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Expanding the stratigraphic record of tsunami inundation along the semi-arid, siliciclastic
coast of north-central Chile

Jessica DePaolis

ABSTRACT

On September 16, 2015, a Mw 8.3 earthquake struck offshore of the north-central Chile coast with
a fault-rupture length of approximately 150 km. The earthquake triggered a tsunami that impacted
500 km of coastline from Huasco (28.5°S) to San Antonio (33.5°S), registering as much as 4.5 m
on the tide gauge at Coquimbo (30.0°S) with run-up heights >10 m at a few exposed locations
between Limari (30.7°S) and Coquimbo. The tsunami provided an invaluable opportunity to
examine the nature of tsunami deposit evidence in a semi-arid, siliciclastic environment, where
settings suitable for the preservation of tsunami sedimentation are scarce, thereby improving our
ability to identify such evidence in the geologic record. Using before-and-after-tsunami satellite
imagery and post-tsunami coastal surveys, we targeted one of the few low-energy depositional
terrestrial environments in the tsunami-affected area that had a high potential to preserve the 2015
tsunami deposit and older events: the Pachingo marsh in Tongoy Bay (30.3°S). We employed field
and laboratory methods to document the 2015 tsunami deposit and discovered sedimentological
evidence of previous tsunami inundation of the site.

The 2015 tsunami deposit and an older sand bed ~10 cm lower in the stratigraphy exhibit
similar sedimentological characteristics. Both sand beds are composed of poorly to moderately
sorted, gray-brown, fine- to medium-grained sand and are distinct from underlying and overlying
organic-rich silty sediments. The sand beds are thinner (from ~20 cm to <1 cm) and finer (from
medium- to fine-grained sand) at more inland locations, and fine upward. However, the older sand

bed extends over 150 m farther inland than the 2015 tsunami deposit. To explore the differences



in the offshore ruptures that generated the tsunamis that deposited each sand bed, we employed an
inverse sediment transport model (TSUFLIND). Our field survey, sedimentological data, and
modeling results infer that the older sand bed preserved at the Pachingo marsh field site was
produced by a larger tsunami than the 2015 tsunami. Anthropogenic evidence (copper smelter
waste) along with Cs*¥” and Pb?'° dating constrains the magnitude and age of the older sand bed
to the last 130 years. Based on historical analysis of recent tsunamis that impacted the Pachingo
marsh region, we infer a widespread tsunami in 1922 is the best candidate for depositing the older
sand bed at our site, providing first geologic evidence of pre-2015 tsunami inundation along the

north-central Chile coast.
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GENERAL AUDIENCE ABSTRACT

On September 16, 2015 a segment of the Chilean subduction zone ruptured off the coast of north-
central Chile producing a magnitude 8.3 earthquake. The earthquake created a tsunami that
impacted 500 km of coastline and created waves measuring 4.5 m on the tide gauge at Coquimbo
(30.0°S) with waves reaching inland to heights >10 m at a few exposed locations. The 2015 event
in north-central Chile provided a unique opportunity to study tsunami deposits in semi-arid, sand-
dominated environment where preservation of tsunami deposits within coastal sediments is rare,
helping improve our ability to identify this type of evidence in the sedimentary record. Using
before-and-after-tsunami satellite imagery and post-tsunami coastal surveys, we targeted a marsh
in the tsunami-affected area that was capable of preserving the 2015 tsunami deposit and older
events: the Pachingo marsh in Tongoy Bay (30.3°S). We employed field and laboratory methods
to document the 2015 tsunami deposit and discovered evidence of previous tsunami overwash at
the site within the sediments of the marsh. Our field work observations and sedimentary data
revealed that in addition to the 2015 tsunami deposit, the site contained an older, anomalous sand
bed that we infer to be a tsunami based on its similarity to the modern deposit at the site. Our
modeling results suggest that the older sand bed was deposited by a tsunami larger than the 2015
tsunami. Based on historical analysis of recent tsunamis that impacted the Pachingo marsh region,
we infer a tsunami in 1922 is the best candidate for depositing the older sand bed at our site. This
discovery provides the first evidence of tsunami sediments from pre-2015 tsunami inundation

along the north-central Chile coast.
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1. INTRODUCTION

The north-central Chile coast lies along a seismically active portion of the Chilean subduction
zone between 30°S and 32°S that has produced multiple >M8 earthquakes over the last few
centuries (Métois et al., 2013). The most recent earthquake in north-central Chile occurred in 2015
(Mw 8.3) and produced a tsunami that affected 500 km of coastline from Huasco (28.5° S) to San
Antonio (33.5° S) (Fig. 1). The highest tsunami run-ups (~10 m) were recorded near Totoral (31°
S), adjacent to the area of largest coseismic slip (Barnhart et al., 2016; Contreras-Lopez et al.,
2016). Historical records document previous earthquakes with similar rupture extents in AD 1880
and 1943 that produced ground shaking in the region, but only produced low tsunamis (<4 m)
(Lomnitz, 1970). The most recent significant tsunami documented in historical records in north-
central Chile was in AD 1922, when a rupture to the north caused a 5-9 m tsunami that affected
400 km of coastline from Huasco to Caldera (27°S) (Lomnitz, 1970; Carvajal et al., 2017a).
Despite the historical accounts of recent seismicity in north-central Chile, records are sparse and
often incomplete, leaving questions about the variability in past rupture location and length, and
the varying size of tsunamis accompanying past ruptures (Dura et al., 2015). In order to assess
hazards thoroughly along the north-central Chile coast, we must identify how often offshore
ruptures and their accompanying tsunamis occur in the region, requiring us to investigate the
geologic record to extend earthquake and tsunami histories back in time.

Paleoseismic methods can be employed to produce geologic datasets of earthquakes and
tsunamis on centennial and millennial timescales, capturing rare but potentially catastrophic events
and improving our ability to assess subduction zone hazards. Coastal sedimentary sequences in
low-energy depositional environments can record sudden changes in relative sea level (RSL)

associated with coseismic and interseismic deformation of the coast, often in combination with



widespread sand beds deposited by tsunamis accompanying large subduction zone earthquakes
(Plafker and Savage, 1970; Atwater, 1987). 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 environments of the region (Kelsey et al., 2002; Cisternas et al., 2005; Satake and
Atwater, 2007; Dura et al., 2017). Paleoseismic studies have documented stratigraphic evidence
of great subduction zone earthquakes in tidal marshes in south (Cisternas et al., 2005, 2017; Garrett
etal., 2015), south-central (Ely et al., 2014; Dura et al., 2017; Hong et al., 2017), and central (Dura
et al., 2015) Chile enabling the development of earthquake histories over multiple earthquake
cycles. However, in north-central Chile, the combination of a semi-arid environment, rocky
coastline dominated by siliciclastic sediments, and net Holocene emergence has resulted in limited
low-energy depositional environments in which to preserve sedimentary evidence of coseismic
deformation or tsunami inundation (Spiske et al., 2013; Soto et al., 2014; Dura et al., 2017). Due
to these limitations, the 2015 tsunami provided an invaluable opportunity to investigate the
geologic signature of tsunami inundation along the coastline of north-central Chile, thereby
improving our ability to identify such evidence in the geologic record.

Here, we present the first stratigraphic evidence of pre-2015 tsunami inundation along the
coast of north-central Chile. Using the stratigraphic and sedimentological characteristics of the
2015 tsunami deposit as comparison, we identified previous tsunami inundation in one of the few

low-energy depositional environments along the north-central Chile coast, the Pachingo marsh
(30.5°S). Our detailed sedimentological, dating (Cs'*” and Pb?'%), geochemical, and historical

analyses, and sediment transport modeling suggest that the older sand bed preserved at the

Pachingo marsh was deposited by a tsunami larger than the 2015 event. Our discovery gives us



additional insight into the recurrence of high tsunamis along the north-central coast, improving our

ability to assess hazards that pose a threat to coastal communities.



2. TECTONIC AND COASTAL SETTING

2.1 Past earthquakes and tsunamis

The Chilean subduction zone extends 3500 km, marking the plate boundary between the
Nazca plate and the South American plate (Fig. 1). In north-central Chile, the Nazca plate subducts
at an angle of 10-20° at a rate of 68-80 mm/yr (Pardo et al., 2002; Métois et al., 2013; Dura et al.,
2015). Geodetic studies show that our study site at the Pachingo marsh lies within a highly coupled
portion of the subduction zone between ~30°S and ~34°S defined as the Metropolitan segment
(Métois et al., 2013). Within the Metropolitan segment, two peaks of higher coupling indicate two
asperities in the south and north separated by a zone of lower coupling at ~32 °S. Each asperity
has experienced recent ruptures in AD 1906 and 1985 (southern) and 1943 and 2015 (northern).
Also within the Metropolitan segment, two major bathymetric features approximately coincide
with regions of lower coupling to the north (Challenger Fracture Zone, 30°S) and to the south (Juan
Fernandez Ridge, ~32°S; Métois et al., 2013; Tilmann et al., 2016). These subducting seafloor
features have been discussed as possible controls on rupture propagation, however recent ruptures
in the region, including the 2015 north-central Chile earthquake, did not extend as far north or
south as these features (Tilmann et al., 2016).

Based on historical accounts and modern observations, the three most recent large ruptures
within the northern portion of the Metropolitan segment occurred in 1880 (M= ~7.7), 1943 (Mw=
7.9), and 2015, (Mw= 8.3; Fig. 1; 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). Of the earthquakes to affect
the northern portion of the Metropolitan segment, the 2015 event produced the highest (>10 m)
run ups and most widespread tsunami, although it is difficult to evaluate tsunami run-up heights

for older events due the sparsely populated coast in this region (Lomnitz, 1970; Contreras-Lopez



et al., 2016). Historical accounts indicate that previous tsunamis comparable to the 2015 event
impacted north-central Chile in AD 1730 and 1922, but they were produced by ruptures mainly
focused to the south (1730, M= ~8.5; Lomnitz, 1970) and the north (1922, M = 8.5-8.6; Fig. 1;

Métois et al., 2013; Carvajal et al., 2017).

2.2 Strategies and challenges for identifying tsunami sediments

Reconstructing the history of tsunami inundation along subduction zone coastlines is based
on the identification of anomalous sand beds in low-energy depositional environments such as salt
and freshwater marshes, interdunal swales, and coastal lakes and lagoons. Through the study of
numerous modern tsunami analogues worldwide, field studies of tsunami deposits have become
more detailed and complex over the last decade (e.g., Bourgeois et al., 1999; Gelfenbaum & Jaffe,
2003; Minoura et al., 1997; Shi et al., 1995). This has advanced research on tsunami deposits from
studies prior to the 2004 Sumatra tsunami that focused on general deposit mapping and limited
grain size analysis (e.g., Shi et al., 1995) to a more refined approach that uses high-resolution grain
size measurements and sediment transport modeling (e.g. Morton et al., 2007) to characterize
tsunami events.

When a tsunami is triggered by a seismic event, long period tsunami waves transport offshore
marine sediment and debris to landward depositional areas (Switzer and Jones, 2008). Heavy
erosion to the beach, dunes, and berms along the immediate shoreline is expected, providing the
source sediment for the overwash. Tsunamis transport near-shore sediment in suspension,
producing laterally extensive sand deposits with upward fining, and landward thinning and fining
characteristics (Morton et al., 2007; Switzer and Jones, 2008). High-energy tsunami inundation

and sediment deposition usually creates distinctive contacts with underlying, pre-tsunami



sedimentary layers with characteristics such as sharp or eroded lower contacts, anomalous marine
sediments, and rip-up clasts (Switzer and Jones, 2008).

Tsunami deposit preservation and identification is most clear in low-energy depositional
environments composed of fine-grained sediments and covered in vegetation, where anomalous
coarse-grained overwash sediments can be quickly covered and protected from erosional surface
processes (Gleason et al., 1979; Morton et al., 2011; Spiske et al., 2013). In such environments,
modern and paleotsunami deposits can be easily distinguished from underlying and overlying
organic, fine-grained sediment. In semi-arid and arid climates dominated by siliciclastic sediment,
limited low-energy depositional environments make preserving and identifying tsunami deposits
challenging. Sand-dominated estuaries and lowlands with sparse vegetation typical of such regions
do not provide the accommodation space necessary to bury and preserve tsunami sediments. Any
coarse-grained overwash sediments that do get preserved are difficult to distinguish from
underlying and overlying sandy sediments in the stratigraphic record (Switzer and Jones, 2008).
Strategies for identifying tsunami deposits in semi-arid and arid climates dominated by siliciclastic
sediment include targeting coastal lakes and lagoons, interdunal swales, and marshy, vegetated
areas along the coast that may provide the necessary accommodation space to preserve overwash
sediment (Jankaew et al., 2008).

Additional challenges in tsunami deposit identification in open coastal settings include
distinguishing anomalous coarse-grained tsunami sediment from storm overwash and fluvial
sediments (Foster et al., 1991; Minoura and Nakaya, 1991; Bryant et al., 1992; Nelson et al., 1996;
Switzer and Jones, 2008). Storm overwash deposits are composed of anomalous marine sand,
exhibit landward fining and thinning, and are laterally continuous, all characteristics of tsunami

overwash deposits (Minoura and Nakaya, 1991; Shi et al., 1995; Dawson et al., 1996; Gelfenbaum



and Jaffe, 2003; Kortekaas and Dawson, 2007; Morton et al., 2007). Both storms and tsunamis
have been known to extend several kilometers inland, arguing that the inland extent of anomalous
sand beds is also not a diagnostic criterion for determining the difference between them (Nott,
2003). One major distinguishing feature to determine the difference between tsunamis and storm
deposits is the lower contact with underlying sediment. Tsunamis can create sharp (<1-3 mm) but
erosive contacts with pre-tsunami sediment often with rip-up clasts present, while storm overwash
sediments create a sharp contact, but fail to cause erosion to the underlying layer (Minoura and
Nakaya, 1991; Nanayama et al., 2000; Dawson and Stewart, 2007).

Ephemeral streams and rivers, common to semi-arid climates, have the potential to undergo
flooding events due to extensive run-off from the highlands where the rivers are sourced, creating
flood deposits in coastal lowlands that may be confused with tsunami deposits (Keefer and
Moseley, 2004; Spiske et al., 2013). However, these fluvially-sourced deposits are generally much
smaller overwash deposits, have finer grain size, and not laterally continuous than their storm and
tsunami overwash counterparts. Moreover, fluvial deposits do not contain landward fining and
thinning characteristics and they do not include anomalous marine sediment making them easy to

distinguish from a true tsunami deposit (Switzer and Jones, 2008).

2.3 Tongoy Bay and Pachingo marsh

The north-central Chile coastline exhibits variable shore morphologies consisting of
ephemeral alluvial valleys and associated estuaries bordered by rocky headlands. Bordering
Tongoy Bay, a series of tectonically elevated Pleistocene and Holocene marine terraces and beach
ridges are bisected by ephemeral stream valleys (Ota and Paskoff, 1993; Soto et al., 2014). There
are five terraces (6 ka, 123 ka, 232 ka, 321 ka, and 690 ka; Fig. 2a) within the field site that formed

within the last 700 ka years related to periods of rapid tectonic uplift (Ota and Paskoff, 1993;



Saillard et al., 2009; May et al., 2013). The steep valleys draining to Tongoy Bay are created by
the net tectonic uplift of the coast from movement along the subduction zone. Additionally, a
secondary fault system (Puerto Aldea Fault and the Pachingo Fault) tectonically raises the
approximately 100 km? central lowland (Tongoy Paleobay) and promotes the valleys’ incision into
the marine terraces (Le Roux et al., 2006; Soto et al., 2014). The semi-arid climate of north-central
Chile is characterized by prolonged multi-year droughts or extremely rainy seasons, which can
cause flooding and debris flows in river and ephemeral stream valleys causing further incision
(Pfeiffer etal., 2011; Soto et al., 2014). The Tongoy Paleobay is composed of Miocene-Pleistocene
units (mudstones, sandstones, coquina, and conglomerates) interpreted as bay-fill sediments of the
Coquimbo Formation formed during a series of transgressions and regressions related to tectonic
and regional RSL changes (Le Roux et al., 2006; Soto et al., 2014).

We focus our study in the Pachingo marsh (30.30°S, 71.75°W) in southern Tongoy Bay, one
of the few low-energy, fine-grained, vegetated depositional environments in the region with the
potential to preserve tsunami sediments (Fig. 2). The Pachingo marsh lies ~100 m from the coast
at ~0.8 m elevation and is composed of fine-grained organic silts covered by dense salt-marsh
vegetation (Salicornia sp.). The marsh and beach are separated by a ~2.0 m-high beach berm and
coastal road that runs parallel to the shoreline about ~75 m from the coast. To the west of the
marsh, the ephemeral Pachingo River flows south to north. The river is sourced by the coastal
range that sits ~30 km inland, but because rainfall is very low in this region (~7.0 cm of annual
rainfall) the river pools west of our field site behind the coastal berm and does not ordinarily reach
Tongoy Bay (Soto et al., 2014). The modern Tongoy Bay is wave dominated and microtidal (Great
Diurnal tidal range of 1.5 m between MLLW-MHHW) as measured by the Chilean Hydrographic

and Oceanographic service (SHOA) at Coquimbo.



2.4 September 16, 2015 tsunami effects at the Pachingo marsh

On September 16, 2015, 500 km of the north-central Chilean subduction zone ruptured
triggering a tsunami that affected the coast between the cities of Huasco and San Antonio
(Contreras-Lopez et al., 2016). At Pachingo, the tsunami eroded much of the modern beach and
berm and created a large overwash deposit on the marsh (Fig. 3). The tsunami transported and
deposited sediment in a landward thinning sheet with thickness ranging from ~20 cm near the
coastal road to <1 cm roughly ~225 m inland. Aerial photos show that post-tsunami the coastal
road was indistinguishable from the erosion and there was heavy overwash into the marsh (Fig. 4).
The rooted marsh vegetation was strong enough to withstand the event, but was folded inland
parallel to tsunami flow direction. Multiple waves were recorded, but none were observed due to
evacuation of the coastal area after the earthquake (Contreras-Lopez et al., 2016). The first wave
arrived shortly after low tide and secondary waves sustained significant amplitudes for almost one
full tidal cycle (Contreras-Lopez et al., 2016). The erosion at the mouth of the Pachingo River
removed enough sediment to connect the river and Tongoy Bay for a short time (~4-6 weeks)

before the coast recovered.

2.5 August 8, 2015 storm effects along the central coast of Chile

During EI Nifio events, open coastal settings along the Pacific coast of Chile are susceptible
to large surges. Waves may reach 5-6 m on average during these events (May et al., 2013). On
August 8, 2015 a storm coinciding with high tide created a large surge along ~500 km of coast
between Coquimbo (30.0°S) and Bucalemu (34.5°S). Abnormally high (10 m) waves and high
(~110 km/h) winds produced deadly flooding and extreme coastal erosion (Carvajal et al., 2017b;
Bahlburg et al., 2018). However, aerial photo comparison of coastal erosion between the August

2015 storm surge and September 2015 tsunami shows that the erosion from the storm surge was

9



not as destructive as the tsunami (Fig. 4). However, the large storm surge potentially eroded much
of the beach which made erosion from the tsunami waves more intense. This comparison suggests
that even the largest observed storm surges that have affected our site are not capable of

transporting sediment into the inland marsh environments.
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3. APPROACH AND METHODS

In order to document the history of tsunami inundation of the Pachingo marsh, we described
hand-dug pits and gouge cores at 38 locations throughout the site (Fig. 2c). Pits and gouge cores
were completed in coast perpendicular and coast parallel transects to characterize the lateral extent
of tsunami overwash deposition from 2015 and older sand beds. In the field, we recorded detailed
descriptions of the stratigraphy including color (Munsell soil color charts, 1975), sharpness of
upper and lower contacts, depth, grain size, and estimates of the proportion of sand, silt, clay, and
organics using the methods by Troels-Smith (Nelson et al., 2015). We determined the locations
and relative elevations of pits and cores using a differential GPS (Trimble, model R8). Elevations
were then tied to a tidal datum measured with a portable acoustic tide gauge. The tide gauge was
installed in Puerto Aldea on a concrete staircase at the end of a dock. It was set on 2 July, 2018
and left to record continuously for 24 hours. We used tidal predictions from the TPXO8-Atlas tidal
model to match with our tide gauge observations in order to determine elevation of the tide gauge
relative to local mean sea level (MSL), and tied our pit and core locations to that elevation (Egbert
et al., 1994; Egbert and Erofeeva, 2002; Ely et al., 2014).

We focus the bulk of our 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). This transect
is representative of the thickness of the 2015 tsunami overwash deposit and the underlying
sediments that are throughout the Pachingo marsh. We collected sediment from locations along
this transect to perform grain size, geochemical, and dating analyses in the lab. Monolith or core
samples were taken from locations 2, 5, and 9 and bulk sediment samples from locations 1, 3, 4,

7, 8, 213, 214, 215, and 216. Bulk samples from anomalous sand beds were also taken from all

11



locations along transects B-B’ and transect C-C’ to explore the spatial variability of possible

overwash sediments at our site.

3.1 Grain size analysis

In order to characterize the sand deposits, identify fining upward sequences commonly
found within tsunami deposits, and draw comparisons between the sand deposits, we ran high-
resolution grain size analysis on select locations representative of site stratigraphy (locations 2, 5,
and 9), and bulk grain size analysis on the anomalous sand beds from all other locations along
transect A-A’ (1, 3, 4, 7, 8, 213, 214, 215, and 216) and transects B-B’ and C-C’. We digested the
organic material in each sample using hydrogen peroxide (30% concentration). Using a Malvern
Mastersizer 3000 laser-particle size analyzer we performed grain size analysis on the remaining
inorganic material for each sample (Donato et al., 2009). We use the Wentworth Phi scale for grain
size and calculated statistics including mean grain size, sorting, skewness, and kurtosis using the
GRADISTAT statistical software package. We further compare the grain size between the 2015
and older sand bed using D10 (the diameter where 10% of the sample’s volume is comprised of
smaller grains) and D90 (the diameter where 90% of the sample’s volume is comprised of smaller

grains).
3.2 Dating

To constrain the age of the older sand bed, we used Cesium (Cs**") and Lead (Pb?'%) dating
methods. A monolith from location 5 was used for analysis because the older sand bed is thick (~5
cm) at this location and stratigraphy is representative of the characteristics of the sediments
throughout the site.

As a byproduct of fission reactions, Cs'®" (t1»=30.1 years) is a dateable anthropogenic

radionuclide produced by hydrogen bomb testing that occurred from November 1952 until 1963.

12



Nuclear weapon testing added Cs**’ to the atmosphere therefore detection of Cesium in Northern
hemisphere sediments due to fallout is typical between 1953 and 1963. A similar timeline of testing
is present in the Southern hemisphere, however, Cs*' is significantly less detectable due to reduced

137

testing activities as compared to the northern hemisphere. Therefore, Cs*' can be used to date

sediments ~60 years ago.

As a naturally occurring radioisotope, Pb?! (t1,=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). Uranium-238 decays to Radium-226, which produces a short-lived
parent isotope Radon-222 that decays to Pb?°. Lead is a useful tracer for dating sediments up to

100 years (or roughly 5 Pb?*0 half-lives).

3.3 Geochemical analysis

To investigate the potential for coseismic land-level change at our site and understand general
past environmental changes, we used geochemical analysis techniques to explore the organic

content of the stratigraphic units. We employ total organic carbon (TOC), the ratio of organic
carbon to total nitrogen (C/N), and stable organic isotopes (613C) to understand how the organic
content of the silt deposits might be changing before and after the older sand bed. 513C can give
insight into the paleoenvironmental conditions at a coastal site due to the large variation in the &
C13 signature provided by C3 v C4 plant species. C3 (6130 values ranging from -28%o t0 -22%o)
plants inhabit a more brackish to freshwater environment while C4 (613(: values ranging from -

17%o t0 -9%0) plants populate saltmarsh and more marine-influenced environments (Woodroffe et

al., 2010).
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We subsampled a core from location 9 at 2 cm resolution in homogenous sediment and at 1
cm resolution 5 cm above and below the older sand bed. From each subsampling location we
transferred ~3 cc of sediment to a 50 mL centrifuge vial. Each vial was filled with ~30 mL of
deionized water and a vortexer was used to completely mix the sediment and water. After mixing,
the vials were placed in the centrifuge to separate water from sediment, excess water was removed,
and the vials were filled with more deionized water. This process was repeated three times in order
to rinse the saltwater from the sediment. Once the last vial was drained of excess water, all sample
vials were placed into the oven at 50°C until the samples were completely dried. The dried
sediment was individually ground to a fine powder using a mortar and pestle to completely
homogenize each sample, with careful consideration to thoroughly clean each piece of equipment
between each sample to avoid cross contamination. Homogenized samples were weighed to 0.500
mg using a microbalance and each sample placed into a tin capsule and folded tightly using forceps
to remove all air. The sample capsules were then placed into a mass spectrometer for analysis

(Woodroffe et al., 2010).

3.4 Tsunami modeling

In order to better understand the hydrodynamics of tsunami inundation at our site and compare
the 2015 tsunami deposit to older sand beds, we used an inverse sediment transport model for
tsunami flow inversion of deposits (TSUFLIND). TSUFLIND is a model that takes field and
laboratory observations of a known or inferred tsunami deposit as input and inversely calculates
the flow speed, offshore wave amplitude, Froude number, and flow depth of the wave that created
it (Tang and Weiss, 2015). For this study, we focus on the flow speed output of TSUFLIND as a

means to compare the relative size of the 2015 tsunami and previous tsunamis that may have
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affected our site. We ran the model on locations 1, 2, 3, 4, 5 and 7 for both the 2015 deposit our
candidate older tsunami deposit.

Inputs to the model included our grain size results, topographic data, and deposit sediment
thicknesses from both sand deposits along transect A-A’ (Tang and Weiss, 2015). To use
TSUFLIND to interpret our results, we considered several assumptions that the program requires:
1) the sediment must be deposited in suspended load (evidence of upward fining of sediment must
be present), 2) there is a pattern of landward fining of the deposit sediments, and 3) the topography
of the study site does not have large changes in relief (Tang and Weiss, 2015). The first assumption
implies that sediments were deposited by a wave rather than a fluvial source. Waves create less
friction and deposit sediment while it settles from suspension, while fluvial sources typically
deposit in bedload. The second assumption implies the deposit exhibits landward fining
characteristics within the sediments, a property of both storm and tsunami deposits. The third
assumption is specific to the study site and implies that the topography sustains consistent
elevation because any large changes in elevation between sample locations will create wave
backflow calculations.

The 2015 deposit and the older sand bed were able to pass assumptions which allowed us to
run TSUFLIND for both deposits independently of each other. The first and second assumptions,
requiring sediments to be deposited in a suspension load and fine landward, are easily met by the
2015 tsunami deposit since these are both observable characteristics of tsunamis (Morton et al.,
2007; Switzer and Jones, 2008). The third assumption assumes a relatively flat land surface with
no sharp changes in topography that could affect modeling forward flow and backflow of the wave.
We used locations 1, 2, 3, 4, 5, and 7 for modeling because locations beyond 7 varied too sharply

in elevation. The older sand bed also met the first and second assumptions easily. Fining upwards
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is specific to suspended load sediments which we observed in the sediment of the older sand bed
(Morton et al., 2007). The sand bed also displayed characteristics of fining landward. To
understand how topography of the Pachingo marsh has changed from modern day to the time of
deposition of the older sand in order to meet the third assumption, we employed the historical maps
of the site dating back to 1889. The maps were crucial in understanding the development of the
geomorphology of the Pachingo marsh over the last ~150 years. We were able to observe some
tributary migration, but no major changes to the landscape of the site. Therefore, we assume that
the topography has not undergone significant changes between the time of deposition of the older
sand bed and the deposition of the 2015 tsunami deposit. With this third assumption met we were
able to proceed with using TSUFLIND to compare wave velocity of the events producing the 2015

deposit and the older sand bed.
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4. RESULTS

4.1 General site stratigraphy

We observed four main lithostratigraphic units (units 1, 2, 3, 4) and two distinct, anomalous
sand beds in the Pachingo marsh stratigraphy. A compact, gray basal sand (unit 1) containing very
little organic material uniformly underlies the marsh sediments between 0.10 and 0.58 m MTL.
The base of the basal sand is unknown, but cores and pits show that it extends well below 0.10 m.
A 0.10-0.15 m thick light brown organic silt (unit 2) overlies the basal sand in most parts of the
marsh. Unit 2 contains sparse humified organic matter. A 0.05-0.10 m thick brown organic silt
(unit 3) 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, rooted, silty organic
mat (unit 4) is found consistently at all locations in transect A-A’ above the dark brown organic
silt (unit 3).

We document two distinct anomalous sand beds interbedded within and above units 1-4. A
laterally continuous sand bed deposited by the 2015 tsunami extends ~225 m inland and 150 m
laterally and is found between 0.507 and 0.843 m MTL. The deposit varies in thickness from 20
to <1 cm and is composed of fine- to medium-grained sand. The 2015 tsunami deposit flattened
and buried the vegetated (Salicornia sp.) Pachingo marsh surface, creating the distinctive dark
brown, rooted, silty organic mat (unit 4) described above. In the same portion of the marsh, we
document an older sand bed that is interbedded within unit 2. The sand bed extends ~400 m inland
and 150 m laterally and is found between 0.34 and 0.79 MTL. The older sand bed varies in
thickness from 15 to < 1 cm and is composed of fine- to medium-grained sand. Both sands are
distinct from their under- and over-lying units due to their absence of organics and characteristic

sharp (<1-3 mm) or eroded lower contacts, larger mean grain size, and vertical fining upwards
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sequences. Both sand beds fine and thin landwards and are laterally continuous over hundreds of
meters. We performed detailed grain-size analysis at three locations representative of site
stratigraphy (locations 2, 5, and 9) that contained both the 2015 sand deposit and the older sand
bed (locations 2 and 5) and only the older sand bed (location 9) (Table 1).

We note the presence of discontinuous, silt (<6 cm) and sandy silt (<2 cm) deposits
interbedded within the lower portions of unit 2 in some locations. A gray silt was observed at

locations 2, 3, 4, 5, 7, and 213. A gray sandy silt was observed at location 5.
4.2 High-resolution grain size analysis

4.2.1 Location 2

The basal sediments of location 2 (0.50 - 0.51 m MTL) are composed of gray, poorly to
moderately sorted, micaceous, fine- to medium-grained sand (unit 1; mean = 3.88 ¢; D10 = 7.20
¢; Fig. 6) and contain little organic material. The basal sand contains large (>3 cm) whole,
articulated shells as well as many fragments (<1 cm) of shells.

Between 0.50 — 0.58 m MTL, a light brown organic silt overlies the basal sand (unit 2; mean
=7.57 ¢; D10 = 10.52 ¢). The unit contains sparse humified organic matter with a slight increase
in the organic content towards the top of the unit. A ~1 cm thick gray silt (mean = 5.52 ¢; D10 =
8.96 ¢) is interbedded within unit 2 at ~elevation 0.53 m MTL.

At 0.58 m MTL, a sharp contact separates unit 2 from the older sand bed, a 9 cm thick, gray-
brown, poorly to moderately sorted, micaceous, fine- to medium-grained sand (mean = 1.79 ¢;
D10 =2.56 ¢). A lack of organic material, coarser mean grain size, and a decreased fine fraction
distinguishes the older sand bed from under- and overlying sediments. Nine grain size samples
taken at 1 cm vertical intervals show upward fining and an increased fine fraction towards the top

of the sand bed.
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A sharp contact separates the older sand bed from the overlying unit 2 at 0.67 m MTL. At
0.72 m MTL, unit 2 transitions to a brown organic silt (unit 3; mean = 7.52 ¢; D10 = 10.33 ¢).
Unit 3 is distinguished from unit 2 by its darker color, an increase in humified organic matter, and
the presence of visible plant fragments and roots (5-10 mm long).

At 0.75 m MTL, a 1 cm thick, dark brown, rooted, silty organic mat (unit 4; mean = 7.61 ¢;
D10 =10.39 ¢) overlies unit 3. The rooted organic mat represents the pre-2015 tsunami vegetated
marsh surface.

At 0.76 m MTL, a sharp contact separates unit 4 from the 2015 tsunami deposit, a 7 cm thick,
gray-brown, poorly to moderately sorted, micaceous, fine- to medium-grained sand (mean = 2.07
¢; D10 =2.98 ¢). A lack of organic material, coarser mean grain size, and a decreased fine fraction
distinguishes the 2015 tsunami deposit from underlying sediments. Seven grain size samples taken
at 1 cm vertical intervals show upward fining and an increased fine fraction towards the top of the

sand bed.

4.2.2 Location 5

The basal sediments of location 5 (0.31 — 0.33 m MTL) are composed of gray, poorly to
moderately sorted, micaceous, fine- to medium-grained sand (unit 1; mean = 2.11 ¢; D10 = 3.50
¢; Fig. 7) and contain little organic material. The basal sand contains large (>3 cm) whole,
articulated shells as well as many fragments (<1 cm) of shells.

Between 0.39 and 0.52 m MTL, a light brown organic silt overlies the basal sand (unit 2; mean
=6.57 ¢; D10 = 9.64 ¢). The unit contains sparse humified organic matter with a slight increase
in the organic content towards the top of the unit. Unit 2 is interrupted by a small (2 cm thick),

gray sandy silt (mean = 2.59 ¢; D10 = 4.15 ¢). It was only observed at location 5 in transect A-A’
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as well as locations 208 and 209 within the transect B-B’. Two gray silt layers (mean = 5.04 ¢;
D10 = 8.06 ¢) are also interbedded within unit 2 at ~0.40-0.45 m MTL and ~0.47-0.48 m MTL.

At 0.52 m MTL, a sharp contact separates unit 2 from the older sand bed, a 5 cm thick, gray-
brown, poorly to moderately sorted, micaceous, fine- to medium-grained sand (mean = 1.96 ¢;
D10 =3.32 ¢). A lack of organic material, coarser mean grain size, and a decreased fine fraction
distinguishes the older sand bed from under- and overlying sediments. Five grain size samples
taken at 1 cm vertical intervals show upward fining and an increased fine fraction towards the top
of the sand bed.

A sharp contact separates the older sand bed from the overlying unit 2 at 0.57 m MTL. Another
~1 cm thick gray silt is interbedded with unit 2 at 0.58 m MTL. At 0.59 m MTL, unit 2 transitions
to a brown organic silt (unit 3; mean = 7.94 ¢; D10 = 10.58 ¢). Unit 3 is distinguished from unit 2
by its darker color, an increase in humified organic matter, and the presence of visible plant
fragments and roots (5-10 mm long).

At 0.64 m MTL, a 3 cm thick, dark brown rooted, silty organic mat (unit 4; mean = 7.61 ¢;
D10 =10.48 ¢) overlies unit 3. The rooted organic mat represents the pre-2015 tsunami vegetated
marsh surface.

At ~0.66 m MTL, a sharp contact separates unit 4 from the 2015 tsunami deposit, a ~1.5 cm
thick, gray-brown, poorly to moderately sorted, micaceous, fine- to medium-grained sand (mean
= 2.066 ¢; D10 = 1.300 ¢). A lack of organic material, coarser mean grain size, and a decreased
fine fraction distinguishes the 2015 tsunami deposit from underlying sediments. Two grain size
samples taken at 0.5 cm vertical intervals show upward fining and an increased fine fraction

towards the top of the sand bed.
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A monolith from location 5 was used for Cs™” and Pb?'° dating because its stratigraphy is

representative of the major sedimentary units within the Pachingo marsh.

4.2.3 Location 9

The basal sediments of location 9 (0.20 — 0.25 m MTL) are composed of gray, poorly to
moderately sorted, coarse-grained silt (unit 1; mean = 5.08 ¢; D10 = 7.25 ¢; Fig. 8) and contain
little organic material. There were no shells found within the basal sediment at this location.

Between 0.25 and 0.39 m MTL, a light brown organic silt overlies the basal sediment (unit 2;
mean = 6.58 ¢; D10 = 8.58 ¢). The unit contains sparse humified organic matter with a slight
increase in the organic content towards the top of the unit.

At 0.39 m MTL, a sharp contact separates unit 2 from the older sand bed, a 3 cm thick, gray-
brown, poorly to moderately sorted, micaceous, fine-grained sand (mean = 4.47 ¢; D10 = 8.19 ¢).
A lack of organic material, coarser mean grain size, and a decreased fine fraction distinguishes the
older sand bed from under- and overlying sediments. Two grain size samples taken at 1 cm vertical
intervals show upward fining and an increased fine fraction towards the top of the sand bed.

A sharp contact separates the older sand bed from the overlying unit 2 at 0.42 m MTL. At
0.48 m MTL, unit 2 transitions to a brown organic silt (unit 3; mean = 6.96 ¢; D10 = 8.73 ¢). Unit
3 is distinguished from unit 2 by its darker color, an increase in humified organic matter, and the
presence of visible plant fragments and roots (5-10 mm long).

At 0.56 m MTL, a 4 cm thick, dark brown rooted, silty organic mat (unit 4; mean = 6.82 ¢;
D10 =8.71 ¢) overlies unit 3. At this location the densely rooted organic mat is at the marsh surface
due to only trace amounts of the 2015 tsunami overwash deposition being present.

Location 9 was also used for geochemical analysis where sediment samples were taken at 1

cm vertical intervals.
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4.3 Modern surface grain size sampling

Modern surface samples (M1-M15) collected from subtidal, beach, and beach ridge
environments adjacent to the Pachingo marsh were composed of gray to gray-brown, poorly to
moderately sorted, micaceous, fine- to medium- grained sand (average = 2 ¢), 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 = 1.222 ¢ and M13
sampling location D10 = 0.665 ¢; Fig. 5). The mineralogy, grain size, and color of the 2015

tsunami deposit and older sand bed correspond with the modern beach sand characteristics.
4.4 Cs'¥ and Pb?'°dating

Our Cs*¥” and Pb?1 dating results constrain the timing of the deposition of the top ~20 cm of
sediment in the Pachingo marsh to the last ~120 years (Fig. 9). We observe a peak of Cs'3 between

4.5 and 6.5 cm depth at location 5 (sediment age ~AD 1963), with no Cs** present below 8 cm

(sediment age ~AD 1950). Assuming steady state accumulation in the marsh, then we can calculate

an accumulation rate of ~0.12 cm/yr for the two time horizons represented by the peak in Cs*’

137

and the absence of Cs™" in the core. Based on this accumulation rate, the top 12 cm of sediment

were deposited post-AD 1920, including the older sand bed. Pb?° activities are low and difficult
to interpret, but the presence of low-level Pb?%0 activity at 16-19 cm depth suggests that sediments

above this depth were deposited after ~AD 1900.

137

The low amounts of Cs**’ and minimal changes in Pb?° with depth made interpreting the core

D10very difficult. Due to this difficulty, we used scoria found in the stratigraphy at a few locations
to provide an additional constraint on the age of the sediments in the marsh. The scoria is

interpreted to be sourced from a nearby copper smelter in operation between 1839 and late 1880s.

22



The scoria was found in and below the older sand bed giving us an initial age constraint of
deposition to the mid 1800s and older.
4.5 Geochemical analysis

The geochemical results from location 9 exhibit low organic content (TOC = 0.56 wt%) and
low C:N values (~5), and 813C enrichment (~-12 %o) of the basal sediments (unit 1) at ~0.23 m
MTL (Fig. 10). There is a gradual increase in TOC (~5 wt%) and C:N values (~10), and a gradual
fall in 13C values (~-25 %o) at ~0.38 m MTL, starting ~5 cm below the older sand bed. Within

the older sand bed (0.40 m MTL) there is a spike in the C:N values (24) which could be reflecting

the presence of woody debris (lignin) in the sand. Between ~0.54 m and ~0.57 m MTL (units 3

and 4), the highest TOC (5-10 wt%) and C:N values (~12) and the lowest 513C values (~-27 %o)

in the core. We note there are no major shifts in TOC, C:N, or 613C values across the older sand

bed suggesting there is no signature of distinct environmental changes before and after sand
deposition.
4.6 Tsunami modeling

We incorporated our detailed grain size results from the two anomalous sand beds present at
our site into the inverse tsunami model (TSUFLIND) to calculate flow speed at locations 1-7 along
Transect A-A’ (Fig. 11). Both sand beds satisfied the assumptions required to apply the

TSUFLIND model and were run independently of each other.

4.6.1 Flow speeds for the 2015 tsunami deposit

To establish the wave characteristics of a known tsunami inundation event first, we ran

TSUFLIND for the 2015 tsunami deposit. Model output for the 2015 tsunami deposit shows a
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decrease in flow speed of the wave as it moves inland from location 1 to 7. Speeds are initially
~4.8 m/s at location 1 and incrementally decrease as marsh vegetation and loss of momentum slow
the wave. As the wave reaches location 4 it has already slowed to ~3.5 m/s. By the time the wave

reaches location 7 it is moving at ~2.5 m/s, about half of its original speed.

4.6.2 Flow speeds for the older sand bed

Model output for the older sand bed shows a decrease in the wave flow speed as it moves
inland from location 1 to 7. Speeds range from ~5 m/s at location 1, gradually losing momentum
and slowing to ~4.3 m/s at location 4. When the wave reaches location 7, it has only slowed to
~3.6 m/s, more than 1 m/s faster than the speed calculated at location 7 for the 2015 tsunami. All
flow speeds calculated for the older sand bed are observably higher than the speeds for the 2015
event, helping us to understand the relative comparison in strength and size of the waves that

produced these sand beds.
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5. DISCUSSION

5.1 Late Holocene environmental evolution of the Pachingo marsh

The stability of the Pachingo marsh over the last few centuries has made it one of the only
low-energy depositional environments in north-central Chile with the potential to preserve tsunami
overwash deposits. Based on our field observations, laboratory analyses, historical investigation,
and previous studies at coastal sites in Tongoy Bay (Ota and Paskoff, 1993; May et al., 2013), we
interpret the sedimentary sequence preserved above the basal sand as representing a shift from a
marine to freshwater depositional environment in the Pachingo marsh over the last ~200 years. At
the base of our locations, we observed fragmented and whole articulated shells in the basal sand
that are characteristic of sublittoral environments, suggesting an open marine environment in the

past. 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 513c

enrichment of the basal sediments. We see a gradual transition to lower energy, brackish conditions

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 513C values starting below the older sand bed. This

gradual transition continues until maximum TOC and C:N values and minimum 813C values are

observed in the top ~5 cm of core 9, reflecting the current freshwater environment of the Pachingo
marsh.

The timing of the deposition of sediments typical of low-energy sedimentary environments at
the Pachingo marsh is constrained by our Cs**’ and Pb?!° dating, the presence of scoria in the
stratigraphy, and historical maps of the area (Fig. 2). Our Cs'3" and Pb2!° results show that

sediments above the basal sand were deposited in the last ~200 years, based on sediment
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accumulation rates calculated from the presence of Pb?!® at ~20 cm depth (~AD 1890), the
appearance of Cs'%’ at 8 cm depth (~AD 1950), and the Cs**" peak at 4.5 and 6.5 cm depth (~AD

1963). The presence of 1-3 cm diameter scoria pieces found just below, within, and above the older
sand bed in the Pachingo marsh stratigraphy provide an additional maximum age constraint for the
deposition of the top ~20 cm of sediment of ~AD 1870. We tracked the source of the scoria to a
railroad depicted in historical maps (Fig. 2; railroad in operation starting in AD 1869) running
south of the site and crossing the Pachingo River via bridge to a copper smelter waste site on
northeast Tongoy Bay, which was in operation between AD 1834 — late 1880s. While this railroad
does not exist today, we discovered the old train track bed with scattered railroad nails and scoria
pieces where the historical maps show the railroad. We infer that the scoria was likely spilled by
the train into the Pachingo marsh, and then transported across the marsh by infrequent, heavy,
localized flooding or tsunami overwash events.

The historical maps depicting Tongoy bay and the Pachingo marsh in 1889-1904 and 1904-
1939 show a marsh environment at our site similar to that of today for at least the last 130 years.
The oldest map shows the Pachingo marsh similar to the modern marsh, however the Pachingo
River connects to Tongoy Bay, suggesting that the fluvial geomorphology and coastal water
influence was slightly different in the past. The main channel does not show significant differences
in location, suggesting it has not migrated in the more recent past, however there are tributaries
that are observed on the map, but not at the modern marsh. This observation suggests that the
marsh has been influenced by fluvial channel migration in the past which may create the
discontinuous coarse silt and fine sand layers similar to those that we observed in isolated
locations. The map from 1904-1939 features very similar geomorphology to the current marshland.

The river, like today, does not connect to Tongoy Bay, but instead pools at its terminus (Fig. 2a).
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Our environmental interpretations and our inferences about the timing of sediment deposition
in the Pachingo marsh are consistent with the findings of (May et al., 2013) that reported
geochemical evidence showing marine mollusks present in the basal sand at a site ~50 m east of
the Pachingo marsh, followed by a gradual transition to a brackish and then freshwater
environment. Radiocarbon ages from the basal sand presented by (May et al., 2013) and from the
most seaward beach ridge east of our coring site presented by (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
initiated brackish, back-barrier conditions and eventually the freshwater conditions that exist in
the Pachingo marsh today (May et al., 2013).

We infer that the seaward shift and progradation of the shoreline over the last ~500 years
occurred due to net local RSL fall during that time period driven by RSL fall following the mid-
Holocene sea level highstand (Dura et al., 2015) and slow tectonic uplift of the coast (Ota and
Paskoff, 1993). It has also been suggested that periodic punctuated uplift along the coast caused
by earthquakes in the late Holocene may have contributed to the seaward shift of the shoreline
(May et al., 2013), but we do not find evidence of sudden coastal uplift in the Pachingo marsh
stratigraphy; the geochemical changes we observe are gradual and not associated with sand bed

deposition, suggesting they are not driven by coseismic deformation.

5.2 Evidence for tsunami inundation

The 2015 event provided an opportunity for establishing the characteristics of tsunami
deposition at the Pachingo marsh and acted as an example for comparing the older sand bed. Based
on the similarities observed in grain size characteristics between the 2015 tsunami deposit and the
older sand bed, we infer a tsunami origin for the older sand bed at our site in the Pachingo marsh.

Both sand beds were composed of anomalous marine sand, contained little to no organic material,
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displayed sharp or erosive lower and upper contacts, were similar in composition to the modern
beach surface sediment, were laterally continuous, thinned landward, and fined upward and
landward.

We observed the 2015 tsunami deposit and the older sand bed as fine-grained, micaceous,
anomalous sands that are distinct from the over- and underlying sediment due to lack of organic
content. The lower contacts of these sand beds are consistent with a sudden event rather than a
gradual transition of environment. Comparison of the grain size shows a similarity in mean of both
deposits which also matches the mean of the modern surface samples collected (Fig. 5). This match
suggests that the anomalous marine sand from both deposits were sourced by the subtidal, beach,
and beach ridge environments that were eroded and subsequently transported into the Pachingo
marsh. Both sand beds are laterally continuous and exhibit fining upward and fining and thinning
landward trends typical of tsunami and storm deposits rather than fluvial origin (Switzer and Jones,
2008). We consider the possibility of the older sand bed being deposited by a storm surge, but
because the older sand bed extends ~175 m past the extent of the 2015 tsunami deposit, and one
of the largest storms to affect the Chilean coast (section 2.5) in August 2015 did not inundate the
marsh, we infer sand deposition by a storm surge is unlikely in the Pachingo marsh (Fig. 4). This
is further supported by historical maps that depict a similar geomorphology of the lowland for at
least the last 130 years, suggesting any storm surges over that time had similar difficulty in
breaching the coastal beach ridges and inundating the marsh.

We infer that the discontinuous, thin coarse silt and fine-grained sand deposits found below
and just above the older sand bed in stratigraphy at locations 2, 3, 4, 5, 7, and 213 were produced

by storms and/or channel migration at our site. These small (<3 cm thick) layers are not part of the
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anomalously coarse, laterally continuous sand beds we document and are similar in composition

to sediments in the current Pachingo River channel.

5.3 Relative size of the tsunamis preserved at the Pachingo marsh

To determine the relative size of the waves that deposited the inferred tsunami sands preserved
in the Pachingo marsh, we used our field, laboratory, and modeling results to compare the
characteristics of the deposits (Table 2). Our field observations show that the older sand bed is
thicker, extends farther inland, and covers a wider area of the marsh. Our detailed grain size
analysis shows that the older sand bed is coarser at all but one location. These observations suggest
that a larger wave compared to the 2015 tsunami deposited the older sand bed preserved at the
Pachingo marsh.

Our inverse modeling results support our interpretation of the older sand bed being deposited
by a larger wave at our site. Model results show that waves producing both the 2015 deposit and
the older sand bed were faster towards the coast and slowed as they progressed inland. This
characteristic is typical of a tsunami wave and is the principal process for depositing sediments in
suspension. However, the flow speeds associated with the deposition of the older sand bed are
faster than the flow speeds associated with the 2015 tsunami deposit. This result suggests that the

tsunami that deposited the older sand bed in the Pachingo marsh was larger than the 2015 tsunami.

5.4 Constraining possible earthquake candidates with historic evidence

Based on our maximum scoria-derived age for the deposition of the older sand bed (~AD

1870), and the age constraint for the older sand bed (>AD 1920) calculated from the appearance

137

and peak of Cs*°’ activity, we consider north-central Chile tsunamigenic earthquakes in AD 1880,

1922, and 1943 as the best candidates for depositing the older sand bed at our site (Fig. 12). We

also consider the earthquake and tsunami in AD 1730 as a candidate because it was a large, regional
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event that impacted the Tongoy Bay area, although it is likely too old to have deposited the older
sand bed.

Tsunamigenic north-central Chile earthquakes in 1880 and 1943 had similar north-south
rupture extents to the 2015 north-central Chile earthquake. The August 1880 Illapel earthquake
(M 7.5 to 8) caused some minor damage to cities in north-central Chile, but major damage was
focused on cities south of Tongoy Bay (Lomnitz, 1970). There were reports of a low (<4 m)
tsunami produced by this event, but accounts are sparse and limited to the Coquimbo area. The
historical accounts, and our dating results that suggest that the older sand bed was likely deposited
post-AD 1920 suggest that the 1880 earthquake is an unlikely source for the deposition of the older
sand bed.

Damage from the AD 1943 (Mw 7.9) earthquake was focused further north than the 1880
earthquake, and the low tsunami associated with the earthquake was more widespread, making it
a better candidate for the deposition of the older sand bed than 1880 (Lomnitz, 1970; Beck et al.,
1998; Soto et al., 2014). The 1943 rupture is remarkably similar in north-south rupture extent to
the 2015 earthquake that produced a significant tsunami at our site. However, beyond the lateral
rupture pattern similarities, there are major differences that set these events apart. One major
difference is that the moment calculated for the 1943 event (6 x 1020 Nm; Beck et al., 1998) is
~4x smaller than the 2015 event (Tilmann et al., 2016; Carrasco et al., 2019). Tilmann et al. (2016)
suggest that the 1943 and 2015 earthquakes had similar down-dip, deep slip, but that the 1943 did
not rupture the shallower section of the subduction zone, and as a result had a smaller moment and
produced a smaller tsunami than the 2015 earthquake (Tilmann et al., 2016; Carrasco et al., 2019).
Because historical accounts show that the 1943 earthquake produced a smaller tsunami than the

2015 earthquake in the Tongoy Bay region, it is unlikely that it produced the older sand bed at our
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site, which extends further inland than the 2015 tsunami deposit. For this reason, we exclude the
1943 tsunami as a candidate for the deposition of the older sand bed.

The AD 1730 Valpariso earthquake (M ~8.5) caused earthquake damage and produced a high
(>4 m) tsunami along roughly 1000 km of coastline from Copiapo (27.4°) to Concepcion (36.8°),
with most of the damage focused south of Tongoy Bay (Lomnitz, 1970; Udias et al., 2012; Dura
etal., 2015). Considering that this event was one of the strongest to produce a tsunami that affected
the north-central Chile coast, it became a candidate for depositing the older sand bed at our site.
However, because this event is older than our maximum age of ~AD 1870 and significantly older
than the sediment surrounding the older sand bed, we suggest it is not a likely candidate.

The AD 1922 northern Chile earthquake (M 8.5-8.6) produced strong shaking and a high
tsunami along 400 km of the coast from Chafiaral (26.3°S) to La Serena (30.0°) (Carvajal et al.,
2017a). Wave heights were estimated to be between 5 and 7 m above high tides at Caldera and 9
m in Chafaral. Wave heights at Coquimbo Bay, 40 km north of Tongoy Bay, were estimated to be
about 7 m above mean sea level (Lomnitz, 1970; Carvajal et al., 2017a). In comparison, wave
heights at Coquimbo during the 2015 tsunami were measured at ~4.5 m above mean sea level and
run-up heights were measured at ~7 m above mean sea level. Because the AD 1922 earthquake

produced a tsunami larger than the 2015 tsunami at a location just 40 km away from our site in

137

Tongoy Bay, and the timing of the tsunami is consistent with our Cs*’ and Pb?'° dating results

that suggest the older sand bed was deposited post-1920, we consider the AD 1922 tsunami to be

the best candidate for the deposition of the older sand bed at our site.
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6. CONCLUSION

We characterized the 2015 tsunami deposit at the Pachingo marsh and used its signature to
identify one instance of prior tsunami inundation using stratigraphy, lithology, Cs*3 and Pb?.

dating, geochemical analysis, historical maps, tsunami modeling. By targeting one of the few low
energy depositional environments in north-central Chile to be affected by known tsunami
inundation during the 2015 event, we were able to successfully identify past inundation on the
north-central coast, providing a longer record of inundation hazards that may affect this coastline.
Similar to the 2015 tsunami deposit, we observed anomalous marine sand, a fining upward
sequence within the deposit, fining landward, and a laterally extensive sand sheet at a consistent
depth in stratigraphy throughout our site, helping identify the lower sand bed as a tsunamigenic
earthquake. We rule out the possibility of this being deposited by a large storm surge due to aerial
photo comparisons of erosion from the storm versus the tsunami and deposit sedimentary
characteristics. Furthermore, the tsunami deposit in 2015 extended inland ~225 m while the older
sand bed extends inland ~400 m. This ~175 m difference in inland extent is very unlikely for a
storm surge at this site and further implies it could have been created by a tsunami. We compared
the speed of the waves from both events using the tsunami inverse modeling program, TSUFLIND,
to show that the flow speed for the older event was faster than the 2015, suggesting it was produced
by a stronger tsunami at the Pachingo marsh. Cs*7 dates place the age of the older sand bed to be
in line with the AD 1922 earthquake and large tsunami. These results are consistent with historical
evidence showing that the largest, most destructive tsunami to inundate the north-central coast
prior to 2015 was the 1922 tsunami.

Our interpretations are important for earthquake and tsunami hazard assessment along the

coast of north-central Chile. Due to the lack of preserved tsunami deposits in this region, hazard
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assessments for the north-central coast have been limited by sparse historical records. Our results
show that ruptures to the north of our study site (e.g., AD 1922) can produce larger tsunamis in
Tongoy Bay than ruptures immediately offshore (e.g., 2015). Thus, hazard maps that focus on
potential tsunami run-ups from ruptures adjacent to the north-central Chile coast may be
underestimating inundation hazards. With the addition of the 1922 tsunami to the geologic record

of tsunami inundation in this region, tsunami hazards assessments in this area can be improved.
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Figure 1. Index maps. a) Plate-tectonic setting of Chile in western South America. b) Location of the study
area in north-central Chile, main tectonic features, and estimated rupture lengths of the largest historical
earthquakes in central and north-central Chile since 1730 shown by dashed lines where inferred and solid
lines where measured. Ruptures compiled from Lomnitz (1970), Comte et al. (1986), Beck et al. (1998),
and Melnick et al. (2009), Udias et al. (2012), Melnick et al. (2012), and Cisternas et al. (2017). The 2015
north-central Chile earthquake slip distribution is pictured offshore in purple from Barnhart et al. (2016).
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Figure 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 Miocene-Holocene aged marine terraces (TV:6 ka;
TIV: 123 ka; THI: 232 ka; TII: 321 ka; TI: 690 ka; Ota and Paskoff, 1993; Saillard et al., 2009, May et al.,
2013) b) Map of the Pachingo marsh from AD 1904-1939. The actual field site with sample locations (as
shown in c) is marked by a black box. c) Satellite Google Earth Pro, 2014 DigitalGlobe imagery of the
Pachingo marsh. The coastal road is highlighted with an orange line. Described and sampled locations
were made in 3 coast perpendicular transects (A-A’, B-B’, C-C’), shown by white dashed lines. Green
squares 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 cirlces) and
where only the older sand bed is present (red circles).
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labeled. Unit contacts are outlined in dashed white lines. Rooted, dense, Salicornia sp. marks the top of
the stratigraphy labeled “Marsh surface”. b.) Photograph of sediments at location 5 along transect A-A’ in
the Pachingo marsh with generalized stratigraphy labeled. Unit contacts are outlined in dashed white lines.
Dense, flattened Salicornia sp. can be seen at the top of the stratigraphy. c.) Site map showing the sample
locations within the Pachingo marsh. Locations 2 and 5 along transect A-A’ are labeled and bolded in white
to mark where photographs in a and b were taken.
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Figure 5. Coast perpendicular elevation profile along transect A-A’ (see Fig. 2 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 bolded. 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 squares. The
beach berm and coastal road are labeled. Elevations are relative to mean tidal level (MTL). Thickness of
deposit (cm), mean grain size (in phi), and D10 (diameter at which 10% of a sample's mass is comprised of
smaller grains) are plotted for both the 2015 sand bed (solid line) and older sand bed (dashed line). The red,
solid, vertical line depicts the inland extent of the 2015 tsunami continuous overwash deposition.
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Figure 7. Stratigraphic column at location 5 depicting sedimentary units. White circles with red outlines
indicate where high-resolution samples were taken for grain size. Plots show values of mean grain size,
D10 (diameter at which 10% of a sample's mass is comprised of smaller grains), and D90 (diameter at
which 90% of a sample's mass is comprised of smaller grains) at each sampling location through the
stratigraphy. The 2015 tsunami deposit and older sand bed are shaded with light gray.
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Figure 8. Stratigraphic column at location 9 depicting sedimentary units. White circles with red outlines
indicate where high-resolution samples were taken for grain size. Plots show values of mean grain size,
D10 (diameter at which 10% of a sample's mass is comprised of smaller grains), and D90 (diameter at
which 90% of a sample's mass is comprised of smaller grains) at each sampling location through the
stratigraphy. The depth range of the 2015 tsunami deposit and older sand bed are shaded with light gray.
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Figure 9. Photograph of the monolith from location 5 used for dating, stratigraphic column of sedimentary
units from location 5, total activity (dpm/g), and excess activity (dpm/g). Values of alpha Pb» (black
circles), gamma Pb:r (black squares), and Cs (white triangles) are plotted. The Cs= peak is labeled with an
arrow depicting where the peak fallout of cesium (indicating the year 1963) is located in the stratigraphy.
An arrow pointing to the end of alpha Pbdata is also labeled. A labeled horizontal dashed black line
indicates where there are no Cs values (below ~0.60 m MTL). The depth range of the 2015 tsunami deposit
and older sand bed are shaded with light gray.
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Figure 10. Photograph of the core from location 9 used for geochemical analysis, stratigraphic column of
sedimentary units from location 9, organic carbon to total nitrogen ratio (C/N) plot, total organic carbon
(TOC) plot, and &-C plot.
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Figure 11. Coast perpendicular elevation profile along transect A-A’ (see Fig. 2 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 bolded. Locations where the 2015 tsunami deposit and older
sand bed are present in stratigraphy (white circles) and locations where only the older sand bed is present
(red circles) are marked at the surface. Modern beach surface samples are shown with green squares. The
beach berm and coastal road are labeled. Elevations are relative to mean tidal level (MTL). 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).
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Figure 12. 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. Squares represent damaged (orange) and destroyed (red)
buildings, triangle represents uplift, and circle represents lesser (light blue) and larger (dark blue) tsunami
run-up measurements at different coastal locations. Historical records summarized by Lomnitz (1970),
Cisternas et al. (2005, 2017), and Udias et al. (2012).



Table 1. Mean grain size of 2015 tsunami deposit and older sand bed for each sample location.

Location name

Transect A-A'
1

O o NV WwWwN

213
214
215
216
217
Transect B-B'
200
201
202
203
204
205
206
207
208
209
210
211
212
218
219
220
221
222
Transect C-C'
300
300.5
301
302
303
304
305
306
307

Latitude

30189.72S
3018 10.332S
3018 10.656 S
3018 11.556S
301812.1435S
301813.097 S
3018 13.788S
3018 14.184 S
3018 16.027 S
3018 16.649 S
3018 16.980S
3018 17.734S
3018 18.811S

301812.179S
3018 12.108 S
3018 12.479S
3018 12.960 S
301813.3455S
3018 13.712S
301814.377 S
3018 14.613S
3018 11.6325S
3018 11.2835S
301810.778 S
3018 10.089S
3018 9.707S
301815.152S
301815.329S
3018 15.898S
3018 16.331S
301817.359S

3018 10.348S
3018 10.962 S
301811.4135S
3018 12.608 S
3018 13.899S
3018 14.655S
301815.185S
3018 15.802S
3018 14.353S

Longitude

71345.232 W
71345.016 W
71344.944 W
71344332 W
71344352 W
71344553 W
71344332 W
71344.188 W
71344389 W
71343.990 W
71343.689 W
71343.883 W
71343.545 W

71342718 W
71342104 W
71342011 W
71341.925W
71341.838W
71341.761 W
7134 1.570 W
71341.432W
71342218 W
71342216 W
71342380 W
71342311 W
71342329 W
71341303 W
71341.206 W
71341.059W
71340.880 W
71340.519W

71349.247 W
71349.054 W
7134 8.800 W
71348.386 W
71347.470 W
71347.085W
71346.820 W
7134 6.606 W
71347.934 W

2015 tsunami deposit
thickness (cm)

20
7

2015 tsunami deposit
mean grain size (phi)

1.798
2.066
2.289
2.237
2.273
2.546

Older sand bed
thickness (cm)

14
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Older sand bed
mean grain size (phi)

1.729
1.797
1.910
2.80
1.962
1.963
1.810
3.732
4.247
3.787
5.422
4.103

1.363
1.563
1.341
1.668
2.136
3.571
2.960
2.104
2.059



Table 2. Comparison of sedimentary characteristics between the 2015 tsunami deposit and the older sand
bed.

2015 tsunami deposit Older sand bed
Tsunami criteria
Laterally continuous deposit (>200 m inland) v
Upward fining N v
Landward fining v v
Landward thinning v v
Sharp or erosive lower contact (<1-3 mm) v v
Similar in composition to modern samples v v
Sand bed characteristics

Coarsest grain size (phi) 1.8 1.7
Overwash sediment inland extent (m) ~225 ~400
Maximum bed thickness (cm) 20 15
Flow speed at location 1 (m/s) 4.7 4.8

Flow speed at location 7 (m/s) 2.5 3.6



