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Abstract

The present study focuses on the morphosedimentary organization and sediment infilling stratigraphy
of one of the largest estuaries of southern Patagonia in Argentina. With a tidal range up to 12 m, the
area is subject to extreme tidal conditions, combined with moderate offshore wave climate, strong and
constant westerly winds, and contrasted water and sediment discharges from the two tributaries of the
estuary, the Santa Cruz and Chico Rivers. The estuarine valley is entrenched in the Patagonian coastal
plateau due to significant uplift. On the basis of sediment facies (sedimentary structures, grain size,
geochemistry, mineralogy), meiofauna (foraminifera and testate amoebae), morphological changes and
shallow geophysics (high-resolution seismic reflection, ground-penetrating radar) data, the Santa Cruz-
Chico River system is defined as a hybrid system comprising a tide-influenced fluvial mouth (the Santa
Cruz River) and a tide-dominated estuary (the Chico River estuary), both converging towards an
elongated subtidal ria-type estuarine basin. River-supplied sands and muds by-pass the estuarine basin
and are exported offshore where they settle and form an ebb-tidal delta. Sediments in the Santa Cruz-

Chico River valley mainly consists of Pleistocene lowstand fluvial gravels resting on the regional



Miocene substrate, and thin early Holocene transgressive deposits, deeply incised by a tidal ravinement
surface that developed during the highest Holocene sea-level at ca 7500 yr. BP. After the maximum
stillstand, relative sea level fell and a competition occurred between erosion, promoted by water depth
decrease, and deposition, favoured by tidal prism reduction. At present, sediment by-passing and
offshore sediment export are the dominant processes. The very large size of the ebb-tidal delta, which

expands on the continental shelf, suggests that this situation has prevailed for a very long time.

Key-words: South America, incised-valley, tides, sediment by-pass, geophysics, Holocene stratigraphy

1. Introduction

Estuarine systems are major sedimentary components at the land-to-sea transition, sensitive to
changes occurring both in the catchments and at the coast and marine approaches. These changes,
either of natural and anthropogenic origins, induce fluctuations in fluvial, wave and tide hydrodynamics,
and concomitantly in sediment transport and supply. In order to better understand estuary
morphodynamic behaviour, as well as to guide predictive reconstruction of sedimentary infill of incised
valleys, generally associated with estuarine systems, conceptual models of estuarine
morphosedimentary organization have been proposed, distinguishing two types of estuaries according
to the hydrodynamics prevailing at the estuary mouth: tide-dominated estuaries -TDE- and wave-
dominated estuaries -WDE (Dalrymple et al., 1992). TDE and WDE are end-members bounding a range
of intermediate estuarine morphologies depending on the degree of mixing of the different
hydrodynamics. Since the classification of Dalrymple et al. (1992) depends on the dominant agent,
wave or tide, at the mouth, estuaries located in macro- to even hypertidal coastal regions are not
necessarily tide-dominated. In areas where large amounts of nearshore coarse-grained sediment
(sands to pebbles) are available and where wave regime is powerful enough to control their cross-shore
and longshore transport, sandspits can construct at estuarine mouths, leading to the development of a
WDE. Rock-bound estuaries as defined by Fitzgerald et al. (2000) may show common characteristics
with WDE when their mouth is barred due to bedrock morphology, acting similarly to a coastal barrier.
As a result of combined hydrodynamics, topography and sediment supply, a larger variety of incised

valley-fill models thus arises (Chaumillon et al., 2010).



Archer (2013) examined the morphosedimentary characteristics of coastal sites that have the largest
tidal ranges in the world, i.e., which usually exceed 8 to 10 m. These sites include seaways,
embayments and estuaries. Most of them are located along passive margins, in the Northern
Hemisphere (Archer and Hubbard, 2003). Only two coastal sites are located in the Southern
Hemisphere: The Kimberley coast of NW Australia; the Southern Patagonian coast owing to the very
large width (about 800 km until the 200 m isobath) of the shelf in this southernmost portion of the South
America Atlantic margin (Fig. 1A). In the estuaries and embayments located along this coast, tidal
ranges reach up to 11 m (Hypertidal C according to Archer, 2013) bringing projects to evaluate the
potential of tidal power harnessing at the estuary mouths (Bindelli et al., 2023). One of these estuaries
is the Santa Cruz - Chico River (SC-CR) estuary.

In the framework of a Franco-Argentinian collaborative project initially aimed at studying the infilling
stratigraphy of hypertidal estuaries, we performed field surveys in the largely unexplored SC-CR estuary
including morphology, sedimentology, and geophysics (seismic reflexion, Ground Penetrating Radar)
investigation. In light of the data collected, we discuss in the present paper how this hypertidal estuary
is organized in terms of sedimentary facies and environments as well as of sediment transport and
infilling, and how it can be categorized as a hybrid system combining characteristics of rock-bound
estuaries, resembling in shape to wave-dominated estuaries, and of tide-dominated (to wave-
influenced) estuaries. A prime interest of the hypertidal SC-CR estuary owes to the fact that it lies in an
arid region, influenced by contrasted seasonal changes in water runoff and sediment supply, and
subject to tectonic uplift. Our goal is to highlight how these tidal, climatic and tectonic characteristics did
influence its Holocene evolution, in order to allow comparison with other hypertidal systems already
documented, mostly located in the Northern Hemisphere and for which the influence of fluvial regime is
generally poorly considered (Dalrymple and Zaitlin, 1994; Chaumillon et al., 2010; Tessier, 2012;
Tessier et al., 2012). Moreover, almost all case studies belong to transgressive contexts, few examples
only describing estuaries subject to uplift and relative sea-level fall. Studies generally concern small
estuaries, not necessarily tide-dominated (e.g., Sakai et al., 2006), and focus on the record of
earthquake-induced subsidence or co-seismic uplift events into the sediment infill (e.g., Barryman et

al., 1991; Nelson et al., 2009).



2. The Santa Cruz - Chico River estuary

2.1. Geological context

The SC-CR estuary is one of the five estuaries located along the Patagonian coast of Argentina,
between the Chubut estuary to the north and the Gallegos estuary some 1000 km to the south (Fig.
1A). All but the Chubut are classified as rias by Castaing and Guilcher (1995) and Goudie (2018),
incised into Miocene or Jurassic substrate. The SC-CR, Coyle (or Coig) and Gallegos estuaries are
located at the mouth of steppe rivers in southeast Santa Cruz province (Piccolo and Perillo, 1999).
The SC-CR estuary lies at the confluence of two drainage basins: the Santa Cruz River basin and the
Chico River basin. Both drainage basins have their headwaters in a high relief zone at the Southern
Patagonian Andes, although the Chico River headwaters are relatively shifted eastward in relation to
the Santa Cruz basin (Fig. 1B). The Santa Cruz headwaters drain on structurally uplifted terrains formed
by late Palaeozoic metasedimentary basement and Jurassic acidic volcanic rocks, and is directly
connected to the Southern Patagonian Ice Field (Fig. 1B). Cretaceous black shales and siliciclastic
sandstones of the rift to foreland Austral-Magallanes Basin are an important surface component for this
area (Fig.1B; Ghiglione et al., 2016; Cuitifio et al., 2019). In contrast, the headwaters of the Chico River
basin show little proportion of basement rocks, and a higher proportion of younger siliciclastic
sedimentary rocks. Glaciogenic deposits are also a common geological unit in both headwaters,
especially in the Santa Cruz River basin. Eastward, in the middle to lower reaches of their drainage
basins, the Santa Cruz and Chico rivers are incised into a relatively flat, undeformed terrain composed
of fine-grained foreland Cenozoic siliciclastic to volcaniclastic rocks as well as late Cenozoic backarc
basaltic lava beds that cover large parts of the high plateaus (Fig. 1B). In this intermediate zone,
extensive fluvial terraces mantled by gravel deposits formed during the late Neogene to Quaternary
fluvial incision. Near their joint mouth, both valleys are incised into the early Miocene marine Monte
Ledn and terrestrial Santa Cruz Formations (Fig. 1B) (Sacomani et al., 2012). These two formations
constitute part of the sedimentary infill of the Austral Basin that was formed on the foreland side of the
Southern Patagonian Andes (Cuitifio et al., 2016; Parras and Cuitifio, 2018). Most of these Miocene
formations are made mostly of poorly cemented fine-grained silty to sandy successions, the sediment

of which originated for a significant proportion from the fall and reworking of Andean volcanic ashes.



This Miocene substrate, that gently dips to the southeast (less than 5°, Cuitifio et al., 2016; Parras and
Cuitifio, 2018), is widely covered by the glacio-fluvial Plio-Pleistocene fluvial terrace gravels assigned
to the Patagonian Shingle Formation, informally known as the "Rodados Patagénicos" (Martinez and
Kutschker, 2011) which are incised as well by the Santa Cruz and Chico Rivers.

Due to subcrustal processes such as lithospheric thinning and dynamic topography tectonic, probably
secondarily to glacio-isostatic adjustment, the study area is subject since the late Miocene to a
significant uplift (Avila et al., 2023), featured along the Atlantic coastal zone by raised marine terraces
(Pedoja et al., 2011). Pleistocene uplift rate at the study site is estimated around 0.11-0.12 mm/yr
(Pedoja et al., 2011). As a consequence, during the last post-glacial transgression, Holocene sea level
reached a maximum altitude of about 8-9 m above present-day mean sea level at around 7500-7000 y.
BP (Pedoja et al., 2011; Zanchetta et al., 2014). According to several studies along Patagonian coasts
on marine terraces and beach ridges, the subsequent relative sea level fall is found to be stepped, with
periods of more rapid falls and periods of stillstands (Rostami et al., 2000; Sheldman and Radtke, 2010;

Zanchetta et al., 2014).

2.2. General morphology of the SC-CR estuary

The SC-CR estuary is a complex system made of the lower reaches of the Santa Cruz River and the
Chico River merging into an intermediate basin, 25 km long down to the outlet to the Atlantic Ocean
(Figs. 1C, 2). Tidal and salinity variations are recorded up to 10-15 km upstream the confluence. In the
next sections, reference to the Chico and Santa Cruz Rivers only concerns those estuarine segments
of these rivers (Figs. 1C, 2). The Chico River has a well-defined elongated funnel shape over a distance
of 20 km from the confluence to the National Road 3 bridge, with a width ranging from almost 3 km at
the confluence to 100 m at the bridge. From the bridge to the confluence, the system evolves rapidly
from a meandering single channel to a sinuous to braided channel network. All along the Chico River,
the main channel shows at low tide a quite constant width of 100-200 m. Meander wave length is ca. 1
km. The width of the Santa Cruz River at the confluence is comparable to the Chico River width, i.e.,
3-3.5 km, decreasing upstream over a distance of 18 km until a width of 1-1.5 km. The funnel-shaped

estuary shows a large-scale sinuosity of ca. 10 km wavelength. The Santa Cruz River channel, like the
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one of the Chico River, has a more or less constant width, ranging from 0.5 to 1 km. The system evolves
from a single river channel floored by braided to anastomosed bars in the upper portion, to a single
channel flanked by large tidal flats in the lowermost reach.

The intermediate basin between the confluence and the outlet has an almost constant width of 5.5-6
km over its 25 km of length. In the middle of the basin emerges the 4 km long, shore-parallel, Leones
Island, probably developed on a bedrock shoal. The intermediate basin narrows significantly close to
the mouth where the outlet is only 2 km wide, and less than 2 km long, widening suddenly to the open
sea. The Chico River and the intermediate basin have the same NW-SE orientation, whereas the Santa
Cruz River is almost W-E oriented (Fig. 1C).

A general geomorphological characteristic of the SC-CR estuary is the asymmetry of altitude along both
sides (Fig. 2). The NE side of the intermediate basin and Chico River, cut into the lowest fluvial terrace
(“Rodados Patagonicos”), has a much lower elevation, of about 15 m, than the SW side of the
intermediate and southern side of Santa Cruz River, characterized by high cliffs incised into the Miocene
substrate, about 50 m high along the Santa Cruz River, rising until 110 -115 m toward the confluence
and along the intermediate basin (Fig. 2). The northern side of the Santa Cruz River cuts the fluvial
gravel terraces at an altitude of about 20 to 30 m, although lying very close, locally less than 1 km, to
the 120 m high Miocene cliffs. The altitude of the SW side of the Chico River ranges from 40 to 110 m,
cut into the Miocene and fluvial terraces.

Active tidal flats along the estuary, including the gravel beaches on the northern side of the inlet, are
locally fringed by low terraces incised by multiple channels forming a dendritic tidal channel network.
Their altitude is around 8-10 m or less (Fig. 2). Some of these terraces, like the main one developed on
the northern side of the Santa Cruz River (Fig. 1C), are covered by aeolian silts and dusts, forming
locally nebkhas, and fringed in some places by gravel ridges. According to their altitude, these tidal flats
could be related to the Holocene maximum sea level, at around 7500 y. BP., maybe at 3500 y. BP
(Rutter et al., 1989; Rostami et al., 2000; Schellmann and Radtke, 2010; Zanchetta et al., 2014), and
are probably inactive nowadays. However, the main terrace along the Santa Cruz River is possibly

flooded occasionally during the highest fluvial levels combined with high spring tides.



2.3. Main hydrographic characteristics

The Santa Cruz River is the main river of Patagonia, delivering 39% of the total mean annual Patagonian
discharge (Depetris et al., 2005). It was explored by Charles Darwin in April 1834 during the second
campaign of the HMS Beagle in Patagonia. It has a length of 380 km and a catchment basin of 24,000
km?. It is directly connected upstream to Lake Argentino (Fig. 1B). The seasonal fluctuations of the lake
water level control the river discharges (Pasquini and Depretis, 2011). The mean annual water
discharge is about 750 m® s, with an average maximum and minimum of 1280 and 280 m3 s,
Seasonal variability is relatively low, mostly controlled by snow and ice melt in the headwaters.
However, due to the collapse of ice dams in upstream branches of the lake, water outbursts regularly
occur (every 2-4 years), generally in March, resulting in higher discharge peaks (2500 m?3 s'1) (Pasquini
and Depetris, 2011).

On the other side, the Chico River, with a length of about 550 km but a drainage basin of 16,800 km?
is a smaller river, with a mean annual water discharge of 30 m3 s'1 (Gaiero et al., 2003).

With respect to sediment supply, concentration of suspended material is higher in the Chico River, with
values of a few 100 mg I'1, whereas in the Santa Cruz concentrations reach only a few 10 mg I (Depetris

et al., 2005).

2.4. Wave, wind and tidal dynamics

The climate in the study area is temperate cold with an average annual temperature of 8 °C, and arid
to semi-arid with an average annual rainfall of less than 200 mm. The main characteristics of the
Patagonian climate are the intense winds that blow almost permanently from the west. Because
moisture is trapped on the Pacific side of the Andes, they are dry winds transporting significant dust
amounts. For this reason, Patagonia is the first dust supplier of South America (Prospero et al., 2002;
Gaiero et al., 2007). These westerly winds induce active erosion of the poorly cemented Miocene
substrate, including of the cliffs along the estuary, as well as numerous, more or less circular,
depressions on top of the Miocene plateau. They also provoke substantial sand transport on the tidal

flats at low tide.



In addition, due to the quasi-permanent windy climate, agitation on the estuary water surface can be
important, especially during tidal flood stages, when the westward average direction of flood currents is
contrary to the dominant westerly winds. Moreover, the strongest westerlies probably retard flood tidal
current and enhance ebb one, although no measurements and modelling are available to confirm it
(Piccolo and Perillo, 1999). Offshore, significant wave height rarely exceeds 3 m. 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, 0.2° horizontal resolution), ranges from 0.5 to
1 m without major differences between seasons. The wave directions are evenly 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 summer. The highest waves are generated during this 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.

Tidal dynamics in the SC-CR estuary is governed by the regional hypertidal range, reaching up to 12
m at Punta Quilla, located 4.5 km upstream of the mouth (Servicio de Hidrografia Naval:

http://www.hidro.gov.ar). The hypertidal range of Southern Patagonia is related to the very large

extension of the Patagonian shelf, and to the large concave morphology of the coastal region (Archer,
2013), named Bahia Grande. The tidal regime is semi-diurnal with very low diurnal inequality,
characteristic of the tidal wave of the Atlantic Ocean domain. Tidal currents are commonly faster than
1.5 m/s, reaching up to 4 m/s into the 2 km wide narrow inlet. The flood is generally the dominant
current, but the ebb is dominant in the downstream half of the intermediate basin according to current
velocity indications mentioned on the 1945 nautical map (Fig. 4B). According to measurements and
numerical modelling, both performed in the framework of environmental studies related to two
hydroelectric dam constructions upstream on the river, 185 km and 250 km of the SC-CR estuary outlet
(Ezcurra and Schmidt, 2018; Schmidt et al., 2018), fluvial discharge has little influence on the
intermediate basin water levels which are instead controlled by tidal fluctuations. The same occurs with
bottom velocities, which are influenced by water discharge for less than 15 km downstream of

Comandante Luis Piedrabuena city (Fig. 1C). These downstream limits of water discharge influences



on water levels and bottom velocities probably shift significantly downstream during water outbursts of
the Santa Cruz. With respect to salinity, the influence of freshwater discharge extends until the outlet

at low tide.

3. Materials and Methods

To accomplish our objectives, four field surveys for sedimentological, seismic and GPR investigation

have been performed.

3.1. Sedimentological observations and sediment analyses

In addition to observations made at different sites to characterize sediment facies and depositional
environments around the estuary, 18 superficial sediment samples were collected from intertidal areas
of the inlet to the upstream reaches (Table 1, cf. figures in the result section for sample location) for
grain-size, mineralogical, and geochemical analyses. Meiofauna content of 22 sediment samples

(foraminifera and testate amoebae) was also examined (Table S1).

Grain-size analysis — Laser grain-size analyses were carried out for each sample using a Beckman-

Coulter LS13320 (M2C Laboratory, France). Prior to analysis, in order to prevent flocculation, samples
were suspended in deionized water and exposed to ultra-sound during the measurement for 90 s. Each
sample was measured twice to ensure accurate and consistent results.

Sediment mineralogy — For bulk sediment analyses, the samples were first transformed into very fine

powder using an agate microgrinder and then compacted as to form a solid pellet to be analyzed by
XRD-scanning. The clay-size fraction (<2um) was isolated by differential settling according to Stoke’s
law. X-ray diagrams were obtained using a Bruker D4 Endeavor (standard 30 kV and 30 mA) coupled
to a Lynxeye fast detector. Clay sample was run three times between (1) air dried sample, (2) glycolated
sample (saturation in ethylene glycol for 12 hours), and (3) heated sample (490°C for two hours). The
proportion of each clay mineral (smectite, chlorite, illite and kaolinite) is determined using the main X-

ray diffraction peaks (layer + interlayer) on X-ray spectra according to their crystallographic properties



(Brindley and Brown, 1980; Beny et al., 2020). All measurements and semi-quantitative estimations
were processed using Highscore+ software (bulk samples) and MacDiff software (clay samples,
Petschick et al., 1996). The index of Esquevin (Esquevin, 1969) corresponds to the ratio between the
5A and the 10A peak intensities (illite 5A/10A). The illite crystallinity corresponds to the peak width at
mid-height.

Sediment geochemistry - Geochemical analysis was carried out using a hand-held Niton XL3t

spectrometer (pXRF; Geoscience Montpellier Laboratory, France). Each measurement was taken for
150 s with the soil mode, which is the most suitable mode for unconsolidated sediments. Before
measurements were taken, all samples were dried and grinded to < 63 uym using a mechanical agate
mortar, and then prepared in classic XRF sample cups covered with a thin ultralene film. Elements
above the limit of detection are Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Zn, As, Rb, Sr, Zr, Ba, Pb.

Meiofauna content — The study of meiofauna aimed in completing the characteristics of depositional

environments with a biological indication of marine or freshwater influences. Meiofauna analyses
focused on two unicellular eukaryotes groups, foraminifera and testate amoebae. Twenty-two samples
were selected due to their silty to medium sand grain size (preferential requirement of these protist
occurrence). Samples were sieved through 315 and 50um mesh. The intermediate fraction was then
concentrated on trichloroethene in order to remove most of detrital denser grains. Foraminifera and
testate amoebae were then all counted within the residue. Foraminifera species were identified at
species level and named checked according to World Register of Marine Species (WORMS) (Hayward

et al. 2020). Testate amoebae were identified according to Ogden and Hedley (1980).

3.2. Very-High Resolution Seismic reflection and Ground-Penetrating Radar investigations

Geophysical investigations (Fig. 3) were performed in order to get information on the long-term evolution
of the estuary. A very high-resolution seismic survey using a boomer source (®IKB Seistec, M2C Lab.)
was performed on board of the Surveillance and Rescue ship of the Argentine Navy Prefecture based
in Puerto Santa Cruz. We collected a few kilometres of seismic lines into the intermediate basin (Fig.
3A). The Seismic Unix software was used for data processing, including pass band and swell filters.

The first objective of the ground penetrating radar (GPR) survey was to study in detail the architecture

10



of various types of gravel spits and beach ridge barriers that form the estuary mouth system, and to
draw conclusion on its late quaternary paleogeographic evolution (Pancrazzi, 2022; Pancrazzi et al.,
accepted). For the present study, the purpose is to show more general architectural features in relation
to the development of the beach ridges on both sides of the inlet. A GPR SIR-3000 system with a 400
MHz shielded antenna (M2C Lab), and GPR SIR-4000 system with a 350 MHz HS digital antenna (LOG
Lab) were used to explore the gravel barrier system (Fig. 3B). The GRPPYy software (Plattner, 2020)
was used to process the GPR data. Altimetric corrections were possible thanks to DTMs available in

the study area (source: IGN 2015 photogrammetry survey).

3.3. Morpho-bathymetric data

In order to evaluate the recent evolution of the estuary, morpho-bathymetric changes have been
examined by comparing different documents. Sediment and bathymetric maps of the SC-CR estuary
are very scarce. The oldest nautical map of the region we could find so far is from 1866, with inserts
focussing on some of the main estuaries, including the SC-CR estuary (Fig. 4A). A 1:50000 scale
nautical chart of 1945 is available for the whole intermediate basin, from the confluence to the shallow
offshore (Fig. 4B). Recently, bathymetric data were collected by Ezcurra and Schmidt (2018) and
Schmidt et al. (2018), allowing to reconstruct a Digital Elevation Model (Fig. 4C). Present-day
morphological characteristics and sedimentary body planforms can be checked on satellite data, and
more especially on images from the optical sensor of the Sentinel generation 2 satellites. The 2022,
May 21 image has been taken during very low tide conditions and can be compared with the DTM (Fig.
S1). Since old bathymetric maps only concern the intermediate basin, in order to depict changes along
the Chico and Santa Cruz rivers, the oldest satellite image available on Google Earth, dated from 1970,

has been used to be compared with the present-day situation (Fig. 4D, E).

4. Results

4.1. Recent morpho-bathymetric evolution of the estuary
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The comparison between the oldest reliable map, i.e., the 1945 map (Fig. 4B) with the most recent data
(Fig. 4C) clearly demonstrates that no significant changes in water depth occurred during the last nearly
80 yearsl. In terms of morphology, banks and channels remain of similar size and shape, and at the
same location within the intermediate basin and at the confluence (Fig. 4B, C, Fig. S1). Although the
1866 map (Fig. 4A) is not very accurate, it shows a very similar morphology compared to the most
recent ones, demonstrating the high stability of the estuary since at least 150 years.

The evolution into the Santa Cruz River and Chico River cannot be examined at this centennial time
scale because the 1866 and 1945 nautical charts do not cover these areas. However, little differences
are evidenced when the oldest satellite image from 1970 is compared with the most recent data (Fig.
4D, E). The Santa Cruz River looks very similar, with the same position and planform for the main
channel and fluvial bars, and more or less the same extension of the tidal flats. In the Chico River the
main channel has slightly evolved from a more braided planform to a more linear one, suggesting a less
dynamic system.

The 2022 Sentinel image (Fig. S1) shows a well-developed suspended sediment plume that gets out
from the inlet. The plume shape is consistent with the morphology decipherable on the nautical chart of
1945 (Fig.4B), shifted towards the south and with an elongated bank on its external side. This
morphology, which is not visible on the DTM produced in 2016 (Fig. 4C, Fig. S1 for a direct comparison),
probably due to the relatively too low density of bathymetric data used to reconstruct the model,
indicates the presence of a sedimentary body settled down off the inlet and resembles an ebb-tidal

delta.

4.2. Sedimentary environments and facies distribution

Depositional environments and sediment facies of supra- to intertidal (backshore/foreshore) domains
display a large diversity all around the estuary. Into the intermediate basin and along the southern side
of the Santa Cruz, most estuarine coastlines are characterized by gravel beaches and spits that
generally occupy the upper intertidal domain (Fig. 5B, C, F, H), or only the uppermost beachfaces and
terraces. In the intertidal prolongation, mud flats are well-developed, especially along the SW side of

the intermediate basin. When gravel beaches are reduced to uppermost beach terraces, a complete
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sequence from salt marshes to intertidal mixed to mud flats can develop. This is the case for example
along the shore between Puerto Santa Cruz and Punta Quilla (Fig. 5E). Mixed and mudflats are made
of thinly laminated and sometimes bioturbated facies (Fig. 6G, H). Approaching the inlet, close to Punta
Quilla, shore-normal, erosional furrows, probably due to wave action, dissect the mudflats (Fig. 5F).
The shore along the NE side of the intermediate basin is essentially gravelly, with very few places
showing salt marshes and mud flats.

At the outlet of the Chico River, salt marshes and mud flats are particularly well developed on the NE
side. On the opposite side, due to a small gravel spit anchored to the Miocene bedrock cape delineating
the confluence, a salt marsh and mud flat succession is sheltered and well preserved (Fig. 5K). Along
the Chico River, mud to sand flats (Fig. 5J) develop with respect to their distance with tidal channels,
the planform of which is mainly meandering, slightly more anastomosed in the central area. Sand flats
with ebb-oriented subaqueous subaqueous small to medium dunes, a few ten centimetres high, are
more extended at the outer section (Fig. 5L). Sediment successions consist of heterolithic facies made
of sand-mud couplets, centimetric in thickness. Some of the successions show clear cyclic patterns
(Fig. 6B, C, E) suggesting tidal rhythmites (Tessier, 2023; Cuitifio et al., 2023; Lortie et al., 2024). Salt
marsh successions display very regular beddings very likely corresponding to annual rhythmites (Fig.
6F).

Along the Santa Cruz River, sand- to mud flats are extensively developed along the northern side (Fig.
5M, N). Sand flats occupy most of the major “valley”, and are shaped by numerous bedforms such as
subaqueous small to medium dunes close to the main tidal channel along the southern side. Dunes
appear to be ebb-oriented. However, they are observed only at low tide, thus after ebb tidal current
action. Mud flats occupy the uppermost part and are incised by tidal creeks originated at the salt
marshes. Heterolithic tidal facies, locally well-defined tidal rhythmites, are the main component of the
mud flat deposits (Fig. 6D). Bedding into the salt marsh successions suggests as well tidal facies,
probably of annual origin, similarly to those located at the outlet of the Chico River. A few kilometres
upstream, sand to mud flat environments progressively disappear, being replaced by gravel bars in the
channel and gravel attached-banks (Fig. 5I). Tidal influences are marked by horse-shoe morphologies
featuring flood barbs. Moreover, the Miocene bedrock locally crops out along the northern side of the

river downstream of Comandante Luis Piedrabuena city (Fig. 5G).
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Sand flats developing at the Rio Chico and Santa Cruz outlets join together at the confluence, forming
extended sand flats and bars covered with tidal dunes (Fig. 50). Note that the top of all sand flats in

both rivers can be strongly reworked at low tide by wind action, inducing important eolian sand fluxes..

4.3. Sediments grain size, mineralogy and geochemistry

The grain-size distribution curves indicate a variable amount and mixing of three distinct modes that
can be detected in most samples (Fig. 7): Medium to coarse silt (MCSi), Very fine to fine sand (FS) and
medium sand (MS). The Chico and Santa Cruz Rivers have the same overall grain-size pattern. Along
the Chico River, there is a clear seaward coarsening of tidal flat sediments. Such trend is not clear
along the Santa Cruz River. As expected, MCSi to FS is the main mode in mud and mixed flats while
MS are the main mode in bars, both fluvial and tidal. MCSi is the main mode of eolian sediments
preserved on top of the terraces.

All bulk-rock samples show similar composition: quartz, Ca-felspar, zeolite and muscovite, with traces
of chlorite. The most abundant element into all samples is Si, that slightly increases with grain-size
increase.

XRD analyses of the clay grain-size fraction (Fig. 8) show that most samples are dominated by well-
crystallized smectite (from 66% to 93%). Two samples, 2018-9 and 2018-17, corresponding to the
aeolian dusts, have up to 45% of illite, are slightly richer in chlorite and contain rutile in the bulk samples.
When plotted in a ternary diagram (Fig. 9A), most samples aligned on a mixing line between the
smectite and illite+chlorite end-members ranging from 93% (sample 2019-2) to 66% (sample 2019-1)
of smectite. The crystallographic parameters (Fig. 9B) of illite indicate that parent-rock of illite were low-
grade metamorphic rocks (anchizone to epizone — low pressure and temperature) and that illite is Fe-
and Mg-rich.

The spatial distribution of major and trace elements in surface sediments is displayed in Fig.10.
Sediments in the Santa Cruz-Chico estuary may originate from any of the surrounding geological
provinces at the Southern Patagonian Andes. These potential source areas are characterized by
different major or trace-element compositions. Thus, by connecting the major or trace element

composition of source areas to the terrigenous particles in the sediment, the origin of the particles can
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be identified. In order to characterize the spatial changes in detrital material, different major oxides
(Si02, Ca0, K20, TiO2, Fe203, MnO) and trace elements (Sr, Rb, Zr) in different sediment facies
(sand to mud flat environments, gravel bars, fluvial sands and eolian dusts) have been measured. In
general, results do not evidence significant up- to downstream gradient, either difference between
sediment facies (Fig. 10). Sediment samples contain SiO2 (between 50 and 74%, mean value 56%),
CaO (0.6 — 2,6%, m.v. 1.9%), Fe203 (1.8 — 6.5%, m.v. 4.7%), MnO (0.11 — 0.2%, m.v. 0.08%), TiO2
(0.2 = 0.7%, m.v. 0.6%), Sr (123-322 ppm, m.v. 247 ppm), Rb (55-107 ppm, m.v. 76 ppm), Zr (86-243
ppm, m.v. 160 ppm). Calcimetric analyses (not shown herein), indicate very low values of CaCO3,
below 1% and averaging 0.62%. The eolian dusts (Samples 09, 10, 17) show similar geochemical

signature, and an higher-than-average values in S.

4.4, Meiofauna

Over the 22 samples analyzed for meiofauna, 1084 specimen of foraminifera and testate amoebae
were observed, distributed within 24 species, 18 of foraminifera (F) and 6 of testate amoebae (TA)

(Table S1, Figs. 11, 12).

All species are agglutinated excepted Buliminella elegantissima (F) that is hyaline (only one single
specimen in sample SC2023-1). The density ranges from no meiofauna (6 samples) to 1125 specimens
for an equivalent of 100 cm?® of sediments. The most common species are Remaneica plicata (F),
Lepidodeuterramina eddystonensis (F) and Entzia macrescens (F). The distribution of density and
species is not homogeneous in the estuary. The highest densities are towards the mouth of the estuary
and the lowest densities are upstream. The highest proportion of testate amoebae occurs in the sample
SC2019-02, the most upstream sample collected in the Santa Cruz River (Fig. 11). The second sample
with highest proportion of testate amoebae, SC2023-5, is located on the SW side of the intermediate
basin, at equal distance between the confluence and the outlet. SC2023-5 is the uppermost sample of
a local cross-shore transect, collected on a levee isolating the sediments from daily marine influence
(Fig. 11). The other samples are dominated by foraminifera. Remaneica plicata and Cribrostomoides
jeffresyii are dominant in samples from the intermediate basin and confluence, whereas

Lepidodeuterammina species and Entzia macresens are present upstream (Fig. 11).
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4.5. Seismic data

In spite of their relatively poor quality and of their reduced length with respect to the estuary size, seismic
lines shot into the intermediate basin provide some valuable information on the sediment infill of this
area.

Three main units can be distinguished above the rocky substrate (Fig. 13):

A basal unit (U1), resting on the substrate through a more or less irregular basal surface of generally
low amplitude. It shows a lenticular geometry with positive relief up to 10 m high, and 1-2 km long.
Almost no internal reflectors are visible on the seismic data, indicating that penetration is poor, probably
in relation to the very coarse-grained nature of the sediment (gravels, pebbles). When visible, internal
reflectors are either conformable to or truncated by the basal surface of U2.

The second unit (U2) constitutes the main volume of the infill. It rests on U1 and on the substrate. Its
thickness reaches up to 10 m. It contains generally chaotic seismic facies. Locally, reflectors with
channelized shapes are visible. Penetration of the seismic signal is variable within U2, and seismic
facies range from very low to very high amplitude. This may reflect lateral and vertical changes in
sediment nature, probably from gravels to sands. The basal surface of U2 is mainly erosional.

The third unit (U3) is a sediment cover, a few meters thick, shaped by subaqueous dunes. Its
topography generally draws bank-shaped bodies. U3 rests on U2 as well as on U1, locally directly on
the substrate (this last feature is not seen on the seismic profile in Fig. 13, but it is observed directly on
the field), through a surface that is mainly erosional. The orientation of the dune on top of U3 is hardly
discernible on the available seismic lines. Most dunes appear symmetric, locally with a rounded shape.
In some places, flood tidal current-oriented dunes can be distinguished. Seismic line orientation is
clearly not suitable for the dune asymmetry to be detected. Moreover, since the lines were shot at high
tide, i.e. after a stage of flood tidal current, the occurrence of flood-oriented dunes is logical.

Very locally, transparent seismic facies form reflection masks with abrupt vertical side limits. This could
be due to gas trapped inside the infill, which would imply that impermeable (clayey? highly compacted?)

layers are preserved in the later.
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4.6. GPR data

From the GPR data collected into the gravel barrier system of the estuary mouth, the following main
features have been highlighted (Fig. 14):

Most GPR lines show a regular progradational pattern of construction.

The height of the beachface in the gravel beach ridges commonly exceeds the GPR penetration depth
(6 m).

The successive beachfaces that prograde do not show drastic changes in slope that could indicate
strong erosion or scour processes.

On the northern side of the mouth, beach ridges and spits form distinct terraces of decreasing altitude
seaward from 11 m to 8 m amsl, separated from each other by fine-grained low flats (Fig. 5D, Fig.
14A). On the southern side, beach ridges form a more amalgamated system (Fig. 5C), but also with a
clear stair-case seaward decrease of altitude of successive beach ridge packages from 8.6 to 5.5 m

amsl (Fig. 14B).

5. Discussion

5.1. Sediment sources

At a general scale, the mineralogical and geochemical analysis of bulk samples are consistent with a
terrigenous/volcaniclastic signature mainly derived from erosion of various lithologies of rocks exposed
in the Patagonian Andes and central Patagonia, to the west of the studied area. These lithologies are
also reflected by the composition of pebbles in the fluvial terraces of the Santa Cruz and Chico rivers
(Oblak, 2021), dominated by quartzites and metasedimentary rocks of the Bahia La Lancha and Rio
Lacteo Formations (Late Devonian — Early Carboniferous) and volcanics of the Complejo EI Quemado
(Middle Jurassic). The geochemical data show a certain homogeneity among the different samples.
This is consistent with the conclusions of Gaiero et al., (2007) who analyzed riverbed and suspended
sediment samples from different Patagonian rivers, topsoil samples across the Patagonian tableland,

and eolian dust samples along the coast (from 39°S to 52°S). The geochemical analyses of the samples
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conducted in the region of the Santa Cruz and Chico rivers are consistent with the present study
measurements (Table S2): SiO2 (between 50 and 66%), CaO (2.5-4.2%), Fe203 (4.7-5.9%), MnO
(0.09-0.15%), TiO2 (0.79-3.63%), K20 (1,38 — 2,05%, m.v. 1,71), Sr (241-349 ppm), Rb (39-72 ppm),
Zr (153-303 ppm). All these samples exhibit a homogeneous geochemical signature and result from a
mixture of material from the southern volcanic zone (SSVZ) and Jurassic rhyolites (Gaiero et al., 2007).
Fine-grained, unconsolidated Miocene sediments of epiclastic and volcaniclastic composition are also
extensively exposed in the central part of Patagonia. In addition, Quaternary fallout deposits of
explosive volcanism are widespreaded all over the Santa Cruz province and the South Atlantic Ocean
(Scasso et al.,1994; Gaiero et al. 2007; Kratzmann et al., 2010). Fragments of all these lithologies were
combined to produce these Si and Al rich, immature sediments with unstable minerals like augite,
product of negligible weathering in Pliocene-Recent times because of the desertic Patagonian climate.
Non-carbonate Ca occurrence must reflect high amount of plagioclase from the paleo- and neovolcanic
sources mentioned above. This is supported by the presence of abundant Ca-felspars associated to
zeolite in the bulk samples as revealed by XRD spectrums (Fig. 8). Although grain-size control on the
geochemistry of the sediments does not seem to be strong (Fig. 10B), higher content of physils in the
slightly finer-grained sediment of the Chico River samples results in higher Al content. On the contrary
coarser-grained sediments are slightly enriched in Si.

The mineralogy of the clay grain-size fraction displays a classic terrigenous/volcaniclastic signature
(Fig. 8). Dominant smectite in the fraction <2um suggest unconsolidated, volcaniclastic Miocene
sediments together with glass-rich, primary or reworked fallout deposits, as important detrital sources.
Together with abundant zeolites in the bulk samples, this suggests a volcaniclastic contribution because
these minerals are common products of weathering and alteration of unstable volcanic particles
(Chamley, 1989). Weathering of Miocene volcaniclastic sediments occurred previous to Pliocene times
and alteration of recent, glassy, fallout deposits is easier in soils of humid areas of the Cordillera
Patagdnica (Petschick et al., 1996; Diekmann et al., 2000). The similar smectite content in the Santa
Cruz and Chico rivers and the local, upstream increase of smectite in the fraction <2um, with maximum
smectite concentration in the most upstream sample collected and reduced concentration at the outlet

of the rivers, also suggest a remote source for smectite. The crystallographic parameters (Fig. 9B) of
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illite indicate illite provenance from the Devonian, low-grade metamorphic rocks of the Rio Lacteo/Bahia
la Lancha Formations (Fig. 1B).

The two samples dominated by illite in the fraction <2um correspond to MCSi eolian deposits (samples
9, 17) at the margins of the Chico and Santa Cruz rivers. As smectite is also dominant in some other
MCSi samples as well as in both, finer- and coarser-grained fluvial or tidal facies, this must be the result
of different sediment sources and not a grain-size bias. Therefore, a distinct, specific provenance for
the eolian particles is possible. Clay suites incorporated in aeolian, glacial, and fluvial deposits mostly
reflect their detrital sources (Chamley, 1989). However, the decreasing influence of local sources with
increasing distance of transportation and with the increased importance of wind storms that homogenize
the products of different sources and cause severe sorting, is noted by Chamley (1989) as well. As a
consequence, the most widespread and resistant minerals, like mica-illite and quartz, tend to be more
abundant and more widely distributed (Chamley, 1989). Long-distance transport by wind or, more likely,
wind storms, may have sorted out illite preferentially in the case of the SC-CR eolian sediments. At last,
the higher-than-average values in S in the eolian samples can be explained by their possible organic

matter component due to very fine-grained plant debris originating from local bush vegetation and soils.

5.2. Fluvial to marine transition depicted by meiofauna

Foraminifera and testate amoebae can be used to delimitate marine from continental freshwater
environments ( Charman, 2001; Leipnitz et al., 2014; Armynot du Chéatelet et al., 2018). All the studied
samples of the SC-CR estuary can be considered as transitional between brackish and freshwater
environments. The SC-CR foraminifera assemblage, dominated by agglutinated shells, is typical of
environments influenced by continental freshwater supply, or associated with low pH salt marshes,
avoiding calcium carbonate bearing shell foraminifera to develop (Murray, 2006). No hyaline
foraminifera have been found that would account for a direct supply of marine sediment. Most of the
testate amoebae observed in the SC-RC samples live in a variety of freshwater environments ranging
from arid deserts to rainforests (e.g., Smith et al., 2008; Fernandez, 2015). By comparison to the closest
study from Tierra del Fuego (Caffau et al., 2015), the testate amoebae diversity is equivalent but

remains low by comparison to most of the southern hemisphere studies that describe testate amoebae
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(e.g., Bonnet, 1981; Smith and Wilkinson, 1986; Smith 1992; Vincke et al., 2006; Smith et al., 2008;
Heger et al., 2009; Mieczan and Adamczuk, 2015; Bamforth, 2014; Whittle, 2019). Thanks to the clear
difference of proportions of foraminifera vs testate amoebae (Fig. 15), the landward extent of the salt
wedge in the Rio Santa Cruz is delineated by samples 2023-23/24/26/29 (Fig. 11; Table S1). Samples
2018-2/6/11 undergo a large brackish influence and 2019-2 sample, upstream of Cmdt Luis
Piedrabuena, is fully fluvial. In the Chico River, the most upstream sample (SC2018-06) is under marine
influence with brackish and typical tidal flat species. Therefore, the salt wedge limit is still to be found
in the Chico River. Sample SC2023-5, much richer in testate amoebae, and to a less extend sample
SC2023-03 (Fig. 11; Table S1), both located on the SW side of the intermediate basin, evidence the
influence of freshwater supplied from the top of the intertidal zones. The same occurs for sample

SC2018-02 located at the Chico River mouth.

5.3. Sediment dynamics and depositional environment distribution

According to our observations of facies and morphosedimentary features together with sediment
characteristics as well as available data such as those from discharge measurements, the SC-CR
estuary can be defined as a composite system (Fig. 16). The complexity mainly reflects differences in
fluvial and tidal dynamics into the three main compartments, the Santa Cruz and Chico rivers, and the
intermediate basin, as well as differences in sediment and water discharge by the two rivers, and wave
action.

The Santa Cruz River water discharge is considerably much larger than that of the Chico River.
Sediment supply by the Santa Cruz is consequently larger but mainly as sand/gravel bedload discharge.
Fine-grained suspended sediment supplied by the Chico River is 10 times higher than that supplied by
the Santa Cruz (Ezcurra and Schmidt, 2018; Schmidt et al., 2018). Due to tidal dynamics, part of the
fine-grained sediment supplied by the Chico River is assumed to be redistributed into the downstream
part of the Santa Cruz River, contributing to the aggradation of mud flats. On the other hand, the sand
supplied by the Santa Cruz River is partly stored into extended sand flats at its mouth, as well as at the
confluence and within the downstream part of the Chico River under the action of tidal currents. Sand

from the Santa Cruz contributes as well to the development of an elongated banner-like sand flat at the
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junction with the intermediate basin. On the other side of the upstream part of the intermediate basin,
at the junction with the Chico River, a very large elongated mixed flat develops due to the dual sand
and clayey sediment supplies from the Santa Cruz and the Chico rivers. Elsewhere within the
intermediate basin, sand and gravel form elongated bar chains, whereas finer-grained sediments
accumulate as flats in between the bars. Some of the elongated sand and gravel bars form levee-like
bodies parallel to the main subtidal channels. Along the Santa Cruz River down to the outlet, the
Miocene bedrock is sparsely exposed at the lower fringe of the intertidal domain (cf. Fig. 5G),
suggesting that the river channel and the intermediate basin are mostly sediment by-pass areas. South
from Puerto Santa Cruz, erosional features (including erosion of present and former mudflats as
reflected by the development of shore-normal furrows) progressively take over deposition along the
shores, down to the gravel beachridges of the mouth area. The only significant sediment bodies in the
intermediate basin are fan deltas formed at the outlet of tributaries incised across the Miocene cliffs
forming the southern shore of the basin. The triangular-shaped deltas are mostly composed by
accretion of gravel beach ridges formed at the mouth of the small feeding rivers. This supports the idea
that waves influence the shores of the intermediate basin.

From this overall morphosedimentary interpretation of the SC-CR estuary (Fig. 16), it can be suggested
that the Santa Cruz River arm is mainly fluvial-dominated, while the Chico River arm is tide-dominated.
These conclusions are also supported by the meiofauna distribution, showing a much larger extent of
brackish waters upstream the Chico River, and by the damping of the tide and occurrence of only
freshwater species a short distance upstream Comandante Luis Piedra Buena in the Santa Cruz. Only
the downstream part of the Santa Cruz River can be considered as tide-influenced and, together with
the confluence area, is where a maximum of fine-grained (i.e., not gravels) sediments is stored. This
sedimentation area could be assimilated to a bayhead “delta” (to oppose it to open-ocean delta),
resulting in considering the whole system as resembling to a wave-dominated estuary (Dalrymple et al.,
1992). However, the intermediate basin is far from being the lowest tidal energy domain of the system,
and consequently it is not comparable to the central basin of wave-dominated estuaries. On the other
side, the Chico River arm displays the main characteristics of a tide-dominated estuary, with a single
sinuous fluvio-tidal channel upstream evolving downstream towards a more complex braided or

anastomosed system, ending towards the mouth (confluence) with more elongated bars.
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Due to the narrowness of the outlet with respect to the intermediate basin size, and to its important
water depth, both contributing to generate powerful ebb tidal currents, it is likely that only a very minor
part of the fine-grained sediments (muds to sands) supplied by the two rivers is preserved in the
intermediate basin defined previously as a by-pass area. The scattered dunes identified on seismic
data in the subtidal channels of this basin mostly correspond to lag bedforms flooring the scoured
Miocene bedrock or older Holocene deposits, which emerge at the Leones Island. The bypass of sand
and mud probably explains the morphological stability of the basin shoreline at a centennial scale. Most
of the sand and fine-grained sediment is exported offshore, as evidenced by plumes (Fig. 16), probably
settling to form a large subaqueous shelf delta (Fig. S1). Such sediment by-pass is consistent with ria-
type or rock-bounded estuaries, and probably enhanced during sustained high water discharge periods
(as explained by Fitzgerald et al., 2000; 2002 in the case of rock-bound, mesotidal riverine-associated
tidal inlets along the USA northeastern coast), or by the interplay of strong westerly winds that reinforce
river and ebb tidal currents (Piccolo and Perillo, 1997).

The meltwater surges in the Santa Cruz River, due to the frequent ice dam collapses of the Argentino
Lake, can be tentatively considered as the cause of flushing and offshore exportation of sand and mud
that could otherwise deposit in the intermediate basin. However, considering a mean tidal range of 5 m
over the entire SC-CR system upward, the related tidal prism would be responsible for a water
discharge of the order of 50000 m3s-! (averaged on a half semi-diurnal tidal cycle). This exceeds by far
the maximum water discharge related to highest river floods (2500 m3s1). As a consequence, the
intermediate basin can be considered as a ria-type estuary, and the subaqueous shelf delta an ebb-
tidal delta.

Note that Archer (2013), in his synthesis on hypertidal estuaries, described the whole Santa Cruz —
Chico River system as a tide-dominated estuary, sensu Dalrymple et al. (1992). Our conclusions show
that this model cannot be used. Only the Chico River domain can be considered as a tide-dominated
estuary. As a whole, the SC-CR estuary could be described as a hybrid system comprising a tide-
dominated estuary (Chico River) and a tide-influenced river mouth, both converging and flowing out into
a hypertidal ria-type estuary, the outlet of which is a short and narrow strait featuring an emergent rocky
substrate and wave-dominated gravel barriers. This ria-type estuary shares common features with rock-

bound estuaries (FitzGerald et al. (2000). The SC-CR estuary, in spite of its complexity due to specific
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local factors, related to tide conditions, hydro-climate regime and geological context, can be partly
explained using and combining existing models (Dalrymple et al., 1992; FitzGerald et al., 2000). The
intermediate basin however has no real counterpart, which points out that models necessarily have
some limitations as stated by Dalrymple and Choi (2007). We suggest that such very high energy tidal
basins could feature the hypertidal estuaries of south Patagonia, especially the Rios Gallegos estuary,
characterized by 12 m tidal range, a rock-bound mouth and an extended ebb-tidal delta (Bindelli et al.,

2023).

5.4. Holocene evolution - Sediment infill organization

Field observations, together with seismic reflection and GPR data, help to figure out the stratigraphic
organization of the Holocene deposits of the SC-CR estuary and to compare them with well-known
counterparts in the Northern Hemisphere (Dalrymple and Zaitlin, 1994; Chaumillon et al., 2010; Tessier,
2012; Tessier et al., 2012). This is also an occasion to consider the impact of sea level changes on the
morphology and dynamics of large estuarine systems. While most of Northern Hemisphere large
estuaries that have been considered in text-book models have evolved in almost stillstand condition for
the last 5 millennia, this is not the case for the SC-CR system. Many works have been conducted along
the Patagonian coasts to reconstruct the relative sea level curve during the last post-glacial
transgression. The area is subject to a more or less constant uplift, mainly of tectonic origin and in the
order of 0.1 mm/y (Rostami et al., 2000; Pedoja et al., 2011). The resulting relative sea level curve
displays a rise until a maximum altitude, about 7-8 m amsl| at around 7500 y. BP, and then a slow
decrease until the present-day level. During that period, Zanchetta et al. (2014) suggested that two
important phases of sea level stillstand occurred, around the maximum and around 3500 y.BP, and
Sheldman and Radtke (2010) pointed for two periods with more rapid falls at about 6000 y. BP and
2200y. BP.

GPR data acquired on both sides of the inlet clearly show the regular progradational pattern of
construction of the gravel barriers together with their progressive decrease in altitude. This fits with the
relative sea-level fall since the maximum Holocene high level. On the northern side, the altitude of the

barrier (Fig. 14A) reaches almost 11 m, and about 8 m for the most nearshore one. On the southern

23



side, altitudes are lower, ranging from about 8-9 m to about 6 m (Fig. 14B). The northern side of the
inlet is obviously more exposed to wave action, either induced by the dominant westerlies or by Atlantic
storms, explaining that barriers are higher on this side of the inlet. The exposure to wave and storm
surges was probably even worse when the inlet was much wider during the Holocene highest sea level.
Another difference between the north and south relates with the main arrangement of the barriers. In
the south, they form an amalgamated beach ridge system, whereas in the north barrier spits feature
successive terraces, more or less discontinuous, separated by extensive tidal flats. The stepped
decrease of sea level after ca. 7000 BP as suggested by Sheldman and Radtke (2010) and Zanchetta
et al. (2014) is probably responsible of the pronounced stepped arrangement of spit terraces in the
north. This stepped disposal is not so well expressed into the amalgamated system in the south. We
suggest that the difference between both sides of the inlet has been enhanced due to gravel supply, as
explained by Montes et al. (2018) along Tierra del Fuego coast, and available space with respect to the
underlying substrate and the inlet. Indeed, due to the proximity of the cliff and the erosion of alluvial
terraces above, inshore and offshore, gravel supply is very large in the south and barriers have
developed along a narrow band between the cliff and the inlet. In the north, sources able to deliver a
high amount of gravels were not so proximal, and littoral drift resulted in elongated and fragile spits. As
they developed on an extensive and probably flat surface, the system better responded and recorded
sea level fall steps.

The seismic data collected in the intermediate basin showed the reduced thickness of the infill, formed
by three main sediment units above the Miocene substrate. Although sediment cores are not available
to ground-truth seismic line and provide age data, the following hypothesis is proposed, based on
regional key-ages of sea level changes (Sheldman and Radtke, 2010; Zanchetta et al., 2014) in addition
to information supplied by seismic facies characteristics and seismic unit geometries: the basal unit
(U1, Fig. 13) is made of gravel and is interpreted as remnants of lowstand fluvial gravel deposits (Fig.
17). The two units above are thought to be related to the Holocene transgression. When the sea reached
its highest level, around 7500 y. BP, leading to the maximum flooding of the ria, and to the widening of
the inlet, the larger volume of the tidal prism must have enhanced tidal dynamics. The first transgressive
sediments deposited prior to the Holocene maximum, were later reworked by powerful tidal currents.

Usually, early transgressive deposits within an incised valley are organic-rich facies, producing gas
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once buried (e.g. Tessier et al., 2012). The scarcity of gas on the seismic profiles tends to demonstrate
that this was not the case for the SC-CR incised valley, probably due to climatic conditions during the
early Holocene. Another hypothesis is that very little of these early transgressive facies has been
preserved. The tidal ravinement surface may indeed have deeply cut into the underlying lowstand
alluvial deposits and reach locally the substrate (Fig. 17). Such deep erosion by the tidal ravinement
surface into macro- to hypertidal incised valleys is commonly described (e.g., Chaumillon et al., 2010;
Tessier, 2012). Deep ravinement due to tidal currents is also depicted in the transgressive Holocene
infilling succession of the Golfo San Jorge in Central Patagonia (Desiage et al., 2023) and even in
Miocene sediments of Patagonia (Scasso and Cuitifio, 2017). When sea level fall started after the
maximum Holocene transgression and stillstand, the process of tidal ravinement probably continued,
or maybe was enhanced. However, the reduction of the tidal prism induced by the sea level fall led tidal
dynamics to decrease progressively, favoring sediment deposition and preservation. The deposition of
U2 is thus assumed to be related to this period. Seismic data show that the last unit of infilling, U3, the
top of which features the present-day tide-dominated sand and gravel transport, developed above U2
through an erosional surface (Fig. 14). We suggest that this is the modern tidal ravinement surface that
marks the very slow sea level fall,or stillstand,of the late Holocene, i.e. around 3500 y. BP. Similarly to
U2, U3 could deposit and be preserved after 3500 y. BP, maybe in relation to the last falling stage at
about 2200 y. BP, and a consecutive tidal prism reduction. However, U3 covers only partially the tidal
ravinement surface that remains highly active at present, erosion and by-passing being the dominant
processes at the intermediate basin and inlet bottom.

The characteristics of the Holocene sediment infill into the intermediate basin seems to reflect
competing erosional and depositional processes. This opposition fluctuates in time due to relative sea-
level fall that induces both water depth decrease, promoting erosion, and tidal prism reduction,
promoting sedimentation. Sediment supply, especially from the Santa Cruz River, should be an
additional factor that modulates this duality. At the seaward end of the intermediate basin, due to the
constant reduction of the inlet width in relation to barrier progradation, tidal current velocities have
permanently been very powerful. There, the tidal ravinement is the deepest and it is probably still

incising the substrate.
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6. Main conclusions and perspectives

Our exploration of the Santa Cruz — Chico River estuary allows exemplifying a large hypertidal estuary
in terms of morphosedimentary organization and Holocene infill stratigraphy, highlighting specificities

reflecting the combined effect of tidal dynamics and South Patagonian climatic and tectonic conditions.

- The SC-CR estuary can be defined as a hybrid ria-type estuary composed of 4 main domains: a tide-
influenced fluvial mouth (the Santa Cruz River) and a tide-dominated estuary (the Chico River), both
converging towards an elongated subtidal ria-type estuarine basin; sandy and muddy sediments
supplied by the two rivers by-pass this hypertidal basin, and are exported offshore through a narrow

outlet, and settle forming an ebb-tidal delta.

- Sediment mineralogy and geochemistry along the estuary do not evidence significant up- to
downstream trends in relation to sediment sources and transport dynamics. This is due to the high
degree of sediment mixing, and to the highly predominant volcanic nature of sediment sources.
Sediment content in meiofauna, represented by agglutinated foraminifera and testate amoeba, is the
only tracer that shows significant changes, useful to delimitate upstream salt water intrusion. This limit
is located ca 25 km upstream of the Santa Cruz River mouth, while it remains to be found upstream on
the Chico River. However, its distance from the Chico River mouth is probably roughly the same as the

one on Santa Cruz River.

-Typical tidal environments and facies are mostly developed along the Chico River and at the
downstream portion of the Santa Cruz River. They comprise sand flats and tidal dunes, and mixed to
mud flats containing tidal rhythmites. Along the subtidal ria-type basin, almost no tidal flats are
preserved. In contrast, the gravel beaches present all along the basin, including the gravel beachridges
that shape fan deltas developed on the southern side, demonstrate that waves exert a strong action

within the hypertidal estuarine basin.

- The sediment infill, pictured by seismic data, reflects relative sea-level evolution and concomitant tidal
prism fluctuation during the Holocene. The most prominent surface in the infill is the tidal ravinement
surface that formed during the Holocene highstand, at ca 7500 y. BP, when the tidal prism was the
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highest. After 7000 y. BP, relative sea level fell, and the infill resulted from a competition between
erosion, promoted by water depth decrease, and deposition, favoured by tidal prism reduction. Tidal
ravinement occurring during the fall can be defined as a regressive tidal ravinement. Sediment by-
passing and erosion of valley-bottom, especially at the outlet, are nowadays the predominant
processes. The apparent hugeness of the ebb tidal delta resulting from the offshore sediment export

could suggest that these processes have operated for a very long time.

Although our study allows to draw a quite complete morphosedimentary portray of the Santa Cruz-
Chico River hypertidal estuary, completing the pioneer descriptions of Archer (2013), and to provide for
the first time elements to depict its Holocene infill stratigraphy, many questions remain, opening
interesting perspectives for a better understanding of such hybrid systems. For instance, it is suggested
that the dynamic of infill is a very complex process depending on the resulting combination between
water depth and tidal prism fluctuations, in addition with variations in sediment supply. Numerical
modelling is probably the most reliable tool for testing different scenarios. Interestingly it could be used
as well to test how tidal range has evolved during the Holocene. Tidal range has been considered to be
unchanged in comparison with the present-day conditions, or possibly higher during the Holocene
highstand. A significant increase of tidal range since the Holocene highstand has never been
hypothesized. The impact of such an increase on the infill dynamic and stratigraphic features would
have to be figured out. On the other hand, the geometry, thickness, and composition of the ebb tidal
delta, which necessarily feature the evolution of this complex dynamics during the Holocene, remain to
be explored. Seismic data would in addition inform whether the ebb-tidal delta body could partly be a
geomorphologic heritage of previous low sea-level deltas. Numerical modelling could be used as well
to test if the meltwater surges of the Santa Cruz River that occur periodically may account significantly
for offshore sediment expulsion. Estimation of the present-day tidal prism argues for concluding that
their impact is negligible but this should be numerically tested. This last remark leads to question as
well on the future evolution of the estuary and offshore sediment dynamics. Indeed, when the
construction of the two dams upstream on the Santa Cruz River will be completed, this will necessarily
regulate the river water discharge and thus reduce meltwater surges. A decrease in sediment delivery
to the estuary should be as well expected, modifying consequently the tidal flat morphodynamics at the

river mouth and confluence area. The impacts on the offshore reaches of the estuary, due to changes
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in the extension of the plumes and in their sediment content and concentration, will need to be

assessed.
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Table and Figure captions

Figure 1. General presentation of the Santa Cruz — Chico River estuary. (A) Location in Southern
Patagonia, Argentina; (B) Geological map of the Santa Cruz Province. Data source: Servicio Geol6gico

Minero Argentino (https://sigam.segemar.gov.ar/visor/); (C) Satellite image of the Santa Cruz — Chico

River estuary (Sentinel image Sept.1, 2022). CLPD: Comandante Luis Piedrabuena, PSCz: Puerto

Santa Cruz, PQ: Punta Quilla, Li: Leones Island, Fg: el Frigorifico. NR3: National Road 3

Figure 2. Digital Terrain Model of the Santa Cruz — Chico estuary area (Data Source: TanDem-X

Satellite, German Aerospace Center)

Figure 3. Location of the seismic (A) and GPR (B) profiles acquired in the Santa Cruz — Chico estuary
(background on A: Sentinel image May 5, 2022; on B: DTM from IGN 2015 Photogrammetry survey).
Note in B that additional GPR data were acquired very recently (February 2023). North arrow for (A)

and (B).

Figure 4. (A, B, C) General evolution of the intermediate basin water depth and morphology of the Santa
Cruz — Chico River estuary since 1866. (A) Close view on the Estuary extracted from the 1866 map;
(B) Nautical map from 1945 (5t edition, 1948). bmsl: below mean-sea level; (C) The most recent Digital
Elevation Model available for the area (Ezcurra and Schmidt, 2018; Schmidt et al., 2018); (D, E) Recent
morphological evolution of the innermost parts of the system. (D) the oldest available satellite image
(1970, Google Earth); (D) the present-day situation (September 2022, Sentinel image). North up on all

figures.

Figure 5. Photographs of sub-environments composing the Santa-Cruz-Chico River estuary. (A)
Location of the photographs from B to P, with indication of shooting orientation (open eye). (B) Present-
day gravel beach from the northern side of the inlet gravel barrier system. Background: Miocene cliffs
at the southern side of the inlet area; (C) Gravel beach ridges of the southern side of the inlet gravel

barrier system; (D) Isolated gravel ridges encased between two inactive tidal plains in the northern side
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of the inlet gravel barrier system; (E) Uppermost gravel beach on top of a mud flat and salt marsh
succession along the southern side of the intermediate basin, between Puerto Santa Cruz and Punta
Quilla. Salt marsh plants are almost exclusively represented by salicornia. Background: Miocene cliffs
at the southern side of the inlet area; (F) Erosional furrows, probably due to wave action combined with
ebb-tide runoff, dissecting mudflats close to Punta Quilla; (G) Miocene substrate (highly fossiliferous —
thick-shelled oysters - sandy marls) incised by the Santa Cruz River channel; (H) Fluvial (tide-
influenced?) terrace incised by the Santa Cruz River channel; (I) Fluvial gravel bars in the Santa Cruz
River. Picture taken from the Cmte. Luis Piedrabuena Bridge; (J) Tidal flats and overlying marsh of the
internal part of the Chico River; (K) Tidal mud flat at the mouth of the Chico River (Frigorifico locality);
(L) Sand flat and ebb-oriented tidal dunes at the mouth of the Chico River; (M) Tidal mud flat upstream
of the Santa Cruz River mouth; (N) Tidal sand flat, in cross-shore continuity of (M), along the northern
side of the Santa Cruz River; (O) View on the extensive tidal sand flats at the confluence area; (P) The
fluvial (tide-influenced?) terrace draped by aeolian silty dust along the Northern side of the Santa Cruz

River.

Figure 6. Photographs of sedimentary facies composing the Santa Cruz-Chico River estuary. (A)
Location of the photographs from B to H; (B, C, D) Heterolithic facies showing tidal rhythmites from the
inner part of the Chico River (B, C) and from the Santa Cruz River (D). Arrows indicate neap tide periods,
according to tidal couplet thickness evolution and/or sedimentary structures. Note the high degree of
fragmentation of many clayey layers. Ice crystal growth during freezing seasons is believed to induce
this fragmentation; (E), upper intertidal succession with tidal rhythmites (probably neap-spring-neap
cycle records) at the Chico River mouth; (F) Salt marsh succession located 1.5 m above (E), with annual
tidal rhythmites at the Chico River mouth; (G) Thinly laminated and bioturbated facies of the few tidal
mud flat patches preserved along the southern side of the intermediate basin; (H) Thinly laminated

facies from mixed tidal flat locally present along the southern side of the intermediate basin.

Figure 7. Results of the sample grain-size analysis (background: Sentinel image Sept. 1, 2022)
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Figure 8. Results of the XRD analysis on clay grain size fraction (Background: Sentinel image Sept. 1,
2022) (upstream most samples framed in dark blue, downstream most samples in orange, aeolian

samples in pink)

Figure 9. (A) Clay mineral composition of samples; (B) Kibler index vs Esquevin index. Error £5%.
All illites, including the illite-rich samples (green diamonds) fall within the same domains (samples in

blue collected in 2018, in pink in 2019).

Figure 10. Results of geochemistry (XRF) analyses on bulk samples. No significant trends or differences
are evidenced, neither upstream to downstream (A), nor in relation with sediment facies (B) (note that
values for S, Zr, Sr and Ti — right y-axis, are about 1 order less than y-values for Al, Fe and Ca — left y-

axis).

Figure 11. Pie diagram presenting the proportion of the foraminifera and testate amoebae species
throughout the estuary. The 12 species that account for less than 10% of the assemblage (Miliammina
fusca, Spiroplectammina sp., Eggerelloides scaber, Leptohalysis cf. scottii, Textularia cf. agglutinans,
Difflugia sp., Bulliminella elegantissima, Cuneata arctica, Parafissurina sp., Spiroplectammina biformis,

Trochammina cf. inflata, Cyclopyxis kahli) are grouped as others.

Figure 12. SEM images of observed Testate amoebae (1 to 6) and foraminifera species (7 to 20):
Centropyxis platystoma, (1, apertural view and 4, dorsal view); Centropyxis aerophila (2); Cyclopyxis
kahli (3); Difflugia oblonga (5); Difflugia lanceolata (6); Cribrostomoides jeffreysii (7); Cuneata arctica
(8); Eggerelloides scaber (9); Entzia macrescens (10); Lepidodeuterammina eddystonensis (11);
Leptohalysis cf scottii (12); Miliammina fusca (13); Remaneica plicata (14); Spiroplectammina biformis
(15); Spiroplectammina sp. (19); Textularia cf. earlandi (17); Textularia cf. agglutinans (18);

Trochammina cf. inflata (20). Scale bar is 50pum. SEM shooting: Philippe Recourt, LOG Laboratory.
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Figure 13. Seismic profile (Boomer IKB Seistec) shot into the intermediate basin (cf. Fig. 3A for
location). (A) raw data; (B) main reflectors underlined; (C) interpreted profile with indication of seismic

units.

Figure 14. Examples of GPR profiles (GSSI GPR, 400 MHz antenna) collected in the gravel beach

ridges and spits of the North (A) and South (B) of the inlet (cf. Fig. 3B for location).

Fig. 15. Relative proportions of foraminifera and testate amoebae in the SC-CR estuary sediments.

Figure 16. Morphologic and sedimentary domains of the composite Santa Cruz — Chico River estuarine
system (background: Sentinel image May 21, 2022, complemented in the North with the Sentinel image

Sept.1, 2022 to illustrate the upstream part of the Chico River).

Figure 17. Schematic dip section of the sediment infill of the Santa Cruz estuary system from the Santa

Cruz River branch to the tidal inlet and (ebb tidal) delta.

Supplementary material

Table S1. Testate amoebae and foraminifera calculated density for 100 cm? of sediment.

Table S2. Comparison of the geochemical results of the present study obtained from the analysis of
samples collected into the SC-CR estuary, with geochemical results obtained by Gaiero et al. (2007)
on different type of samples (soils, river suspension and bedload, catchment) collected in Patagonia,
close to the SC-CR estuary area. RCHI and RSAN are bed sediment samples collected in the Chico
and Santa Cruz rivers, upstream of the estuary. TS-CAL and TS-GA are the closest soil samples of the
SC-CR estuary area (ca. 200 km to SW and South respectively). ED-CR and ED-PM are eolian dust
samples collected 500 km and 1000 km to the North of the SC-CR estuary respectively (see Fig. 1 of

Gaiero et al., 2007 for location).
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Figure S1. (A) Sentinel image of May 21, 2022 showing a very extended surface plume of suspended
sediment expelled from the SC-CR estuary, compared with (B) the most recent reconstructed Digital
Elevation Model available for the area (Ezcurra and Schmidt, 2018; Schmidt et al., 2018) picturing a

large subaqueous shelf delta (ebb tidal delta).
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Table 1. List of samples collected into the Santa Cruz — Chico River estuary with indication of their

environment and nature. Cf. Fig. 6 and Fig. 7 for location (Chico R. E: Chico River, SC R. E: Santa Cruz

River)

Samples Location Environment Sediment type
SC-2018-01 | SC-CR outlet Mudflat Mud
SC-2018-02 | Chico R.E outlet Mudflat Heterolitic facies
SC-2018-03 | Chico R.E outlet Sandflat with 3D dunes | Sand
SC-2018-04 | Chico R.E outlet Sandflat with no dunes Fine sand
SC-2018-05 | Chico R.E. internal | Silty bank Silt
SC-2018-06 | Chico R.E. internal | Mixed flat Heterolitic facies
SC-2018-07 | SC R. E internal Fluvial bar Sand
SC-2018-08 | SC R. E internal Fluvial bar Silty mud
SC-2018-09 | Chico R.E. internal | Eolian terrace Eolian dust
SC-2018-10 | Chico R.E. internal | Flood plain Silt
SC-2018-11 | Chico R.E. internal | Mixed flat Heterolitic facies
SC-2018-12 | Chico R.E. internal | Sandflat with 3D dunes | Sand
SC-2018-13 | Chico R.E. internal | Flood plain Soil Black mud
SC-2018-14 | Chico R.E. internal | Secondary Tidal channel | Muddy silt
SC-2018-15 | SC R. E middle Mudflat Mud
SC-2018-16 | SC R. E middle Mixed flat Heterolitic facies
SC-2018-17 | SC R. E middle Eolian terrace Eolian dust
SC-2018-18 | SC R. E middle Mudflat Mud
SC-2019-01 | SC-CR outlet Sandy beach Sand
SC-2019-02 | SC R. E internal Fluvial bar Sand
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