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Abstract Understanding the long-term earthquake recurrence pattern at subduction zones requires
continuous paleoseismic records with excellent temporal and spatial resolution and stable threshold
conditions. South central Chilean lakes are typically characterized by laminated sediments providing a
quasi-annual resolution. Our sedimentary data show that lacustrine turbidite sequences accurately reflect
the historical record of large interplate earthquakes (among others the 2010 and 1960 events). Furthermore, we
found that a turbidite’s spatial extent and thickness are a function of the local seismic intensity and can be
used for reconstructing paleo-intensities. Consequently, our multilake turbidite record aids in pinpointing
magnitudes, rupture locations, and extent of past subduction earthquakes in south central Chile. Comparison
of the lacustrine turbidite records with historical reports, a paleotsunami/subsidence record, and a marine
megaturbidite record demonstrates that the Valdivia Segment is characterized by a variable rupture mode
over the last 900 years including (i) full ruptures (Mw ~9.5: 1960, 1575, 1319 ± 9, 1127 ± 44), (ii) ruptures
covering half of the Valdivia Segment (Mw ~9: 1837), and (iii) partial ruptures of much smaller coseismic slip
and extent (Mw ~7.5–8: 1737, 1466 ± 4). Also, distant or smaller local earthquakes can leave a specific
sedimentary imprint which may resolve subtle differences in seismic intensity values. For instance, the
2010 event at the Maule Segment produced higher seismic intensities toward southeastern localities
compared to previous megathrust ruptures of similar size and extent near Concepciόn.

1. Introduction

The unexpected large magnitude of recent giant earthquakes along subduction zones (i.e., 2004 Mw 9.2
Sumatra-Andaman; 2010Mw 8.8 Chile; 2011Mw 9.0 Tohoku-Oki) emphasizes the shortcomings in the current
understanding of megathrust earthquakes and their recurrence patterns. To improve our knowledge and
develop correct seismic hazard assessments, high-quality paleoseismic records are required which extend
the historical evidence far enough back in time to produce statistically relevant earthquake recurrence data
and which are able to register the spatial variability in rupture mode generally found at subduction zones
[Satake and Atwater, 2007]. In these seismically active regions, records of tsunami deposits and coastal
subsidence/uplift can provide valuable paleoseismic data but often lack sufficient spatial coverage, temporal
span and, in particular, high temporal resolution. In the marine realm, the detection of turbidity currents
immediately following large earthquakes [Heezen and Ewing, 1952] or the correlation of turbidite beds to
reported earthquakes [Polonia et al., 2013] indicates that sedimentary records of such marine resedimentation
events can be used as paleoseismological tools. A systematic turbidite-paleoseismological approach was
developed at the Cascadia margin [Goldfinger, 2011; Goldfinger et al., 2012] and also successfully applied at the
Hikurangi Margin [Pouderoux et al., 2012, 2014] and SW Iberian margin [Gràcia et al., 2010; Masson et al., 2011].
These studies include multiple sediment cores in several turbidite depositional areas to provide continuous
records of prehistoric megathrust earthquakes over the last 10–18 kyr. In the Cascadia margin, it also
allowed reconstructing temporal variability in rupture area and extent and suggested a possible connection
between turbidite mass and earthquake magnitude or shaking intensity [Goldfinger et al., 2012, 2013]. In some
studies, the presence/absence of turbidites and the variability in turbidite recurrence rates do not reflect the
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megathrust earthquake history due to poor characterization of the local complexity of depositional systems
and thus inappropriately selected coring sites [e.g., Blumberg et al., 2008]. Hence, a systematic approach—
including multiple cores in several well-selected turbidite deposition areas—is indispensable for using
turbidites as paleoseismic indicators.

Historically reported earthquakes along the Chilean subduction zone show relatively short recurrence
intervals on the order of a century and complex spatial patterns in which adjacent seismic segments can
rupture in only a few years apart and can spatially overlap [Melnick et al., 2009]. To resolve such recurrence
patterns, paleoseismic records of ultrahigh (annual to decadal) resolution are needed which is often not
feasible in the marine realm, even after correcting turbidite ages for marine reservoir effects and basal
turbidite erosion. However, this can be partially countered by accurate correlation of key marker beds, which
can be used to prove synchronicity of turbidite deposition in different areas [e.g., Goldfinger et al., 2012].

In lakes, sedimentation rates are relatively high (typically ~1mm/yr) and annual laminations (varves) can be
present in which paleoseismic sediment features can be accurately identified and dated. Also, the generally
smaller-scale setting allows for detailed understanding of depositional environments and slope-failure
processes. Previous studies investigated the sedimentary record of lakes or closed basins to link soft-
sediment deformation, subaquatic landslides, and turbidites with historical earthquake records [e.g., Sims,
1973; Chapron et al., 1999; Arnaud et al., 2002; Monecke et al., 2004; Hubert-Ferrari et al., 2012]. It has recently
also been shown that increased erosion rates in the catchment due to earthquake-induced landslides can
leave distinct sedimentary traces, which can be used as paleoseimic proxy [Howarth et al., 2012; Avşar et al.,
2014]. Many studies have shown the great potential of using records of sediment deformation and
subaquatic landslides as an archive for reconstructing the paleo-earthquake history in different tectonic settings
[e.g., Karlin and Abella, 1992; Schnellmann et al., 2002; Migowski et al., 2004; Moernaut et al., 2007; Beck, 2009;
Waldmann et al., 2011; Smith et al., 2013]. Furthermore, simultaneously triggered, sublacustrine landslides in
different lakes can be used to constrain epicenter location andmagnitude of their causative paleo-earthquakes
[Strasser et al., 2006], andmapping the evolution of slope stability at a basin-wide scale can reveal minimum and
maximumvalues for peak ground accelerations during past events [Strasser et al., 2011]. Nevertheless, lacustrine
landslide records can give an underrepresentation of earthquake recurrence at subduction zones [Moernaut
et al., 2007], as the interseismic period may not be long enough for a sufficient amount of sediment (and thus
static load) to accumulate on a potential sliding surface, and to produce translational slope failures. Instead,
records of lacustrine turbidites, for instance, in Lake Biwa in Japan [Inouchi et al., 1996], have been used as a
proxy for historical earthquakes that resulted in Modified Mercalli Intensities (MMI) of≥VII at the lake site.
However, the lack of spatial coverage and very limited temporal accuracy so far hampered validating the use of
lacustrine turbidites as reliable, quantitative, and continuous paleoseismic recorders.

Our study uses multiple turbidite records with a quasi-annual resolution in several Chilean lake basins and
correlates themwith historical earthquakes and their local seismic intensity. We propose a newmethodology
to systematically extract paleoseismic intensity information from turbidite stratigraphies. These results,
compiled with other paleoseismic records, lead to a better quantification of magnitude, location, and type of
paleo-earthquakes and help improving our understanding of the interplate seismic cycle at the south central
Chilean subduction zone.

2. Setting
2.1. Seismotectonic Setting and Earthquake History

South central Chile is tectonically dominated by the slightly oblique subduction of the Nazca Plate under the
South American Plate (Figure 1), with an estimated convergence rate of about 6.6 cm/yr based on geodetic
data [Angermann et al., 1999], or 7.4 cm/yr based on the analysis of seafloor paleomagnetic data [DeMets et al.,
2010]. On 27 February 2010, the Maule earthquake (Mw 8.8) ruptured ~500 km of the subduction megathrust
between 33.5°S and 38.5°S and probably closed the Concepción-Constitución seismic gap [Moreno et al.,
2012]. The southern part of the 2010 Maule rupture (37–38.5°S) also slipped during the 22 May 1960 Valdivia
earthquake (Figure 1), the largest instrumentally recorded earthquake so far (Mw 9.5), and during its largest
foreshock on 21 May 1960 (Mw 8.1) [Cifuentes, 1989]. South of 38.5°S, the 1960 main event, which had a
rupture length of about 1000 km, exhibited its maximum coseismic slip of about 40m [Moreno et al., 2009].
Associated tsunamis of the 2010 and 1960 events were destructive in the near field with average runup
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heights of about 10–15m [Sievers, 2000; Fritz et al., 2011]. Only the 1960 tsunami was destructive in the far
field, producing a runup of 10m in Hawaii and 6m in Japan [Cisternas et al., 2005].

The 2010 earthquake was the first great megathrust earthquake to be recorded by numerous (31) strong
ground motion accelerometers near the rupture zone [Boroschek et al., 2012]. Unfortunately, no instrumental
data are available in our study area, the northern part of the Chilean Lake District (39–40°S; Figure 1). Here
seismic intensities were obtained from internet-based community questionnaires and averaged around VI–VII
on the MMI scale [U.S. Geological Survey, 2010]. For the 1960 event, analysis of infrastructural damage in the
study area allows inferring a seismic intensity of around VII–VIII on theMedvedev-Sponheuer-Karnik (MSK) scale
[Lazo, 2008]. In the present study, the mixed usage of these two seismic intensity scales (referred to as “seismic
intensity” I) is permitted, as in general, their equivalence is roughly one to one [Musson et al., 2010].

Documented impacts of earthquakes in south central Chile since the arrival of Spanish colonists in 1551
(i.e., “historical” earthquakes) [Lomnitz, 1970] delimit two major seismotectonic segments along the
subduction megathrust, the Maule Segment (MS) and the Valdivia Segment (VS), matching the 2010 and
1960 rupture areas, respectively [Métois et al., 2012]. Several hypotheses have been put forward to explain

Figure 1. (a) Rupture area of the largest instrumentally recordedmegathrust earthquakes in south central Chile. MS: Maule Segment. VS: Valdivia Segment. Roman numerals:
seismic intensities for the 2010 [U.S. Geological Survey, 2010] and 1960 [Lazo, 2008] events at different localities (black dots in Figure 1b). The age of other large historical
earthquakes at the MS and VS is shown. (b) Setting of studied lakes at the Andean piedmont and other paleoseismic sites. Red and blue contour lines indicate coseismic slip
(isolines every 5m, starting at 5m) of the 1960 and 2010 events, respectively [Moreno et al., 2009, 2012]. Epicenter locations of the main earthquakes discussed in the text
(interplate (blue and red stars); intraoceanic plate (green stars); crustal (yellow)). Holocene active volcanoes (triangles). LOFZ: Liquiñe-Ofqui Fault Zone [Melnick et al., 2009]. Co:
Concepción. Va: Valdivia. An: Angol. SPR: San Pedro River site [Davis and Karzulovic, 1963]. MR: Maullín River site [Cisternas et al., 2005]. RF: Reloncaví Fjord site [St-Onge et al.,
2012]. (c) Local setting of the studied lakes at the piedmont of the Andes with indication of drainage basins, sedimentary catchments (assuming that lakes are effective
sediment traps), and volcanoes. Elevation model based on SRTM data (http://dds.cr.usgs.gov/srtm/).
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the apparent rupture boundary around 37.5–38.5°S: (i) a marked discontinuity in the continental basement
[Melnick et al., 2009], (ii) subducted seafloor relief [Sparkes et al., 2010; Moreno et al., 2011] or large
mass-wasting deposits [Geersen et al., 2013] resulting in low interplate coupling, and (iii) splay fault activity
accommodating coseismic slip and producing permanent upper plate shortening [Moreno et al., 2012]. In
any case, such a tectonic control should result in a persistent seismic segmentation over many interplate
earthquake cycles.

At the VS, historical documents revealed amajor earthquake and tsunami in 1575 with effects similar to those
of the 1960 earthquake [Cisternas et al., 2005]. Also, both events were strong enough to trigger large river-
blocking landslides at the San Pedro River (Figure 1), which produced devastating outburst floods [Davis and
Karzulovic, 1963]. Major earthquakes in 1837 and 1737 also caused severe destruction in the town of Valdivia
(40°S), but no large river-blocking landslides and related outburst floods were reported. No tsunami was
reported for the 1737 event, whereas the 1837 tsunami was destructive along the southern half of the VS and
reached about 6m high in Hawaii [Abe, 1979]. All these suggest that the 1837 and 1737 events probably had a
lower magnitude than the 1960 and 1575 events and that the VS may have ruptured only partially. However,
historic writings may be spatially deficient (especially in 1737) [Cisternas et al., 2005], so the exact rupture
areas are not constrained. Consequently, the role of the 1837 and 1737 events in releasing interseismically
accumulated elastic strain at the interplate boundary has not been conclusively established yet.

In Chile, not only the extensive megathrust events but also intraplate earthquakes have been locally
destructive. For example, the deadliest earthquake in Chile’s history was a tensional intermediate-depth
event within the downgoing oceanic slab, i.e., the Ms 7.8 Chillán earthquake in 1939 (Figure 1) [Beck et al.,
1998]. Seismic intensity reached about VIII–IX in an area of about 200 km N–S and 120 km E–W. Also, the
crustal Liquiñe-Ofqui Fault Zone (LOFZ) within the continental plate is known to have produced three
important right-lateral strike-slip earthquakes in modern times (Figure 1) [Wang et al., 2007]: the Mw 6.2
Hudson earthquake in 1965 (45.8°S), theMs 5.3 Lonquimay earthquake in 1989 (38.5°S), and theMw 6.2 Aysén
earthquake in 2007 (45.2°S). For the 2007 Aysén earthquake, seismic intensities of VII were reported up to a
distance of 25 km from its epicenter. Geodetic evidence [Wang et al., 2007] and recent seismicity along the
LOFZ [Lange et al., 2008] indicate ongoing seismotectonic activity along this prominent intra-arc shear zone.

2.2. Setting of Studied Lakes and Potential as Earthquake Archive

The studied lakes Villarrica, Calafquén, and Riñihue are located in the northern half of the Valdivia
seismotectonic segment between 39°S and 40°S. These glacigenic lakes are relatively large (21 km × 9 km;
24 km × 2-6 km; 28 km × 2–4 km, respectively) and deep (167m, 212m, and 323m, respectively) and are
located at the western piedmont of the volcanically active Andes (Figure 1c). Their main inflows are located at
their eastern extremities while outflowing rivers originate at their western ends except for lake Calafquén
where the outflow is situated in its central eastern part. Since the last deglaciation, a gradual incision of their
outflows within the frontal moraines created a generally decreasing trend in lake levels, inversely punctuated
by episodes of landslide or volcanic damming of outflows [Laugenie, 1982]. In historical times, these open-
lake systems have not exhibited large (>5m) lake-level fluctuations due to their large drainage basins
(Figure 1c) and the overall high rainfall regime (~2000mm/yr) [Campos, 1984]. The lakes are oligotrophic and
temperate monomictic and exhibit significant seasonal changes in thermal regime, chemical, and biological
factors [Campos, 1984]. Their bottom morphology is characterized by a central deep basin and shallower
areas in the western parts where several sub-basins, bedrock mounds, and moraine ridges are located
[Moernaut, 2010; Van Daele et al., 2014]. The main inflows deposit the coarsest fraction of their sedimentary
load in the associated deltaic fans and in the proximal, deep basins via underflows. An extensive study of
sediment cores in lakes Villarrica and Calafquén covering the last ~450 years [Van Daele et al., 2014] shows
that the background (i.e., hemipelagic) sedimentation can be classified as a diatomaceous ooze, with a small
fraction of terrestrial organic matter, dispersed volcanic ash, and terrigenous clays/silts. It also reveals that
lahars, episodically generated syneruptively on the flanks of Villarrica Volcano (Figure 1c), significantly
contribute to the sediment budget of the deep proximal basins and can leave thin, fine-grained deposits with
a terrestrial composition in the more distal and shallower areas of the lakes. Moreover, thin tephra-fall
deposits with distinct geochemical and mineralogical signatures were found throughout the cores, making
them useful chronostratigraphic markers for these lake basins. Fine (millimeter-scale) laminations are present
in the sedimentary sequences and were deposited annually (i.e., varves), which is attested by radionuclide
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dating (210Pb/137Cs) and the nearly one-to-one correlation of volcanic deposits (tephra fall, lahars) to the
historical records of volcanic activity [Van Daele et al., 2014]. The annual couplets are composed of a lamina of
organic-rich clayey to silty terrestrial material deposited during increased winter river discharge, and a lamina
of mainly diatom frustules deposited in spring when diatom blooms occur due to winter nutrient turnover.
This depositional cycle has been extensively studied in nearby lake Puyehue (40.7°S) [Boës and Fagel, 2008],
which has morphological and limnological characteristics similar to those of the three lakes studied here
[Campos, 1984].

Synchronicity of slope failures in lakes hints at a regional triggering mechanism such as an earthquake [e.g.,
Schnellmann et al., 2002]. In the southern Andes, this idea was tested by tracing the possible sedimentary
fingerprint of the giant 1960 earthquake in several lakes and a fjord [Chapron et al., 2006]. This “synchronicity
criterion” was also applied on a seismostratigraphic analysis of landslides in lake Puyehue [Moernaut et al.,
2007] and in lake Villarrica [Moernaut et al., 2009]. Lacustrine turbidites were identified in some sediment
cores from lakes Villarrica and Calafquén and were tentatively linked to major historical earthquakes in 1960,
1837, 1737 and 1575 [Van Daele et al., 2014]. As the lakes of the present study contain multiple sub-basins,
synchronicity of turbidite triggering can be tested within a single lake as well for different lakes.

We focus our study on the distal and shallower sub-basins in the western parts of the lakes (Figure 2) as their
depositional regime makes nonseismic triggering of turbidites in those areas rather unlikely. This is due to
their morphological protection from hyperpycnal flows originating from the main rivers and from occasional
lahars (Figure 2). Also, these isolated sub-basins are out of reach of possible collapses of large deltas which
can occur without external triggering mechanism [e.g., Girardclos et al., 2007]. Other types of sedimentary
event deposits in our study basins could be created by coastal erosion during large storms [Meruane et al.,
2005], subaerial landslides propagating in the lake, runoff events during heavy precipitation or forest fires.
However, in all these cases, the sedimentary composition of the associated event deposits would be
significantly different (more detrital, terrestrial organic matter, etc.) than for turbidites characterized by
remobilization of background sediments (see section 4.2).

3. Methods

The different methodological steps in the analysis of our lacustrine turbidites, eventually leading to the
proposition of a variable rupture model, are summarized as a flowchart on Figure 3.

3.1. Reflection-Seismic Data and Sediment Cores

Weacquired dense networks of high-resolution reflection-seismic data in lakes Villarrica, Calafquén, and Riñihue
(Figures 2a–2c). Two different seismic systems were used: a CENTIPEDE sparker (frequency: 0.4–1.5 kHz)
with a single-channel streamer, and a GEOPULSE pinger (frequency: ~3.5 kHz). In the western parts of the
lakes, the sparker data allowed imaging the entire sedimentary infill (up to ~100m) of the lake basins with a
vertical resolution of about 37–75 cm. The pinger system penetrated up to ~25m of the sedimentary fill
with a vertical resolution of about 10–20 cm. The deep proximal basins are characterized by limited seismic
penetration probably due to biogenic gas in the sediments. After application of a band-pass filter,
visualization and seismic-stratigraphic interpretation was done using IHS Kingdom Suite 8.6 [see Moernaut
et al., 2009].

Gravity cores (location: Figures 2d–2f) were collected in 2008 and most sites were resampled in 2011 to
trace a possible sedimentary imprint of the 2010 Maule earthquake. In order to extract unambiguous and
undisturbed paleoseismic records, we selected 25 cores taken in isolated sub-basins in the western parts of
the lakes and avoided the proximal deep basins where the volcanic imprints (lahar deposits) are very large or
gullies where turbidity currents are erosive [see Van Daele et al., 2014]. Magnetic susceptibility (MagSus)
was measured every 2.5mm on the split core surface with a handheld Bartington MS2E point sensor. We
increased the visual contrast and color variability of all core pictures by executing histogram equalization.
This image-processing method generates non-natural colors as the most frequent color intensity values on
the histogram get most effectively spread. For a selection of cores, scanning electron microscope (JEOL 6400)
images of the background sediments were taken and the grain size of untreated sediments was determined
using laser diffraction (Malvern Mastersizer 2000) at sampling steps of 0.5 cm.
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Lacustrine turbidites were identified in the sediment cores based on their overall homogenous appearance
(e.g., Figure 4) in contrast to the finely laminated hemipelagic “background” sedimentation (i.e., diatom ooze
with a matrix of volcanic particles, organic matter, and clay). Lacustrine turbidites are characterized by stable
or gradually upward decreasing MagSus values as their bottom part can be enriched in coarse clastic
material, which has higher MagSus values than diatomaceous ooze [cf. Bertrand et al., 2008]. Discrete
chronostratigraphic markers (i.e., tephra-fall and lahar deposits; e.g., Figures 4 and 5) and distinct color
changes in the background sediments are used to establish accurate intercore correlations. The glass major
element geochemistry and semiquantitative mineral compositions of selected tephra layers in lakes Villarrica
and Calafquén were determined using electron microprobe analysis (EMPA; JEOL JXA-8600 Superprobe) and
scanning electron microscopy (SEM; JEOL JSM-840A) at the University of Oxford and are presented in Van
Daele et al. [2014]. Here we add data from lake Riñihue following the same methodology in order to find key
stratigraphic marker layers for establishing an interlake correlation framework independent of varve ages.

Figure 2. (a–c) Bathymetric maps of the studied lakes with indication of seismic survey lines and main rivers and moraine
belts. Bathymetric maps of Villarrica and Calafquén were constructed via interpolation between seismic data and bathy-
metric data points of the Servicio Hidrográfico y Oceanográfico de la Armada de Chile [SHOA (Servicio Hidrográfico y
Oceanográfico de la Armada de Chile) 1987, 2008]. For lake Riñihue, we used the bathymetric map of Campos et al. [1987] for
an overview (Figure 2c) and interpolation between seismic profiles for the detailed map (Figure 2f). (inset) Picture of the
alluvial fan (discussed in Figure 7) and lake-bordering slopes covered with dense vegetation. (d–f ) Detailed bathymetric
maps of the studied lake basins with coring sites and seismic profiles presented in this paper.
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Because not enough cores are available to accurately map the complete spatial distribution of turbidites
and allow volume calculation, we used the cumulative thickness for each cored turbidite in each sub-basin
as an indicator of turbidite volume (CTT: cumulative turbidite thickness). In order to compare between basins
and events, we normalized the CTTs to these of the turbidites triggered by the 1960 earthquake. In this way,
each studied sub-basin is equally important in the quantification of the overall turbidite stratigraphy, regardless
of the amount of cores taken. For interlake comparison, the average value of all sub-basins within each lake is
used and can be regarded as a normalized, weighted cumulative turbidite thickness.

3.2. Age-Depth Models

Accurate age-depthmodels for lakes Villarrica and Calafquén were created by varve counting of impregnated
sediment blocks, and a 210Pb/137Cs radionuclide profile (Figure S1 in the supporting information) [Van Daele
et al., 2014]. Here we apply the same varve-counting procedure on the sediments of lake Riñihue (core
RINGC03; see Figure 2f for location). Small errors in the varve age-depth models may be introduced due to
preparation disturbance, subjectivity in the counting procedures, and possible erosion below turbidites of
maximum a few millimeters [Van Daele et al., 2014]. To minimize errors, we counted each section 3 to 5 times
and retained the medium age-depth model. Relative counting errors were estimated as the varve age
difference between the medium and outermost models based on different counting sessions for each
sediment slab of 10 cm. The relative errors are on average 6%, 5%, and 4% for lakes Villarrica, Calafquén, and
Riñihue, respectively. The absolute varve age error of the retained models of Villarrica and Calafquén

Figure 3. Flowchart illustrating the methodological steps of this study.
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compared to historically reported eruptions of Villarrica Volcano [Van Daele et al., 2014] culminates around
1600A.D. to 9 years (2.2 %) and 7 years (1.7 %), respectively, both within the relative error range based on
repetitive counting sessions.

A floating chronology model was generated for the estimation of prehistorical turbidite ages in lakes
Calafquén and Riñihue. The varve chronologies were anchored to those turbidites which are inferred to have
been created by the historical 1575 earthquake (see section 4), and therefore, we report all prehistorical ages
in (tuned) varve age A.D. With this tuning, the cumulative age error inherent to varve ages can be drastically
reduced. Poor varve quality in cores CALA04 and CALA05 in lake Calafquén made us estimate the age of the
oldest turbidite (~1127 ± 44) by extrapolation of the average background sedimentation rate in the period
1321–1575 and exclusion of event deposits. To account for possible slight changes in sedimentation rate
(cf. core CAGC02BIS; see section 4.2), we tentatively choose to double the error bar in the extrapolated part.

Figure 5. (a) Overview sparker profile in lake Riñihue (location on Figure 2f) illustrating slope sediments and turbidite depocenter. Arrows indicate the direction and
volume (not to scale) of sediment transport via turbidity currents (see Figure 5b). (inset) Pinger profile (location: dashed line and Figure 2f) perpendicular to the
sparker profile indicating erosive channels in the sedimentary slopes probably confining the turbidity current pathways. (b) Cutout sections of sediment core transect
RI1–RI3 showing the downslope evolution of the three main units of turbidites type 1 (LT1). High MagSus and darker color in the turbidites’ basal units are indicative
of a higher sand content, which is best pronounced in the most proximal core RI1.

Figure 4. Sedimentological characterization of laminated background sediment and a lacustrine turbidite type 1 (LT1) in core CAGC02BIS (lake Calafquén) using (pro-
cessed) sediment color, grain-size analysis, magnetic susceptibility, and SEM images. SEM imaging suggests that these LT1s consist of remobilized background sedi-
ments. The presented turbidite mainly has a homogenous color, is slightly fining upward, and has a slightly decreasing magnetic susceptibility (MagSus). Specific
combinations of MagSus signals and sediment color are also indicative of lahar and tephra deposits [Van Daele et al., 2014].
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3.3. Seismic Intensity Estimation

To evaluate if lacustrine turbidites can be used for quantification of paleoseismic events, we compiled
information about the seismic intensity at each lake site for every significant earthquake (M≥ 7) during the
last 100 years near the study region (section 5; Figure S1 and Table S1). Seismic intensity values were
systematically acquired using the MMI scale for the earthquakes of 2011 and 2010 [U.S. Geological Survey,
2010; U.S. Geological Survey, 2011], and using the MSK scale for the 1960 events [Lazo, 2008]. For the other
events, we applied empirically derived seismic intensity attenuation formulae (Table 1) accounting for
magnitude and the distance of the lake to the earthquake epicenter, hypocenter, or rupture area, for
intraoceanic plate and interplate earthquakes, respectively. Earthquake parameters (magnitudes, hypocenter
locations, and type of earthquakes) were derived from instrumental data of the U.S. Geological Survey [2010,
2011], from scientific literature for the 1960 [Cifuentes, 1989] and 1939 events [Campos et al., 2002], and from
the SISRA instrumental earthquake data catalogue of South America [SISRA, 1985]. Where information about
the earthquake type was not available, the earthquake type and parameters were estimated by comparing
the hypocenter location and local depth of the interplate boundary derived from Tassara et al. [2006]. When
the hypocentral depth was not known, seismic intensity values for both interplate and intraoceanic fault
sources were calculated using an estimated depth value based on the local depth of the interplate boundary.
As the rupture areas of the interplate earthquakes with magnitudes 7.3 or below in our study area (Table S1)
are not constrained, we used the epicenter location in the calculations. This may cause only a slight
underestimation of seismic intensity (estimated at 0.1–0.3) as earthquakes of magnitudes ≤7.3 are generally
not associated with rupture lengths and widths larger than ~70 km and ~45 km, respectively [Papazachos
et al., 2004]. For the larger interplate earthquakes (2010, 1960), intensities were acquired by field studies and
reports [Lazo, 2008; U.S. Geological Survey, 2010]. In the present study, the term “seismic intensity” is used in a
general way and represents the strength of seismic shaking. It does not directly correlate to the effects of an
earthquake on infrastructures, humans, or landscapes in the way seismic scales are classically used. We used
one-fourth fractions of an intensity degree to account for spatial variability of shaking strength and for a more
accurate calibration to our sedimentary records.

The attenuation formulae show that, for a given magnitude, interplate earthquakes in Chile show lower
intensities above the rupture area and lower attenuation gradients than the intraplate events in the oceanic
slab [Saragoni et al., 2004]. For extensive interplate ruptures in Chile, seismic ground shaking radiates from
multiple asperities along the fault rupture. This means that Mw values, which are dependent on rupture
length, do not correlate well with earthquake shaking strength at a given locality, and therefore,Ms values are
preferred in the attenuation equations for seismic intensities of large interplate earthquakes.

The calculated intensities need to be treated as an approximate estimate due to error propagation through the
instrumental earthquake data, assumptions in the model, and the empirically derived attenuation formulae.
This is especially the case for the listed earthquakes in the early twentieth century (e.g., 1920, 1934), the

Table 1. Seismic Intensity Attenuation Formulae and Formula of Moment Magnitude and Seismic Momenta

Formulae Reference

Attenuation
Interplate (Chile) MMI=1.3844 Ms � 3.7355 Log10 (Dr) � 0.0006 Dr+3.91 Barrientos [1980]
Intraoceanic plate (Chile) MMI=20.357 � 7.122 Log10 (Dh) + 0.0017 Dh Santiago 1945 (Ms 7.1) Astroza et al. [2005]

MMI=27.262 � 10.388 Log10 (Dh) + 0.0056 Dh Punitaqui 1997 (Ms 6.7)
MMI=28.364 � 10.2 Log10 (Dh) + 0.0047 Dh La Ligua 1965 (Ms 7.5)
MMI=29.688 � 10.458 Log10 (Dh) + 0.0049 Dh Chillán 1939 (Ms 7.8)

Moment Magnitude
Mw=2/3 (Log10 Mo) � 10.7 Hanks and Kanamori [1979]

Seismic Moment
Mo=μ U L W Hanks and Kanamori [1979]

aDr: horizontal distance to the closest point of the rupture area. Dh: hypocentral distance. De: epicentral distance. Ms: surface-wave magnitude. Mw: moment
magnitude. Mo: seismic moment. μ: shear modulus of the fault rocks (dyn/cm2). L: length of rupture zone (cm).W: width of rupture zone (cm). U: average coseismic
slip (cm).Ms value for the 1965 La Ligua event according toMalgrange et al. [1981]. For intraoceanic plate events, a general attenuation formula that includes magni-
tude is lacking, so we used the specific attenuation formulae from four studied Chilean earthquakes. We used the formula for the earthquake which has a magnitude
equivalent to the considered earthquake, or used the average value between two attenuation formulae of earthquakes with the closest higher and lower magnitude.
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hypocenter location of which contains
probable horizontal and vertical errors of
50–100 km and 40–60 km, respectively
[SISRA, 1985].

3.4. Back-Calculation of Magnitude
and Coseismic Slip

In section 6.5, a rupture model is
proposed based on the compilation of
our turbidite records, historical, and
published paleoseismic data. To test this
model, the magnitude and average
coseismic slip values of preinstrumental
historical earthquakes were calculated.
The attenuation formula for Chilean
interplate earthquakes (Table 1)
[Barrientos, 1980] was used to back-
calculate the Ms values via the local
seismic intensity based on the lacustrine
records and the proposed location of
the rupture area. Published tsunami
magnitude (Mt) or surface wave

magnitude (Ms) was converted into moment magnitude (Mw). For the magnitude values considered, Mt

approximately equals Mw [Abe, 1979], while equivalence to Ms is only valid for Mw lower than 8, as larger Mw

values saturate the Ms scale [Kanamori, 1983]. Average coseismic slip was then estimated by applying the
standard formulae of moment magnitude and seismic moment (Table 1) [Hanks and Kanamori, 1979]. We
used a shear modulus (μ) of 6.0 × 1010 n/m2 [Cifuentes, 1989], and a rupture width (W) of 140 km as estimated
for the 1960 event [Cifuentes, 1989], which approximately fits to the width of the thermally defined
seismogenic zone [Völker et al., 2011]. Possibly, the studied interplate earthquakes could have ruptured only a
part of the seismogenic zone width, and hence, the back-calculated coseismic slip values may be
an underestimation.

4. Turbidite Stratigraphy
4.1. Turbidites

In all studied sub-basins, 54 turbidite deposits with thicknesses between 0.5 cm and 7 cm are identifiedwithin
the sedimentary sequences, based on their macroscopic appearance and MagSus signature (see section 3.1).
We discriminate two types of lacustrine turbidites: i.e., lacustrine turbidite type 1 (LT1) and lacustrine turbidite
type 2 (LT2) [cf. Van Daele et al., 2014].

A complete sequence of an LT1 is characterized by a thin sandy base, a thick homogenous silty middle unit,
and a thin clayey top (Figures 4 and 5). The main middle unit of an LT1 has a similar sedimentary composition
and mean grain size than the background sediments. The sandy base and clayey tops both consist of more
detrital grains. The LT1s are deposited in basins at the foot of sedimentary slope sequences and are often
associated with (i.e., immediately overlying) sublacustrine landslide deposits which were identified on
seismic profiles (Figure S2) [e.g., Moernaut et al., 2009] and in sediment cores (Figure 6). Based on these
characteristics, as well as on the fact that the isolated basins have no major river input, the respective
turbidity currents must have originated from failure of the sediment-covered sublacustrine slopes. In some
areas, some shallow coastal material is also entrained in the turbidity currents which results in a slight
enrichment of sandy grains and higher MagSus values throughout the turbidite.

The second type of lacustrine turbidite, LT2, is observed near the northern basin edge of lake Riñihue
(Figures 2f and 7a). It consists of a nongraded heterogeneous mixture of detrital fine sand and particulate
organic matter (Figures 7b and 7c). The composition, location, and extent of these turbidites show that they
originated from subaqueous slope failures near a small alluvial fan at the lakeshore. This is corroborated by

Figure 6. Pinger profile and sediment core (location on Figure 2e) showing
a subrecent landslide deposit and associated turbidite (LT1) in the SW
sub-basin of lake Calafquén. The landslide deposit consists of a mixture
of folded and faulted blocks of laminated sediments and is directly
covered (no background sediment in between) by an LT1. Older landslide
deposits are present in the seismic stratigraphy at deeper levels.
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the basinward decrease of seismic-reflection amplitude (Figure 7a), probably caused by decreasing content
of dense detrital LT2 sediment within the sequence. Patterns in grain size and MagSus do not always allow an
unambiguous discrimination between LT1s and LT2s. Hence, the best criterion is the microfacies content,
which shows a significant lower amount of diatoms and larger amount of detrital grains and particulate
organic matter in LT2s compared to LT1s (Figure 7b).

The thickness and grain-size
characteristics of a single turbidite vary as
a function of the coring site location
relative to the sediment source (Figure 5).
Distally, turbidite deposits tend to be
thinner and the sandy basal unit pinches
out. In themost distal sites or at shallower
locations, only the clayey top of the
turbidite is present (e.g., uppermost
turbidite in Figure 5). Moreover, the
thickness of a single turbidite is also
influenced by the exact pathways of the
turbidity currents as determined by
topographical gradients, and focusing of
suspended sediments to bathymetric
depressions results in much thicker
turbidites (e.g., Figure 8). Therefore,
detailed bathymetric info and multiple
coring sites per sub-basin are generally
required to obtain a relative estimate of
the volume of the causative slope failures.

4.2. Age Models and
Stratigraphic Correlations

The age-depth models (Figure 9) based
on varve counting on one master core

Figure 7. (a) Pinger profile (location Figure 2f) in lake Riñihue showing a decrease in reflection amplitude from the subaquatic base of an alluvial fan toward the basin
plain. Comparison of cores taken in 2008 and 2011 (location: Figure 2f) indicates the presence and distal evolution of a lacustrine turbidite type 2 (LT2) originated at
the subaquatic slopes of this alluvial fan during the 2010 earthquake. The older LT1 originated from a different (hemipelagic) slope in the NW of this sub-basin (see
Figures 12 and 16i). (b) Thin section images of an LT1 and an LT2 associated to a single chronostratigraphic level. LT2s contain more and larger detrital grains than
LT1s. (c) Comparison of grain-size characteristics (width of distribution andmean) of a typical LT1 and LT2 in cores RI2 and RI6 (details in Figure 12). LT2s show a higher
mean grain size, poorer sorting, and less grading than LT1s. D90, D10: 90th and 10th percentiles of the grain-size distribution, respectively.

Figure 8. Pinger profile in Lake Villarrica (location Figure 2d) showing
basin-focused sedimentation. Despite the sites’ proximity, turbidites are
much thicker in core VI8 than in VILLSC01 (see Figure 10 for the complete
cores), indicating that turbidites are focused toward topographical lows.
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per lake show relatively constant sedimentation rates per lake, punctuated by lacustrine turbidites and
volcanic event deposits. Average background sedimentation rate at VILLSC01 (~1.5mm/yr) is higher than at
CAGC02BIS (~1.0mm/yr) and RINGC03 (0.9mm/yr). Accurate core correlation between sub-basins in a lake
(Figures 10–12) was primarily based on visual correlation of tephra-fall layers, lahar deposits, and color
changes in the background sediments and confirmed by the correlation of MagSus patterns. Moreover,
geochemical and mineralogical analysis of the most prominent tephra layers in the three lakes allowed the
identification of three key tephrostratigraphic horizons represented by VT1/CT7/RT3, CT1/RT1, and VT2/CT9
(Figure 13), which allow interlake correlation. The VT1/CT7/RT3 assemblage has a very distinct geochemical
signature with a relatively high K2O to SiO2 ratio and is likely related to a poorly documented eruption of the
Huanquihue Volcano Complex located southeast of our study region [Van Daele et al., 2014]. The medium
varve ages of these tephra assemblages are 1594/1598/1592 for VT1/CT7/RT3 and 1956/1954 for CT1/RT1.
The stratigraphic level of VT2/CT9 is not reached by the cores used for varve counting. The small age
differences for a single assemblage lie within the cumulative error (±16–25 years around 1595 and ±2–
3 years around 1955) of the repetitive varve counting procedure and suggest consistent varve age models for
these different lakes. Intralake core correlation shows that large-scale erosion of sediment laminae below the
turbidites is absent and confirms the continuity of the age-depth models. However, minor erosion of a few
laminae may have occurred, accounting for some of the differences in varve age.

The intralake and interlake core correlation between 10 studied sub-basins demonstrates that multiple individual
turbidites are present at distinct stratigraphic levels. Themedium varve ages of the historical LT1s in the three lakes
can be groupedwithin an age range ofmaximumnine years (Table 2) and correlate clearly with themain events of
the historical earthquake record along the Valdivia Segment (1960, 1837, 1737, and 1575).

The 1960 and 1575 earthquakes are represented by LT1s in each studied sub-basin (Table 2). LT1s associated
with the 1837 and 1737 earthquakes are present in respectively five and eight of the studied sub-basins and
have a significantly smaller cumulative turbidite thickness per lake. This means that the 1837 and 1737
turbidites are generally thinner and travelled less far than the 1960 and 1575 turbidites (Figures 10–12). Due
to uncertainty in varve counting, we cannot exclude the possibility that the turbidite dated around 1837 may
in fact correlate with the 1835 event at the Maule Segment. However, we decided not to attribute turbidites
to the 1835 event, because in Valdivia (39.8°S), the reported earthquake impact in 1837 was considerably
larger (incomparable) than in 1835 [Lomnitz, 1970; Cisternas et al., 2005]. In four sub-basins in lakes Villarrica
and Calafquén, we found thin LT1s at the topmost part of cores taken in 2011, which shows that the 2010Mw

8.8 earthquake at the Maule Segment left a relatively modest sedimentary fingerprint in our study region.

Subaqueous failures at an alluvial fan in lake Riñihue (LT2s) occurred more frequently (Figure 12) than failures
at the lateral nondeltaic slopes (LT1s). Although nonseismic triggers for LT2s are not impossible (see

Figure 9. Age-depth models based on varve counting for VILLSC01, CAGC02BIS, and RINGC03. Turbidites (grey bars). Age
of the major historical earthquakes along the VS (grey arrows). Retained medium age-depth model (black line). Error range
for the age-depth model based on the average of the relative error between counting sessions (grey lines; see section 3.2).
The 1575 earthquake and associated turbidite serve as a tuning point (dashed line with arrow) which largely reduces the
error range for the lowermost sediments.
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section 2.2), we found a clear association of the LT2s in lake Riñihue and the main earthquakes of the Valdivia
Segment (1960, 1837, 1737, 1575). Thinner LT2s also seem to correlate with the local intra oceanic plate
earthquake in 1934 (Ms 7.1; varve age 1930 ± 3) and an earthquake in 1920 with unknown source mechanism
(Ms 7.4; varve age 1918 ± 4). Moreover, an LT2 is present at the uppermost part of some Riñihue cores which
were taken in 2011. As sediment cores at the same positions taken in 2008 do not show this LT2 (Figure 7), we
can firmly attribute it to the 2010 Maule earthquake.

Two prehistorical multibasin turbidite events (Figures 11 and 12 and Table 2) were identified and dated by
tuning the varve chronology to the 1575 earthquake. Three sub-basins show relatively thin turbidites at 1465
± 5 (Calafquén) or 1467 ± 4 (Riñihue) and thicker turbidites at 1321 ± 11 (Calafquén) or 1317 ± 10 (Riñihue).
Coring depth limitations hamper detection of equivalent turbidites in all 10 sub-basins.

Only seven turbidites out of the 54 turbidites lack a (chrono-) stratigraphic counterpart in the other basins
and can be considered as “single” turbidites. These are relatively thin (< 2 cm), spatially more restricted, and

Figure 10. Core correlation and turbidite stratigraphy for four sub-basins in lake Villarrica. Key stratigraphic horizons used to
correlate (based on sediment color and MagSus pattern; black lines). Stratigraphic level and extent of lacustrine turbidites
(blue lines and color infill; see legend). For illustrative purposes, we give local LT1s a different color than basin-wide LT1s.
Varve-counted age-depth model (not tuned) and linkage of lacustrine turbidites with historical earthquakes. Interrupted
coloring marks individual turbidites deposited in separate sub-basins at the same time. Sampled tephra levels in grey (VTx).
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are either located in the basin in front of the “alluvial fan” in lake Riñihue (LT2s: 1930 ± 3, 1918 ± 4,
1884 ± 5, 1604 ± 16) or the “southeast basin” in lake Calafquén (LT1s: 1546 ± 2, 1294 ± 14; Figure 11).
In the latter basin, a much thicker (up to 4 cm) single turbidite was deposited in 1127 ± 44. Two of the
single turbidites in Lake Riñihue were linked to the instrumentally recorded earthquakes in 1934 and
1920 (see above), so the other single turbidites may also have been created by local earthquakes in
preinstrumental times. However, to confidently exclude a nonseismic origin (e.g., floods or onshore soil
slides triggered by heavy rainfall), more detailed studies including high-resolution grain-size and
microfacies analysis are needed.

Figure 11. Core correlation and turbidite stratigraphy for four sub-basins in lake Calafquén. Line styles, colors, and age
determination as in Figure 10. Pre-1575 varve ages are calibrated using the 1575 event as a tie point. Sampled tephra
levels in grey (CTx).
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5. Quantitative Lacustrine Paleoseismology

For the regional earthquake catalogue of the last 100 years, we obtained consistent results between the
deduced seismic intensities (Table S1) and the triggering, type, and cumulative turbidite thickness (CTT) of
lacustrine turbidites. This is best illustrated by the sedimentary archive of lake Riñihue (Figure 14a). Here
hemipelagic slope failures (LT1s) and alluvial fan failures (LT2s) took place during the 1960 earthquake when
seismic intensity was about VII½. Alluvial fan failures (LT2s) also occurred during the events of 2010, 1934, and
1920 when seismic intensities were between V½ and VI½. The alluvial fan remained stable during the event of
1975, which may have reached an intensity of almost VI there. This range of intensity thresholds (from V½ to
VI) to create LT2s at this location may be a consequence of the cumulative error on instrumental earthquake
data and attenuation formulae or by slight differences in local slope stability over time. Earthquakes with
seismic intensities lower than V½ during the last 100 years did not leave any sedimentary fingerprint at our
study sites. In the studied basins in lakes Villarrica and Calafquén, LT1s are only produced during the 2010
(seismic intensity VI¾ and VI½) and 1960 events (intensities of VII½) as no significantly large alluvial fans are
present to allow for LT2 generation. The 2010 event—having a southward decrease of seismic intensity in our
study area—induced slope failure of the hemipelagic slopes in three sub-basins in lake Villarrica (39.3°S),
while at lake Riñihue (39.8°S), it was not strong enough to form an LT1.

Interestingly, the cumulative turbidite thickness of the LT2s in Lake Riñihue seems to correlate with seismic
intensity values (Figure 14b), suggesting that the amount of sediment involved in the turbidity currents
may be directly influenced by the local seismic intensity of the causative earthquake. This inference is

Figure 12. Core correlation and turbidite stratigraphy for two sub-basins in lake Riñihue. Line styles, colors, and age deter-
mination as in Figure 10. Pre-1575 varve ages are calibrated using the 1575 event as a tie point. Sampled tephra levels in
grey (RTx).
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supported by the comparable CTT in all
three lakes associated to the 1960 and
1575 earthquakes, the reported effects of
which were very similar at the latitude of
Valdivia [Lomnitz, 1970; Cisternas et al.,
2005]. In comparison, effects of the 1837
and 1737 earthquakes were more modest
there and are represented by less
extensive turbidites having a lower CTT. One
may suppose that the amount of sediment
involved in the turbidity current is strongly
dependent on the time elapsed since the
last turbidite event (memory effect) and
relates to the amount of potentially unstable
sediment accumulated on the slopes since
then. However, at first sight, no such
relationship emerges from our records. For
example in lake Riñihue, the turbidity
currents produced in 1737 were relatively
small although they ended the largest
interevent time interval in the records there
(1575 to 1737: 162 years). We assume that
most of the documented turbidites in our
lakes are created by rather superficial
slope failures (˂ 1m thick) based on the
relatively modest dimensions of slide scars
on the slopes and most landslide deposits
in the sub-basins (Figure S2). The recurrence
of such shallow slope failures is much less
influenced by slope sediment accumulation
rates than is documented for large-scale

slope failures involving the evacuation of several meters of slope sediment [e.g., Strasser et al., 2011].
Furthermore, relative constant background sedimentation rates (Figure 9) for the studied time interval allow for
continuous replenishment of slopes and comparable consolidation profiles of shallow sediments at different
times. This would result in turbidite records which are principally free of “memory effects,” a finding that has been

Figure 13. K2O versus SiO2 (wt %) variation diagram of glass shard
compositions in the analyzed tephra fallout deposits in lakes
Villarrica (black; sample location in Figure 10), Calafquén (dark grey;
sample location in Figure 11), and Riñihue (red; this study; sample
location in Figure 12). The data of lake Villarrica and lake Calafquén are
derived from Van Daele et al. [2014]. Distinct assemblages are formed
by VT1/CT7/RT3, CT1/RT1, and VT2/CT9.

Table 2. Summary of the Lacustrine Turbidite Stratigraphy and Correlation to Historical and Prehistorical Earthquakes at the VS (Except the 2010 Event at the MS)a

Earthquake (year A.D.)
Varve Age of Associated Stratigraphic Level

(year A.D. ± error)
Relative Number of Sub-basins

with LT1s CTT of LT1s (cm) CTT LT2s (cm)

Vill Cal Riñ Vill Cal Riñ All Lakes Vill Cal Riñ All Lakes Riñ
Historical

2010 (MS) Core top Core top Core top 3/4 1/2 0/2 4/10 4.4 5.5 0 9.9 4.4
1960 1960 (±3) 1960 (±2) 1961 (±2) 4/4 4/4 2/2 10/10 23.6 25.1 29.1 77.8 9.4
1837 1830 (±10) 1839 (±8) 1833 (±7) 2/4 1/4 2/2 5/10 3.8 4 8.6 16.4 5.9
1737 1739 (±16) 1732 (±14) 1733 (±11) 4/4 2/4 2/2 8/10 11.1 3.7 9.6 24.4 5.2
1575 1583 (±25) 1579 (±21) 1579 (±17) 4/4 4/4 2/2 10/10 22.4 15.2 29.2 66.8 4.5

Prehistorical
~1466 (±4) - 1465 (± 5) 1467 (±4) - 2/4 1/1 - - 2.7 4.6 - -
~1319 (±9) - 1321 (±11) 1317 (±10) - 2/2 1/1 - - 18.4 4.4 - -
~1127 (±44) - 1127 (±44) - - 1/1 - - - 7.4 - - -

aFor each grouped event, its varve age (with relative error), the amount of sub-basins with LT1 evidence, and the cumulative turbidite thickness are given. We
document LT2s only for lake Riñihue. The ages of the prehistorical earthquakes are themean values of the varve ages for these events, which are tuned to the 1575
event (see section 3.2). In lake Calafquén, not all sites were resampled in 2011, so the relative presence of turbidites triggered in 2010 is not correct. Hyphens indi-
cate stratigraphic level not reached by the cores. Italic numbers indicate not all cores reached this stratigraphic level, so the presented value may be
significantly underestimated.
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statistically justified for several marine turbidite
records in different settings [Clare et al., 2014].

Assuming that turbidite size correlates to local
seismic intensity, we will estimate the seismic
intensity values of preinstrumental earthquakes
by putting their normalized, weighted
cumulative turbidite thickness (see section 3.4)
within a linear framework obtained from the
seismic intensity and CTTs associated to the well-
documented 2010 and 1960 earthquakes
(Figure 15). For these events, reported intensity
values were compiled in a reliable and systematic
way. We do not include the 1934 or 1920
earthquakes in the framework as we only found
their imprint in lake Riñihue and their intensity
estimates may be significantly flawed by
uncertainties related to their hypocentral
location, magnitude, and the used attenuation
curves (see section 3.3).

Using this linear framework, the very similar LT1
thickness pattern for the 1960 and 1575 in all
lakes results in intensities of about VII½
(Figure 15). For the 1737 and 1837 events,
thickness values for LT1s in lake Villarrica
culminate at 15–50% of the 1960 LT1s, which
represent seismic intensities between VI½ and
VII. In lakes Calafquén and Riñihue, LT1 thickness
values for the 1837 and 1737 events are around
15–20% of those for the 1960 event and relate to
intensities averaging at VI½ (Figures 15a–15c).
Additionally, seismic intensity estimates for the
LT1s (VI½) in lake Riñihue are strikingly similar
(Figures 14c and 14d) to those for the LT2s, which
means that our approach may be used for both

turbidite types. Moreover, two unknown local earthquakes around 1884 and 1604 with relatively small
intensities of about V½ were revealed by LT2s in lake Riñihue. In summary for all studied lakes, basin-wide
turbidites type 1 record seismic intensities≥VII½, while local turbidites type 1 are produced by seismic
intensities of VI½ to VII. Subaqueous failures of the alluvial fan in Lake Riñihue can even be initiated by seismic
intensities as low as V½. Lower intensities—produced by small, local earthquakes, or distant great
earthquakes—did not produce any sedimentary imprint at our coring sites.

In some cases, relative turbidite thickness at a single coring site seems not to be representative for the
earthquake’s seismic intensity. For example, the 1575 turbidite in core VI7 is much thinner than the 1960
turbidite, while the inverse is observed in core VI12 (Figure 10). Such differences can be caused by the
location and amount of earthquake-triggered landslides bringing sediment in suspension, or temporal
variations in the slope sequence lithology (and consolidation) affecting the volume of sediment
remobilization. Therefore, comparison of the thickness and spatial extent of turbidites in multiple basins is
crucial for quantifying the seismic intensity of paleoseismic events. If for any reason the number of studied
sub-basins for a specific stratigraphic level is limited, turbidite thickness patterns become thus less reliable
for paleoseismic intensity estimation. Alternatively, the presence or absence of turbidites at each site can
be used to estimate a site-specific earthquake-recording threshold (EQRT). The EQRTat an individual coring
site corresponds to the seismic intensity that needs to be reached in order to deposit a lacustrine turbidite
at that specific site. The EQRT is primarily influenced by the distance of the sediment core to the source area

Figure 14. Calibration of lacustrine turbidites in lake Riñihue
with seismic intensities for the main (instrumentally recorded)
earthquakes of the last 100 years near the study region. (a)
Absence/presence of associated LT1s and LT2s in the sedimen-
tary archive for each earthquake. Empirically derived lower seis-
mic intensity threshold (~V½-VI) for LT2 generation in the studied
basin in lake Riñihue (grey range). (b) Suggested linear correla-
tion between CTT for LT2s and seismic intensity of the causative
earthquakes.
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of the turbidity current (e.g., Figure 5) and the minimum seismic intensity needed to induce sediment
remobilization there. For the prehistorical turbidites in our lakes, core length was insufficient to reach the
desired stratigraphic levels in all cores, and thus, the cumulative turbidite thickness is underestimated. Therefore,
we determined the EQRT for each coring site (Figures 16g–16i) based on the presence/absence of historical
turbidites (Figures 16d–16f) and the seismic intensity of the causative earthquakes at each lake (Figures 16a–16c),
which is either reported in literature or inferred via the calibrated historical turbidite records. The EQRT at
the coring sites is then used to estimate the seismic intensity for the prehistorical earthquakes. Due to its
specific location at the merging point of turbidite pathways, core RI5 in the northern basin of lake Riñihue
holds a hybrid paleoseismic record that recorded I ≥ V¾ as LT2s and I ≥ VII½ as LT1s.

The inferred EQRTat those sites in lakes Riñihue and Calafquén where a turbidite was created in ~1466 points
to a seismic intensity of about VI½ (similar to the 1837 and 1737 events). This seismic intensity value is further
constrained by the absence of a coeval turbidite in the NW basin of lake Villarrica where the EQRT is about VII.
The turbidites associated to an event in ~1319 reached a site of EQRT =VII½ in both lakes Riñihue and
Calafquén, which makes its impact very similar to the giant earthquakes of 1960 and 1575. Due to coring
limitations, the turbidite in ~1127 could only be identified in the SE basin of lake Calafquén, where an EQRT of
VI½ is inferred. Its thickness is slightly larger than the 1960 and 1575 turbidites, and much larger (double or
more) than the 2010, 1837 and 1737 turbidites, or the other single turbidites (see section 4.2). Therefore, we
suggest that the ~1127 event may have had a seismic intensity similar to the 1960 event (VII½) or even
higher, although—with only one recorded turbidite—the uncertainties are much higher.

Figure 15. Calculation of seismic intensity for historical earthquakes (in dark grey and light green) based on cumulative
turbidite thickness (CTT). The reported seismic intensity (I) values and CTT of the 2010 and 1960 events are used as input
parameters (in black and dark green). CTT is normalized to the 1960 event values and analyzed per sub-basin, in this way
representing relative differences in the CTT of each turbidite. The plots represent the average value (over all sub-basins) per
event for each studied lake. (a–c) LT1s in lakes Villarrica, Calafquén, and Riñihue show clear differences in terms of inferred
intensity between the 1960/1575 events and the 2010/1837/1737 events. (d) LT2s in lake Riñihue. For the 1975, 1934, and 1920
events, the seismic intensity values based on attenuation formulae applied on instrumental earthquake data are also shown.
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6. Discussion
6.1. Causative Faults for Earthquake-Triggered Turbidites

The one-to-one correlation of lacustrine turbidites of type LT1 (i.e., similar to the background sediments) with
the strongest historical earthquakes suggests that LT1s in the studied sub-basins were exclusively produced

Figure 16. (a–c) Reported seismic intensity at each lake for the 2010 [U.S. Geological Survey, 2010] and 1960 [Lazo, 2008]
events. Inferred seismic intensity at each lake for the 1837, 1737, and 1575 events (this study) based on the correlation
of CTT and seismic intensity (Figure 15). The seismic intensity values for the 1934 and 1920 events are calculated via
instrumental earthquake data. (d–f ) Bathymetry of study areas (isobaths: 10m) with the thickness of lacustrine turbidites at
each coring site (horizontal bars) for the five considered stratigraphic levels ((top to bottom) 2010, 1960, 1837, 1737, and
1575). Core locations in italic. Basin-wide LT1s in red, local LT1s in orange, and LT2s in green. Ages near the alluvial fan in
lake Riñihue represent additional LT2s in these coring sites. (g–i) Earthquake-recording threshold (EQRT; in Roman
numerals) at each coring site for registering LT1s (all lakes) and LT2s (in case of lake Riñihue) based on the presence/absence
of historical turbidites (Figures 16d–16f) and the intensity of their causative earthquakes (Figures 16a–16c; see text).
Prehistorical turbidite evidence (plotted ages in black) is fragmentary as only a few cores reach sufficiently far back in time.
Arrows indicate the assumed direction and volume of sediment transport.
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by earthquake shaking. Due to the characteristic sedimentary content of LT1s and their synchronous
triggering in multiple isolated basins, other triggeringmechanisms for slope failure and turbidity currents can
be ruled out (see section 2.2). Although megathrust earthquakes are the most frequent events causing high
seismic intensities in Chile [Leyton et al., 2010], the role of more local earthquakes—such as continental-crust
earthquakes or events within the subducting oceanic slab—should also be evaluated as potential triggers for
lacustrine slope failure.

In our study region, the Liquiñe-Ofqui Fault Zone (LOFZ) is made up of a complex structural pattern of
individual N-S and NW-SE lineaments and second-order structures such as horsetails, tail cracks, splays, and
pull-apart basins [Rosenau et al., 2006]. Due to this segmentation, we do not expect this part of the LOFZ to
produce major earthquakes (Mw> 7). Nevertheless, an event comparable to the 2007 Aysén earthquake (Mw

6.2; Figure 1) could produce maximum intensities of VII at our coring sites (≥25 km from LOFZ trace) and
possibly leave a turbidite type 1 there, but—due the limited spatial impact of such events—only at one of our
studied lakes at a time. At the Aysén Fjord, it is hypothesized that another three to four similar events took
place during the Holocene [Van Daele et al., 2013]. In our study region, which is close to the northern
termination of the LOFZ, slip rates are significantly smaller than at the Aysén Fjord [Wang et al., 2007], so an
even lower occurrence of significant LOFZ earthquake events can be expected.

Intermediate-depth earthquakes in the subducting oceanic slab of Chile can reach magnitudes up to Ms 8
and can produce seismic intensities up to X (e.g., the 1939Ms 7.8 earthquake in Chillán; Figure 1b) [Beck et al.,
1998]. Probably, a smaller oceanic slab event in 1934 (Ms 7.1; I = V¾) created an alluvial fan failure in Lake
Riñihue (LT2), but no failure of hemipelagic nondeltaic slopes. In the region of Santiago, Ms 6–7 intraoceanic
slab events occur about three times less frequently than interplate earthquakes of the same magnitude
[Leyton et al., 2010]. Compared to the largest megathrust events, they have a much shorter shaking duration,
which is considered as an important factor for slope instability [Ten Brink et al., 2009]. For our study area, the
probability of large oceanic slab earthquakes has not been determined yet, making it difficult to estimate
their potential contribution to the lacustrine turbidite records.

Volcano-tectonic earthquakes are generally of much lower magnitude (Mw< 3) [Zobin, 2001] and intensity,
and no lacustrine turbidites correlate with the historical eruption history of Villarrica Volcano [Van Daele et al.,
2014]. Very rarely, large caldera collapses can take place at a volcano and produce a large earthquake (Mw up
to 7) [Zobin, 2001]. The last caldera collapse at Villarrica Volcano took place around 3.6–3.8 14C kyr B.P. [Silva
Parejas et al., 2010], which is beyond the time span of our study.

We cannot fully exclude the most significant intraoceanic slab, LOFZ, and volcanic earthquakes as potential
triggers for lacustrine slope failure in prehistorical times, but as their area of impact is typically much smaller
than for megathrust events, latitudinal transects of paleoseismic records should be able to discriminate
interplate earthquakes from thesemore local andmuchmore infrequent events. In the following sections, we
discuss scenarios for megathrust earthquakes only, as these are predominantly recorded in our lacustrine
archives and are represented by turbidites in multiple lakes.

6.2. Implications for MS Earthquake History

Our newly established, calibrated paleoseismic information from lake sediments allows further improvement
of the historical earthquake catalogue of south central Chile. The 2010 Maule earthquake, an event located
along the MS, was recorded in the lacustrine sequences as far south as lake Riñihue (39.8°S). Its calibrated
turbidite record clearly shows a latitudinal gradient associated with the northern location of the 2010 rupture
compared to the studied lakes. Other large historical earthquakes along the MS, the shaking and tsunami of
which were damaging at Concepción, did not leave any sedimentary trace at our coring locations. This might
suggest that the 2010 event was much stronger or ruptured further south than its predecessors. However, at
Mocha Island (38.4°S; Figure 1), located at the southern tip of the 2010 rupture, coseismic uplift was slightly
larger in 1835 than in 2010 (0.6m versus 0.2–0.5m) [Kelson et al., 2012]. Also, many similarities between the
1751 and 2010 events were found by compiling historical accounts [Udías et al., 2012], and thus, it seems that
the 2010 earthquake rupture was not exceptional in size or southward extent.

Remarkably, the largest recorded peak ground acceleration (PGA: 0.93 g) for the 2010 event took place in
Angol (37.8°S, 72.7°W) [Boroschek et al., 2012] and not in the areas where most coseismic slip occurred
(Figure 1). Such enhanced ground motion values away from the rupture area in southeastern direction may
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explain why the 2010 event left a significant sedimentary imprint at the studied lakes whereas previous MS
events (e.g., 1751) did not. Consequently, we speculate that the older MS events could have had similar
rupture areas, but a different slip evolution in space and time, and hence no particular focusing of seismic
ground motion toward our study region.

6.3. Implications for VS Earthquake History

The calibrated lacustrine turbidite stratigraphy suggests that the 1960 and 1575 events along the VS had
similar intensities (I≥VII½) around 39.5°S and that shaking in 1837 and 1737 was significantly weaker, with
seismic intensities of VI½ to VI¾ in 1837 and VI½ to VII in 1737. This implies that coseismic slip at this latitude
was considerably lower than in 1960 (30–40m) [Moreno et al., 2009] or in 1575. In lake Villarrica, the 1837
earthquake imprint (i.e., relative number of turbidites and cumulative turbidite thickness) is smaller than the
1737 imprint (Table 2), whereas both events have a very similar imprint in lakes Calafquén and Riñihue. This
latitudinal gradient in the relative magnitude of the 1837 and 1737 turbidites may point to a more southern
location of the 1837 event but is not conclusive on its own.

The lacustrine data are in good agreement with the historical reports [Cisternas et al., 2005] and the two main
paleoseismic records in the region: themegaturbidite stratigraphy in the Reloncaví Fjord [St-Onge et al., 2012]
and the coastal record of tsunamis and coseismic subsidence at the Maullín River site (Figure 17a) [Cisternas
et al., 2005]. Both show extensive evidence for the 1960 and 1575 events which—combined with the
lacustrine data—can be considered as very similar full ruptures of the VS with large (15–40m) coseismic slip.

The 1837 event is present as a thinner turbidite in the Reloncaví Fjord [St-Onge et al., 2012] and historical
records (subsidence, tsunami) suggest that it ruptured at least the southern half of the VS. The reported
“rather strong” shaking in Concepción [Cisternas et al., 2005] may suggest that it extended even north of our
study area (39.5°S). In any case, coseismic slip (if present) in the northern half of the VS must have beenmuch
smaller than in 1960, according to the modest lacustrine fingerprint, representing a seismic intensity of only
VI½. The smaller transported mass at the Reloncaví Fjord and the absence of tsunami/subsidence at Maullín
suggest less coseismic slip than in 1960 (25–30m) [Moreno et al., 2009] at the central part of the VS. Back-
calculation via the reported Mt of 9¼ [Abe, 1979] for an inferred rupture length of 500–700 km [Stein et al.,
1986] results in an average coseismic slip value of about 13–18m (see section 3.4) [Nishenko, 1985]. On the
other hand, back-calculation via the inferred intensities based on the lacustrine record provides an Ms of 7.2
to 8.5, depending on the northern rupture termination of the 1837 event (~39°S to 41.5°S, respectively).

The presence of lacustrine turbidites for the poorly reported 1737 event and the absence of a turbidite at Reloncaví
Fjord or tsunami/subsidence at the Maullín River suggest that it was a less extensive rupture located near Valdivia
(~39–41°S). As no tsunami was reported at the latter locality, fault slip may have been significantly lower than, e.g.,
during the tsunamigenic (Mw: 8.8) 2010 event (10–15m; Figure 1). We interpret that the 1737 event with an
estimated Ms of 7 ¾ [Lomnitz, 1970] was comparable in size to the instrumentally recorded Ms 7.8 Valparaíso
earthquake in 1985 which had an inferred rupture length of about 140 km and an average slip of about 1.7m
[Barrientos, 1988]. Back-calculation via the intensities derived from the turbidite stratigraphy results in anMs value
for the 1737 event of about 7.2–7.5 (see section 3). In the years following 1737, large earthquakes farther south at
the Chonos Archipelago (1742, 43.8–45.8°S) and Chiloé Island (1748, 41.8-43.4°S) were reported [Lomnitz, 1970].
Although historical reports for this period are very scarce and spatially deficient, we speculate that these
earthquakes represent adjacent interplate ruptures of similar size than the 1737 rupture area.

The discrepancies between the absolute values of our back-calculations and magnitude estimates in
literature can be further explained by the large uncertainties in the input parameters of both models. This
includes, for example, the assumed equivalence of magnitude and seismic intensity scales and the
subjectivity when reporting earthquake damage [Lomnitz, 1970]. Therefore, the obtained values should
mainly be considered approximate. Nevertheless, all studies indicate a large difference between, e.g., the
1837 and 1737 events in terms of magnitude, rupture extent, and coseismic slip.

6.4. Prehistorical Earthquakes

Since each studied sub-basin (Table 2) contains both the 1960 and 1575 turbidites, the lacustrine paleoseismic
records for intensities of VII½ and more can be considered continuous and reliable (i.e., no under-recording of
similar-size earthquakes). The prehistorical turbidites in lakes Riñihue and Calafquén around 1319 (±9) and
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1127(±44) are inferred to represent mega earthquakes of comparable shaking impact at this latitude. This
interpretation is reinforced by the fact that the four major lacustrine turbidite events correlate with the
uppermost events of tsunami and subsidence at the Maullín River site, two of which relate to the historical 1960
and 1575 events and two of which were radiocarbon dated (calibrated; 2σ age) at 1280–1390 and 1020–1180
(Figure 17a) [Cisternas et al., 2005]. Possibly, the megaturbidite in the Reloncaví Fjord deposited around 1400
[St-Onge et al., 2012] can also be associated to the 1319 (±9) event, butmore accurate dating is needed. Both our
lacustrine turbidite records—representing seismic shaking at ~39.5°S—and the record of tsunami and
coseismic subsidence at 41.5°S [Cisternas et al., 2005] provide a continuous record of the predecessors of the
1960 megathrust earthquake. Yet our new data set at quasi-annual resolution narrows dating uncertainties in
the order of 100 years (14C dates) to only a few years to decades. Moreover, multiple turbidites in our records
reveal a new significant paleo-earthquake around 1466 (±4). Its inferred seismic intensity (VI½) and negative
evidence at Reloncaví Fjord and Maullín River suggest that it was very similar in size and location than the
historical 1737 event.

Figure 17. (a) Proposed variable rupture model for the main events at the VS based on a compilation of our lake records,
historical, and paleoseismic data [Cisternas et al., 2005; St-Onge et al., 2012] and back-calculation of earthquake parameters
(see text). This model includes rupture extent (position of grey bars) and coseismic slip (width of grey bars). Grey shading
indicates the reliability of the reconstruction (weak (light); strong (black)). Question marks represent the uncertainty about
some rupture limits. Small local earthquakes (e.g., 1975, 1934, 1920, etc.) are not included in the reconstruction. Pre-2010
ruptures at the MS are plotted based on a compilation from Udías et al. [2012] and Melnick et al. [2009, 2012], giving most
weight to the most recent publications. (b) Latitudinal distribution of the coseismic moment of the 1960 event (red line),
and the accumulatedmoment deficit (black line) due to 385 years (i.e., 1575-1960) of interseismic strain buildup at the plate
interface at the Valdivia Segment [after Moreno et al., 2011]. Interseismically accumulated moment surplus in the southern
half of the VS when subtracting the 1960 coseismic moment (green area). This surplus may have been accommodated by
the 1837 earthquake (see section 6.5). The area north of 39°S—where the MS and VS overlap—has a more complex history
of strain buildup and release [see Moreno et al., 2011; Melnick et al., 2012] and is not the scope of our study.
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6.5. Variable Rupture Model

Coseismic slip in 1960 was much smaller south of 41.5°S (15–25m) than in the northern half of the rupture
(25–40m; Figure 1) [Moreno et al., 2009], a pattern which cannot be explained by the present locking
distribution along the interplate megathrust [Moreno et al., 2011].Moreno et al. [2011] compared the 1960 slip
values, general plate convergence rate, and interplate locking rate to the average interseismic time
(300 years) of giant earthquakes in the VS and concluded that the 1960 event overspent some seismic
moment in its northern half while releasing more or less the exact accumulated moment deficit in its
southern half. However, when considering the real interseismic time between the giant earthquakes of 1575
and 1960 (385 years), a better match between interseismic and coseismic moment appears in the northern
half of the VS and a surplus of interseismic moment exists in the southern half (Figure 17b). Assuming that
interseismic strain buildup is purely elastic (i.e., no permanent deformation), this misfit can be explained by
the assumption that the 1837 event released this “additional” accumulated interseismic strain in the southern
half of the VS. In the northern half of the VS, the budget of accumulated and coseismic moment does not
allow significant slip (more than several meters) during the 1837 event. In our study region, this is supported
by the rather modest lacustrine fingerprint and the absence of river-blocking landslides at San Pedro River.
Still, the compiled data do not allow constraining the northern rupture end in a decisive manner (Figure 17,
dashed line). The hypothesized southern location of most of the 1837 moment release is in line with the
locations of historically reported subsidence and tsunami in 1837, but its inferred average slip (~13–18m) is
too large (factor 1.5–3) to account for the leftover accumulated moment deficit. However, absolute values for
the hypothetical coseismic moment in 1837 cannot be determined in a reliable way due to many uncertainties
in the 1960 slip distribution and possible time-variability between the “present-day” interplate locking
distribution (used in the moment budget calculation) and the one during the previous seismic cycle
[Moreno et al., 2011]. Also, we assumed that the 1575 earthquake released all accumulated interseismic
strain (i.e., moment budget starts at zero) which, in general, is not necessarily the case during the seismic
cycles of subduction megathrusts [Goldfinger et al., 2013].

In the southern half of the VS, the thermally defined seismogenic zone extends close to the trench
[Völker et al., 2011], although the coseismic slip reconstruction for the 1960 event does not resolve
any slip in this area [Moreno et al., 2009]. If the 1837 event did rupture and release accumulated
strain in this near-trench area, this would have significantly increased the efficiency of tsunami
generation (tsunami earthquakes) [cf. Lay and Bilek, 2007], which may have aided in producing its
remarkably large trans-Pacific tsunami. This hypothesized mechanism would result in a somewhat
smaller Mw than used in the back-calculation of coseismic slip (Mt assumed to be equivalent to Mw)
and, accordingly, lower average coseismic slip values. Globally, a 500–700 km long subduction
megathrust rupture corresponds to an Mw of 8.9–9.1 and average coseismic slip of 8–12m
[Papazachos et al., 2004]. Such values would better fit with the interseismic/coseismic budget of
moment at the VS (Figure 17b).

For the much smaller 1737, 1742, and 1748 events, which may have involved only up to a few meters of
coseismic slip, we suggest that they released only minor amounts of accumulated strain along the VS. Hence,
their role in the accumulated moment budget of the seismic cycle seems to be of limited importance, which
is in line with the inference that the 1960 event spent more or less the entire 385 years of interplate strain
accumulation in the northern half of the VS (Figure 17). The combination of such a small 1737 event and the
more southern (and trenchward?) 1837 event confirms the conclusion of Cisternas et al. [2005] that the 1960
event did not happen too early for its size, as was classically postulated [Stein et al., 1986], but is a
representative event of the seismic cycle in the Valdivia Segment.

In conclusion, these findings let us propose that the 1000 km long VS is subjected to a variable rupture mode
in terms of rupture extent and coseismic slip. Three main groups of large earthquakes can be discerned:

1. Full ruptures, which took place in 1960, 1575, 1319 (±9), and 1127 (±44) and which can reach anMw of 9.5
and slip values of 15–40m.

2. Ruptures of the southern half of the VS like the one in 1837, with anMw of ~9 and slip values of 8–15m. Yet
only one event of this kind at the VS has been identified in our records.

3. Smaller partial ruptures like the ones in 1737 and 1466 (±4) with an Mw of about 7¾ and coseismic slip
values of a maximum of a few meters. These events do not seem to trigger devastating tsunamis.
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Our lacustrine data confirm the average recurrence rate of 280 years for 1960-like earthquakes (Mw: 9.5)
along the VS by Cisternas et al. [2005]. When lowering the magnitude threshold to Mw ≥ 7 ¾, we find an
average recurrence of 140 years for the latitude of Valdivia. Consequently, the seismic segmentation
and variability in rupture mode—regardless of its physical cause—have important implications for
estimating the short-to-midterm seismic hazard for this region. Yet more paleoseismic records of possibly
complementary nature (among others lake records, marine records, tsunami records, etc.) are needed to
constrain the exact rupture area of the 1737 and 1837 events and the paleo-earthquake parameters along
the southern half of the VS.

7. Conclusions

This study came up with the following conclusions:

1. Lacustrine turbidites—in contrast to many other paleoseismic techniques—can form accurately dated
and continuous paleoseismic records in settings with frequent occurrence of large earthquakes. All
suitable sub-basins in glacigenic lakes Villarrica, Calafquén, and Riñihue in south central Chile contain a
complete record of giant earthquakes (I≥ VII½, Mw≥ 9) along the Valdivia Segment. Earthquakes at the
adjacent Maule Segment did not significantly “contaminate” these lacustrine paleoseismic records as their
imprint in the selected lakes is only minor with a distinct latitudinal gradient (i.e., 2010), or absent.

2. Small earthquakes with intensities as low as V½ can deposit a specific sedimentary trace at the foot of
specific subaquatic slopes that are very susceptible for failure (e.g., delta fans). Hemipelagic lacustrine
slopes in our study area only fail when seismic intensities exceed VI½.

3. The turbidites’ thickness and spatial extent (i.e., volume of remobilized slope sediment) can reveal informa-
tion about the seismic intensity (and thus also magnitude and/or rupture location) of paleo-earthquakes.
A multibasin approach allows constructing multiscale paleoseismic records covering different seismic
intensity thresholds.

4. The 2010 Maule earthquake may have produced stronger ground motions from its rupture zone toward
the southeast, compared to previous megathrust events of similar size and location.

5. The 1837 earthquakemay have played a significant role in releasing accumulated interseismic strain along
the southern half of the VS. Its large trans-Pacific tsunami and interseismic/coseismicmoment budget led us
to suggest that it may have ruptured up to the trench region. In comparison, the 1737 was a minor event in
terms of rupture extent, shaking strength, and coseismic slip.

6. Our lacustrine turbidite records confirm the presence and pinpoint the age of giant prehistorical earth-
quakes in 1319 (±9) and 1127 (±44), which were previously suggested by a coastal record of subsidence
and tsunamis. Moreover, our records demonstrate the presence of a 1737-like partial rupture which took
place around 1466 (±4).

7. Correlation of paleoseismic archives of the Valdivia Segment points to a variable rupture mode for the
interplate surface in terms of rupture extent and coseismic slip during the last 900 years. This model
includes three types of events: full 1960-like ruptures, “half” ruptures (e.g., 1837), and small partial ruptures
(e.g., 1737). While Mw ~9.5 events take place about every 280 years at the VS [Cisternas et al., 2005], the
average recurrence rate including all Mw≥ 7¾ events at the latitude of Valdivia is about 140 years.
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