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Abstract

Geological evidence of megathrust earthquakes along the Mexican Pacific coast relies
predominantly on tsunami deposits. Records of coseismic relative sea-level changes are
scarce even though such evidence can complement and constrain tsunami records, providing
information to reconstruct past earthquake rupture dimensions to improve the earthquake
hazard assessment of the region. This paper provides the first diatom-based quantitative
reconstruction of coastal subsidence along the Mexican subduction zone through the analysis
of coastal wetland sediments. We use the stratigraphic signature of the 1995 Colima-Jalisco
earthquake (My 8.0) as this earthquake is instrumentally well-constrained, allowing us to
evaluate our findings and establish approaches to investigate earlier earthquakes. Deposits
beneath the wetland Estero Potrero Grande reveal a stratigraphic sequence, < 28 cm beneath
the wetland surface, that resembles a signature of rapid submergence. This sequence consists
of a horizontal bed of silt with highly humified organic matter abruptly overlain by a
horizontal bed of grey silt. The abrupt stratigraphic contact between the two units extends
across > 1 km of the wetland. Using 1C ages and *3’Cs chronohorizons to build an age-depth
model, we estimate the age range (1985 — 2003 CE) and mean age (1995 CE) of this abrupt
stratigraphic contact, coincident with the year of the earthquake. Three elemental log-ratios
(S/Zn, Br/Zn and Ca/Zn) indicate an abrupt increase of salinity across the stratigraphic
contact, which we interpret as marsh submergence recording coseismic coastal subsidence,
reflected as relative sea-level rise. Fossil diatom assemblages confirm this trend, and through
guantitative approaches we estimate its magnitude (-0.06 + 0.08 mand -0.11 + 0.23 m), which
is comparable with coastal subsidence measured by geodetic instruments. Our records reveal
a millimetric spike of sand, which we interpret as a signature of the tsunami that accompanied
this great earthquake. These findings demonstrate that coastal wetland sediments from the
Mexican Pacific coast can record tectonic induced relative sea-level changes. This approach
can allow us to better understand the long-term spatial and temporal behavior of this
subduction zone.

Keywords: Mexican subduction zone, 1995 Colima-Jalisco earthquake, coastal
paleoseismology, relative sea-level changes, tsunami, diatoms.
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1. Introduction

Active subduction zones have the potential to produce the largest and most destructive
earthquakes on Earth. Exceptionally large areas of slip, which cause high moment magnitudes
(My), can produce catastrophic consequences in coastal areas adjacent to these earthquake
ruptures. These impacts result not only from the strong ground shaking, but also from the
substantial and long-lasting modifications produced by rapid land-level changes, as reflected by
relative sea-level changes (Hamilton & Shennan, 2005), and erosional and depositional processes
caused by tsunamis (e.g. Plafker, 1969; Plafker & Savage, 1970). As these coastal modifications
are imprinted in the stratigraphy and geomorphology (e.g Plafker, 1969; Plafker & Savage, 1970;
Shennan et al., 1999; Zong et al., 2003; Garrett et al., 2013; Monecke et al., 2015), from these
records it has been possible to reconstruct long-term sequences of pre-instrumental earthquakes
along the tectonically active coast of Japan (Nanayama et al., 2003; Garrett et al., 2016; Fujiwara
et al., 2020; Sawai, 2020); Chile (Cisternas et al., 2005; Dura et al., 2017; Garrett et al., 2015;
Kempf et al., 2020; Ledn et al., 2023); Thailand (Jankaew et al., 2008; Gouramanis et al., 2017);
Indonesia (Monecke et al., 2008; Dura et al., 2011; Rubin et al., 2017); Alaska (Hamilton et al.,
2005; Hamilton & Shennan, 2005; Shennan et al., 2013; Briggs et al., 2014, Kelsey et al., 2015;
Nelson et al., 2015); and USA (Atwater et al., 1995; Hemphill-Haley, 1996; Kelsey et al., 2005).

The Mexican Pacific coast, from southern Nayarit to Chiapas, is a tectonically active margin where
the Rivera and Cocos plates subduct beneath the North American plate (Figure 1). Plate
convergence induces the high rate of seismicity and crustal deformation, making this region
highly susceptible to earthquake and tsunami hazards (Bandy et al., 1999; Ramirez-Herrera &
Urrutia-Fucugauchi, 1999; Manea et al., 2013; Dafiobeitia et al., 2016). Geological investigations
along the Mexican Pacific (Figure 1) concentrate on investigating the sedimentary signature of
tsunami deposits (e.g. Ramirez-Herrera et al., 2012, 2016; Cerny et al., 2015). However, along
this margin the presence of anomalous deposits of marine origin onshore is also attributed to
tsunamis induced by submarine landslides (e.g. Ramirez-Herrera et al., 2014; Corona & Ramirez-
Herrera, 2015; Bdgalo et al.,, 2017) and hurricanes (e.g. Bianchette et al.,, 2016, 2022).

Consequently, if the origin and source of these deposits cannot be discriminated, their use in
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paleoseismic studies may overestimate the number of seismic events occurred in this subduction
zone. Hence, tsunami evidence requires complementary data on abrupt land-level changes to

produce reliable evidence of past earthquakes.

Geological records of coseismic land-level changes along the Mexican Pacific coast are spatially
and temporally scarce (Figure 1). In the domain of the Cocos plate, the vertical distribution of
dead intertidal organisms has been used to assess along-strike variations of coseismic uplift
caused by the 1985 M, 8 Michoacan earthquake (Bodin & Klinger, 1986); the 1998 My, 6.3 Puerto
Angel earthquake (Ramirez-Herrera & Orozco, 2002); and the 2020 M, 7.4 La Crucecita
earthquake (Ramirez-Herrera et al., 2021). Although, geomorphological evidence of abrupt
coastal uplift exists along the Mexican Pacific coast (Ramirez-Herrera & Urrutia-Fucugauchi,
1999), this type of evidence is spatially fragmented and commonly lack datable material, limiting
their ability to identify episodes of regional uplift, produced coseismically, and reconstruct past
earthquakes (e.g. Ramirez-Herrera et al., 2004). In this sense, more recent investigations have
demonstrated the potential of stratigraphic sequences in coastal wetlands to record uplift and
subsidence produced by (pre-) instrumental earthquakes (Ramirez-Herrera et al., 2007, 2009;
Castillo-Aja et al., 2019). However, these coastal settings are still understudied and poorly

understood in a paleoseismological context.

Here we investigate the deposits of the coastal wetland Estero Potrero Grande, which lies
adjacent to the Marabasco river, on the border of the States of Jalisco and Colima. We use a
range of sedimentological, geochemical and microfossil techniques to establish the sedimentary
features produced by the 1995 Colima-Jalisco earthquake (My 8). With good preservation of
fossil diatoms, we develop a quantitative diatom-based approach to estimate the magnitude of
relative sea level (RSL) rise, induced by coseismic subsidence. These findings permit us to
understand the sensitivity of Estero Potrero Grande to record the stratigraphic signature of
abrupt coastal subsidence and establish it as a modern analogue to investigate pre-instrumental

megathrust earthquakes.
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Figure 1. Geological records of past earthquakes along the Mexican Pacific coast. Insets B to E
show locations of investigations within along-strike segments proposed by Ramirez-Herrera &
Urrutia-Fucugauchi (1999). Ellipses show the rupture areas of those earthquakes recorded
instrumentally since the beginning of 1900 (Kostoglodov & Pacheco, 1999). Past studies in
chronological order correspond to: I) Bodin & Klinger (1986), 11) Ramirez-Herrera & Orozco (2002),
III) Ramirez-Herrera et al. (2004), IV) Ramirez-Herrera et al. (2007), V) Ramirez-Herrera et al.
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(2009), V) Ramirez-Herrera et al. (2012), VIl) Ramirez-Herrera et al. (2014), VIIl) Cerny et al.
(2015), IX) (M. T. Ramirez-Herrera et al., 2016), X) (Bégalo et al., 2017), XI) Castillo-Aja et al.
(2019), XIlI) Ramirez-Herrera et al. (2020).

1.1. The 1995 Colima-Jalisco M, 8.0 earthquake.

The 9 October 1995 My, 8 earthquake is the second largest instrumentally recorded megathrust
earthquake along the subduction zone of the Rivera and North America plates (Figures 1 and 2).
It struck 63 years after the sequence of catastrophic earthquakes occurred on 3 June 1932 (My
8.2, event 1932-I) and 18 June 1932 (My 7.8, event 1932-ll). The 1995 earthquake has the
peculiarity of being the first megathrust earthquake in the region with coseismic deformation
measured using the local network of Global Positioning System (GPS) receivers (Melbourne et al.,
1997; Hutton et al., 2001; Hjorleifsddttir et al., 2018; Cosenza-Muralles et al., 2021a), which
began operating just months earlier (DeMets et al., 1995). Geodetic observations favored to
constrain the features of this earthquake rupture (Melbourne et al., 1997; Hutton et al., 2001;
Hjorleifsdottir et al., 2018; Cosenza-Muralles et al., 2021a), complementing local and teleseismic
datasets (Mendoza & Hartzell, 1995; Courboulex et al., 1997; Pacheco et al., 1997; Escobedo et
al., 1998; Hjorleifsdottir et al., 2018), macroseismic information (Zobin & Ventura-Ramirez,
1998), sea-level measurements (Ortiz et al., 2000), and tsunami surveys (Trejo-Gémez et al.,

2015).

The epicenter of the 1995 earthquake (18.864°N, 104.579°W) was ~40 km south of Manzanillo
Bay (Figure 2). The seismic slip propagated unidirectionally, ~150 km northwest, offshore of
Chamela Bay (Ortiz et al., 2000; Hutton et al., 2001; Abbott & Brudzinski, 2015), overlapping
entirely the 1932-Il earthquake rupture but only a portion of the southern half of the 1932-|
earthquake rupture (Azua et al., 2002; Nunez-Cornu et al., 2016). Coseismic slip on the fault plane
occurred at shallow depth (Figure 2), coincident with three major asperities (Dominguez Rivas et
al., 1997) located offshore of Chamela Bay, where the maximum slip was 4 m, <15 km depth, and
offshore Manzanillo and Barra de Navidad where the slip was 1 and 2 m, respectively, both <8
km depth (Mendoza & Hartzell, 1995; Courboulex et al., 1997; Melbourne et al., 1997; Ortiz et
al., 2000; Hutton et al., 2001)
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GPS instruments recorded subsidence along the coast adjacent to the rupture area (Figure 2),
with the amount of subsidence reflecting the magnitude of coseismic slip, ranging from 0.06 +
0.01 m in Manzanillo to the maximum subsidence, 0.21 + 0.02 m, at Chamela Bay (Hutton et al.,
2001). The tide gauge at Manzanillo Harbor also recorded coastal subsidence, inferred from sea-
level rise, of 0.11 + 0.01 m (Ortiz et al., 2000). Additionally, in the central part of the rupture area,
a pressure gauge located ~7 km offshore Barra de Navidad recorded coseismic subsidence of 0.40
+ 0.23 m (Ortiz et al., 2000). Two pressure gauges deployed offshore Manzanillo and Barra de
Navidad reveal the region of crustal uplift (Ortiz et al., 2000). These observations suggest that the
pivot line, which is the surface projection of the down-dip limit of the earthquake rupture

(Meltzner et al., 2006; Govers et al., 2017), was entirely offshore.
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138 Figure 2. Map of the features of the 1995 My, 8.0 Colima-Jalisco earthquake. A) Spatial extent of
139  the 1995 earthquake rupture and its relative position along the Jalisco-Colima subduction zone
140  obtained through the distribution of aftershocks (Kostoglodov & Pacheco, 1999). B) Coseismic
141 slip distribution during the 1995 earthquake. Grey contours enclose areas of similar slip and their
142 magnitudes estimated through inversion of teleseismic data (Mendoza & Hartzell, 1995). Blue
143  triangles show the locations of sites that recorded coseismic uplift. Inverted red triangles show
144  the location of instruments that recorded coseismic subsidence. Coseismic deformation values



145
146

147
148
149
150
151
152
153
154
155
156
157
158

159
160
161
162

163
164
165
166
167
168
169
170
171
172

with * are taken from Ortiz et al. (2000), the rest of the values from Hutton et al. (2001). Coastal
towns: ChB = Chamela Bay; TB = Tenacatita Bay; BN: Barra de Navidad; MB: Manzanillo Bay.

2. Regional setting

Our field site, the coastal wetland Estero Potrero Grande, is 55 km north of the 1995 earthquake
epicenter, between Barra de Navidad and Manzanillo Bay (Figure 3). This site is bracketed by
instruments onshore and offshore that recorded coseismic subsidence. Estero Potrero Grande
lies on paludal Quaternary sediments in the eastern flank of the deltaic plain of the Marabasco
river (Figure 3). This wetland is sheltered from wave action by a coastal barrier formed by
unconsolidated Holocene littoral deposits. The barrier is up to 500 m wide, comprising a
sequence of beach ridges and dune chains, > 5 m above mean sea level (e.g. Méndez Linares et
al., 2007; Zuber et al., 2022). This assemblage of Quaternary deposits is surrounded by small to
medium hills, 400 — 800 masl, highly incised by fluvial activity (Herndndez Santana et al., 1995;
Méndez Linares et al., 2007) composed of Granite-Granodiorite, formed during the Mesozoic and

early Cenozoic (Rosales Franco & Camargo Soto, 2019).

Estero Potrero Grande is a brackish wetland dominated by the halophyte plant species Batis
maritima and Distichlis spicata (INEGI, 1975). These are two of the species typical along Mexican
coasts of the upper intertidal zone and the transition from mangroves to salt pans and salt

marshes (Hill et al., 2018; Lonard et al., 2011).

The coast has a semidiurnal and microtidal regime, with the great diurnal range (MHHW - MLLW)
0.73 m (SMN., 2021). These conditions play a vital role in the geomorphology of the wetland,
which is composed by narrow and very shallow creek channels (De la Lanza Espino et al., 2013),
which progressively damped high and low tides (Zuber et al., 2022). Due to the region is exposed
to a strong seasonality with a clear dry and wet season, tidal prism evolves throughout the year
in response to interannual estuarine morphodynamics. During the dry season the tidal prism is
reduced to its minimum because weak tidal and fluvial fluxes in combination with strong long-
shore currents favor the development of an ephemeral sandbar along the river mouth, restricting
tidal fluxes and sedimentation. However, during the wet season, June - August, large fluvial

discharges breach the mouth of the river, as occurs with most of the coastal wetlands along the

8
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Mexican Pacific (Yafez-Arancibia et al., 2014). In consequence, the tidal prism reaches its
maximum extension, and the wetland turns into a tidal basin, with dominant ebb flow caused by

maximum velocities induced by run-off (Lankford, 1977).
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Figure 3. Location of the field site (yellow dot). A) Geographic context of the study site. EPG =
Estero Potrero Grande, Bn = Barra de Navidad, MB = Manzanillo Bay. B) Geomorphological
context of the coastal wetland Estero Potrero Grande.

3. Materials and methods.

At numerous locations around the Pacific, the stratigraphic expression of coseismic subsidence
in coastal wetlands is revealed by abrupt stratigraphic changes that correspond to a rapid RSL
rise. Typically, the lithology comprises organic rich sediments, corresponding to former soils of
upper intertidal regions, overlaid by mud, which represents lower intertidal conditions, both
units separated by a sharp stratigraphic contact (e.g. Atwater, 1987; Peterson & Darienzo, 1991;
Long & Shennan, 1994; Zong et al., 2003; Nelson et al., 2008; Shennan et al., 2013; Briggs et al.,

2014; Milker et al., 2016; Kemp et al., 2018; Padgett et al., 2022). As non-tectonic processes can
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produce similar stratigraphic sequences in tectonically active settings, to corroborate the
coseismic origin of organic-mud couplets, a set of criteria was proposed by Nelson et al. (1996):
1) Lateral extent of organic-mud contacts; 2) suddenness of submergence; 3) amount of
submergence; 4) tsunami concurrent with submergence; 5) synchroneity of submergence.
Although these criteria guide paleoseismic investigations that employ coastal wetland deposits
along the temperate coast of North America, earthquake evidence from tropical coastal wetlands
have demonstrated their potential to fulfill some of these criteria, despite differences in climate,
vegetation, tides and geomorphology (e.g. Dura et al., 2011; Spotila et al., 2015). Hence, we adopt
them to investigate the stratigraphy of Estero Potrero Grande and to characterize the signature

of the 1995 Colima-Jalisco earthquake.

3.1. Lithostratigraphy.

Sediments from the wetland Estero Potrero Grande were retrieved using a 2.5 cm diameter hand-
driven gouge corer. Boreholes were instrumentally levelled with reference to the nearby INEGI
geodetic benchmark V0614 (5.0052 m NAVDS88). To test the lateral extent of organic-mud
contacts, multiple boreholes were analyzed and correlated based on the distinctive
characteristics of deposits. To describe the lithology of sediments we adopt the Troels-Smith
(1955) scheme. The samples retrieved for laboratory analyses were collected in 50 cm long

sections, stored in round PVC tubes, and wrapped in plastic liners.

3.2. Dating and age modelling

Downcore concentrations of 3’Cs were measured by gamma spectrometry to establish a
chronological control for sediments deposited during the second half of the twentieth century.
Chronological markers derived from 37Cs concentrations were interpreted to build a composite
age-depth model using two additional 1*C ages in the software Bchron (Haslett & Parnell, 2008).
The resulting age-depth model allows us to predict the location of the 1995 earthquake in the

sediment core.
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3.3. Core imaging

To image downcore changes in sediment density at a high resolution, the core material was
scanned using the Geotek X-ray computed tomography (X-ray CT scan) imaging system at Durham
University. The x-ray was set up at 128.99 kV and 245.7 mA. The vertical resolution is 6 mm (70
pixels) per scanning, with a pixel resolution of 86.87 um. We produced two orthogonal views of
the core section scanned, XZ and YZ views, to visualize the sediments from two different angles
using the in-house software (Geotek image viewer). These images were post-processed in the
software Image-J (Abramoff et al., 2004). We initially transformed them into an 8-bit greyscale
format to constrain the pixel values of the images within a range of 256 grey intensities. Low
intensities correspond to pixel values of 0 (black), which represent sediments with low-densities
or high porosity that are commonly associated to highly organic sediments. High intensities are
represented by pixel values of 255 (white), corresponding to sediments with high density or low
porosity, commonly associated to massive beds of mud and sand. On each image a downcore
transect was cast to produce a profile of grey intensity values, following Yan et al. (2021)

approach, to qualitatively identify millimetric changes in sediment density.

3.4. Geochemical analysis

To assess the suddenness of submergence, core sediments were scanned at 1 mm resolution
with the Geotek Multi-Sensor Core Logger (MSCL-XRF) for identifying salinity change proxies in
elemental log-ratios. The Geotek XRF scanner has an X-ray tube with an Rh-anode with a
collimator. For light elements (e.g. Al, Ca, Cl, Co, Fe, K, S, Si and Ti), the X-ray voltage was 10 kV
and the X-ray current 0.130 mA, while for heavier elements (e.g. Br, Mo, Rb, Sr, Zn and Zr), the
settings were 30 kV and 0.500 mA.

3.5. Grain size analysis

Sediment grain size analysis is used to identify any anomalous increases in coarse sediments, to
detect the synchronous occurrence of the tsunami accompanying wetland submergence. Bulk
sediment pre-treatment follows the HCI + H,O, method in Vaasma (2008). The samples were

analyzed using a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer. The analyzer
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was set up to average the observations for 90 seconds three times. The outputs are processed
through the GRADISTAT extension in MS Excel (Blott & Pye, 2001) to obtain the fraction of sand,

silt and clay, and the parameters of grain size distributions (Folk & Ward, 1957).

3.6. Diatom analyses

Fossil diatom assemblages help to assess the suddenness of submergence, identifying
paleoenvironmental changes across stratigraphic contacts. Sample preparation followed the
standard methods in Zong & Sawai (2015). Diatom counting was conducted through a light
microscope with an oil immersion lens at 1,000x magnification. The minimum number of valves
counted per sample was 200 (Bate & Newall, 2002). Species identification follows the catalogues
of Mexican coastal diatoms (Siqueiros Beltrones et al., 2005; Novelo et al., 2007; Lopez Fuerte et
al.,, 2010; Lépez-Fuerte et al., 2013; Ldépez-Fuerte & Siqueiros Beltrones, 2016; Siqueiros-
Beltrones et al., 2020). Salinity classes of the species identified are assigned following Denys
(1991), Vos & de Wolf (1993), Hartley et al. (1996), Horton et al. (2007), Shennan et al. (2016)
and Hocking et al. (2017) Salinity classes correspond to: polyhalobous, which includes marine
species; mesohalobous, including brackish species; and oligohalobous, including all freshwater
species (Horton & Sawai, 2010; Dura et al., 2016). Final counts are transformed into relative

abundance and grouped according to their salinity class (%).

3.7. Quantifying paleoelevations and relative sea-level changes.

Diatom assemblages allow us to quantify the magnitude of any observed wetland submergence,
or coastal subsidence. Paleoseismic investigations that employ fossil diatoms to quantify
coseismic relative sea/land-level changes rely on the development of diatom-based transfer
functions (Hamilton & Shennan, 2005; Shennan & Hamilton, 2010; Garrett et al., 2013; Shennan
et al., 2016; Hocking et al., 2017). This approach models statistically the relationship between
modern assemblages of species in response to a specific environmental variable (Sachs et al.,
1977, Birks, 2005), in this case elevation. The resulting transfer function model is used to calibrate
fossil assemblages to estimate paleoelevations (Barlow et al.,, 2013). The development of a

modern training set commonly relies on surface sediments sampled across multiple sites to cover
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a broad range of environments to have good analogues for the fossil record. To harmonize tidal
range in the development of the training set, elevations are normalized and presented as

standardized water-level index (SWLI) units (Kemp & Telford, 2015).

Given the limitations we faced in 2020-2021 to carry out fieldwork to build a diatom-based
transfer function, paleoelevations from fossil diatom counts are estimated indirectly. Shennan et
al. (2016) demonstrated using a fossil record from Alaska, and Hocking et al (2017) in Chile, the
relationship between paleoelevations (SWLI), obtained through a diatom-based transfer
function, and the cumulative percentage of brackish and marine diatoms (Figure 4 and Table S.1
in supplementary material). We create a simple linear regression for each of these datasets
(Figure 4), using the percentage of marine and brackish species as the independent variable (X),

and their corresponding SWLI values, as the dependent variable (Y).
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We use these linear models, Model 1 (Alaska) and Model 2 (Chile), to estimate the mid-point of
paleoelevations, referenced to Mean Higher High Water (m MHHW), using the percentage of
brackish and marine diatoms of the fossil counts from Estero Potrero Grande. The output, in SWLI
units, is transformed into meters (1 SWLI = 0.003 m) based on the vertical difference between
the Mean Higher High Water (MHHW = 200 SWLI) and Mean Tide Level (MTL = 100 SWLI), using

the water level datums from the tide gauge at Manzanillo (Table S.3 in supplementary material).

The total error (er) of our reconstructions is estimated by the square root of the sum of the
squares of two individual errors (Eq. 1). Error one (e1) corresponds to the mean of paleoelevation
errors of the datasets we use to build the linear regression models (Table S.1 and Table S.2 in
supplementary material). Error two (ez) corresponds to the Standard Error of the linear

regression:

er = 2\/ (e1)? + (ez)? 1)

Following Milker et al. (2016), the magnitude of coseismic subsidence (CS) is estimated using

paleoelevation values of the most reliable sample pre-contact (Epre) and post-contact (Epost) as:
CS = Epre — Epost (2)

The error of coseismic subsidence (CSerror) is obtained by (Eqg. 3) the square root of the squared

error pre-event (Epre) and the squared error post-event (Epost):

2

CSerror = _|(Epreerror)? + (Eposcerror)? 3
We reconstruct relative sea-level change using the paleoelevation of each sample from the core

and the present elevation of each sample calculated as core top minus depth down core. Because

we have no precise measure of the relationship between NAVD88 and tide levels in the wetland,
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rather than the tide gauge at the coast, we show RSL for each sample as relative to zero at

present:

RSLsampIe = Elevationsample - Paleoelevationsample (4)

4. Results

4.1. Stratigraphy

Eleven boreholes were manually drilled in an area adjacent to a creek channel that cut the paludal
plain in @ NE-SW direction (Figure 5). The cores are 1.3 to 2.2 km from the shoreline; and the
distance to the mouth of the Marabasco river is 2.6 to 3.6 km. Among this set of cores, five show
a coherent stratigraphy, allowing us to correlate the stratigraphic units identified in the field. The
stratigraphy of the site consists of a basal sand bed with rare fragments of angular and rounded
gravel, smaller than 5 cm in diameter. Above this basal unit we identify four horizontal beds of
organic silt, interrupted by silt, forming four abrupt stratigraphic contacts (A to D). We focus on
contact A, which is the shallowest stratigraphic contact that represents the most recent event

imprinted in the stratigraphy of Estero Potrero Grande.

We mapped contact A for over 1 km, as far as 2 km inland, always in sites adjacent to the creek
channel. In core MAROO1 (19.158°N, 104.567°W), contact A is at 25 cm depth, consisting of a dark
brown-grey silty clay with humified organic matter overlaid abruptly by grey silt with occasional
roots. Approximately 380 m northeast, at MAR004 (19.159°N, 104.564°W), the underlying unit is
composed of brown organic silt overlaid abruptly, at 23 cm depth, by a grey mud lens. At MAROO5
(19.160°N, -104.564°W), stratigraphic contact A occurs at 28 cm, where a bed of grey silt abruptly
replaces a horizontal bed of black organic silt with highly humified herbaceous remains. At
MARO010 (19.163°N,104.560°W) and MAR009 (19.163°N,104.56°W), the contact is at 21.5 cm and

26 cm depth, respectively, and shows an underlying black organic silt bed overlaid by grey silt.
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Figure 5. Shallow stratigraphy of the study site in Estero Potrero Grande. A) Aerial image of
Marabasco river coastal plain showing location of study site (red inset box). B) Location of
exploratory boreholes. Those shown in yellow contain stratigraphic changes that could not be
correlated across the site. Green dots indicate the location of cores summarized in the
stratigraphic diagram. C) Stratigraphic correlations of coring sites. The four abrupt stratigraphic
contacts, A to D, are indicated with the red lines. Stratigraphic contact A is investigated in this
study. Source of the base map, ESRI ArcMap.
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The stratigraphic sequence across contact A is displayed at a high resolution in Figure 6. The CT
scan images demonstrate that the organic unit below contact A contains pixels with relatively
low intensity values, which on average are below 125. These pixel values clearly contrast with
those within the grey mud unit above the stratigraphic contact, with intensities between 150 and
200. The CT scan images reveal that the transition between these units is marked by a sharp
increase of gray intensities, as pixel values rise to > 200. This bed of high intensity values is Imm
thick, showing a sharp basal contact and a high abundance of coarser sediments, which are
represented by white mottles < 1mm long (Figure 6 B). Overlying this unit of coarser sediments,
the CT scan images reveal the presence of a homogeneous bed with high density, resembling a

cohesive mud cap.

Lithology A) ) Gray intensity ' Gray intensity
~ XZ View o 2 88 8 3 YZView

- -

25

26
Grey mud

27

28

Depth(cm)

29

Organic silt

30

31

—

-
1 (- ) Sediment density (+) (-) Sediment density (+)

Mud cap Grey mud Grey mud
0 Mud cap
Coarser sediments
Coarser
sediments
Organic silt 5mm Organic silt

Figure 6. High-resolution CT scan images of stratigraphic contact A at two orthogonal views (XZ
and YZ). A) Line graphs (green) over the images indicate changes in pixel gray intensities
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downcore of the transects A-A’ and B-B’ respectively. B) CT scan images in high contrast show
the structure of the thin bed (1 mm) of coarse sediments overlaid by a layer of cohesive mud.

4.2. Sediment chronology

Downcore concentrations of 13’Cs fluctuate between 0 and 1.78 mBq g}, within the depth range
0 - 104 cm in core MAROO5 (Figure 7). The first chronohorizon to identify using the 13’Cs profile
corresponds to the onset of measurable 37Cs in sediments, which represents the initial
incorporation of 13’Cs in surface deposits (1952 + 2 CE), when measurable global fallout initiated
(Corbett & Walsh, 2015; Drexler et al., 2018). In our profile, measurable 13’Cs starts at 88 + 4 cm.
Although concentrations at this depth clearly depart from zero values, it is only at 80 £ 2 cm
where concentrations exceed the detection limit. Based on these features, we can only argue
that the 13’Cs onset is constrained within the depth range 78 - 92 cm, which includes the thickness
of the measured samples. A second chronohorizon corresponds to the year (1963 + 1 CE) of
maximum fallout (Corbett & Walsh, 2015; Drexler et al., 2018). The first peak in concentrations
occurs at 72 + 2 cm, but the most prominent peak of concentrations occurs at 67 £+ 1 cm (1.79

mBq g!). We therefore establish the 13’Cs spike to be between 66 and 74 cm.

Two samples, at 67 and 99 cm, were *C dated, showing an excess of modern carbon fraction.
Using the latest post-bomb curve NHZ2 (Hua et al., 2021), their calibrated age ranges result in
two probability distributions. At 67 cm, the age ranges are 1961 — 1962 CE (13.7%) and 1980 —
1983 CE (86.3%). At 99 cm the age ranges are 1954 — 1956 CE (38.5%) and 2016 — 2019 CE (61.5%).
Based on their stratigraphic position, their more likely age ranges of these samples are 1961 —
1962 CE and 1954 — 1956 CE, respectively. Our composite age-depth model results in a mean rate
of sediment accumulation of 1.28 + 0.01 cm yr! in the last ~68 years. The modelled age range of

the stratigraphic contact A is 1985 — 2003 CE (10), with a mean age of 1995 CE.
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4.3. Grain size analysis

Measurements of mean grain size below the stratigraphic contact do not show significant
variability (Figure 7). From 70 to 29 cm depth sediments are classified as fine to very fine silt
(mean 8- 6 ) with very low percentage of sand (<7%). At 28 cm depth, there is an abrupt increase
in sand fraction (26%), and the sediments are classified as medium silt (mean = 5.77 ). This
anomalous bed of coarse sediment is less than 0.5 cm thick, and it was not visible to the naked
eye. Above 28 cm depth, the percentage of sand decreases abruptly (~0%) and the mean size of

sediment returns to fine silt.

4.4. Geochemistry and salinity changes

Three elemental log-ratios are calculated using Sulphur (S) Bromine (Br) and Calcium (Ca), as they
are indicative of marine incursions in coastal wetlands of the Mexican Pacific, associated to either
gradual (e.g. Figueroa-Rangel et al., 2016) or abrupt relative sea-level changes caused by tectonic
(e.g. Ramirez-Herrera et al., 2007; Ramirez-Herrera et al., 2012, 2014) and hydrometeorological
events (e.g. Bianchette et al., 2016, 2017). These elements were normalized using the terrestrial
element Zinc (Zn), which is highly abundant in fluvial sediments of the Mexican Pacific coast,
including the Marabasco river (Marmolejo-Rodriguez et al., 2007; Martinez et al., 2014). High
values of these three ratios indicate a higher influence of marine waters in the wetland, whereas
low ratios suggest a decrease in marine influence, or a terrestrial input driven by fluvial

sedimentation.

Below stratigraphic contact A, from 50 cm upwards, these three ratios do not show significant
fluctuations (S/Zn from 1.4 to 31, Ca/Zn from 3.4 to 4.9, Br/Zn from -1.2 t0 0.2) (Figure 7). Around
30 cm, S/Zn and Br/Zn depart from their background values to reach a significant peak at 28 cm
(S/Zn = 3.9, Br/Zn = 1.8) and 26 cm (Ca/Zn = >4.0), the largest change in the 70 cm long core.
Roughly, rom 20 cm to the top of the core, the three ratios approximate to their background

values, as those underlying contact A.
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4.5. Biostratigraphy and paleoelevations.

Fossil diatom assemblages from the record of Estero Potrero Grande show a mix of freshwater
(44 — 95%), brackish (4 —23%) and marine (1 — 36%) taxa (Figure 8). Between 57 to 34 cm depth
freshwater diatoms dominate the assemblages, reaching up to 90% of the assemblages. The
dominant species are Luticola mutica (> 30%) and Diadesmis confervaceae (> 50%). Within the 3
cm below the stratigraphic contact (29 - 32 cm), there is an increase of Halamphora submontana
(5-17%). Above the stratigraphic contact, at 28 cm depth, there is a spike of C. meneghiniana (>
15%). At 27 cm depth, 1 cm above contact A, there is an abrupt increase in marine and brackish
species (55 %), with Nitzschia grossestriata (18%) and Paralia sulcata (11%) the dominant species
that reflect this change. Four centimeters above the stratigraphic contact, from 24 cm depth to
the top of the core, diatoms show a gradual increase in freshwater diatoms (> 70%), with L.

muticola, D. confervacea, G. affine and H. submontana the most abundant species.
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Paleoelevation reconstructions (Figure 8) beneath the organic unit underlying contact A, reach
maximum values, ~0.14 m MHHW with fluctuations < 0.02 m. Within the organic unit beneath
the contact, paleoelevations are 0.12 + 0.05 m MHHW, predicted by Model 1,and 0.12 £ 0. 16 m
MHHW predicted by Model 2. Paleoelevation changes within the 5 cm thick organic unit are
negligible (<0.01 m). Above the stratigraphic contact, at the bottom of the overlying silty bed (28
cm), our models do not show any change in paleoelevation. It is at 27 cm depth, where
paleoelevation estimations change abruptly, from 0.13 + 0.05 m MHHW to 0.7 £ 0.05 m MHHW
(Model 1), and from 0.14 + 0.16 m MHHW to 0.03 = 0.16 m MHHW (Model 2). This is a vertical
land-level change of -0.06 £ 0.08 m (Model 1) and -0.11 £ 0.23 m (Model 2) (Figure 9).

The abrupt change of paleoelevation at 27 cm gradually increases up in the core. Our
reconstructions indicate that at 23 cm, paleoelevations values are similar to those found within
the organic unit below the stratigraphic contact A. At this dept Model 1is 0.14 + 0.05 m MHHW,
and Model 2 0.16 £ 0.16 m MHHW. It is worth noting that this change in paleoelevations is
gradual but steady within this depth range. Toward the top of the core, paleoelevations remain

stable with changes <0.03 m.

Our long-term RSL reconstructions show an overall positive trend (Figure 9). RSL altitude
increases from -0.55 + 0.05 m to -0.02 + 0.05 m (Model 1) and from -0.56 + 0.16 m to -0.03 + 0.16
m (Model 2) between 1972-2018 CE. The total RSL change over this period is +0.53 m, resulting
in a linear change rate of 1.32 + 0.02 cm yr. These reconstructions allow us to identify four
periods of RSL change: 1) from 1972 CE to 1994 CE, RSL is gradually rising; 2) In 1995 CE, there is
an abrupt RSL rise; 3) from 1995 CE to 1999 CE, RSL begins to fall gradually; 4) and from 1999 to
2014, RSL is gradually rising.
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Figure 9. Magnitudes of coseismic subsidence along-strike and RSL changes (1972-2014)
recorded at Estero Potrero Grande. A) Map showing the spatial coherence between
instrumental measurements and our estimations of subsidence caused by the 1995
earthquake. B) Relative sea-level changes reconstructions before, during and after the 1995
earthquake, showing the stages of the earthquake deformation cycle as the most probable
mechanisms to explain the RSL trends.

5. Discussion.

The stratigraphy beneath the coastal wetland Estero Potrero Grande shows a sequence of four
minerogenic beds abruptly overlying organic rich sediments. These stratigraphic sequences are
similar to the sedimentary signature of multiple episodes of coastal wetland submergence
produced by megathrust earthquakes elsewhere (Atwater, 1987; Nelson et al., 1996; Shennan et
al., 1998; Dura et al., 2011). The shallowest event, contact A, is the latest event imprinted in the
local stratigraphy that more likely reflects the episode of coastal subsidence in this site during

the 1995 Colima-Jalisco earthquake (Mw 8).
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5.1. Estero Potrero Grande preserves an extreme event that occurred in 1995 CE.

Our composite age-depth model, including **C ages and 13’Cs based chronohorizons, confirm that
contact A was produced within the last 55 years under a relative steady rate of sediment
accumulation (1.28 + 0.01 cm yr!) at least four times higher than the rate estimated in other tidal
mudflats of the Mexican Pacific coast (Ruiz-Fernandez & Hillaire-Marcel, 2009) and at least one
order of magnitude higher than rates estimated in coastal lagoons of the Atlantic and Pacific
margins of Mexico (Ruiz-Fernandez & Hillaire-Marcel, 2009; Cordero-Oviedo et al., 2019). The
rate of sediment accumulation at our field site approaches rates estimated in fluvial settings of
the Mexican Pacific (e.g. Ruiz-Fernandez et al., 2002). Our chronology indicates the high influence
of the Marabasco river, promoting the vertical aggradation of this wetland and the rapid burial
of the land surface. The modelled age range of contact A (1985-2003 CE) not only brackets the
year of the Colima-Jalisco earthquake, but it shows a mean age (1995 CE) centered on the year

of this event.

5.2. Testing the coseismic origin of contact A (1995 CE).

To confirm, or rule out, the coseismic origin of contact A (1995 CE), we discuss the properties of
the sediments bracketing this contact based on the following paleoseismic criteria of Nelson et
al. (1996): 1) lateral extent of contact A, 2) abruptness of wetland submergence, 3) amount of

submergence and 4) tsunami evidence concurrent with submergence.

5.2.1. Mapping the lateral extent of Contact A.

Our field data provides evidence to determine the lateral extent of contact A. To correlate this
stratigraphic contact along the coring transect we consider the distinctive characteristics of the
lithofacies bracketing the stratigraphic contact, their depths and their stratigraphic position
(Nelson et al., 1998). The underlying organic unit shows very similar characteristics in all cores. It
is a highly humified horizontal bed of organic silt, ~5 cm thick, with occasional remains of plants.

In all cores this unit is clearly differentiated from the overlying sediments in the field instrumental

26



484
485

486
487
488
489
490
491
492
493
494

495
496
497
498

499

500
501
502
503
504
505
506
507

508
509

measurements by a sharp contact between organic silt to silt up core. Contact A is constrained

within the range 21 - 28 cm below the land surface across the field site.

Our field observations confirm that only those sites adjacent to the creeks record the
stratigraphic contact A. If this contact reflects coastal subsidence during the 1995 earthquake,
the small amount of subsidence, in the order of 0.1 m, will likely limit the spatial extent of the
area to cross the threshold from one type of sedimentary environment to another, i.e. a creation
threshold (e.g. Nelson et al., 2006), as observed in marshes affected by the 2016 Mw 7.6 Chiloé
earthquake (Brader et al., 2021). Additionally, the microtidal regime limits those areas regularly
inundated by tides to narrow bands adjacent to the creek channels and the channels themselves.
Proximity to creeks, as a source of sediment, also improves the potential of these sites to record

tsunami sedimentation (e.g. Atwater, 1987, 1992; Morton et al., 2011).

The shallow stratigraphy of this wetland demonstrates that within a period of 55 years, only one
event produced a significant stratigraphic change. Consequently, the mechanism of creation of
contact A had to be an exceptionally large event capable of changing the dominant sedimentation

pattern and burying the land surface over a 1 km distance in 1995 CE.

5.2.2. Evidence of sudden wetland submergence

The salinity ratios S/Zn, Br/Zn and Ca/Zn are our first line of evidence to demonstrate wetland
submergence. Immediately above the contact, the Br/Zn ratio shows a clear peak. The ratio
decreases abruptly a couple of centimeters above contact A. The S/Zn ratio reaches its maximum
values slightly above contact A. This ratio not only peaks above the contact but it remains
relatively high, suggesting a long-lasting change in salinity conditions. The ratio Ca/Zn shows a
more gradual increase above contact A, with a smaller magnitude of change compared to values
elsewhere in the core. Although these ratios, overall, show a similar trend across contact A, their

discrepancies can be explained by the response of the wetland during the creation of contact A.

Because Sulphur is hosted in marine plants and Bromine is associated with marine organic carbon

content (Rothwell & Croudace, 2015), their abrupt increase above contact A most likely reflects
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the rapid penetration of marine waters during the initial stage of wetland submergence in 1995
CE. Bromine and Sulphur have proved to be indicative of marine incursions in other coastal
settings (Chagué-Goff et al., 2017), including the Mexican Pacific coast (Roy et al., 2012). The
long-lasting concentrations of S/Zn, and the rapid depletion of Br/Zn, is explained by the higher
abundance of Sulphur in the waters of the Mexican Pacific (Padilla et al., 2007). The slow and
constant increase of Ca/Zn above the contact, more likely represents the gradual establishment
of the new marine influenced environment above contact A, considering that Calcium is a major
element linked to marine organisms, calcium carbonate shells and marine biogenic content

(Rothwell & Croudace, 2015).

Diatom assemblages are the second line of evidence to confirm wetland submergence. Below
contact A, the species D. confervaceae and H. submontana indicate that this environment was
similar to the modern wetland conditions. These species dominate in shallow lentic freshwater
systems (Szabo et al., 2004; Vélez et al., 2006; Lezilda Carvalho Torgan & Cristiane Bahi Dos
Santos, 2008; Jaramillo et al., 2021), fluvially dominated (Compére, 1984; Qingmin et al., 2015;
Cocquyt et al., 2019). The first centimeter above the stratigraphic contact shows a spike of C.
meneghiniana, which is a planktonic freshwater to brackish species (Denys, 1991). This spike
indicates an increase in salinity conditions, as this species lives in estuarine environments (Zong
et al.,, 2006). C. meneghiniana might represent the sequential transition to an environment
dominated by marine taxa. However, as its spike is concurrent with the abrupt increase of sand,
we cannot rule out the hypothesis that C. meneghiniana is the signature of the tsunami that

accompanied the 1995 CE earthquake.

One centimeter above the stratigraphic contact, at 27 cm, the abrupt increase in the marine
species P. sulcata and N. grossestriata confirm wetland submergence. P. sulcata is a planktonic
species indicative of a high influence of marine conditions in brackish and freshwater
environments (Vos & de Wolf, 1993; Zong, 1997; McQuoid & Hobson, 1998; McQuoid &
Nordberg, 2003). The species N. grossestriata dominates mangroves and shallow subtidal

environments in coastal wetlands of Baja California (e.g. Martinez-Lépez, 2004; Siqueiros-
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Beltrones et al., 2017). These species suggest that sediment accumulation above contact A

occurred around MHHW.

Wetland submergence seems to be reversed gradually during the following four to five years
after the creation of contact A. This is confirmed by the return of salinity ratios to their
background values and the increase of supratidal diatom species, specifically H. submontana and
L. muticula. This pattern of wetland emergence post-1995 CE is steady and the mechanisms that
can explain these changes in salinity and diatom assemblages are described in the following

section.

5.2.3. Coseismic subsidence and relative sea-level changes.

We estimate coseismic marsh submergence across contact A as 0.06 + 0.08 m (Model 1) and 0.11
+ 0.23 m (Model 2), based on the differences in paleoelevation between the samples from 29
and 27 cm core depth as the spike of sand at 28 cm may distort the estimates (Figure 8). This
elevation change is equivalent to 9% and 15% of the great diurnal tidal range, respectively. These
submergence estimates agree with coseismic subsidence values at the coast recorded by
geodetic instruments and show a spatial coherence (Figure 9) with the pattern of subsidence and
uplift discussed previously (Section 1.2), broadly reflecting the along-strike variations of
coseismic slip (Figure 2). For example, at Manzanillo Bay, ~ 30 km southeast from our study site,
a GPS station records 0.06 + 0.07 m subsidence, with maximum slip offshore estimated ~1m
(Mendoza & Hartzell, 1995), and at Chamela Bay, ~70 km northwest, coseismic slip peaks at ~4

m, the magnitude of subsidence was 0.21 + 0.01 m (Hutton et al., 2001).

Our RSL reconstructions, based on the paleoelevation estimates from the core, show an overall
positive trend of +0.53 m in 42 years (1972 - 2014 CE) (Figure 9). Numerous factors contribute to
RSL change, including global mean sea level, regional modifications to the global value due to
factors such as ENSO, deltaic subsidence caused by sediment loading from the prograding
floodplain and delta of the Marabasco river, compaction of unconsolidated wetland sediments,

as well as vertical crustal motions during subduction earthquake cycles. We suggest that the
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deviation seen from the overall RSL trend 1972 — 2018 CE reflects the different stages of the latest

earthquake cycle.

The RSL reconstructions show rapid rise caused by coseismic subsidence in 1995 CE, followed by
a short period of RSL fall. This is consistent with post-seismic uplift outpacing the non-seismic
components contributing to RSL change. GPS records show that the coast adjacent to the
earthquake rupture uplifted rapidly during the first 4-5 years after the earthquake (Hutton et al.,
2001; Cosenza-Muralles et al., 2021a). This pattern of deformation is partially explained by after-
slip deformation, which represents the behavior of the fault areas around the rupture zone over
time scales ranging from of a few months to a few years after the seismic event (Wang et al.,
2012). The area of afterslip was identified 10-20 km farther downdip of the earthquake rupture,
extending all the way down beneath the coast, inducing the pattern of uplift observed along the
coast adjacent to the rupture (Cosenza-Muralles et al., 2021a). A second process that can explain
coastal uplift is viscoelastic rebound, or transient fluid flow in the upper crust, a process that

could occur largely during the first few years after the earthquake (Hutton et al., 2001).

By 1999-2000 CE, the trend of RSL fall reverses to RSL rise as identified earlier (Figure 9). Between
Manzanillo and Barra de Navidad, geodetic instruments demonstrate that the coast between
these years began to experience subsidence at a rate of ¥3 mm yr! (Cosenza-Muralles et al.,
2021b). This quick reversal of land-level change is not unlikely as it has been observed in
earthquakes of similar magnitudes elsewhere (Wang et al., 2012). Geophysical models suggest
that this trend of coastal subsidence is partially explained by the strong locking of the plate
interface, extending to a depth of up to 40 km (Cosenza-Muralles et al., 2021b). However, it is
important to highlight that the local rate of sea-level rise, 2.6 + 0.9 mm yr! at Manzanillo Bay
(Buenfil-Lopez et al., 2012), and the rate of land subsidence, induced by the rapid accumulation
of sediments in this wetland (1.28 + 0.01 cm yr!), also contribute to accelerate or reverse the RSL

trends across the different stages of the earthquake deformation cycle at this site.

30



589

590
591
592
593
594
595
596
597
598
599

600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

5.2.4. Wetland submergence concurrent with a high-energy event deposition.

The last criterion corresponds to tsunami evidence accompanying subsidence. Anomalous layers
of coarse sediments, composed mainly by sand, deposited in low-energy coastal settings are
widely used to infer past tsunamis and earthquakes in tectonically active coasts. In Estero Potrero
Grande, our field evidence does not reveal visible evidence of sand deposition associated to
contact A. However, our laboratory results show the presence of a thin (< 1 mm) layer of sandy
sediments that overlies sharply the organic silt unit (Figure 6) and clearly contrast with the
background sedimentation (Figure 7.B). This minimum evidence suggests the occurrence of a
high-energy event, which is concurrent with a rapid increase of salinity conditions, represented
by the spike of the ratios Br/Zn and S/Zn and the high abundance of C. meneghiniana, which likely

represents the displacement of estuarine waters to the coring site.

A post-event survey indicates that the 1995 tsunami run-up at this location was ~4 m, flooding
the beach of the coastal barrier that protects the wetland, with no evidence of beach barrier
overtopping (Borerro et al., 1997). Hence, if this millimetric sand deposit is the signature of the
1995 tsunami, these coarse sediments would only have reached the back-barrier wetland as the
tsunami wave breached the river mouth and flooding only those low-lying areas adjacent to creek
channels. Numerical models demonstrate that in similar settings along the Mexican Pacific,
tsunamis of similar heights can penetrate as far asat 1 km inland through river and creek channels
(e.g. Sanchez & Farreras, 1987; Farreras et al., 2007; Corona & Ramirez-Herrera, 2012). Under
this scenario, when the 1995 CE tsunami reached the coring site, which is more than 1 km from
the shoreline, the complex network of meandering channels and the presence of dense
mangrove vegetation would have caused it to lose energy, reducing its capacity to carry coarse
sediments and deposit them inland. Indeed, the presence of a millimetric mud cap (Figure 6)
indicates settling of suspended material due to a decline of flow velocity (Kelsey et al., 2005;
Wilson et al., 2014; Chagué-Goff et al., 2015). Sand deposits of similar thickness (< 1 cm) occur
frequently at the landward limit of tsunami deposits elsewhere (e.g. Moore et al., 2006; Paris et

al., 2007; Takashimizu et al., 2012; Garrett et al., 2013; Chagué-Goff et al., 2015; DePaolis et al.,
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2021), showing sedimentary features similar to those found in Estero Potrero Grande (e.g.

Atwater et al., 1995; Morton et al., 2011; Chagué et al., 2018).

The physical, chemical and micropaleontological properties of the millimetric sand layer at
contact A and its synchroneity with abrupt wetland submergence suggests that this deposit is
more likely the signature of the tsunami that followed the 1995 CE earthquake. We argue that
our coring sites are sensitive to record the occurrence of unusual high-energy waves that affect
the Marabasco river estuary. However more sedimentary evidence needs to be collected at other

sites across this wetland to map the lateral extent of this deposit and corroborate this hypothesis.

5.3. Alternative mechanism for the creation of contact A

The Mexican Pacific coast is frequently affected by large hurricanes, which can produce
significant geomorphological changes, increasing rapidly the penetration of marine waters and
deposition of littoral sediments in coastal wetlands, producing similar stratigraphic sequences to
those created by earthquakes and tsunamis (e.g. Peterson & Darienzo, 1991; Nelson et al., 1998;
Otvos, 2011; Goslin & Clemmensen, 2017). Here we test as an alternative hypothesis, the origin
of Contact A to be product of hurricane Winifred (1992 CE) or hurricane Calvin (1993 CE). These
events were the biggest hurricanes that occurred between 1985 — 2003 CE, which made landfall
in a 50 km radius of the study site (Figure S.1 in supplementary material), which corresponds to
the area from the eye of a hurricane with the highest likelihood to produce significant

geomorphological changes and washover deposits in low-lying areas (Morton & Sallenger, 2003).

Hurricane Winifred was an event that formed on October 6, 1992. This event reached a category
3, of the Saffir-Simpson hurricane scale, on October 9, producing wind velocities that peak at 185
km/hr offshore the coast of Michoacan, roughly 183 km southeast of Estero Potrero Grande
(NHC, 1992). Some hours later on the same day, Winifred made landfall as a hurricane category

2 in the Manzanillo bay, 30 km south east of the study site (NHC, 1992).

Hurricane Calvin formed offshore the coast of Oaxaca on July 4, 1993. At its peak intensity,

hurricane category 2, it reached wind velocities of 175 km/hr (NHC, 1993). Three days after its
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formation, Calvin made landfall as a hurricane category 2, close to the mouth of the Cuixmala
river, which lies approximately 50 km northwest of Estero Potrero Grande. At the moment of

landfall, the maximum windspeed registered was 157 km/hr (NHC, 1993).

Instrumental observations of storm surges and water levels produced by these hurricanes are
unspecified, as well as the erosive and depositional imprints along the coast. Hence, to test our
alternative hypothesis, we compare hurricanes Winifred and Calvin with the characteristics
(NOAA, 2004, 2009; NHC, 2021) and impacts (Morton et al., 2007; Conery et al., 2018; FDEP,
2020) of three hurricanes that made landfall as category 2 in the US Gulf of Mexico coast and US
Atlantic coast (Table 1). These hurricanes produced storm surges at the site of landfall between
1.68 - 2.83 m. Considering that storm surges are caused by strong winds and low atmospheric
pressures; comparing these parameters among all hurricanes in table 1, it seems very unlikely
that hurricanes Winifred and Calvin could produce storm surges of such magnitudes, not only
because they record lower wind speed and higher atmospheric pressure, but also because the
ocean waters in the Pacific coast are deeper than the gently slope coasts in the Atlantic and Gulf

of Mexico, limiting the height of storm surges (NHC, 1993).

Table 1. Comparison of characteristics of hurricanes Winifred and Calvin with other hurricanes of similar intensities.

Event Hurricane Winifred Hurricane Calvin Hurrican Isabel Hurricane Ike Hurricane Sally
Year 1992 1993 2003 2008 2020
Region Mexican Pacific coast Mexican Pacific coast US Atlantic coast US Gulf of Mexico coast US Gulf of Mexico coast
Maximum category 3 2 5 4 2
Maximum wind speed (km/hr) 185 175 268 231 95
Minimum pressure (mb) 960 966 915 935 965
Landfall site Cuixmala river, Jalisco Manzanillo bay, Colima Drum Inlet, North Carolina Galveston Bay, Texas Gulf Shores, Alabama
Catregory at landfall 2 2 2 2 2
Windspeed at landfall (km/hr) 157 157 167 175 176
Pressure at landfall (mb) 975 973 957 950 965
Maximumstormsurge(m) | - e 2.47 2.83 1.68
Maximum water level (m NAVD88) | - e 2.49 3.25 1.99
Maximum water level (mMHHW) [ - e 217 2.915 1.705

Northern Outer banks, North Eastern Texas and western

Carolina

Santa Rosa island, northwestern

Region affected
egion affecte Florida

Louisiana

Coastal barrier, 200 - 400 m wide, composed by a
series of beach ridges and a chain of frontal dunes (>
5 m), backed by mangrove swamps.

Local geomorphology

Narrow barrier islands (<200 m Narrow beaches and low chenier
wide) with dunes systems (<5 m plains (1 - 2 m high), backed by
high), backed by marsh lands marsh lands

Creation of a washover terrace,
Floods > 10 km and washover

Barrier islands with dune
systems (<10 m) backed by
Pensacola bay.

Intense dune erosion with

Impacts ~400 minland, and coastal A overwash deposits ~300 m
. deposits ~100 m. .
breaching. inland.
NOAA, 2004; Conery et al. 2008;
Source NOAA, 2009; Doran et al. 2009 NHC, 2021; FDEP, 2020

Morton et al. 2007

In addition to atmospheric pressure, wind velocities and coastal slope, other local factors could

have played an important role in the creation of high storm surges during hurricanes Winifred or
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Calvin. Nonetheless, even in a worse-case scenario such as hurricane lke (Table 1), water levels
would not be high enough to overtop the barrier due to the local topographic conditions, which
play a major control to limit coastal flooding and washover deposition (Soria et al., 2017;
Watanabe et al., 2017). This coastal barrier hosts a chain of frontal dunes at least 5 m above
mean sea level and a sequence of higher beach rides that extend inland for at least 400 m. (e.g.
Méndez Linares et al., 2007; Zuber et al., 2022) Coastal floods caused by hurricane Winifred were
only reported at the town of Cuyutlan (Padilla Lozoya, 2007), which is more than 50 km southeast
from Estero Potrero Grande. Indeed, most of the damages produced by this event were identified
in the southern portion of Colima and Michoacdn (NHC, 1992). This region lies on the right-front
guadrant of hurricane Winifred, which is the location where the storm surge, onshore-directed
winds, and waves focus their greatest energy (Morton & Sallenger, 2003; Doran et al., 2009). For
hurricane Calvin, official reports do not indicate floods in the coastal plain of the Marabasco river
(e.g. Hernadndez et al., 2013). Even though the study site was on the right-front quadrant of
hurricane Calvin, the obliquity of the hurricane track to this coastal stretch was a factor that

reduced the income energy to produce high water levels (Figure S.1 in supplementary material).

Satellite images of post-hurricanes show no evidence of wave overtopping nor coastal breaching
along the barrier (Figure S.2 in supplementary material). The only breached site that could have
facilitated the incursion of marine waters in this study site is the Marabasco river mouth. When
the mouth of the river breaches it is often due to high-water levels produced by fluvial discharges,
occurring before a hurricane hits the coast (e.g. Elwany et al., 1998; McSweeney et al., 2017). If
high fluvial discharge interacts with a storm surge and waves, the wetland may experience an
increase in brackish and marine waters. Nonetheless, local factors such as the meandering
pattern of the creek channels, the distance of the coring sites to the river mouth (2.6 km) and the
presence of mangrove patches would have reduced the capacity of the storm surge and waves
to reach the coring sites. After more recent and intense hurricanes, we have observed that only
creek bank locations that cut the back barrier wetland are able to produce significant
sedimentary changes in response to high fluvial discharges rather than storm surge and wave

deposits.
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Lastly, if any of these hurricanes produced significant morphological changes at the river mouth,
such changes could amplify the tidal prism, increasing the influence of marine waters and
sediments at the coring sites. However, it is unlikely that a hurricane of category 2 would cause
a long-lasting change in the sedimentary regime of the wetland because in this wave-dominated
settings breaching events are short-lived due to the lack of sustained inlet flow after the driven
event (e.g. Rich & Keller, 2013; Seminack & McBride, 2018). Our diatomological and geochemical
data show a long-lasting change from a freshwater to a brackish-marine environment, which
cannot be explained by a short-lived marine incursion caused by a minor hurricane.
Consequently, our observations and reconstructions lead us to conclude that contact A is unlikely

to be the signature of hurricane Winifred nor hurricane Calvin.

5.4. Implications for further paleoseismic investigations.

Our findings demonstrate that fossil diatoms are well preserved in fine-grained sedimentary
sequences of back-barrier coastal wetlands along the Mexican Pacific. Previous studies of
megathrust earthquakes along the Mexican Subduction Zone have noticed the low
concentrations and poor preservation of microfossils in coastal deposits, particularly in sandy rich
settings and mangrove environments (e.g. Ramirez-Herrera et al., 2012, 2014, 2016). Here, we
demonstrate that the high abundance of fossil diatoms in back-barrier settings opens the
possibility to use them in future investigations as a geological proxy to quantify relative sea-level
changes produced coseismically, complementing tsunami investigations along the Mexican

subduction zone.

This approach has the potential to investigate earlier earthquakes allowing reconstruction of
multiple earthquake deformation cycles through the pre-instrumental earthquakes improving
our understanding of the, unclear, pattern of longer-term coastal deformation (e.g. Ramirez-
Herrera et al., 2004). Understanding variable coseismic land-level changes across multiple
earthquake deformation cycles offers a unique opportunity to understand down-dip rupture
variations (e.g. Nelson et al., 2008; Briggs et al., 2014; Dura et al., 2017). This would provide an

opportunity to refine the earthquake hazard assessment of this region, as deeper ruptures
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represent a major hazard to coastal and inland territories due to their proximity to the seismic

source.

6. Conclusions.

The 1995 Colima-lalisco earthquake produced coastal subsidence, recorded in the stratigraphy
of the wetland Estero Potrero Grande. The lithological expression of this sudden RSL rise is a
horizontal bed of organic silt overlain abruptly by a bed of grey silt, which extends laterally for
over 1 km, with an age of 1995 CE. We demonstrate that the overlying silt unit is accompanied
by a rapid increase in salinity conditions, shown by the elemental log-ratios and diatom
assemblages. Two diatom-based paleoelevation reconstructions suggest subsidence in the order
of 0.06 + 0.05 m and 0.11 + 0.16 m. These reconstructions are consistent with the magnitude of
subsidence recorded by GPS observations and tide gauge data along the coast adjacent to the
earthquake rupture. The stratigraphy also shows evidence of a brief period of RSL fall, reflecting
post-seismic uplift, followed by a period of gradual RSL rise, interpreted as the beginning of the
interseismic stage. A millimetric laminae of sand accompanying the submergence of the wetland

reveals the minimal signature of the event of the tsunami that accompanied this earthquake.

In this study we develop the first diatom-based study designed to quantify the magnitude of
coastal coseismic subsidence on the Mexican Pacific coast. The approach we develop
demonstrates the feasibility of fossil diatoms to quantify decimeter-scale relative sea-level
changes, even with the lack of a local modern dataset of diatom assemblages. Nonetheless, to
better constrain relative sea-level reconstructions and reduce their uncertainties, we encourage
future investigations along this coast to build transfer function models based on modern
assemblages from the Mexican Pacific coast. Our findings can complement existing evidence of
past earthquakes focusing on tsunami deposits and if applied to deeper sediment sequences
should allow for a more complete understanding of the unknown behavior of the Mexican

subduction zone.
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