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ARTICLE INFO ABSTRACT
Am’c{e history: On September 16, 2015, a My, 8.3 earthquake struck the north-central Chile coast, triggering a tsunami
Received 31 March 2021 observed along 500 km of coastline, between Huasco (28.5°S) and San Antonio (33.5°S). This tsunami
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provided a unique opportunity to examine the nature of tsunami deposits in a semi-arid, siliciclastic
environment where stratigraphic and sedimentological records of past tsunamis are difficult to distin-
guish. To improve our ability to identify such evidence, we targeted one of the few low-energy, organic-
rich depositional environments in north-central Chile: Pachingo marsh in Tongoy Bay (30.3°S).

Handling Editor: 1. Hendy We found sedimentary evidence of the 2015 and one previous tsunami as tabular sand sheets. Both

deposits are composed of poorly to moderately sorted, gray-brown, fine-to medium-grained sand and
Keywords: are distinct from underlying and overlying organic-rich silt. Both sand beds thin (from ~20 cm to <1 cm)
North-central Chile and fine landward, and show normal grading. The older sand bed is thicker and extends over 125 m
Earthquakes further inland than the 2015 tsunami deposit. To model the relative size of the tsunamis that deposited
Paleotsunamis each sand bed, we employed tsunami flow inversion. Our results show that the older sand bed was

Tsunami inundation

: ; P i 137,
Coastal hazards produced by higher flow speeds and depths than those in 2015. Anthropogenic evidence along with */Cs

and 21°Pb dating constrains the age of the older tsunami to the last ~110 years. We suggest that the older
sand bed was deposited by the large tsunami in 1922 CE sourced to the north of our study site. This
deposit represents the first geologic evidence of a pre-2015 tsunami along the semi-arid north-central

Chile coast and highlights the current and continuing tsunami hazard in the region.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction seismically active portion of the Chilean subduction zone that has
produced multiple > M8 earthquakes over the last few centuries

The coast of north-central Chile (30—32°S) lies along a (Métois et al., 2013). The most recent megathrust earthquake in
north-central Chile occurred on September 16, 2015 (M, 8.3) and

produced a destructive tsunami that affected ~500 km of coastline

* * Corresponding author. (Fig.1). During the 2015 earthquake, tsunami heights (the elevation
E-mail address: jessicad@vt.edu (J.M. DePaolis). reached by tsunamis relative to the still sea level) reached ~2 m at

https://doi.org/10.1016/j.quascirev.2021.107052
0277-3791/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jessicad@vt.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2021.107052&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2021.107052
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.quascirev.2021.107052

J:M. DePaolis, T. Dura, B. Maclnnes et al.

most tidal stations within the rupture area and exceeded 4 m at
Coquimbo (30°S; Barnhart et al., 2016; Contreras-Lopez et al.,
2016). Modeled vertical displacement of the coast along the
rupture area was relatively low, with ~40 cm of subsidence between
30.5 and 31°S and ~10—15 cm of uplift to the north and south
(Barnhart et al., 2016). Historical records document previous
earthquakes with rupture extents similar to that of the 2015 in 1880
and 1943 CE; however written accounts from these two earth-
quakes report somewhat lower tsunami heights, most less than 4 m
(Lomnitz, 1970). Prior to the 2015 tsunami, the highest tsunami
documented in historical records in north-central Chile was pro-
duced by the 1922 earthquake that ruptured the megathrust fault
segment to the north (between ~26 and 30°S). According to limited
observations, maximum tsunami heights were ~5—~9 m along
~350 km of coastline from Chanaral (26.5°S) to Coquimbo (Fig. 1;
Lomnitz, 1970; Carvajal et al., 2017a). Despite the historical records
of earthquakes and tsunami impacts in north-central Chile, direct
observations are sparse and focused in populated areas, leaving
uncertainty about the spatial variability of past ruptures and the
extent and size of their accompanying tsunamis (Fig. 1d).
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Coastal geologic datasets of earthquakes and tsunamis on
centennial and millennial timescales capture rare but catastrophic
events and so improve our ability to assess subduction zone haz-
ards (Cisternas et al., 2005; Nelson et al., 2020; Philibosian and
Meltzner, 2020; Sawai, 2020). Coastal stratigraphic sequences in
low-energy depositional environments can record sudden changes
in relative sea level (RSL) during coseismic deformation of the
coast, sometimes in combination with widespread sand beds
deposited by tsunamis accompanying large subduction zone
earthquakes (Atwater, 1987; Dura et al., 2016; Engel et al., 2020).
Anomalous sand beds deposited by tsunamis can also be preserved
onshore in the absence of evidence of vertical deformation of the
coast, depending on the proximity of the earthquake source to the
coastline and the coastal morphology and depositional environ-
ments of the region, for example (Cisternas et al., 2017; Dura et al.,
2017; Kelsey et al., 2002; Satake and Atwater, 2007).

Such coastal studies have documented stratigraphic evidence of
great subduction zone earthquakes within tidal marshes in
southern (Cisternas et al., 2005, 2017; Garrett et al., 2015), south-
central (Dura et al., 2017; Ely et al., 2014; Hong et al., 2017), and
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Fig. 1. Index maps, a) Plate-tectonic setting of Chile in western South America, b) Location of the study area in north-central Chile and main tectonic features. The highly coupled
zone of the Chilean subduction zone is between 30°S and 32°S. The 2015 north-central Chile earthquake peak slip (with 1 m contours) is shown offshore in purple (Barnhart et al.,
2016). c) Estimated rupture lengths of the largest historical earthquakes in central and north-central Chile since 1730 CE shown by solid purple (refer to years shown in d) and black
lines - all lengths are inferred except for the 2015 event. Ruptures compiled from Lomnitz (1970), Comte et al. (1986), Beck et al. (1998), Melnick et al. (2009), Udias et al. (2012),
Melnick et al. (2012), Barnhart et al. (2016), and Cisternas et al. (2017). d) Summary of historical and paleoseismic evidence for ruptures along the north-central portions of the
subduction zone over the last ~300 years. Symbols represent historical accounts of damage, uplift, or tsunami height from each of the events. Building damage has not been
compiled for the 2015 earthquake. Squares represent damaged (orange) and destroyed (red) buildings, triangle represents uplift, and circle represents lesser (light blue) and larger
(dark blue) tsunami height measurements at different coastal locations. Historical records summarized by Lomnitz (1970), Cisternas et al. (2005, 2017), and Udias et al. (2012).
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central (Dura et al., 2015; Nentwig et al., 2018) Chile enabling the
development of earthquake histories over multiple earthquake
cycles. However, in north-central Chile, the combination of a semi-
arid, rocky coastline dominated by siliciclastic rather than organic-
rich sediment, and net Holocene RSL emergence has resulted in few
low-energy depositional environments in which to preserve strat-
igraphic evidence of coseismic deformation or tsunami inundation.
Similar challenges in documenting stratigraphic evidence of tsu-
namis have been encountered on other semi-arid to hyper-arid
coastlines (i.e., Northern Chile, Peru, Oman, etc.) (Donato et al.,
2009; Spiske et al., 2013a,b; Soto et al., 2014; Dura et al., 2015;
Leon et al, 2019). Despite these limitations, the recent 2015
tsunami provided an opportunity to investigate the geologic
signature of tsunami inundation along the coastline of north-
central Chile, and served as a guide for locating sites that may
contain longer records of past tsunami inundation of this coast.

Here, we present the first compelling stratigraphic evidence of
pre-2015 tsunami inundation along the coast of north-central Chile.
In Pachingo marsh (30.3°S), we employ sedimentological, dating
(37Cs and 2'°Pb), geochemical, and historical analyses, as well as
tsunami flow inversion to compare the 2015 tsunami deposit to an
older sand bed preserved at the site, and show that the older sand
bed was likely deposited by a comparable or even higher tsunami
than in 2015. Our discovery provides additional insight into the
type of ruptures that create high tsunamis along the north-central
Chile coast and demonstrates how careful site selection and a
multidisciplinary (e.g., stratigraphic, historical, and modeling)
approach may help improve earthquake and tsunami histories
along similar arid subduction zone coastlines.

2. Subduction zone coastal setting
2.1. Earthquake history of north-central Chile

The Chilean subduction zone extends 3500 km along the
western coast of Chile, marking the plate boundary between the
subducting Nazca plate and the overriding South American plate
(Fig. 1a). In north-central Chile, the Nazca plate subducts obliquely
(10-20°-angle from trench-normal convergence) at a rate of
68—80 mm/yr (Métois et al.,, 2013; Pardo et al., 2002). Geodetic
studies show that north-central Chile lies within a highly coupled
portion of the Chilean subduction zone between two small asper-
ities at ~30°S and ~32°S (Fig. 1b; Métois et al., 2013). Three earth-
quakes with approximately similar along-strike rupture extents
have occurred along the same portion of the subduction zone in
1880 (M ~7.7),1943 (My, 7.9), and 2015 (M,y 8.3; DeMets et al., 1994;
Beck et al., 1998; Heinze, 2003; Saillard et al., 2009; Métois et al.,
2013; Soto et al., 2014; Barnhart et al., 2016). However, the down-
dip slip distributions of the 1880, 1943, and 2015 earthquakes
likely differed (Tilmann et al., 2016). The relatively low (<4 m) and
localized tsunami heights associated with the 1880 and 1943
earthquakes, respectively, suggest that they lacked sufficient
shallow slip to produce a widespread tsunami. In contrast, the final
rupture phase of the 2015 earthquake occurred on the shallowest
part of the plate interface, resulting in relatively high (>4 m) and
widespread tsunami heights in north-central Chile (Tilmann et al.,
2016). Historical accounts indicate that tsunamis occurring in 1730
and 1922 CE were comparable in height to the 2015 tsunami and
caused similar impacts to north-central Chile (Lomnitz, 1970);
however, both previous earthquakes were centered largely on parts
of the subduction zone either south of 32°S (1730, M,, > 9; Carvajal
et al., 2017b) or north of 30°S (1922, M 8.5—8.6; Métois et al., 2013;
Carvajal et al., 2017a; Kanamori et al., 2019) (Fig. 1c).
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2.2. Pachingo marsh

We studied Pachingo marsh (30.3°S, 71.7°W) in southern Ton-
goy Bay, one of the few low-energy, organic-rich depositional en-
vironments in the region with the potential to preserve tsunami
deposits (Fig. 2). The marsh is approximately 0.3 km?, lies between
about 0.5 and 1.0 m above modern mean sea level (MSL; all ele-
vations that follow are relative to mean sea level), and is covered by
a mono-dominant community of Sacocornia fruticose, a coastal
plant typical of semi-arid to arid coastal environments (Muscolo
et al, 2014). A ~75-m-wide beach bordered by a ~2.0-m-high
berm separates the marsh from the bay. An unpaved road (0.69 m
elevation) runs parallel to the shoreline at the transition between
marsh and beach environments (Fig. 2c). In the western portion of
the marsh, the ephemeral Pachingo River flows south to north. The
river is sourced in the coastal range that lies ~30 km inland and
dams in the western portion of Pachingo marsh forming a basin
without an outflow to the bay (Fig. 3a; Soto et al., 2014). The pooling
of the Pachingo River has allowed a low-energy marsh dominated
by fine-grained sediment to form along a coastline otherwise
dominated by high-energy sandy environments.

A series of Pleistocene and Holocene marine terraces and beach
ridges characterize the landscape surrounding Pachingo marsh.
They partially record the complex interaction of past sea-level
highstands and long-term tectonic uplift over the last 700,000
years (Ota and Paskoff, 1993; Saillard et al., 2009; Soto et al., 2014).
The most recent marine terrace lies at 2.7 m and was formed during
the mid-Holocene sea-level highstand that occurred in the region
~6000 cal yr BP (Ota and Paskoff, 1993; Garrett et al., 2020).

Previous studies conducted near Pachingo marsh show that the
area was likely a shallow intertidal environment for thousands of
years following the highstand, when sea level was over 2 m higher
at the site, and has undergone significant environmental changes
due to long-term tectonic uplift and sea-level fall during the late
Holocene (Ota and Paskoff, 1993). At a coring site ~50 m east of
Pachingo marsh (site location on Fig. 2a), May et al. (2013) report
geochemical evidence of marine mollusks in a basal sand dated to
~1000 cal yr BP, followed by a gradual decrease in marine influence
at the site. Additional radiocarbon ages from the most seaward
beach ridge east of our coring site (Ota and Paskoff, 1993) suggest
that there was a seaward shift of the shoreline of ~100 m after
500 cal yr BP. This shoreline shift restricted the flow of the
ephemeral Pachingo River and initiated the formation of a brackish,
back-barrier environment which gradually evolved into the stable,
low-energy freshwater environment found at Pachingo marsh
today (May et al., 2013).

The modern climate in north-central Chile is semi-arid (<70 mm
of rainfall per year) and characterized by prolonged multi-year
droughts or extremely rainy seasons, which can cause flooding
and debris flows in rivers and ephemeral streams (Pfeiffer et al.,
2011). Tongoy Bay is wave-dominated and microtidal with a
mixed semidiurnal regime and a maximum tidal range of about
1.8 m during spring tides (tidal range of 1.12 m between MLLW-
MHHW) as measured by the Chilean Hydrographic and Oceano-
graphic service (SHOA) at a tide gauge installed in 2018 at Puerto
Aldea (~4 km west of Pachingo; Fig. 2a).

The wave climate offshore of Tongoy Bay is mainly controlled by
austral winter swells emerging from extratropical cyclones, which
propagate from the South Pacific Ocean towards the Chilean coast
(Beya et al.,, 2016, 2017). However, due to the northward-facing
orientation of Tongoy Bay and the natural shelter provided by the
Punta Lengua de Vaca peninsula to the west (Fig. 2a), waves
approaching the bay from the south experience strong diffraction
resulting in lower than average wave heights (Beya et al., 2016,



J.M. DePaolis, T. Dura, B. Maclnnes et al.

Quaternary Science Reviews 266 (2021) 107052

71"3‘6‘ 0w
[ TI (690 ka)
[ Tl (321 ka)
W TIll (232 ka)
W TIV (123 ka)
W TV (6 ka) Tongoy
@ Cenozoic Basin sediment Bay
[ Coastal Cordillera

a

Lengua
de Vaca

+430°16’0"S

71°34'20" W

Tongoy Bay

308 @

Pachingo
marsh

© Modern surface sample transect

1] O 2015 tsunami deposit and older sand bed
% @ Only older sand bed

|8 E

7132 0" W

Tongoy—

b T@?W.Bayw e 1904-19139

<%l pachingo
o marsh o4 s

71°34'10” W

30°18'10” S

5221
2215 | e :
2221 o
: Holocene
Terrace

Fig. 2. a) Tongoy Bay and the Pachingo marsh located in north-central Chile <50 km south of the coastal town of Coquimbo. The marsh is bordered by Pleistocene-Holocene aged
marine terraces (TV: 6 ka; TIV: 123 ka; TIII: 232 ka; TII: 321 ka; TI: 690 ka; Ota and Paskoff, 1993; Saillard et al., 2009, May et al., 2013). The tide gauge was located in Puerto Aldea
(black square), b) Map of the Pachingo marsh from 1904 to 1939 CE (map source: Carta N° 53, Departamento de Navegacion). The actual field site with sample locations (as shown in
c) is marked by a black box. c) Satellite Google Earth Pro, 2014 Digital Globe imagery of the Pachingo marsh. The coastal road is highlighted with an orange line. Described and
sampled locations were made in three transects (A-A’, B—B/, C—C’) perpendicular to the coast, shown by white dashed lines. Green circles are indicating where modern beach
sediments were sampled along the A-A’ transect. Sample locations are labeled where the 2015 sand deposit and older sand bed are present (white circles) and where only the older

sand bed is present (red circles).

2017). Swells arriving at Tongoy Bay from the north during the
austral summer (between December and February) are usually
associated with lower wave heights (Beya et al., 2016, 2017). One of
the largest coastal storms to strike north-central Chile in recent
times occurred on August 8, 2015, when a combination of large
wind waves (up to 7.2 m measured at a buoy off the coast of Val-
paraiso (33°S); Winckler et al., 2017), meteotsunamis (i.e. atmo-
spherically induced tsunami-like waves), strong winds (110 km/h),
and atmospherically-driven storm surges produced extreme
flooding and coastal erosion along ~500 km of coast between
Coquimbo and Bucalemu (34.5°S; Bahlburg et al., 2018; Carvajal
et al., 2017c). A comparison of the satellite imagery of Pachingo
marsh prior to the August 2015 extreme storm (Fig. 3a), shortly
after the storm but before the September 2015 tsunami (Fig. 3b),

and after the September 2015 tsunami (Fig. 3¢, S3) shows that the
storm caused minimal coastal erosion and no inundation or sedi-
ment deposition into Pachingo marsh.

2.3. Effects of the September 16, 2015 tsunami at Pachingo marsh

The largest instrumentally observed amplitude during the 2015
tsunami was recorded by the tide gauge closest to Pachingo marsh
(Coquimbo, ~45 km to the north) with three tsunami waves
reaching over 4 m and subsequent waves reaching 2 m throughout
a full tidal cycle (Contreras-Lopez et al., 2016). According to
Barnhart et al. (2016), the coastline along Pachingo marsh experi-
enced vertical displacement of 5—10 cm. At our coring sites in the
eastern part of Pachingo marsh, tsunami heights of up to ~3.5 m and
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Fig. 3. Satellite Google Earth Pro, 2014 DigitalGlobe imagery of (a) Pachingo marsh on September 2014, (b) after the August 2015 large storm surge, and (c) after the September 2015
tsunami. A photograph of the browned vegetation from can be found in the supplementary materials (Fig. S3).

an inland inundation extent of >300 m were measured by enough sediment was removed to connect the river and Tongoy Bay
Contreras-Lopez et al. (2016). Satellite imagery shows significant for ~3—4 months before the coast recovered (Fig. 3). The imagery
erosion at the mouth of the Pachingo River following the tsunami; also shows erosion and inundation of the beach and road bordering
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the eastern part of Pachingo marsh and sediment deposition and
browned vegetation within the marsh (Figs. 4 and S3).

3. Approach and methods

To reconstruct the history of tsunami inundation at Pachingo
marsh, we sampled 49 pit and gouge core locations along three
coast-perpendicular transects (A-A/, B—B’, C—C’; Fig. 2c). We
focused the bulk of our field descriptions and laboratory analysis on
transect A-A’, which extends ~400 m inland from the shoreline and
consists of 13 pits and cores spaced ~10—20 m apart (Fig. 2c). In the
field, we described stratigraphy including color (Munsell soil color
charts, 1975), sharpness of upper and lower contacts, and lithology
and organic content using the Troels-Smith method for describing
sediment (Nelson et al., 2015; Troels-Smith, 1955). We determined
the locations and relative elevations of pits and cores using a dif-
ferential GPS (Trimble, model R8). Elevations were then tied to our
estimate of MSL at Puerto Aldea, determined by a portable acoustic
tide gauge. Our estimate was then tied to the SHOA tide gauge that
was installed later in 2018 at Puerto Aldea (Fig. 2a). Due to the
relatively short period of recording of our tide gauge, we estimate
an uncertainty of +8 cm in the tie between our measurements and
the MSL determined by the SHOA tide gauge.

3.1. Grain size analysis

To characterize the grain size distributions of the 2015 tsunami
sediment and older sediment at the site, we conducted high-
resolution (i.e., 1-cm) grain size analysis on locations representa-
tive of site stratigraphy (locations 2, 5, and 9 along transect A-A’;
Figs. 2c and 5a). We also conducted bulk grain size analysis on
anomalous sand beds from all other locations along transects A-A’,
B—B’, and C—C'. To evaluate a potential source of tsunami sediment,
we collected surface sediment samples (top 2 cm) along a coast-
perpendicular beach transect adjacent to Pachingo marsh
(Fig. 2¢). Using pre-tsunami imagery, we targeted parts of the beach
where tsunami erosion appeared minimal and collected 15 surface
samples that spanned the intertidal to supratidal zone.

We treated sediment samples with hydrogen peroxide (30%
concentration) to remove organic material. Using a Malvern Mas-
tersizer 3000 laser-particle size analyzer we performed grain size

—
3 SRR ey A
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analysis on the remaining inorganic material for each grain size
sample (Donato et al., 2009). We calculated sample statistics using
the GRADISTAT statistical software package using the Wentworth
phi scale (Blott and Pye, 2001). We used mean grain size, sorting,
skewness, D10 (the diameter where 10% of the sample volume is
composed of smaller grains than the reported particle size), and
D90 (the diameter where 90% of the sample volume is composed of
smaller grains than the reported particle size) to characterize
modern beach sediment and pit and gouge core sediment.

3.2. PAM cluster analysis

Partitioning Around a Medoid (PAM) cluster analysis (Kaufman
and Rousseeuw, 1990) was used to resolve whether the older
sand bed is more similar to the 2015 tsunami sediment or the basal
sand in Pit 2 (Fig. 6). Grain size data (percent abundance per size
category) were first used to calculate z-scores as a way of stan-
dardizing the dataset through assessing the number of standard
deviations a value is from the mean. PAM cluster analysis was then
performed using the cluster package in R (Maechler et al., 2005)
following Kemp et al. (2012) and Pilarczyk et al. (2016). PAM cluster
analysis generates silhouette plots that range in width from —1
(perfectly incorrect assignment to a particular cluster) to 1 (perfect
assignment to an appropriate cluster). We used a three-cluster
scenario representing the three main stratigraphic units (2015
tsunami sediment, organic silt, and basal sand) to test which unit
the older sand bed is most similar to.

3.3. Dating

To constrain the age of the older sand bed, we used Cesium
(137Cs) and Lead (*1°Pb) dating methods. Subsamples for the anal-
ysis were taken at 1-cm intervals throughout a monolith repre-
sentative of site stratigraphy from location 5 (Fig. 7). The dating
methods used to constrain the ages of the sand deposits were also
used to calculate a sedimentation rate for Pachingo marsh. The sand
beds were not used in the rate calculation because they likely
represent an instantaneous influx of sediment rather than an
accumulation over time.

As a byproduct of fission reactions, 1’Cs (t;» = 30.1 years) is a
dateable anthropogenic radionuclide produced by hydrogen bomb

Fig. 4. a) Photograph of sediments at location 2 along transect A-A’ with stratigraphy labeled. Unit contacts are outlined in dashed white lines. Dense Sacocornia sp. roots and stems
are found at the top of the stratigraphy labeled “Marsh surface”, b.) Photograph of sediments at location 5 along transect A-A’ in Pachingo marsh with stratigraphy labeled. Unit
contacts are outlined in dashed white lines. Dense Sacocornia sp. roots and stems can be seen at the surface.
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Fig. 5. a) Coast perpendicular elevation profile along transect A-A’ (see Fig. 2c for profile location) with detail of the Pachingo marsh stratigraphy. Sample locations along the
transect are labeled and locations chosen for detailed analysis (2, 5, and 9) are in bold. Locations where the 2015 tsunami deposit and the older sand bed are present in stratigraphy
(white circles) and locations where only the older sand bed is present (red circles) are marked. Modern sediment surface samples are shown with green circles (MI-MI5). The beach
berm and coastal road are labeled. Elevations are relative to mean sea level (MSL). b) Thickness of deposit (cm), c) mean grain size (in phi; greater phi value = smaller grain size), and
d) D10 (diameter at which 10% of a the sample volume is composed of smaller grains; in phi) are plotted for both the 2015 sand bed (solid line with circles) and older sand bed
(dashed line with triangles). The red, solid, vertical line depicts the inland extent of the 2015 tsunami continuous deposition, e) Flow speed results using locations 1, 2, 3, 4, 5, and 7
from transect A-A’ are plotted for both the 2015 tsunami deposit (solid line) and the older sand bed (dashed line). The gray envelope represents the uncertainty of the flow speed
values at each location.
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Fig. 7. Photograph of sediment monolith from location 5 used for geochronology,
stratigraphic column of sedimentary units, and down-core activity (dpm/g) of excess
20pp (green circles - alpha; blue squares - gamma) and "*’Cs (orange triangles). Li-
thologies are explained in Figure 5. The down-core peak of *’Cs (corresponding to
~1963 CE) and depth of no measurable *’Cs (corresponding to ~1952 CE) are indicated
by arrows. Additionally, an arrow pointing to the depth of no measurable excess 2'°Pb
data (below ~0.42 m MSL) indicates the year ~1900 CE. Pieces of scoria, which may be
debris from a railroad bed dating back to ~1862 CE, were found just below, within, and
above the older sand bed. The depth ranges of the 2015 tsunami deposit and older sand
bed are shaded with light gray.

testing and deposited across the globe beginning November 1952
and peaking in 1963. The 37Cs is significantly less detectable in the
southern hemisphere due to reduced hydrogen bomb testing ac-
tivities, but this method can be used to date sediment deposited
~60 years ago (Corbett and Walsh, 2015). Following Corbett and
Walsh (2015), we use 1950 as the onset of 13Cs and 1963 as the
peak in *’Cs in our sedimentation rate calculations.

As a naturally occurring radioisotope, 21°Pb (t;, = 22.3 years) is
a product of the Uranium-238 decay series and is continually being
produced in the atmosphere and on Earth's surface (Corbett and
Walsh, 2015). Lead-210 is a useful tracer for dating sediment up
to ~110 years old (or approximately five half-lives). 21°Pb, *?Ra
(e.g., supported 21°Pb), and ¥’Cs activities were determined by
gamma spectroscopy on a low-background, high-efficiency, high-
purity Germanium detector. Samples were initially dried, homog-
enized by grinding, packed into standardized vessels, and sealed
before counting for at least 24 h. Activities were corrected for self-
absorption using a direct transmission method (Cable et al., 2001).
Excess 21%Pb activities were determined by subtracting total 1°Pb
from that supported by 22°Ra, determined via 2'4Pb and 2Bi.
Analysis of 21°Pb was also achieved by alpha spectroscopy following
Nittrouer et al. (1979). The supported 21°Pb activity by this method
was assumed to be equal to the uniform background activity found
at depth.

To better understand the geomorphological evolution of the site
over centuries, we examined historical maps of Pachingo marsh
dating back to 1889 (SHOA chart N° 53). The maps provided a
means to investigate the previous location of river channels, beach
width, and land use history at Pachingo marsh, allowing us to put
previous potential inundation of the marsh by tsunamis into
context of historical shoreline change.
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3.4. Geochemical analysis

To understand the environmental changes that have occurred at
Pachingo marsh over the last few centuries and investigate the
potential for coseismic land-level change at the site, we analyzed
the total organic carbon (TOC) content, the ratio of organic carbon
to total nitrogen (C:N), and stable carbon isotope (>C) composition
of the organic matter in a core from location 9 (Fig. 8). Variations in
these parameters can be used to track the sources of organic matter
at Pachingo marsh (reviewed by Woodroffe et al., 2010 and Khan
et al., 2015). At Pachingo marsh, we predict that lower wt% TOC
and C:N ratios (5—10) would reflect a greater contribution of
organic matter, while higher wt% TOC and C:N ratios (>15) would
reflect a greater contribution of terrestrial and/or freshwater
derived organic matter. More negative >C would reflect more
organic matter from terrestrial C3 plants and freshwater algae (>C
values —28 to —22%o), while less negative values would indicate a
greater contribution from terrestrial C4 plants (1>C values —17
to —9%o) or marine organic matter (—25 to —18%o). C3 and C4 plants
utilize the C3 and C4 photosynthetic pathways, respectively. Today
the vegetation of Pachingo marsh is dominated by Sarcocornia
fruticose, a halophytic C3 plant that accounts for more than 95% of
the ground cover (Farina et al., 2018).

We subsampled a core from location 9 (Fig. 8) at 2-cm intervals
in homogenous sediment and at 1-cm intervals 5 cm above and
below the older sand bed. From each subsampling location we
transferred ~3 cm? of sediment to a 50 mL centrifuge vial and fol-
lowed the methods of Woodroffe et al. (2010) to measure TOC, C:N,
and 3C.

Samples were analyzed using an Elementar vario isotope
elemental analyzer coupled to an Isoprime 100 continuous flow
isotope ratio mass spectrometer in the Department of Geoscience
at Virginia Tech. Stable carbon isotopic compositions were cali-
brated relative to the VPDB scale using the international standards
IAEA CH-6 (—10.449%0) and IAEA CH-7 (—32.151%0) and a com-
mercial standard Elemental Microanalysis wheat flour (—27.21%o).
Precision for the 8'3C measurements was determined to be within
+0.1%0 (10) based on replicate measurements of calibration
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Fig. 8. Photograph of the core from location 9 used for geochemical analysis, strati-
graphic column of units from location 9, organic carbon to total nitrogen ratio (C/N)
plot, total organic carbon (TOC) plot, and '3C plot Lithologies explained in Fig. 5.
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standards and samples. Total nitrogen and organic carbon contents
of each sample were determined using the area of the N, and CO,
peaks measured by the elemental analyzer calibrated to size series
of acetanilide elemental standards. The nitrogen and carbon con-
tents of acetanilide and wheat flour standards, spaced throughout
the analytical runs and not used in the calibration, were within 5%
from their reported contents. Precision of the nitrogen and carbon
elemental analyses was determined to be better than 0.1% and 0.2%
wt% (10), respectively, based on replicate measurements of cali-
bration standards and samples.

3.5. Tsunami flow inversion

To understand the flow characteristics of the 2015 tsunami at
our site and compare them to potential tsunami-flow conditions
that affected the site in the past, we used the TSUnami FLow
INversion from Deposits model (TSUFLIND from Tang and Weiss,
2015, Fig. 5e). TSUFLIND is a model that takes field and laboratory
observations of a known or inferred tsunami deposit as input to
estimate the flow speed, offshore wave amplitude, Froude number,
and flow depth of the tsunami that created the deposit (Tang and
Weiss, 2015). We focused on the flow speed output of TSUFLIND
to compare the relative size of the 2015 tsunami with the older
tsunami candidate identified at the site.

Inputs to the model include grain size, topographic data, and
deposit thicknesses from both sand beds at sampling locations
along transect A-A’ (Tang and Weiss, 2015). We considered several
assumptions that the TSUFLIND program requires: 1) the sediment
must be deposited from suspended load (evidence of upward fining
of sediment must be present), 2) there is a pattern of landward
fining of the sediment, and 3) the topography of the study site does
not have significant relief (Tang and Weiss, 2015).

The 2015 deposit and the older sand bed satisfied the assump-
tions of the model, which allowed us to run TSUFLIND for both sand
beds independently. We used locations 1, 2, 3, 4, 5, and 7 for
modeling because locations inland of 7 varied too greatly in
elevation (Fig. 5a, c).

3.6. Tidal modeling

In order to investigate the influence of the tidal stage on tsunami
inundation heights at the time of past tsunami arrivals, we esti-
mated the tide levels during four candidate historical tsunamis that
may have deposited the older sand bed at our site (1730, 1880, 1922,
and 1943; Fig. S7). We first searched and analyzed published
literature and historical documents to estimate the UTC time of the
historical earthquakes that generated tsunamis. Then, we recon-
structed the historical tide levels during each earthquake by
applying a harmonic analysis to recorded, modern sea level data
using the T-Tide MATLAB toolbox (Fig. S7; Pawlowicz et al., 2002).
The recorded sea level data was one-year-long and spanned from
July 2018 to July 2019 at the Puerto Aldea tide gauge. In particular,
we used T-Tide to extract the amplitudes and phases of the major
harmonic constituents recorded from the data and then used them
to reconstruct the tide levels at the time and date of the candidate
historical tsunamis (Fig. S7). We validated the tidal model by
comparing modeled tidal time series with available tidal records on
other temporal windows.

4. Results
4.1. Site stratigraphy

We observed four main lithostratigraphic units (units 1, 2, 3, 4)
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and two distinct, anomalous sand beds in the Pachingo marsh
stratigraphy (Figs. 5a and 6, S1-S2; grain size results for locations 5
and 9 can be found in the supplementary material). A compact, gray
(5Y 5/1) very fine sand (unit 1; mean = 4.01 ¢; D10 = 9.85 ¢)
containing very little organic material uniformly underlies the
marsh sediment between 0.04 and 0.54 m. Exploratory cores and
pits show that the basal sand extends well below 0.04 m. In
seaward locations (e.g., locations 2 and 5), the basal sand contains
large (>3 cm) whole, articulated shells as well as many fragments
(<1 cm) of shells. A 0.10—0.15 m thick light brown (7.5 YR 5/4) silt
(unit 2; mean = 7.31 ¢; D10 = 10.00 o) overlies the basal sand in
most parts of the marsh. Unit 2 contains sparse humified organic
matter. Beds of discontinuous gray (5Y 6/1) silt (<6 cm thick;
mean = 5.62 ¢; D10 = 9.21 ¢) and gray (5Y 6/1) sandy silt (<2 cm
thick; mean = 2.58 ¢; D10 = 4.15 ¢) are interbedded within the
lower portions of unit 2 in some locations (Fig. 5a, S1). A
0.05-0.10 m thick, brown (7.5 YR 4/3) organic silt (unit 3;
mean = 7.45 ¢; D10 = 9.89 ¢) overlies unit 2. It is distinguished
from unit 2 by its darker color and the presence of visible plant
fragments and roots (5—10 mm long). A 0.01—0.04 m thick, dark-
brown (7.5 YR 3/2), rooted, silty organic mat (unit 4; mean = 7.35
¢; D10 = 9.85 ¢) is found consistently at all locations along transect
A-A’ above the brown organic silt (unit 3).

We mapped two distinct anomalous sand beds along transects
A-A’, B—B’, and C—C’: the 2015 tsunami deposit and an older sand
bed interbedded within unit 2 (Figs. 2¢, 4 and 5, S1-S2). A laterally
continuous sand bed deposited by the 2015 tsunami is found be-
tween 0.50 and 0.78 m and extends ~275 m inland (measured along
transect B—B’) and ~275 m laterally (Fig. 2¢). The sand bed varies in
thickness from 20 to <1 cm, is composed of fine-to medium-
grained, moderately sorted, micaceous, gray-brown (2.5Y 5/1) sand
(mean = 2.07 ¢; D10 = 1.30 ¢), and thins and fines landwards. Grain
size samples taken at 1 cm vertical intervals from the 2015 sand bed
at locations 2 and 5 show upward fining and an increased fine
fraction towards the top of the sand bed (Fig. S1, S2). The 2015
tsunami deposit flattened and buried the surface of Pachingo
marsh, creating the distinctive dark-brown, rooted, silty organic
mat (unit 4) described above.

An older sand bed interbedded within unit 2 is found between
0.28 and 0.73 m and extends ~400 m inland and ~250 m laterally
(Figs. 2c and 5). The older sand bed varies in thickness from 15 to
<1 cm, is composed of fine-to medium-grained, poor to moderately
sorted, micaceous, gray-brown (2.5Y 5/1) sand (mean = 1.96 o;
D10 = 3.32 o), and thins and fines landwards. Grain size samples
taken at 1 cm vertical intervals from the older sand bed at locations
2, 5, and 9 show upward fining and an increased fine fraction to-
wards the top of the sand bed (Fig. S1-S2).

Both sand beds are distinct from their under- and over-lying
units due to their greater mean grain size, low organic content,
characteristic sharp (1—3 mm) or eroded lower and upper contacts,
and fining upwards grain size trends. Both sand beds thin and fine
landwards and are laterally continuous over hundreds of meters.
However, the older sand bed extends >125 m farther inland than
the 2015 tsunami deposit (Figs. 2c and 6). PAM cluster analysis on
Pit 2 sediment grouped 2015 tsunami sediment and the older sand
bed together (Cluster 1; Fig. 7b) and grouped these sand beds
separately from other units (average silhouette width = 0.51).
Cluster 1 (C1; average silhouette width = 0.69) consisted entirely of
2015 sediment and those from the older sand bed. Cluster 2 (C2;
average silhouette width = 0.42) consisted of organic silt layers
from units 2 and 3; while Cluster 3 (C3; average silhouette
width = 0.22) generally consisted of basal sand (unit 1) with a
minor contribution of organic silt intervals from below the older
sand bed.
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Modern surface samples (M1—M15) collected from subtidal,
beach, and beach ridge environments adjacent to Pachingo marsh
were composed of gray (5Y 6/1) to gray-brown (2.5Y 5/1), poorly to
moderately sorted, micaceous, fine-to medium-grained sand
(mean = 1.70 ¢; D10 = 1.02 ¢), with the lowest elevation subtidal
and beach samples containing a higher fine-sand component
compared to higher elevation beach and beach berm samples (e.g.,
M1 sampling location D10 = 1.22 ¢ and M13 sampling location
D10 = 0.67 ¢; Fig. 4a, 4c-d).

4.2. Dating the older sand bed using 37Cs, 2!°Pb, scoria, and
historical maps

Our ¥7Cs and 2'° Pb dating results constrain the timing of the
deposition of the top 21 cm of sediment (between 0.42 and 0.62 m
at location 5) in Pachingo marsh (Fig. 7). A peak of ¥’Cs 5—6 cm
below the surface (between 0.57 and 0.58 m) corresponds to a
depositional age of ~1963 CE, while no *’Cs present below 9 cm in
the core (0.54 m) corresponds to the depositional age of 1952 CE.
Assuming continuous sediment accumulation in the marsh, we
calculate an average sedimentation rate of ~0.12 cm/yr between the
near-surface marsh sediment and the peak in *’Cs (~0.11 cm/yr)
and between the near-surface sediment and the absence of 13’Cs in
the core (~0.13 cm/yr). Based on this accumulation rate, the top
13 cm of sediment (between 0.42 and 0.62 m; excluding the
thickness of the sand beds) was deposited in the last ~110 years (i.e.,
after 1910 CE). This is consistent with low-level 21°Pb alpha activity
between 21 and 25 cm depth in core (between 0.38 and 0.42 m)
suggesting that sediment above this depth was deposited after
~1900 CE. Assuming this sedimentation rate applies to the depth of
the basal sand, we can constrain the age of the onset of back-barrier
fine sediment deposition in the marsh to ~1800 CE (~220 years BP;
Fig. 7).

To further constrain the timing of deposition of the older sand
bed, we investigated 1—3 cm diameter scoria fragments found just
below, within, and above the sand (Fig. 7). We tracked the source of
the scoria to a railroad bed, depicted on historical maps, that was
under construction starting in 1862 (Astaburuaga, 1899) and in
operation by 1867 (Long, 1930). Historical maps show the railroad
running south of the site and crossing the Pachingo River to a
copper smelter waste site in northeast Tongoy Bay, which was in
operation between 1839 and the late 1880s CE (Figs. 2b, S4, and S5;
Long, 1930). We identified the old railroad bed with scattered
railroad nails and scoria pieces where the historical maps depict the
railroad. We infer that the scoria was used to support the railroad
bed and was likely washed into the river or terrace adjacent to
Pachingo marsh, and then transported into the marsh by infre-
quent, heavy, localized river flooding or tsunamis, providing an
additional maximum age constraint of 1862 CE for the deposition of
the upper ~20 cm of sediment.

Historical maps depicting Tongoy Bay and Pachingo marsh in
1889—1904 (Fig. S4) and 1904—1939 (Fig. S5) show a marsh similar
to that of today for at least the last ~130 years. The older map shows
Pachingo marsh covering a similar area to the modern marsh
extent, however, the Pachingo River is connected to Tongoy Bay,
suggesting that the fluvial geomorphology and influence of coastal
water was different at that time. The main river channel is in about
the same position, suggesting it has not migrated recently; how-
ever tributaries are shown on the map that are not present in the
modern marsh. This observation suggests that the marsh has been
influenced by fluvial channel migration, which may have deposited
some of the discontinuous coarse silt and fine sand layers that we
observed in locations 2, 3, 4, 5, 7, and 213 (Fig. 2¢). The map from
1904 to 1939 shows a very similar geomorphology to that of today.
The river, like today, does not connect to Tongoy Bay, but instead
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pools at its terminus (Figs. 2b, S5). Using our 3’Cs and 2'° Pb dating
results and historical analyses, we conclude that the environment
and geomorphology of Pachingo marsh was not significantly
different when the older sand bed was deposited (Figs. S4-S6).

4.3. Geochemical analysis

Samples from the basal sand at location 9 (~0.19 m) exhibit low
organic content (TOC = 0.56 wt%), low C:N values (~6.6 and 12.3),
and 3C enrichment (~-17.4 and —19.0%o; Fig. 7) consistent with a
more significant marine influence at the site. Starting ~5 cm below
the older sand (~0.28 m) there is a gradual increase in TOC (from <1%
to >5 wt%) and a gradual fall in 3C values (~-25%o). Over the same
interval, C:N values are variable but are generally higher and average
~10. Overall these patterns likely reflect an increase in the terrestrial/
freshwater contribution to the organic matter at the site.

Between ~0.48 m and ~0.51 m (units 3 and 4), the highest TOC
(5—10 wt%) and C:N values (~12) and the lowest 13C values (~-27%o)
are recorded in the core reflecting the current terrestrial/fresh-
water environment at the site today. Notably, the carbon isotope
compositions of the organic material in the uppermost portion of
the core agree with what would be expected from the dominant
vegetation in Pachingo marsh today: the 13C of Sacocornia fruticosa
found elsewhere has been reported as —28.5%o to —26.0%o (Franca
et al., 2011; Vinagre et al., 2008). We also note there are no major
shifts in TOC, C:N, or '3C values across the older sand bed sug-
gesting there were no distinct environmental changes before and
after sand deposition.

4.4. Tsunami flow inversion

4.4.1. Flow speeds for the 2015 tsunami deposit

Model output for the 2015 tsunami deposit shows a decrease in
flow speed as it moved inland from location 1 (110 m inland) to 7
(221 m inland; Fig. 5e). Model-reconstructed flow speeds were
initially between 3.98 and 5.07 m/s at location 1 and incrementally
decreased inland due to the interaction with marsh vegetation and
loss of momentum. As the flow reached location 4 (171 m inland) it
had already slowed to between 2.63 and 3.31 m/s. By the time the
tsunami inundation reached location 7 it was moving between 1.40
and 1.74 m/s, nearly three times slower than its original speed.

4.4.2. Flow speeds for the older sand bed

Model output for the older sand bed also shows a decrease in
the tsunami flow speed as it moves inland from location 1 to 7.
Speeds were calculated to be between 3.61 and 4.59 m/s at location
1, gradually losing momentum and slowing to between 2.83 and
3.52 m/s at location 4. When the tsunami inundation reached
location 7, it had only slowed to between 2.30 and 2.88 m/s, ~1 m/s
faster than the speed calculated at location 7 for the 2015 tsunami.
With the exception of location 1, all flow speeds calculated for the
older sand bed are faster than the speeds for the 2015 tsunami,
providing a relative comparison in the strength and size of the
tsunamis that deposited these sand beds.

5. Discussion

5.1. The environmental evolution of Pachingo marsh over the last
two centuries

Based on our field observations, laboratory analyses, and his-
torical investigation we reconstruct the depositional environments
represented by the lithologic units at Pachingo marsh and identify
instances of anomalous marine incursions into the site in the last
two centuries. At the base of our seaward sampling locations, we
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observed fragmented and whole articulated shells in the basal sand
that are characteristic of shallow intertidal or open marine envi-
ronments. This is consistent with our geochemical results that
indicate marine conditions prevailing at the base of location 9, as
shown by the low organic content (TOC), low C:N values, and *C
enrichment of the basal sediment. A gradual transition to lower
energy, brackish conditions is reflected by the deposition of finer-
grained material with a higher organic content, a gradual rise in
TOC and C:N values, and a gradual fall in 13C values starting ~5 cm
below the older sand bed. This gradual transition continues until
maximum TOC and C:N values and minimum '3C values are
observed in the top ~5 cm of location 9, reflecting the current
freshwater environment of Pachingo marsh.

The timing of the transition from shallow intertidal conditions
at the base of our locations to a stable, freshwater low-energy
depositional environment is constrained by our *’Cs and 21°Pb
dating, historical maps, and previous studies in the area. Based on
sediment accumulation rates (0.12 cm/yr; Fig. 7) calculated from
the presence of 21°Pb (~1900 CE), the appearance of *’Cs (~1952
CE), and the 3’Cs peak (~1963 CE) from our core at location 5, we
infer that the onset of back-barrier conditions at the base of our
sections occurred ~220 years ago. Our results are supported by
historical maps showing similar marsh morphology at Pachingo in
1889 CE and previous studies that constrained the timing of a
recent ~100 m seaward shift of the shoreline at Pachingo to
sometime after ~500 years (Ota and Paskoff, 1993) and ~1000 years
(May et al., 2013) ago.

We infer that the seaward shift and progradation of the shore-
line over the last ~220 years occurred due to relative sea-level fall
following the mid-Holocene sea-level highstand (Dura et al., 2015;
Garrett et al., 2020), probably with slow tectonic uplift of the coast
(Ota and Paskoff, 1993; Saillard et al., 2009). It has also been sug-
gested that periodic punctuated uplift along the coast during
earthquakes in the late Holocene may have contributed to the
seaward shift of the shoreline (May et al., 2013). However, we do
not find evidence of sudden coastal uplift in Pachingo marsh stra-
tigraphy; the geochemical changes we observe are gradual and not
associated with sand bed deposition, suggesting that they are not
driven by coseismic deformation.

5.2. Evidence for tsunami inundation

Based on our field observations, the 2015 tsunami deposit was
still visible in sample locations across the study site three years
after the tsunami. It had already been buried in some other loca-
tions, which increases the likelihood of long-term preservation.
Thus, the 2015 sand bed is a good modern analog for tsunami
inundation and deposition at Pachingo marsh.

Based on the similarities observed in the spatial extent and grain
size characteristics of the 2015 tsunami deposit and the older sand
bed, we infer a tsunami origin for the older sand bed (Table 1,
Table S1). PAM cluster analysis corroborates this interpretation by
clustering older sand bed samples with 2015 tsunami samples in
cluster 1 (C1), where a relatively high silhouette width (0.69) in-
dicates strong similarity between both units (Fig. 6). Other sand
(e.g., the basal sand) or silty sand (e.g., inferred fluvial sediment)
layers within the stratigraphy clustered separately, suggesting
either a difference in provenance or mechanism of deposition. The
2015 sand bed and older sand bed are both composed of gray,
medium-to fine-grained sand similar to the sand found in the
seaward beach (Fig. 5c and d), consistent with a landward marine
incursion eroding, transporting, and depositing sediment onto the
marsh. Both sand beds display sharp, erosive lower and upper
contacts, are laterally continuous over hundreds of meters, thin and
fine landward, and fine upward (Fig. 5, Table 1). Similar physical
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Table 1
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Comparison of sedimentary, stratigraphic, and modeled characteristics between the 2015 tsunami deposit and the older sand bed.

2015 tsunami deposit Older sand bed

Tsunami criteria

Laterally continuous deposit (inundation >200 m inland)
Upward fining

Landward fining

Landward thinning

Sharp or erosive lower contact (<1—3 mm)
Similar in composition to modern samples
Sand bed characteristics

Coarsest grain size (phi)

Inland extent of overwash sediment (m)
Maximum bed thickness (cm)

Flow speed at location 1 (m/s)

Flow speed at location 7 (m/s)

X X

X X

X X

X X

X X

X X

1.8 1.7

~275 ~400

20 14

3.98 to 5.07 3.61 to 4.59
1.40 to 1.74 2.30 to 2.88

and spatial characteristics have been reported from modern
tsunami deposits described elsewhere in Chile (e.g., Cisternas et al.,
2005; Horton et al., 2011; Garrett et al., 2013; Ely et al., 2014; Dura
et al., 2015), Thailand (e.g., Jankaew et al., 2008; Sawai et al., 2008),
Sumatra (e.g., Kelsey et al., 2015), and Japan (Goto et al., 2011).

We consider the possibility that the older sand bed was
deposited by a coastal storm, as previous studies have noted the
similarities between tsunami and storm deposits (Morton et al.,
2007; Tuttle et al., 2004). Although we cannot rule out the possi-
bility of a coastal storm depositing the older sand bed, we believe a
tsunami is a more likely source for several reasons. First, as pointed
out in Section 2.2, the largest coastal storm in recent times,
occurring on August 8, 2015 (Winckler et al., 2017), did not inun-
date Pachingo marsh (Fig. 3). Based on historical maps that indicate
the geomorphology of the marsh has not significantly changed in
the last ~130 years (Fig. S4-S6), we infer that sand deposition by a
storm during the time period when the older sand bed was
deposited (last ~110 years), is unlikely. Second, the 2015 storm,
despite causing severe damage to coastal infrastructure in other
places along the central Chile coast, only affected a narrow band
along the coastline. Third, Pachingo marsh is naturally protected
from most coastal storms approaching from the southwest or west
due to the north-south trending Punta Lengua de Vaca peninsula
bordering the western side of Tongoy Bay (Fig. 2a). And finally,
because tsunamis triggered by subduction zone earthquakes have
much longer wave periods (102—103 s), they are expected to reach
much further inland, than shorter-period waves (<10 s) associated
with storms (Fujiwara and Kamataki, 2007).

We infer that the discontinuous, thin, coarse silt and fine-
grained sand deposits found below and just above the older sand
bed in the stratigraphy at locations 2, 3, 4, 5, 7, and 213 were pro-
duced by river floods and/or river channel migration at the site.
These relatively thin (<6 cm thick) deposits are similar in compo-
sition to sediment observed in the current Pachingo River channel
and lack the spatial and grain size characteristics of the 2015
tsunami deposit and older sand bed. Furthermore, as noted above,
PAM cluster analysis does not cluster these coarse silt and fine-
grained sand deposits with our inferred tsunami sand beds
(Fig. 6), and therefore indicates a difference in provenance or
mechanism of deposition for these finer sediments.

5.3. Relative size of the tsunamis that inundated Pachingo marsh

To determine the relative size and inland extent of the flow that
deposited the sand beds preserved in Pachingo marsh, we used
field, laboratory, and modeling results to compare sand bed char-
acteristics. Field and laboratory observations show that the older
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sand bed is thicker on average, extends further inland, and is
coarser than the 2015 tsunami deposit (Table 1, Table S1). Because
our historical and dating analyses suggest similar site conditions
within the past ~110 years when the older sand bed was deposited,
we infer that the older sand bed was deposited by a higher and
faster flow than the 2015 tsunami at Pachingo marsh.

Our tsunami flow inversion modeling supports our interpreta-
tion that the older sand bed was deposited by a faster tsunami flow
at this site (Fig. 5e). Model results show that the flow that produced
the 2015 deposit and older sand bed had faster speeds near the
coast and slowed as they progressed inland. This characteristic is
typical of tsunami flow and is the principal process for depositing
sediment out of suspension. However, with the exception of loca-
tion 1, the flow speeds associated with the deposition of the older
sand bed were faster at all sampling locations than the flow speeds
calculated for the 2015 tsunami deposit (Fig. 5e), supporting our
inference that the older sand bed was deposited by a faster flow
than the 2015 tsunami at Pachingo marsh.

Tsunami deposits can undergo post-depositional alteration,
namely erosion, bioturbation, or winnowing of fine sediment that
may result in an under-estimation (due to decrease in thickness) or
over-estimation (due to a loss of fine sediment) of the flow pa-
rameters of the tsunami being modeled (Spiske et al., 2020; Tang
and Weiss, 2015). We consider it unlikely that the older sand bed
underwent significant alteration following deposition. First, the
observed stability of the thickness of the 2015 deposit indicates
favorable conditions for preservation at the site; and second, the
similarity in the grain size distributions of the 2015 tsunami deposit
and the older sand bed suggest that fine sediment was not winn-
owed from the older sand bed after deposition.

5.4. Using historic evidence to constrain possible earthquake
sources for the older sand bed

Based on our maximum scoria-derived age for the deposition of
the older sand bed (~1862 CE), and our *’Cs- and 2'°Pb-derived
maximum age constraints for the older sand bed (last ~110 years),
we consider north-central Chile tsunamigenic earthquakes in 1880,
1922, and 1943 CE as possible candidates for depositing the older
sand bed at the Pachingo marsh (Fig. 7). The tsunami triggered by
the great 1730 earthquake likely inundated the Tongoy Bay area to
significant heights (Fig. 1d), but it is too old to have deposited the
older sand bed. Although far-field tsunamis cannot be ruled out, we
found no sedimentological evidence of any far-field tsunamis. Such
tsunamis generally have much lower amplitudes than local tsu-
namis making them less likely to deposit a widespread bed in
Pachingo marsh (Satake et al., 2020).
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The north-south rupture extents of tsunamigenic north-central
Chile earthquakes in 1880 and 1943 were similar to the 2015 north-
central Chile earthquake (Fig. 1c¢). The August 1880 earthquake (M
7.5 to 8) caused some minor damage to cities in north-central Chile,
but major damage was focused south of Tongoy Bay (Lomnitz,
1970). Tsunami heights reported in 1880 were lower than 4 m,
but accounts are sparse and limited to the Coquimbo area (Fig. 1d).
The 1943 earthquake (M, 7.9) produced building damage further
north than the 1880 earthquake. Although reported tsunami
heights in 1943 were also lower than 4 m, they were more wide-
spread, making it a better candidate for the deposition of the older
sand bed than the 1880 tsunami (Beck et al., 1998; Lomnitz, 1970;
Soto et al., 2014). The 1943 rupture is remarkably similar in north-
south rupture extent to the 2015 earthquake that produced a sig-
nificant tsunami at our site.

Beyond the similarity in north-south rupture extent of the 1943
and 2015 earthquakes, there are major differences that set the 1943
and 2015 earthquakes apart. First, the moment calculated for the
1943 earthquake (6 x 10%° Nm; Beck et al., 1998) is ~4 times smaller
than for the 2015 earthquake (Carrasco et al., 2019; Tilmann et al.,
2016). Second, Tilmann et al. (2016) suggest that the 1943 and 2015
earthquakes had similar down-dip, deep slip, but that the shallow
section of the megathrust fault did not rupture in 1943. As a result,
it had a smaller moment and produced a smaller tsunami than the
2015 earthquake (Carrasco et al., 2019; Tilmann et al., 2016).

We considered the possibility that the tidal stage during the
1880 and/or 1943 tsunamis may have increased inundation height
and extent. However, our tidal modeling indicates that the timing
of the 1880 and 1943 tsunamis did not coincide with the highest
tides, thus it is unlikely that the tides contributed to increased
tsunami heights (Fig. S7). Because historical accounts show that the
1880 and 1943 earthquakes produced relatively smaller tsunami
heights than the 2015 earthquake, at least in the Tongoy Bay region,
it is unlikely that they produced the older sand bed at our site,
which extends ~125 m further inland than the 2015 tsunami de-
posit (Lomnitz, 1970). For this reason, we conclude that the 1880
and 1943 tsunamis did not deposit the older sand bed.

The 1922 CE northern Chile earthquake (M 8.5—8.6) is a better
candidate for the deposition of the older sand bed for several rea-
sons. The 1922 earthquake produced strong shaking and a
destructive tsunami along 400 km of the coast from Chanaral to
Coquimbo (Lomnitz, 1970; Lockridge, 1985). Tsunami heights were
estimated to be between 5 and 7 m above high tide at Caldera and
9 m in Chanaral. At Coquimbo Bay, the tsunami was observed as
many sea-level oscillations, with tsunami heights peaking at 4.6 m
(Aguirre, 1924). In comparison, the tide gauge at Coquimbo during
the 2015 tsunami recorded maximum tsunami heights of ~4.5 m.
This makes the 1922 tsunami a good candidate for the deposition of
a sand bed in the north-facing Pachingo marsh that exceeded the
inland extent of the 2015 tsunami deposit.

In addition, a higher tsunami in 1922 than in 2015 at Pachingo
marsh is consistent with the tsunami amplitudes predicted by a
simple rupture model of the 1922 earthquake based on macro-
seismic data (Fig. S8; Beck et al., 1998). As shown in Figure S8, a
400-km-long elliptical-shape rupture area (magnitude 8.5) facing
the region severely affected by the earthquake shaking, would
produce slightly higher tsunami heights at Pachingo marsh than
those predicted by published slip models of the 2015 earthquake.
Furthermore, our tidal reconstructions (Fig. S7) show that the tide
level during the 1922 tsunami was ~50 cm higher than it was
during the 2015 tsunami; again supporting a greater height and
inundation from the 1922 tsunami at Pachingo than were experi-
enced in 2015. Taking the above evidence into account, and
considering that the time of the 1922 tsunami is consistent with
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our ¥7Cs and 21°Pb dating, we infer that the 1922 tsunami depos-
ited the older sand bed at the site.

5.5. The influence of Holocene relative sea level on the tsunami
record at Pachingo marsh

We attribute the brief tsunami record preserved at Pachingo
marsh to the net emergence of the north-central Chile coast during
the late Holocene (Garrett et al., 2020; Ota and Paskoff, 1993).
Pachingo marsh was a poor recorder of tsunami evidence during
the mid-Holocene highstand (~6000 cal yr BP) due to the shallow
intertidal or open marine environment of the site (represented by
the shell-rich basal sand; May et al., 2013). Following the highstand,
sea-level fall and slow tectonic uplift of the coast resulted in
shoreline progradation at the site (represented by a series of beach
ridges) further limiting the accommodation space necessary to
preserve evidence of past tsunamis (Ota and Paskoff, 1993). Over
the last two centuries, a significant (~100 m) seaward shift in the
shoreline allowed the low-energy, freshwater Pachingo marsh
environment to form, which is favorable to the preservation of
recent tsunami evidence. Similar brief or fragmentary paleoseismic
records attributed to late Holocene sea-level fall have been docu-
mented elsewhere in Chile (Atwater et al., 1992; Dura et al., 2016,
2017; Ely et al., 2014; Nelson et al., 2009). We suggest coastlines
similar to north-central Chile (e.g., Peru, Oman) that are dominated
by siliciclastic sediment may benefit from careful site selection of
rare low-energy depositional environments like Pachingo marsh
that may contain evidence of past earthquakes and tsunamis.

6. Conclusions

We used stratigraphy, lithology, 3’Cs and 2'°Pb dating,
geochemical analysis, historical analysis, and tsunami flow inver-
sion modeling to identify two instances of tsunami inundation at
Pachingo marsh in the last ~110 years. By targeting one of the few
low energy, organic-rich coastal marshes in north-central Chile
inundated during the 2015 tsunami, we were able to identify pre-
vious tsunami inundation of the north-central coast.

We conclude that the older sand bed is a tsunami deposit based
on its similarity in grain size characteristics to the 2015 tsunami
deposit, lateral continuity throughout the site, the upward and
landward fining, and a consistent depth in the stratigraphy. The
older sand bed can be distinguished from the 2015 tsunami by its
farther landward extent and slightly coarser grain size, suggesting
it was deposited by a higher and faster flow at Pachingo marsh. The
greater relative size of the tsunami that deposited the older sand
bed is supported by tsunami flow inversion and tidal modeling,
which show higher flow speeds and depths that deposited the
older sand bed relative to the 2015 tsunami deposit. 13’Cs dating of
Pachingo marsh stratigraphy is consistent with the older sand bed
having been deposited by the tsunami generated by the 1922 CE
earthquake. Historical evidence also suggests that the 1922
tsunami exceeded the size of the 2015 tsunami in Tongoy Bay.

Our identification of the 1922 tsunami deposit and modeling of
its inundation are important for earthquake and tsunami hazard
assessment along the coast of north-central Chile. Due to the lack of
tsunami deposits in this region, hazard assessments for the north-
central coast have been limited by sparse historical records. Hazard
maps that focus only on potential tsunami inundation from rup-
tures adjacent to the north-central Chile coast may significantly
underestimate the hazard. The addition of the 1922 tsunami to the
geologic record of tsunami inundation in this region will improve
hazards assessment in this area and help prepare coastal commu-
nities for future catastrophic earthquakes and tsunamis.
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