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A B S T R A C T

The southern coast of Argentina is known for its high tidal ranges and large coarse-grained coastal barriers that
have emerged over time as a result of the regional uplift. Well-preserved barriers can provide critical information
about the morphological evolution of the coastal areas, and the relative evolution of the mean sea level, as long
as their morphodynamics are well understood. In order to better understand the influence of tides in wave-built
sedimentary bodies, an in-depth analysis of the architecture of a barrier system has been realized at the mouth of
the Santa Cruz - Chico river estuary (50◦S). Maximum tidal range in this estuary is 12 m. A great variety of
morphologies compose both sides of the estuary inlet, from simple ridges and barrier spits to beach ridge plains.
Barrier spits and beach ridge plains characterize the southern side, whereas elongated simple ridges and barrier
spits isolating large tidal flats are more developed on the northern side. The site was investigated using ground-
penetrating radar combined with digital elevation model analysis, and some sedimentological observations.
Cross-shore profiles, with a penetration depth up to 5 m, show a large range of radar facies attributed to erosional
surfaces, beach face progradation, and washover deposits. The slope of the beach face appears to be an effective
parameter for differentiating between beach ridges plains and barrier spits, as the latter are characterized by
steeper values. The combined analysis of the radar architecture and barrier morphology allows to identify five
barrier sets, which have been associated with five different development stages along the late Quaternary: 1) Last
Interglacial Maximum (MIS 5e), 2) Last Interglacial (MIS 5e/5c/5a), 3) Mid Holocene transgressive maximum, 4)
Mid Holocene highstand reworking, and 5) Holocene regressive stage. Although the morphological model is in
line with the observations made by other authors, it would be appropriate to consolidate the model by estab-
lishing an absolute chronology.

1. Introduction

The Atlantic coast of Patagonia (40–55◦S) and its numerous coarse-
grained coastal barriers have been shaped during the late Quaternary
in a complex environment governed by tectonic uplift, global sea-level
changes, and tidal range variations along the coast from 1 to 10 m
(Codignotto et al., 1992; Isla and Bujalesky, 1995; Schellmann and

Radtke, 2000, 2003, 2010). A number of studies address the relative
sea-level variations in this region through the study of morphological
features such as marine terraces (e.g., Feruglio, 1950; Codignotto et al.,
1988; Rostami et al., 2000; Pedoja et al., 2011) and coastal barriers (e.g.,
Codignotto et al., 1990; Schellmann, 1998; Schellmann and Radtke,
2000, 2003, 2010; Isla and Bujalesky, 2008; Zanchetta et al., 2014;
Pappalardo et al., 2015). The use of coastal barrier morphology and
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architecture as a relative sea-level marker is not as reliable as the use of
marine terraces, but it has the advantage of providing higher resolution
information at the Holocene scale (e.g., Billy et al., 2015; Nielsen et al.,
2017; Brooke et al., 2019). Despite the control of extreme events on
coastal barrier morphology (Orford and Anthony, 2011), the use of
gravel ridge height for relative sea-level estimation can be reliable,
especially in isostatically-uplifted coasts (Sanjaume and Tolgensbakk,
2009; Tamura, 2012), and in wave-protected environments like estu-
aries (Orford et al., 1991; Schellmann and Radtke, 2010). According to
reviews such as those of Otvos (2000) and Tamura (2012), the use of
prograded beach deposits for paleoenvironmental reconstructions must
be carried out with care and requires a good knowledge of their specific
morphodynamics.

The morphodynamics of coastal barriers in estuarine environments,
especially when the latter experience significant tidal ranges, is far from
obvious for several reasons: (1) the complexity of hydrodynamics
combining wave action, tidal processes and fluvial dynamics (Dalrymple
et al., 2012), (2) the great diversity of estuarine morphologies where
barriers can develop and consequently the great diversity of coast
exposure relative to main wave directions, and (3) the convergence of
sediment fluxes that interact with each other (Elias and Hansen, 2013).
Some examples along the English Channel coasts, mostly sandy systems,
have demonstrated the power of tidal processes to modify the rate of
development of sedimentary bodies (Levoy et al., 2000; Robin et al.,
2009; Montreuil et al., 2014), but also the potential of preservation of
these processes within the internal architecture of sandy and
coarse-grained barrier spits (Fruergaard et al., 2020; Pancrazzi et al.,
2022). Observations are still scattered and need to be confirmed with
other case studies.

Several studies have been carried out to understand the morphody-
namics of coastal barriers along the Patagonian coast (e.g. Kokot, 1999;
Iantanos, 2004; Kokot et al., 2005; Ercolano, 2010; Kokot, 2010; Isla and
Bujalesky, 2000, 2008; Bujalesky, 2007). The majority of the literature
highlights how gravel systems organise themselves at the inlet of
ria-type estuaries. The high tidal ranges generated in this environments,
combined with varying exposures to Atlantic waves, enhance and con-
trol the deposition of fine sediments (Isla et al., 2004), which in turn
influence the development of gravel barriers. However, studies on the
internal architecture of these systems are relatively sparse (Montes et al.,
2018; Nunes et al., 2023). This study aims to provide stratigraphic and
morphological description of a coarse-grained coastal barrier system,
composed of several barrier types, located in a mixed-energy tidal inlet.
The studied system is located at the mouth of the Santa-Cruz – Chico
river estuary, in South Patagonia (Santa Cruz Province, Argentina). The
present study is part of a larger project the objective of which was to
explore the morphodynamic behavior and Holocene sediment infill
stratigraphy of this giant hypertidal estuary (Tessier et al., 2024). A
combination of ground-penetrating radar (GPR) data, elevation data
from digital elevation model (DEM), and field observations is used to (1)
better understand the morphodynamics of coarse-grained barriers in
mixed-energy environments, (2) reconstruct the morphological evolu-
tion of the barrier system during the late Quaternary, and (3) provide
further information on the evolution of the relative sea-level changes in
Southern Patagonia.

2. Study area

The Santa Cruz – Chico river (SCCR) estuary is located in the Prov-
ince of Santa Cruz, a semi-arid region in the southern coast of Argentina
(50◦ S). This area is a passive margin where uplift rates have been
estimated to 0.11 ± 0.03 mm/yr since the Last Interglacial Maximum
(Pedoja et al., 2011). As all the Patagonian estuaries, the Santa Cruz –
Chico river estuary is a drowned valley, incised into the Miocene sedi-
mentary rocks of the Monte León Formation that forms part of the
Austral basin infilling (Piccolo and Perillo, 1999). The estuary is
composed of an approximately 25 km-long and 5 km-wide basin with a

NW-SE orientation open to the South Atlantic Ocean through a 2 km
wide inlet. Two rivers converge at the head of this estuary, the Santa
Cruz river from the south-west and the Chico river from the north-west
(Fig. 1A). The southern bank of the estuary is characterized by 120
m-high cliffs mainly formed by the Monte León Formation, made of
sandstones, mudstones and tuffs (Bertels, 1970; Parras and Griffin,
2009). The northern bank has a much gentler profile and is character-
ized by extensive fluvial terraces which include 6-10 m-thick layers of
gravel known locally as ‘Rodados Patagonicos’ (Darwin, 1846).
Coarse-grained barriers are located on both sides of the estuary, shaping
the narrow inlet (Fig. 1B).

The SCCR estuary experiences semi-diurnal tides and a hypertidal
range (sensu Archer, 2013), reaching up to 12 m during highest spring
tides (Servicio de Hidrografía Naval, Argentina). The highest tidal cur-
rents occur at the mouth of the estuary, with velocities of 3–4 m s− 1

(Bindelli et al., 2020). The mean annual discharges of the Santa Cruz and
the Chico rivers are about 715 m3 s− 1 and 25 m3 s− 1, respectively
(Bindelli et al., 2020). Exceptional river floods occur, frequently in
March, due to ice dam collapse in the Perito Moreno glacier area, further
upstream in the headwaters of the Santa Cruz river (Pasquini and
Depetris, 2011). Daily discharge of the Santa Cruz river can then reach
up to 2500 m3 s− 1 (Piccolo and Perillo, 1999). Nevertheless, water level
beyond the confluence of both rivers is not influenced by the river
discharge (Ezcurra and Schmidt, 2017). Dominant winds blow from the
west and can reach velocities up to 100 or exceptionally up to 200 km
h− 1 (Piccolo and Perillo, 1999). Mean significant wave height in front of
the inlet, based on a global ocean physics reanalysis between 2010 and
2020 (data source: Copernicus Marine Data Store), ranges from 0.5 to 1
m without major differences between seasons. The wave directions are
homogeneously distributed from the north-east to the south-west with a
small dissymmetry to the south-west. The short-period swells (less than
9 s) from south-west to south directions represent 22% of the sea state
and mainly occur during the austral summer. The highest waves are
generated during the summer period, where 3% of the wave heights
ranges between 2 and 3 m, reaching occasionally maximum heights of
4.5 m. The longest swells have periods ranging from 10 to 17 s with
directions from north-east to south-east, representing 13% of the sea
state. The wave height of these long swells usually remains below 1 m.

3. Methodology

The morphological and sedimentological characterization of the
mouth of the SCCR estuary has been performed using field observations,
a satellite image (Google Earth) and a digital elevation model (DEM)
from 2015 (5 m horizontal resolution) (IGN, Instituto Geográfico
Nacional de la República Argentina). Both the satellite image and DEM
have been analysed with QGIS 3.4 (QGIS Development Team, 2018) to
identify, delimit and digitise the different ridges and barrier units.

A ground-penetrating radar (GPR) investigation was performed
using two GPR systems from GSSI (Geophysical Survey Systems, Inc.;
Nashua, New Hampshire, USA): (1) GPR SIR-3000 system with a 400
MHz shielded antenna, and (2) GPR SIR-4000 systemwith a 350MHz HS
digital antenna. A total of 21,7 km of GPR data, distributed over 95 lines,
have been collected during two fields campaigns in December 2019 and
February 2023. The GPR lines were positioned either perpendicular or
parallel to the barrier ridges (Figs. 2 and 3). A basic data processing was
performed with the GPRPy software (Plattner, 2020), which includes
time-zero adjustment, dewow, background removal, time-depth con-
version, migration (f-k Stolt), and topographic correction. The velocity
of wave propagation is calculated by analysing the reflection hyperbolas
for each area (Bristow and Jol, 2003), and the values vary between 0.1
and 0.15 m ns− 1. These values remain consistent with the velocity range
in unsaturated sand and gravel deposits (Neal and Roberts, 2000). The
topographic data from the DEM was used to perform the topographic
correction. Given the low amplitude and large wavelength of the terrain
irregularities, the 5-m resolution of the DEM was adequate to achieve
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coherent correction.

4. Results

4.1. Barrier system description: barrier types and distribution

The DEM clearly shows highly asymmetric morphology and exten-
sion of the barrier system at both sides of the inlet (Fig. 1). DEM analysis
allows delineating different barrier sets on the basis of their elevation:
five in the north (N1-N5) and two in the south (SI-S2) (Fig. 2). Three
main barrier types are identified: simple ridges (composed of a single
ridge, the end of which can be recurved), barrier spits (elongated bar-
riers composed of one or more ridges with several recurved endings),
and beach ridge plains (composed of a series of linear and parallel
ridges). To simplify the morphological description, when spits or bar-
riers show a direction of elongation towards the sea, i.e. they are getting
out from the estuary, it is defined as seaward elongation. On the contrary
when spits and barriers elongate towards the head of the estuary, i.e.
they are getting into the estuary, the elongation is defined as landward.

4.1.1. Northern area
The coarse-grained barrier system on the northern bank of the inlet is

located over a large, and for the most part inactive, tidal flat, covering an
area of approximately 45 km2. This tidal flat is presently highly vege-
tated and drained by a complex network of channels (Figs. 2 and 3A).
The elevation of the tidal flat ranges from 7 to 8 m above mean sea level

(a.m.s.l.) (Fig. 1B). According to elevation, as well as morphology and
location, barriers were grouped into 5 distinct sets (N1-N5):

• N1: a barrier set ranging from 13.5 to 16.5 m a.m.s.l., located along
the northern edge of the tidal flat, in contact with the lowest fluvial
terrace (N1a - Fig. 2). Barriers within the set are elongated shore-
parallel gravel ridges, displaying a fine silt-dominant matrix visible
on the ground surface. The lowest barriers of this set are more
discontinuous (N1b – Fig. 2), due to the presence of fluvial and tidal
(paleo) channels that dissect the ridges.

• N2: a barrier set ranging from 11 to 14.5 m a.m.s.l. Situated in
various areas and characterized by different elongation directions.
To the East, barriers are characterized by recurved morphologies
pointing N-NE, i.e. perpendicular to the present coastline (N2a –
Fig. 2). In the central part, only the end section of a recurved spit
featuring a seaward elongation is preserved (N2b – Fig. 2). In the
westernmost part, the main barrier of the set is composed of several
parallel ridges, the termination of which features a seaward elon-
gation (N2c – Fig. 2). A secondary barrier, composed by several
recurved ridges elongating landward, is situated in the prolongation
of the main barrier (N2d – Fig. 2). All barriers of this set, except the
main one (N2c), display a fine silt-dominant matrix on their surface.

• N3: a set ranging from 10.5 to 12 m a.m.s.l. and composed of two
main barrier units (N3a and N3b). The first unit, which is situated
approximately in the centre of the tidal flat (N3a – Fig. 2), obliquely
overlaps a barrier unit from the previous set (N2b). This barrier unit

Fig. 1. Location of the Santa Cruz – Chico river estuary. (A) Google Earth view of the SCCR estuary, (B) Digital elevation model of the inlet of the SCCR estuary (IGN,
Insituto Geográfico Nacional de la República Argentina).
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which extends over 2.5 km is composed of several parallel ridges
oriented NW-SE (Fig. 3B) with spit terminations on the eastern part,
i.e. featuring a seaward elongation. The second barrier unit of this set
is situated 1.5 km south of the first one, close the current inlet (N3b –
Fig. 2). Only the hook terminations of this unit seem to be preserved,
and indicate a spit elongation landward.

• N4: a set ranging from 9.5 to 11 m a.m.s.l., situated on the seaward
edge of the tidal flat, and parallel to the present-day coastline. To the
East, a longitudinal barrier intersects the unit N2a. Hooked spits,
entering into the estuary, characterize the terminations of this bar-
rier unit at the inlet (N4b – Figs. 2 and 3C). The barrier units situated
on the central area correspond to narrow and longitudinal ridges
oriented NW-SE (N4c – Fig. 2). To the West, barrier units correspond
to barrier spits with multiple hook terminations pointing to SE, i.e.
seaward (N4d – Fig. 2). The direction of these barriers is the same as
N2c.

• N5: a set ranging from 5.5 to 10 m a.m.s.l. that forms the current
coastline morphology. N5a is a beach ridge unit, parallel to N4a and
connected to N5b (Fig. 2). The ridges of this set, mainly represented
by the unit N5b have terminations that indicate a landward elon-
gation (N5b – Figs. 2 and 3C). N5c is a barrier spit unit parallel to N2c
and N4d and have the same direction, i.e. featuring a seaward
elongation (N5c – Fig. 2). The units N5b and N5c almost entirely
isolate the tidal flat, the only remaining opening being located at the
junction between these two units. The active beach is composed by

berms in the steep upper foreshore zone composed of pebbles, and a
mid- and low-tide zone composed of fine sands and a gentle gradient
(Fig. 3D).

4.1.2. Southern area
The barrier system on the southern bank encompasses an area of

approximately 2 km2 that has formed at the outlet of a valley (100 m
deep, 800 m wide) that incises the Miocene Monte León Formation
(Fig. 1B). The system comprises barrier spits and beach ridges, oriented
globally E-W and N-S. Two distinct barrier sets, ranging in elevation
from 5.5 to 11 m, have been identified (S1-S2):

• S1: a set ranging from 9.5 to 11 m a.m.s.l., situated on the southern
edge of the system, in contact with the foot of the Miocene cliff
(Fig. 4A). It is mainly composed of a single 2 km-long barrier spit unit
displaying some hook terminations featuring a westward (i.e. land-
ward) elongation. The surface of the barriers is highly vegetated with
mainly low vegetation (grass and bushes).

• S2: a set ranging from 5.5 to 8.5 m a.m.s.l. which can be divided in
two groups. The most elevated units of the sets, ranging from 7.5 to
8.5 m are beach ridges around 300 m wide, developing toward the
north and then toward the east (S2a – Fig. 2). The western termi-
nation of this group almost completely blocks the flow of the stream
coming from the valley. The vegetation is characterized by small
trees that grow preferentially on the crest of the gravel ridges. The

Fig. 2. Morphological map of the coastal barrier systems of the SCCR estuary and location of the GPR profiles. Barrier sets situated at elevation ranging from 5.5 to
16.5 m are illustrated by different colours.
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lowest units of the set, ranging from 5.5 to 7.5 m, form the current
coastline morphology and are composed of different barrier mor-
phologies depending on their position. To the east, the set is char-
acterized by beach ridges units oriented N-S with an average width of
250 m (S2b – Fig. 2). In the eastern part, the set cuts obliquely the

older ones oriented ENE-WSW, while in the north the set is parallel to
the previous set (S2c – Fig. 2). There is still vegetation on the most
landward units but it progressively disappears towards the sea. The
surface of the western beach ridge units is characterized by an ar-
mour of pebbles of about 5–10 cm in diameter over which there are

Fig. 3. Field photographs of the northern area of the SCCR estuary inlet: (A) Tidal flat, (B) Top of the barrier spit unit N3a, (C) Hook termination of a barrier spit unit
in N5, (D) Active beach profile inside the estuary.

Fig. 4. Field photographs of the southern area: (A) Vegetation on the barrier (S1) and paleocliff behind, (B) Surface sedimentological variability on the foreshore
(S2c), (C) Active beach profile of the beach ridge unit S2c composed of mixed sand-and-gravel sediments, (D) Sediment sorting in the active beach profile of the
barrier spit units S2d.
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some æolian sand patches (Fig. 4B). On the eastern side, blocks of a
few decimetres, underline the ridge crests. The active beach profile
of the beach ridge units is composed of mixed sand and gravel sed-
iments, except for the bottom of the profile which is mainly
composed of coarse-grained sediment (Fig. 4C). To the west, the set is
composed of barrier spit units displaying an upstream part with signs
of erosion, and well-preserved hook terminations recurved towards
the SW (S2d – Fig. 2). The surface of these western barrier units is
covered by an aeolian sand layer and bushes. The active beach
profile of the barrier spit units is characterized by a narrow and steep
coarse-grained upper part, a mixed sand-and-gravel intermediate
part, and a large tidal flat in the lower part over which swash bars
migrate onshore (Fig. 4D). The barrier spit units S2a and S2d are
crossed by a tidal channel which is connected to the outlet of the
valley system.

4.2. Sedimentary architecture of the coarse-grained barriers

Ten GPR lines, distinguished from A to J, have been selected to
describe the sedimentary architecture of the different barrier morphol-
ogies located at different elevations at the mouth of the SCCR estuary.
All GPR lines, except line E, are perpendicular to the ridges.

4.2.1. Line A
GPR line A is a 550 m-long cross-shore profile, oriented SW-NE,

located over barrier spit units from set N4 and N5, whose elevations
range from 6 to 10 m (Figs. 2 and 5). The average signal penetration
depth is 2 m, decreasing progressively seaward to about 1 m. Line A is
characterized by seaward-dipping reflections with slopes ranging from 5
to 13.5◦. According to their elevation, these reflections correspond to
beach face geometries. In the first 300 m of the line, where the barrier
elevation increases from 6 to 10 m, the slope of the beach face decreases
progressively from 10 to 7◦. The maximum slope values are found at the
boundaries of each set, where the change in elevation occurs. Between
300 and 550 m, the elevation of the barrier is stabilized between 9 and
10 m and the inclination of the reflections is between 9.5 and 12.5◦. The
most landward section of the line is characterized by three high-
amplitude concave reflections whose inclination decreases from 11 to
5.5◦. The last few dozen meters show a chaotic facies with highly het-
erogeneous reflections.

4.2.2. Lines B-C-D
GRP lines B, C and D are situated within a cross-shore section in the

central part of the northern area cutting three barrier sets (N2, N3 and
N5) and oriented NE-SW. The section starts on an active barrier unit at
an elevation of 7 m and ends on an older barrier unit with an elevation of
12 m (Fig. 6d). Lines B and C correspond each to a single barrier set, line
D encompasses two barrier sets. The barrier morphologies described
with these three GPR lines are three kinds of barrier spits separated from
each other by an area of highly-vegetated tidal flat.

Line B is a 325 m-long profile that crosses a barrier spit to a beach
ridge unit elongated towards the north with an elevation between 7 and
8 m that belongs to set N5. (Fig. 6a). The mean signal penetration depth
is 2 m in the first 50 m, increases to 5 m between 50 and 315 m and
becomes zero from 315 m. In the first 50 m, line B is characterized by
seaward-dipping reflections with inclinations ranging from 10 to 13◦.
Between 50 and 250 m, the profile shows sigmoidal reflections, still
dipping seaward, with inclinations ranging from 3 to 6◦ in the lower part
and from 6 to 8.5◦ in the upper part. A high-amplitude horizontal
reflection appears at the bottom of the ridge, between 175 and 315 m, at
an elevation of 3 m. In the landward most part of the line, the reflections
are oblique to sigmoidal. They dip landward with steep inclinations
ranging from 13 to 14.5◦, and show downlap termination on the high-
amplitude reflection previously described.

Line C is a 50 m-long profile that crosses a single ridge of a barrier
spit unit of set N5 elongated towards the north and whose mean

elevation is 8 m (Fig. 6b). The mean signal penetration depth is 4 m. Line
C displays seaward-dipping reflections with an average inclination of
8.5◦. These reflections lean on landward-dipping reflections with in-
clinations of about 6.5◦.

Line D is a 250 m-long profile that crosses two barrier sets, N3 at an
elevation of 11 m, and N2, at an elevation of 12 m (Fig. 6c). The two
barrier sets represent barrier spit units elongated towards the SE. The
signal penetration is void on the higher set (N2) and reaches 5 m on the
lower set (N3). The internal architecture of this barrier unit is charac-
terized by seaward-dipping reflections with inclinations ranging from 9
to 13.5◦.

4.2.3. Lines E-F-G
GPR lines E, F and G are situated on a 2-km long ridge (N4c) oriented

NW-SE in alignment with the barrier spit unit described with line D
(Fig. 2). The width of the ridge ranges from 20 to 110 m and its mean
elevation is 10m. The maximum signal penetration depth over this ridge
is 3 m (Fig. 7).

Line E, shot along the ridge crest, is a 215 m-long profile that shows
sub-horizontal and discontinuous reflections (Fig. 7a). At the bottom of
the line, a high-amplitude reflection with occasional v-shaped discon-
tinuities is observed at elevations ranging from 7 to 9 m. Line F is a 145
m-long profile that crosses the tidal flat and the ridge at the level of line
E start (Fig. 7b). At that point the thickness of the ridge, over the high-
amplitude reflection, is the highest (c. 2.5 m). The elevation of the tidal
flat decreases from 9 m landward to 7.5 m seaward. The beginning
(seaward side) of line F, until 90 m, is characterized by seaward-dipping
reflections with inclinations of around 8–11.5◦. The landward side of
line F displays sub-horizontal to landward-dipping reflections that
downlap on the high-amplitude reflection observed on line E. On line F,
it shows seaward inclination of 2◦.

Line G is a 85 m-long profile, parallel to line F, and located at the
level of line E end (Fig. 7c). It also displays seaward-dipping reflections
but with gentle inclinations ranging from 7 to 10◦, and that downlap the
same high-amplitude reflection observed in line E and F, which here has
an inclination of 4.5◦. On the landward side, reflections are horizontal to
sub-horizontal over the high amplitude reflection.

4.2.4. Line H
GPR line H is a 300 m-long cross-shore profile, oriented N-S, located

on a beach ridge unit of the sets N4 and N5 (Fig. 2). This beach ridge unit
is characterized, from land to sea, by a topographic crest at an elevation
of 10 m, a flat area spanning 125 m at an elevation of 9 m, and a second
topographic crest at an elevation of 9.5 m, which corresponds to the top
of the current beach profile (Fig. 8). However, the actual top of the
active beach profile is delimited by a topographic irregularity at an
elevation of 6m. The mean signal penetration depth is 3m and decreases
progressively landward and seaward.

In the first 100 m of line H, a sub-horizontal, high-amplitude
reflection is observed at an elevation of 7 m. This reflection plunges
eastwards (seaward) with an inclination of 4.5◦. The change in slope of
this reflection occurs beneath the first crest of the barrier. The reflections
above the high-amplitude reflection are sub-horizontal to slightly
landward-dipping. From 50 to 300 m, the reflections are mostly
seaward-dipping with various angles ranging from 4 to 10◦. The first
reflection of this seaward package, at 50 m, is clearly erosive on the sub-
horizontal reflections observed above the high-amplitude reflection.
Locally, it is possible to observe sub-horizontal reflections onlapping the
oblique reflections and forming reflection packages dipping steeply
seaward. Such packages are particularly well preserved below the most
seaward ridge. There, the bottom limit of packages corresponds to the
upper part of the modern beach profile. In the final meters, the signal
penetration depth decreases to less than 1 m, and the only observable
reflections are consistent with the topography of the beach profile.
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Fig. 5. Interpretation of the GPR line A, situated in the western part of the northern bank (set N4 and N5). (a,b) GPR data and line drawing, (C) Google Earth image with the position of the GPR line. Red dots indicate
sub-set boundary from N4 (yellow color) to N5 (green color).
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Fig. 6. Interpretation of the GPR lines B, C and D, situated in the central part of the northern bank (sets N2, N3 and N4). (a,b,c) GPR data and line drawing, (d) Topographic line with the position of the GPR lines B,C and
D. Red dots indicate sub-set boundary from N2 (red color) to N3 (orange color) to N5 (green color).
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4.2.5. Lines I-J
GPR lines I and J are both 500 m-long cross-shore profiles inter-

secting sets S1 and S2 in the southern area (Fig. 2). Line I is oriented NW-
SE and faces to the inner estuary and line J is oriented NE-SW and faces
to the open sea.

Line I cuts through the barrier spit unit S2d whose elevation ranges
from 6 to 8.5 m (Fig. 9a). Themean signal penetration depth is 3 m in the
first 200 m and decreases to 2 m under the aeolian dunes that are located
landward. In the area of higher penetration, the line is characterized by
steep seaward-dipping reflections with inclinations ranging from 9 to
12◦. At 50 m, a steeper reflection of more than 16◦ is followed seaward
by a series of gently sloping reflections whose inclinations increase
progressively until recovering the average value (Fig. 9c). From 200 to
475 m, the subsurface geometry is divided in two parts: (1) an upper
part, above 6 m, where signal intensity is relatively low compared with
the lower part, and where only a few sub-horizontal reflections are
visible, and (2) a lower part, under 6 m, composed of poorly-organised
oblique reflections with inclinations below 6◦ that are for most of them
dipping seaward.

Line J cuts through three inactive barrier units (S1, S2a and S2b),
whose elevations decrease seaward from 10.5 to 7 m (Fig. 9b). The
highest barrier set S1 corresponds to barrier spit units whereas the
lowest barrier set S2 corresponds to beach ridge units (Fig. 2). The mean
signal penetration depth is highly variable along the line and ranges
from 1 to 4 m. The areas of lower penetration correspond to ridge crests,
where the most vegetation is found. At the highest barrier set, above 9
m, the barrier architecture is characterized by sub-horizontal to slightly

seaward-dipping reflections with inclinations of less than 4◦. The tran-
sition between sets S1 and S2 is characterized by sub-horizontal re-
flections extending from 125 to 175 m. From 175 m to the end of the
line, the internal architecture is mostly composed of convex up re-
flections showing seaward asymmetry, extending from a depth of 4 m to
the surface (Fig. 9d). The inclination of the seaward-dipping reflections
decreases progressively from 6 to 1◦ until the topographic crest situated
at 430 m under where there is no signal. The reflections situated after
the topographic crest displays various inclinations ranging from 2 to 5◦
and are less organised as the previous one. The transition between the
two lowest barrier units, S2a and S2b, shows no major change in the
internal architecture.

5. Discussion

5.1. Internal architecture of the barrier units

The architectural elements that characterize the different barriers
investigated in the barrier system of the SCCR estuary by GPR can be
summarized as follows:

• Most barriers contain GPR reflections which image a dominant mode
of construction by progradation. These more or less inclined re-
flections correspond to beachfaces.

• In the barriers most exposed to ocean waves, beachface reflections
show lower inclination in average. Moreover, beachface

Fig. 7. Interpretation of the GPR lines E, F and G, situated in the central part of the northern bank (set N4). Lines F and G are cross-shore GPR lines that cross
perpendicularly the longitudinal line E. (a,b,c) GPR data and drawing lines, (d) Google Earth image with the position of the GPR line.
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progradational packages contain internal reflections featuring step-
ped berms (e.g. Figs. 8 and 9d).

• In the northern side, the geometric relationship between the barriers
and the associated tidal flat is characterized by landward-dipping
reflections at the initial stage of the barrier construction, featuring
washover deposits (e.g. Figs. 6a and 7b).

• In the southern side, the prograding beachface packages can display
locally very pronounced erosion surfaces, that could be interpreted
as cut-and-fill structures (e.g. Fig. 9c).

Our analysis of the system, combining morphological and GPR data
provides an overview of the internal architecture patterns that charac-
terize the different types of barriers composing the system (simple
ridges, barrier spits and beach ridge plains), and the dominant mode of
their behavior (transgressive, regressive or elongation modes). The key
control factors are discussed below.

- Simple ridges: their internal architecture is characterized by trans-
gressive geometries (washover) leaning on a topographic step of the
tidal flat, followed by a dominant progradational phase. Trans-
gressive patterns have already been observed and described on
gravel beaches in southern England, such as in Chesil Beach (Bennett
et al., 2009) and Colne Point (Neal et al., 2003), where the same kind
of transgressive geometries rely on back-barrier horizontal deposits.
On the other side, the combination of transgressive washover and
regressive beachface geometries, which commonly characterizes the
studied ridges in the SCCR estuary, is not frequently described. An
example is provided by Dickson et al. (2009) along the south Can-
terbury coast in New Zealand, where this configuration is linked to a
change in the substrate relief. Although we do not have information
on the tidal flat substrate topography, we also believe that simple
ridges initiate along steps incised into the underlying flat. The key
features in favour of this hypothesis are the abrupt morphology of
the basal reflection (Fig. 7), and the alignment of some of the ridges
with the paleo-cliffs to the north-west and south-east (e.g. N3a, N4c
– Fig. 2).

- Barrier spits: we considered them as transgressive barriers, which
develop mainly through elongation but share some similarities with
regressive barriers, as progradational sequences can result from their
development. This category is largely represented in the SCCR es-
tuary, and on the world’s coastlines in general. From a morpholog-
ical point of view, and when progradation surpasses erosion (i.e.,
regressive trend), the upstream part of barrier spit is similar to any
beach ridge sequence, and may be undifferentiated in some cases (e.
g. Engels and Roberts, 2005; Harvey, 2006; Montes et al., 2018). The
internal architecture of barrier spits is characterized by steep beach
face surfaces, ranging from 9 to 14◦, and the absence of
well-developed berm deposits. Cut-and-fill structures are another
feature that can be observed at the intersection of barrier spits units,
but instead of being associated with channel dynamics (e.g. Bristow
et al., 2000; Lindhorst et al., 2008), they are associated with the
creation of new ridges, as in the initial hypothesis of Davies (1957).

- Beach ridge plains: these progradational morphologies are mainly
located in the most exposed areas of the SCCR barrier system. Their
internal architecture is composed of low-angle surfaces with angles
ranging from 1 to 5◦, and berm geometries. As the difference in
elevation of the successive ridges is not so important, and as there
are no major erosional truncations in their internal architecture, we
believe that extreme storm events do not participate significantly to
the morphodynamics of these barriers that are rather built by
constructional waves. According to Tamura (2012), the previous
statement is important to differentiate types of beach ridges, and the
development of wave-built barriers with little or no influence from
storms seems to be closely related to sea level oscillations. Three
main factors can explain why storm impacts are not well-recorded in
these beach ridges: (1) extreme events might not be frequent on this
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Fig. 9. Interpretation of the GPR lines I and J, situated in the southern bank (sets S1 and S2). (a,b) GPR data and drawing lines, (c) Zoom of the GPR line I, (d) Zoom of the GPR line J. Red dots indicate sub-set boundary
from N4 (yellow color) to N5 (green color).
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area; (2) coarse-grained barriers have a certain resilience to extreme
events by absorbing and reflecting wave energy (Orford and An-
thony, 2011; Pollard et al., 2022), and (3) upper beach is only active
during spring high tide level, especially on hypertidal coasts.

5.2. Preserved beachface morphologies and wave climate

As each of the barrier morphologies of the SCCR system displays a
characteristic internal architecture, we hypothesise that the conditions
leading to their formation are somehow preserved. Indeed, the wave
conditions, and more specifically the net coastal drift transport, associ-
ated with the construction of these morphologies are different. The net
sediment transport is assumed to be greater in the case of barrier spits
than in the case of beach ridge plains. The main architectural difference
between both barriers is the slope of the beach face. The steepness of the
beach face is mainly controlled by grain size, with coarser grain-size
leading to steeper beaches (McLean and Kirk, 1969; Jennings and
Shulmeister, 2002), but it is also controlled by the strength of the littoral
drift, with steeper beaches as a result of a stronger littoral drift (Cas-
tanho, 1970; Komar, 1971; Sayao and Nairn, 1989). This statement is in
accordance with our observations as, despite variable grain-sizes across
the system, barrier spits have steeper beach face sequences than beach
ridges plains. This potential relationship can be useful to assess the
swell’s angle of approach, and therefore the barrier exposure.

5.3. How are tidal dynamics recorded within coarse-grained barriers?

The hypertidal regime actually promotes the development of thick
gravel beach ridge sequences, and this is the case for the SCCR estuary.
GPR data do not allow to image in depth the entire sequences, so that
tidal range is difficult to infer from barrier thickness information pro-
vided by GPR data. However, GPR data obtained in barrier spit and
simple ridge sequences allow evaluating the thicknesses of the upper
beachface to 3–5 m. This value does not correspond to the entire tidal
range, but rather to the difference in elevation between neap and spring
high tide levels. The preservation of berm geometries at different ele-
vations within the upper section (4–5 m) of beach ridge sequences (e.g.

Fig. 9d) has already been observed by Montes et al. (2018), and suggests
the occurrence of significant water level variations in combination with
waves, consistent with hypertidal range. Stepped berms like these are
less likely to be preserved when the tidal range is lower due to the
constant action of waves on the barrier. The differences between beach
ridges and barrier spits, in terms of tidal influence, are mainly attributed
to their specific morphodynamics which, in the case of barrier spits, is
linked to the development of the platform on which they grow (Allard
et al., 2008; Pancrazzi et al., 2022).

The elevation of the barriers, as reported by Bluck (2011), seems to
be a better tidal range indicator than the thickness of the gravel se-
quences as the crest elevation seems to be common to all kind of bar-
riers. In the SCCR system, the crest elevation of the most recent barriers
is 6 m a.m.s.l., which means that the thickness of the coastal sequence is
similar to the tidal range (i.e. 12 m). The validity of this elevation as a
marker is reinforced by the consistency of the sedimentary architecture
and the absence of major overtopping structures, especially within
barrier spits.

5.4. Late Quaternary evolution of the SCCR coastal barrier system

The results of our geomorphological and internal architecture ana-
lyses of the coarse-grained barriers system of the SCCR estuary, com-
bined with data from different authors about regional relative sea level
variation allow to propose a schematic evolution model of the mouth of
the estuary since the Last Interglacial Maximum (LIM). This evolution
can be divided in six main stages (Figs. 10 and 11):

• Stage A: formation of the upper barrier set (N1) on the northern edge
of the inlet during MIS 5e (130-115 kyr BP). The orientation of the
main barrier spit of the set (N1a) suggests a local seaward littoral
drift. Due to the more than 20-km long basin, it is conceivable that
prevailing winds, from the same direction as today (i.e. westerlies),
would have been capable of generating a littoral drift away from the
estuary. The elevation of the upper set (15.5 ± 1 m a.m.s.l) is
consistent with the 16 ± 2 m a.m.s.l of some Pleistocene (MIS 5e)
beach ridges described further south, at the Rio Gallegos estuary

Fig. 10. Estimated period of development of the SCCR barrier sets and evolution of mean RSL during the late Quaternary in South Patagonia. a) Stages A and B during the last
interglacial stage, b) Stages D, E and F during the Holocene, c) Mean sea level (MSL) model from Cocos Ridge (after Lea et al., 2002). According to the current beach profile,
the RSL estimation curve (blue color) is placed 6 m (half the tidal range) below the gravel ridge crest curve (black color). The uplift correction in the transparent curves is
calculated on the basis of an average uplift rate of 0.11mm/yr (Pedoja et al., 2011).
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(Ercolano, 2010). However, the set is largely above the 12 ± 1 m a.
m.s.l of the Pleistocene beach ridges described further north, at
Puerto Deseado (Zanchetta et al., 2014). According to Rostami et al.
(2000) and Pedoja et al. (2011), the elevation of the Late Pleistocene
marine terrace is not well defined in this area with an elevation of 15

± 4 m a.m.s.l., which is broadly consistent with the elevation of the
N1 ridges in the SCCR estuary. The lack of GPR signal can be
explained by the presence of pedogenetic iron oxides, which are
known to decrease signal penetration (Van Dam et al., 2002; Bristow

Fig. 11. Morphological evolution of the SCCR barrier system during the late Quaternary. According to GPR and elevation data, 5 main stages of evolution are distin-
guished: A and B are assigned to the last interglacial stage (ca. 120 to 80 kyr BP); C to the Last Glacial Maximum; D and E, to the Maximum Holocene Highstand at c.
7.5 kyr BP (called MHTM: Mid Holocene Transgressive Maximum) and to the following stillstand period until c. 6.5 kyr BP (called MHHR: Mid Holocene Highstand
Rework), and E to the Holocene Regressive Stage (HRS) from c. 6.5 kyr BP to present.
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and Jol, 2003). These soils can be found all over the Patagonia and
they are related to warmer interglacial periods, and more specifically
to the MIS 5e stage (Bouza, 2012, 2014).

• Stage B: development of several spits in the northern side of the inlet.
The mean elevation of N2 (12 ± 1 m a.m.s.l) is similar to the
elevation of another barrier spit unit at the Rio Gallegos estuary,
which has been categorised as Holocene deposits (Ercolano, 2010).
However, the absence of GPR signal (e.g. Line D – Fig. 6C), as well as
the morphological discordance of N2 with the younger barrier sets
within the tidal flat suggest that N2 did not develop during the Ho-
locene. The clear separation between N1 and N2 suggests that N2 did
not develop during the LIM (MIS 5e) either, but at a slightly more
recent stage (i.e. MIS 5c/5a – 100-80 kyr BP, Fig. 10a). This age and
elevation would be consistent with the beach ridges observed by
Zanchetta et al. (2014) at Puerto Deseado.

• Stage C: intermediate stage corresponding to the Last Glacial
Maximum (MIS 2–20 kyr BP). The inlet area is a fluvial environment.
Late Pleistocene barrier sets and tidal flat terraces are abandoned, as
observed in other coastal areas of Patagonia (e.g. Montes et al., 2020,
Tierra del Fuego). No major morpho-sedimentary features for this
period have been identified on the GPR data, but the preserved spit
morphologies of N1 and N2 sets suggest they were partially eroded
by tributary fluvial channels, pointing to a limited barrier reworking
(Fig. 10c).

• Stage D: development of a new set of spits in the northern side of the
inlet (N3), oriented landward and seaward. The presence of a spit
oriented seaward (N3a) proves that the local littoral drift towards the
outer estuary observed during stage A is maintained. The good GPR
penetration and the elevation of the barrier units (11.2 ± 0.7 m a.m.
s.l), consistent with the elevation of the highest Holocene ridges in
the region (e.g. Zanchetta et al., 2014), suggest that N3 developed
during the transgressive maximum in theMiddle Holocene (c. 7.4 kyr
BP – Schellmann and Radtke, 2010). The barrier units of N3, pre-
dominantly composed of spits, are probably mostly derived from the
reworking of the Pleistocene spits. To the east, the growth of the
main spit may have reduced the width of the inlet to almost the
present width.

• Stage E: development of the first barrier spit units on the southern
side of the inlet (S1), and cannibalisation of the main spit of the
northern side (N4). Due to their elevation, between 9.5 and 11 m a.
m.s.l, these barriers should have also developed during the Holocene.
Their transgressive character suggests that these sedimentary bodies
were created during the stillstand period following the maximum
Holocene highstand (7.4–6.6 kyr cal BP – Schellmann and Radtke,
2010). This stage highlights a change in the coastal hydrodynamics,
which favours a northward coastal drift in addition to the main
southward coastal drift that led to the development of the barrier
units on the northern side of the inlet. Some modifications of the
regional hydrodynamics, leading to local reversals of the littoral
drift, have been already identified along the South American coast
during the late Holocene (e.g. Martin and Suguio, 1992; Isla and
Bujalesky, 1995; Isla and Espinosa, 1995), but have not significantly
controlled the morphology of the coastal barriers (Codignotto et al.,
1990). The hypothesis of the occurrence of a tsunamigenic event
during this stage, triggering the development of this barrier set,
cannot be ruled out due to the presence of some geomorphological
evidence made in Tierra del Fuego (Bujalesky, 2012). However, the
presence of a well-developed barrier spit unit on the southern side of
the inlet suggests that a more permanent change in the local hy-
drodynamics has occurred, possibly associated with a modification
in the nearshore bathymetry during the Holocene highstand.

• Stage F: final upbuilding of a continuous barrier, and infilling of the
back-barrier tidal flats on both sides of the inlet. Although the main
sedimentary input is towards the inner estuary, part of the sedi-
mentary input come from the upstream part of the estuarine basin, as
shown by the different spits oriented seaward (e.g. N5c – Fig. 2). It is

therefore possible to infer that, despite the shrinking of the estuarine
basin and the inlet, there has been enough fetch to generate a slight
local littoral drift seaward. This stage corresponds to the ultimate
Holocene regressive stage, observed in most of the Patagonian
coarse-grained barriers (Codignotto et al., 1990; Schellmann and
Radtke, 2010; Zanchetta et al., 2014). One to three relative sea level
falls have been identified and dated in the coastal barriers from
different locations of Patagonia. According to Schellmann and
Radtke (2010), the two main relative sea levels falls occurred be-
tween 6600 and 6400 cal BP, and between 2300 and 2050 cal BP.
The preservation of this regressive sequences is not uniform across
the SCCR barrier system. In the northern side of the inlet, the
regressive stage is represented by one unit on the most seaward area,
two units on the central area, and four units in the most inner estu-
arine part of the system. In the southern side of the inlet, the
regressive stage is represented by three barrier units. The internal
architecture at the boundaries of these Late Holocene barrier units
shows uniform facies with some slope readjustments, but without
any major erosional surface. The increase in the number of preserved
units is associated with the fact that the innermost barriers are more
protected from erosion of the large oceanic waves than those facing
the ocean.

6. Conclusion

This study described a combined analysis of the internal architecture
and geomorphology of the coarse-grained coastal barrier system located
at the mouth of the hypertidal Santa Cruz – Chico river (SCCR) estuary,
in South Patagonia. The data collected allows to find out more about this
type of wave-built sedimentary body in a strongly tide-dominated
environment. Combined with data on the regional relative sea level
(RSL), our data have also permitted to propose a reconstruction of the
different stages in the system evolution during the Late Pleistocene and
Holocene. The following conclusions can be drawn:

1. The SCCR barrier system is composed of three main barrier types:
barrier spits, beach ridge plains and simple ridges. Each barrier type
can be identified by its sedimentary architecture and, in particular,
by the slope of the beach face. Barrier spits and elongated simple
ridges display steep beach face strata with slopes ranging from 9 to
14◦, while in beach ridges slopes of beach face deposits are weaker,
between 1 and 5◦. This stratigraphical differentiation allows linking
the sediment record to the strength of the coastal drift, thus
informing about the barrier exposure to open sea dynamics.

2. Although located in a hypertidal domain, the tidal signature does not
appear clearly in the architecture of the different barrier types. Only
the stepped berms preserved in the upper section (4–5 m) of the most
exposed beach ridges may reveal the tidal context.

3. The elevation of active (modern) coarse-grained barrier crests
located in protected areas, such as spits and ridges more developed
into the estuary, can be considered as a valuable proxy of the highest
tide level (and thus of the tidal range). For older ridges and spits, this
elevation is an estimate of the relative sea level.

4. Five main barrier sets with elevations ranging from 16.5 to 6m a.m.s.
l. are identified in the SCCR barrier system. All the barrier sets are
present in the northern side of the inlet, but only the lowest ones are
found in the southern side. According to their elevation and regional
data, the approximate period of development of each barrier set has
been proposed. The two highest sets are associated to the Last
Interglacial Maximum (MIS 5e), although the lowest of the two could
be associated with the MIS 5c or MIS 5a stages. The three lowest sets
are Holocene, among which the two highest mark (3) the Holocene
transgression maximum around 7.5 kyr BP, and (4) the Holocene
highstand rework. The lowermost set formed during (5) the Holo-
cene regressive period. This last stage of development highlights a
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gradual decrease in the RSL resulting in four sub-stages, stepped
between 10 and 6 m a.m.s.l.

5. The morphological evolution model proposed in line with the five
stages described previously needs to be consolidated with absolute
dating.
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Writing – review& editing, Investigation. Jean-Yves Reynaud:Writing
– review & editing, Investigation.Maria Duperron:Writing – review &
editing, Investigation. Roberto Adrián Scasso: Writing – review &
editing, Investigation. Alejandro Montes: Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This study is based on the doctoral work of L. Pancrazzi, funded by
the French Ministry of Higher Education, Research and Innovation, and
financially supported by the program ECOS-Sud (CNRS-INSU) and the
“Agence de l’Eau Artois-Picardie”. The first author acknowledges Kevin
Pedoja (University of Caen) for the discussions on regional tectonics.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jsames.2024.105073.

References

Allard, J., Bertin, X., Chaumillon, E., Pouget, F., 2008. Sand spit rhythmic development:
a potential record of wave climate variations? Arçay Spit, western coast of France.
Mar. Geol. 253 (3–4), 107–131. https://doi.org/10.1016/j.margeo.2008.05.009.

Archer, A.W., 2013. World’s highest tides: hypertidal coastal systems in North America,
South America and Europe. Sediment. Geol. 284, 1–25. https://doi.org/10.1016/j.
sedgeo.2012.12.007.

Bennett, M.R., Cassidy, N.J., Pile, J., 2009. Internal structure of a barrier beach as
revealed by ground penetrating radar (GPR): Chesil beach, UK. Geomorphology 104
(3–4), 218–229. https://doi.org/10.1016/j.geomorph.2008.08.015.

Bertels, A., 1970. Sobre el “Piso Patagoniano” y la representación de la época del
Oligoceno en Patagonia Austral, República Argentina. Rev. Asoc. Geol. Argent. 25
(4), 495–501.

Billy, J., Robin, N., Hein, C.J., Certain, R., FitzGerald, D.M., 2015. Insight into the late
Holocene sea-level changes in the NW Atlantic from a paraglacial beach-ridge plain
south of Newfoundland. Geomorphology 248, 134–146. https://doi.org/10.1016/j.
geomorph.2015.07.033.

Bindelli, L., Kazimierski, L., Re, M., 2020. Evaluación del potential energético de las
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