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Abstract

In CE 1960, Lake Cucao on Chiloé Island in south central Chile, was inundated by the
tsunami of the Great Chilean Earthquake (Mw 9.5). The area of what is now the lake
basin is submerged since the end of the rapid postglacial sea level rise and may have
recorded tsunami inundations in its sedimentary record since then. Sub-bottom
profiles and side scan sonar data reveal a tidal delta with a crosscutting channel,
which controls the sedimentary environment in the coast-facing part of Lake Cucao.
The convergent pattern of sub-bottom reflections near this channel indicates that tidal
currents were active in the lake at least episodically since the formation of a major
unconformity with strong reflection amplitude, i.e. the onset of lacustrine
sedimentation. A radiocarbon date at the base of one of the 21 collected sediment
cores dates this reflector to ~3800 yrs BP. Little net vertical displacement in
combination with an outlet river channel that can act as a pathway for sediment
transport appears to have maintained the sensitivity of Lake Cucao to record tsunamis
in its sedimentary record. The sub-bottom profiles show a succession of antidunes, of
which the geometry is used to reconstruct the flow speed and depth of the flow that
formed them to 6.8 m s and 4.8 m, respectively. The sedimentary record contains 15
clastic layers which are interpreted as tsunami deposits with a varying level of
confidence. The confidence level on the tsunami interpretation depends on five
criteria; there are site-specific criteria, i.e. i) high magnetic susceptibility of the
sediment indicating high clastic content, ii) cross core correlation indicating
widespread deposition, iii) acoustic reflector correlation to the sedimentary record
(also indicating widespread deposition), and general criteria, e.g. iv) presence of mud
clasts, and v) age correlation to known paleotsunamis in the area. In this way 8 clastic
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layers are interpreted as tsunami deposits with a high confidence level, 5 with a
medium confidence level and 2 with a relatively low confidence level. The
paleotsunami record of Lake Huelde, a mere 2 km north of Lake Cucao, contains 14
or 15 tsunami deposits in the same time interval, of which at least 10 can be
correlated. This study adds a long paleotsunami record on a coastline where extreme
tsunamis occur frequently and where long (>2000 yrs) paleotsunami records are still
sparse. This study underlines the many challenges and extraordinary advantages
associated to paleotsunami research on coastal lakes and demonstrates how
indispensable geophysical mapping and numerous coring sites can be in
understanding the depositional environment of dynamic coastal lakes for extracting
high-quality paleotsunami records.

Keywords

Tsunami deposits, lacustrine sediments, sub-bottom profiles, south central Chile,
coastal sediment dynamics.

1 Introduction

Long and continuous sedimentary records of infrequent large-scale tsunamis are
essential in characterising recurrence patterns — a requisite for reliable hazard
assessments. During the past decades the scientific means to research the sedimentary
record of tsunamis have grown in quantity and quality (Chagué-Goff et al., 2017,
2011). Linking tsunami deposits to tsunamis from documented history is a necessary
step to calibrate tools in paleotsunami research. However, the primary reason for
sedimentological investigations is to extend the historical record which is often not
long enough to capture the variability in tsunami recurrence (Kempf et al., 2018). A
challenging task, because long and continuous sedimentary records in often highly
dynamic coastal areas are rare.

Written history in south central Chile begins with the Spanish invasion in CE 1541
(Cisternas et al., 2005; Lomnitz, 2004, 1970). In the ~500 years since then, four major
earthquakes were chronicled in the area between the Arauco peninsula (~37°S) and
the Chile Triple Junction (~46°S). The latest was the CE 1960 Great Chilean
Earthquake (Mw 9.5), notorious for being the strongest earthquake on instrumental
record. The older events occurred in CE 1575, 1737 and 1837. According to damage
reports, tsunamis damaged coastal towns in all but the CE 1737 earthquake.
Sedimentological investigations produced evidence for tsunami inundation for all
three documented tsunamis in a multitude of coastal areas of Chile (Atwater et al.,
2013; Cisternas et al., 2017, 2005; Dura et al., 2015; Ely et al., 2014; Garrett et al.,
2015; Kempf et al., 2015; Nentwig et al., 2015; Reinhardt et al., 2010). In addition,
six sites, i.e. TirGa (Nentwig et al., 2018), Maullin (Cisternas et al., 2005), Caulle
(Atwater et al., 2013), Chucalén (Garrett et al., 2015), Cocotué (Cisternas et al., 2017)
and Lake Huelde (Kempf et al., 2017) are known to have recorded tsunami inundation
before written history began (Fig. 1). Of these six sites, only the Maullin and Lake
Huelde records extend the tsunami history past 1000 yrs BP, highlighting the need for
adequate sites that have recorded a long sedimentary tsunami record.
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Figure 1: a) Topographic and bathymetric overview of south central Chile. The
digital elevation model is based on the ETOPO1 dataset (Amante and Eakins,
2009). The epicentre and the 1 m slip contour line representing the rupture zone
(Moreno et al., 2009) of the CE 1960 earthquake are drawn in red. Locations of
coastal sediment records discussed in the text are indicated in white; b) detailed
map of the study area. The geomorphological units are based on field
observations and are extended using satellite imagery (Google Earth). The lake
bathymetry map is based on side scan sonar bottom tracks (Kempf et al., 2015).

One of the difficulties when researching tsunami deposits on millennial timescales, is
relative sea level change, which plays a key role in tsunami deposition and
preservation (Dura et al., 2016; Kelsey et al., 2015). Relative sea level rise creates the
needed accommodation for tsunami deposit preservation in coastal lowlands.
However, with too much relative sea level rise or fall or coastal erosion or
progradation, the shoreline displacement may shift the area of tsunami deposition in
respect to the previous tsunami deposit, which makes long and continuous
paleotsunami records from coastal lowlands rare. In contrast, coastal lakes can
provide excess accommodation and may be in a position with a stable sensitivity to
record tsunami inundation since the culmination of the early Holocene sea level rise.

This study partially builds on a chapter in the doctoral thesis of the first author
(Kempf, 2016). It presents a long and continuous sedimentary record from coastal
Lake Cucao, with multiple tsunami deposits reaching back to ~4300 yrs BP based on
a dense coverage of acoustic data and 21 sediment cores. The quality of the tsunami
record is assessed by evaluating the sedimentary environment, tsunami deposit
composition and age correlation with paleotsunamis in the region. The spatial
multiproxy approach allows us to assign a confidence level to the interpretation as
tsunami deposits, allowing a better evaluation of the temporal correlation of
paleotsunamis.
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Figure 2: Sub-bottom profiles show the seismic stratigraphy of Lake Cucao with
seismic units Ula (blue), Ulb (green) and U2 (red). Profiles a) and b) parallel
to the lake’s long axis image the on-lapping of the internal acoustic reflectors
R1-R5 onto acoustic reflector R6. Profiles in cross-direction to the lake’s long
axis ¢) and d) show down-lapping in the southeast and convergent internal
reflectors towards the tidal channel. Reflector R4 expresses three hummocks (see
inset), which are interpreted as antidunes.
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2 Setting

Lake Cucao (74.09°W, 42.63°S) is a coastal lake located on the west coast of Chiloé
Island in south central Chile (Fig. 1a). It is connected to the Pacific Ocean by its
outlet river channel, which crosses the 1.3 km wide barrier of an up to 250 m wide
beach, a narrow belt of active dunes followed by ancient dunes and pastures (Fig. 1b).
Lake Cucao is an elongated lake with its long axis in NW-SE direction of 7.9 km and
a width of ~1.5 km. It is 10.6 km? large and up to 25 m deep. It has a small catchment
to lake surface ratio of 3.1:1, because of the upstream adjacent Lake Huillinco. The
only direct riverine input is a small creek from the south in the eastern part. The outlet
channel of the lake facilitates water exchange between lake and ocean in both
directions, because the lake level lies in the intertidal zone (Kempf et al., 2015;
Villalobos et al., 2003). The daily exchange of water forms a stable saline bottom
water body in Lake Cucao and Lake Huillinco (Fig. 1) (Villalobos et al., 2003). With
the transport of water from the Pacific comes erosion, transport and deposition of
sediment, which produced a tidal delta around the outlet channel in Lake Cucao.
Active mega-ripples on the tidal delta and a crosscutting channel through the delta are
the bedform expressions of relatively strong present-day tidal currents (Fig. 2 and 3)
(Kempf et al., 2015).

3 Methods

3.1 Acoustic imaging

The complex sedimentary system around Lake Cucao’s outlet, was imaged with a
Klein3000 side scan sonar, which uses 100 kHz and 500 kHz frequencies to produce a
50 m wide swath of the lake floor’s acoustic reflectivity. The data was visualised with
SonarWizMap v4 and has been presented in detail in Kempf et al. (2015). Here, we
make use of the mapped mega-ripple crest outlines (Fig. 3).

We collected 25 km of high-resolution sub-bottom profiles with a 3.5 kHz
GeoAcoustics GeoPulse pinger in 71 lines. At 3.5 kHz, the vertical resolution is
between 10 and 20 cm. The data was visualised and interpreted with IHS Markit
Kingdom v8.8. We use the sub-bottom profiles to

)] image the sedimentary architecture of the lake basin infill,

i) to map geomorphologic features.

iii) to describe the general seismic stratigraphy,

iv) to determine coring sites,

V) to integrate the sediments cores with the acoustic data (ground truthing)
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Figure 3: Sub-bottom profiles across the tidal channel expressing the asymmetry of
the channel with alternating slip-off slopes and cut banks. Tidal currents
produce mega-ripples outside the cut bank and small channels are present on the
upper bank of the slip-off slope.

3.1 Sediment core analysis

In total, we cored at 21 locations in Lake Cucao, 9 of which were cored deeper than 2
m burial depth, with a maximum of ~8 m burial depth recovered. The top core section
at each coring site is comprised of a gravity core, because gravity corers produce
relatively undisturbed near-surface sediment samples. Any deeper core sections were
obtained with a UWITEC hammer-driven piston corer. Deep and full recovery was
achieved by overlapping 3-m-long core sections to produce composite cores. Both
types of cores have a 6 cm inner diameter.

Each split core was analysed with a multi-sensor core logger (Geotek MSCL) for
high-resolution line scan core surface imagery, gamma ray attenuation density
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logging and magnetic susceptibility logging (Bartington MS2E point sensor). The
organic content was estimated using protocols in Heiri et al. (2001) for loss on
ignition to 550 °C. Some core sections were X-ray CT-scanned with a Siemens Flash
medical CT-scanner with a voxel size of ~0.15 x ~0.15 x 0.6 mm. Grain size
distributions were measured with a Malvern Mastersizer 2000 after treatment with 2
ml of 35% hydrogen peroxide to dissolve organic content (where necessary this step
was repeated), 1 ml of 10% nitric acid to dissolve calcareous content and 300 mg
sodium hexametaphosphate to prevent grain flocculation. Material for radiocarbon
dating was extracted by either identifying macrofossils or by wet-sieving 1 cm thick
slices of sediment and picking remains of plants and periostraca in the sieve (Tab. 1).

The age control is based on 7 radiocarbon dates (Tab. 1) and the results of Kempf et
al. (2015), who identified the youngest clastic layer as the CE 1960 tsunami deposit
by the means of ¥'Cs and ?'°Pb-dating. The radiocarbon dates were calibrated using
the southern hemisphere calibration curve SHCal13 (Hogg et al., 2013). The samples
are comprised of leaves, small plant fragments and periostraca of (probably) Diplodon
chilensis and fragments thereof. Diplodon chilensis is a freshwater species
(Valdovinos and Pedreros, 2007).

Table 1: Radiocarbon data for fossil leaves, plant fragments and periostraca from
composite core Pos04, which is used as the master core for the age-control of
the Lake Cucao sedimentary record.

core depth
in event-free

sample ID core ID section depth  age model material lab ID 14Cage  14Cage error
cm cm 14Cyrs BP yrs
CUCA10B-1.5 CUCA10B 1.5 142.5 shell fragment and plant fragments UBA-37365 26178 161
CUCA10B-51 CUCA10B 51 190 plant fragments UBA-37369 5189 56
CUCA11A-52 CUCA11A 52 246 plant fragments UBA37370 2360 63
CUCA11A-101.5 CUCA1ll1A 101.5 285.5 plant and periostracum fragments UBA-37368 2166 34
CUCA11B-22 CUCA11B 22 313 plant fragments UBA-37367 2342 33
CUCA11B-91.5 CUCA11B 91.5 353.5 periostracum UBA-37364 2829 38
CUCA12B-82.5 CUCA12B 82.5 504 leaf UBA-21476 3445 34
4 Results

4.1 Seismic stratigraphy

Two seismostratigraphic units can be differentiated on sub-bottom data from Lake
Cucao, Ul and U2 (Kempf et al., 2015). U1 (a and b) includes the acoustic base of the
sedimentary infill. They laterally merge into one another. Ula is covered by the lake’s
sedimentary infill in relatively deep areas, whereas U1b is at least sporadically
reworked by tidal currents entering and exiting the lake in shallow areas near a tidal
channel and not covered by lake infill (Fig. 2). U2 is the lacustrine sediment infill.
The basal contact of U2 to Ula creates an unconformity (reflector R6) characterized
by on-lapping reflector terminations towards the west. The internal reflector geometry
of U2 in the upper part (above reflector R4) is parallel to sub-parallel with a low-
amplitude acoustic facies including infrequent high amplitude, continuous reflections.



200
201

202
203
204
205
206
207
208
209
210
211
212
213
214

215
216
217
218
219
220
221
222
223
224
225

226

227
228
229
230
231
232
233

234
235
236
237
238
239
240

This is a non-peer reviewed manuscript submitted to EarthArXiv. This manuscript is submitted
for peer review in Sedimentary Geology under the same title

(Fig. 2¢). The lower part of U2 (below reflector R4) describes a more complex infill
pattern with few internal unconformities.

The presence of shallow gas in the sediment of the central basin causes acoustic
turbidity, which blanks the internal reflector geometry of U2 at depths greater than
~1.5 m (2 ms two-way-travel time, TWT). In total, five parallel to sub-parallel
reflectors (R1-R5) can be traced within U2. R1 represents the lake floor and produces
a continuous, strong reflection with decreasing amplitude towards the deeper lake
basin in the southeast (Fig. 2). R2-R5 show high-amplitude, continuous internal
reflections and form on-laps to either R6 or to one of the other internal reflectors, e.g.
R4 on-laps to R5 in some areas. Of all internal reflectors, R4 has the highest reflection
amplitude and marks the top of a hummocky paleo-surface in the south of the
surveyed area (Fig. 2d). The hummocks are ~30 m long and ~1 m thick with up-slope
dipping internal reflections. The two lowermost internal reflectors, R4 and R5, exhibit
erosion of the underlying acoustically transparent lake sediment in the form of few
buried channels (Fig. 2c).

The tidal channel incises the shallow delta up to 3.5 m deep and ~100 m wide, at its
western end as a prolongation of the outlet river channel (Fig. 3a). The bathymetric
cross-profiles of the channel are asymmetric with a flatter slip-off slope and a steeper
cut bank of the channel (Fig. 3). The asymmetry alters along the channel. About 10 m
wide and 0.5 m deep incised channels are common on the upper slip-off slope. Mega-
ripples with about 8 m ripple wavelength and ~0.4 m ripple height are abundant
around the incised channel, with a concentric arrangement (Kempf et al., 2015).The
channel continues towards the north-eastern shore (Fig. 3b, ¢) and bends south-
eastward to align with the long axis of the lake from where it continues parallel to the
north-eastern shoreline (Fig. 3d, e). Towards the channel, the parallel to sub-parallel
sedimentary infill of U2 (R1-R5) becomes convergent (Fig. 2c, d).

4.2 Lacustrine sedimentation

On the intertidal delta and in the crosscutting channel, i.e. areas where the top of Ulb
is at the lake floor, the sediment consists of a well-sorted medium to fine sand with
mostly quartz, feldspar, hornblende and mica minerals (Fig. 4, e.g. core CUC7). The
coarse and moderately to well sorted sand prevented penetration deeper than 20 cm
with the coring equipment in these locations. This sand is mostly massive with some
occurrences of 1 cm thick grey muddy layers. The magnetic susceptibility of this sand
is very high, sometimes exceeding 1000 x 107 SI.

Sediment from the lake basin consists mostly of brown to black homogenous, poorly
sorted organic-rich mud. The transition from black to brown mud can be gradual or
sharp. In the case of sharp transitions, the brown mud is on top. The organic content
for both black and brown mud is between 20 and 35 % and consists of seeds, fibrous
plant material, pollen and fragments of bivalve periostraca without the calcareous
shell. The periostraca are sometimes fully preserved with distinct growth rings and are
probably from Diplodon chilensis, the most common freshwater clam in southern and
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Figure 5: X-ray CT-scans of selected core sections. Lighter grey means higher
radiodensity. a) and b) CT-scans of clastic layer cC associated acoustic reflector
R3; c) clastic layer cN under acoustic reflector R6. All clastic layers exhibit a
sharp contact at the bottom. CT-scans in a) and b) show upwards decreasing
radiodensity. In b) and c¢) mud clasts with two differing CT-densities are
surrounded by silty (b) to sandy (c) matrix.

south central Chile. The organic-rich mud smells strongly of hydrogen sulphide when
cores are opened the first time (both during fieldwork and in the lab), indicating
hypoxic or anoxic conditions. The magnetic susceptibility is low between 0 and 40 x
107 SI (Fig. 4 and 5).

In all 9 long cores, there are 1 to 30 cm thick layers with high clastic content. The
medium silt to fine sand of the clastic layers is coarser than the clastic fraction of the
organic-rich mud below and above. However, the clastic layers always contain a
fraction of organic matter, too. The magnetic susceptibility signal of these layers
ranges from relatively low, with values between 40 and 100 x 10 Sl, to relatively
high, with values up to 500 x 10~ Sl and higher (Fig. 4 and 5). The clastic layers are
often visually indistinguishable from the organic-rich mud on the split core surface,
except for black to brown colour contrasts. CT-scans of the clastic layers reveal sharp
lower contacts with the highest radiodensity at the base, gradually decreasing upwards
(Fig. 5a, b). Some clastic layers bear 1 to 3 cm large mud clasts in a matrix of sand or
silt. The mud clasts have lower radiodensity than the matrix and are discernible on
CT-scan as darker bodies (Fig. 5b). The mud clasts were difficult to impossible to
identify on split core surfaces except for clastic layer cN. All other mud clasts were
identified on X-ray CT-scans. If the clastic layers are brown, then they often coincide
with a sharp colour transition from black to brown at their base. Some clastic layers
have recognisable characteristics, e.g. thickness, colour, shape of the magnetic

10
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Figure 6: Seismic to core correlation of the CE 1960 tsunami deposit (cA) and clastic
layers cB to cN (cO not represented on this figure) with strong acoustic
reflectors R1 to R6. The assumption of uniform p-wave velocity within the entire
lake infill and the piston coring process can cause minor offsets between cores
and acoustic reflectors on sub-bottom profiles.

susceptibility log etc. that can be traced laterally throughout the basin. This way the
easiest-to-trace clastic layers were correlated, helping with the correlation of the other
clastic layers.

The clastic layers are labelled from cA to cO, where “c” stands for Lake Cucao and
the capital letter is in alphabetical order down core. This is in analogy to the Lake
Huelde record 2 km north of Lake Cucao, where similar layers interpreted as tsunami
deposits, are labelled hC, hD, and so on to hQ (Kempf et al., 2017). The topmost
clastic layer in Lake Cucao was identified in Kempf et al. (Kempf et al., 2015) as the
tsunami deposit of the CE 1960 tsunami and will be called CE 1960, instead of cA.

Seven of 9 long cores contain the clastic layer cN in the lowest part of the
sedimentary record, which is markedly coarser (fine to medium sand) and exhibits
higher magnetic susceptibility values than the other clastic layers, with peaks up to
2500 x 107 SI. Like in all other clastic layers, the sand of cN does not contain mica.
The lack of mica distinguishes the sand of the clastic layers from the sand in samples
from the tidal delta and the crosscutting channel (Kempf et al., 2015). In cN, intervals
of well-sorted massive sands are intercalated with intervals of mud clasts in a sandy
matrix. The mud clasts can exceed the size of the core liner (6 cm) and are up to 11
cm thick. Smaller mud clasts are often arranged along horizons (Fig. 5¢). Based on
the radiodensity of the mud clasts, two types can be differentiated; one type with a
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Table 2: Summary of confidence levels for the interpretation of tsunami deposits for
each clastic layer in Lake Cucao, with age and age-correlation to a known
tsunami, maximum magnetic susceptibility, traceability of the clastic layers
throughout the sedimentary record, correlation to acoustic reflections and
content of mud rip-up clasts.

potential age-
correlation to

published traceability in correlated to
median age tsunami max. magnetic the sedimentary acoustic confidence
event name (95% age interval) deposits susceptibility record reflector mud rip-up clasts  level

represented in
cores/cores reaching

yrs BP (107-5 SI) this depth interval

cA/CE 1960 -7 (-11to -5) yes 677 18/18 R1 yes high
cB 287 (185 - 418) yes 695 17/17 R2 yes high
cC 1081 (894 - 1274) maybe 1601 9/9 R3 yes high
cD 1226 (1031 - 1418 yes 57 5/8 - not observed medium
cE 1274 (1079 - 1466) maybe 51 2/8 - not observed low
cF 1656 (1454 - 1656) yes 581 8/8 R4 yes high
cG 1825 (1624 - 1986) yes 431 7/8 - not observed medium
cH 1962 (1765 - 2109) yes 202 5/8 - not observed medium
cl 2099 (1914 - 2213) no 335 5/8 - not observed medium
c 2254 (2077 - 2322) yes 306 8/8 R5 yes high
cK 2530 (2378 - 2662) yes 377 7/7 - yes high
cL 2883 (2670 - 3001) no 92 3/7 - not observed low
™M 3699 (3530 - 3906) yes 585 4/4 - yes high
cN 3783 (3612 - 3994) yes 2269 8/8 R6 yes high
cO (in model) 3798 (3626 - 4011) no 1656 3/3 - not observed medium
cO (corrected) 4101 (3959 - 4344) " " " " "

low radiodensity (black) and one type with an intermediate radiodensity (dark grey)
(Fig. 5¢). The sand of the matrix and intervals of massive sand contain grains of
orthoclase, plagioclase, quartz, iron oxides (responsible for the high magnetic
susceptibility), hornblende and rarely zircon, as well as lithic grains. The same
composition of sand is reported for the CE 1960 deposit in Lake Cucao and Lake
Huelde and for the beach sand and dunes sand between Lake Cucao and the Pacific
Ocean (Kempf et al., 2015).

Three cores (Pos02, Pos03 and Pos11) contain poorly sorted, muddy sand at their base
(Fig. 4). The muddy content makes this sand distinctly different in grain size from the
well-sorted sand in the coarser clastic layers, e.g. clastic layers cC and cN. It consists

of the same minerals and lithic grains as the sand on the tidal delta and in the channel.

4.3 Sub-bottom profiles to core correlation

Six of the long cores were projected on sub-bottom profiles that show acoustic
penetration of the entire seismic unit U2 (Fig. 6). The correlation between cores and
the sub-bottom profiles is performed under the assumption of a constant p-wave
velocity in the entire sedimentary sequence and no vertical deformation during
hammer-driven piston coring and then tying key marker layer with the sub-bottom
profile. Realistically, variability in p-wave velocity is expected to produce minor
offsets. The vertical deformation during hammer coring will cause net compression
and wave action on the lake while coring can cause extension, which will likely be
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heterogenous and may produce significantly larger offsets. Some offsets are indicated
on the sub-bottom profiles to core correlation (Fig. 6).

The six reflectors of U2 (R1 to R6) can all be confidently correlated to clastic layers
in the cores (Fig. 4). The top of the CE 1960 tsunami deposit is buried by <3 cm of
lacustrine sediment in the western part of Lake Cucao (Kempf et al., 2015), which is
below the vertical resolution of the sub-bottom profiles (vertical resolution between
10 and 20 cm). R1, the uppermost strong reflector therefore correlates to the lake
floor as well as the top of the CE 1960 tsunami deposit. R2 correlates to clastic layer
cB. However, R2 is so close to the lake floor and R1 reflection, that interference of
reflections may lead to a poor identification of R2 in most cases. R3 correlates to cC,
R4 to cF and R5 to cJ, which are major traceable clastic layers in the sedimentary
record of Lake Cucao. They tend to be especially thick and coarse, and are
represented in most or all cores containing that specific stratigraphic interval. R6 is
the reflector that sticks out, because reflectors R2 to R5 on-lap to it. Even though a
spatial feature such as on-lapping is difficult to observe by comparison of multiple
cores, clastic layers cF to cM appear to on-lap to cN (Fig. 4). Because of its
stratigraphic position, the on-lapping and the strong sedimentary contrast between
organic-rich mud and the medium sand of clastic layer cN, we correlate the high-
amplitude reflector R6 to the coarse clastic layer cN (Tab. 2).

4.4 Age control

The clastic layers exhibit characteristics of abrupt deposition, e.g. sharp lower
contacts, mud clasts and decreasing upwards radiodensity, which often reflects fining
upwards (cf. Van Daele et al., 2014). The intervals of the clastic layers are therefore
likely to have been deposited with a different accumulation rate from the rest of the
sedimentary record, most likely quasi-instantaneously.

We used composite core Pos04 to develop an age-depth model for Lake Cucao. The
prior age-depth information consists of the following data and considerations:

i) radionuclide data that identified the CE 1960 tsunami deposit (Kempf et
al., 2015)

i) 7 radiocarbon dates (Tab. 1)

iii) clastic layers were treated as instantaneous deposits, i.e. they were taken
out of the core for age-depth modelling

iv) the sediment is a lacustrine sedimentary sequence, so we assume a
relatively stable sedimentation. This is supported by the uniform nature of
the sediment sequence with parallel reflections on sub-bottom profiles at
the core site.

All age-depth information of Pos04 was fed into the autoregressive Bayesian age-
depth modelling algorithm BACON (Blaauw and Christen, 2011). The parameters
were adjusted to divide the core into 178 sections of 3 cm and to reflect the relatively
stable lake environment, i.e. continuous sedimentation of the organic-rich lacustrine
mud (Fig.7).
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Figure 7: Bayesian age-depth model of core Pos04 in Lake Cucao calculated with
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The model output shows that there are two obvious outliers, i.e. extreme age
reversals, among the radiocarbon dates (samples CUCA10B-1.5 and CUCA10B-51),
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which were neglected by the age-depth algorithm for making the age-depth model.
From the resulting age-depth model we extracted the age probability distributions of
all clastic layers that were treated as instantaneous deposits (Fig. 7). The problem
connected to the relatively long interval of interpolation between the core top and the
shallowest radiocarbon date (2360 + 63 yrs BP) is minimised by the relatively stable
sedimentary environment at core site Pos04.

The assumption of relatively stable accumulation rates in Pos04 (iv) appears to fail
only at the lowest end of the sedimentary record (between clastic layers cN and cO).
This becomes evident when comparing the 2 cm thick organic-rich mud interval in
core Pos04 with the 43.5 cm thick organic-rich mud interval of the same stratigraphic
position in core Pos06. The age-depth model on core Pos04 likely underestimates the
time difference between clastic layers cN and cO. Using the average accumulation
rate of the entire record down to clastic layer cN of ~1.31 mm yr? (502 cm of
sediment accumulation in 3845 years), clastic layer cO is probably ~330 years older
than clastic layer cN.

5 Discussion

5.1 Antidunes as a product of tsunami inundation in Lake Cucao

The hummaocks with the up-slope dipping internal reflectors underneath R4 (clastic
layer cF) are interpreted as antidunes due to their height and length in combination
with the up-slope dipping internal reflectors. Antidunes form in the upper stage
supercritical flow regime. The wavelength of antidunes is related to the wavelength of
the standing wave that produced them (Allen, 1984), which in turn is proportional to
the square of the flow speed during formation (Kennedy, 1963). The resulting
relationship between flow speed and wavelength of the antidune bedform is described
by Carling (2009) with

U=J§j; (1)

Where U is the flow speed, g the gravitational acceleration on earth and L, the
average wavelength in a train of antidune bedforms. The flow depth d in dependence
on average wavelength is expressed by

d==2 )

2m

According to equation (1) the flow speed during antidune formation was ~6.8 m s
(24.6 km h'!) and according to equation (2) the flow depth was ~4.8 m. Both
dimensions compare well with directly measured flow properties of recent large-scale
tsunami inundations (cf. Fritz et al., 2012). The location of the antidunes suggests that
the freshwater marsh, which now accommodates most inhabitants of the village of
Cucao was washed over by strong, certainly destructive water currents. Despite their
size, antidunes form relatively quickly once supercritical flow develops. However,
with three antidunes of similar shape and size, we argue that supercritical flow was
well developed, steady and sustained.
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5.2 Age control and accumulation rate variability in Lake Cucao

There is no overall strong spatial variability in accumulation rate between long cores

from the western part of the basin, which is indicated by sub-parallel clastic layers in

the core to core correlation. This is confirmed by parallel to sub-parallel reflectors R1
to R5 on sub-bottom profiles (Fig. 2a, b).

There are three exceptions, which are

1) confined areas of erosional truncation in form of small channels (Fig. 2c),

i) the area close to the crosscutting channel along the north-eastern side of
the lake, where the sedimentary infill becomes significantly thinner or is
non-existent (Fig. 2c, d), and

iii) the deepest part of most long cores, where the strata form on-laps (this
includes the age-depth modelled core Pos04 between cN and cO).

All long core sites avoid the areas of i) and ii).

In short cores CUC10 and CUC11, located 2—3 km southeast of most other cores (Fig.
4), and where tidal currents are probably weaker or absent, up to 21 cm of organic-
rich mud accumulated above the CE 1960 tsunami deposit. This thickness is
comparable to 20-30 cm of post-1960 sediment accumulation in Lake Huelde (Kempf
et al., 2015), which is currently unaffected by tidal currents. In all other cores further
west in Lake Cucao the same interval is either < 4 cm thick or missing, showing non-
deposition or episodes of erosion in the post-1960 lake environment in the ocean-
proximal area of the lake.

The age-control of the last 2000 yrs relies strongly on the assumption of stable
accumulation rates between the CE 1960 tsunami deposit and the uppermost useful
radiocarbon date at 246 cm (event-free core depth) (Fig. 7, Tab. 1). Cores and sub-
bottom profiles justify this interpolation, because of the uniform stratigraphy with
little lateral variability in this part of the stratigraphic record of U2 near the coring site
Pos04.

Chronologies of other regional paleotsunami and paleoseismic records from south
central Chile are based on similar primary age-depth information, i.e. on radiocarbon
dates of plants flattened by the tsunami, rootlets in soil, terrestrial plant fragments
from the pre- and post-tsunami lacustrine sediment and tephras (Atwater et al., 2013;
Cisternas et al., 2017, 2005; Garrett et al., 2015; Kempf et al., 2017; Moernaut et al.,
2018, 2014). The uncertainty intervals of tsunami ages in the Lake Cucao record are
greater than the uncertainty intervals of the tsunami ages of, for example, the
paleotsunami record of Lake Huelde. Nevertheless, the Lake Cucao ages correlate
well with regional paleotsunami records (Fig. 8). The age-control can be considered
of comparable quality.
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5.3 Age of the crosscutting channel and constraints on Lake Cucao’s vertical
displacement history

Coastal areas on subduction zones are known to be prone to vertical deformation
throughout the seismic cycle (Wesson et al., 2015). The CE 1960 Great Chilean
Earthquake caused the area around Lake Cucao to subside co-seismically by ~1 m
(Plafker and Savage, 1970), which put Lake Cucao into an intertidal position, if the
lake level was not already in the intertidal zone before. The subsidence of ~1 m may
have intensified the tidal currents, which would explain the limited post-CE 1960
sedimentation in all but the most distal coring sites. The tidal currents entering the
lake during high tide are continuing to form the intertidal delta, the crosscutting
channel and the mega-ripples. Given that the sedimentary record below the CE 1960
tsunami deposit appears to have stable accumulation rates, we argue that the vertical
position of the river channel in relation to the relative sea level is probably at an
extreme low at present in respect to the last 4300 yrs.

If the channel would be a recently formed feature, it would truncate the mostly
parallel to sub-parallel internal reflectors of seismic unit U2. This is not the case; all
internal reflectors, R1 to R5, in U2 converge towards the channel (Fig. 2c), which
indicates that intertidal currents were active at least episodically during the period
represented by the sedimentary infill visible on sub-bottom profiles. This constrains
the net vertical displacement of Lake Cucao in the last 4300 yrs to a narrow window
around its current position.

Additionally, river channels play a primary role in connecting the ocean with coastal
lakes during tsunami inundation (Kempf et al., 2017, 2015). Consequently, regardless
of the exact position of the coastline and river channel migrations, Lake Cucao may
have been a reliable tsunami recorder with relatively stable sensitivity to tsunami
inundation in the past 4300 yrs and potentially longer.

5.4 Identifying tsunami deposits in the Lake Cucao sedimentary record

The clastic layers share similar sedimentary characteristics to the tsunami deposit of
CE 1960. However, other causative processes must be excluded before a tsunami
origin can be assigned. Tsunami deposits have several sedimentary characteristics,
most are site-specific, and few are unique to tsunami deposits. For example,
landwards thinning and landward fining sand sheets can be produced by storm surges
and tsunamis alike (Kortekaas and Dawson, 2007). However, the relatively distant
inland location (~1.3 km between ocean and lake) makes storm deposition in Lake
Cucao unlikely. While storms occur on the south central Chilean coast, the tropical
cyclones with the potential to create deposits kilometres inland and in coastal lakes,
have not been documented and are unlikely to happen, even under strong El Nifio
conditions (Fedorov et al., 2010).

Excluding competing hypotheses for the formation of similar layers is equally
valuable. For Lake Cucao we can, for example, exclude flood turbidites, which are
not uncommon in Chilean lakes (e.g. Van Daele et al., 2019), because upstream
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adjacent Lake Huillinco traps riverine flood input to Lake Cucao, which reduces the
direct riverine input to Lake Cucao to a small creek that enters Lake Cucao from the
south in its eastern part. The small creek does not have a large enough catchment to
produce lake-wide flood turbidites. And if it were to produce flood turbidites the
fining of sediment would be away from the inflow of the creek, i.e. east to west in the
study area and not west to east.

We define the following five criteria for the sedimentary environment of Lake Cucao,
which are either indicative of tsunami deposition or can be used to exclude other
processes.

i) High magnetic susceptibility — Magnetic susceptibility is controlled by the
ferrimagnetic mineral content of the sediment. High magnetic susceptibility in
Lake Cucao means the sediment contains iron oxides (i.e. hematite and
magnetite). The concentrations of ferrimagnetic minerals in the basin of Lake
Cucao can be increased by organic matter depletion, compaction or by
deposition of iron oxides. The low magnetic susceptibility values of organic-
rich mud and the sometimes extremely high values of magnetic susceptibility
in the clastic layers suggest that the layers with high magnetic susceptibility
values are from extra-lacustrine sources. Processes that could provide such a
sediment source are limited to lake-inundating events, such as storms and
tsunamis. This effect has been described for the CE 1960 tsunami deposit
(Kempf et al., 2015).

i) Traceability in the sedimentary record — Tsunami deposits in coastal lakes are
spatially variable in thickness (Kelsey et al., 2005; Kempf et al., 2017).
However, tsunami deposits are often continuous deposits to where they wedge
out towards their maximum lateral extent. When tsunamis inundate coastal
lakes, the water flow contains and deposits sand, remobilises muddy lake
sediment and redistributes it within the lake basin. Areas beyond the zone of
sandy deposition can receive exclusively muddy tsunami sediment (Kelsey et
al., 2005; Kempf et al., 2017, 2015). Therefore, tsunami deposits should be
traceable in the sedimentary record throughout large areas of the lake, if not
the entire lake basin. The criterion is given as a fraction of the number of
cores, in which the clastic layer is observed over the number of cores, in
which the stratigraphic interval of the clastic layer in question was recovered.
Complete or nearly complete representation in the sedimentary archive is
treated as indicative for tsunami deposition (Fig. 4).

iii) Acoustic reflector correlation — The six strong reflectors (R1-R6) on the sub-
bottom profiles represent strong contrasts in acoustic impedance, i.e.
differences in p-wave velocity and/or density. In an organic-rich mud-
dominated environment high acoustic impedance contrast can be associated
with clastic layers. Not every clastic layer will necessarily produce a high-
amplitude reflector, but if a clastic layer can be correlated to a basin-wide
high-amplitude acoustic reflector, then this points towards basin wide
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distribution and high clastic content, which is expected from a tsunami
deposit.

iv) Mud rip-up clasts — We interpret the mud clasts as mud rip-up clasts. Mud rip-
up clasts are generated by high-energy processes in otherwise low-energy
environments. In sub-aquatic landslides, mud rip-up clasts occur on the
spectrum of disintegration of the sliding sediment from slumps, to debris
flows, to turbidity currents (cf. Lee et al., 2013). Onshore landslides that
impact muddy fjord sediment have also produced mud rip-up clasts, which
may show paleo flow direction by imbrication (\VVan Daele et al., 2014). In
fluvial systems mud rip-up clasts are associated with cut bank collapses of
muddy soils. In coastal environments, like marshes, mud rip-up clasts are
commonly associated with tsunami deposition (Peters et al., 2007), however,
storm surges reportedly can produce mud rip-up clasts, too (Phantuwongraj et
al., 2013). In Lake Cucao, two types of mud rip-up clasts can be differentiated
by their radiodensity. One type has the same radiodensity as the lacustrine
organic-rich mud and is interpreted as such. The other type has higher
radiodensity and could represent soil from the lake-surrounding marshes.
Similar variations in mud rip-up clasts were described in trenches on the
Chilean main land near Maullin (Atwater et al., 2013). Specifically for Lake
Cucao, the presence of both types of mud rip-up clasts excludes strong tidal
currents and slope failure turbidites. Tidal currents could work similarly to
fluvial systems with regard to the erosional process for the source material of
mud rip-up clasts and to the depositional process of clastic layers.

V) Age-correlation — Megathrust earthquake-induced tsunamis hit long stretches
of coastline. Tsunami deposits can be correlated over long distances using
their chronology (Cisternas et al., 2017; Peters et al., 2007). If a clastic layer
correlates in age to an identified tsunami deposit elsewhere in south central
Chile, then this corroborates the interpretation as a tsunami deposit. In the
Lake Cucao sedimentary record, the interpretation of the CE 1960 tsunami
deposit was partially based on such an age correlation. Downcore, age-
correlation with the Lake Huelde sedimentary record (Kempf et al., 2017) is
especially interesting, because of the lakes’ proximity (2 km) to each other and
the similarity of the paleotsunami record, despite the difference in lacustrine
sedimentary environments.

Two of the 15 clastic layers (CE, and cL) fulfil only one or no criterion at all. The
confidence of an interpretation as a tsunami deposit in these cases is low, however, a
tsunami origin is probably still the most favourable hypothesis (Tab. 2). Eight clastic
layers fulfil three or more criteria and the confidence level for interpreting these
layers as tsunami deposits is high. The remaining 5 clastic layers fulfil two criteria
sufficiently and receive a medium confidence level.

The Lake Cucao record potentially matches with 10 regionally known paleotsunami
and paleoseismic events (Fig. 8, Tab. 3). Additionally, deposit cC matches to some
extent with deposit hE in Lake Huelde and event D in Maullin, but weaker age control
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in the Lake Cucao record for the last ~2000 yrs may inhibit a conclusive correlation.
The confidence level for both event deposit hE and cC are high, which supports the
hypothesis of same origin, because in no other instance is there a high confidence
tsunami deposit in Lake Huelde without a matching tsunami deposit in Lake Cucao
and vice versa. The only exception is the cryptic CE 1837 tsunami deposit, that was
recognised in Lake Huelde by IRSL dating (Kempf et al., 2015).

Table 3: Regional age-correlation of paleotsunami and paleoseismic events.

Rinihue
Calafquen

historical record Cucao Huelde Maullin Villarrica

name in record name in record

year of event (confidence level) (confidence level) name in record correlating event

1960 cA (high) hA (high) A yes
1837 - hB (high) - yes
1737 - - - yes
1575 ¢B (high) hC (medium) B yes
beyond record - hD (medium) C yes
cC (high) (?) hE (high) D yes
cD (medium) hF (medium) E yes
cE (low) (?) - F (?)
cF (high) hG (high) G yes
¢G (medium) hH (high) H yes
cH (medium) hl (medium) beyond record yes
cl (medium) - (?)
cJ (high) hJ (high) yes
cK (high) hK (high) yes
cL (low) - no
- hL (low) yes
cM (high) hM (high) yes
cN (high) hN (high) (?)
cO (medium) - (?)
beyond record hO (medium) (?)
hP (medium) (?)
hQ (high) beyond record

Deposit cE matches well with event F in Maullin, however, Lake Huelde does not
record tsunami deposition in this period and in Maullin the event was only recognised
by co-seismic subsidence and not with a tsunami deposit (Tab. 3) (Cisternas et al.,
2005; Kempf et al., 2017). Either Lake Cucao was relatively sensitive to tsunami
inundation at the time and recorded a minor tsunami that had no sedimentary impact
in Maullin, Lake Huelde and other regional paleotsunami records. Or as the low
confidence level denotes, deposit CE is potentially not a tsunami deposit.

Both deposits cL and hL have only a minor sedimentary imprint in Lake Cucao and
Lake Huelde, respectively, with low confidence level on the interpretation as tsunami
deposits (cf. Kempf et al., 2017). If either deposit is a tsunami deposit, then the origin
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is probably a minor tsunami. The age-depth modelling in both records does not match
the two deposits, so that it can be concluded that they are most likely not from the
same event.

In contrast, for example, deposits cK and hK from Lake Cucao and Lake Huelde,
respectively, share a similar clear (high confidence level), but not extreme
sedimentary imprint in their respective records. The age-depth models match the two
deposits, so it is likely that cK and hK were deposited during the same tsunami
inundation event.

5.5 Spatial perspective on tsunami deposits in a lake basin

Event maps (Figs. 9 and 10) that summarise the sedimentary characteristics of the
tsunami deposits visualise spatial trends of the tsunami deposits. The following
conclusions are supported by the spatial data.

)] Mud rip-up clasts are limited to the proximal part of the lake basin (Fig.
9). The tsunami deposit cO at core site Pos04 is the only exception. This
trend seems plausible as it requires high energy water flow to erode and
transport mud rip-up clasts. Dissipating energy in the fluid flow over
distance would dictate that mud rip-up clasts would be the first particles to
resist transport or remobilisation.

i) For a large extent in the lake basin, tsunami deposits do not decrease in
thickness. This contradicts the spatial trend in onshore tsunami deposits,
where tsunami deposit thickness is influenced by the onshore morphology
and tends to decrease with increasing run-up distance (Goto et al., 2014).
This study has thickness data along up to ~3 km of inundation distance.
Even for the tsunami deposit thickness data from CE 1960 and CE 1575
(cB) with a ~3 km long transect no decreasing trend in thickness can be
recognised. Logically, in the most distal parts of the record the tsunami
deposit must wedge out, however, the core sites are not located in the area
where this occurs.

iii) From the location where a tsunami deposit has a muddy component, the
muddy characteristic in the tsunami deposits is always present in more
distal locations. Examples are the tsunami deposits cF, cK or cM. This
highlights one aspect of the reliability of coastal lakes to record tsunami
deposits.

iv) To record tsunami deposition over large parts of a lacustrine basin, muddy
grainsizes can be sufficient, e.g. tsunami deposit cD (Fig. 9). However,
detection of those deposits is more difficult, because of the similarities to
the surrounding regular lacustrine sediment. In the case of the muddy
tsunami deposits in Lake Cucao the magnetic susceptibility was enough to
indicate candidate clastic layers. In environments, where magnetic
susceptibility cannot be used, other methods need to be tested, e.g. XRF
scanning or a bio-marker analysis.
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Figure 9: Event map of all tsunami deposit cA, i.e. CE 1960, to cO. The dots refer to
core sites that contain the stratigraphic interval in which the tsunami deposit is
located. Black dots mean the tsunami deposit was not detected. The size of the dot
is a function of the average magnetic susceptibility over the entire tsunami
deposit. The colour of the dot is a function of the sedimentary content of the
tsunami deposit. The red polygon depicts the lateral extent of the tsunami deposit.
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Figure 10: Event map of all tsunami deposit cA, i.e. CE 1960, to cO. The dots refer to
core sites that contain the stratigraphic interval in which the tsunami deposit is
located. Black dots mean the tsunami deposit was not detected. The size of the
dot is a function of the maximum magnetic susceptibility of the tsunami deposit.
The colour of the dot is a function of the tsunami deposit thickness in the core
(darker red means thicker tsunami deposit). The red polygon depicts the lateral
extent of the tsunami deposit.
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5.6 A conceptual model towards the origin and evolution of the lake basin

In order to contrive a conceptual stratigraphic model of Lake Cucao that incorporates
all sedimentologic evidence available, we begin with the topographical depression
that is now occupied by Lake Cucao. The depression was a glacifluvial river valley
(Glasser et al., 2008), which was submerged during the last global post-glacial
eustatic sea-level rise (Siddall et al., 2003). During this transgression, the glacifluvial
valley must have become an estuary, a similar evolution to lakes Lanalhue and Lleu
Lleu ~500 km further north (Fig. 1) (Stefer et al., 2010). The oldest recovered
sediment in core Pos04 (around tsunami deposit cN, reflector R6) is lacustrine,
indicating that the barrier, which makes Lake Cucao a coastal lake, rather than an
estuary, has been in place earlier than 4300 yrs ago.

Most likely aeolian sediments silled off the estuary and created the barrier and
therewith the enclosed lake basin. The timing of the sill formation is unclear,
however, one plausible hypothesis is that the expanding westerlies between 8.5 and
5.5 ka (Lamy et al., 2010) may have enabled aeolian processes to create the sill.
Aeolian processes are still prevailing in the coastal area west of Lake Cucao
evidenced by an active dune belt.

lake surface
—\ Lake Cucao cores MS log ) .
/ tsunami deposits
1 10 1001000 4 Cl
grain size (um) cO
tidal delta (muddy sand) Pos06 estuarine sediment
glacifluvial sediment

Figure 11: Conceptual stratigraphic model of Lake Cucao’s sedimentary infill that
summarizes the sedimentologic evidence available in the literature and in the
results of this study. This model also explains the corrected age of tsunami
deposit cO.

Currently, Lake Cucao lies in the intertidal zone (Kempf et al., 2015; Villalobos et al.,
2003), with saline water flowing into the lake from the Pacific during high tide. This
process has been active at least sporadically since 4300 cal. yrs BP, evidenced by the
convergent internal reflectors in the entire sediment sequence of U2 near the tidal
channel. The same process has built up a tidal delta in Lake Cucao around the outlet.
The conceptual stratigraphic model includes foresets of the tidal delta interfingering
with lake basin and estuarine sediments (Fig. 11). One of these foresets may explain
the muddy sand with the same characteristics as the exposed tidal delta sediments at
the base of cores Pos02, Pos03 and Pos11. Clastic layer cN, interpreted as a tsunami
deposit, is in direct contact to the muddy sand in all cores of the western part of the
basin, except at Pos06. It appears that the formation of cN disrupted the deposition of
muddy sand at the mentioned core locations. Clastic layer cN is thicker and coarser
than all other clastic layers in most core locations. Additionally, the deposit correlates
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chronologically to deposit hN, which is among the thicker and coarser tsunami
deposits from the nearby Lake Huelde paleotsunami record (Kempf et al., 2017).

The overall extreme character relative to other tsunami deposits in the respective
records of cN and hN may point towards an unusually strong tsunami. The end of
foreset sedimentation after deposition of cN could be due to a large amount of either
co-seismic uplift or subsidence during this event.

In the uplift scenario the lake system may stop interacting with the Pacific Ocean
altogether. Tidal inflows into the lake would not occur and the processes, which form
topsets and foresets on the tidal delta, would stop. Large amounts of co-seismic uplift
can occur on the Chilean coast, e.g. in CE 1960 on Isla Guafo (Sievers et al., 1963).
However, the geometry of the crust on and off Chiloé Island probably needs splay
fault slip to generate such an uplift and an outstanding tsunami, as neither CE 1960,
1837 nor 1575 created large co-seismic uplift there (Cisternas et al., 2017; Garrett et
al., 2015; Plafker and Savage, 1970; Sievers et al., 1963).

The subsidence scenario seems more plausible, because of the example given by co-
seismic subsidence around Cucao (~1 m) during the CE 1960 earthquake (Plafker and
Savage, 1970). The subsidence would create accommodation, which would favour
aggradation at the cost of progradation of the delta. During aggradation on the delta,
the lake basin would accumulate organic-rich mud. Once aggradation used up the
newly available accommodation, the lake system would switch back to progradation
and begin forming the next interfingering foreset. In both examples, the presence of
the tidal delta would be less dominant in the basinal sediments.

6 Conclusions

Based on sub-bottom profiles and numerous sediment cores, we add a new, long and
continuous paleotsunami record in the rupture zone of the CE 1960 Great Chile
Earthquake. We present following conclusions:

i) Sub-bottom profiles are crucial to understand the dynamic sedimentary system
of coastal lakes and to help in selecting the most appropriate coring locations
for paleotsunami research. Moreover, sub-bottom profiles may reveal
sedimentary structures which can allow quantification of flow speed and
depth, e.g. antidunes (Fig. 2).

i) Dynamic coastal lakes with daily tidal inflow can be used for extracting long
paleotsunami records. For the last 4300 yrs, Lake Cucao presents 15 tsunami
deposits of mostly moderate to high confidence on the interpretation. This
confidence level was based on physical sedimentary characteristics and
contextual characteristics (Tab. 2), such as maximum magnetic susceptibility,
traceability (Figs. 9 and 10), correlation to acoustic reflectors on the sub-
bottom profiles (Fig. 6), the presence or lack of mud rip-up clasts (Figs. 5 and
9), and age correlation with regional paleotsunami (Fig. 8). At least 10
tsunami deposits correlate to paleotsunami deposits found in nearby Lake
Huelde.
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iii) The most complete tsunami record was found in core Pos05, 1.3 km from the
lake outlet (tidal inlet) and a total 2.6 km from the present-day coastline. This
relatively far inland location for regular tsunami deposition is facilitated by the
river channel. There is evidence for tidal currents throughout the entire record,
and thus persistent river connection, which allowed for continuous recording
of tsunamis, despite co-, post- and inter-seismic relative sea level change in
the late Holocene. However, such tidal currents can affect sediment dynamics,
leading to variable depositional rates in space and time, adding complexity for
reliable mapping and dating of tsunami deposits.

iv) This study underlines the many challenges and extraordinary advantages
associated to paleotsunami research on coastal lakes and demonstrates how
indispensable geophysical mapping and numerous coring sites are in
understanding the depositional environment of dynamic coastal lakes for
extracting high-quality, long and continuous paleotsunami records.
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