
Insights on the controls on floodplain-dominated fluvial
successions: a perspective from the Early–Middle Miocene Santa
Cruz Formation in Río Chalía (Patagonia, Argentina)

José I. Cuitiño1* , M. Sol Raigemborn2, M. Susana Bargo3,4, Sergio F. Vizcaíno4,
Nahuel A. Muñoz4, Matthew J. Kohn5 and Richard F. Kay6
1 Instituto Patagónico de Geología y Paleontología, CENPAT – CONICET, Boulevard Almirante Brown 2915 (U9120ACD)
Puerto Madryn, Argentina

2 Centro de Investigaciones Geológicas, CONICET –UNLP, Diagonal 113 n.o 275 (1900) La Plata, Argentina, and Cátedra de
Micromorfología de Suelos, Facultad de Ciencias Naturales y Museo, UNLP, Calle 122 y 60 s/n, (1900) La Plata, Argentina

3 CIC, Buenos Aires, Argentina
4 División Paleontología de Vertebrados, Museo de La Plata, Unidades de Investigación Anexo Museo, UNLP, FCNyM –
UNLP, Calle 122 y 60 s/n, (1900) La Plata, Argentina

5 Department of Geosciences, Boise State University, 1910 University Drive, Boise, Idaho 83725, USA
6 Department of Evolutionary Anthropology, Duke University, Box 90383, Durham, NC 27708, USA, and Division of Earth
and Ocean Sciences (Nicholas School of the Environment), Duke University, Box 90383, Durham, NC 27708, USA
JIC, 0000-0002-4742-7920; MSR, 0000-0002-7987-4418; MSB, 0000-0002-8380-8800; SFV, 0000-0001-5197-9472;

NAM, 0000-0001-8017-8949; MJK, 0000-0002-7202-4525; RFK, 0000-0002-4219-7580
*Correspondence: jcuitino@cenpat-conicet.gob.ar

Abstract: The Santa Cruz Formation (SCF) in Río Chalía (Austral Basin, Patagonia, Argentina) is a well-exposed fluvial
succession with abundant and diverse fossil vertebrates accumulated during the Miocene Climatic Optimum (MCO). Using
facies analysis, characterization of stratigraphic architecture, U–Pb geochronology and vertebrate palaeontology, we assess the
timing and interplay of controlling factors on the sedimentation, including tectonics, global sea level, climate and sediment
supply. Throughout the succession, there occurred a constant aggradation of the floodplain-dominated fluvial system. Seven
zircon U–Pb ages constrain the time of accumulation between c. 18 and 15.2 Ma, under a relatively constant sedimentation rate
of 150 ± 50 m myr–1. The large number of fossil vertebrates indicates a Santacrucian fauna, showing no recognizable changes
through the section. The basin-scale, low-gradient anastomosed fluvial system of the SCF records a period of about 3 myr of
relatively constant environmental conditions controlled by continuous basin subsidence and high sediment supply conditioned
by explosive volcanism together with weathering of uplifting terrains in the Andes. In addition, the system was influenced by a
temperate to warm and subhumid climate favoured by the MCO before the onset of the Andean rain shadow, together to high
global sea levels.

Supplementary material: Preliminary list of the taxa recorded in the SCF at Río Chalía, and LA-ICP-MS isotopic U–Pb data
are available at https://doi.org/10.6084/m9.figshare.c.5324976
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Successions of fluvial deposits are an excellent record of ancient
terrestrial ecosystems and landscapes. As with many sedimentary
systems, fluvial systems are sensitive to climate change, sea-level
fluctuations, crustal vertical movements such as subsidence, uplift or
changes in slope, as well as to changes in sediment and energy fluxes
(Shanley and McCabe 1994; Heller and Paola 1996; Catuneanu
2006; Miall 2014). These factors are not necessarily independent
and interact to influence the resulting architecture of a fluvial
succession. For example, a change in climate may alter weathering
processes that affect the sediment supply from the headwaters, but
may also change sea level and affect the downstream area of the
system. In addition, the timescale over which these controls operate
may differ by orders of magnitude (Miall 2015) and, consequently,
the chronological calibration of the sedimentary successions is of
extreme relevance to evaluating its controls.

The Early–Middle Miocene Santa Cruz Formation (SCF) was
deposited by a basin-scale fluvial system that represents one of the
best-preserved Neogene terrestrial records of southern South
America. The unit consists of Miocene synorogenic deposits of
the Austral (or Magallanes) Basin (Fig. 1a; Cuitiño et al. 2019a),
and represents a prolonged and continuous, high-latitude (c. 50° S)

sedimentary archive of an interval that spans the Miocene Climatic
Optimum (MCO; Zachos et al. 2001; Miller et al. 2020), the
orogenic uplift of the adjacent Andean belt (Blisniuk et al. 2005;
Fosdick et al. 2013; Ghiglione et al. 2016), as well as development
of a volcanic chain that produced abundant pyroclastic sediment
(Matheos and Raigemborn 2012; Perkins et al. 2012; Cuitiño and
Scasso 2013; Zapata 2018).

Several palaeoenvironmental reconstructions for the SCF have
been proposed in the last decade based on sedimentology (Matheos
and Raigemborn 2012; Raigemborn et al. 2015; Zapata 2018;
Cuitiño et al. 2019a, 2019b), palaeopedology (Raigemborn et al.
2018a, 2018b), ichnology (Krapovickas 2012; Zapata et al. 2016;
Tomassini et al. 2019), taphonomy (Montalvo et al. 2019), vertebrate
palaeoecology (Vizcaíno et al. 2010; Kay et al. 2012, in press;
Cuitiño et al. 2019b) and stable isotope geochemistry (Raigemborn
et al. 2018b; Trayler et al. 2020b). Most of these studies on the SCF
focused on the outcrops of the coastal localities of southeastern Santa
Cruz Province (Fig. 1b), which comprise only part of the temporal
span of the unit and cover a limited area. As a consequence, little is
known for localities in the centre, western and northwestern Santa
Cruz Province (Fig. 1b). This imbalance has been addressed in recent
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years as fossil collections and stratigraphic studies highlighted the
relevance of these localities to build integrated models (Perkins et al.
2012; Vizcaíno et al. 2012b; Bostelmann et al. 2013; Fernicola et al.
2014, 2019; Cuitiño et al. 2016, 2019b, 2019c).

In this paper we provide new data on the sedimentology,
stratigraphic architecture, geochronology and vertebrate palaeon-
tology of the less well-studied exposures of SCF in the valley of Río
Chalía ( = Shehuen or Sehuen). This region exposes some of the best

Fig. 1. Maps of the study area. (a) Regional geographic location of the study area within southern Patagonia, Argentina. Dotted line delimits the Austral or
Magallanes Basin. (b) Map of southern Patagonia with the distribution (in yellow) of the exposures of the Santa Cruz Formation (SCF). Key localities
mentioned in the text are highlighted. (c) Detailed map of the study area showing the locations of the exposures surveyed in this work (modified after Panza
et al. 2005).
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outcrops of the SCF in terms of lateral and vertical extension, span
time and richness of fossil vertebrates. Of special relevance is that
these exposures cover the youngest levels of the unit. The objective of
this contribution is to integrate these new data with observations from
other well-known localities, to discuss the relevance and timing of
changes in tectonics, sea level, sediment supply and climate on the
stratigraphic architecture of the floodplain-dominated fluvial system
represented by the SCF. In addition, we aim to provide a
sedimentological and stratigraphic framework to contextualize future
palaeontological contributions related to the vertebrate faunas.

Geological context and background for the SCF

There are few geological reports about the Miocene stratigraphy of
the Río Chalía region (Fig. 1b, c) but previous studies do include
vertebrate collections (Bown and Fleagle 1993), geological mapping
(Panza et al. 2005) and some brief descriptions within the regional
chronostratigraphic work of Perkins et al. (2012) and Fleagle et al.
(2012). As a consequence, detailed sedimentological studies,
sedimentary sections, chronostratigraphy, and stratigraphic-based
vertebrate fossil collections for this key area are lacking. The
surveyed outcrops of the SCF are located on the southern escarpment
of the Río Chalía valley, just west of where the river joins the Río
Chico (Fig. 1b). This escarpment is bounded by the river valley to
the north (roughly at 100 masl) and by an elevated plateau to the
south (up to 600 masl). Here, the horizontal strata of the SCF overlie
the Lower Miocene Monte León Formation, and are covered by
Upper Miocene–Pliocene terrace conglomerates (Panza et al. 2005).

The lithostratigraphic units exposed in this region form part of the
Neogene foreland infill of the Austral–Magallanes Basin (Cuitiño
et al. 2019a). Orogenic Andean growth was responsible for
subsidence and accumulation of a widespread wedge of Miocene
marine and terrestrial sediments, rich in fine-grained pyroclastic
material (Fosdick et al. 2013; Cuitiño et al. 2019a; Ghiglione et al.
2019). During the Aquitanian–Burdigalian, the basin was inundated
by a shallow sea (Patagoniense Transgression) which in south-
eastern Santa Cruz Province resulted in the deposition of shelf,
nearshore and deltaic sediments of the Monte León Formation
(Raigemborn et al. 2015; Parras and Cuitiño 2018; Parras et al.
2020). Above the Monte León Formation are the widespread
terrestrial sediments of the SCF, deposited in low-energy fluvial
environments (Tauber 1999; Raigemborn et al. 2018a, 2018b;
Zapata 2018; Cuitiño et al. 2019c) during the Burdigalian–Early
Langhian (Perkins et al. 2012; Cuitiño et al. 2016; Trayler et al.
2020a; this work). A long hiatus separates the top of the SCF from
the overlying fluvial terrace conglomerates. The higher and older
terraces are estimated to have been deposited during the Late
Miocene–Early Pliocene (Panza et al. 2005).

Marshall et al. (1986) proposed a range from 17.6 to 16.0 Ma for
the unit as a whole based on K–Ar radiometric ages from tuffs of the
SCF and magnetostratigraphy for two coastal localities and one
western locality near Lago Argentino (Fig. 1b). This age range was
later expanded or constrained by different authors, both for the SCF
(Perkins et al. 2012; Bostelmann et al. 2013; Cuitiño et al. 2016;
Trayler et al. 2020a) and for the underlying marine deposits
(Cuitiño et al. 2012, 2015; Parras et al. 2012). Collectively, these
ages demonstrate that the SCF in southeastern Santa Cruz Province
ranges in age from 17.8 to 15.6 Ma, whereas for western localities
this range is expanded from 18.8 to c. 14.5 Ma (Blisniuk et al. 2005;
Cuitiño et al. 2012; Bostelmann et al. 2013).

Methodology

Based on the geological map of Panza et al. (2005) and satellite
images for the southern escarpment of the Río Chalía valley, we
selected eight localities that show extensive exposures of the SCF

(Fig. 1c). After three field seasons (years 2017, 2018 and 2019), and
based on accessibility, we explored with variable degree of detail
localities P1, P2, P3, P6, P7 and P8. Other general observations
were made in between these points, such as for example the ‘Bajada
Los Sauces’ (Fig. 1c). We collected detailed sedimentary logs for
P2, P3, P6, P7 and P8. These sections were measured using a
Jacob’s staff, and include observations on sedimentology such as
grain size, sedimentary structures, palaeosol features, thickness of
strata, nature of bounding surfaces and shape of sedimentary bodies.
Palaeocurrents were measured in the fewwell exposed cross-bedded
strata not obscured by badland-forming processes. Based on these
observations, we defined lithofacies (hereafter called ‘facies’),
which are slightly modified from those used for similar exposures of
the SCF in nearby localities, such as the coastal area (Raigemborn
et al. 2018a; Zapata 2018), and the Río Santa Cruz (Cuitiño et al.
2019c). Based on the recurring associations of some of the facies
described, and with the aim of providing order to the descriptions,
we define three facies associations (FAs) showing clearly
recognizable features in the field such as dominant grain size,
facies and geometry. The general architecture of sedimentary bodies
in large outcrops was evaluated using photopanels. The geometry of
the channelized sandstone bodies was classified following Gibling
(2006). The composition of sand-sized sediments was corroborated
with thin-section microscopy. We sampled seven tuffs and
tuffaceous sandstones for zircon U–Pb geochronological analysis.
With only two minor exceptions, zircon U–Pb geochronology
methods followed precisely the approach of Cuitiño et al. (2016),
including initial annealing of zircon, mounting and polishing
selected crystals in epoxy, imaging using cathodoluminescence, and
analysis for U–Th–Pb isotopes, high field strength elements and
rare-earth elements using the laser ablation inductively coupled
mass spectrometry (LA-ICP-MS) system at Boise State University
(USA) (see Cuitiño et al. 2016 for details). The only minor
analytical difference is that we used a consistent spot size of 25 µm
and a laser pulse rate of 10 Hz. Data processing likewise followed
methods described in Cuitiño et al. (2016). Samples RCH-2018-14,
-15, and -16 show essentially normal age distributions, so simple
weighted means were calculated. Samples RCH-16, -17, and -18
show minor tails towards older ages, so age distributions were
separated into two components using the unmix option of IsoPlot
(2003), which is based on Sambridge and Compston (1994); the
younger age is preferred to a simple weighted mean. Calibration
uncertainties are needed for estimating age accuracy, and were 2.7%
and 1.3% for data collected in 2018 and 2019, respectively. The
apparent age for a secondary standard, AUSZ2 zircon (38.8963 ±
0.0044 Ma; Kennedy et al. 2014) was 38.49 ± 0.54 Ma (± 2 s.e.;
May 2018; total error, including standardization, is ± 1.17 Ma) and
38.85 ± 0.51 Ma (August 2019; total error is ± 0.74 Ma).

We also surveyed P1, P2, P3, P6, P7 and P8 for vertebrate fossils,
prospecting the complete sections as far as possible. All identifiable
specimens were recorded, avoiding taxonomic and body size
collecting biases. Fossils were collected as individual specimens
when they were in situ or clearly isolated from other specimens, or
in batches from different spots and heights for each section when
they were loose. The results reported here are preliminary and
subject to updates after specific palaeontological studies in progress.
The fossils belong to the Vertebrate Palaeontology collection of the
Museo Regional Provincial Padre M.J. Molina (MPM-PV), Río
Gallegos, Santa Cruz Province, Argentina. All observations and
samples were contextualized with topographic and geographic
coordinates obtained with conventional GPS tools.

Sedimentology and stratigraphy

Along the 30 km of the Río Chalía escarpment that were surveyed,
the SCF strata are horizontal. No major faults are recognized in the
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field and no large-scale structural features are visible in satellite
images, suggesting lateral stratigraphic continuity among localities.
Since no regional marker beds are recognized in the area, elevation
was used as the best reference for correlating strata laterally.

Although the lower part of the escarpment is poorly exposed, we
observed some heterolithic deposits, discrete bioclastic layers, and
laminated tuffaceous sandstones at Bajada Los Sauces and P6, at
elevations of about 110 to 130 masl (Figs 2 and 3a). These
sediments are similar to those described for the lower part of
Barrancas Blancas in the Río Santa Cruz (Cuitiño et al. 2019c) and
Monte León National Park (Fig. 1b), which are interpreted to have
been deposited in a tidal flat or a deltaic plain with variable
freshwater discharge (Parras and Cuitiño 2018; Cuitiño et al.
2019c). In agreement with Panza et al. (2005), these sediments are
assigned to the Monte Observación Member of the Monte León
Formation (sensu Parras and Cuitiño 2018). The SCF in the study
area lies conformably over theMonte León Formation and, similarly
to nearby localities (Raigemborn et al. 2015; Parras and Cuitiño
2018; Cuitiño et al. 2019c), its lower limit is located in the
stratigraphically uppermost oyster bed (Figs 2 and 3a).

As in many areas of southern Santa Cruz Province, such as the
Río Santa Cruz and the coastal region betweenMonte León and Río
Gallegos (Fig. 1b), the SCF in Río Chalía is formed by fine-grained
terrestrial deposits showing abundant tuffaceous material, several
horizons with palaeosols, and some lenticular sandstone bodies
(Figs 2 and 3b).

The thickness of each exposure of the SCF is mostly controlled
by the degree of subsequent Late Miocene to Quaternary fluvial
erosion (Fig. 3b, c), which also formed the conglomerate terrace
(Panza et al. 2005). Higher-elevation (older) terraces lie to the west
of the study area (Fig. 3b), whereas lower (younger) terraces lie to

the east (Figs 1c and 2). As a consequence, the preserved thickness
of SCF strata increases from east to west (Fig. 2). The maximum
thickness measured for a single exposure of the SCF in the study
area is 295 m at the P3 locality (Fig. 2), although the full original
thickness was greater since the lower part of the SCF is not exposed
and its upper part is truncated by the Terrace Conglomerate II
(Fig. 2). The sharp and erosive stratigraphic contact between the
SCF and the overlying conglomerates was observed only in P3
(Fig. 3c).

Thicknesses for single exposures of the SCF in the southeastern
region of Santa Cruz Province (Fig. 1b) rarely exceed 150 m
(Fernicola et al. 2014; Zapata 2018; Cuitiño et al. 2019c; Trayler
et al. 2020a). This implies that exposures of the SCF in Río Chalía,
especially those of P2 and P3 reaching 295 m, are the thickest of the
area, nearly double the thickness of exposures in other localities of
southeastern Santa Cruz Province.

Facies analysis

Because the deposits of the Monte Observación Member are poorly
exposed, the detailed sedimentological description exclusively
includes the fluvial deposits of the SCF. The unit at Río Chalía is
mostly composed of fine-grained sediments (i.e. claystones,
siltstones, tuffs and very fine sandstones) that compose about
80% of the unit, with abundant pyroclastic material. Light colours
dominate (e.g. Fig. 3b), mostly in hues of grey and yellow; orange,
pink and green hues are minor. Coarser material (fine, medium and
coarse sandstones) comprises the remaining 20%, is intercalated
within the fine sediments, and usually forms dark-coloured
(brownish to dark grey) lenticular sedimentary bodies (Fig. 3b).
Coarse sandstones compose only 3% of the whole unit;

Fig. 2. Schematic sedimentary columns of the SCF and the upper part of the Monte León Formation in the Río Chalía escarpment. The positions of the new
dates reported here as well as the distribution of the facies associations (FAs) are indicated. All data are referenced in relation to metres above sea level
(masl).
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Fig. 3. General stratigraphic features. (a) Exposure (c. 60 m thick) of the upper beds of the Monte León Formation (Monte Observación Member) and the
lower beds of the SCF at the lower reaches of ‘Bajada los Sauces’ locality. The red arrow indicates the position of the uppermost oyster bank, whereas the
yellow arrow indicates a thick tuff, possibly the PAT-tuff of Perkins et al. (2012). (b) View towards the west showing the exposure of the Santa Cruz
Formation at P2 reaching about 200 m thickness. Note the well-stratified nature of the unit, the dominant light colours of the fine-grained sediments, and the
dark, lenticular sandstone bodies (yellow arrows). White arrows point to thin, laterally extensive dark sandstone bodies. (c) View of the upper, sharp contact
(yellow arrows) of the SCF with the overlying fluvial conglomerates of Terrace II at P3.
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conglomerate beds were not recognized with the exception of a few
pebble layers within coarse sandstone bodies and intraclast lag
deposits at the base of some sharp-based sandstone beds. Fine-
grained deposits are represented by facies Fm, Fl, Fp, Tm, Sr and
Sm, whereas the coarse-grained fractions are represented by facies
Sm, Sh, St and Sp. Facies codes, description and process
interpretations are summarized in Table 1. The three FAs defined
here are labelled FA1, FA2 and FA3 and are described below.

FA1: distal floodplain deposits

Description: distal floodplain deposits dominate the SCF in the
study area with 68% of the succession (Fig. 2). They are
composed of claystones, siltstones and very fine sandstones,
sometimes mixed with volcaniclastic material forming fine tuffs or
tuffaceous horizons. Bed geometry is tabular and beds can be
traced laterally for hundreds of metres (Fig. 3b), forming single
beds 0.1 to 2 m thick and usually forming stacked beds of up to
20 m in thickness (Fig. 4a). The most common facies are Fp and

Fm, with subordinate Tm, Sh, Sm and Fl. Palaeosol horizons are
abundant and commonly show pedogenic features such as
rhizoliths or rhizohalos, followed in abundance by Fe-mottles,
cutans and slickensides (Fig. 4b, c). A few levels show small
carbonate rhizoconcretions or nodules (Fig. 4d) whereas others
show reddish calcareous concretions. Bioturbation is rarely
observed as sand-filled irregular burrows. Scarce centimetre-to-
decimetre-thick horizons with finely laminated claystones also
occur (Fig. 4e).

Interpretation: thin, laterally extensive fine-grained deposits
indicate a generally flat, smooth-relief environment and transport
of material by suspension during low-energy overbank unconfined
flows. Bedload transport of mud aggregates is also possible by
overbank flows. Most of the observed deposits of FA1 are
structureless and two mechanisms possibly control the lack of
primary structure: (1) palaeosol formation obscured primary
sedimentary structures, especially through root activity (Platt and
Keller 1992; Retallack 2001), or (2) quick or continual steady
deposition inhibited the formation of primary structures in both

Table 1. Facies codes, descriptions and process interpretations for the SCF in Río Chalía

Facies
code Lithology

Physical sedimentary
structures

Geometry/
thickness Other features

Abun-
dance Depositional process

Sh Fine- to medium-grained
well-sorted sandstones.
Grey to light grey.

Intraclasts and pumice
common.

Plane-parallel and low-
angle lamination

Tabular – 0.1
to 1.5 m
thick

Burrows assigned to Taenidium
barretti

Rare Tractive deposits formed through
upper flow regime plane bed
(Fielding 2006; Collinson and

Mountney 2019), rarely modified
by bioturbation

St Medium to coarse-
grained sandstones

Trough cross-bedding.
Occasionally with
pumice or intraclast

particles on the foresets

Lenticular –
0.5 to 3 m

thick

Common reddish to brownish
carbonate concretions

Rare Migration of 3D subaqueous
dunes within fluvial channels
(Miall 2014; Collinson and

Mountney 2019)
Sp Medium to coarse-

grained sandstones
Planar cross-bedding Lenticular –

0.5 to 3 m
thick

- Rare Migration of 2D subaqueous
dunes within fluvial channels
(Miall 2014; Collinson and

Mountney 2019)
Sm Very fine to medium-

grained sandstones.
Pyroclastic material

common

Structureless Tabular – 0.1
to 2 m thick

Common root traces and Fe-
nodules

Common Rapidly deposited sand during
waning flows. Tractive deposits
subsequently modified by soil
forming processes (Retallack
2001; Collinson and Mountney

2019)
Sr Fine-grained sandstones Current ripple

lamination
Tabular – 0.1
to 0.3 m
thick

- Very rare Deposition by tractive currents by
current ripple migration

(Collinson and Mountney 2019)
Fp Siltstone and claystone,

with subordinate fine-
grained sandstone.

Usually light yellowish,
greenish or grey

Structureless. Remains
of plane-parallel or

current ripple
lamination

Tabular – 0.2
to 3 m thick

Common root traces. Scarce
mottles, slickensides, nodules,
cutans, peds, rhizoconcretions.
Scarce invertebrate trace fossils

Very
common

Deposition of fine sediments in
low energy environments and
subsequent modification by soil
forming processes (Platt and
Keller 1992; Retallack 2001)

Fm Silt and clay Structureless Tabular – 0.1
to 0.5 m
thick

Occasional root traces Common Fine-grained sediments quickly
deposited by flows with high

sediment concentration (Collinson
and Mountney 2019)

Fl Silt and clay Plane-parallel
lamination

Tabular – 0.1
to 0.5 m
thick

- Rare Settling from suspension of fine
sediments in low energy or
standing water environments.
Lamination produced by

fluctuating energy conditions
(Collinson and Mountney 2019)

Tm Medium- to very fine-
grained vitric tuffs or
tuffaceous sandstones.
White to light yellow or

light pink

Structureless Tabular – 0.1
to 2 m thick

Occasional root traces Common Ash fallout deposits with
subsequent reworking by fluvial,
aeolian and pedogenic processes
(Cas and Wright 1988; Retallack
2001; Umazano et al. 2012)

Th Very fine to medium-
grained tuffs. White to
light yellow or light pink

Planar-parallel
lamination

Tabular – 0.1
to 0.5 m
thick

- Rare Tractive deposits formed through
upper flow regime plane bed (Cas
and Wright 1988; Umazano et al.

2012)

6 J. I. Cuitiño et al.

 at Duke University on October 20, 2021http://jgs.lyellcollection.org/Downloaded from 

http://jgs.lyellcollection.org/


Fig. 4. Field photographs of deposits assigned to FA1. (a) Thick succession of claystones, siltstones and fine-grained sandstones with palaeosol features.
The pink bed is a palaeosol horizon rich in iron mottles. The white arrow points to a metre-thick sandstone bed assigned to FA2. Note modern weathering
and badland forming processes that obscure observations on the fresh rock; P3 locality. (b) Succession of slightly pedogenized tuffaceous mudstones (facies
Fm and Fp). The bed contacts are visible due to subtle grain size variations; P3 locality. (c) Structureless claystones (facies Fm) showing some slickensides
(white arrows); P8 locality. (d) Fragment of a palaeosol (facies Fp) taken from a trench showing abundant, small whitish calcite veins and nodules; P2
locality. (e) Fragments of a thin bed composed of thinly laminated claystones and siltstones (facies Fl); P8 locality.
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mudstones and sandstones (Fisher et al. 2007; North and Davidson
2012; Collinson and Mountney 2019). Due to the high frequency of
pedogenic features, the first mechanism is the more likely. Modern
badland-forming weathering sometimes precludes direct observa-
tion of primary sedimentary structures, hindering recognition of
subtle faint structures. Considering the macropedofeatures, palaeo-
sols of the SCF at this area are not well developed, and are mainly
represented by protosols, calcisols and vertisols (sensu Mack et al.
1993), as observed in other locations in the basin (e.g. Raigemborn
et al. 2018a). Poor to moderate palaeosol development suggests that
sedimentation on the floodplains was relatively continuous
(Retallack 2001; Kraus 2002), while paleosols abundance suggests
frequent relatively short periods of no deposition under subaerial
exposure with plant colonization. Alternatively, the presence of
thinly laminated claystone deposits suggests subaqueous decanta-
tion in small, ephemeral ponds. All these features suggest
sedimentation in a flat, laterally extensive, low-energy environment
like a distal floodplain. This setting usually receives the flux of
unconfined flows produced by heavy rainfall or channel overbank
during floods, carrying fine sand and producing thin sandstone
deposits in distal areas (North and Davidson 2012). As suggested
for settings influenced by volcanic ash sedimentation, aeolian
transport and deposition of silts cannot be ruled out (Umazano et al.
2008).

FA2: Proximal floodplain deposits

Description: proximal floodplain deposits make up 20% of the
measured succession, and are represented by sandstone-dominated
tabular towedge-shaped beds composed of fine- to medium-grained
sandstones (Fig. 5a), or thinly beddedmudstones intercalated within
fine-grained sandstones (Fig. 5b). The thickness of these beds varies
from 0.1 up to 3 m, most commonly between 0.5 and 1 m (Fig. 5a).
Structureless sandstones (facies Sm) are the most common deposits.
Horizontal- or ripple-laminated fine sandstones (facies Sh or Sr),
tuffaceous sandstones, and vitric tuffs (facies Tm or Th; Fig. 5d) are
common as well. Internally, the structureless sandstones may show
diffuse horizontal stratification (Fig. 5a). The base of the
sedimentary bodies is sharp and planar (Fig. 5a), although some
bodies show irregular bases. Pedogenic features occur in low
proportion, usually evidenced as rhizoliths and iron oxides (mainly
as goethite) nodules towards the upper part of the beds. Bioturbation
is rarely observed, only represented by horizontal meniscate
burrows assigned to Taenidium barretti (Bradshaw 1981)
(Fig. 5c), preserved on planes of laminated sandstones (facies Sh).

Interpretation: metre-thick tabular, structureless sandstones
possibly result from accumulation by energetic unconfined
flows occurring close to channels (North and Davidson 2012).
Crevasse splays produced after the levee breakage and the
expansion of channelized flow into the adjacent floodplain best
explain the thicker beds (Miall 2014; Burns et al. 2017). The
diffuse stratification observed in some of these bodies suggests
several episodes of accumulation. Laminated or rippled sandstone
layers intercalated within muddy deposits indicate tractive
unidirectional currents, interpreted as flooding events that
overcame channel margins producing unconfined, shallow flows
that quickly deposited sediments on the floodplain. Thinly
bedded intercalation of structureless sandstones and mudstones
are interpreted as the result of unconfined flows occurring by
frequent channel overbank producing levees along the channel
margins (North and Davidson 2012; Miall 2014). The pedogenic
features, although sporadic, suggest pedogenic processes on
proximal floodplain deposits. Pedogenesis disturbed only the
laminations at the top of the bodies, suggesting that it was very
weak and did not last long enough to affect the entire sequence
(Retallack 2001).

FA3: fluvial channel deposits

Description: fluvial channel deposits form c. 12% of the measured
succession and are easily recognized in the field because they are
darker than the light-coloured floodplain deposits (Figs 3b and 6a).
Dark basic to intermediate lithic volcanic grains impart this
distinctive colour. Granule- to pebble-sized pumice particles are
frequently observed within cross-bedded or laminated beds
(Fig. 6c, d). At the outcrop scale, apparently lenticular shapes
can be recognized, with concave-up bases and flat tops (Fig. 3b).
The true lateral extent (i.e. roughly perpendicular to the palaeo-
flow) of these bodies ranges c. between 40 and 250 m, and
thicknesses do not exceed 6 m, with an average of 3 m (Fig. 6a).
Width-to-thickness ratios (w/t) of these bodies vary c. from 10 to
50, which correspond to broad ribbons (w/t 5 to 15) and narrow
sheets (w/t 15 to 100) sensu Gibling (2006). The base is always a
sharp contact above fine-grained sediments of the floodplain,
covered by coarse sandstones that sometimes include granules or
mudstone intraclast lags. Medium sandstones dominate with minor
coarse sandstones and occasional pebble sandstones. Upward
fining trends are subtle, grading towards floodplain deposits
without significant breaks, although many channel fills are
ungraded. Internally, tractive sedimentary structures are often
recognized, dominated by trough cross-bedding (St), and subor-
dinate horizontal bedding (Sh) and ripple lamination (Sr) (Fig. 6b,
c, d). Due to poor preservation of laminae surfaces, primary current
lineations within horizontal bedding were not observed. Internal
gradations often include an upward reduction in the thickness of
the cross-bedded sets approximately from 1 m thick at the base to
0.2 m thick at the top, finally grading upward to ripple or planar
lamination (Fig. 6c). Many channel bodies show ‘organ pipe’
weathering features (e.g. Fig. 6a, e), precluding the recognition of
original internal structures. Even so, they are assigned to FA3
based on grain size, colour and geometry. Due to the lack of
internal discontinuities, channel fills are predominantly single
storey. The scarcity of well-preserved cross-bedded structures
hinders palaeocurrent measurements in most cases. However,
measured cross-strata from eight of these channel deposits indicate
palaeoflow directions to the north, northeast and east. At the top of
some channelized bodies, a fine-grained wedge can be observed.
Wedges consist of layers of mudstones and fine-grained sandstones
in some cases, showing a low angle inclination relative to the
depositional surface. In some cases, this accretionary fine-grained
infill forms a lenticular body covering previously deposited
sandstones (Fig. 6e).

Interpretation: an erosional, concave-upward basal surface, the
narrow lenticular geometry, and the coarse-grained infill that
usually fines upward, suggest processes of fluvial channel infill
(Bridge 2003; Miall 2014). The single-storey nature and dominance
of cross-bedded sands suggest that these channel-fill deposits
occupied vertically accreting, bedload-dominated channels. The
presence of mud intraclasts indicates that part of the channel fill was
sourced through erosion of older floodplain deposits. Planar
lamination in channels suggests transport in upper-flow regime
(Fielding 2006). The fine-grained lenticular to wedge-shaped infill
of the upper part of some channels is interpreted to reflect
accumulation in low-energy conditions during the abandonment
phase of the channel. The reduced lateral extension of the bodies
and the lack of lateral accretion surfaces indicate low-sinuosity
fluvial channels.

Spatial distribution and architecture of FAs

Based on the measurement and description of sedimentary logs
(Figs 2 and 7) and the interpretation of photomosaic panels (Fig. 8),
significant differences in the relative proportion of the different FAs
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Fig. 5. Field photographs of deposits assigned to FA2. (a) Exposure of floodplain deposits showing grey, fine-grained, sandstone-dominated tabular beds of
FA2, separated by yellowish, pedogenized mudstones of FA1. The lower bed of FA2 shows a sharp base (white arrows) and is composed of an intercalation
of sandstone and mudstone deposits, whereas the upper one is composed of a single bed. Note the diffuse stratification within the sandstones (yellow
arrows); P2 locality. (b) Detail of an alternating succession of structureless sandstones (facies Sm) and laminated mudstones (facies Fl); P2 locality.
(c) Plane view of a fine- to medium-grained sandstone with parallel lamination (facies Sh) showing bioturbation by horizontal meniscate burrows assigned
to Taenidium barretti (arrows); P6 locality. (d) Sharp-based, tabular medium tuffaceous sandstone (facies Tm), covering mudstones and palaeosols of FA1;
‘Bajada los Sauces’ locality.
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Fig. 6. Field photograph of FA3. (a) Dark grey channelized sandstone composed of lithic volcanic particles and showing a sharp irregular base. Although
weathering produces a structureless appearance, relict sedimentary structures can be observed; P2 locality. (b) Plane-parallel lamination and cross-bedding
are well preserved within a channelized body. The yellow arrow indicates the sharp base of this body. Upwards, the sandstones grade quickly to fine-grained
floodplain deposits; P3 locality. (c) Recurrent vertical arrangement of sedimentary structures within a channelized body, with trough cross-bedded
sandstones (facies St) occupying the lower part of the bodies, grading upward to structures (facies Sr, Sh, Sm) formed by lower-energy and/or shallower
flows. Note the light layers intercalated in the foresets of cross-beds composed of pumice particles; P8 locality. (d) Plane-parallel lamination within
channelized deposits. Note the intercalation of light and dark layers produced by the presence/absence of pumice particles, respectively. Yellow arrows
point to dispersed, pebble-sized mud intraclasts; P8 locality. (e) Brownish coarse sandstones within a body showing flat base and concave-up top. This is
covered by a lenticular body composed of fine-grained deposits (white arrows). This feature is interpreted as a phase of infill during channel abandonment.
The yellow arrow points to a flat erosional surface which is interpreted as the top of the channelized body. Person (encircled) as scale; P8 locality.
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Fig. 7. Sedimentary integrated log of the SCF at P2/P3. The colours of the strata are an approximation to the colour of the rocks in the field, whereas the
colours of the FAs are the same as in Figure 2. The poorly exposed lower part of the unit is not included in the section. See Figure 1 for location.
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are not seen across the studied outcrops. Only Section P2/P3 shows
an upper part of about 50 m in thickness that lacks any channel
sandstone, being dominated by fine-grained deposits of FA1. This
upper part is poorly exposed and could not be observed in other
sections, therefore it is not considered significantly different from
other parts of the unit.

Channel deposits are relatively thin compared to the whole
thickness of the unit, and they are distributed homogeneously
throughout the unit. These are broad ribbons and narrow sheets
(sensuGibling 2006) preserved as isolated sandstone bodies (Fig. 8)
encased within floodplain deposits, with scarce evidence of lateral
migration, consequently producing bodies with limited lateral
extension (no wider than 250 m). Based on the presence of
lenticular mudstone deposits covering and laterally attached to
channel sandstone deposits, channel abandonment through avulsion
is interpreted as a common process in the system.

At the metre to tens of metres scale (small scale), some fining
upward cycles can be recognized such as seen in locality P2,
although this is not evident everywhere in the study area. These
cycles range from 4 to 25 m in thickness. The thicker cycles begin
with sharp-based, channelized coarse-grained sandstones that grade
upward to fine-grained sandstones, themselves sometimes grading
upward to mudstone or heterolithic lenticular deposits (FA3).
Upward, these deposits grade to tabular beds of very fine-grained
sandstone and mudstone intercalations of the proximal floodplain
(FA2) which, in turn, grade to yellowish mudstone-dominated
deposits of the distal floodplain (FA3). Some thinner fining-upward
cycles do not show channelized bodies and instead are formed only
by floodplain succession of FA2 and FA3.

No significant stratigraphic surfaces (i.e. erosional or well-
developed palaeosols) are recognized within the whole unit. The
upper contact of the SCF is a high-relief erosive surface (Fig. 2) that
represents a hiatus and marks a strong palaeoenvironmental change
between the low-energy fluvial sediments below and the high-
energy fluvial conglomerates above.

Vertebrate palaeontology

Fossils from the P1 locality (Fig. 1c) were not considered because of
limited sampling and lack of stratigraphic and sedimentological
control.

The fossil vertebrate collection was clearly affected by the height
and slope of the outcrops (Fig. 9a). Due to the easier accessibility,
major sampling was done at the P8 locality (Fig. 9b). Although we
found some specimens in situ (Fig. 9c, d, e), the vast majority of the
collection are composites of loose specimens. For this reason,
assigning fossils to specific facies is difficult, although we observe a
higher abundance of in situ fossils in tuffs and tuffaceous sediments
from the floodplain facies. Our database permits us to distinguish
three different altitudinal (not strictly stratigraphic) ranges/levels
(Table 2).

The taxonomic list of the fossil vertebrates collected is provided
in Appendix 1. For the localities P2 to P8, five non-mammalian
(fish, frogs, lizards and birds) and 40 mammalian taxa have been
recorded so far. Mammals include metatheres, xenarthrans
(armadillos, glyptodonts and sloths), South American native
ungulates (astrapotheres, litopterns and notoungulates) and cavio-
morph rodents (Fig. 9). No primates were encountered. All sections
appear to show similar faunas.

Geochronology

Zircon U–Pb age results

Seven samples were analysed for zircon U–Pb geochronology. The
complete analytical results for these samples are available in
Appendix 2A and B. Sample RCH-2018-3 yielded only 14 zircon
grains; 13 grains were Cretaceous or older and one grain was 16.2 ±
3.5 Ma. The large errors for the singleMiocene crystal from this rock
render it of no value for improving estimates of the depositional age
of the unit. The age results for the remaining six samples are listed in
Table 3 in stratigraphic order (see also Fig. 2). All samples contain

Fig. 8. Distribution of the three FAs defined for the SCF. (a) Photomosaic of the outcrop at P2. The exposure has an amphitheatre-like geometry and it is
about 150 m thick. (b) Highlight of the lenticular channelized bodies encased within floodplain deposits. These ribbon channels are elongated c. NE/SW,
i.e. slightly oblique to the exposure face. Only the most prominent beds of FA2 are indicated. In order to avoid perspective deformation, the background
exposure is not interpreted here.
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inherited grains of late Palaeozoic, Jurassic and mostly Cretaceous
ages, but a youngest population of ages is readily defined and ranges
from 17.16 ± 0.49 for sample RCH-18 to 15.42 ± 0.51 Ma for
sample RCH-2018-16. All errors are typical for zircon analyses
except for sample RCH-17, whose high error (±1.05 Ma) reflects a

very small number (n = 10) of Miocene zircons (Table 3). The ages
of the remaining five samples are based on averages from a large
number of zircons that form the youngest peak in the age spectrum
(see methodology); thus, they are considered good indicators of the
youngest population of zircons from the rock.

Fig. 9. Views of some exposures at Río Chalía where vertebrate fossils were collected, and some specimens recorded. (a) Fossil recovery in the highest
levels (above 350 masl) at P3 locality. Note the steep slope of the exposure. (b) View of P8 locality where the lowest levels (150–250 masl) are very
accessible. (c) Anuran partial skeleton. (d) Toxodontid mandible in situ in lower levels of P8. (e) Carapace of a propalaehoplophorid glyptodont at lower
levels of P2. (f–j) Armadillo osteoderms: Proeutatus oenophorus; (f ) Vetelia sp.; (g) Peltephilus sp.; (h) Stenotatus patagonicus; (i) Prozaedyus sp.
( j). (k) Fragment of a right dentary of a megatherioid sloth. (l) Anterior portion (palate) of the skull and right mandible of the typothere Hegetotherium
mirabile. (m) Left mandibular fragment of the litoptern Anisolophus sp. Scales = 1 cm
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Apart from sample RCH-18, all ages satisfy superposition (i.e.
older samples lie below younger samples). We interpret the older
age discordancy of RCH-18 to reflect an absence of zircons formed
relatively close to the time of deposition, i.e. the youngest zircon
population is significantly older than the depositional age. The
stratigraphically uppermost samples, located in the upper part of
Section P3 (Fig. 2) provide the maximum estimate for the top of the
formations: 15.50 ± 0.22 Ma and 15.42 ± 0.47 Ma. Near the
bottom of the section, the age for RCH-17 of 16.54 ± 1.05 Ma is
significantly younger than the estimated age for the base of the unit
elsewhere (18 to 17.8 Ma; Table 4; Perkins et al. 2012; Trayler et al.
2020a), so this age should be considered with caution.

Although the U–Pb analytical protocol was oriented to obtain
depositional (e.g. targeting equant or acicular grains, analysing rims
rather than cores, etc.) ages, some of the samples show a high
frequency of older zircons with Jurassic to Cretaceous provenance
ages.

Sedimentation rates and age span of the SCF

Considering the lack of significant evident breaks in sedimentation
through the sedimentary succession, the estimated sedimentation
rate can be used to project the ages of dated levels towards the lower
and upper boundaries of each exposure. Previous geochronological
work using 40Ar–39Ar (Perkins et al. 2012) or U–Pb LA-ICP-MS
(Cuitiño et al. 2016) estimated average sedimentation rates of 150
± 50 m myr–1 for exposures similar to that of Río Chalía in
southeastern Santa Cruz Province. The high-precision age model
provided by Trayler et al. (2020a) allows us to estimate a high-
precision U–Pb age sedimentation rate of 149 ± 15 m myr–1

averaged for the whole column of the SCF at coastal localities,
including Cañadón de las Vacas and Rincón del Buque (Fig. 1b). In
addition, based on a basin-scale tephrochronologic study, Perkins
et al. (2012) correlated three tuffs of the SCF at Río Chalía with
dated tuffs of the coastal region (PAT, CO3 and TB tuffs). The age

results from these tuffs allowed Perkins et al. to estimate a
sedimentation rate of about 130 ± 18 mmyr–1 for part of the SCF at
Río Chalía. The PAT tuff, lying just above the top of the Monte
León Formation–SCF transition and dated at 17.8 Ma (Perkins et al.
2012; Trayler et al. 2020a), is correlated to a tuff we observed in
‘Bajada Los Sauces’ (Fig. 2). The sedimentation rate calculated
here, taking into consideration the lower and upper confidence
limits to the ages obtained for the thick Section P3 (RCH-16 =
16.34 Ma; RCH-2018-16 = 15.42 Ma), is 197 ± 75 m myr–1.
Alternatively, laterally correlating the out-of-sequence age of
sample RCH-18 ( = 17.16 Ma) into Section P3 (Fig. 2), and
employing the age obtained from the upper sample of P3, an
apparent sedimentation rate of 92 ± 75 m myr–1 is obtained. Since
stratigraphic markers do not allow precise correlations among
sections, the integration of all ages within a vertical succession is
problematic and for this reason no additional sedimentation rates
can be estimated. Nonetheless, based on the lack of major
discontinuities, the calculations for nearby localities, and the
results obtained here, we prefer to use a conservative estimation of
150 ± 50 m myr–1 for the entire column. Comparing this value
against other ancient fluvial successions, such as those compiled by
Colombera et al. (2015) varying between 9 and 670 m myr–1, the
sedimentation rate for the SCF is considered moderate.

The age of the base of the SCF from other nearby localities
(Table 4) can be used to estimate an age of c. 17.8 to 17.5 Ma for the
base of the SCF at Río Chalía. In Section P6, the age of sample
RCH-17 (16.5 Ma) is younger than the expected age for the lower
part of the unit. Using the estimated sedimentation rate down from
the age of sample RCH-18 ( = 17.16 Ma), the base of the unit
should be at c. 18 Ma. Following the same criterion, the age of the
upper boundary of the SCF in Section P3 should be at c. 15.2 Ma.
The above analysis implies that the SCF in Río Chalía was deposited
between 18 and 15.2 Ma, representing 2.8 myr of accumulation of
floodplain-dominated fluvial deposits during the Early–Middle
Miocene (i.e. specifically late Burdigalian and early Langhian
stages of the International Chronostratigraphic Chart, following
Cohen et al. 2013).

Discussion

Fluvial style and stratigraphic architecture

The fluvial system of the SCF in Río Chalía developed above deltaic
deposits of the Monte Observación Member of the Monte León
Formation (Fig. 2). The contact between the two units is gradational,
suggesting a progressive, long-term progradation of the alluvial

Table 2. Numbers of batches/specimens of fossil vertebrates collected by
locality and altitudinal range. NE, not exposed levels

Altitudinal
range/locality P2 P3 P6 P7 P8

Total by
altitudinal range

150–250 masl 15 63 21 112 311 522
250–350 masl 34 19 27 10 41 131
350–400 masl 113 77 NE NE NE 190
Total by locality 162 159 48 122 352 843

Table 3. U–Pb (LA-ICP-MS) age results for zircon populations from six tuffs of the SCF in the Río Chalía area, ordered according to stratigraphy

Sample Age (Ma) Internal error (Ma, 2σ) Total error (Ma, 2σ) Relative misfit* MSWD† n

RCH-2018-16 15.42 0.47 0.51 1.5 15
RCH-2018-15 15.50 0.22 0.30 2.3 37
RCH-2018-14 16.27 0.16 0.26 1.8 52
RCH-18 17.16 0.16 0.49 0.65 60
RCH-16 16.34 0.18 0.48 0.77 54
RCH-17 16.54 0.95 1.05 0.95 10

Table 4. Summary of age determinations for the transition between the Monte Léon Formation and the SCF in other localities of SE Santa Cruz province

Locality Distance to the Río Chalía area Stratigraphic position Age (Ma) References

Barrancas Blancas 60 km S MLF–SCF transition c. 17.5 Cuitiño et al. (2016)
Cerro Observatorio 120 km SE MLF–SCF transition 17.8 (PAT Tuff) Trayler et al. (2020a)
Monte Léon National Park 100–110 km SE MLF–SCF transition 17.8 Parras et al. (2012)
Monte León National Park 120–150 km SE MLF–SCF transition 17.8 (PAT tuff) Perkins et al. (2012)
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systems during the Burdigalian. There is no evidence of a recurrence
to marine sedimentation in the study area or elsewhere in the SCF
after the onset of the fully fluvial environments.

The stratigraphic architecture of the fluvial system studied here
indicates a floodplain-dominated system, composed mostly of fine-
grained sediments (FA1), suggesting the predominance of low-
energy and low-gradient environments, sensu Nanson and Croke
(1992), during the time of accumulation of the SCF. Similar low-
gradient conditions were interpreted based on palaeohydraulic
analyses in channelized sandstone bodies for the unit in coastal
areas (Zapata 2018). Isolated lenticular deposits with cross-bedded
coarse-grained sandstones indicate high-energy processes that were
restricted to fluvial channels (FA3). Occasionally, floods produced
episodes of overbank unconfined flows that transported sand
throughout the plains to form thin tabular or wedge-shaped deposits
such as crevasse splays (FA2). Heavy rainfall could also have
produced unconfined Hortonian flows on the floodplains. Based on
the scarcity of evidence of lateral migration of channels and the
reduced lateral extent of channel deposits (w/t between 10 and 50),
together with the abundance of floodplain deposits, the fluvial
system is interpreted to have formed by fixed channels with limited
lateral mobility, probably an anastomosing fluvial system whose
channels changed position through avulsion (Heller and Paola
1996; Makaske 2001; Miall 2014). A low gradient and a moderate
accumulation rate probably favoured rapid channel infilling and
consequently frequent avulsion (Heller and Paola 1996). Relatively
temperate–warm and subhumid climates allowed a high vegetation
density, which tended to stabilize anastomosing channels. One of
the main limiting agents for lateral channel migration observed in
modern anastomosing rivers is floodplain stabilization by vegeta-
tion (Makaske 2001). Although relatively not-well developed, the
recurrent palaeosols of the SCF at the study area may represent
vegetated banks that might have imparted relative stability to the
channel margins. This is particularly common in coastal areas where
the rate of generation of new accommodation space is high during
periods of rapidly rising base level (Törnqvist et al. 1993). Thick
successions of fluvial deposits showing anastomosing architecture
can be achieved if the basin is constantly subsiding (Makaske et al.
2017).

Based on the great thickness of floodplain deposits and the low
proportion and low amalgamation of channelized bodies, and
following classic sequence stratigraphic models for fluvial systems,
the SCF would be assigned to a High Accommodation Systems
Tract (Shanley and McCabe 1994; Catuneanu 2006). However,
recent quantitative studies on several temporally constrained fluvial
successions have argued that channel-body density, geometry and
stacking pattern are not reliably diagnostic of rates of creation of
accommodation (Colombera et al. 2015). Besides, the relatively
high sedimentation rates, the lack of major erosion surfaces and the
weakly to moderately developed palaeosols (e.g. Kraus 2002)
throughout the studied succession of the SCF support a moderate
accommodation setting. Valero et al. (2017) related sedimentation
rates that were similar to and higher than those of the SCF with
ribbon-shaped isolated channel fills and predominance of flood-
plain fine-grained deposits.

Other synchronous exposures of the SCF in the Austral Basin are
interpreted as deposited by a floodplain-dominated fluvial system.
The proportion of channel v. floodplain deposits observed in Río
Chalía is similar to that of the Río Santa Cruz (Cuitiño et al. 2019c),
the coastal zone (Matheos and Raigemborn 2012; Zapata 2018) and
the Lago Posadas succession (Cuitiño et al. 2019b). This
homogeneity in the stratigraphic architecture observed for the
SCF at the regional scale means that the unit represents a broad
fluvial plain that drained Andean source areas in the west to the
Atlantic Ocean in the east. The vertical and lateral homogeneity of
the SCF succession at a basin scale suggest that the fluvial system

experienced constant aggradation, implying that moderate rates of
creation of accommodation space were uniform between ∼18 and
15 Ma. No complex channel amalgamation or major discontinuities
occur within the succession, suggesting the lack of any relevant
erosional episode such as those involved in the genesis of incised
valleys (e.g. Blum 1993).

Age and palaeoenvironmental implications of the fossil
fauna

The 40 mammalian taxa identified at genus or species level are
consistent with a Santacrucian fauna. All of these taxa have been
recorded from the outcrops of the SCF along the Río Santa Cruz,
and the great majority is also found at Atlantic coastal localities
(Vizcaíno et al. 2012a; Fernicola et al. 2019).

The time span for the SCF in Río Chalía is inferred to range from
the Early to the Middle Miocene (i.e. Late Burdigalian to Early
Langhian). A Middle Miocene temporal interval is also recorded at
the higher levels of Segundas Barrancas Blancas locality in the Río
Santa Cruz (Cuitiño et al. 2016, 2019c) and overlaps chronologic-
ally with the Collón Cura Formation in northern Patagonia, which
bears a Colloncuran fauna. Nevertheless, we have not yet recorded
typical Colloncuran taxa.

The fossil fauna identified to date in Río Chalía include arboreal
and browsing mammals (e.g. megatherioid sloths) indicating the
presence of trees. Among ground dwelling mammals there are large-
and small-bodied grazers (toxodontids and typotheres, respectively)
and medium-sized browsers (e.g. proterotheriid litopterns) suggest-
ing environments equivalent to that of modern subtropical settings
with a vegetation mosaic of open (e.g. grasslands or bushlands) and
closed habitats (e.g. forests). The relative contribution of the two
would also have varied at different times during the deposition of
the unit. However, we have not yet detected noteworthy
stratigraphic changes in the faunal composition that could signal
significant longer-term environmental and climatic trends. Closed
and open habitats, inferred as mixed forest–grasslands, also
coexisted in the Atlantic coastal localities (Kay et al. 2012). The
fauna of the SCF in Lago Posadas in the west also indicate a mix of
closed and open environments (Cuitiño et al. 2019b), although due
to the small size of the collection we cannot resolve whether both
environments coexisted or alternated during the time of deposition
of the formation.

Allogenic controls on the accumulation of the SCF

The new sedimentological, stratigraphic, palaeontological, and
geochronological results reported here for one of the thickest
Miocene fluvial successions of the Austral Basin establish a basis for
discussing these particular deposits within a well constrained
framework at both regional and global scales. Below we provide
constraints for each of the purportedly most relevant controls
affecting the stratigraphic architecture of the SCF including tectonics,
climate, sea-level, sediment supply and volcanism. The timing and
available data for many of the controls are plotted in Figure 10.

During the Miocene, global ice volume remained low and
oceanic bottom water temperatures trended slightly higher than
present day (Zachos et al. 2001; Miller et al. 2020). This warm
phase peaked in theMCO (17 to 14.8 Ma; Fig. 10) and was followed
by a gradual cooling and reestablishment of a major ice sheet on
Antarctica (Miller et al. 2020). During the MCO, which roughly
coincides with the time span of the SCF reported here, a mid-
latitude warming occurred, resulting in a reduced equator-to-pole
temperature gradient (Herold et al. 2011), and the expansion of
thermophilic terrestrial communities towards higher latitudes (e.g.
Böhme 2003). This trend is also recorded in Patagonia as an increase
of megathermal floral elements (Palazzesi and Barreda 2007).
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Scarce remains of macro- and microplant fossils for the lowermost
beds of the coastal SCF suggest a temperate to warm and semi-arid
to humid and seasonal (length of dry season: c. 7 months) climate
(Brea et al. 2012, 2017). δ13C and phytoliths of the lower SCF at the
Atlantic coast (c. 17.5 to 16.9 Ma) indicate a C3-dominated
ecosystem without evidence of a significant proportion of C4

vegetation (Raigemborn et al. 2018b). Similarly, enamel δ13C
values from the coastal SCF (c. 17.4 to 16.4 Ma) are consistent with
a C3-dominated ecosystem with moderate precipitation and a mix of
wooded and more open areas (Trayler et al. 2020b). The fossil
vertebrate association from Río Chalía suggests similar climatic
conditions to those for the SCF in the Atlantic coastal localities.
Fossil assemblages near the base of the SCF suggest the climate was
much warmer and wetter than today, with mean annual temperature
(MAT) > 14°C and mean annual precipitation (MAP) >1000 mm
yr–1, and with a marked seasonality in day length (Kay et al. 2012).
Meanwhile, Spradley et al. (2019) inferred a MAP between 850 to
1350 mm yr–1, and a MAT of 15 to 23°C for the lower SCF. Based
on tooth enamel and bone stable isotope compositions, Trayler et al.
(2020b) inferred decreasing MAP from c. 1000 ± 235 mm yr–1 at
17.4 Ma to c. 525 ± 105 mm yr–1 at c. 16.9 Ma, followed by an
increase up to 835 ± 270 mm yr–1 between 16.7 and 16.4 Ma.
Calculated MAT was consistent with a broad oscillation of 20 ±
4°C at 17.4 Ma, 25 ± 7°C at 17.0 Ma, 19 ± 4°C at c. 16.85 Ma,
and to 25 ± 8°C at 16.5 Ma (Fig. 10).

Palaeoclimate reconstructions from palaeosols of the SCF in
nearby localities suggest fluctuating high- and low-frequency
environmental and climatic conditions, mainly related to wetter
and drier phases and climate cyclicity, respectively (Raigemborn
et al. 2018a). Stable isotope analyses of weakly to moderately
developed calcretes of the lower part of the coastal SCF (c. 17.5 to
16.9 Ma) indicate a subtropical riverine environment with seasonal
rainfall developed under a temperate to warm and seasonal
subhumid climate (Raigemborn et al. 2018b). Macroscopic
pedofeatures of the palaeosols of the studied area, although
briefly described, suggest similar climate conditions.

During the Early to Middle Miocene, deep-sea δ18O records show
recurrence of strong quasi-105 yr variations that resemble periodi-
cities found in sea-level curves (Miller et al. 2020). However,
continental margin strata generally do not fully record higher-
frequency variations, acting as a low-pass filter for sea-level changes.
For this reason, we use the smoothed global sea-level estimates of
Miller et al. (2020) to reconstruct the sea-level variations for the
time of deposition of the SCF in Río Chalía. During this period,
eustatic sea level describes a long-term rising tendency until
16.3 Ma, with two marked decreases, one at 17.3 to 17.0 Ma, and
the other at 15.9 to 15.6 Ma (Fig. 10), involving sea-level variations
of up to 30 m. However, based on Miller et al. (2020) estimates,
this long-term trend includes many high-frequency (104; 105 yr)
sea-level variations of up to 70 m (Fig. 10).

During the Cenozoic the Austral Basin evolved as a foreland
basin associated with the growth of the Southern Patagonian Andes
fold and thrust belt (Ghiglione et al. 2016, 2019; Cuitiño et al.
2019a). The main phase of Andean tectonic uplift is registered at
22 to 18 Ma (Fosdick et al. 2013), i.e. just before the onset of
accumulation of the SCF. This tectonic uplift produced synchronous
flexural subsidence in the foreland basin and allowed marine
deposits to accumulate in the foothills of the Andes (Cuitiño et al.
2012, 2015, 2019a), which in turn were covered by the fluvial
deposits of the SCF. Ruling out the creation of accommodation
through deformation within the study area (for which there is no
evidence), basin-scale flexural subsidence due to the Andean uplift,
plus loading by the addition of new sediments, could be responsible
for creating the accommodation space necessary to help preserve the
fluvial deposits of the SCF.

Sediment supply to the Miocene Austral Basin was controlled by
sediment production through weathering and transport from uplifted
Andean terrains (partly evidenced in the Mesozoic zircon grains in
our samples; Appendix 2A and 2B), as well as by synchronous
explosive volcanic eruptions. Even though the SCF inRíoChalía lies
hundreds of kilometres away from the eruptive centres, two types
of unmistakably volcaniclastic sediments are recognized – tuffs

Fig. 10. Chronology of allogenic controls on the accumulation of the SCF. The δ18O, time span of the Miocene Climatic Optimum and smoothed global
sea-level curves are taken from Miller et al. (2020). Part of the high-frequency global sea level is overprinted on the smoothed curve. The age of the Monte
Observación Member is from Parras et al. (2012).
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and volcanogenic sands. We interpret tuffs and tuffaceous horizons
rich in fine-grained volcanic glass particles to have resulted from
explosive volcanism and to have been transported to the Río Chalía
region directly by aerial ash fallout, transport by fluvial currents, or
wind reworking on the floodplains. They are more abundant in the
lower third of the unit. Channelized dark sandstones consist almost
entirely of basic to intermediate volcanic particles, in some cases
intermingled with pumice particles. The compositional segregation
of volcanic particles between the floodplain and the channels could
reflect hydraulic density sorting, with channels carrying mostly the
heavy (dark) particles as bed load. Many authors have claimed that
the SCF in other localities is composed of a large proportion of
pyroclastic or volcaniclastic sediments, especially in the SE of Santa
Cruz (Matheos and Raigemborn 2012; Perkins et al. 2012;
Raigemborn et al. 2015, 2018a, 2018b; Zapata 2018; Cuitiño
et al. 2019c; Montalvo et al. 2019). However, recent work from the
NW of the Austral Basin showed that the SCF (and equivalents)
bears little synchronous pyroclastic material (Aramendía et al.
2019; Cuitiño et al. 2019b). This geographic variation in pyroclastic
content is interpreted to reflect the locus of Miocene Andean
explosive volcanism in the southern part of the volcanic arc (Hervé
et al. 2007), and the resulting wind-driven eastward dispersion of
fine-grained material and subsequently transport by fluvial
processes (Cuitiño and Scasso 2013). Despite this large difference
in sediment composition, the stratigraphic architecture remains
more or less the same for all localities, i.e. everywhere the SCF is
dominated by floodplain deposits.

The timing and interplay of controls on the SCF
stratigraphy

Sediment accommodation is a prerequisite for the preservation of a
sedimentary succession in the rock record. Fluvial accommodation,
considered in terms of elevation of the river equilibrium profile, is
influenced by subsidence, sediment supply, climate and sea level,
which vary at different rates and manifest at different spatial scales.
The available data for the SCF in Río Chalía and surrounding
localities allow us to discuss the specific nature of each of these
controls on the stratigraphic architecture of the unit.

Basin subsidence rate is probably the longer-term control,
operating at timescales of 106 yr, and it is the most relevant
geological process to produce accommodation at the basin scale. In
contrast, explosive volcanism impacts sediment supply rates of
fluvial systems in terms of few years (i.e. at geologically
instantaneous timescales), and its influence may be localized to
the surroundings and distal areas downwind of eruptive centres
(Kataoka et al. 2009; Manville et al. 2009). In this manner,
volcanism impacts the graded profile and how the accommodation
is infilled. Climate and sea level show variable frequencies of
variation, which on occasion can be superimposed (e.g. Miller et al.
1998; Zachos et al. 2001; Miller et al. 2020). For example, climate
may show variations at the seasonal, decadal or Milankovitch scales
(104 to 105 yr) and longer-term (106 yr) variations. For this reason,
identifying the impact of any of those controls on the nature of a
sedimentary succession must take into account the chronology of
accumulation, as well as the presence/absence of sedimentation
breaks (erosion and/or no deposition).

The analysis of sedimentation rates is scale-dependent, i.e. it
varies as a function of the thickness of the analyzed succession. As a
rule, the thicker the succession analyzed, the lower the sedimen-
tation rate (Sadler 1981; Miall 2015). Sedimentation rates of 150 ±
50 m myr–1 estimated here as an average for the SCF can be
considered as a moderate rate for foreland basin successions that are
hundreds of metres thick (Einsele 1992;Miall 2015). After the onset
of the fluvial system of the SCF above the deltaic deposits of the
Monte ObservaciónMember, no significant breaks in sedimentation

or sharp facies changes are recognized, so this sedimentation rate
can be used for the whole unit. This implies that the anastomosing,
floodplain-dominated fluvial system remained relatively stable for
about 3 myr. Even though the SCF is regarded as a continuous
succession, the tens of palaeosols observed at Río Chalía probably
represent relatively short-term breaks in sedimentation (bypass
episodes), commonly of the order of 103 to 104 yr, as proposed for
other localities in the basin (Fig. 10) (Raigemborn et al. 2018a,
2018b). Only a few palaeosols in the lower part of the SCF at coastal
localities have well-developed calcretes that could indicate a
duration of even 105 yr (Raigemborn et al. 2018a). It should be
noted, however, that sediment bypassing one area (e.g. where a soil
is forming) is contemporaneous with sediment accumulation
elsewhere in the fluvial system (e.g. Soares et al. 2020). Further
detailed analyses of the palaeosols of the SCF in Río Chalía could
help refine the magnitude of the temporal gaps in the succession.

In fluvial environments, the effect of sea-level change diminishes
in an upstream direction. Beyond the landward limit where eustatic
influences become negligible, fluvial processes of aggradation or
erosion are entirely controlled by climate and tectonism (Blum
1993; Catuneanu 2006). The SCF can be regarded as a coastal plain
succession (i.e. a low-gradient system close to the shoreline), where
a sea-level lowstand should produce erosional surfaces and incised
valleys, associated with well-developed palaeosols in the interfluves
(Blum 1993; Shanley and McCabe 1994). Although Miller et al.
(2020) calculate several high-frequency (104 to 105 yr) sea-level
changes up to 80 m for the time span of the SCF (Fig. 10), such
large shifts of sea level seem not to have impacted the system since
major erosional surfaces or incised valleys are lacking in the SCF,
even considering a large spatial coverage including either Río
Chalía or elsewhere in SE Santa Cruz. For example, the 105 yr
palaeosols described for the lower part of the SFC (Raigemborn
et al. 2018a) lack the expected associated erosion surfaces. The
global sea-level rises and falls implied by the isotopic record seem
to have had no major influence on the architecture of the unit,
probably due to the fact that the sea-level variations during theMCO
were too small to produce regional fluvial erosion in the study area.
In combination, large rates of sediment supply could have inhibited
fluvial incision during lowstands, reducing the sea-level effect on
the fluvial architecture. At the 106 yr scale, the global sea level
during the time span of the SCFwas relatively high (Fig. 10). Rising
global sea levels affect fluvial coastal plain systems, elevating base
levels which in turn produce new accommodation to fluvial
sediments.

Changes in stream power may produce shifts in river base level
and consequently they are a relevant control on sediment
accommodation, strongly influenced by slope (induced by tectonic
movements) and climate (e.g. Blum and Törnqvist 2000). The low-
energy and low-gradient fluvial system of the SCF occurred in a
regional context of a subhumid and temperate climate. These
conditions prevailed in southern South America during the MCO,
occurring before the onset of the rain shadow effect produced by the
Andean uplift (Blisniuk et al. 2005; Palazzesi et al. 2014), and
favoured high rates of denudation and the development of an
integrated fluvial network constantly supplied by sediments
produced by weathering of the uplifted terrains. These climatic
conditions probably produced efficient weathering, erosion, and
sediment transport from the source area to the final depositional
area. In addition, the Miocene growth of the Andes rejuvenated the
source areas, increasing sediment yield from erosion and from
pyroclastic input, as well as subsidence in the foreland. All these
processes produced a constantly high sediment supply for the basin
with an efficient transport capacity of the fluvial system throughout
a large area. The uneven distribution of pyroclastic materials in the
SCF at the basin scale suggests that floodplain aggradation was not
solely a consequence of the supply of volcanic particles, but instead
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responded to weathering and detrital sediment production at the
source areas. As a consequence, including the underlying deltaic
Monte Observación Member, the combination of a large sediment
supply, constant basin subsidence and high sea levels produced an
initially regressive, progradational tract associated with a seaward
movement of the shoreline, followed by an aggradational tract. The
vertical homogenous trend of facies arrangement within the SCF
suggests no significant changes in the controlling factors. The
regional unconformity that separates the SCF with the overlying
fluvial conglomerates represents several million years of hiatus and
thus a period of erosion of the upper part of the SCF and the
subsequent loss of Middle to Late Miocene stratigraphic record in
the Austral Basin.

Subhumid and temperate climatic conditions also favoured the
development of a vegetated landscape, with forest, shrubs andminor
grassland species (Brea et al. 2012, 2017) that supported a diverse
vertebrate terrestrial fauna (i.e. the Santacrucian fauna). From
carbon and oxygen isotope analyses from palaeosol carbonate of the
SCF in the NW of Santa Cruz, Blisniuk et al. (2005) recognized a
change in the temporal trend toward more arid conditions after
16.5 Ma, which was interpreted as the onset of a rain shadow from
the rising Andes. However, this aridification trend is not reflected by
the sedimentary or faunal records, since both the stratigraphic
architecture and faunal assemblages before and after the develop-
ment of the rain shadow show no evident changes. Raigemborn
et al. (2018a) suggested that the gradual reduction in degree of
development and complexity of palaeosols up-section indicates a
progressive increase in sedimentation rate, although climate change
cannot be ruled out. Probably, as claimed by Palazzesi et al. (2014),
the aridification of Patagonia proceeded gradually after the period
recorded by the SCF at about 15 Ma.

Conclusions

The SCF in Río Chalía reaches a thickness of 300 m and is mostly
composed of pedogenically modified mudstones, with minor
sandstones and tuffs, deposited in fluvial floodplain palaeoenviron-
ments. Isolated, ribbon-like, fluvial channels compose the remain-
ing portion. The unit is interpreted to have been deposited by an
anastomosing fluvial system, showing vertical and lateral homo-
geneity of facies, suggesting accumulation in a long-lived and large-
scale floodplain-dominated fluvial system.

Based on U–Pb zircon geochronology and estimation of
sedimentation rates of c. 150 m myr–1 we determined that the unit
accumulated between 18 to 15.2 Ma, corresponding to the Late
Burdigalian to Early Langhian.

Rich and diverse vertebrate fossils belong exclusively to a
Santacrucian fauna. We have not detected noteworthy stratigraphic
changes in the faunal composition that could indicate any
significant environmental and climatic change. Although we
cannot rule out possible biases resulting from taphonomy, a
limited sample collection, or as-yet preliminary identifications,
faunal stasis appears to be a signature of this long-lived and
continuous record of climate and ecology.

After the evaluation of the timing and interplay of each of the
stratigraphic controls, we propose that the floodplain-dominated
SCF reflects long-term accumulation during steady creation of
accommodation space. Consistent rates of deposition were pro-
moted by foreland basin subsidence in parallel to stable global sea
levels, together with a large sediment supply that resulted in a
progradational to aggradational succession. High sediment supply
was provided by explosive volcanism and weathering and transport
from Andean uplifted terrains. High sediment supply and transport
capacity were favoured by the global warm MCO, whereas at the
regional scale, the lack of an effective rain shadow by the Andes
allowed moisture to reach the lee (foreland) side of the Andes. The

continuous sedimentation of this floodplain-dominated succession
allowed nearly 3 myr of Santacrucian fauna to be preserved with
little change.
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