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In-situ soft sediment deformation structures (SSDS) are commonly used as paleoseismic indicators inmarine and
lacustrine sedimentary records. Earthquake-related shear can deform sediment in the shallow subsurface
through Kelvin-Helmholtz instability. The SSDS related to Kelvin-Helmholtz instability have been used to quan-
tify shaking strength of past earthquakes. However, the relative importance of i) lithology and physical proper-
ties, ii) potential basal shear surfaces (e.g. clastic deposits), iii) slope angle, and iv) seismic shaking strength
(e.g. peak ground acceleration) for deformation related to Kelvin-Helmholtz instability remains poorly studied.
Lake Riñihue (south-central Chile) is chosen as a natural laboratory for disentangling the effect of the aforemen-
tioned factors because i) the sediment composition of background sediment varies downcore and ii)
volcanogenic clastic deposits are abundant within the sedimentary sequence. A previous study at lake Riñihue
identified 25 SSDS intervals induced by historical earthquakes of varying rupture extent in 17 sediment cores
taken at slope angles ranging from ~0.2° to ~4.9° (i.e. 16 slope sites and 1 basin site). Our study shows that defor-
mation mostly occurs directly above volcanogenic deposits (i.e. 72 % of SSDS intervals), suggesting that
volcanogenic deposits promote earthquake-induced deformation by strain softening, liquefaction or water film
formation. Deformation thickness of SSDS increaseswith higher slope angles (i.e. strongpositive correlation). Ad-
ditionally, deformation thickness commonly corresponds to the stratigraphic depth of the youngest preceding
volcanogenic deposit, but for steeper slope angles stratigraphically older volcanogenic deposits can function as
basal shear surface. Therefore, we suggest that deformation thickness is primarily regulated by gravitational
stress (i.e. slope angle) and secondarily by the stratigraphic depth of volcanogenic deposits. The earthquakes
related to strongest shaking caused almost exclusively SSDS with highest deformation degrees (i.e. folds and
intraclast breccia) as well as largest spatial extent of SSDS, resulting in highest numbers of related SSDS in the
investigated cores. Thinner SSDS have higher deformation degrees at a given shaking strength, as seismically-
induced shear energy actsmore effectively on thinner deforming sequences. Therefore, we suggest that deforma-
tion degree is primarily controlled by shaking strength and secondarily modulated by the thickness of the
deforming sequences. We infer that deformation thickness is not a reliable indicator of paleoseismic shaking
strength as this relies on many preconditioning factors independent of shaking strength. On the other hand,
deformation degree can be a good proxy for shaking strength also in settings with varying lithotypes and
intercalated clastic event deposits, provided multiple cores are studied to avoid under- or overestimation of
paleoseismic shaking strength.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Reliable probabilistic seismic hazard assessment relies on thorough
knowledge about the occurrence and shaking strength (e.g. peak
aar).

.V. This is an open access article und
ground acceleration (PGA), seismic intensity) of past earthquakes. Sub-
aqueous paleoseismology aims to expand historic earthquake cata-
logues by studying long lacustrine and marine sedimentary sequences
for imprints of past earthquakes (e.g. Goldfinger et al., 2012; Ikehara
et al., 2016; Kremer et al., 2017; Moernaut et al., 2018). Earthquake-
induced soft sediment deformation structures (SSDS) are a common
paleoseismic indicator within these subaqueous records (e.g. Sims,
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1973; Hibsch et al., 1997; Agnon et al., 2006; Ojala et al., 2019; Oswald
et al., 2021). Several deformation mechanisms can create earthquake-
triggered SSDS, for example, liquefaction, fluidization (e.g. Owen and
Moretti, 2011) or Kelvin-Helmholtz instability between sediment layers
induced by earthquake-related shear (e.g. Heifetz et al., 2005). In the
Dead Sea Basin, SSDS related to Kelvin-Helmholtz instability were
used to reconstruct seismic recurrence rates and magnitudes from a
single basin core in stably-stratified sediment comprised of a single
lithotype (i.e. alternating laminations of aragonite and detritus; Lu
et al., 2020).

Earthquake-related shear can induce deformation in sedimentary
sequences by Kelvin-Helmholtz instability. The SSDS related to Kelvin-
Helmholtz instability have been described in contemporaneous
lacustrine and marine sedimentary sequences (e.g. Sakaguchi et al.,
2011; Lu et al., 2020; Molenaar et al., 2021) and in outcrops (e.g.
Rodríguez-Pascua et al., 2000; Alsop and Marco, 2011; Mugnier et al.,
2011). Numerical models show that the degree of deformation of
SSDS related to Kelvin-Helmholtz instability evolves with increasing
PGA fromdisturbed lamination, to folds (asymmetric billows and coher-
ent vortices) and finally intraclast breccia (Wetzler et al., 2010). During
seismic shaking, the shear seismic energy might overcome the gravita-
tional potential energy of stably stratified sediments causing layers
with small differences in densities to move with different velocities,
thereby inducing shear at layer interfaces leading to deformation
(Heifetz et al., 2005; Wetzler et al., 2010). The gravitational potential
energy is lower for thinner layers of a given density making shear seis-
mic energy more effective (i.e. termed shear seismic energy density by
Wetzler et al. (2010) and used in this study from now on) and deforma-
tion byKelvin-Helmholtz instabilitymore efficient in thinner deforming
sequences despite the larger viscosity of thinner layer. Therefore, both
deformation degree and thickness of the deformed horizon (termed
deformation thickness from now on) are important input data when
quantifying seismic shaking strength (i.e. PGA) of past earthquakes
based on SSDS characteristics (Lu et al., 2020). However, themodulating
effect of lithology and slope angle (e.g. Spalluto et al., 2007; Alfaro et al.,
2010; Alsop et al., 2016; Molenaar et al., 2021) on the deformation
thickness and degree (Fig. 1) of SSDS related to Kelvin-Helmholtz insta-
bility remains poorly studied.

Sediment characteristics affect mechanical properties of sediments
and thereby propensity to deformation. Especially relevant are abrupt
changes in mechanical properties, such as shear strength, density, vis-
cosity or cohesion (e.g. Alsop and Marco, 2011; Törő and Pratt, 2016;
Wiemer et al., 2017). Clastic layers can serve as basal shear surface
during seismic loading, by strength reduction accumulating strain
above or within them (e.g. Gatter et al., 2021). While lithology controls
the mechanical properties of the sediments, slope angle and seismic
ground motion directly alter the gravitational or seismically-induced
shear stress they undergo. Higher gravitational downslope stress—
related to steeper slope angles—is found to increase deformation thick-
ness in numerical experiments (e.g. Biscontin and Pestana, 2006; Zhou
et al., 2017) and in a lacustrine case study (Molenaar et al., 2021).
Higher earthquake-induced shear stress (e.g. higher PGA) can increase
deformation degree and potentially thickness as shown by numerical
Fig. 1. Schematic figure explaining the terms deformation degree and deformation thick-
ness as used in the manuscript.
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models (e.g. Lu et al., 2020) and empirically in a natural settings
(Molenaar et al., 2021), respectively. Lithology can vary both
downcore (i.e. over time) and per site and slope angle can differ
per site. No systematic studies exist that investigate the interplay
of all three factors—lithology, slope angle and shaking strength—in
natural conditions, although such studies would be essential to
allow quantitative paleoseismology at different sites and settings.

We choose lake Riñihue in south-central Chile (Fig. 2) as ideal natu-
ral laboratory for investigating how i) lithology, ii) slope angle and iii)
seismic shaking strength simultaneously modulate deformation thick-
ness and deformation degree. At lake Riñihue, sediment composition
varies downcore and volcanogenic deposits (fine- and coarse-grained)
are abundant (e.g. Moernaut et al., 2014). Previous research reported
SSDS on 16 different slope sites linked to awell-constrained basinal tur-
bidite paleoseismic record that represents oneprehistorical andfive his-
toricalmegathrust earthquakewith varying shaking strength at the lake
(Molenaar et al., 2021). Based on new lithological data,we evaluate how
volcanogenic deposits and sediment composition affect deformation
degree and thickness. Based on data presented by Molenaar et al.
(2021), we assess the influence of slope angle and shaking strength on
deformation degree and thickness of individual SSDS. Finally, we inte-
grate our observations and evaluate the relative importance of all
three factors for surficial deformation to push forward the field of quan-
titative paleoseismology by advancing our understanding of deforma-
tion using data from a natural setting.

2. Setting

2.1. Seismotectonic setting and earthquake history

Lake Riñihue is located at 39.8°S 72.4°W, south-central Chile, along
the Valdivia Segment of the Chilean subduction zone (Fig. 2), where
theNazca Plate subducts below the SouthAmerican Platewith a conver-
gence rate of ~7.4 cm a−1 (DeMets et al., 2010).

TheMw 9.5 1960 CE earthquake fully ruptured the Valdivia Segment
along a length of about 1000 kmwith maximum coseismic slip of about
40m (Moreno et al., 2009) and is the strongest instrumentally recorded
earthquake. Historical documents reveal three other strongmegathrust
earthquakes on the Valdivia Segment in 1837 CE, 1737 CE and 1575 CE
(Lomnitz, 2004; Cisternas et al., 2005). Furthermore, a prehistorical
earthquake ruptured part of the Valdivia Segment in 1466 ± 4 CE as
inferred from seismoturbidite records of lakes Riñihue and Calafquén,
another piedmont lake in the region (Moernaut et al., 2014). Historical
reports and geological evidence for the 1575 CE earthquake is highly
similar to that of the 1960 CE earthquake and therefore these are
considered generally comparable in size and rupture area. Both events
triggered large landslides blocking the San Pedro River (Davis and
Karzulovíc, 1963), were accompanied with similar tsunami effects in
Chile (Cisternas et al., 2005), resulted in comparable turbidite distribu-
tion in lakes at the foot of the Andes and both Aysén and Reloncaví
fjords (St-Onge et al., 2012; Moernaut et al., 2014; Wils et al., 2020),
and showed a similar distribution of coastal subsidence (Cisternas
et al., 2005, 2017b). The 1837 CE and 1737 CE earthquakes are attrib-
uted to partial ruptures of the Valdivia Segmentwith lower magnitudes
than the 1960 CE and 1575 CE earthquakes. For the 1837 CE earthquake,
previous research proposed a magnitude range of Mw 8.8–9.2 and a
wide rupture along the southern half of the Valdivia Segment (Abe,
1979; Cisternas et al., 2017a). This magnitude range is based on
historical reports, coseismic land-level change distribution and reported
height of the transpacific tsunami at the Japanese coast (Lomnitz, 1970;
Abe, 1979; Cisternas et al., 2017a). The 1737 CE earthquake is attributed
to a rupture along the northern third of the Valdivia Segment with a
magnitude in the range of Mw 7.5–8.2 based on extent of destruction
in historical reports and turbidite distribution in piedmont lakes
(Lomnitz, 2004; Moernaut et al., 2014; Cisternas et al., 2017a). Recent
evidence of tsunami inundation and coastal subsidence assigned the



Fig. 2.A)Rupture extent of the six studiedmegathrust earthquakes based onhistorical and geological evidence (Moernaut et al., 2014;Wils et al., 2020). B) Tectonic setting of lake Riñihue
and rupture area of the Mw 9.51960 CE earthquake (>10 m coseismic slip; Moreno et al. (2009)). Va: Valdivia, Co: Concepción, Vi and Ca: lakes Villarrica and Calafquen, respectively
(Moernaut et al., 2014), MR: Maullín River (Cisternas et al., 2005); RF: Reloncaví Fjord (St-Onge et al., 2012); AF: Aysén Fjord (Wils et al., 2020). C) Bathymetric map of the studied
basin within lake Riñihue as presented by Molenaar et al. (2021) along with sediment core locations used for this study. Contour lines distance is 10 m.
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1737 CE earthquake to a shallow local rupture (Hocking et al., 2021).
The prehistorical ~1466 CE earthquake was tentatively linked to a
similar rupture extent and magnitude as the 1737 CE earthquake,
based on a similar turbidite distribution for the two earthquakes
within the piedmont lakes (Moernaut et al., 2014).

Average estimated PGAs at lake Riñihue are ~0.57 g for the strongest
1960 and 1575 CE earthquakes, ~0.27 g for the more southern 1837 CE
earthquake and ~0.29 g for the 1737 and ~1466 CE earthquakes directly
west of the study site (Molenaar et al., 2021). These PGA estimateswere
calculated using empirical ground motion prediction equations devel-
oped for the Chilean subduction zone (Idini et al., 2017) using magni-
tudes and shortest distances to the rupture area of each megathrust
earthquake as input values. For the megathrust earthquakes preceding
1960 CE, the magnitude and rupture area locations were estimated
based on aforementioned geological and historical evidence. Given the
uncertainties in this approach, these average PGAs should be considered
as first-order estimates and are used solely for relative comparison
of shaking strength at the lake for the main earthquakes. Recurrence
rates—based on seismoturbidite records from piedmont lakes—
are calculated as ~292 years for earthquakes that caused strongest shak-
ing at the lake with a macroseismic intensity ≥VII1/2 (e.g. 1960 and
1575 CE) and ~139 years for earthquakes that caused less strong shak-
ing with a macroseismic intensity ≥VI1/2 (e.g. 1837 CE, 1737 CE and
~1466 CE; Moernaut et al., 2018).

2.2. Lake setting, sediment composition and earthquake-triggered
sedimentary imprint

Lake Riñihue is a glacigenic piedmont lake located at the foot of the
Andes with a size of 28 × 2–5 km and a maximum depth of 323 m
(Fig. 2). The lake is oligotrophic and monomictic with overturn
3

during winter and a thermocline developing from ~20 to ~40 m depth
from late spring to autumn and a sedimentation rate of ~1mm/a during
the Middle to Late Holocene (Campos, 1984; Campos et al., 2001;
Moernaut et al., 2014, 2018). The active Mocho-Choshuenco Volcano
is located east of the lake (Fig. S1). Sediment cores were taken in the
southwestern basin, which is sheltered frommajor lahar or river inflows
to avoid erosion by coarse-grained fractions of lahars or flood-related
hyperpycnal flows. Sixteen slope sediment cores were investigated from
sites with slope angles of ~0.6° to ~4.9° and one basin-floor core where
the slope angle is ~0.2°.

Background sediments consist of biogenic varves made up by mm-
scale laminations of diatomooze related todiatombloomsduring summer
and clay to silt-sized terrigenous material linked to increased run-off dur-
ing winter (Moernaut et al., 2014; Van Daele et al., 2015; Molenaar et al.,
2021). Destructive forest exploitation around lake Riñihue in the first
half of the 20th Century lead to increased organic matter content
(Donoso and Lara, 1996; Moernaut et al., 2017) in the upper part of
the sedimentary sequence (Fig. S2). Two types of volcanogenic deposits
(up to 1 cm thick) are intercalated in these background sediments:
i) fine-grained lahar deposits caused by eruptions of Mocho-Choshuenco
Volcano east of the lake and mainly transported to the core sites by
over- or interflows (Van Daele et al., 2014; Molenaar et al., 2021) and
ii) black coarse-grained tephra air-fall deposits (Fig. S2). Varve counting
and tephrochronology supported by excess210Pb and 137Cs dating were
used to accurately date the sedimentary sequence of our studied basin
(Moernaut et al., 2014, 2017).

Three types of earthquake-related deposits have been described in
the sedimentary sequence of lake Riñihue (Fig. S2): i) turbidites in the
basin sedimentary sequences; ii) centimeter-scale stratigraphic gaps re-
lated to surficial remobilization in slope sedimentary sequences; and iii)
SSDS in both basin and slope sedimentary sequences (Moernaut et al.,
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2014; Van Daele et al., 2015; Molenaar et al., 2021). Earthquake-
triggered turbidites in the southwestern basin correlated to all
five strong historical megathrust earthquakes and the prehistorical
~1466 CE earthquake. Thin earthquake-related turbidites (~1 cm) were
observed at some slope sites (Fig. S2). Erosion by fine-grained turbidity
currents in the distal portion of the flat basin is negligible as observed
by core correlation (Molenaar et al., 2021). Surficial remobilization is
the main earthquake-induced sediment remobilization process respon-
sible for turbidite formation in lake Riñihue (Moernaut et al., 2017;
Molenaar et al., 2021). Surficial remobilization involves remolding of
the uppermost centimeters of slope sediments by seismic shaking
followed by downslope transportation (e.g. McHugh et al., 2016;
Moernaut et al., 2017). Centimeter-scale stratigraphic gaps are caused
by surficial remobilization and were detected on several slope sites
from a minimum slope angle of ~2.3° (Molenaar et al., 2021).

Most SSDS in lake Riñihue (i.e. 68 %) are stratigraphically linked to
one of the six megathrust earthquakes. An SSDS was assigned to
an earthquake trigger if the top of the SSDS interval correlated within
2 cm below the stratigraphic level of one of the six megathrust earth-
quakes (Molenaar et al., 2021). An SSDS interval directly below a gap re-
lated to surficial remobilization was linked to the earthquake that
caused the gap. The SSDS intervals (i.e. 32 %) that did not stratigraphic-
ally correlate to any of the main documented earthquakes were pro-
posed to be i) formed by local smaller earthquakes (that did not cause
stratigraphic gaps by surficial remobilization or generate turbidites) or
ii) formed deeper in the sedimentary sequence during one of the six
megathrust earthquakes through dewatering of volcanogenic deposits
and subsequent weakening of overlying sediment (Molenaar et al.,
2021). Therefore, the age of these SSDS could not be determined
through stratigraphic correlation and they were not linked to any of
the six megathrust earthquakes. Three types of SSDS related to Kelvin-
Helmholtz instability were identified at lake Riñihue: i) disturbed
lamination, ii) folds and iii) intraclast breccia (Fig. 3). For disturbed
lamination and folds, individual laminations are still intact, and the de-
formation of these laminations ranges from undulation to folding
with a clear vergence, respectively. For intraclast breccias, the de-
formed sediment is mixed, partly homogenized and can comprise
clasts of laminations. Molenaar et al. (2021) also identified other
types of SSDS within lake Riñihue, such as i) faults, ii) load structures
and iii) injection structures, but these only occurred five times and
are not related to Kelvin-Helmholtz instability and therefore not
the focus of this study.
Fig. 3. Three example of KHI-related SSDS at lake Riñihue showing A) disturbed lamination, B
sediment core. Figure is adapted from Molenaar et al. (2021).

4

3. Methods

The research strategy and origin of the different datasets used to
evaluate the effect of i) lithology, ii) slope angle and iii) seismic shaking
strength are outlined in the flowchart on Fig. 4 and described in more
detail in Section 3.1.

3.1. Linking SSDS to the seismo-turbidite record and sediment composition

Deformation characteristics of each SSDS—thickness and deforma-
tion degree—were mapped on slope and basin sequences (Fig. 4a).
Also, the slope angle for each site was determined. Next, SSDS were
correlated to an accurately-dated basinal seismoturbidite record
to evaluate whether they stratigraphically linked to one of the six
megathrust earthquakes and to derive shaking strength (i.e. PGA;
Fig. 4b). Molenaar et al. (2021) already presented these two steps.

Data on sediment composition from a basinal reference core are
projected onto individual SSDS within slope cores (Fig. 4c). Lithology
and sedimentation rate are highly similar at our selected slope and
basin sites (Molenaar et al., 2021), thereby justifying projection of sed-
iment composition data from basin to slope cores. Projected data on
sediment composition are averaged from all data points in a SSDS to
obtain a single value: average D50 for grainsize, average biogenic opal
content (representing diatom content) and average organic matter
content. If no data point is available for a specific SSDS (e.g. too thin
SSDS compared to sampling resolution), a value from a similar lithology
is selected. The median radiodensity was measured for each CT slice
within the SSDS itself and averaged to obtain mean radiodensity.
We distinguish between SSDS intervals and SSDS types as a single
SSDS interval can contain several SSDS types. To enable us to evaluate
potential correlations between sediment composition and deformation
degree of SSDS, the deformation degreewas transformed into anordinal
variable ranking from disturbed lamination (1) to folds (2) and finally
intraclast breccia (3). This was considered valid as these three types of
SSDS reflect increasing deformation degree (e.g. Wetzler et al., 2010).
Spearman's correlation (i.e. measuring strength and direction for a
monotonic association between two variables) was used to evaluate
strength and direction of possible association between variables with-
out making assumptions on data distribution. Furthermore, to ana-
lyze the role of volcanogenic deposits on deformation, we identify
if the basal layer is a volcanogenic deposit and if it is incorporated
into the SSDS.
) folds and C) intraclast breccia. The white circles mark examples of gas cracks within the



Fig. 4. Flowchart describing the different datasets used and methodological steps for this study.
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3.2. Sediment core analyses

Sediment cores were taken in 2017 (all slope cores) and 2015
(CRIN8) using a percussion-driven gravity corer (UWITEC, Austria).
Slope angles of study sites were determined using multibeam bathy-
metric maps also acquired in 2017. Bathymetry, all core images, X-ray
computed tomography (CT) and magnetic susceptibility were pre-
sented in Molenaar et al. (2021). Undrained shear strength (Su), grain-
size data, XRF-scanning chemical element profiles and biogenic opal
content were all measured on basin core CRIN8. Directly upon opening,
Su wasmeasured by fall cone penetrometermeasurements using a cone
with a defined weight of 79.8 g, opening angle of 30° and cone factor
of 0.85 (Wood, 1985). Grain-size data were obtained using laser diffrac-
tionwith aMalvernMastersizer 3000 after 1min ultrasonification at 5 %
to ensure breaking apart of agglomerates while causing minimal break-
age of diatom frustules. Grain-size distribution statisticswere calculated
with the GRADISTAT software (Blott and Pye, 2001) using the Folk and
Ward (1957) method. An ITRAX XRF core scanner of the Austrian Core
Facility (University of Innsbruck, Austria)was used tomeasure chemical
element profiles. Measurements were taken at 0.2 mm resolution, with
aMo X-ray tube setting of 30 kV, 45mA and an exposure time of 5 s. All
resulting XRF spectrawere reevaluated by theQ-Spec software (version
8.6.0) provided by COX®Analytical Systems to calculate elemental peak
areas into counts. Biogenic opal analysis was conducted through alkaline
extraction using NaOH after dissolving organic matter and carbonate
material (Mortlock and Froelich, 1989; Carter and Colman, 1994) and
subsequent measurement of Si and Al (proportionate to the detrital
fraction of Si) on a Horiba Jobin Yvon ICP-OES. Biogenic opal (SiO2•nH2O)
was calculated by biogenic silica concentration•2.4 (Mortlock and
Froelich, 1989) to account for the average water content of diatoms.
Organic matter content was measured on core RINCG03 at Ghent
University by loss-on-ignition (LOI; 4 h at 550 °C) after drying of samples
for 24 h at 105 °C as described by Moernaut et al. (2017).

3.3. Data transformation and K-means cluster analysis

The chemical elements used were Si, K, Ca, Ti, Mn, Fe, Sr as well as
the incoherent to coherent scattering ratio (inc/coh) based on their
good reproducibility (i.e. r2 > 0.6) on duplicate XRF scans of the same
core (Löwemark et al., 2019). Measurements of zero values give infinite
values when taking the logarithm and are therefore removed from our
analysis (e.g. Lee et al., 2019; Peti et al., 2019). Raw data of chemical el-
ementswere corrected using the centered-log ratio (clr) transformation
to avoid bias by matrix and closed-sum effects (e.g. Weltje et al., 2015;
Lee et al., 2019; Schwestermann et al., 2020). The inc/coh relies on the
ratio between light and heavy elements, respectively, and therefore rep-
resents average atomic mass of the sediment. Commonly, high inc/coh
relates to increased organic matter and/or water content of sediment
(e.g. Croudace et al., 2006; Huang et al., 2016). Before K-means cluster
analysis, the data mean of each variable was rescaled to 0 and standard
deviation set to 1 (i.e. standardization) to avoid bias by higher magni-
tude variables. Therefore, within the standardized data, positive and
negative values relate to higher and lower than average data values,
respectively. Based on the Elbowmethod and visual evaluation of differ-
ent cluster numbers with the sedimentary sequence, six clusters were
chosen (Fig. S3). Principal component analysis (PCA) was conducted
after K-means clustering to evaluate contribution of each studied
element to the six clusters.

We projected the six XRF-derived clusters onto sediment composition
data (i.e. magnetic susceptibility, biogenic opal content, radiodensity and
organicmatter content) to evaluate differences between clusters in terms
of sediment composition. A single sediment composition data point can
include multiple XRF-derived clusters, especially when the deviation
between sediment-composition sampling resolution and that of the
XRF-derived cluster data is large (e.g. 10 mm for biogenic opal content
versus 0.2 mm for XRF data). To account for this problem, we assigned a
6

sediment-composition data point to the most abundant cluster in its
sampling range. Also, note that we projected the organic matter content
from core RINCG03 on core CRIN8.

4. Results

4.1. Lithologies

Principal components (PC) 1 and 2 account for 39.5 % and 24.9 % of
total variance within our XRF dataset, respectively (Fig. 5b). PC 1 has
high positive loading of inc/coh, Mn and Si and PC2 of Fe, K and Ti.

Cluster 5 and 6 (purple and green) have highest PC1 score and
coincide with highest average biogenic opal content (average 41 wt%
and 47 wt%; Fig. 5c) as well as lowest average radiodensity (243
and 314 HU) and magnetic susceptibility (75 ∗ 10−5 and 112 ∗ 10−5

SI). Cluster 5 (purple) also has highest average organic matter con-
tent with 14 wt%. Cluster 4 (red) has the lowest PC1 score and corre-
sponds to the lowest average biogenic opal and organic matter
content (i.e. 33 wt% and 7 wt%, respectively) and highest average
radiodensity (532 HU) and magnetic susceptibility (203 ∗ 10−5 SI). In
terms of PC score, average biogenic opal content, radiodensity andmag-
netic susceptibility, clusters 1, 2 and 3 (yellow, blue and orange) are in
between clusters 4 (red) versus clusters 5 and 6 (purple and green).

The tephra and lahar deposits all correspond to cluster 4 (red) a
higher magnetic susceptibility. The lahar deposit directly above and
below the ~1466 CE earthquake is the only exception as this one corre-
lates to cluster 1 (yellow). The grain-size distribution of cluster 4 (red) is
at its coarsest and finest when corresponding to tephra-fall and lahar
deposits, respectively (Fig. 5a and d). Clastic mm-scale laminations
intercalated within background sediment also correspond to cluster
4 (red), but no increase in magnetic susceptibility can be discerned
compared to background sediment. The grain size of the clastic
mm-scale laminations of cluster 4 (red) is finer than that of clusters
linked to background sediment (e.g. cluster 2 and 6 (blue and green)
as examples within Fig. 5d), as it has higher contribution of clay to
fine silt. In contrast, background sediment clusters mainly consist
of coarse to very coarse silts. Based on these observations, we con-
sider all occurrences of cluster 4 (red) as some type of volcanogenic
deposit.

4.2. Comparison of lithology with deformation thickness and degree

4.2.1. All SSDS
The thickness distribution of all SSDS with a deformation degree

of intraclast breccia differs significantly (i.e. p < 0.05 through Mann-
Whitney-U tests) from those of disturbed laminations and folds (i.e. p =
0.02 and p = 0.03, respectively; Fig. 6a). The thickness distributions
of folds versus disturbed lamination do not show a statistically significant
difference with p = 0.46.

Deformation degree of all SSDS does not correlate with any of the
measured sediment properties (i.e. average D50, radiodensity, biogenic
opal or organic matter content; Fig. 6b).

Of the 25 SSDS intervals related to Kelvin-Helmholtz instability, 17
stratigraphically correlate to one of the six megathrust earthquakes
(i.e. 68 %). Furthermore, 18 of the 25 SSDS intervals occur directly
above a volcanogenic deposit (Figs. 6c and 7 for examples). Of those
18 SSDS intervals with a basal volcanogenic deposit, 15 are located
above a finer-grained volcanogenic deposit (i.e. lahar deposit or clastic
mm-scale laminations) and three above a coarse-grained volcanogenic
deposit (i.e. tephra). For the SSDS intervals above a fine-grained
volcanogenic deposit, 8 out of 15 SSDS intervals had the volcanogenic
material incorporated into the SSDS, while for the ones linked to tephra,
one out of three is incorporated into the SSDS. In 5 out of 7 cases where
several SSDS types occur within a single SSDS interval, the transition to
the next SSDS type is formed by a volcanogenic deposit. The thickness
distributions of SSDS intervals with and without a volcanogenic deposit



Fig. 5. A) Core images from left to right: histogram-equalized image, CT image (from black to white: low to high radiodensity), K-means clusters and grain-size distribution of basin core
CRIN8 (used asmain reference core). Light gray areas mark turbidites linked to the six megathrust earthquakes and red bars examples of the different types of volcanogenic deposits ob-
served in cluster 4 (corresponding to grain-size distribution examples shown in subfigure D). Plotted data from left to right are magnetic susceptibility, D50, biogenic opal (i.e. BSi) and
organic matter content (i.e. OM). Note that organic matter content is projected on core CRIN8 from core RINCG03. B) Loading-score bi-plot showing PC1 and PC2 and loading of
elements along with color-coded clusters. Data is standardized (see methods); therefore, negative values point towards lower than mean value, whereas positive values towards
higher than mean value. C) Boxplots of each sediment property corresponding to the six clusters. The white dot depicts the average value. Note that outliers are omitted from the
graph. D) Grain-size distribution of selected cluster examples from depths 47 cm (cluster 2), 89 cm (cluster 6), 85 cm (clastic mm-scale lamination), 37.5 cm (fine-grained top of lahar
deposit) and 41 cm (tephra). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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as base layer do not statistically differ (i.e. p-value >0.05). However,
SSDSwith a volcanogenic deposit as base layer exhibit the largest thick-
nesses of up to 25 cm, whereas SSDS intervals without volcanogenic
base layer are all thinner than 8 cm. The SSDSs with a thickness of >8
cm correspond to sites with highest slope angles (i.e. >3.5°).
7

4.2.2. 1960 and 1575 CE-related SSDS

4.2.2.1. Deformation thickness. The 1960 and 1575 CE earthquakes have
strikingly similar historical and geological evidence, and are both
assigned to a full rupture of the Valdivia Segment resulting in highly
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similar shaking strength and estimated PGA (detailed explanation in
Section 2.1). Therefore, we compare SSDS of both earthquakes to
single out the effect of slope angle and lithology on deformation thick-
ness and degree, as we can minimize the influence of PGA variation
(i.e. shaking strength). For a given slope angle, the SSDS intervals linked
8

to the 1960 CE earthquake are consistently thicker than for the 1575 CE
earthquake ranging from 3-25 cm and 1–8 cm and mean deformation
thickness of 9 and 3 cm, respectively (Fig. 6d). The 1575 CE earthquake
caused two thin (i.e. 1 and 1.5 cm thick) SSDS intervals at slope angles
below 1°, whereas the 1960 CE earthquake did not.
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For the 1960 CE earthquake, three out of five SSDS have a
volcanogenic deposit as basal layer (Fig. 6e). Most commonly (i.e. two
times) the basal layer is formed by the first available volcanogenic de-
posit in the stratigraphy at ~6 cmbelow the stratigraphic depth coincid-
ing with the 1960 CE earthquake. The two SSDS intervals without
volcanogenic deposit as basal layer classify as disturbed laminations.
For the 1575 CE earthquake, all five SSDS occur above a volcanogenic
deposit. The basal layer is often (i.e. four times) formed by thefirst avail-
able volcanogenic deposit at about 1 and 2 cm below the stratigraphic
horizon corresponding to the 1575 CE earthquake. Also, the most com-
mon basal layers for both earthquakes' SSDS correspond to a Su drop of
31 % and 9 % compared to overlying sediment.

4.2.2.2. Deformation degree. The 1575 CE earthquake caused higher
deformation degrees than the 1960 CE earthquake: almost exclusively
intraclast breccias aside from one occurrence of disturbed laminations
(Fig. 6d). The 1960 CE earthquake created three folds and two disturbed
laminations.

Deformation degree of the SSDS related to the 1960 and 1575 CE
earthquakes shows strong negative correlation with biogenic opal con-
tent and strong positive correlation with radiodensity (Fig. 6f). These
correlations reflect the higher biogenic opal content directly below the
stratigraphic level of the 1960 CE earthquake and high abundance of
volcanogenic deposits—linked to highest radiodensity—below the strat-
igraphic level of the 1575 CE earthquake.

4.3. Comparison of slope angle and shaking strength with deformation
thickness and degree

4.3.1. Deformation thickness
The SSDS thickness correlates strongly with slope angle (Fig. 8a).

Furthermore, our data suggest that at higher slope angles higher maxi-
mum SSDS thickness can occur, whereas only thin SSDS (i.e. 1 cm) are
created at slope angles below 1°—i.e. 0.2° and 0.6°. Maximum possible
SSDS thickness also increases with PGA. Furthermore, only highest
PGA—0.57 g—deformed sediment at slope angles below 1°.

4.3.2. Deformation degree
Deformation degree correlates best with PGA (Fig. 8b). The earth-

quakes that caused strongest shaking at lake Riñihue created more
SSDS intervals with higher deformation degrees (i.e. folds and intraclast
breccia). Only three SSDS intervals with disturbed laminations as max-
imum deformation degree correlate to the earthquakes with strongest
shaking (i.e. PGA 0.57 g). The earthquakes that caused less strong shak-
ing mostly created disturbed laminations with exceptions in core
RIN17–08: an intraclast breccia and fold for the 1837 and 1737 CE earth-
quakes, respectively.

Deformation degree shows no correlation with slope angle as all
deformation types occur over the entire range of slope angles. For exam-
ple, at the lowest slope angles (i.e. <1°), only SSDS intervals with the
highest deformation degree—intraclast breccia—occur.

4.3.3. Deformation degree versus deformation thickness
Generally, the SSDS with higher deformation degree (i.e. folds and

intraclast breccias) have lower deformation thickness than SSDS with
lower deformation degree (i.e. disturbed lamination; Fig. 8c). The dis-
turbed laminations have the largest spread in deformation thickness
compared to the folds and intraclast breccia. The outliers in deformation
Fig. 6. A–C) Analysis of all SSDS—bothwith and without stratigraphic link to one of the sixmeg
A) Thickness distributions of deformation degree of each individual SSDS type. B) Correlation of
distribution of SSDSwith andwithout volcanogenic deposit as basal layer. D–F) SSDS related to t
both earthquakes. E) Sediment composition and location of basal layers of SSDS related to 196
most common SSDS basal layers for both earthquakes. F) Correlation of deformation degree
significant (i.e. p < 0.05) positive and negative correlation, respectively. Data points may ov
referred to the web version of this article.)

9

thickness for both folds and intraclast breccia coincide with the highest
slope angle (i.e. 4.9°; core RIN17–11) and highest PGA (i.e. ~0.57 g cor-
responding to the 1960 CE and 1575 CE earthquakes).

5. Discussion

5.1. Lithologies

The PC1has positive loading of inc/coh,Mn and Si and highest values
for clusters 5 and 6 (purple and green), which correspond to highest
biogenic opal and organic matter content, respectively. Therefore,
element loading of PC1 corresponds well with sediment composition
as inc/coh is a commonly-used proxy for organic matter content (e.g.
Woodward and Gadd, 2019) and diatoms mainly consist of silica (e.g.
Kylander et al., 2011). The PC1 has lowest values for cluster 4
(red), which correlates to all tephra and lahar deposits. Based on the
correspondence of sediment composition (i.e. biogenic opal and organic
matter content) with XRF data and lithologies, we propose that PC1
indicates the ratio between organic matter and biogenic opal content
versus volcanogenic and terrigenous input. Higher PC1 valueswould in-
dicate higher organic matter and biogenic opal content, whereas lower
values point towards more terrigenous material within the sediment.
Based on PC1 values, sediment composition and correlation to core
images, we also interpret clusters 1, 2 and 3 (yellow, blue and orange)
as background sedimentwith increasing biogenic opal and organicmat-
ter content and decreasing terrigenous material from lowest to highest
cluster number.

Not only the tephra and lahar deposits, but also clastic mm-scale
laminations within background sediment correlate to cluster 4 (red).
The grain-size distribution of these clastic mm-scale laminations is dis-
tinctly finer than that of background sediments (i.e. larger contribution
of clay to fine silts; Fig. 5d), but their magnetic susceptibility is not
higher, as is the case for tephra and lahar deposits. The footprint of the
magnetic susceptibility point sensor (i.e. Bartingtion MS2E) is 3.8 mm,
which could explain why magnetic susceptibility increases caused by
the fine mm-scale clastic laminations remain undetected. Previous re-
search at lakes Calafquén and Villarrica, two other glacigenic piedmont
lakes within the region, reported clastic mm-scale laminations with
similar characteristics: a grain-size distribution of clays to medium
silts being finer than background sediment; similar chemical composi-
tion to tephra and lahar deposits and similar magnetic susceptibility
as background sediments (Van Daele et al., 2014). These laminations
were interpreted as volcaniclastic run-off deposits (so-called
cryptotephras by Van Daele et al., 2014), which indirectly originate
from volcanic eruptions. Volcanic eruptions deposit large quantities of
igneous material within the catchment area leading to increased fluvial
input of volcaniclastic sediment during subsequent high-precipitation
events. Based on our data and the high similarity to observations at
lakes Calafquén and Villarrica, we also interpret the clastic mm-scale
laminations of cluster 4 (red) as volcaniclastic run-off deposits.

5.2. Stratigraphic relation of SSDS with seismo-turbidites

In our studied cores, 32 % of SSDSdonot stratigraphically correlate to
any of the sixmegathrust earthquakes. These SSDS could have been cre-
ated by i) local smaller earthquakes that did not generate widespread
seismo-turbidites in the studied basin or ii) subsurface deformation
deeper in the sedimentary sequence (i.e. not at the sediment-water
athrust earthquakes. DL: disturbed lamination; Fo: folds; IB: intraclast breccia, av.: average.
deformation degree of each individual SSDS typewith sediment composition. C) Thickness
he strongest 1960 and1575CE earthquakes. D) SSDS thickness and deformation degree for
0 and 1575 CE earthquakes. Percentages of Su drop are noted at the stratigraphic depth of
with sediment composition of each SSDS type. Red and blue correspond to statistically
erlap.). (For interpretation of the references to color in this figure legend, the reader is



Fig. 7. CT images of SSDS intervalswithin lake Riñihue. Radiodensity increases from dark green to yellow to red and finally purple. Color scale is adjusted per CT image to best depict SSDS.
Black spots in CT image represent gas cracks. Purple areas indicate volcanogenic deposits serving as basal layers for SSDS. Purple arrows indicate examples where basal volcanogenic
deposits are incorporated into SSDS. A–I) 2D cross sections of SSDS. A) RIN17-06; B & C) RIN17-03; D–G) RIN17-08; H & I) CRIN12; J & K) 3D images of CT scans of RIN17-04 and
RIN17-11. Scale is an approximation as the 3D images are presented in perspective. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8.A)Deformation thickness of individual SSDS correlated to slope angle and PGA. B)Deformation degree compared to slope angle and PGA For slope angle plots: color indicates PGAof
related earthquakes. Overlapping data points are stronger in color than single data points. For the PGAplots: the size of themarkers increaseswith slope angle and contours in deformation
degree versus PGA mark concentration of data as data points overlap. Red dashed lines mark maximum observed deformation thicknesses at specific slope angles and PGA within our
study. C) Deformation degree compared to deformation thickness with the slope angle and PGA represented by marker size and color, respectively. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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interface) caused by one of the six megathrust earthquakes (Molenaar
et al., 2021). Earthquakes in the downgoing plate and upper continental
crust are potential sources of local earthquakes (e.g. Moernaut et al.,
2014). However, these local events have significantly lower shaking
strength than the megathrust earthquakes as only the latter link to tur-
bidites in the studied basin. Another possibility is that one of the six
studiedmegathrust earthquakes caused deformation deeper in the sed-
imentary sequence (i.e. not at the sediment-water interface) at levels of
lower shear strength such as at the interface fromvolcanogenic deposits
to background sediment (Wiemer et al., 2015; Moernaut et al., 2019).
This subsurface deformation could create new SSDS in the sedimentary
sequence or even lead to reworking of stratigraphically older SSDS
(Alsop et al., 2022). Therefore, subsurface deformation could lead to
i) overestimation of the amount of megathrust earthquakes as SSDS
related to subsurface deformation are falsely interpreted as being trig-
gered by unique older megathrust earthquakes or ii) overestimation
of the deformation degree for SSDS related to older earthquakes (i.e.
due to overprinting). Using our method, we cannot distinguish if SSDS
were created by smaller local earthquakes or through subsurface defor-
mation by younger megathrust earthquakes. Moreover, the diameter of
our core (i.e. 6.3 cm) is too small to reliably assess if older SSDS were
reworked by younger megathrust earthquakes as any evidence of
reworking can easily be missed during coring. In our study, we try to
address this limitation by only considering SSDS that stratigraphically
correlate to a basinal seismo-turbidite when evaluating the effect of
shaking strength on deformation thickness and degree. We propose
that deformation at the sediment-water interface by megathrust earth-
quakes is still more important at our setting than deformation by
smaller local earthquakes or subsurface deformation as most of the
studied SSDS intervals stratigraphically link to one of the sixmegathrust
earthquakes (i.e. 68 %).
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5.3. The effect of lithology on soft-sediment deformation

5.3.1. The role of volcanogenic deposits
Most SSDS were observed directly above volcanogenic deposits (i.e.

72 %) and mainly above fine-grained lahar deposits and volcaniclastic
run-off deposits (i.e. 83 % of cases). In addition, transitions between
SSDS types within single SSDS intervals are in most cases (i.e. 71 %)
formed by volcanogenic deposits (e.g. Fig. 7a, f and j). Previous research
at other Chilean lacustrine settings also reported SSDS above tephra de-
posits (Melnick et al., 2006;Moernaut et al., 2019). In theDead Sea basin
detrital-rich layers formed internal detachments within single slump
masses (Alsop and Marco, 2014). Volcanogenic deposits within lami-
nated background sediment in lake Riñihue (or clastic layers at other
settings) can potentially be weakened by seismic shaking and serve as
basal shear surface promoting earthquake-induced deformation or fail-
ure (e.g. Locat et al., 2014; Alsop et al., 2016; Gatter et al., 2021). Strain
softening involves a reduction in shear strength due to earthquake-
induced strain commonly associated to particle rearrangement (e.g.
Skempton, 1964; Gatter et al., 2021). Liquefaction describes an
earthquake-induced increase of pore pressure until the effective stress
is essentially zero and the sediment transforms from solid to liquefied
state (e.g. Youd, 1973). Strain softening rather occurs in cohesive clay-
rich sediments, whereas liquefaction rather occurs in silt-to-sand-
sized cohesionless sediment with low clay mineral content (e.g. Bray
and Sancio, 2006). Dewatering of volcanogenic deposits can promote
deformation when expelled excess pore-water encounters a layer
with lower permeability (i.e. a baffle), thereby forming a thin water
film directly at the interface between the volcanogenic deposit and
overlying sediment (Kokusho, 1999; Kokusho and Kojima, 2002).
Water film formation could also occur when seismically-induced
strength reduction is not sufficient to provoke failure of the layer itself.
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We propose that strain softening and liquefaction would weaken
and deform the volcanogenic deposit (or clastic layer) itself and lead
to incorporation of the basal shear surface into the SSDS. In contrast,
dewatering (and water film formation) concentrates strain directly at
the interface between basal shear surface and overlying sediments,
thereby not leading to incorporation of the basal shear surface into the
SSDS. We suggest that volcanogenic deposits with more clay content
(i.e. volcaniclastic run-off and lahar deposits at lake Riñihue) would
rather fail due to strain softening, whereas coarser tephra-fall deposits
would be subjected to liquefaction. We observe that fine-grained lahar
and volcaniclastic run-off deposits are incorporated into SSDS intervals
for 53 % of the studied SSDS intervals and only one of the three tephra
deposits shows incorporation into an SSDS interval. These observations
of basal shear surface incorporation suggest that strain softening and
liquefaction took place for fine- and coarse-grained volcanogenic
deposits, respectively. However, our study approach cannot provide
negative evidence for strain softening and liquefaction (i.e. no incorpo-
ration of the basal shear surface) as our sediment cores are mere pin-
pricks within the lake Riñihue slopes (i.e. core diameter of 6.3 cm):
Evidence of basal shear surface incorporation can easily be missed.
Our data suggest that all three types of volcanogenic deposits observed
at lake Riñihue (i.e. lahar deposits, tephra and volcaniclastic run-off
layers) can serve as basal shear surface during deformation. To exactly
pinpoint the failure modes responsible for deformation, geotechnical
lab tests or numerical or analoguemodeling is necessary using geotech-
nical characteristics of our sediments.

Historical and geological evidence of the 1960 and 1575 CE earth-
quakes are highly similar. Therefore, both earthquakes are assigned
to a full rupture of the Valdivia Segment with similar shaking strength
at lake Riñihue (see Section 2.1). Despite similar ground-motion charac-
teristics, the SSDS related to the 1960 CE earthquake are consistently
thicker per site than SSDS related to the 1575 CE earthquake with
average deformation thickness of 9 and 3 cm, respectively (Fig. 6d).
Commonly, the basal shear surface of SSDS corresponds to the first
volcanogenic deposit within the stratigraphy and a drop in Su for both
the 1960 and 1575 CE earthquakes (i.e. 2 and 3 out of 5 occurrences,
respectively; Fig. 6e). Numerical modeling for slope sedimentary
sequences shows that seismically-induced displacement accumulates
above basal shear surfaces forming a distinct offset in permanent dis-
placement profiles with depth just at the interface of the basal shear
surface (Biscontin and Pestana, 2006; Stoecklin et al., 2017; Zhou
et al., 2017). We propose that the stratigraphic depth of the youngest
preceding volcanogenic deposits controlled the difference in deforma-
tion thickness between the 1575 CE and 1960 CE-related SSDS, as strain
accumulated preferably above the youngest preceding volcanogenic
deposits, which was slightly deeper for the 1960 CE earthquake.

The 1575 CE earthquake caused higher deformation degrees than
the 1960 CE earthquake: i.e. almost exclusively intraclast breccia versus
mostly folds. The thickness distribution of all intraclast breccias is signif-
icantly lower than that of the disturbed laminations and folds, whereas
the latter two do not statistically differ in thickness. Shear seismic en-
ergy density increases when deforming sequences are thinner leading
to higher efficiency of deformation related to Kelvin-Helmholtz instabil-
ity for a given PGA (numerical models by Wetzler et al., 2010; Lu et al.,
2020). Also, thin (i.e. ~1 cm) SSDS occur on slopes below 1° slope angle
for the 1575 CE earthquake, but not for the 1960 CE earthquake. Gravi-
tational downslope stress increases with slope angle and eases defor-
mation by enabling downslope movement of sediment during seismic
shaking (Biscontin and Pestana, 2006; Molenaar et al., 2021). For
the 1575 CE earthquake, earthquake-induced shear stress within the
thin (i.e. ~1 cm) sequence above the first stratigraphically-available
volcanogenic deposit sufficed to deform sediment, even at sites with
very low gravitational stress (i.e. slope angles of <1°). We suggest that
both the i) higher deformation degree for 1575 CE-related SSDS and
ii) the occurrence of SSDS at slope angles <1° are due to corresponding
lower depth of the youngest preceding volcanogenic deposit, which
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reduced the thickness of the deforming sequence and resulted in higher
shear seismic energy density within the deforming sequences.

5.3.2. The role of sediment composition
We observe no correlation between deformation degree and sedi-

ment composition when comparing all SSDS (i.e. with and without
stratigraphic link to one of the six megathrust earthquakes). However,
deformation degree of the 1960 CE and 1575 CE earthquake SSDS corre-
lates negatively with biogenic opal content, which reflects diatom
content (Fig. 6f). Diatoms have a strengthening effect on sediment due
to high particle interlocking and surface roughness (Wiemer et al.,
2017). Therefore, increased diatom content could reduce the propensity
of sediments to deformation. However, our data does not provide con-
clusive evidence for this relation, as the strong influence of the strati-
graphic depth of youngest preceding volcanogenic deposit (see
Section 5.3.1 for more detailed description) might overshadow the in-
fluence of general lithology on deformation. More studies are required
on SSDS within different lithologies without intercalated clastic layers,
preferably impacted by the same recent earthquake, to conclusively
evaluate the effect of sediment composition on deformation degree.

5.4. Ranking the influence of different factors on deformation thickness and
degree

5.4.1. Deformation thickness
Deformation thickness correlates strongly with slope angle (Fig. 8a).

Gravitational downslope stress increases with slope angle, thereby
adding up to earthquake-induced shear stress and promoting deforma-
tion (e.g. Molenaar et al., 2021). The sensitivity of deformation to grav-
itational stress is also reflected along the Dead Sea Basin where slump
folds are orientated downslope even at slope angles <1° (Alsop and
Marco, 2012). In line with these observations, numerical models also
report an increase of deformation thickness with slope angle as larger
strain accumulates on deeper portions of the sedimentary sequence
with steeper slope angles (Biscontin and Pestana, 2006; Zhou et al.,
2017). Additionally, deformation thickness at lake Riñihue is regulated
by the stratigraphic depth of the youngest preceding volcanogenic
deposit during seismic shaking (Section 5.3.1 and Fig. 6e). However, at
higher slope angles (i.e. RIN17–11, 4.9°), strain did not accumulate
above the topmost volcanogenic deposits, but above deeper ones (e.g.
Fig. 6e lowest purple arrow for both the 1960 CE and 1575 CE earth-
quake). We propose that this is due to increase of the thickness of the
stratigraphy affected by deformation with steeper slope angles. Based
on our data and in line with previous studies, we propose that deforma-
tion thickness is primarily controlled by slope angle and secondarily
by stratigraphic depth of volcanogenic deposits (Fig. 9).

We do not observe an overall correlation between deformation
thickness and PGA, as earthquakes that caused strongest shaking
at the lake caused only minor imprint within some studied cores. How-
ever, themaximum observed deformation thickness does increase with
PGA (Fig. 8). Based on these data and findings as described in the previ-
ous paragraph, we suggest that it is possible that higher PGA increases
deformation thickness of individual SSDS, but that slope angle—the pri-
mary control on deformation thickness—potentially overshadows its
effect. Additional research targeting a large number of sites with similar
slope angles and lithology and comprising multiple SSDS correlated to
different earthquakes would be required to test this. Our data do not
comprise sufficient cores with SSDS related to both stronger shaking
(i.e. 1960 and 1575 CE earthquakes) and less strong shaking (i.e. 1837,
1737 and ~1466 CE earthquakes). Moreover, the 1575 CE earthquake,
which caused the strongest shaking at lake Riñihue, created SSDS at
the two studied sites with slope angles <1° (i.e. CRIN8 and CRIN10;
Fig. 6d) despite low gravitational downslope stress. Based on this obser-
vation, we propose that only the earthquakes that caused the strongest
shaking at our setting can create sufficient seismically-induced shear
stress to deform sediment at slope angles <1°. Based on our data, we



Fig. 9. Different factors influencing deformation thickness and degree. The importance of factors for deformation is ranked by numbers and line thickness (red= deformation degree, black=
deformation thickness). This conceptualmodel is based both onour data and literature review. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb
version of this article.)
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propose that stronger shaking generally increases the maximum possi-
ble deformation thickness and reduces the slope angle at which defor-
mation can occur by enhancing earthquake-induced shear stress.

Molenaar et al. (2021) found that the deformation thickness
summed per site and per earthquake (so-called total deformation thick-
ness) increases with both slope angle and PGA, respectively. For indi-
vidual SSDS—as investigated in our study—we observe that the
deformation thickness correlates strongly (i.e. positive) with slope
angle, but not with PGA (Fig. 8a). Therefore, our data show that the in-
crease of total deformation thickness with slope angle, as observed by
Molenaar et al. (2021), can be explained by the increase of deformation
thickness of individual SSDS with slope angle (Fig. 8a). In contrast, the
increase of total deformation thickness with PGA, as observed by
Molenaar et al., 2021, relies more on the larger spatial extent of defor-
mation for higher PGA earthquakes (i.e. resulting in more affected
sites) than an actual thickness increase of individual SSDS.

5.4.2. Deformation degree
Deformation degree increases with PGA as earthquakes that caused

strongest shaking created almost exclusively folds and intraclast breccia
(e.g. Fig. 7a, e, g, j and k). Earthquakes that resulted in less strong shak-
ing almost only created disturbed laminations (e.g. Fig. 7j) with the ex-
ception of a fold and intraclast breccia in core RIN17–08 for the 1737 CE
and 1837 CE earthquakes, respectively (Fig. 7d). However, as discussed
in detail in Section 5.3.1, also the thickness of deforming sequences has a
control on deformation degree as thinner sequences result in higher
shear seismic energy density at same PGA. Our field data corroborate the
connectionbetweenPGAanddeformationdegreemodulatedby the thick-
ness of deforming sequence as proposed by numerical models for the
Dead Sea Basin (Heifetz et al., 2005; Wetzler et al., 2010; Lu et al., 2020).

Intraclast breccia at our studied lake are significantly thinner than
disturbed lamination and folds (Figs. 6a and 8c). This observation is sup-
ported by numericalmodeling, showing that intraclast breccias can only
be formed in thin deforming sequences at given PGAs with a maximum
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of ~20 cm at PGA of 1 g (Lu et al., 2020). Moreover, we observe the
thickest intraclast breccia (i.e. 8 cm) at the highest slope angle of 4.9°
(Fig. 8c) and propose that higher slope angles increase the maximum
thickness of deforming sequence in which intraclast breccia can form.

Sediment composition, such as higher diatom content, might reduce
the propensity of sediment to deformation. However, this effect of sed-
iment composition (for the lithologies in our study) would be highly
overruled by the influence of PGA and thickness of deforming sequence,
because the compositional differences within a single lake (studied
here) are probably not sufficient when compared to the large differ-
ences in other parameters. Further studies are required on more lake
systems with different lithologies to properly investigate the link be-
tween sediment composition and deformation degree.
5.5. Implications for quantitative paleoseismology

Deformation degree in combination with deformation thickness
was already used to estimate PGA in continuously stratified sediment
of the Dead Sea (Lu et al., 2020). Our study shows that the link between
deformation degree and PGA is generally also valid in settings with
varying lithotypes and intercalated clastic deposits (i.e. volcanogenic
deposits at lake Riñihue). For our studied lithologies, it is necessary
to core at slope sites to detect deformation, as only the 1575 CE earth-
quake caused deformation at slope angles <1°. Also, we recommend
to study multiple cores as relying on a single sediment core to create a
paleoseismic record would potentially lead to under- or overestimation
of PGA: earthquakes related to strongest shaking did in some cases not
create a SSDS at specific sites, whereas earthquakes that related to less
strong shaking did. It must be noted that previous research showed
that in other lithologies (i.e. other than presented within this study) a
single sediment core taken at a flat basin did provide a good
paleoseismic record (e.g. Monecke et al., 2004; Lu et al., 2020; Oswald
et al., 2021). This shows that it is necessary to evaluate the susceptibility
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of the sediment to deformation to develop an appropriate research strat-
egy before applying SSDS-based paleoseismology at a different setting.

Deformation thickness—at our setting—is not a good indicator of
shaking strength as several factors other than PGA influence deforma-
tion thickness, for example, the presence of volcanogenic deposits
serving as basal shear surface. However, it is crucial to measure and
implement the deformation thickness of SSDS to derive PGA fromdefor-
mation degree, as thicker deforming sequences would result in lower
deformation degrees at a given PGA (e.g. Lu et al., 2020, and as discussed
in detail in Section 5.3.1). Potentially, for sites that are continuously
stratified and do not contain abundant clastic deposits, deformation
thickness alone can be used as a paleoseismic indicator when
corrected for slope angle, which is the main controlling factor on
SSDS thickness.

6. Conclusion

Our study is the first that simultaneously investigates the influence
of lithology, slope angle and shaking strength on soft-sediment defor-
mation related to Kelvin-Helmholtz instability at a natural setting. This
allowed us to rank the influence of these factors on deformation charac-
teristics (i.e. deformation thickness and degree). The following conclu-
sions were made:

• Both fine- (i.e. volcaniclastic run-off and lahar deposits) and coarser-
grained (i.e. tephras) volcanogenic deposits can serve as basal shear
surface and promote earthquake-induced deformation. Fine-grained
volcanogenic deposits can fail due to strain softening and coarser-
grained tephras by liquefaction, which both leads to incorporation of
the basal shear surface into the SSDS. In addition, dewatering of both
fine- and coarse-grained volcanogenic deposits can lead to water film
formation, which concentrates strain exactly at the interface of basal
shear surface and overlying background sediment, thereby hampering
incorporation of the basal shear surface into the SSDS.

• Deformation thickness is in the first order modulated by slope angle.
Secondarily, stratigraphic depth of volcanogenic deposits regulates de-
formation thickness. At steeper slope angles, stratigraphically deeper
volcanogenic deposits can serve as basal shear surface. The maximum
possible deformation thickness is controlled by shaking strength in com-
binationwith slope angle. Theminimum slope angle at which deforma-
tion canoccur is regulated by strong groundmotion in combinationwith
volcanogenic deposits available at shallow stratigraphic depth.

• We suggest that deformation thickness is not a reliable indicator of
shaking strength as it depends onmany other factors other than shaking
strength. Deformation thickness might be an indicator of seismic shak-
ing strength at settings with only one lithotype, but this relation must
be validated.

• Deformation degree is infirst order regulated by shaking strength as this
seems to control both extent of deformation throughout the studied
basin and deformation degree, as more of the studied sedimentary
sequences comprise SSDS with highest deformation degrees (i.e. folds
or intraclast breccia) for earthquakes related to strongest shaking. Sec-
ondarily, the thickness of the deforming sequence regulates deformation
degree: Lower thickness of the deforming sequence leads to higher
shear seismic energy density, which results in higher deformation
degrees andenables deformationat lower slope angles (i.e.<1°). Diatom
content might also influence deformation degree by reducing the pro-
pensity of sediment to deformation.

• Based on the lake Riñihue record, we suggest that deformation degree
can provide a good indication of shaking strength even in sediments
with varying sediment composition and intercalated clastic layers
when deformation degree is corrected by deformation thickness.
At settings with similar lithologies as presented within this study,
multiple cores on sites with slope angles of >1° are preferred for
paleoseismological studies, as studying a single core from a flat basin
might result in under- or overestimation of paleoseismic PGA.
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