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ARTICLE INFO ABSTRACT
Keywords: This study documents fluvial dynamics and paleoenvironmental evolution in a high-latitude foreland basin
Point bar deposits during the Maastrichtian-Danian, based on integrated sedimentological and paleontological analysis of a con-
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tinental-coastal succession exposed in the Rio de las Chinas Valley, Magallanes Basin, southern Chile. The fluvial
record is characterized by sandy to gravelly channel bodies embedded within an extensive muddy floodplain,
reflecting deposition on a low-gradient fluvial plain developed in the distal sector of the basin. Two main channel
styles are recognized within the fluvial system: sinuous channels dominated by lateral-accretion point-bar de-
posits, and higher-energy braided channels composed of sandy to gravelly longitudinal bars. These channel styles
occur laterally within the same fluvial corridor, indicating that channel morphology was primarily controlled by
spatial variability in sediment supply and discharge rather than by downstream changes in slope or base level
alone. Gravel-rich braided reaches are interpreted to reflect higher bedload input, whereas sandy sinuous
channels developed in sectors dominated by suspended load. Dispersed paleocurrent patterns are interpreted as
the result of channel migration and bar accretion processes within a low-gradient system, rather than evidence
for independent drainage networks. Floodplain deposits record frequent overbank flooding, crevasse-splay ac-
tivity, abandoned channels, and swampy environments, locally including deposits related to hyperconcentrated
flows generated during high-magnitude floods under humid climatic conditions. Recurrent vertical and lateral
intercalations of fluvial and shallow-marine facies indicate direct interaction between fluvial systems and a high-
energy, linear coastline, emphasizing the role of accommodation changes linked to relative sea-level fluctuations
at the end of the Cretaceous. Paleobotanical and taphonomic evidence supports humid conditions during the
Maastrichtian, followed by a shift toward cooler and drier climates near the Cretaceous—Paleogene transition.
Overall, the Rio de las Chinas succession provides a well-exposed record of fluvial dynamics in a high-latitude
foreland basin at the end of the Cretaceous.

1. Introduction together control sediment transport, accommodation, and facies distri-
bution along basin margins (Galloway, 1975; Boyd et al., 1992; Dal-

Continental depositional systems are commonly classified according rymple et al., 1992; Ainsworth et al., 2011). Within foreland basins,

to the relative influence of fluvial, wave, and tidal processes, which non-marine depositional systems are particularly sensitive to tectonic
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subsidence, sediment supply from adjacent orogenic belts, and climatic
variability, which together regulate fluvial discharge, channel patterns,
and sediment load (Catuneanu et al., 2009). Although the stratigraphic
record of foreland basins reflects the combined effects of tectonism,
magmatism, climate, and relative sea-level changes at active continental
margins (DeCelles, 2012; Condie, 2016; Horton, 2018), the relative role
of marine controls on continental fluvial systems, especially during
coastal-continental transitions, remains incompletely understood,
particularly in high-latitude foreland basins where fluvial systems
interact repeatedly with shallow marine environments.

The Magallanes/Austral Basin is a high latitude foreland basin that
has been the subject of extensive geological research, largely focused on
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its marine stratigraphy and basin-scale sedimentary evolution (Arbe and
Hechem, 1984; Biddle et al., 1986; Macellari et al., 1989; Malkowski
et al., 2017; Moyano-Paz et al., 2018). Upper Cretaceous successions in
the basin include deep-to shallow-marine deposits as well as coastal
facies (Mella, 2001; Tettamanti et al., 2018). However, despite the wide
extent of continental and coastal outcrops, fluvial systems, particularly
those of the Dorotea Formation and related Upper Cretaceous conti-
nental units, have received comparatively limited attention, especially
with respect to their internal architecture, channel morphology, and
depositional organization (Leppe et al., 2012; Tettamanti et al., 2018;
Moyano-Paz et al., 2018; 2021; Chimento et al., 2020).

In this work, we address this knowledge gap by examining a fossil-
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Fig. 1. Distribution of the Magallanes Basin formations (Tres Pasos, Dorotea, and Man Aike Formations) in the north of Rio de las Chinas Valley. The studied lo-
calities corresponding to “El Puesto” and “Saurépodo” have been represented. In addition, the general map of Chile highlights the location of the Rio de las

Chinas Valley.
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rich Upper Cretaceous fluvial succession from the Magallanes/Austral
Basin using an integrated sedimentological and paleontological
approach. The working hypothesis of this study is that fluvial deposits in
high-latitude foreland basins record complex depositional architectures
that reflect both upstream sediment supply and downstream marine
influence. The main objective of this work is to characterize the depo-
sitional style and organization of these continental systems. Specific
objectives include: (i) describing fluvial facies and channel architectures
to constrain fluvial style and sediment dispersal patterns; (ii) evaluating
the relationship between fluvial deposits and adjacent shallow-marine
environments; and (iii) using paleobotanical assemblages to infer cli-
matic conditions during the Late Cretaceous. Together, these objectives
aim to improve our understanding of continental depositional systems
and their controlling factors in high-latitude foreland basin settings.

2. Material and methods

In order to address the objectives outlined in the introduction, a
study area was defined and an integrated methodological approach was
designed to investigate the sedimentological, stratigraphic, and pale-
ontological characteristics of the studied deposits. This approach com-
bines detailed field-based sedimentological analyses with
paleontological, taphonomic, and palynological studies, allowing for a
comprehensive reconstruction of the depositional environments and
fossil assemblages within a stratigraphic framework that explicitly
considers fluvial-marine interactions.

The studied area is in the Rio de las Chinas Valley, approximately
350 km north of Punta Arenas, Ultima Esperanza Province, in the
Magallanes Region, Chile (Fig. 1). Geological and paleontological ana-
lyses were made in two sites located at the eastern flank of the Rio de las
Chinas Valley: “El Puesto” and “Saurépodo”. These localities were
selected due to their excellent exposure of laterally continuous
continental-coastal sucessions and their stratigraphic overlap within
Upper Cretaceous depositional sequences.

A total of 12 stratigraphic sections, ranging from 20 to 200 m in
thickness, were measured and logged across the two study areas. These
sections were subsequently integrated into a composite stratigraphic
section approximately 750 m thick. Lateral correlation between the El
Puesto and Saurdpodo sections was established using a combination of
stratigraphic criteria, including the identification of regionally traceable
marker beds, distinctive lithological packages, bounding surfaces asso-
ciated with transgressive and regressive events, and overall stacking
patterns of facies associations. Correlations were further supported by
the relative stratigraphic position of key marine and continental facies
and by spatial analysis using high-resolution satellite imagery (Google
Earth). This integrated approach allowed the construction of a single
composite stratigraphic section that captures both vertical and lateral
variability of the fluvial and coastal systems, rather than relying solely
on channel-scale correlations. Stratigraphic sections and associated
photographic documentation were prepared using Adobe Illustrator CC
software. Paleocurrent measurements (n = 233) were obtained from
trough cross-bedding in point-bar and longitudinal-bar deposits and are
presented as rose diagrams.

Fieldwork included detailed descriptions of lithology, bed geometry,
thicknesses, sedimentary structures, mean grain size, sorting, paleo-
current measurements, fossil content and taphonomic data. Facies
characterizations were based on the descriptions of Miall (2000). Facies
associations are explicitly defined in this study as recurrent, genetically
related groupings of facies that reflect specific depositional
sub-environments (e.g., channel fills, floodplain deposits, crevasse
splays, and coastal plain settings). The criteria used to define facies as-
sociations include lithology, sedimentary structures, architectural ele-
ments, paleocurrent patterns, fossil content, and taphonomic attributes.

The analysis of fluvial deposits was conducted within a sequence-
stratigraphic framework, explicitly accounting for the presence of mul-
tiple depositional sequences and the repeated juxtaposition of fluvial,
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coastal plain, and shallow-marine facies. The nomenclature of deposi-
tional sequences follows Manriquez et al. (2019), with particular
emphasis on sequences 3, 4, 5, and 6 (Fig. 2). Rather than treating the
fluvial system as a single uninterrupted entity, fluvial facies and archi-
tectures were analyzed in relation to bounding surfaces and changes in
accommodation associated with relative sea-level fluctuations. This
approach allows evaluation of how marine transgressions and re-
gressions influenced fluvial style, channel preservation, and floodplain
development through time.

The fossils discussed in this study were collected during paleonto-
logical expeditions in the Rio de las Chinas Valley, Chilean Patagonia.
These fossils correspond to specimens of plants and vertebrates that are
currently deposited in the Paleontological Collection of Patagonia and
Antarctica (CPAP) at the Instituto Antartico Chileno (INACH), located in
Punta Arenas, Magallanes Region, Chile and also in the Paleontology
Collection of the National Museum of Natural History (MNHN) in San-
tiago, Chile. Taphonomic analyses of the fossil macroflora assemblage
recovered during the paleontological expeditions were carried out based
on morphological and systematic descriptions of fossil leaves and plant
fragments, using the methodology and nomenclature of Greenwood
(1991) and Gastaldo (2001). In addition, palynological analyses were
also carried out at two sites (Fig. 1), where the sediments were processed
using standard methodology for extracting and preparing palynomorphs
(Wood et al., 1996; Jones and Rowe, 1999). The palynological slides
were analyzed using a Carl Zeiss Axioscope 40X optical microscope and
photographs were taken with a Cannon A740 camera. The palynological
preparation residues were permanently mounted on slides and stored in
the CPAP - INACH collection. Vertebrate fossils found in surface layers at
different locations in the Rio de las Chinas Valley were also corroborated
with the taphonomic analyses.

3. Geological setting

The Magallanes/Austral foreland basin developed during the Late
Jurassic to Early Cretaceous (Natland et al., 1974; Wilson, 1991; Fildani
et al., 2003; Malkowski et al., 2017; Cuitino et al., 2019), in association
with rifting related to the breakup of Gondwana (Cuitino et al., 2019),
and the opening of the South Atlantic Ocean (Biddle et al., 1986; Har-
ambour and Soffia, 1988; Mella, 2001). The basin covers part of the
Chilean provinces of Ultima Esperanza and Magallanes, and the
Argentine provinces of Santa Cruz and Tierra del Fuego (Mella, 2001;
Ghiglione et al., 2009; Tettamanti et al., 2018; Varela et al., 2019). The
basin has up to 8000 m of sediment at the depocenter. Its filling started
with deep water marine deposits (turbiditic systems) and evolved into
coastal and continental environments (Mella, 2001; Tettamanti et al.,
2018).

In Santa Cruz province (Argentina), the uppermost continental
Cretaceous deposits are exposed in the southwestern sector, associated
to the Chorrillo, La Irene, and Cerro Fortaleza formations (Macellari
et al., 1989; Tettamanti et al., 2018; Moyano-Paz et al., 2021). These
deposits are interpreted as a product of meandering and braided fluvial
systems (Tettamanti et al., 2018; Varela et al., 2019; Moyano-Paz et al.,
2022).

In Chile, the upper Campanian to Danian deposits (Dorotea Forma-
tion) are 1250 m thick. These deposits originated in shallow marine and
continental environments (Covault et al., 2009; Hubbard et al., 2010;
Schwartz and Graham, 2015; Schwartz et al., 2016; Gutiérrez et al.,
2017; George et al., 2020; Manriquez et al., 2019; 2021; Fosdick et al.,
2020; Rivera et al., 2020). The fossil record of the Dorotea Formation
includes abundant marine invertebrates (bivalves, ammonites, gastro-
pods) and vertebrate remains (non-avian dinosaurs, birds, turtles, frogs,
mammals, sharks, and marine reptiles) as well as, fossil plants (leaves
and trunks) (Katz, 1963; Cortés, 1964; Schwartz and Graham, 2015;
Manriquez et al., 2019, 2021; Trevisan et al., 2020; Alarcén-Munoz
et al., 2020, 2023; Goin et al., 2020; Martinelli et al., 2021; Suazo and
Gomez, 2021; Soto-Acuna et al., 2021; Davis et al., 2023; Martinez et al.,
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Fig. 2. General stratigraphy column with the depositional sequences, systems tracts, facies and depositional environments. The continental levels of the Rio de las
Chinas Valley (modified from Manriquez et al., 2019, 2021) are highlighted with colors.

2023; Piischel et al., 2025).

In the Rio de las Chinas valley several vertebrates were also collected
in continental deposits, including sauropod, theropod, and ornithischian
dinosaurs, such as the hadrosauroid Gonkoken nanoi (Soto-Acuna et al.,
2014, 2016a; Atisha-Gonzalez et al., 2022; Bravo-Ortiz et al., 2022;
Amudeo-Plaza et al., 2022; Davis et al., 2023; Alarcon-Munoz et al.,
2023). Among the ornithischians, the discovery of Stegouros elengassen
stands out, as it represents the first species of ankylosaur named in South
America (Soto-Acuna et al., 2021). In addition, finds of freshwater tur-
tles (Alarcon-Munoz et al., 2020), and the mammals Magallanodon bai-
kashkenke (Goin et al., 2020), Orretherium tzen (Martinelli et al., 2021),
and Yeutherium pressor (Piischel et al., 2025) have been reported.

The Dorotea Formation overlies the Tres Pasos Formation (Campa-
nian; Romans et al., 2011; Auchter et al., 2016), and underlies the Man
Aike Formation (Middle Eocene; Malumian, 1990; Camacho et al., 2000;
Marenssi et al., 2003; George et al., 2020). Towards the top of the
Dorotea Formation and under the Man Aike Formation there is a
regional Paleogene unconformity developed throughout the basin. This
unconformity has been previously interpreted as the product of wide-
spread erosion due to Paleocene Patagonian Andes uplift (Biddle et al.,
1986; Fosdick et al., 2011). In the Rio de las Chinas Valley, the
maximum depositional age was determined for the upper section of the

Dorotea Formation, corresponding to 66 — 63 Ma interval (upper
Maastrichtian to Danian; George et al., 2020), including the K/Pg
boundary (Manriquez et al., 2024). Manriquez et al. (2019, 2021)
recognized seven third-order depositional sequences in the Rio de las
Chinas Valley. Each sequence presents abrupt limits marking environ-
mental changes from marine to continental deposits due to the relative
sea-level base drop. The lowstand system tract (LST) is formed by con-
tinental facies, and transgressive and highstand system tracts (TST and
HST) include marine facies, represented by foreshore, shoreface and
offshore transition deposits (Manriquez et al., 2019).

4. Results

The studied area consists of a 750 m-thick sedimentary succession
that contains 3 facies associations inside four third-order depositional
sequences (Figs. 2 and 3). These continental facies (Table 1) are indic-
ative of channel bars of braided and meandering rivers corresponding to
30% of deposits, while 70% of these deposits show a wide floodplain.
These deposits are interpreted as a LST, as originally proposed by
Manriquez et al. (2019). Additionally, continental deposits recognized
within the HST indicate progradation and an increased continental in-
fluence during highstand conditions. The marine facies association were
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Fig. 3. Stratigraphic profile of the continental depositional sequences 3 to 6. (A-C) Stratigraphic profiles of sequences 3,4 and 5, showing the sinuous and braided
channels within floodplain deposits (oxbow lake and crevasse splays). (D-E) Stratigraphic profiles of sequence 5 and 6 showing the wide mud floodplain with crevasse
splays, swamp and scattered pointed bar deposits. Abbreviations: Mst: Mudstones, Sst: Sandtones, Ggt: Conglomerate, VA: vertical accretion, FA: frontal accretion,

LA: lateral accretion.

described in Manriquez et al. (2021), and characterize the high-energy
shallow marine deposits that intercalated with continental deposits.
These deposits represent TST and HST, which indicate the wide upper
shoreface and foreshore, and tidal channel deposits (Manriquez et al.,
2019, 2021).

4.1. Facies association
4.1.1. Longitudinal bars facies association

4.1.1.1. Description. The longitudinal bars facies association consists of
conglomerate and gravelly to coarse-grained sandstones (Gm, Gt, and Stf
facies, Table 1). This facies association can form either continuous levels
with a lateral extension more than 7 km long and up to 20 m-thick
(measured longitudinally to the paleoflow direction), or several
disconnected minor lenses (162 to 390 m-long by 5 to 10 m-thick)
separated by floodplain mudstones (Figs. 4A and 1- see supplementary
material). Internally, they are formed by lenticular beds of conglomer-
ates and coarse sands poorly sorted and with normal grading. These beds
are elongated/lenticular and separated by erosive surfaces with a low
dip (<10°), coinciding with the direction of the medium to large -scale
trough cross-beddings (0.3 to 1.5 m-thick). The conglomerate beds
present imbricated clast, wood debris, and coarse-to medium-grained
trough cross-bedding sandstone lenses (Fig. 4B, C, D). Paleocurrent data
from trough cross-bedding in these facies indicate northeast, east, and
southward sediment transport (Fig. 2).

4.1.1.2. Interpretation. The lenticular geometry, presence of coarse
granulometry with trough cross-bedding, imbricated clasts, finning-
upward cycles, and low paleocurrent dispersion pattern suggest that
this facies association consists of channel bars of braided streams (Smith,

1984; Reinhardt et al., 1986; Scherer and Lavina, 2005, 2006). The
coincidence between the erosive surfaces' dip angles, the associated
cross-bedding’s general direction, and the absence of sigmoidal surfaces,
suggests frontal accretion and correspondence with longitudinal bar
architectural elements (Harms et al., 1982; Ashmore, 1991; Eberth and
Miall, 1991; Miall, 2000; Finzel and McCarthy, 2005; Scherer et al.,
2007; Pyrcz, 2015). The conglomerate cycles ended with sandstone
lenses at the top, are associated with frontal accretion at the top of the
bars.

4.1.2. Point bar facies association

4.1.2.1. Description. The point bar facies association form large lenses
up to 4 m-thick and 50 to 300 m long measured longitudinally to the
paleoflow direction, always in erosive contact with the mudstone facies
(Figs. 5B, 6A and 1- see supplementary material). They are formed by
lenticular beds of fine grained to gravelly sandstones with medium to
large-scale trough cross-bedding (0.5 to 1.4 m-thick) and massive
granule/pebbles conglomerate lenses (Stf, Table 1, Figs. 5C and 6B, C,
D). The sandstones present moderate to poorly sorted and normal
grading. The diagnostic feature of these facies is the presence of inclined
erosive surfaces with angles less than 20°. When this general inclination
is compared with the trough cross-bedding direction, in the transverse
sections to the flow, they present a general sigmoidal shape (Fig. 5B). In
parallel cuts to the flow direction, they may show a slight upward
convexity. Paleocurrent data from trough cross-bedding indicate north,
northeast, east, south and southwestward sediment transport, along the
succession (Fig. 2).

This facies is very fossiliferous. A Stegouros elengassen skeleton and
isolated bones of sauropods, freshwater turtles (cf. Yaminuechelys sp.),
and frogs were found (Fig. 7A; see Table 2 for details).
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Table 1
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Description and interpretation of continental and marine deposits of the Rio de las Chinas Valley. Localities: El Puesto and Saurépodo. DP: Depositional sequences
(Manriquez et al., 2019).

Facies Sedimentary facies Sedimentary characteristics Depositional processes Environment
code
Fm Massive mudstone Greenish gray, yellowish brown, and dark gray =~ Suspension (Collinson, 1996; Schnurrenberger Floodplain (Miall, 2000; Boggs,
mudstone. Massive to incipient horizontal et al., 2003). Beadload (e.g., Wakelin-King and 2006; Nichols, 2009).
lamination. Scarce thin lenses of fine grained Webb, 2007; Wright and Marriott, 2007; Dasgupta
sandstone. Locally, carbonaceous mudstones. et al., 2017).
Tabular beds and lenticular lenses. Organic (Vertical accretion).
matter. Load cast. Paleosols with rhizolites. Vegetated swamp deposits (Spackman, 1974;
Coal lenses. Plant fossils and vertebrates. Cohen, 1984; Gleason and Stone, 1994; Miall,
Thickness: 0.2 to 20 m 1996; Orem and Finkelman, 2003)
DP: 3,4,5 and 6
R Rhythmite Intercalation of whitish gray sandy mudstone Suspension (Le Hir et al., 2011; Talbot and Allen, Floodplain
and claystone. Coal lamina and muddy to very ~ 1996) Oxbow lakes and lagoon (Miall,
fine-grained sandstone lenses. Plant fossils and (Vertical accretion) 2000; Nichols, 2009).
vertebrates.
Thickness: 0.7 to 2.5 m
DP: 4 and 5
Srf Ripple cross- Fine grained sandstones. Moderately sorted. Suspension/bedload transport (Le Hir et al., 2011; Floodplain
lamination sandstones Ripple cross-lamination. Laterally extended Talbot and Allen, 1996) and lower flow regime ( Crevasse-splay deposits — Natural
lenticular beds. Miall, 2000). breach levees (Miall, 2000).
Thickness: 0.1 to 0.5 m Unconfined flow.
DP: 3 and 4
Sm Massive sandstones Whitish-gray silty to medium -grained Bedload transport (Le Hir et al., 2011; Talbot and Floodplain
sandstones. Moderately sorted. (1) massive Allen, 1996). Crevasse-splay deposits
with scattered clast or (2) diffuse lamination Hyperconcentrated density flow (Drake, 1990; Mass flow associated with the
with inverse and normal grading. Lenticular Miall, 2000; Mulder and Alexander, 2001) rupture of natural levee (Hughes and
beds. Plant fossils and vertebrates. (1) Frictional shear regime: moderate shear stress Lewin, 1982; Miall, 2000, 2002;
Thickness: 0.8 to 1.6 m rate, collision-free grain friction. Nichols, 2009).
DP: 4 (2) Collision shear regime: high shear stress rate,
intense grain collision (traction carpets).
Shf Horizontal lamination Whitish-gray silty to medium-grained Suspension intercalated with bedload transport. Fluvial floodplain
sandstones. sandstones. Moderately sorted. Horizontal Plane-bed flow (associated with low-energy Crevasse-splay deposits — Natural
lamination. Laterally extended lenticular beds. turbulent flow) (Le Hir et al., 2011; Talbot and breach levees (Miall, 2000).
Local ripple cross-lamination sandstones. Allen, 1996). Unconfined flow
Plants fossils and vertebrates.
Thickness: 0.3 to 1 m
DP: 3 and 4
Stf Trough cross-bedding Fine to gravelly sandstones. Moderately to Bedload transport (Le Hir et al., 2011; Talbot and Channel deposits:
sandstones poorly sorted. Trough cross-bedding. Fine Allen, 1996). 1) Lateral accretion; sinuous channel
grained-conglomerate lenses. Lenticular beds. Unidirectional high-energy turbulent flow (Harms  and crevasse channel (Miall, 2002).
Finning-upward. Inclined erosive surfaces. et al., 1982) 2) Frontal accretion: braided channel
(1) Internal, with irregular or inclined erosive (longitudinal bars) (Miall, 2000,
surfaces (sigmoidal surfaces). DP: 3, 4 and 5. Finzel and McCarthy, 2005).
Thickness: 0.2 to 1.20 m;
(2) Internally inclined erosive surface with
small dip. DP: 3, 4 and 5. Thickness: 0.5 to
1.40 m.
Vertebrates and wood fossil remains.
Gt Trough cross-bedding Clast-supported, poorly sorted, polymictic Unidirectional high-energy turbulent flow. (Ramos  Braided channel-bar deposits
conglomerate conglomerate (quartz, plagioclase and and Sopena, 1983; Longitudinal bar (Ashmore, 1991;
volcanic lithics). Clast size: 2 to 10 cm; modal Miall, 2000; Eberth and Miall, 1991; Miall, 2000;
size: 5 mm. Matrix is coarse- to very coarse- Scherer et al., 2007). Finzel and McCarthy, 2005; Scherer
grained sandstone. The clasts are sub-discoidal =~ Bedload gravel deposited by clast-by-clast et al., 2007; Pyrcz, 2015).
to sub-prismoid, and sub-angular. Crudely accretion during higher discharges (Finzel and
horizontally stratified or massive sheets. McCarthy, 2005).
Imbricated clasts. Finning-upward lenticular
beds. Coarse to medium-grained sandstone
lenses (St facies). Wood fossils.
Thickness: 0.30 to 1.50 m
DP: 3,4 and 5
Gm Massive conglomerate Clast-supported, poorly sorted, polymictic Unidirectional high-energy turbulent flow. (Ramos  Braided channel-bar deposits
conglomerate (quartz, plagioclase and and Sopena, 1983; Longitudinal bar (Smith, 1984;
volcanic lithics). Clast size: 1 to 8 cm; modal Miall, 2000; Reinhardt et al., 1986; Miall, 2000;
size: 4 mm. Matrix is coarse- to very coarse- Scherer et al., 2007). Scherer and Lavina, 2005, 2006).
grained sandstone. The clasts are sub-discoidal ~ Bedload gravel deposited by clast-by-clast
to sub-prismoid. Imbricated clasts. Finning- accretion during higher discharges (Finzel and
upward lenticular beds. Coarse to medium- McCarthy, 2005).
grained sandstone lenses (St facies). Wood
fossils.
Thickness: 0.20 to 1.20 m
DP: 3,4 and 5
Stw Trough cross-bedding Medium to very coarse-grained sandstone. Combined-flow dunes: unidirectional turbulent Upper shoreface (longshore drift) (

sandstones

Moderately to well-sorted. Medium scale
trough cross-bedding, and locally massive.

flow (Myrow and Southard, 1991; Kleinhans,
2004) associated with high energy wave action (

McCubbin, 1982; Johnson and

(continued on next page)
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Facies Sedimentary facies Sedimentary characteristics Depositional processes Environment
code
Associated with conglomerate lenses and thin McCubbin, 1982; Johnson and Baldwin, 1996; Baldwin, 1996; Reading and
extensive pebble sheets. Normal and inverse Reading and Collinson, 1996). Oscillatory Collinson, 1996).
grading inside of the lamina. Thin coal lenses. ~ asymmetric wave ripples (De Raaf et al., 1977)
Calcareous concretions. Elongated lenticular
beds. Locally (sequence 5) ripple cross-
lamination in medium-grained sandstone.
Thickness: 1 mto 1.5m
DP: 3,4,5and 6
Sbio Fossil-rich sandstone Medium-grained to gravelly sandstone. High-energy wave action (Myrow and Southard, Breaker zone (transgressive wave-
Moderately to poorly sorted. Abundant marine 1991; Li and Amos, 1999) . ravinement surfaces) (Myrow and
body fossil fragments. Massive. Locally Southard, 1991; Li and Amos, 1999)
medium scale trough cross bedding. ).
Calcareous concretions. Elongated lenticular
beds.
Thickness: 0.05 to 0.3 m
DP: 4
Shw Medium to coarse- Moderately to well-sorted; fine-grained Upper flow regime (Van de Meene et al., 1996; Foreshore (Van de Meene et al.,
grained sandstone with ~ conglomerate lenses. Horizontal lamination Johnson and Baldwin, 1996) 1996; Johnson and Baldwin, 1996)
horizontal lamination with low angle truncation. Lenticular units.
Cone in cone.
Thickness:0.2 to 10 m
DP: 3
Fh Mudstone, horizontal Dark, violet and gray. Marine invertebrates Suspension (Greenwood and Xu, 2001) Offshore conditions (De Raaf et al.,
lamination and vertebrates. 1977; Greenwood and Xu, 2001).
Thickness: 7 to 10 m
DP: 3
Stt Trough cross-bedding Fine to medium-grained sandstones. Combined-flow dunes: unidirectional turbulent Tidal current in tidal channel
sandstones with flaser- Moderately-sorted. Medium scale trough flow (Myrow and Southard, 1991; Kleinhans, (channel-bars) (De Mowbray and
bedding cross-bedding with mud drapes and mud clasts ~ 2004) associated with oscillatory ripples. Visser, 1984; Longhitano et al.,
on the foresets. Mud lamina. Thin beds (<10 Mud drapes deposition during slackwater periods 2012).
cm) of rippled sand with mud drapes (flaser and lower-energy times (Klein, 1970; De Mowbray
bedding). Elongated lenticular beds. Marine and Visser, 1984; Willis, 2005; Longhitano et al.,
invertebrates and vertebrates. 2012).
Thickness: 0.6 to 0.8 m.
DP: 4
Srt Ripple cross- Medium grained sandstone. Moderately to Oscillatory flow (De Raaf et al., 1977). Tidal channel bars (Dalrymple and

lamination sandstone

well-sorted. Lenticular beds.
Thickness: 0.3 m
DP: 4

Wave action on the upper part of tidal channel bars

(Dalrymple and Choi, 2007; Longhitano et al.,
2012)

Choi, 2007; Longhitano et al., 2012)

4.1.2.2. Interpretation. The lenticular sandstone bodies with normal
grading, moderate-to poorly-sorted and trough cross-beddings have
been attributed to deposition in migrating fluvial bars and channels
(Reinhardt, 1980; Smith and King, 1983; Smith, 1984; Reinhardt et al.,
1986). The inclined erosive surfaces with sigmoidal shapes in a trans-
verse section (in relation to flow direction) correspond to lateral ac-
cretion surfaces (Miall, 2000; Willis and Tang, 2010). This geometry is
associated with sinuous channels (meandering rivers) related to point
bar architectural elements (Nanson and Croke, 1992; Smith et al., 2009;
Willis and Tang, 2010; Durkin et al., 2020).

The Shf and Srf facies lenticular beds, which are directly connected
to the upper part of the point bar deposits, correspond to the partial
preservation of the natural levee deposits.

4.1.3. Floodplain facies association

4.1.3.1. Description. The floodplain facies association consists of
massive mudstones (Fm) and rhythmite (R) facies (C; Table 1), associ-
ated with lenticular sandstones and with trough cross-beddings (Stf),
tabular massive sandstones (Sm), and with ripple cross- and horizontal
lamination sandstones (Srf and Shf). The massive mudstones (Fm) are
the dominant lithology (Fig. 3), and are comprised of greenish gray,
yellowish brown, and gray mudstones in 0.2 to 20 m-thick levels, and
with a lateral extension of 5 km or more (Fig. 8A, B, E). Layers with Fe
nodules and roots (rhizoliths) are relatively common. Lenticular in-
tercalations of thin layers (1 to 5 mm) of claystone and whitish gray
sandy siltstone (R facies) form packages up to 2.5 m thick and 10 to 30 m
long (Fig. 8C). Inside the Stf, R and Fm facies there are thin carbon

lenses. A 1 m-thick carbonaceous mudstone bed with at least 1 km of
lateral extension is preserved in sequence 6 (Fm facies, Fig. 8D). In
general, the Fm and R facies consist of tabular and lenticular beds with
lateral extensions from a few hundred meters to 3 km.

Many levels of the Fm facies preserve abundant plant impressions,
and disarticulated sauropod, anurans and turtle bones (Figs. 2 and 3).
The R facies has palynological content, abundant plant impressions (tree
branches, stems, roots, and leaves), remains of trunks such as Austro-
ginkgoxylon dutrae, Agathoxylon antarcticum, Podocarpoxylon paradoxi,
Podocarpoxylon mazzonii, Palmoxylon subantarcticae and Notomalva-
ceoxylon magallanense, and dinosaur remains such as Gonkoken nanoi
bones (Tables 1 and 2).

4.1.3.2. Interpretation. The mudstone deposits are products of suspen-
sion processes (Collinson, 1996; Bridge, 2006) and substantial fraction
of the mud is transported and deposited as traction load (e.g., Wake-
lin-King and Webb, 2007; Wright and Marriott, 2007; Dasgupta et al.,
2017). The environmental context highlights the presence of abundant
plant fragments and bones of terrestrial vertebrates, as well as large
sandy and gravelly lenses (Stf and Gt facies) associated with sinuous and
braided channels, features that allow its association with floodplain
deposits. Muddy facies are related to channel overflow during rainy
periods (and, although less likely in a warmer period, spring thaw),
where fine sediments are deposited (Marzo, 1992). These fine sediments
are carried in suspension by the flood waters and distributed over broad
plains lateral to the channels, constituting different sub-environments.
As flow decelerates, the fine sediments are deposited as bedload
(Wakelin-King and Webb, 2007). Deposition from overbank waters
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Fig. 4. Longitudinal bars facies association. (A) Elongated lenticular units of conglomerates (Gm facies) separated by floodplain mudstones (vertical accretion, Fm
facies). (B) Conglomerate beds with very coarse-grained sandstone lenses, with trough cross-bedding (St facies associated), and with erosive contact between Gt facies
and Fm facies. (C) Detailed image of massive conglomerate. (D) Gravelly sandstone levels with trough cross-bedding. Abbreviations: VA: vertical accretion, FA:

frontal accretion.

results in sediment up building by vertical accretion (Miall, 2000). The
presence of discrete root horizons (rhizoliths) is associated with poorly
developed paleosols (Retallack, 2001). Gray colors and the presence of
Fe/Mn nodules indicate reductive conditions in soils located in low
zones, possibly water-logged (Retallack, 2001). Rhythmite lenses
correspond to both temporary lagoons and abandoned channel (oxbow
lake) deposits (Smith, 1984; Miall, 2000; Boggs, 2006). Lagoon deposits
tend to be thinner and more elongated while abandoned channel de-
posits are narrower and thicker (up to 1.5 m).

4.1.3.3. Levee and crevasse splay deposits

4.1.3.3.1. Description. The deposits consist of horizontal lamination
(Shf), ripple cross-lamination (Srf), massive (Sm), and trough cross-
bedding (Stf) sandstones (Fig. 9A, B, C; Table 1). They have lenticular
geometry, and its thickness varies from a few centimeters to 1.6 m.

The Shf and Srf facies occur as very extended lenses within the Fm
facies, and on top of the Stf facies associated with sigmoidal erosive
surfaces (point bar deposits). At the top of the point bars, they form
accumulations up to 70 cm thick. When intercalated with the floodplain
mudstones, but still close to the channels, the Shf and Srf facies form
lenticular layers up to 30 m long and 20 to 70 cm thick (Fig. SA-D).

The Sm facies occur in two distinct contexts: (1) massive beds of silty
to fine-grained sandstones with dispersed granules, small pebbles, and

organic clasts, and (2) presenting a diffuse lamination formed by
laminae with normal and inverse grading (Fig. 9D and E). An exotic
element characteristic of this facies is the presence of scattered bones of
reptiles, non-avian dinosaurs, birds, frogs, and mammals (Fig. 7; see
details in Table 2).

4.1.3.3.2. Interpretation. The silty to medium-grained sandstone
deposits are a product of a suspension process intercalated with bedload
transport (Talbot and Allen, 1996; Collinson, 1996; Bridge, 2006; Le Hir
et al., 2011), associated with natural levee and crevasse splay deposits
on the floodplain (Hughes and Lewin, 1982; Miall, 2000, 2002; Nichols,
2009). When the rupture of marginal levee involves smaller volumes
and/or predominance of bedload transport, the overflow forms small
shallow channels (lenticular St facies; crevasse-channel) or expands as
an unconfined flow (Shf and Srf facies), within the floodplain (Hughes
and Lewin, 1982; Miall, 2000; Nichols, 2009).

If the sediment/water mixture acquires density flow characteristics
(Sm facies), more continuous beds are formed (DeCelles et al., 1991;
Finzel and McCarthy, 2005). The presence of strata without
cross-lamination, parallel lamination and climbing ripples, such as
massive sandstones beds, are associated with hyperconcentrated density
flow. The massive sandstones with scattered granules, small pebbles,
and bones are associated with these flows, where shear stress rate is
moderate, with friction between grains occurring without collisions (e.



L.M.E. Manriquez et al.

Evolving Earth 4 (2026) 100124

Fig. 5. (A) The larger architectural elements correspond to the laterally continuous flood plain mudstone facies (low relief) and the point bars (lenses that stand out
in the topography). The fine-grained sandstone accumulation at the top of the point bar (yellow arrow) corresponds to natural-levee deposits. The thinner lenses of
sandstone immersed in mudstone (green arrow) correspond to crevasse-channel deposits, and more continuous and thin sandstone beds (blue arrow) are associated
with crevasse splays. Floodplain deposits (vertical accretion) predominate in moments of greater accommodation/sediment supply (A/S) ratio, and with the point
bars more widely spaced. The reduction in A/S allows for a greater concentration of sandy deposits as the channels migrate laterally, but without aggradation or with
very slow aggradation (Ramon and Cross, 1997). In the channel-belt indicated in the middle part, it is possible to observe the lateral migration with low aggradation.
(B) Point bar deposits. The white lines (sigmoidal erosive surfaces) delimit the lateral accretion surfaces. At this level an articulated Stegouros elengassen skeleton was
found. (C-D) Trough cross-beddings: (C) In the point bar. (D) In the crevasse-channel. Abbreviations: VA: vertical accretion, LA: lateral accretion.

g., Drake, 1990; Mulder and Alexander, 2001). Furthermore, rafting is
common in these flows, and can transport large blocks (in this case, a
skeleton of an articulated ornithischian, see Table 2) over considerable
distances (Mulder and Alexander, 2001).

In turn, layers with diffuse inverse to normal grading (traction car-
pets; Sohn, 1997) are associated with high shear stress and intense grain
collision, grain flow or hyperconcentrated density flow (e.g., Drake,
1990; Mulder and Alexander, 2001). The main mechanism for deposi-
tion from these hyperconcentrated density flows is frictional freezing
resulting from grain-to-grain interaction (Kneller and Branney, 1995;
Lee, 2019).

In the context of fluvial sedimentation, the occurrence of both diffuse
lamination and massive sandstones are compatible with the existence of
fast and intermittent density flows, triggered by ruptures of marginal
levee during intense rainstorms (Mulder and Alexander, 2001).

4.2. Fossil plant remains in floodplain deposits

The fossil flora in Fm facies is composed mainly of pteridophyte,
pteridosperm, gymnosperm, and angiosperm leaves (sequence 5; see
Table 2 for details). Plant macrofossils include leaves, stem fragments
and other structures such as reproductive organs (e.g., cones, fruits and
seeds). Pteridosperms are abundantly represented by taenopterid-type
leaves (Fig. 10A). Gymnosperms show taxonomic affinities with Arau-
cariaceae and Podocarpaceae (Fig. 10B). Angiosperm leaves show af-
finities with Nothofagaceae and other families like Lauraceae
andMalvaceae (Fig. 10C). Towards the top of the succession (Fig. 2),
fewer leaf morphotypes have been identified. Leaves found at this facies
are highly fragmented and occur associated with abundant plant debris
(Fig. 10D). Fern pinnae and angiosperms have been recorded too.
Among the angiosperm remains, Nothofagaceae constitutes the most
abundant element in this section. In addition, some isolated gymno-
sperm remains (large-sized leaves and delicate reproductive structures
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Fig. 6. Point bar facies association. (A) Yellow arrows indicate elongated lenticular beds of sandstone with trough cross-bedding (lateral accretion, St facies), within
massive mudstone facies (vertical accretion, Fm facies). (B) Medium-grained sandstone with trough cross-bedding representing a bar-channel deposit. (C) Coarse-
grained sandstone with trough cross-bedding. (D) Medium-grained sandstone with trough cross-bedding, where disarticulated sauropod bones were found. Ab-

breviations: VA: vertical accretion, LA: lateral accretion.

related to Araucariaceae) were also found (Fig. 10E).

In the R facies, abundant fragments of plant impressions and paly-
nological content have been recognized (see Table 2 for details). In the
sequence 4, pteridophyte macrofossils are abundant, including the
extinct genus Cladophlebis, together with representatives of Equisetales
and, the Dicksoniaceae and Gleicheniaceae families (Fig. 10F). Aquatic
fern roots and rhizomes are very abundant as well as Equisetales ribbed
stems. Angiosperms are represented by monocotyledonous leaves
(assigned tentatively to Poales cf. Typhaceae, Ctneo et al., 2014;
Fig. 10H) and dicotyledonous leaves (Fig. 10G-I). The palynological
content (sequence 4, Figs. 2 and 3) associated with the previously
mentioned plant macrofossils material is characterized by the high
percentage of ferns. The dominant elements correspond to spores with
affinities to Cyatheaceae and Gleicheniaceae. In the assemblage there is
also pollen attributable to Podocarpaceae, Araucariaceae and Protea-
ceae (Fig. 11). The taxa Cyathidites and Gleichenidites are the most
abundant miospores, comprising a 40% of the assemblage (Table 1- see
supplementary material).

In sequence 5, fossil wood remains and moderate to well-preserved
palynomorphs were recovered at a level of hadrosaur bones (Figs. 2, 3
and 7; see Table 2 for details). The palynomorphs in this level are related
to gymnosperm families Araucariaceae and Podocarpaceae. Angio-
sperms related to Arecaceae, Proteaceae and Ericaceae families were
identified. In addition, a smaller percentage of spores associated with
the Blechnaceae, Gleicheniaceae and Cyatheaceae families are present
in this assemblage (Fig. 11). Araucariacites and Arecipites are the most
abundant miospores in this facies, which represents 40% of the assem-
blage, followed by 23% of Podocarpaceae (Table 1- see supplementary
material).
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4.3. Shallow marine facies association
4.3.1. Shallow marine facies association

4.3.1.1. Description. These deposits are characterized by medium to
coarse-grained sandstones (Stw and Sbio, Table 1, Fig. 12A, B, D) with
medium to large-scale trough cross-bedding (0.3 to 1.5 m-thick), ripple
cross-lamination, horizontal lamination (Shw, Table 1, Fig. 12B), and
mudstones with horizontal lamination (Fh, Table 1). They form lentic-
ular beds with a great lateral extent (more than 5 km), limited by erosive
surfaces. The sandstones beds are quartz-rich sandstones, with minor
feldspars. These deposits preserve abundant fossils of marine vertebrates
and invertebrates, as like as, bivalves, gastropods, shark teeth, plesio-
saurs and mosasaurs bones. The bioturbations occur with moderate to
low intensity, represented by ichnofabric of Ophiomorpha, Skolithos, and
Thalassinoides. Paleocurrent data indicate main sediment transport to
the S-SE and subordinately to the N-NE. The grayish purple to gray
mudstones preserves osteoderm fragments, shark teeth and plesiosaurs
isolated bones.

4.3.1.2. Interpretation. The medium-to coarse grained sandstone and
conglomerate deposits are interpreted as a product by combination of
unidirectional traction flows (currents) and wave-induced oscillatory
flows (Perillo et al., 2014), forming 3D-dunes related to longshore cur-
rents in upper shoreface (McCubbin, 1982; Johnson and Baldwin, 1996;
Reading and Collinson, 1996). The dominant paleocurrent direction
(south-southeast and north-northeast) indicates longshore currents
parallel to the coast (Manriquez et al., 2021). The fine sediments are
associated with suspension processes (Greenwood and Xu, 2001) in
offshore-transition conditions (De Raaf et al., 1977; Greenwood and Xu,
2001). The medium-to coarse grained sandstones with horizontal
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Fig. 7. Vertebrate remains. (A) Caudal vertebra of a sauropod dinosaur preserved in trough cross-bedding sandstone facies. (B) Dispersed bones of small vertebrates
preserved in massive sandstone facies. (C) Detail of a long bone and other fragments of small mammals in massive sandstone facies. (D) An incomplete femur of a
sauropod dinosaur preserved in massive mudstone facies. (E) Associated long bones of the hadrosaur Gonkoken nanoi (femur, tibia, and an incomplete long bone in
the foreground) preserved in rhythmite facies. (F) Skull bone of a hadrosaur (Gonkoken nanoi). (G) Isolated rib of a hadrosaur (Gonkoken nanoi). (H) An incomplete
tibia of a hadrosaur (Gonkoken nanoi). (I) Plant remains associated with hadrosaur bones.

lamination are interpreted as a product by upper flow regime in fore-
shore (Van de Meene et al., 1996; Johnson and Baldwin, 1996).

4.3.2. Tidal channel bar facies association

4.3.2.1. Description. These deposits consist principally of moderate-to
well-sorted medium scale trough cross-bedding medium-grained sand-
stones with mud drapes and mud clast on the foresets, and thin beds
(<10 cm) of rippled fine-grained sandstones with flaser bedding,
forming lenticular beds (Stt and Srt, Table 1, Fig. 12C-E), with at least 5
km of lateral continuity. The bioturbation occurs with moderate in-
tensity, represented by ichnofabric of Asteriacites, Diplocraterion, Gyro-
chorte, Lockeia, Scolicia, Skolithos, and Thalassinoides. Paleocurrent
measurements indicate main sediment transport to the N-NE.
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4.3.2.2. Interpretation. Moderate-to well-sorted trough cross-bedding
medium-grained sandstones and rippled fine-grained sandstones de-
posits were developed in a tidal channel (channel bar deposits). The
higher ichnodiversity, ichnodisparity, and bioturbation intensity are
evidenced by the presence of trace fossils of the archetypal Cruziana
ichnofacies (e.g., Bromley, 1996; Pemberton et al., 2001; Buatois and
Mangano, 2011). These traces are indicative of more stable conditions in
the substrate, benthic colonization of less energetic, more ecologically
stable substrates, reflecting preferential deposition during fair-weather
conditions in the subtidal zone (Bromley, 1996; Pemberton et al.,
2001). The dominant paleocurrent direction is parallel to the
paleo-coastline (Manriquez et al., 2021). These tidal channel bar de-
posits represent transitional environments developed at the flu-
vial-marine interface. Their stratigraphic position, lateral continuity,
and paleocurrent patterns parallel to the paleo-coastline indicate
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Table 2

Vertebrate and plant fossils record and their taphonomic features.

Depositional
sequence

Facies

Fossils

Gm/
Gt
Stf

Sequence 3

Sm/
Shf

Fm

Scattered wood fossil fragments.

Isolated bones of sauropod dinosaurs (vertebrae and
fragments of appendicular bones), disarticulated
bones of freshwater turtles (cf. Yaminuechelys sp.),
and isolated bones of frogs. Wood fossil remains. The
vertebrate and wood remains present a chaotic
orientation and a dispersed distribution.

Diverse flora characterized by the presence of
bryophyte remains (e.g., Marchantiophyta) and a
predominance of angiosperms, mainly represented
by Nothofagaceae and Lauraceae. Dicotyledonous
leaves are generally well preserved and exhibit low
fragmentation, commonly displaying up to third- or
fourth-order venation. Fern remains are
comparatively scarce.

Isolated bones of sauropod dinosaurs.

Sequence 4 Stf

Sm/
Shf

Fm

A partially articulated skeleton of Stegouros
elengassen and scattered wood fossil fragments.

An articulated skeleton of an ornithischian dinosaur
and wood fossil fragments. Freshwater turtles (shell
and appendicular fragments principally), frogs
(mostly appendicular bones), theropods (mainly
teeth and fragments of appendicular bones), birds
(appendicular bones), teeth of Magallanodon
baikashkenke, a partial dentary of Orretherium tzen, a
maxilla fragment of Yeutherium pressor, and axial and
appendicular bones of indeterminate mammals. The
vertebrate remains present a chaotic distribution,
scattered and loosely packed.

Disarticulated sauropods, anurans and turtle bones.
The vertebrate remains present a chaotic orientation
and a dispersed distribution.

Abundant pteridophyte fossils are present, including
fern pinnae, complete and exceptionally well-
preserved fronds, and delicate reproductive
structures assignable to Cladophlebis, as well as
members of Equisetaceae, Dicksoniaceae, and
Gleicheniaceae. Aquatic fern roots and rhizomes are
also recorded.Angiosperms are represented by broad
leaf fragments, occasionally reaching up to 30 cm in
length, with a prominent midrib and parallel
venation. Dicotyledonous leaves consist of large,
complete laminae that are exceptionally well
preserved, commonly exhibiting fifth- to sixth-order
venation.Associated with these leaf fossils are large
stems and portions of tree branches (up to ~25 cm in
length), in some cases preserving attached petiolate
leaves.

Sequence 5 Fm

Abundant compressions of pteridosperms,
particularly pteridosperms leaves, are present. Well-
preserved taenopterid leaves, together with
Nothofagaceous leaves, constitute the most abundant
elements of the assemblage. Pteridophytes (ferns) are
represented by frond fragments occurring at multiple
stratigraphic levels in varying proportions.
Gymnosperms are mainly represented by fragmented
leaves and poorly preserved reproductive structures,
including members of Podocarpaceae and
Araucariaceae. Dicotyledonous leaves are generally
well preserved, commonly exhibiting third- to
fourth-order venation, and include representatives of
Nothofagaceae, Lauraceae and Malvaceae.
Fragments of trunks assignable to Austroginkgoxylon
dutrae, Agathoxylon antarcticum, Podocarpoxylon
paradoxi, Podocarpoxylon mazzonii, Palmoxylon
subantarcticae and Notomalvaceoxylon magallanense.
are also recorded

Abundant bones of the Gonkoken nanoi of different
sizes, forming a bonebed. The elements correspond to
cranial fragments, appendicular bones, and
vertebrae. The bones are disarticulated or semi-
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Table 2 (continued)

Depositional Facies Fossils

sequence
articulated. Several bones have a chaotic orientation,
although some of them, especially the longest ones,
such as humeri, femora and tibiae, tend to be
oriented in a north-south direction.

Sequence 6 Fm Indeterminate plant debris.

increased marine influence during shoreline landward migration. Rather
than forming an isolated system, tidal channels are part of an integrated
fluvial-coastal continuum controlled by relative sea-level changes.

4.4. Spatial distribution of facies association

The stratigraphic log shows a vertically stacked succession that re-
cords the spatial and temporal migration of depositional environments
from dominantly fluvial to marginal-marine and shallow-marine set-
tings (Fig. 2). The lower part of the section is characterized by floodplain
deposits with fluvial channels (longitudinal bars, point bar and flood-
plain facies association) represented by mudstones interbedded with
sandy to gravelly channel fills and coal-bearing intervals, indicating
low-energy overbank environments punctuated by episodic high-energy
fluvial discharge. These deposits reflect a laterally extensive alluvial
plain with migrating channels.

Up-section, fluvial deposits progressively transition into tidally
influenced environments, as indicated by tidal channel bars and mixed
fluvial-tidal facies. The presence of heterolithic bedding, wave ripples,
and tidal cross-bedding suggests increased marine influence and lateral
connectivity with coastal systems. This interval reflects landward
migration of shoreline environments during transgressive phases.

The middle to upper part of the succession is dominated by foreshore
to upper shoreface deposits, composed mainly of well-sorted sandstones
with wave-generated structures, indicating higher-energy shallow-ma-
rine conditions. These facies show a basinward shift of depositional
environments and record shoreline progradation and retrogradation
linked to relative sea-level fluctuations.

Floodplain and upper shoreface deposits alternate in the uppermost
part of the section, reflecting repeated shifts between continental and
shallow-marine settings. Sequence boundaries and system tracts high-
light the spatial reorganization of depositional environments through
time, controlled by relative sea-level changes and sediment supply.

5. Discussion
5.1. Paleoenvironmental evolution

The continental/coastal succession exposed in the Rio de las Chinas
Valley records the evolution of a fluvial system interacting repeatedly
with shallow-marine environments (Fig. 13). The dominant depositional
setting corresponds to sinuous fluvial channels, represented by fining-
upward sandstone bodies with lateral accretion (Stf facies), embedded
within an extensive muddy floodplain (Fm facies). Floodplain deposits
include crevasse splays (Stf, Shf, Sm, and Srf facies), abandoned chan-
nels (R facies), swampy areas, and lagoonal settings, all characterized by
an abundant fossil record of plants and vertebrates.

Less frequently, laterally extensive sandy to conglomeratic channel
bodies composed of fining-upward Gm, Gt, and Stf facies occur inter-
bedded within floodplain deposits. These bodies reflect higher-energy
fluvial conditions and are interpreted as braided-channel fills domi-
nated by longitudinal bar accretion. The vertical and lateral association
of these channel types within a predominantly muddy floodplain sug-
gests spatial variability in discharge and sediment supply rather than
systematic downstream changes in slope. The close spatial association
between deposits interpreted as sinuous channels (characterized by
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Fig. 8. Floodplain facies association. (A) Massive mudstone level (vertical accretion) with great lateral extension and elongated lenticular beds of sandstones (lateral
accretion). (B) Whitish gray mudstones with incipient horizontal lamination, where abundant fragments of plant impressions were found. (C) Rhythmite facies.
Intercalation of whitish gray sandy mudstone and claystone, where abundant fragments of plant impressions were found. (D) Elongated lenticular unit of coal with
variable thickness (up to 1 m thick by 1 km long). (E) Load cast in mudstone levels. Abbreviations: VA: vertical accretion, LA: lateral accretion.

lateral-accretion deposits) and gravelly channel bodies interpreted as
braided reaches suggests that these elements formed within the same
fluvial system rather than representing independent drainage networks.
At the scale of the studied outcrops, the alternation between these de-
posits throughout the succession indicates that different channel mor-
phologies likely coexisted within the same fluvial corridor.

The high proportion of mudstone deposits throughout the succession
(approximately 70%) suggests deposition in a very low-gradient setting,
with slopes estimated between 0.01° and 0.5° (Moscariello, 2018). In
such environments, sediment transport is dominated by suspension
processes, whereas tractional transport plays a subordinate role.
Frequent crevasse-splay deposits and massive sandstones related to
hyperconcentrated flows point to episodic, high-magnitude flood
events, likely triggered by intense rainfall under humid climatic
conditions.

Up-section, fluvial deposits become increasingly interbedded with
shallow-marine facies, reflecting direct interaction between continental
drainage systems and the coastal realm (Fig. 13). Fluvial channels
remain relatively small and do not form well-developed deltas, as
sediment was redistributed along a linear, high-energy coastline by
strong littoral currents. This coastal plain—shoreface system is charac-
terized by abundant marine invertebrate and vertebrate remains
(Soto-Acuna et al., 2016b; Manriquez et al., 2019, 2021; Bravo-Ortiz
et al., 2022), and records repeated shoreline shifts controlled by relative
sea-level changes.
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Overall, the paleoenvironmental evolution is best explained by
changes in accommodation linked to relative sea-level fluctuations,
which governed the alternation and spatial juxtaposition of fluvial,
coastal plain, and shallow-marine environments, rather than by strict
adherence to end-member continental fluvial models.

5.1.1. Channel morphology and sediment supply

The sedimentary facies architecture demonstrates the coexistence of
sinuous channels with point bars, and braided channels with longitu-
dinal bars occurring side by side within the same fluvial system (Fig. 14).
This coexistence cannot be satisfactorily explained solely by down-
stream variations in slope or by base-level position (e.g., braided
channels during lowstand and meandering channels during highstand;
Nichols, 2009; Catuneanu et al., 2011). Instead, the observed patterns
are more consistent with differences in sediment supply and catchment
size within the upstream drainage network. Paleocurrent measurements
obtained from trough cross-bedding show a dispersed pattern, including
north-, northeast-, east-, south-, and southwest-directed sediment
transport throughout the succession. Rather than indicating the pres-
ence of independent drainage systems, this variability most likely re-
flects local channel migration and bar accretion processes within a single
low-gradient fluvial system. In such settings, paleoflow dispersion
commonly results from lateral channel migration, avulsion, and the
development of multiple active channels across the floodplain. Conse-
quently, the paleocurrent data are interpreted as representing spatial



L.M.E. Manriquez et al.

Evolving Earth 4 (2026) 100124

Sm facies

Fig. 9. Crevasse splays facies. (A) Massive sandstone facies (Sm) associated with hyperconcentrated density flow. (B) Sandstone with incipient horizontal lamination
(Sh). (C) Sandstone with ripple cross-lamination (Srf) and coal lenses. (D) Massive sandstone facies (Sm). The white arrows show dispersed granules and organic
matter. (E) The arrows show some plant impressions in the massive to horizontal lamination sandstone bed (sequence 3).

variability in sediment transport pathways within the same fluvial
corridor.

Gravelly channel deposits with longitudinal bars represent reaches
characterized by higher bedload input, whereas sandy sinuous channels
reflect sectors of the system dominated by suspended load. These
channel types were active contemporaneously and fed the same coastal
system, highlighting spatial heterogeneity within the fluvial domain.
Importantly, their development took place under similar climatic con-
ditions and within a depositional framework repeatedly influenced by
marine transgressions and regressions.

The dominance of floodplain deposits, the lateral coexistence of
different channel morphologies, and the recurrent interfingering of
fluvial and marine facies indicate a low-gradient coastal plain where
fluvial architecture was strongly modulated by accommodation changes
driven by relative sea-level fluctuations. In this context, braided and
sinuous channels reflect variable sediment supply from distinct up-
stream sectors rather than discrete zones of a radial fluvial system.

Our fluvial system (Fig. 13) was developed in a warm and humid
climate from the late Campanian to the early Maastrichtian, becoming a
slightly colder and drier towards the late Maastrichtian. These obser-
vations are supported by previous paleoclimatic studies based on dicot
leaf physiognomy (Pino et al., 2016; Leppe et al., 2017). Microthermal
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conditions (cool mean annual temperatures) and high seasonal variation
in temperatures and precipitations are discussed in detail in the next
item.

The stratigraphic distribution of channel deposits also suggests that
relative sea-level variations played an important role in controlling
fluvial style. As illustrated in Fig. 3, deposits interpreted as frontal or
longitudinal bars tend to occur preferentially toward the upper parts of
the depositional sequences. This vertical distribution is consistent with
an intrinsic shallowing trend and reflects decreasing accommodation
during the late stages of sequence development. Under these conditions,
channel deposits become increasingly amalgamated and higher-energy
bar forms are preferentially preserved. Increased sediment supply rela-
tive to accommodation likely favored the development of braided
channel reaches. Consequently, the sedimentary record is interpreted as
representing a single fluvial system whose internal morphology and
depositional style were strongly modulated by variations in sediment
supply and accommodation linked to relative sea-level fluctuations.

5.2. Environmental and climatic implications of fossil records

The vegetation communities within the floodplain facies association
were dominated by gymnosperms and angiosperms. Numerous leaf
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Fig. 10. Plant fossil outcrops at mudstone facies (El Puesto locality): (A) Very well-preserved venation of a taenopterid leaves. (B) Small size leaves of gymnosperm
material. (C) Well-preserved, partly incomplete dicot leaves. (D) Highly fragmented fossil leaves with abundant plant debris. (E) Fragmented Nothofagaceous leaves.
Plant fossil outcrops at rhythmite facies (“Saurépodo” locality). (F) Sterile and reproductive fern fronds. White arrows indicate delicate reproductive structures. (G)
Very well-preserved large dicot leaf of indeterminate affinity with visible areolation. (H)A large monocot leaf assignable to cf. Typhaceae. White arrows indicate the

wide leaf midrib. (I) Portion of a tree branch bearing an attached angiosperm leaf.

fragments display expanded petiole bases that are consistent with nat-
ural abscission and the development of seasonal litter inputs (Meldahl
et al., 1995; Thomas et al., 1999; Taylor and Whitelaw, 2001). However,
deciduousness should be treated as a working hypothesis and evaluated
alongside independent proxies for seasonality and hydrologic stress,
such as paleopedological indicators of rainfall seasonality (Raigemborn
et al., 2025).

Fern fronds occur throughout the floodplain deposits, generally with
low diversity, specifically in the massive mudstone beds of the base of
sequence 5 (Fig. 2). In sequence 5, high abundance, good preservation,
and low degree of fragmentation of Nothofagus and taenopterid leaves
(Fig. 2), are consistent with an autochthonous to parautochthonous
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signal, implying deposition close to the source vegetation (Greenwood,
1991; Gastaldo, 2001). This interpretation is compatible with palyno-
logical evidence from correlative late Maastrichtian floodplain succes-
sions in southern Patagonia, where the presence of abundant spores and
pollen massulae has been interpreted as reflecting short transport and
deposition near the parental vegetation (Novas et al., 2019; Vera et al.,
2022; Moyano-Paz et al., 2022; Loinaze et al., 2025).

In contrast, the occurrence of relatively complete leaves attributable
to Araucariaceae and Podocarpaceae may reflect either (i) selective
preservation during transport due to coriaceous leaf textures, and/or (ii)
contributions from better-drained sectors of the floodplain or extra-
basinal areas. Rather than relying on modern ecological co-occurrence
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Fig. 11. Palynological record of the Rhythmite facies. (A) Cyathidites sp. (B) Clavifera triplex (Gleicheniaceae). (C) Microcachridites sp. (Podocarpaceae). (D) Podo-
carpidites otagoensis (Podocarpaceae). (E) Peninsulapollis gillii (Proteaceae). (F) Dacrycarpites australiensis (Podocarpaceae). (G) Spinizonocolpites sp. (Arecaceae). (H)
Ericipites sp. (Ericaceae). (I) Trichotomosulcites sp. (Podocarpaceae). Scale: 10 pm.

as a transport proxy, the allochthonous component should be evaluated
with explicit taphonomic criteria (sorting, orientation, fragmentation
spectra, and association with plant debris) and facies context.

Towards the top of the succession (sequence 6), highly fragmented
leaves with moderate preservation and dispersed plant debris across
beds suggest increased reworking and longer transport distances, sup-
porting a more allochthonous signal for the assemblage (Greenwood,
1991; Gastaldo, 2001). Associated to R facies in sequence 4, the high
degree of preservation, completeness of fossil leaves and the size of
plants remains, suggest little transport before the deposition of the
material, indicating an autochthonous to parautochthonous origin of the
flora (Greenwood, 1991; Gastaldo, 2001). The presence of Equisetales,
aquatic ferns (Marsileaceae), and Typhaceae leaves is also consistent
with riparian vegetation deposited in shallow, low-energy waters. Gray
lithologies, commonly associated with organic matter accumulation and
reducing conditions, together with the occurrence of rhizoliths, further
support humid conditions with localized soil development (Retallack,
2001; Retallack, 2001).

From a palynological perspective, climatic interpretations of the Rio
de las Chinas succession should distinguish between basin-scale climate
signals and local hydrologic controls operating within the floodplain. In
the R facies at the base of the succession (Sequence 4; Fig. 2), the
dominance of Cyathidites and Gleichenidites indicates hygro-mesophytic
conditions (Wang et al., 2005; Bowman et al., 2014), consistent with
warm and humid environments during the late Campanian-early
Maastrichtian. Assemblages from Sequence 5 (late Maastrichtian) show
increased proportions of Araucariacites and Arecipites, taxa commonly
associated with thermo-xerophytic or subtropical affinities. However,
recent quantitative palynological studies of the upper Maastrichtian
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Chorrillo Formation document only moderate changes in taxon pro-
portions without major floristic turnover, suggesting subtle variations in
humidity regime and/or habitat partitioning rather than a pronounced
climatic shift (Loinaze et al., 2025).

Paleosol-based climofunctions independently constrain late Maas-
trichtian climate in southern Patagonia as temperate to humid sub-
tropical, characterized by marked rainfall seasonality and only minor
fluctuations (Raigemborn et al., 2025). Accordingly, differences
observed between stratigraphic intervals are more parsimoniously
interpreted as reflecting variations in rainfall seasonality and floodplain
drainage conditions, superimposed on an overall humid temperate to
warm climatic background.

6. Conclusion

The Rio de las Chinas Valley succession records the development of a
fluvial system in a high-latitude foreland basin during the end of the
Cretaceous, characterized by repeated interaction between continental
and shallow-marine environments. Sedimentological and paleontolog-
ical data indicate deposition within a low-gradient fluvial plain con-
nected to a high-energy, linear coastline. Fluvial architecture is defined
by the lateral coexistence of sinuous channels and gravelly channel
reaches characterized by longitudinal bars within an extensive muddy
floodplain. This configuration reflects spatial variability in sediment
supply and catchment size, with gravel-rich braided channels linked to
higher bedload input and sandy sinuous channels associated with
reduced sediment availability and dominance of suspended load.
Floodplain deposits record frequent overbank flooding, crevasse-splay
activity, abandoned channels, and swampy environments, highlighting
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Fig. 12. Marine facies association. (A) Medium-grained sandstones with trough cross-bedding associated to upper shoreface deposits. (B) Medium-grained sand-
stones with horizontal lamination associated to foreshore deposits. (C) Rippled fine-grained sandstones forming lenticular beds (Srt facies). (D) Medium to coarse-
grained sandstones with abundant marine fossils (Sbio facies). (E) Moderate-to well-sorted trough cross-bedding medium-grained sandstones associated to tidal-

channel bars.
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Fig. 13. Conceptual three-dimensional depositional model showing the spatial relationships between fluvial, coastal-plain, and shallow-marine environments in the
Rio de las Chinas Valley. The model illustrates the coexistence of sinuous channels with lateral accretion deposits (Stf facies) and gravelly, higher-energy braided
reaches (Gm, Gt, Stf facies) within a single fluvial system. These channel styles developed under variable discharge and sediment-supply conditions within the same
fluvial corridor. Floodplain deposits (Fm, R facies) include crevasse splays (Shf, Sm, Srf facies) and abandoned channels. Basinward, the system transitions into tidally
influenced and shallow-marine environments. The block diagram also illustrates the internal sedimentary architecture of the main depositional elements (not

to scale).

the importance of accommodation and episodic high-magnitude flood
events.

Macrofossil taphonomy and palynology indicate mixed transport
signals within the floodplain, controlled primarily by local hydrologic
and geomorphic factors rather than by vegetation type alone. Paleobo-
tanical data support warm and humid conditions during the early
Maastrichtian, followed by moderate cooling and drying toward the late
Maastrichtian. Regional proxy constraints suggest that these changes
reflect modest variations in moisture balance and habitat distribution
within a persistently humid fluvial landscape at high latitudes during the
latest Cretaceous. Overall, these results refine our understanding of
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fluvial dynamics and climate evolution in high-latitude foreland basins
during the latest Cretaceous.
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point-bar deposits, valley-axis (VA) zones, and lateral-accretion elements (LA). The close spatial association of these deposits is interpreted as reflecting the coex-
istence of different channel styles within a single fluvial system, likely controlled by spatial and temporal variations in discharge, sediment supply, and accom-
modation. Abbreviations: VA: vertical accretion; LA: lateral accretion; FA: frontal accretion.
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