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• This study reveals a historical tsunami
and hurricane record over Baja California.

• Sediment cores were used to study
environmental responses to distur-
bance events.

• Multi-proxy results revealed four paleo-
hurricanes and one paleo-tsunami.

• Tsunami run-up and backwash deposits
each have specific characteristics.

• The current ecosystem and terrain is
likely resulted from the ~530 cal yr BP
tsunami.
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Tsunamis and hurricanes are two earth surface processes that candramatically impact coastal landforms and eco-
systems. This study uses a combination of palynological, grain-size, X-rayfluorescence, and loss-on-ignition anal-
yses, short-lived isotopic and radiocarbon dating, and statistical analysis to differentiate the tsunami and
hurricane deposits, establish a Late-Holocene record of extreme events, and document the landscape and vege-
tation transformation in response to disturbance events and environmental changes from a small coastal lagoon
in Baja California, Mexico. Prior to ~530 cal yr BP, Playa Los Cocos was occupied by a short-hydroperiod tidal
marsh bounded by desert vegetation on the surrounding hillslopes. At ~530 cal yr BP, a tsunami created a
backbarrier lagoon and introduced mangrove propagules from other coastal localities, and the lagoonal environ-
ment and substrates also provided suitable habitats for redmangroves to proliferate. Once established, redman-
grove populations rapidly expanded until ~180 cal yr BP, when modern human activities diminished the
mangrove forest in our study area. Overall, the multi-proxy dataset revealed four hurricane events at ~770,
~600, ~280, and ~0 cal yr BP, and one tsunami event at ~530 cal yr BP. The hurricane deposits were preserved
in the form of fluvial and slope-wash deposits characterized by low organic and water contents, low concentra-
tion of marine elements, and high concentration of terrestrial elements. The tsunami run-up deposits are
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characterized by abundant broken and intact sea shells, high content of carbonate andmarine elements, low con-
centration of terrestrial elements, and sharp basal contact with the underlying sediments. The tsunami backwash
deposits are characterized by a mixed physical and chemical signature resembling both marine and terrestrial
sediments. Results also suggest that both hurricanes and tsunamis can help propagule dispersal and create suit-
able coastal habitats favorable for the spread and proliferation of mangroves in a desert coastal environment.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Tsunamis and tropical cyclones are twomain earth surface processes
that can significantly alter coastal landforms and ecosystems. Recent
events such as Hurricane Katrina (2005, North Atlantic), Typhoon
Haiyan (2013, Western Pacific), and the Indian Ocean (2004) and
Tohoku (2011) Tsunamis had dramatic biophysical and societal impacts
on coastal environments in different parts of theworld. Therefore, iden-
tifying these disturbance events in the geological record and
documenting their long-term ecological impacts have broad signifi-
cance in understanding and predicting the coastal landscape evolution
worldwide. During the past few decades, many researchers have stud-
ied tsunami deposits in sedimentary records across the Western Pacific
(Minoura and Nakaya, 1991; Minoura et al., 2001; Nanayama and
Shigeno, 2006), the North American - Pacific Plate boundary
(McCloskey et al., 2015; Ramirez-Herrera et al., 2007; 2020), and
other tectonically active places worldwide (Peters and Jaffe, 2010;
Chagué-Goff et al., 2011; Goff et al., 2012, 2020). Generally speaking,
typical characteristics of tsunami deposits found in onshore environ-
ments include signs of sea-water intrusion, wide-ranging size of alloch-
thonous deposits, sharp basal contact, and poor sorting (Dawson and
Shi, 2000; Dawson and Stewart, 2007).

Similarly, extensive studies have documented the physical and
chemical signatures of hurricane deposits (e.g., Donnelly et al., 2001;
Woodruff et al., 2008; Liu, 2004; Brandon et al., 2013; Wallace et al.,
2014; Bregy et al., 2018; Yao et al., 2018, 2019). Nonetheless, many tec-
tonically active coastal regions across the tropics and subtropics are im-
pacted by both tsunamis and hurricanes. Because tsunami and
hurricane deposits are produced by comparable physical processes
and have similar sedimentary characteristics, few studies have success-
fully distinguished them in the sedimentary profile (Tuttle et al., 2004;
Morton et al., 2007; Kortekaas and Dawson, 2007; Ramírez-Herrera
et al., 2012; Horton et al., 2013). Hence, paleo-tsunami is still not well
documented in geological record (Peters and Jaffe, 2010; Chagué et al.,
2020; Engel et al., 2020), and studies documenting the depositional pro-
cesses of tsunami-triggered backwash are rare (Dawson, 1994; Dawson
and Stewart, 2007; Chagué-Goff et al., 2017).

The Baja California Peninsula in Northwestern Mexico, is positioned
over theGulf of California TransformFaults between the East Pacific Rise
and San Andreas Fault (Fig. 1), where the tectonic boundaries between
the North American Plate and the Pacific Plate slide past each other.
Consequently, the region is known for its tsunamis and earthquake ac-
tivities (Gonzalez-Yajimovich et al., 2007; Castro et al., 2017).Moreover,
tropical storms and hurricanes also play amajor role in the coastal mor-
phological evolution of the peninsula. Although rare, episodic storms
cause erosion on the rocky shorelines and bring heavy rainfall that dra-
matically alter the desert vegetation and terrain over Baja California
(McDonald et al., 2003; Antinao et al., 2016). Furthermore, these dis-
tinctive geomorphological settings of the region contribute to a diverse
climate ranging from mild Mediterranean climate in the northern pen-
insula to arid desert climate in the south (Case et al., 2002; Pérez-Cruz,
2006). The unique landscape and ecosystems of Baja California support
a large variety of indigenous and endangered flora and fauna (Glover
et al., 2020). Thus, the rich geological and biological diversity of Baja
California draws attention from geologists, biologists, and ecologists
around the globe.
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Unfortunately, climate change and anthropogenic activities have
posed significant threats to the arid ecosystems in the region
(Underwood et al., 2009; Arianoutsou et al., 2012). In recent years, the
peninsula is warming faster than most areas in North America
(Bedsworth et al., 2018). Under the current prediction, the Mediterra-
nean biome in the region will likely shift northward by the end of the
21st century (Seager et al., 2019; Glover et al., 2020), leaving the entire
peninsula a subtropical desert. Hence, in order to project the regional
vegetation dynamics under the warming climate, it is imperative to un-
derstand how the coastal ecosystem responds to environmental change.
However, very few long-term ecological record from the region exist in
the literature (Pérez-Cruz, 2013; Ezcurra et al., 2016; Figueroa-Rangel
et al., 2016; Páez-Osuna et al., 2016). In particular, the impacts of tsu-
namis and hurricanes on coastal ecosystems and morphodynamics
and the process of post-disturbance vegetation changes in tectonically
active arid coastal regions, such as Baja California, have not been well
documented. Thus, large data gaps exist in the literature.

Coastal lacustrine environments, especially lagoons surrounded by
hillslopes in the desert region are particularly sensitive to record cli-
matic and hydrological extremes, such as landslides, storm surges, and
tsunamis (Antinao and Farfán, 2013). In this study, we present three
sediment cores (Cocos-7, 9, and 11) retrieved from a small coastal la-
goon at a dried fluvial valley in Playa Los Cocos, southern Baja California
(Baja California Sur) and 20 surface samples from surrounding areas
(Fig. 1). The objectives of this study are to utilize a combination of pal-
ynological, grainsize, X-ray fluorescence (XRF), and loss-on ignition
(LOI) datasets, short-lived isotopic and radiocarbon dating, and statisti-
cal analysis to (1) reveal the sedimentary and geochemical characteris-
tics of different endmember source sediments, (2) differentiate
between tsunami and hurricane deposits and establish a Late-
Holocene tsunami andhurricane record, (3) elucidate the tsunami back-
wash process based on a multi-proxy dataset, (4) document the long-
term dynamics of desert coastal vegetation in response to environmen-
tal changes and disturbance events.

2. Regional setting

2.1. Study site description

The Baja California Peninsula, an elongated peninsulawith an area of
~144,000 km2, is bordered on the north by theU.S. state of California, on
the west by the Pacific Ocean, and is separated from mainland Mexico
by the Gulf of California (Fig. 1). Below the gulf's sea floor, the relative
movement of the North American Plate and the Pacific Plate changes
from moving away to sliding past each other, forming many transform
faults characterized by a zigzag pattern, known as the Gulf of California
Transform Faults (Stock and Hodges, 1989; Sedlock, 2003) (Fig. 1c).
Originated along transform faults, mountain belts run through the cen-
ter of the peninsula, exhibiting the aftermath of past tectonic activities.
Themountains produce a rain shadow and extremely arid environment
along the Gulf side of the peninsula, including our study area. Conse-
quently, vegetation is sparse along the Gulf coast and comprises mainly
of desert shrubs and herbs, especially of the families Papilionoideae and
Asteraceae (Case et al., 2002; Martínez-López et al., 2019). Forest taxa
such as pine (Pinus) and oak (Quercus) aremore common on themoun-
tains and on the Pacific side (Case et al., 2002).



Fig. 1.Maps of the study area. (A) Laguna Los Cocos. Red dotmarks the location of sediment cores. Yellow dotsmark the locations of surface samples. (B) Bahia Concepcion. Red starmarks
Playa Los Cocos. (C) Gulf of California Transform Faults. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Our study area, Playa Los Cocos (Fig. 1a) is a small bay (~550mwide
at the bay mouth) located in Bahia Concepcion (Concepcion Bay),
southern Baja California (Fig. 1b). The coring site, Laguna Los Cocos, is
a small lagoon (~5000 m2) at the south end of Playa Los Cocos
(Fig. 1a). The lagoon is situated in a dry fluvial valley bordered by
hillslopes on the east and west sides and enclosed behind a barrier
beach on the south side (Fig. 1a). A 300m tidal inlet at the northeastern
side of the bay connects the lagoon with Bahia Concepcion. Field mea-
surements taken in March 2019 showed that salinity of the lagoon is
30‰. The depth of the lagoon is ~1 m at the center and gradually be-
comes shallower toward the edge. Previous studies indicated that rain-
fall induced by episodic tropical cyclones could be much more intense
than that associated with monsoon or winter storms and serve as the
primary source of regional moisture (McDonald et al., 2003; Antinao
and McDonald, 2011; Antinao et al., 2016; Martínez-López et al.,
2019). Precipitation record from an automated weather station oper-
ated by Mexico's Servicio Meteorológico Nacional (SMN) ~18 km to
the north of our study site shows that the accumulated precipitation
ranges from 1.5 to 369 mm, per year, with an average of only 110 mm
during the past 97 years (1922–2016) (SMN, 2020). Currently, the la-
goon is surrounded by red mangroves (Rhizophora mangle), with black
(Avicennia germinans) and white mangroves (Laguncularia racmosa)
growing on higher flats around its edges. Desert shrubs and herbs oc-
cupy the outer fringe of the bay and on the hills.

2.2. Instrumental and historical record of tropical cyclones and tsunamis in
the region

The U.S National Oceanic and Atmospheric Administration (NOAA)
Historical Hurricane Tracks database contains 67 years (1954–2020)
of instrumental storm record for the Baja California peninsula (NOAA,
2020). The record shows that a total of 17 tropical cyclones made
3

landfall near Playa Los Cocos (within 200 km radius) from 1950 to
2000 CE, an average return interval of ~3.8 years (Fig. 2b). These 17
tropical cyclones include nine tropical storms, seven category-1 hurri-
canes (Saffir-Simpson scale), and one category-3 hurricane – Olivia,
which made landfall ~26 km to the north of our study site on October
14th, 1967 with sustained winds up to 200 km/h (NHC, 2015). It is the
only one of two documented major hurricanes that ever made landfall
on the Gulf side of Baja California.

Since the 21st century, a total of 15 tropical cyclones have made
landfall near our study area (within 200 km radius) (Fig. 2a), an average
return interval of ~1.3 years (NOAA, 2020). Among them, eight are
tropical storms, three are category-1 hurricanes, three are category-2
hurricanes at landfall, and one major hurricane, Odile, which directly
acrossed Cabo San Lucas on September 15th, 2014. It was tied with
Hurricane Olivia for the most intense hurricanes ever hitting Baja
Californiawith sustainedwinds of 205 km/h at landfall (NOAA, 2020). De-
spite being the most intense recorded hurricane of the region, Odile was
significantly weakened by the southwesterly wind shear and mountain
belts of the peninsula when it moved northward. (Fig. 2a). Among other
conditions, the orographic effect of the mountain belts likely weakened
its influences when Odile passed Playa Los Cocos ~50 km to the west.

Instrumental (NGDC/WDS, 2017) and historical records (Farreras
and Sanchez, 1991; Ramírez-Herrera et al., 2019) documented 13 local
and regional tsunamis (< 200 km from the source) generated by tec-
tonic and geological activities in the Gulf of California since the 19th
century (Fig. 2c & d). Because these tsunamis were recorded exclusively
from areas with human occupation and tidal gauges, more tsunamis
likely impacted Baja California during the early period. Among the 13
tsunamis, the August 27th 1810 tsunami was caused by an earthquake
near Loreto (Ramírez-Herrera et al., 2019), one of the largest cities in
Baja California Sur located at ~100 km south of our study site. This 7.4
Mw earthquake devastated the settlement and triggered a large basin-



Fig. 2. Instrumental and historical record of storm tracks (A) and (B) (NOAA, 2020) and local tsunamis (C) and (D) (Farreras and Sanchez, 1991; Ramírez-Herrera et al., 2019; NGDC/WDS,
2017) of BajaCalifornia Peninsula and surrounding area. Yellow starmarks Playa Los Cocos. Red triangle and yellow circle in (C) and (D)marks the approximate location of the tsunami and
affected city (area). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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wise tsunami (up to 20m) that affected over 200 kmof the Loreto-La Paz
coast (Suter, 2018; Ramírez-Herrera et al., 2019) (Fig. 2c). Beyond the in-
strumental period, sedimentary and geochemical record revealed three
large turbidites likely attributed to earthquakes occurring at 4900, 2800,
and 1500 cal yr BP (Gonzalez-Yajimovich et al., 2007), and one large
tsunami occurring at 1100 cal yr BP (McCloskey et al., 2015) near the
city of La Paz. No evidence of large basin-wide tsunami has been revealed
from sedimentary record for the last 1000 years (Gonzalez-Yajimovich
et al., 2007; McCloskey et al., 2015). More details regarding the above-
mentioned tsunami events are described in Supplementary Content
(Table S1).

3. Materials and methods

3.1. Field work

In March 2019, three sediment cores, Cocos-7 (79 cm), Cocos-9 (48
cm), and Cocos-11 (50 cm) were recovered from Laguna Los Cocos
(Fig. 1a). The main core, Cocos-7, was retrieved by pushing an alumi-
num push corer (8 cm diameter) until it reached an impenetrable sub-
strate near the center of the lagoon (26°44′35.79″N, 111°54′4.79″W).
Cocos-9 &11 were retrieved using a Russian peat borer (5.5 cm diame-
ter) to duplicate and verify Cocos-7. Hence, Cocos-9 was taken right
next to Cocos-7. Cocos-11was recovered at a nearby site slightly further
to the east (26°44′35.68″N, 111°54′4.77″W). In addition, 20 surface
samples (S1-S20) were retrieved in and around the lagoon (Fig. 1a).
Among them, two samples (S4 and S5) were taken from the same loca-
tion as core Cocos-7 & 9. The other 18 samples were taken from the la-
goon (S1-S3 and S6-S8), fluvial plain (S9-S11), hillslopes (S12-S14),
beach (S15-S17), and nearshore environment (S18-S20). All cores and
surface samples are currently stored in a cold room (4 °C) at Louisiana
State University. GPS coordinates of all cores and surface samples can
be found in Supplementary Content (Table S2).
4

3.2. Multi-proxy analyses

X-ray fluorescence (XRF) and loss-on-ignition (LOI) analyses were
performed for all surface samples and cores at 1 cm interval. An
Olympus Innov-X DELTA Premium XRF analyzer was used for XRF
analysis, following standard procedures (Yao et al., 2020a & 2020).
The elemental concentrations (ppm) of eight common elements were
reported in this study. LOI analysis followed the procedures described
in Dean (1974). It reveals the % water (wet weight), % organics (dry
weight), and % carbonates (dry weight) of the sediment profile. Grain-
size analysis was performed for all surface samples and at a 2 cm inter-
val for Cocos-7 and 5 cm interval for Cocos-9 and Cocos-11, using a
Beckman Coulter particle size analyzer (0.04–2000 μmrange). The sam-
ple pretreatment followed the procedures described in Wang et al.
(2019). The overall clay (< 2 μm), silt (2–63 μm), and sand (63–2000
μm) fractions were reported for each sample.

Palynological analysis was performed on all three cores at 2 to 5 cm
intervals. All pollen samples were processed using standard laboratory
procedures described in Aragón-Moreno et al. (2018, 2012). Published
pollen keys by Yao and Liu (2018) and Vargas-Sánchez et al. (2016)
were used to aid the pollen identification. Over 300 grains of pollen
and spores were counted for each sample. The concentrations of algae,
foraminifera linings, dinoflagellates tests, and charcoal fragments
(>10 μm in size) were also reported for every sample. One tablet con-
taining ~20,583 Lycopodium spores (Lc) was added to every sample as
an exotic marker to aid the calculation of pollen concentrations
(grains/cm3).

3.3. Chronology

Thirteen samples were sent to ICA Inc., in Florida, for AMS 14C dating
(Table 1). Among them, six samples consist of leaves and plant frag-
ments. For sample intervals where plant macrofossils are absent,
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approximately 5 g of sediments were sieved and inspected under a dis-
sectingmicroscope to remove shells and roots from bulk clastic and fine
organic fraction of the sediments. These sieved bulk sediments were
used for AMS 14C dating. The top 50 cm of core Cocos-7 was sent to
State Key Laboratory of Marine Geology, Tongji University, China for
210Pb and 137Cs dating at 1 cm interval. Gamma-ray measurements
were performed on a HPGe well type γ-ray detector (GWL-120-15-
LB-AWT，AMETEK). Excess 210Pb (210Pbex) activity was determined
by subtracting the supported 210Pb (210Pbsu, equivalent to 226Ra)
from total 210Pb (210Pbt). The uppermost sediments (0–5 cm) were
measured in the detector for 96 h and the other sample intervals were
measured for 48 h. Details regarding the pretreatment and analyses
for radiocarbon and short-lived isotope samples are described in
Supplementary Content. Chronology of the main core Cocos-7 was
established using BACON version 2.2 (default priors and settings)
(Blaauw, 2010). All radiocarbon dates were converted to calibrated
year before present (cal yr BP) using Calib 7.2 (Stuiver et al., 2020)
and rounded to the nearest decade.

3.4. Statistical analyses

Principal component analysis (PCA) was performed on the XRF and
LOI datasets of the surface samples using C-2 version 1.7.7 (rotate axes,
center data by variables, standardize data by variables) to reveal the
distribution of endmember source sediments in relation to their
sedimentary and geochemical parameters. The PCA provides a
foundation to categorize various proxies into statistically meaningful
groups, which can then be used to reveal the characteristics of different
sediment endmembers.

3.5. Graphic simulation

The Global Mapper v.18 was used to produce the model simulation
of vegetation and geomorphological development at Playa Los Cocos.
The modern terrain is based on QuickBird satellite images (Jan/2021),
downloaded from Google Earth (2.44 m resolution), and digital
Table 1
Radiocarbon dating results for core Cocos-7, Cocos-9, and Cocos
are marked in grey color.
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elevation model derived from Shuttle Radar Topography Mission
(SRTM) data, downloaded from the United States Geological
Survey (USGS) (Gorelick et al., 2017). The three-dimensional
paleoenvironment simulations were created from satellite image and
edited in Corel Photo-Paint X6 following the interpretation of multi-
proxy data. Finally, these simulated satellite images were merged with
the modern digital elevation model of the study area.

4. Results

4.1. Numerical analysis of endmember source sediments

Grain-size, LOI, and XRF datasets of surface samples exhibit distinct
differences among endmember source sediments (Fig. 3a). The lake
sample group (S1-S8) shows the highest values of %Water, %Organic,
and Br, and lowest values in %Carbonate, Ca, and Sr among all surface
sample groups. Both the fluvial plain (S9-S11) and the hillslope (S12-
S14) groups are characterized by high concentrations of Zr, K, Fe, and
Ti, and low values in all other parameters. Samples in the beach and off-
shore groups consistmostly of sand. The beach group (S15-S17) has the
highest values of %Carbonate, Ca, and Sr among all sample groups. The
nearshore group (S18-S20) has the lowest concentrations of Zr, K, Fe,
and Ti, and high values of %Carbonate, Cl, Sr, and Br.

On the PCA biplot showing the distribution of endmember source
sediments in relation to LOI and XRF results (Fig. 3b), the first two
principal components (PC) account for 51.05% and 35.8% of the
variance, respectively (Tables S3–S4). Along the PC1 axis, all terrestrial
indicators (Fe, Ti, K, and Zr) (Haug et al., 2001; Van Soelen et al., 2012;
Yao et al., 2020a) have the highest positive loadings and close
association with the fluvial and hillslope groups, whereas all marine
indicators (%Carbonate, Sr, Ca, Cl, and Br) (Ramírez-Herrera et al.,
2012; Liu et al., 2014; Ercolani et al., 2015; McCloskey et al., 2018)
have the lowest negative loadings and close association with the
beach and nearshore sample group. Hence, PC1 clearly represents a
salinity gradient whereby salinity decreases from the negative end
toward the positive end. On PC2, the beach samples are closely
-11. Samples deemed unacceptable by the Bayesianmodel



Fig. 3. a). Grain-size, LOI, and XRF dataset of surface samples. b). PCA biplot showing the distribution of surface sample groups in relation to various proxies. Each sample group is marked
by a different color.
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associated with marine indicators (%Carbonate, Sr, and Ca), while Br, %
Water, and %Organic have the lowest negative loadings and close asso-
ciation with the lake sample group (Fig. 3b). Since deposits from stable,
low-energy environments typically have higher water and organic con-
tents than those from dynamic environments, PC2 likely indicates an
energy gradient from bottom to top.

4.2. Radiocarbon and short-lived isotopic dating results

Short-lived isotope results show that 137Cs activity from all sample
intervals in Cocos-7 had lower than the 48 h minimum detectable con-
centrations (MDC48h), and 137Cs in the core top (0–5 cm) were lower
than the MDC96h. Similarly, both 210Pbt and 210Pbsu activity from all
layers in Cocos-7 were lower than the MDC48h. By extending the
counting time, the 210Pbsu (via 226Ra at 351.9 keV) show detectable ac-
tivities of 0.63± 0.04 and 0.67± 0.04 dpm/g at 0–1 cm and 4–5 cm, re-
spectively. While only the top 1 cm has detectable 210Pbt, therefore
210Pbex activity of 0.99 ± 0.04 dpm/g was derived at 0–1 cm. Collec-
tively, radionuclides analysis suggests that the surface (0–1 cm) of
Cocos-7 was dated back to the mid-1950s, and the rest of the sediment
interval were older than 100 calendar years. Since this study use 1950
CE as 0 cal yr BP, the surface of Cocos-7 (0–1 cm) is assigned as 0 cal
yr BP in the chronologymodel. Short-lived isotope results are illustrated
in Supplementary Content (Fig. S1).

Among the thirteen 14C samples, three samples taken from 46, 47,
and 48 cm at the bottom of core Cocos-11 did not yield graphite due
to low organic content. Results of the other ten samples are reported
in Table 1 and Fig. 4. The Bayesian model deemed two samples (25 cm
and 60 cm) from Cocos-7 as invalid. Two other dates from Cocos-9
(35 cm) andCocos-11 (20 cm)were also deemed invalid based on strat-
igraphic correlation discussed in later sections. The Bayesian age model
of Cocos-7 is illustrated in Supplementary Content (Fig. S2).

4.3. Stratigraphy, sedimentary and geochemical dataset

The multi-proxy analyses and visual inspection revealed that core
Cocos-7 consists offive different types of sediments (Fig. 4). Upon visual
inspection in the field, the top 40 cm is reddish brown color, and the rest
of the core is grey to dark grey color. The bulk of the core consists of silty
sand. Finer silt layers occur at 0–2 cm (H-4), 22–25 cm (H-3), 45–53 cm
(T-b), and 63–66 cm (H-2). Sediments in these silt layers generally have
higher contents of terrestrial elements (Zr, K, Ti, Fe) and higher values of
Fe/Sr, a normalized parameter showing terrestrial vs. marine fraction in
sediments. In particular, the silt layer at 45–53 cm has very low water
content. Sand and fine sand with high contents of carbonate, Ca, and
6

Sr and low contents of terrestrial elements occur at 53–61 cm (T-a).
This sand layer has sharp basal contact with the silty sand layer beneath
it and contains plenty of broken shells and a few shells ofMulinia sp. In-
tact shells ofNassarius snails are present in the three silt layers (H-1, T-b,
andH-2) and throughout the bottom10 cmof the core. An intact shell of
Mexican Deep Scallop (Euvola vogdesi) is present between the silt and
silty sand layers at 45 cm. It is worth noting that the concentration of
Cl is significantly higher in the top 15 cm of the core. In addition, the la-
goon bottom contains ~10 cmof unconsolidatedmud at the surface (see
Fig. S3 in Supplementary Content). Unfortunately, thismud layer was in
liquid state and not preserved in core Cocos-7 upon core opening in the
laboratory.

Core Cocos-9 consists of three types of sediments (Fig. 4). The top
10 cm is the same reddish brown color as the top 40 cm in core
Cocos-7. Fine sand with sharp basal contact, abundant broken shells,
and some Nassarius snails occur at 20–40 cm (T-a). Silty sand layers
occur at 0–10 cm, 40–43 cm, and imbedded in the fine sand layer. Silt
layers occur at 10–20 cm (T-b) and the bottom of the core (43–48
cm) (H-2). Nassarius snails are present in both silt layers.

Core Cocos-11 (Fig. 4) consists of five types of sediments. The top
22 cm (T-a) consists of fine sand with a coarse sand layer at 5–7 cm.
This sand layer has sharp basal contact with the silty sand layer below
and contains plenty of broken shells and a few Nassarius snails and
Mulinia shells. Silty sand layers occur at 22–38 cm and 41–45 cm. Silt
layers are found at 38–41 cm (H-2) and 45–50 cm (H-1). Nassarius
snails are present throughout the bottom 10 cm of the core. The XRF
and LOI characteristics of the various sediment types in core Cocos-9
and Cocos-11 closely resemble those of Cocos-7. In general, coarser sed-
iments (sand and fine sand) have higher content of marine elements
and carbonate, whereas finer grain sediments (sandy silt and silt) are
rich in terrestrial elements but have lower content of water (Fig. 4). A
detailed illustration of core stratigraphy is presented in Supplementary
Content (Fig. S4).

4.4. Pollen data

A total of 67 pollen, spore, and plankton taxa were identified from
the cores, and palynomorphs occurred at >2% in any interval were
shown in Fig. 5. Core Cocos-7 is divided into five pollen zones. The pol-
len assemblage in Zone-1 (79–61 cm) is dominated by marsh (>60%)
and desert taxa (>20%) with very few tree and mangrove taxa. Specifi-
cally, most pollen spectra in Zone-1 contain abundant Amaranthaceae
(50–70%), an herbaceous plant commonly found in freshwater and
brackish marshes (Willard et al., 2001; Yao et al., 2015). In addition,
green algae (Botryococcus), marine planktons (foraminifera and



Fig. 4. From left to right: core photograph, litholog, grainsize, LOI, and XRF datasets of cores Cocos-7, Cocos-9, Cocos-11. 14C sample intervals and results are marked by the red arrow.
Classification of the grain-size followed the description by Folk (1966). The red and blue shaded zones mark the disturbance events that will be discussed later. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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dinoflagellate), desert ironwood (Papilionoideae), beachwort (Batis
sp.), and aquatic plant (Ruppia) are also present in this zone.

Zone-2 (61–45 cm) is characterized by the increase of prolific wind-
pollinators, such as red mangrove (Rhizophora mangle), pine (Pinus),
and desert ironwood (Papilionoideae). Concentrations of aquatic taxa
(green algae, marine planktons, and Ruppia) also increased significantly
in this zone, particularly in Zone-2b. The abundant aquatic organisms
and rise of red mangrove persisted in Zone-3 (45–37 cm).

Zone 4 (37–15 cm) is characterized by the increase of organicmatter
(Fig. 4) and the dominance of mangroves, particularly red mangrove.
Most intervals in Zone-4 contain >50% of Rhizophora, which is indica-
tive of mature red mangrove community (Woodroffe et al., 1985;
Behling et al., 2001; Ellison, 2008; Yao and Liu, 2017). Interestingly,
red mangrove pollen diminishes abruptly at 25 cm, corresponding to
the sandy silt layer with abundant Nassarius snails (Figs. 4 & 5).

Zone-5 (15–0 cm) is characterized by a slight decrease in red man-
grove pollen and the disappearance of Botryococcus, an open-water
planktonic algae (Medeanic, 2006; Park et al., 2016; Volkman, 2014).
Hence, the disappearance of Botryococcus indicates our study area was
transformed from a more dynamic environment (Zone-3&4) to an
enclosed coastal lagoon (Zone-5), likely caused by the closing of a
tidal channel. This transformation also coincides with a significant in-
crease of salinity indicator, Cl (Yao et al., 2020a) in the top 15 cm of
core Cocos-7 (Fig. 4).
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Core Cocos-9 is divided into Zone-1 (48–40 cm), Zone-2a (40–20
cm), Zone-2b (20–10 cm) and Zone-3 (10–0 cm). Core Cocos-11 is di-
vided into Zone-1 (50–22 cm) and Zone-2a (22–0 cm). The pollen as-
semblages of the pollen zones in Cocos-9 and Cocos-11 are very
similar to the corresponding pollen zones in core Cocos-7 (Fig. 5).

5. Discussion

5.1. Stratigraphic correlation of sediment units in Cocos-7, Cocos-9, and
Cocos-11

The stratigraphic units and pollen zones described in Cocos-9 and
Cocos-11 can be correlatedwith those in Cocos-7 (Fig. 6). Using the red-
dish unit at the top of Cocos-7 (0–40 cm) and Cocos-9 (0–10 cm) as a
stratigraphy marker (Figs. 4 & S1), the surface of Cocos-9 (0 cm) corre-
sponds to ~30 cm in Cocos-7. The reddish brown color at the top of these
two cores is likely the result of oxidation of ferrous iron in surface sed-
iments where oxygen concentration is higher. Moving into deeper part
of the cores, the silt (T-b) and sand layers (T-a), encountered in both
cores, are characterized by similar stratigraphic and chemical signa-
tures, as well as almost identical pollen and shell assemblages (Figs. 4
& 5). In particular, the same sand unit (T-a) also occurrs at the top
22 cm of core Cocos-11. Hence, the sand layer in Cocos-7 (53–61)
corresponds to those in Cocos-9 (20–40) and Cocos-11 (0–22 cm),



Fig. 5. Pollen results for core Cocos-7, Cocos-9, and Cocos-11. Each vegetation group is marked by a different color and event layers are marked by red and blue shades. The agemodel for
Cocos-7 is generated by BACON 2.2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and silt layers in Cocos-7 (45–53 cm) and Cocos-9 (10–20 cm)
correspond with each other (Fig. 6). Similarly, the silt layer (H-2) in
Cocos-7 (63–66 cm) corresponds to those in Cocos-9 (43–48 cm), and
Cocos-11 (38–41 cm). In addition, two more silt layers (H-3 and H4)
are present exclusively in Cocos-7, and another silt layer is present
exclusively at the bottom of Cocos-11 (H-1). Fig. 6 summarizes the stra-
tigraphy, LOI, and pollen results of the three cores, and the correlation of
the sediment units.

5.2. Sedimentary and geochemical characteristics of hurricane deposits

One of the most distinctive features of the stratigraphic profile of
Laguna Los Cocos is the four thin silt layers found in the cores (Fig. 6).
Not only do these silt layers sharemany common physical and chemical
characteristics, such as low organic and water content, low concentra-
tion of marine elements (e.g., Ca and Sr), and high concentration of
terrestrial elements (e.g., Ti and Fe) (Fig. 4), they also resemble the
physical and chemical signature of surface samples taken from the
fluvial valley (S9-S11) and hillslopes (S12-S14) surrounding the lagoon
(Fig. 3). In general, there are three allochthonous endmember sources
for lagoonal deposits in Baja California Peninsula: aeolian dust,
terrestrially-originated materials, and marine-originated materials
(Case et al., 2002), and the latter two endmembers account for the
bulk of the sediment profile (Pye, 2015). Typically, terrestrial deposits
are generated by landslide (Chagué-Goff et al., 2017) and surface runoff
(Yao et al., 2019), whereas tidal activity, storm surge (Wallace et al.,
2014; Yao et al., 2020a), and tsunami (McCloskey et al., 2015; Chagué
et al., 2020; Ramírez-Herrera et al., 2020) can introduce marine
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sediments to the lagoon. In the case of Laguna Los Cocos, it is reasonable
to assume that earthquake-induced landslides would generate much
thicker deposits at occluded environments such as our study site
(Fig. 1). Hence, the silt layers are likely fluvial and slope-wash deposits
caused by precipitation, particularly heavy precipitation associatedwith
strong tropical storms or hurricanes.

Among instrumental and historical hurricane records in the litera-
ture, most studies are focused on storm surge and saltwater intrusion
(Liu and Fearn, 1993, 2000; Liu et al., 2008; Donnelly et al., 2001;
Brandon et al., 2013; Ercolani et al., 2015). Very few studies have paid
attention to evidence of hurricane induced heavy precipitation and
flooding (Wang et al., 2019; Yao et al., 2020a), which can cause signifi-
cant damage to the infrastructure and ecosystem and leave a profound
physical and chemical signal in the sediment profile, typically marked
by high concentrations of terrestrial runoff indicators (Fe and Ti) (Liu
et al., 2014; Yao et al., 2019). In southern Baja California, the majority
of the annual precipitation is associated with tropical cyclones
(McDonald et al., 2003; Antinao et al., 2016; Antinao and Farfán,
2013). Considering the strong evaporation in an arid desert environ-
ment (accumulated annual precipitation of 110 mm/yr) at our study
site (SMN, 2020) (Fig. 1), it is likely that slow-moving cyclones carrying
a lot of moisture are responsible for forming a deluge on the flood plain
andwashing the terrestrial sediments downslope into the lagoon.More
importantly, Laguna Los Cocos is located in a semi-enclosed bay shel-
tered by the mountain belts to the west and a small gulf to the east
(Fig. 1). Such environmental setting attenuates the physical force of
hurricanes and protects Playa Los Cocos from strong storm surges.
Thus, the four silt layers (H1 to H4) in the cores were likely formed by



Fig. 6. a) A summary of the proxy records and radiocarbon dates detailing the stratigraphic correlation of cores. Hurricane-generated silt layers (H-1 to H-4) aremarked by red shades for
visual clarity. Tsunami-generated sand (T-a) and silt (T-b) layers are marked by blue and red shades. Arrows mark the 14C dates (cal yr BP). The age model for Cocos-7 is generated by
BACON 2.2. The vertical positioning of the cores is based on field notes. b) An illustration of the stratigraphic sequence at the bottom of Laguna Los Cocos. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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fluvial and slope-wash processes associated with the passage of slow-
moving and wet hurricanes in the past.

In addition, intact shells of Nassaruis snails are present in all hurri-
cane layers. Nassaruis snails (nassa mud snails) are primarily a
deposit-feeder and burrower that actively scavenges on shallow-water
and tidal flats (Scheltema, 1964). It is likely that hurricane deposition
made the lagoon shallower or the mud flats more extensive, thereby
allowing these scavengers to feed in the coring sites where the water
was otherwise too deep for these shallow-water burrowers. It is also re-
markable that while the fluvial, slope-wash, and lake surface samples
have similar grainsize distributions (Fig. 3), hurricane layers in the
cores contain a somewhat greater fraction of fine-grained sediments
(Fig. 4).We believe that this can be explained by the water-sorting pro-
cess, whereby the coarser sediments were readily deposited at the foot
of the hillslopes or around the edges of the lagoon, and only the fine
fractions were deposited at our coring sites toward the center (Zhang
et al., 2019, 2020). Moreover, the surrounding vegetation could also
act as a filter to prevent the coarser sediments from entering the lagoon.

5.3. Sedimentary and geochemical characteristics of tsunami deposits

The other distinct feature of the stratigraphic profile is the corre-
sponding sand layer (T-a) found in all cores (Fig. 6). This sand layer is
characterized by high contents of carbonate and marine elements, low
concentrations of terrestrial elements (Fig. 4), and high resemblance
to the beach and offshore surface sample groups (Fig. 3). Thus, it is
safe to assume a marine origin for this thick sand layer (15–20 cm),
which was likely introduced to the lagoon by a major marine intrusion
event such as during a stronghurricane or a tsunami. In the case of Playa
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Los Cocos, we believe this thick sand layer was caused by a paleo-
tsunami, based on several additional pieces of evidence. First, abundant
broken shells and intact shells of Mulinia sp. (a sea clam found in off-
shore environment) are present exclusively in the sand layers. This fos-
sil shell assemblage is almost identical to the extant shell assemblages
found in nearshore and offshore environments at our study area
(Fig. S5 in Supplementary Content). Moreover, large, intact sea shells,
especially clams, have been found abundantly in coastal and lagoonal
deposits attributed to tsunami events near La Paz, ~320 km south of
our study site (McCloskey et al., 2015). Thus, evidence from both the
sand layer and the embedded shells point to not only themarine or off-
shore origin of the deposit, but also a very high-energy mechanism—
likely a tsunami—responsible for its transportation and deposition. Sec-
ond, this sand layer has sharp basal contact with the underlying sedi-
ments, implying deposition by an abrupt event (Fig. 4). Third, the
physical settings at Playa Los Cocos shelter the lagoon from storm
surge (Fig. 1). Most of the tropical cyclones affecting the study area
were traveling up the Baja California peninsula from south to north or
coming from the Pacific Ocean to the west (Fig. 2). Therefore, they
were typically weakened when they made landfall before coming
close to the site. In addition, the study site is further protected by a
high mountain range in the west, and by the mountainous Concepcion
Peninsula across a deep and narrow strait (Bahia Concepcion) in the
east (Fig. 1), which further reduces the fetch and hence storm surge
height. Furthermore, the physical and chemical characteristics of this
sand layer is consistent with those of typical tsunami run-up deposits
documented worldwide (Minoura and Nakaya, 1991; Dawson and
Stewart, 2007; Goff et al., 2012; McCloskey et al., 2015; Chagué-Goff
et al., 2017; Ramírez-Herrera et al., 2020). Therefore, the multi-proxy
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dataset indicates that a paleo-tsunami event was recorded in our cores,
and it was likely a local tsunami caused by submarine landslide or
landside on the east shore of Bahia Concepcion (Fig. 1b), because our
study site is sheltered by Bahia Concepcion from large basin-wise tsu-
nami coming from the Gulf of California.

Immediately above the tsunami run-up layers (T-a) in cores Cocos-7
and Cocos-9 is another silt layer (T-b) (Fig. 4). Unlike the other
hurricane-generated silt layers (H1-H4), T-b is much thicker and char-
acterized by a mixed physical and chemical signature characteristic of
both marine and terrestrial sediments, such as broken shells and finer
grainsize. We believe that this thick silt layer is generated by tsunami-
triggered backwash. During the tsunami run-up stage, most of the
coarser marine sediments (e.g., sand and shells) is dropped out of the
water column (Shi et al., 1995; Nanayama and Shigeno, 2006; Dawson
and Stewart, 2007), forming the tsunami run-up deposits (T-a)
discussed in the previous paragraph (Fig. 6). In Playa Los Cocos, the tsu-
nami run-up must have collected plenty of fluvial and slope-wash sed-
iments from the adjoining landscape. When the tsunami run-up was
receding back to the sea, the finer materials containing a mixture of
slope-wash sediments (e.g., fine grainsize sediments) and remaining
of the marine materials (e.g., broken shells and scallop) gradually de-
posited on top of the coarser materials (T-a), forming this unique back-
wash layer (T-b) carrying both marine and terrestrial signals (Figs. 4
and 6).

5.4. The composite 14C age model for Cocos-7, Cocos-9, and Cocos-11

The identification of tsunami and hurricane deposits and close strat-
igraphic correlation among the cores permits a composite dating
scheme for all the disturbance events and zone boundaries (Fig. 6).
Two 14C samples taken from the silty sand layers near the bottom of
Cocos-7 and Cocos-11 produced similar dates of 700 and 770 cal yr BP
(Fig. 6). It is reasonable to infer that the bottom age of Cocos-7 is be-
tween 700 and 770 cal yr BP, and the first hurricane layer (H-1) oc-
curred before 770 cal yr BP.

Among the four 14C samples taken from the three hurricane layers,
two samples based on bulk sediments and one sample based on seeds
yielded anomalously older dates of 1080 (60 cm from Cocos-7), 940
(35 cm from Cocos-9), and 1570 (20 cm from Cocos-11) cal yr BP
(Table 1 and Fig. 6). Tsunami and hurricane deposits are essentially a
mixture of two fundamentally different sediment sources, autochtho-
nous and allochthonous deposits. The former refers to in-situ deposits,
and the latter refers to deposits carried by tsunami run-up or storm
surge (Kelsey and Witter, 2020). The bulk sediments and seeds likely
represent the allochthonous portion of the tsunami deposits from off-
shore or nearshore environments, thereby yielding much older dates.
The same interpretation also applies to the 14C date from the hurricane
layer (25 cm) in Cocos-7 (Fig. 6). However, the leaf sample taken at
55 cm from core Cocos-7 yielded a 14C date of 530 cal yr BP (Table 1),
consistent with other valid dates in this core (Figs. 4 & 6). We believe
that this sample represents the autochthonous portion of the tsunami
deposits, hence a reliable estimate of the calendar age of the tsunami
event, since leaf is the optimal sample type for radiocarbon dating. Sim-
ilar interpretation for radiocarbon dating of tsunami deposits has been
reported in previous studies (Ishimura, 2017; Kelsey and Witter,
2020). More importantly, the Bayesian chronology model of Cocos-7
was also in agreement with our interpretation and excluded the two
14C dates based on bulk sediments from the hurricane (25 cm) and tsu-
nami (60 cm) layers (see Fig. S2 in Supplementary Content).

Therefore, based on the composite 14C dating scheme and multi-
proxy analysis for Cocos-7, Cocos-9, and Cocos-11, the estimated ages
for the four hurricane events are ~770 (H-1), ~600 (H-2), ~280 (H-3),
and ~0 (H-4) cal yr BP, and the age of the tsunami event is ~530 (T-a
and T-b) cal yr BP (Fig. 6). Among the four inferred hurricane events,
three are prehistoric and there are no historical records to corroborate
them since the instrumental record from NOAA only documented
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hurricanes since 1950 CE. The 0 cal yr BP (H-4) eventmay be Hurricane
Olivia of 1967, one of the strongest (category 3) hurricanes that im-
pacted the study area in the historical record (see Section 2.2 above).

5.5. Coastal geomorphological and vegetation changes in response to
disturbance events

Overall, the pollen record reveals five vegetation units (Zone-1 to
Zone-5) from Cocos-7, three corresponding vegetation units (Zone-1
to Zone-3) from Cocos-9, and one and half corresponding vegetation
units (Zone-1 to Zone 2a) from Cocos-11 (Fig. 5). These vegetation
units correspond to five stages of vegetation development in response
to disturbance events and long-term environmental changes (Fig. 7).
To provide a coherent representation of the vegetation and landscape
transformation, the three pollen records from Laguna Los Cocos are cor-
related schematically and displayed in Fig. 7. The age estimation of each
stage is primarily based on the Bayesianmodel of Cocos-7 and the com-
posite 14C dating scheme.

Prior to ~530 cal yr BP, pollen assemblage in Zone-1 (Fig. 5) is consis-
tent with the vegetation composition of a typical coastal saltmarsh in
southern Baja California (Case et al., 2002). Such areas were probably
dominated by halophytic marsh plants of the family Amaranthaceae
(Chenopodiaceae/Amaranthaceae). The consistent appearance of
green algae and marine planktons indicates that the area was in close
proximity to the intertidal zone, and the abundance of Nassarius snails
point to a tidal flat. Thus, our record suggests that during the time of
Zone-1 (770–530 cal yr BP) the study site was most likely a short-
hydroperiod tidal marsh surrounded by drought-tolerant upland plants
such as pine, desert ironwood, and other desert plants on the surround-
ing hillslopes (Fig. 7a). Two hurricanes (H-1, H-2) affected this site dur-
ing this time, at ~770 and ~600 cal yr BP. These storms seemed to be
detrimental to the halophytic marsh community, as suggested by a de-
crease in Amaranthaceae pollen above the storm layers, but their eco-
logical impacts seemed to be limited.

This coastal saltmarsh landscape persisted until ~530 cal yr BP when
the tsunami hit Playa Los Cocos. The pollen assemblages in the tsunami
run-up layer (Zone-2a) is characterized by a sharp decrease in the
locally-derived Amaranthaceae and an increase in Rhizophora, which
was hitherto absent or rare locally at the study site but was probably
present in other suitable coastal habitats around Bahia Concepcion
and, as a corollary, in the offshore sediments (Fig. 5). This pollen signa-
ture is consistent with the phenomenon documented by previous stud-
ies that offshore or marine sediments contain a more regional pollen
assemblage than the in-situ terrestrial sediments (Chmura and Liu,
1990; Chmura et al., 1999; Yao and Liu, 2018). The pollen assemblage
in the tsunami backwash layer (Zone-2b) contains more desert taxa
found on the hillslopes (e.g., Asteraceae, Papillionoideae), especially in
Cocos-7. This pollen signature is also consistent with the sedimentary
process of the tsunami-trigger backwash. The multi-proxy evidence
from Zone-2, the tsunami event deposit, suggests that a sand barrier
was formed in front of the coastal saltmarsh, eventually transforming
the bay-mouth wetland into a backbarrier lagoon (Fig. 7b). During the
tsunami run-up, large volumes of materials were eroded from the
subtidal and intertidal zone and deposited on the coastal plain and in
the saltmarsh (Dawson and Stewart, 2007), generating a beach barrier,
trapping the seawater, and creating a lagoon behind it (Evans et al.,
2011). Accordingly, the backbarrier lagoon preserves not only the
landward-directed run-up deposit (T-a) but also the seaward-directed
backwash deposit (T-b). Such barrier lakes created by the impounding
of coastal water due to tsunami or other tectonic activities have been
documented worldwide, and it may persist for thousands of years
(Jansen, 2012).

The backbarrier lagoon persisted through Zone-3 (~530–400 cal yr
BP) (Fig. 5). During this early phase of development, the lagoon was
fairly open with active tidal connections to the sea, as evidenced by
the great abundance of foraminifera tests and dinoflagellates. The



Fig. 7.Graphic simulation of the geomorphology and vegetation development of Playa Los
Cocos associated with disturbance events and environmental change during the late
Holocene, based on proxy data and modern terrain and vegetation. Red dot marks the
study site. Mangroves and marshes are marked in darker-green and lighter-green
patches around the lagoon. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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lagoonal environment must have provided favorable habitats for red
mangroves, which rapidly colonized the littoral zones of the lagoon
with expanding populations (Fig. 7b).

Mangroves continued to proliferate and progressively replaced the
beach and marsh taxa in Zone-4 (~400–180 cal yr BP) (Fig. 7c).
Rhizophora generally accounts for >50% of the pollen assemblage
(Fig. 5), indicating a well-established red mangrove forest around the
lagoon (Behling et al., 2001; Ellison, 2008; Yao et al., 2015; Yao and
Liu, 2017). As the sand barrier continued to grow and stabilize, the la-
goon becamemore isolated from the sea, as indicated by the notable de-
crease in foraminifera tests and dinoflagellates in this zone. The lagoon,
while less tidally connected, also became shallower due to sediment
infilling, as suggested by the disappearance of aquatic plant (Ruppia)
and a decrease of green algae (Botryococcus) (Fig. 5). The expansion of
mangrove and increase of organic matter in Zone-3 and Zone-4 suggest
an increase in mangrove peat accumulation after the tsunami event
(Figs. 4 & 5). It has beendocumented that thatmajor coastal disturbance
events, such as hurricanes and storm surges, can bring phosphorus and
nitrogen from offshore sediments to fertilize mangrove forests, and the
additional nutrients could acceleratemangrove expansion (Yao and Liu,
2017, 2018; Yao et al., 2015) and mangrove peat accumulation
(Castañeda-Moya et al., 2013, 2020). Since tsunami and hurricane de-
posits share similar physical and chemical characteristics (Ramírez-
Herrera et al., 2012; Chagué-Goff et al., 2017), it is reasonable to assume
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that the tsunami deposits also fertilized themangrove forest in Playa Los
Cocos and facilitated its rapid expansion. In addition, tsunami waves
could have transported propagules of Rhizophora from red mangrove
colonies around other coastal areas in Bahia Concepcion to our study
site, where mangroves were hitherto absent. In mangrove literature,
sea-level rise has been reported to be the main driver for mangrove
peat accumulation in several desert inlets along the coasts of Baja
California (Ezcurra et al., 2016) and in other regions across the globe
(McKee et al., 2007; Ellison, 2008; López-Medellín et al., 2011). This
study documents that tsunami events may also be beneficial for the
spread and proliferation of mangroves in a desert environment by pos-
sibly facilitating propagule dispersal, creating suitable habitats, and fer-
tilizing the substrate. It is also remarkable that the site was impacted by
another hurricane (H-3) around ~280 cal yr BP (Fig. 4). The pollen data
suggest that this storm eventmight have caused significantmortality of
red mangrove around the site but its population recovered quickly and
might even have benefited from this disturbance event, as indicated by
a distinct increase in Rhizophora pollen above the storm layer (Fig. 5).
The halophytic marsh community also seemed to be adversely affected
by this storm event.

Finally, since ~180 cal yr BP (Zone-5), red mangrove has continued
to dominate the vegetation community around Playa Los Cocos, albeit
at lower abundance than before (Fig. 7d). The reducedmangrove popu-
lation was probably due to increased human activities, which started in
the late 17th centurywhen the first Spanishmissionwas founded in Lo-
reto and culminated in the 1830s (Case et al., 2002). In a barren desert
terrain such as south Baja California, mangrove wood is among the
few natural resources that can be used for fuel or other human con-
sumptions. During this period the lagoon probably continued to shrink
in size as a result of silting, as suggested by the disappearance of the
open-water planktonic algae Botryococcus (Fig. 5). Thus, the coring
site became increasingly isolated from the sea and became a backbarrier
lake, as reflected by the significant reduction in the frequencies of fora-
minifera tests and dinoflagellates in this zone. While very limited tidal
connection is still being maintained to-date by a small inactive channel
running to the north and northeast of the lake, the lake has received
most of its sediment and nutrient input from terrestrial sources and
might have become hypersaline during drier periods, which is regis-
tered by a concomitant increase in Ti, Fe, K, and the salinity indicator
Cl in the XRF record (Fig. 4).

6. Conclusions

This study provides the first paleo-hurricane record and a hitherto
undocumented paleo-tsunami event at ~530 cal yr BP from southern
Baja California,Mexico. Themulti-proxy sedimentary recorddocuments
four hurricane events at ~770 (H-1), ~600 (H-2), ~280 (H-3), and ~0 (H-
4) cal yr BP, and one tsunami event at ~530 (T-a and T-b) cal yr BP
(Fig. 6). The hurricane deposits were preserved in the form of fluvial
and slope-wash deposits and characterized by low organic and water
contents, low concentrations of marine elements (e.g., Ca and Sr), and
high concentrations of terrestrial elements (e.g., Ti and Fe) (Fig. 4).
This study also documents the physical, chemical, and biological charac-
teristics of a tsunami deposit, including both the run-up and backwash
facies. The tsunami run-up deposits are characterized by abundant bro-
ken and intact sea shells, high contents of carbonate and marine ele-
ments, low concentrations of terrestrial elements, and sharp basal
contact with the underlying sediments. In contrast, the tsunami back-
wash deposits are characterized by a mixed physical and chemical sig-
nature resembling both marine and terrestrial sediments.

By integrating pollen data with sedimentary and geochemical evi-
dence of paleo-tsunami and paleo-hurricane events, this study provides
a rare dataset that documents the post-disturbance geomorphic and
ecosystem changes at a coastal lagoonal site in an arid landscape. The
multi-proxy dataset documents five stages of vegetation and landscape
transformation in response to disturbance events and environmental
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changes during the lastmillennium (Fig. 7). Prior to ~530 cal yr BP, Playa
Los Cocos was occupied by a short-hydroperiod tidal saltmarsh
bounded by drought-tolerant species on the surrounding hillslopes
(Fig. 7a). The ~530 cal yr BP tsunami event deposited a sand barrier in
front of the saltmarsh, creating a backbarrier lagoon that was initially
tidally open to the sea (Fig. 7b). Mangroves were previously absent
from the site but the tsunami waves probably brought mangrove prop-
agules in from other coastal localities, and the lagoonal environment
and substrates also provided suitable habitats for redmangroves to pro-
liferate (Fig. 7b). Once established, red mangrove populations rapidly
expanded and became the dominant species around the backbarrier la-
goon after ~400 cal yr BP (Fig. 7c). Hurricane disturbances also seemed
to have similar beneficial effects on mangrove populations as tsunamis
in this arid coastal lagoonal environment. Mangrove abundance was
somewhat diminished during the past two centuries due to human ac-
tivities. Meanwhile, the lagoon has shrunk in size due to silting, espe-
cially in the northern and eastern sides, and it became increasingly
isolated from marine influences (Fig. 7d). The modern shallow, saline
backbarrier lake surrounded by mangroves was formed after ~180 cal
yr BP as a result of these long-term coastal morphodynamic and ecolog-
ical processes punctuated by disturbance events caused by a tsunami,
multiple hurricanes, and human activities.
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