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Abstract: This study investigates the Holocene evolution of the Laraquete-Carampangue strandplain
(LCS) on the tectonically active coast of south-central Chile using Ground Penetrating Radar (GPR)
and LiDAR data. Laraquete-Carampangue strandplain (LCS), on the tectonically active coast of
south-central Chile, is a rare accretionary feature in a region dominated by rocky shorelines and
limited sediment supply. LIDAR-derived digital elevation model reveals a complex geomorphology
comprising 52 beach ridges, aeolian dunes, and fluvial paleochannels, while GPR radargrams
uncover marine and aeolian facies influenced by past seismic and climatic events. We interpret these
units in the frame of past seismic and climatic events. Our geomorphological and stratigraphic
findings suggest that the strandplain progradation was driven by relative sea-level changes
associated with past seismic cycles and Holocene climate change. We propose that the transition from
drier to humid conditions in the late Holocene triggered the onset of dune formation at the end of the
Little Ice Age. This integrated approach highlights the interplay of tectonic and climatic forcings in
shaping coastal landforms, offering insights into their long-term response to environmental change.

Keywords: strandplain, Holocene; LIDAR; GPR; tectonic; climate change; Chile

1. Introduction

A strandplain (or beach ridge plain) is a surface of sediment accumulation formed by sequences
of beach ridges parallel or semi-parallel to the current coastline [1,2]. Beach ridges represent paleo-
beach berms, ancient coastal barriers, or submarine bars and may be accompanied and covered by
sand sheets, dunes, or paleo dunes. Therefore, some authors may also have mixed origins: marine-
eolian [1-3]. Depressions or swales can be distinguished between ridges, corresponding to ancient
runnels, interbar grooves (e.g., swash bars), or interdune depressions. The strandplains typically
form in sandy coasts with high long-term sediment availability, representing a plain with net
progradation (e.g., [4-7]) and can develop during a marine transgression or regression but also
during a period of sea level stability [1,2,8,9]. However, they have also developed on tectonically
active coasts, where relative sea level change occurs (e.g., [10-12]).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Strandplains have been used to study the Holocene evolution of coastal landscapes [9,13],
providing keys to understanding the drivers of geomorphological changes, such as climate changes
(e.g.,[6,14-18] ) and the related seismic cycle (e.g., [11,19-22]). Multiple tools, techniques, and
methods have been used and combined to study the strand plain and its geomorphic and
sedimentological components (e.g., aerial photographs, satellite images, use of trenches, sediment
cores, OSL dating, among others), highlighting the use of Ground Penetrating Radar (GPR) (e.g.,
[3,7,14,17,20,23-27] and LiDAR data (e.g., [6,28-31].

GPR is a non-invasive tool that examines a landform's internal stratification and facies, offering
key insights into its formation and evolution [32]. The GPR emits electromagnetic waves in the
megahertz frequency range (typically 50-1000 MHz) that penetrate the subsurface and are reflected
when, in its propagation, it encounters a separation surface concerning another medium. In the
radargrams (a graphical representation of the data obtained), the resistivity changes of the materials
are distinguished, such as a change between sand and a paleosol or a layer with a concentration of
dielectric minerals (e.g., heavy minerals), recording characteristics such as morphology, inclination,
and depth [32].

LiDAR, a remote sensing tool, employs laser pulses to measure the elevation of the surface and
overlying features like vegetation [33]. Two main types exist: Terrestrial laser scanning (TLS),
conducted from the ground, and airborne laser scanning (ALS), which is deployed from an aircraft.
ALS (used here) determines topographic elevation by measuring the round-trip travel time of laser
pulses from the aircraft to the surface and back [34]. LIDAR data-derived products (e.g., DTM) have
been widely used in coastal geomorphology studies because they allow 2D and 3D analysis at high
resolution (centimeter accuracy), which makes them ideal for the description, analysis, and counting
of ridges on strandplains (e.g., [6,30]).

Chile faces a subduction zone, where the Nazca Plate subducts beneath the South American
Plate (Figure 1a) at a rate of approximately 6.6 cm/year [35]. This tectonic setting has shaped the local
geomorphological dynamics and long-term sediment availability for various coastal systems. Coasts
along active margins are typically narrow, situated close to subduction trenches, exhibit irregular
relief, reach high elevations, and display significant crustal faulting [36]. As a result, these regions
feature small basins with low sediment production. Additionally, submarine canyons are common
along active margins and exhibit steep slopes, often extending to the surf zone. Consequently, a
significant portion of the sediment reaching the coast is transported toward these canyons, reducing
the sediment available for alongshore currents that supply sandy coastal systems. Therefore, the
sedimentary environments of coastal systems along active margins are discontinuous and limited in
extent, resulting in predominantly rocky coasts [36].

The Chilean coast is representative of an active margin with only ~580 km of sandy coastline,
representing 2% of the country's total, while the remaining 98% corresponds to rocky coasts [37]. In
this setting, the presence of accretionary plains such as strandplains is limited due to the existing
restrictions for their development, with the scarcity of space and the availability of sediment the main
limiting factors. This is why they constitute a geomorphological singularity that should be studied
not only for its uniqueness but also for its value as a system that, being less dynamic than other types
of sandy coasts (e.g., beaches with dune fields), allows the recording and preservation of evidence of
past events that determined the evolution of the coast.

In the following, we offer findings about the evolution of the remarkable Laraquete-
Carampangue strandplain (LCS) in the Gulf of Arauco, south-central Chile. The singularity of this
strandplain lies in its sediment source, which corresponds to a coastal basin of the Carampangue
River, usually smaller than the Andean basins and, therefore, has a more limited sediment stock.
Using LiDAR data and radargrams obtained from GPR profiles, we analyze the geomorphology and
stratigraphy of the strandplain to understand the environments and processes involved in forming
Holocene landforms. Our results suggest that permanent tectonic uplift and past climate changes are
main drivers of its evolution and morphological changes. The findings presented here represent an
excellent opportunity to comprehend the evolution of this type of sandy coast and provide the
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scientific basis for understanding their response to phenomena derived from climate change and the
seismic cycle.

2. Study Area

The LCS is a no-deltaic strandplain [38]. Bounded to the NNE by the Laraquete River, to the E
by marine terraces, to the S by the Lia River, to the SSW by the Carampangue River, and to the W by
the Pacific Ocean (orange box in Figure 1c and Figure 2). The LCS lies along the coast overlooking
the Gulf of Arauco in the Biobio Region, south-central Chile (red box in Figure 1c). This coastal area
forms a geomorphological system approximately 100 km long, featuring another strandplain to the
north, the San Pedro-Escuadrén (SSPE in Figure 1c). The coastal system developed through tectonic
and eustatic processes, primarily shaping relative sea-level changes that governed its evolution
during the Pleistocene and Holocene [39,40]. The geomorphological boundary between the
Pleistocene and Holocene is marked by inactive cliffs separating uplifted marine terraces
(Pleistocene) from the strandplain (Holocene). Three uplifted terrace levels have been mapped in the
area, with the lowermost formed in the Marine Isotope Stage (MIS) 5e, about 125 ka ago, which is
found at elevations ranging from 25 and 50 m [41]. The inactive cliff exhibits evidence of marine
erosion related to the mid-Holocene highstand [42] or last maximum marine transgression dating to
~7-6 ka BP [39,40]. After the mid-Holocene highstand, continuous relative sea-level decrease created
accommodation space for the development of the LCS.

The current climate of the study area is controlled by the Southeast Pacific Anticyclone (SPA)
and the migratory pressure systems of the circumpolar flow and band associated with frontal systems
[43]. The average annual precipitation is 1100 mm, and most of this precipitation is concentrated in
winter, with 5 to 15 several days precipitation events [44]. Holocene evidence in south-central Chile
has shown a multi-millennial climatic variability of transition from drier (middle Holocene) to more
humid conditions (late Holocene) [45-50]. In front of the Gulf of Arauco, Francois et al. [51] suggest,
based on the interpretation of sedimentological records from Laguna Verde (36°47’S, see Figure 1c),
that a local humid period was established from ~4 ka BP, resulting from a transition from a drier
period established in the middle Holocene. Lamy et al. [52] suggest that this transition was primarily
driven by the transfer of the southward and northward shifts of the Southern Westerly Wind Belt
(SWW), respectively, which may have influenced the increase and decrease of SPA influence.

The coastal system is located in the southern section of the 2010 Maule earthquake (Mw 8.8)
(Figure 1b). This event had a ~500 km rupture and a complex slip distribution with two maximum
slip patches of ~17 m and ~12 m in the northern and southern sectors of the rupture, respectively
[53,54]. The earthquake caused tsunami waves and land uplift on the mainland and Santa Maria
Island in front of LCS [55]. In Tubul, ~1.4 m of uplift was recorded, causing a widening of the beaches
bordering ~100 m [56,57], while Santa Maria Island rose ~2.2 m, causing similar beach growth [22].
The predecessor to the 2010 Maule event was the 1835 earthquake, and comparable evidence, such as
coastal uplift and tsunami inundation, suggests that both were similar [55,58,59]. Charles Darwin
studied its effects in situ and quantified coastal uplift based on dead mussels still attached to the
emerged rocky shore, measuring an uplift of ~2.1 m at Tubul and ~3 m at Santa Maria Island [60].
This coseismic uplift also triggers beach growth.

After the 2010 earthquake, vertical deformation was measured in the San Pedro-Escuadron
strandplain, the city of Coronel [61], and Santa Maria Island [12]. The subsidence is probably
triggered because the coast facing the Gulf is in an interseismic phase, as it occurred after the 1835
earthquake [12,62]. This context, plus others associated with climate change, could partly explain the
erosion phenomena of the coastline recorded on the coasts of the Gulf, including that facing the LCS
[63].

The LCS is a populated coast, and the two main towns on its surface are Laraquete and
Carampangue. The area has significant economic activities and infrastructures, such as a cellulose
factory and a road (see Figure 2). All these populated areas and activities have expanded at the
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expense of the strandplain and the dune field covering part of it. The above has implied a difficulty

when studying its geomorphology and stratigraphy.
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Figure 1. Study area. (a) The tectonic context of Chile faces a subduction zone between the Nazca and South
American plates. (b) Rupture and slip area of the 2010 Mw 8.8 earthquake. Note the 10 m slip in the Gulf of
Arauco. (¢) A red box indicates the coast facing the Gulf of Arauco, which functions as a complex
geomorphological system of which the LCS is part, whose location is indicated in the orange square (detail in

Figure 2).
3. Materials and Methods

3.1.1 LiDAR Data and other Remote Sensing Data

For accurate identification of coastal landforms, ground observations made in 2023, satellite
images, an aerial photograph, and airborne Light Detection and Ranging (LiDAR) data obtained in
2008 were used. The LiDAR-derived point cloud data had a density of 2-4 points/m2 and was filtered
to produce a Digital Terrain Model (DTM) with 1 m resolution. The DTM was manipulated in
ArcMap 10.8 and Global Mapper Pro software. Swath profiles based on LiDAR information were
created using the Extract swath profiles tool of the ArcMap 10.8 software. The satellite images used
in this work come from Google Earth Pro software for 2002, 2009, and 2023. The aerial photograph
used in Figure 4 was obtained from a Chilean Aerophotogrammetic Service (SAF) flight in 1979, at a
scale of 1:30,000. The beach ridges counted and shown in Figure Al were performed using the DTM
in combination with aerial photographs and satellite images.

3.1.2 GPR and Terrain Data Collection

GPR data were obtained in 2023 using GSSI UtilityScan with a 350 MHz antenna with a sampling
interval of 0.02-0.03 m. An Emlid Reach RS2+ differential GPS was used for topographic correction of
the GPR profiles, where one of the antennas was mounted on the GPR structure. The radargrams
obtained were post-processed using Radan 7 software and the Matlab MatGPR R3 package [64]. We
followed a standard processing routine to process the data with default settings, which included dew
(desaturation), zero-time correction, horizontal background removal, gain functions, bandpass
filtering, and topography correction. The results of the transects should be accompanied by the
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excavation of a pit for a proper interpretation of the results (see Figure B1), as suggested by authors
such as de Pinegina et al. [27] and Switzer et al. [32]. For the proper interpretation of the radargrams,
different works carried out in the context of strandplain studies were used as references (e.g., [31,65-
72]).

The location of the transects carried out to obtain the GPR profiles is justified in order to
represent the modern and oldest landforms of the strandplain. The GPR1 profile was 400 m long,
located north of the LCS, covering the current beach, the pre-2010 earthquake beach, and the
vegetated dunes. The GPR2 profile was 75 m long and carried out in the coast's center between the
Carampangue and Laraquete rivers, covering the modern beach and the pre-2010 earthquake beach.
The GPR3 line was 250 m long and was carried out inland, in the center of the LCS, covering three
beach ridges (R1, R2, and R3) and three swales (S1, S2, and S3).

4. Results

4.1. LCS Geomorphology Revealed by LiDAR Data

LCS Exhibits marine landforms, which are presented like a sequence of multiple beach ridges
(Figure 2); aeolian landforms represented by a vegetated dune field near the shoreline that decreases
in width as it moves away from the Carampangue River (Figure 2); and fluvial landforms: a
floodplain composed of a series of paleochannels and oxbows (yellow arrows in Figure 2) located
between the strandplain and the marine terraces. 52 SE-NW beach ridges were counted, similar to
the current shoreline (Figure Al). DTM also reveals that the dune field apparently covers some ridges,
as indicated by the orange arrows in Figure 2, at the boundary between the dune field and the beach
ridges. Also, past fluvial activity, evidenced by the existence of the floodplain, has eroded the beach
ridges. Patches of strandplain have become isolated due to fluvial erosion (red arrows in Figure 2;
Figure 3). The water source for these channels, which are currently mostly dry, comes from coastal
basins, such as those found on marine terraces and the Cost Range.

Swath profiles indicate that the strandplain does not exceed an average elevation of ~10 m, and
the lowest zone is close to one-meter elevation, specifically in the paleochannel zone (A-A’ profile in
Figure 3). The forest plantations on the vegetated dune reach more than 15 m elevation, higher than
the dune and the strandplain itself. Also, the swath profiles show that the dunes interlock with the
beach ridges, covering them and increasing the altitude of the LCS (Figure 3).
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Figure 2. DTM of LCS obtained from LiDAR data. Red arrows indicate patches of strandplain eroded by past
fluvial activity. Yellow arrows indicate oxbows. Orange arrows indicate areas where vegetated dune fields cover

beach ridges. Red lines represent GPR profiles.
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Figure 3. Swath profiles (500 m wide) of the LCS. Their location is shown in Figure 2.

The 1979 aerial photograph (Figure 4a) confirms the free dunes and sand sheets covering the
strandplain. The dunes morphology and the lack of vegetation cover indicate that they were active
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and advancing at the time. The direction of their movement derived from their transverse axis
suggests that their sediment source was directly the river and not the sea (black arrows in Figure 4b).
The direction of their movement derived from their transverse axis suggests that their sediment
source was directly the river and not the sea (black arrows in Figure 4b). This is corroborated by
observing the wind rose obtained for the area (Figure 4c), which shows effective wind speeds for
transporting sand-sized sediment (>4.5 m/s) and coming mainly from the S, i.e., precisely from the
river. The width of the dune field decreases towards the NE, from ~1200 to ~100 m, over a ~10 km
extension towards Laraquete (see Figure 2), suggesting that its main sediment source is the
Carampangue River. Sand sheets free of vegetation covered beach ridges and swales, including our
pit (see Figure Bl), implying that part of the river sediment was advancing inland in a dispersed
deflation process (orange arrows in Figure 4a).

0-25mfs
25-50m/s
o0 ®5.0-7.5m/s
®75-100mfs
®100-

Pit zoné
cgvé%ed by
and sheets

e

Figure 4. Dunes in LCS. (a) Orange arrows indicate aeolian landforms (sand sheets and dunes) covering beach
ridges, and the light blue circle shows the location of the pit of Figure B1, which in 1979 had a sand sheet on the
surface. (b) Yellow lines indicate free dune ridges, parabolic and barchan, with an advance axis in an NE
direction represented by black arrows. In green, a forest management area is indicated to control dune advance.
() Wind rose representative of the area (reconstruction of data from 1980 to 2017,
https://eolico.minenergia.cl/exploracion) shows the preferred direction of the effective winds for dunes (over 4.5
m/s) from the S. Source: Author's elaboration based on Aerophotogrammetic Service (SAF) 1979 aerial

photography.

4.2 LCS stratigraphy Revealed by Radargrams Obtained from GPR Profiles

The Mw 8.8 earthquake on February 27, 2010, generated coseismic uplifts in the study area and
triggered beach growth, forming new shorefaces, beachfaces, berms, and backshore. Thus, the
earthquake provided an excellent opportunity to review modern analogs of recent beach facies with
GPR because it allowed the pre-earthquake beach to be removed from the marine environment and
away from salt water (electromagnetic waves are disturbed by salt water). Changes in the shoreface
and the runnel located on the backshore can be seen in satellite images from 2002 and 2023, the year
in which the GPR profiles were taken (Figure 5b). The pre-earthquake parts of the beach were
identified (marked with an asterisk in Figure 5a), serving as an analog for analyzing the facies found
further inland.
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Sand sheet with a thickness <1 m is seen from the back beach to the pathway (between ~80 and
~180 m), which then increases in thickness to more than 1 m towards the inland, up to almost ~400
m (Figure 5a). Underlying deposits of marine origin with shoreface facies zones (SFZ) and beachface
and berm facies zones (BBZ) are present in pairs up to the road (Figures 6a and 7a). After the road,
the SFZ disappeared, possibly because they could not be recorded due to the dissipation of the GPR
waves and/or the presence of salt water. Also, dune facies zones (DFZ) begin to be seen from the
path, which become more regular in the last ~70 m of the profile.

w
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%NWns | berm ot unrel Pathway Road o |
1 b - e _DFZ- R
3 ~ S DFZ. o BF7 DF2>
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Pacific Ocean
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Figure 5. GPR1 profile. In (a), the facies interpretation is shown in colors and with legends. In (b), the green
arrows show pre-earthquake and 2023 runnels. Like a shoreface, this runnel and other beach structures are
buried under a sand sheet and associated with a SWZ (planiform and/or convex reflectors). In 2023, another
runnel was formed, showing the same structural characteristics as the pre-earthquake runnel (planiform and/or

convex reflectors). In (c), the location of the GPR profile over the vegetated dunes and the paleochannel zone.

The GPR2 profile in Figure 6a shows a configuration similar to the first ~120 m of the radargram
in Figure 5a. The SFZ and BBZ are shown in sequences of alternating pairs, and at a certain point, at
~40 m, where the rear beach ends, they are covered by a sand sheet. Unlike the GPR1 profile area,
where the beach was wider (~80 m), the beach identified in the GPR2 profile was narrower (~40 m).
The SFZ and BBZ facies prior to the earthquake (with an asterisk in Figure 6a), were found to be more
compressed or close together (up to ~60 m) than the GPR1 radargram (up to ~115 m, with an asterisk
in Figure 5a). Satellite images confirm the formation of a new post-earthquake shoreface, identified
as SFZ at ~15 m (Figure 6b). Also, the radargram shows that the sand sheets do not exceed ~1 m in
thickness.
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Figure 6. GPR2 profile. In (a), the facies are shown in colors and with legends. In (b), the location of the shoreface
before the earthquake and in 2023. A change in the location of the shoreface and the extension of the beach was
caused by the 2010 earthquake, and sand sheets covered the pre-earthquake beach structures. In (c), the location

of the GPR line concerning the vegetated dunes and the strandplain.

The GPR3 profile in Figure 7a was acquired approximately ~2.3 km inland within the
strandplain to investigate paleofacies, using modern analogs derived from the radargrams presented
in Figures 5a and 6a. The profile reveals low-relief aeolian structures characteristic of sand sheets,
with localized occurrences of dune facies (DFZ) exhibiting a maximum thickness of approximately
~2 m (Figure B1). Within the uppermost ~60 cm, a poorly developed soil is observed, characterized
by silty clay textures, oxidized sands, and the presence of roots. This transitions to predominantly
medium-grained sand below a depth of 1 m. Additionally, a silt layer, approximately ~5 cm thick, is
identified at a depth of about ~150 cm (Figure B1). This layer likely represents a deposit formed by
stagnant water or a limnic process, a phenomenon commonly observed in low-lying coastal
topographic features, such as interdune depressions (e.g., interdune ponds).

Below the strata of aeolian origin, marine deposits corresponding to SFZ, BBZ, and swale facies
zones or SWZ are observed. The SFZ and BBZ structures occur in paired sequences, resembling
modern analogs of recent beaches (see Figure 5a and Figure 6a), indicating that each shoreface is
associated with a corresponding beachface and berm zone. In swale-dominated zones (beneath S1
and 52), the SFZ and BBZ are spatially compressed, whereas in ridge-dominated zones (beneath R2
and R3), they are more widely separated and extensively developed. Additionally, beneath the ridges
(R1, R2, and R3), the BBZ structures attain a greater vertical extent.

Furthermore, the radargram reveals an area characterized by sub-horizontal to slightly concave,
semi-continuous, and compact reflectors associated with swales S1, S2, and S3. These reflectors are


https://doi.org/10.20944/preprints202503.1916.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2025 d0i:10.20944/preprints202503.1916.v1

10 of 19

identified as channel-and-lagoon fill zones (CLZ) of lacustrine origin. This interpretation is
particularly significant within the sedimentological and geomorphological context of inter-ridge
depressions, where these zones are situated above marine deposits and below aeolian deposits. These
depressions are also adjacent to abandoned estuarine channels, which may have flooded the area
during their active phase, indicating a depositional environment characterized by increased
humidity. Consequently, the CLZ likely represents lagoons or stagnant water bodies where both sand
and finer sediments, such as silt, were deposited. This is consistent with observations from the pit
shown in Figure 2a, although the CLZ exhibits greater thickness.
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Figure 7. GPR3 profile. In (a), the letters R (1,2 and 3) are interpreted as beach ridges covered by aeolian features,
while the letters S (1, 2, and 3) are interpreted as swales or depressions between ridges. In (b), the location of the
GPR line over the vegetated dunes and the strandplain. The light blue dot represents the location of the pit

visible in Figure B1.

5. Discussion

The geomorphological analysis, based on LiIDAR data and the interpretation of the GPR profiles,
reveals that the strandplain has been formed mainly by a combination of marine and aeolian
sedimentation processes, where dunes and sand sheets have covered landforms such as beach ridges.
Our data suggest that beach ridges can be associated with landforms of aeolian origin, configuring
themselves as marine-aeolian plains, as in several coasts worldwide [1-3]. Past fluvial processes in a
greater humidity climatic phase have reconfigured the strandplain by erosive process, thereby
reducing its area.

The hydrologic network, originating from the marine terraces and the Coast Range, has played
a significant role in the evolution of the strandplain for two primary reasons: first, it has delivered
sediments to the system [73]; and second, it has eroded the strandplain, as indicated by the
development of floodplains with paleochannels that have eroded the beach ridges. These eroded
beach ridges suggest that the strandplain was once more extensive and characterized by a
predominantly marine sedimentation environment, which was later dominated by fluvial activity in
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certain sectors of the plain. In South-Central Chile, climatic variations have further influenced this
evolution, with drier conditions during the Middle Holocene and wetter conditions during the Late
Holocene compared to the present [45-51,74]. The scarcity of rainfall and surface runoff during the
drier phases likely favored the formation and preservation of coastal landforms such as beach ridges.
Conversely, the wetter phases promoted the development of a denser and more active hydrological
network than the present-day network.

Phases of higher humidity can also be inferred from the facies visible in the radargrams,
specifically in the GPR3 profile, which was obtained at ~2.3 km from the coast. In this profile, reflector
packages (CLZ) are displayed that are different from those assigned to aeolian and marine origin
facies are observed, whose location coincides with geomorphologically depressed zones or swales.
The reflectors have a medium to low amplitude, are compact, semicontinuous, subhorizontal, and
are eventually slightly concave. These layers represent changes or alterations in the sedimentation
regimes in the strandplain and can be directly associated with changes in the climate [67,75]. CLZ
deposits may indicate a limnic origin, like areas of recurrent flooding, swamps with coastal
vegetation development, and accumulation of organic remains associated with layers with soils
containing silt and clay (e.g., peat) [65,67,72,75]. It is important to note that the GPR3 profile is close
to an estuarine abandoned channel (formed in wetter conditions, see Figure 7), which could have
supplied water and humidity in wetter phases to the swale, keeping the water table high or near to
the surface.

Furthermore, the CLZ, despite being separated by distances of tens of meters (see Figure 7), are
found at a similar altitude (between 2 and 3 m), which may serve as indicators of past coastal water
table levels. In addition, subhorizontal and semicontinuous reflectors are observed in the backshores
and runnels of the GPR1 and GPR2 profiles, corresponding to depressed areas downwind of the
berms. These facies, typical of such areas, form part of washover deposits [69,71,72]. When these
depressed areas are no longer influenced by marine processes (e.g., triggered by tectonic uplift), they
may develop into swale zones. Over time, the areas may become flooded, forming lagoons and
swamps, with subsequent development of vegetation and even soils, generating facies similar to
those observed in the CLZ (e.g., [67,75]).

The dune field located north of the Carampangue River decreases in width as it extends away
from the river, indicating that the river is its primary sediment source. Our data shows that the dune
fields are not present in the interior of the strandplain but instead form a sand sheet that covers the
crests of the beach in some areas (Figure 4). These observations suggest that their presence results
from an environmental change that promoted their formation and expansion. The primary for the
formation and growth of dune fields is the availability of dry sand alongside sufficient space and
effective wind (e.g., [76]). This indicates that the Carampangue River, the primary sediment source
in the study area [73], either did not deliver sufficient sediment or local environmental conditions
were not conducive to generating accumulation until a shift in these conditions occurred. According
to our results, while the effective wind is present today (see Figure 4), the supply of dry sand from
the river remains limited.

Albert studied this dune field in 1900 [77], classifying it as one of the most active in central-
southern Chile during the 19th century. This significantly affected local productive activity and
critical infrastructure, so the locals had to control it with pine trees (e.g., Pinus insignis). Notably,
Albert dates the origin of dune fields in the region to 70 and 90 years before his work (1900). Thus,
before the first half of the 19th century, there was no record of dune formation and activity in this
area of Arauco that would affect the local population.

The last significant phase of global climate change prior to the 20th century was the Little Ice
Age (LIA), which occurred between the 14th and 19th centuries [74]. In south-central Chile, the LIA
was characterized by increased rainfall and flooding, persisting until at least the first half of the 19th
century (e.g., [46,47,78,79]). However, some studies suggest that the LIA also featured dry conditions
interspersed with wetter periods [74], a variability that likely influenced sediment dynamics.
Consequently, the alternation between high-humidity phases and drought may have created
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conditions conducive to dune field formation. This could be explained by the fact that, despite high-
humidity conditions over the last 2 ka BP ascending in South-Central Chile, which likely produced
abundant sand-sized sediment, this sediment could only contribute to dune field formation if it
remained dry for a sufficiently prolonged period to be transported and accumulated [76]. Such
conditions were likely facilitated by periods of drought when sediment remained available in the
system. These optimal conditions may have been particularly pronounced during the waning phase
of the LIA in the first half of the 19th century, as humidity gradually decreased, allowing sediment
to remain dry for extended periods. In addition to climatic factors, tectonic events may have further
contributed to dune formation, as the 1835 earthquake, similar to the 2010 earthquake, caused seismic
uplift [62] that likely expanded the size of the beaches. Consequently, the increased surface area
facilitated the deposition and accumulation of sand, which was subsequently transported inland by
wind to form the dunes.

A similar geomorphological situation has been registered in Santa Maria Island, located 25 km
seaward, where high dune ridges (~3 m) are present near the coastline within a strandplain
dominated by beach ridges, with the absence of dune fields inland. Aedo et al. [12] recorded the
exceptional presence of these dunes and dated their maximum formation age of 170 years + 15 BP
(see Fig. 510 in [12]) without identifying their specific origin. A comparable situation is observed in
the Moruya strandplain in Australia, where highlighting the presence of anomalous dune crests close
to the coastline, which contrasts with 7 ka years of the formation of beach ridges dominant on the
surface, which were formed in the mid-nineteenth century [31,66]. This mid-nineteenth century
timing aligns with the waning phase of the Little Ice Age and the 1835 earthquake discussed earlier,
suggesting that a combination of climatic and tectonic factors facilitated dune formation across the
region during this period. These antecedents, combined with the observations of Albert [77] and the
evidence collected in this study, provide a temporal context for relatively dating the formation of the
dune field in the study area. However, further research is needed, including collecting data on
analogs in other parts of Chile and the southern hemisphere and obtaining absolute dating data.

Finally, although the marine facies, based on their structure (e.g., inclination) and relative
location, indicate the presence of ancient beaches undergoing constant accretion or progradation
during at least the Middle and Late Holocene, the local sediment supply conditions are not conducive
to forming a strandplain with the characteristics of the LCS. This can be attributed to the fact that its
primary sediment source, the coastal basin of the Carampangue River, is a small basin with a low
sediment supply potential compared to the Andean basins of Chile (e.g., Biobio River), and
particularly compared to basins associated with other strandplains of similar characteristics [38]. The
evidence presented in this study suggests that the Holocene accretion condition of this plain is
fundamentally due to the tectonic conditions of coseismic uplift and beach growth during large
earthquakes. The keys to this tectonic accretion of the beach were provided by the February 2010
earthquake, which, as seen in Figures 5 and 6, caused coseismic beach growth of tens of meters.
Added to this is the event of its predecessor in 1835, which also triggered an uplift [62] that must
have also resulted in beach accretion, and the net uplift recorded for the study area during the
Holocene, which reinforces the idea that the presence of the LCS is primarily due to the seismic cycle.
It is therefore necessary to verify this tectonic influence in other coastal plains in Chile with limited
sediment supply from coastal basins. While tectonic processes dominate, this study has demonstrated
that climatic forcing also plays a significant role in the evolution of such tectonically active sandy
coasts

6. Conclusions

The evidence provided here, obtained through LiDAR and GPR data, suggests that the evolution
of the Laraquete-Carampangue Strandplain (LCS) during the middle and late Holocene was marked
by three distinct phases, each dominated by environments that shaped its landforms. The first phase,
initiated after the transgressive maximum of the middle Holocene in a drier climate than the present
one, was characterized by the formation of marine landforms, as evidenced by multiple beach ridges
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constituting this plain. The second phase, predominant during the late Holocene until the Little Ice
Age (LIA), was influenced by increased environmental humidity that densified the drainage network,
leaving as testimony flood plains and paleochannels that eroded the strandplain. The third phase,
more recent and briefer, began in the 19th century during and after the weakening of the LIA, when
the alternation of wet and dry conditions favored the development of an extensive dune field north
of the Carampangue River.

Regarding the presence of the LCS on the coast of the Gulf of Arauco, the sedimentary
contribution of the Carampangue River, a small coastal basin, has not provided sufficient sediments
to support the formation of the strandplain. Although the humid phases of the late Holocene may
have been the most favorable to produce sediments, the evidence indicates that these conditions also
intensified the fluvial erosion of the strandplain. On the contrary, during the middle Holocene,
characterized by a drier climate and lower sedimentary contribution, the formation of beach ridge
sequences that gave rise to the LCS was recorded. Meanwhile, throughout the Holocene and during
the three phases of formation identified, a net decrease in relative sea level driven by tectonic uplift
of the system [42]. This last point is especially relevant because, in the face of a limited sediment
supply after the transgressive maximum, permanent coastal uplift was the main forcing factor
responsible for the formation and permanence of the LCS.

We believe that using LiDAR data combined with GPR data is a highly effective methodology
to study the geomorphology and sedimentology of a strandplain and, thus, to understand aspects of
its evolution at a multi-millennial scale. We see opportunities for improvement of the methodology
used here by densifying the number of GPR lines in the LCS and obtaining multiple samples for
absolute dating, as has been done on other coasts of the Gulf of Arauco (e.g., Santa Maria Island).
Finally, our findings highlight the relationship between tectonics and climate in the evolution of
active coasts and their relevance to understanding their response to future environmental changes.
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Appendix A

Beach ridges count
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Figure A1. Sequences of beach ridges identified in order of age. The oldest is considered to be Ridge 1, the closest

to the marine terrace, and the most recent is Ridge 52, the closest to the coastline. In addition to ridges 1 and 52,
ridges 10, 20, 30, 40, and 50 are marked, as well as those that served as a guide for the correlation between lines,

specifically ridge 32. It is not ruled out that more ridges were not identified in the count.
Appendix B

Pit
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