019 Mw 5.5 earthquake located 2 km to the western shoreline of Lake Poso. (USGS Earthquake
Hazards Program; https://earthquake.usgs.gov/earthquakes/eventpage/us1000jkv5/shakemap/intensity, modified accessed in Apr.

2024).

provide a valuable archive of past seismic activity. Seismic
events in Lake Poso are apparent through characteristic
lake-floor morphology features (faults, pockmarks, slide
scars) and frequent mass-transport deposits in the sub-
surface. However, when considering the instrumentally
recorded earthquakes in the region and the absence of
recent slope failures, we suggest that Lake Poso is rather
insensitive to record earthquakes with magnitudes < 5.5 in
the form of slope failure induced MTD. Consequently, the
inferred event-based return period, albeit based on a so
far not robustly constrained chronology, overlaps closely

with the expected return period of M = 7 earthquakes
based on the Gutenberg-Richter law and the available in-
strumental record. Considering the chronological uncer-
tainty of the estimated return period of larger magnitude
earthquakes and the lack of longer sediment cores allow-
ing for more robust chronological control and sophisticat-
ed analysis of the event deposits, these initial data so far
provide only a working hypothesis that requires further
testing in future studies at Lake Poso.
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Owing to the scarcity of paleoseismological studies in
lacustrine settings in the tropics, the dataset presented
here is considered of an exploratory nature and aimed at
motivating more dedicated future studies. The Lake Poso
dataset emphasizes the great potential of large tectonic
lakes in Indonesia to help fill important knowledge gaps
related to past seismic activity in regions where detailed
historical and instrumental records are not available and
accurate assessment of the seismic hazard is incomplete.
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