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ABSTRACT

The Maastrichtian dinosaur-bearing Chorrillo Formation in southern Patagonia
(~50° S, Austral-Magallanes Basin, Argentina) is a pedogenically modified fluvial
succession, which records sediment deposition at mid-high paleolatitudes in the Southern
Hemisphere. In order to reconstruct the paleoenvironment and paleoclimates for the
Chorrillo Formation, we performed a paleopedological study (abiotic components) of the
unit within a well-defined sedimentological-paleontological context, and considering new
paleobotanical data of the unit. Using detailed macro and micromorphological features and
clay mineralogy of the paleosols, we show that the Chorrillo Formation paleosols are
overall smectite-rich soils with vertic and redoximorphic features (i.e., moderately
developed hydromorphic Vertisol-, calcic Vertisol-, poorly developed hydromorphic
Vertisol-, Histosol-, and argillic Vertisol-like paleosols). The small-scale or high-frequency
stacking of such paleosols indicates that they developed under different hydrologic
conditions, and subtle differences in grain-size (parent material) and topographic relief on a
distal floodplain. Conversely, the large-scale or small-frequency vertical stacking of
different paleosols is linked to avulsion processes. Paleobotanical remains through the
Chorrillo succession demonstrates different ecological requirements for the inhabited part
of the fluvial floodplain. Abiotic and biotic climate proxies suggest that these paleosols

formed under a broadly temperate—warm and seasonally humid climate. Overall, these
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combined data record environmental and climatic conditions during the uppermost
Cretaceous, and preserve a record of Maastrichtian terrestrial conditions in the Southern

Hemisphere.

Keywords: Micromorphology, Clay-mineralogy, Hydromorphism, Vertisols, Palynology,

Cretaceous
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1. Introduction

Integration of paleopedological and sedimentological data makes up a powerful
interpretative tool to understand environmental conditions and landscape evolution (e.g.,
Kraus and Aslan, 1993, 1999; Kraus, 1997; Wright et al., 2000; Licht et al., 2013;
Raigemborn et al., 2018a, c). The relationship between paleosols and sedimentary
processes at different scale in a fluvial succession responds to autocyclic (i.e., avulsion,
lateral channel migrations, crevassing, development of soil catenas) and allocyclic (i.e.,
eustatic sea-level, tectonism, climate) factors (e.g., Wright and Marriott, 1993; Kraus and
Aslan, 1999; Kraus, 1999; Raigemborn et al., 2018a; Varela et al., 2021). Although the
catena model is considered the most standard association in floodplain deposits, this
paleosols-landscape association do not satisfactory explain lateral relations in all
floodplain-paleosol succession, and do not can be apply in exposures that prevent a detailed
lateral study (e.g., Kraus, 1999; Wright et al., 2000; Licht et al., 2013). Alternatively,
variations of hydromorphic features in fine-grained alluvial deposits can be used as a model
of distribution of hydromophy in such deposits to the reconstruction of overbank floodplain
paleoenvironments (e.g., Licht et al., 2013).

The Chorrillo Formation (Maastrichtian, Austral-Magallanes Basin at the Lago
Argentino area, southern Argentina; Fig. 1) is an important dinosaur-bearing unit of
Patagonia (Feruglio, 1945). The sedimentological aspects of this important dinosaur-
bearing unit of Patagonia were newly addressed by Moyano-Paz et al. (2022a), in which a
detailed characterization of the channelized fluvial deposits of the unit was conducted.
However, up to now no detailed studies were carried out the non-channelized and

pedogenically modified fine-grained deposits of the Chorrillo Formation, which represent
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more than the 60% of the unit, and consequently, environmental and climatic conditions of
this unit still remained unstudied. .

We applied the combined use of macro- and micromorphology, and clay mineralogy
of the Chorillo Formation paleosols, considering the sedimentological and paleontological
context (i.e., paleovertebrate and paleobotanical data) and new palynological remains
recorded through the unit in order to (1) characterize the paleosols and the pedogenic
processes of the unit, (2) reconstruct the Maastrichtian environmental conditions in the non-
channelized fine-grained deposits of the Chorrillo Formation, and (3) infer climatic
conditions during paleosol formation in southern Patagonia, determining possible variations

of environmental and climatic conditions throughout and within the unit.

2. Geological setting and sedimentological-paleontological context

The Austral-Magallanes Basin is located at the most austral extension of Patagonia in
South America (Fig. 1A). The tectonic history of the basin consists of three main stages: 1)
an initial extensional stage (rift) related to the break-up of Gondwana from the Middle to
Late Jurassic resulting of isolated depocenters filled with the volcaniclastic deposits of the
El Quemado Complex; ii) a postrift thermal subsidence stage (Tithonian-Albian) which is
characterized by the deposition of the marine deposits of the Springhill and Rio Mayer
formations; and finally iii) a compressional phase began near the Albian-Cenomanian
boundary (~100Ma) resulting in the development of a retroarc foreland system linked to the
growth of the Andes (Biddle et al., 1986; Pankhurst et al., 2000; Varela et al., 2012; Cuitifio
etal., 2019).

At the Lago Argentino region (49°40° to 50°37° S), southwest of the Santa Cruz

province, the onset of the foreland basin is characterized by a thick record of deep marine to
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coastal strata (e.g., Malkowski et al., 2017; Moyano Paz et al., 2020, 2022b, 2022c; Dobbs
et al., 2022). During the late Campanian through Maastrichtian, this region of the basin
underwent a complete continentalization (Ghiglione et al., 2021) and exhibits thick fluvial
successions assigned to the Cerro Fortaleza, La Irene and Chorrillo formations (Sickmann et
al., 2018; Tettamanti et al., 2018; Moyano-Paz et al., 2022a).

The Chorrillo Formation (Maastrichtian) was initially named as ‘dinosaur-bearing
strata’ because of its abundance in fossil vertebrate remains (Feruglio, 1945; Bonaparte,
1996). However, it was in the last of years that there has been a boom in studies focused on
the palaeontological content of the unit (Novas et al., 2019; Chimento et al., 2020, 2021,
Rozadilla et al., 2021; Aranciaga Rolando et al., 2022; Moyano-Paz et al., 2022a; Veraet al.,
2022). This formation is the youngest lithostratigraphic unit that accumulated during the
continental expansion of the Austral-Magallanes Basin and crops out to the south of the Lago
Argentino (Fig. 1B-C) (Moyano-Paz et al., 2022a). It overlies the coarse-grained braided
fluvial deposits of the La Irene Formation (Macellari et al., 1989; Tettamanti et al., 2018) and
it is covered by the shallow marine deposits of the Calafate Formation (Fig. 1B) (Odino

Barreto et al., 2018).

2.1. Sedimentological and paleontological context

The Chorrillo Formation is a ~500 m thick low gradient fluvial succession dominated
by non-channelized units, especially by fine-grained deposits of the distal floodplain which
alternate with sandy crevasse splay deposits, and dark fine-grained deposits of swamp or
pond settings, and with channelized units (i.e., fluvial channels) (Moyano-Paz et al., 2022a).

The fine-grained deposits constitute more than 60% of the total unit and are mainly dark



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

reddish to grey colored and show evidence of both soil development and waterlogging
(Moyano-Paz et al., 2022a; Vera et al., 2022; Perez Loinaze et al., 2023; this study).

The lowland area where the Chorrillo Formation accumulated was located near the
coastline evidenced by the marine influence recorded by the fluvial deposits of the laterally
equivalent Dorotea Formation and contemporaneous fossiliferous site, which crops out in the
Ultima Esperanza region, in southern Chile (Fig. 1A) (Manriquez et al., 2019; Davis et al.,
2022). This contemporaneous fossiliferous site in Chile is roughly 20 km south of the study
area. There, sites are associated to paleosols developed in fluvial floodplain or tidal flat
settings, floodplain and meandering river deposits and nearshore marine settings (Manriquez
etal., 2021; Davis et al., 2022).

Despite the proximity with the fluvial-marine transition zone, no marine influence has
been described for the Chorrillo Formation deposit except for the presence of marine skeletal
remains within the filling of one of the fluvial channels in the upper part of the unit, from
which the floodplain vs. channel deposit ratio increases significantly.

Recent studies revealed that the Chorrillo Formation strata carries a diverse faunal
assemblage including terrestrial and freshwater snails, anurans, fishes, turtles, snakes,
sauropods, theropods, ornithischians, and mammals (e.g., Novas et al., 2019; Rozadilla et al.,
2021; Chimento et al., 2020, 2021, Aranciaga Rolando et al., 2022). Moreover, plants have
also been described in the unit, including conifer wood, Nymphaeaceae, eudicot and monocot
leaf impressions, pollen and spores, and fungal remains (Novas et al., 2019; Moyano Paz et
al., 2022a; Vera et al., 2022).

In order to evaluate the vertical distribution of the paleosols, we informally divided
the unit into three sections: lower (up to 160 m in Fig. 2), middle (up to 450 m in Fig. 2), and

upper (up to 515 min Fig. 2).
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2.1.1. The lower section of the Chorrillo Formation

This section is integrated by channels of 4-6 m-thick and up to 100 m of lateral
continuity (width/thickness ratio = 16-25) that are characterized by complex gravelly narrow
sheet bodies, and by thick fine-grained deposits of the distal floodplain, and thin dark fine-
grained deposits of swamp or pond settings into the floodplain (Moyano-Paz et al., 2022a).

Four fossiliferous levels including 1) the fossil wood Podocarpoxylon dusenii Krausel
(Novas et al., 2019), and palynofloras dominated by psilate spores related with the fern
families Cyatheaceae, Dicksoniaceae, Dipteridaceae or Matoniaceae, subordinate bisaccate
and trisaccate pollen grains of the conifer family Podocarpaceae, and angiosperm pollen
grains where is abundant the species Peninsulapollis gilli related to Proteales (Novas et al.,
2019), 2) crocodile remains, 3) the sauropod Nullotitan glaciaris and the avian Kookne
yeutensis, and 4) plant debris and Podocarpoxylon dusenii wood occurs in this section (see
Fig. 2) (Novas et al., 2019; Rozadilla et al., 2021; Moyano-Paz et al., 2022a). Palynological
assemblages studied by Perez Loinaze et al. (2023) are dominated by the pollen genus
Classopollis belonging to the extinct conifer family Cheirolepidiaceae. Subordinate elements
are psilate spores related with the fern families Cyatheaceae, Dicksoniaceae, Dipteridaceae
or Matoniaceae, and megaspores of Salviniales, together with spores of bryophytes and
lycopodialeans. Among angiosperms are identified Gunnerales (Tricolpites reticulatus),

Liliales (Liliacidites variegatus) and Areacaceae (Arecipites minutiscabratus).

2.1.2. The middle section of the Chorrillo Formation
In these section, fluvial channels are up to 6 m-thick and 100-200 m of lateral

continuity represented mainly by complex sandy narrow sheets (i.e., width/thickness ratio =
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15-100 sensu Gibling, 2006) intercalated into the floodplain deposits, which is integrated
by thick fine-grained deposits and thin dark fine-grained deposits of swamps/ponds.
Sandstone lobes of crevasse splay closely related to floodplain deposits are also present in
this section (Moyano-Paz et al., 2022a).

The two megafloristic levels described by Vera et al. (2022) are developed in pond
deposits of this section of the unit (i.e., megafloristic 1 and megafloristic 2) (see Fig. 2).
Palynological assemblages recovered from different levels of this section (Perez Loinaze et
al., 2023) are somewhat similar to the ones present in the lower section. Major differences
are an increase in abundance of aquatic ferns (Marsileaceae and Salviniaceae), an increase
in abundance of Araucariaceae and Podocarpaceae, as well as pteridosperms
(Vitreisporites) and Cycadopites, pollen with diverse affinities (Cicadales, Bennettitales or
Ginkoales). Among angiosperms, Arecaceae and Liliales become more abundant.
Additionally, four vertebrate fossiliferous intervals including 1) Magallanodon Site, 2)
Isasicursor 1 Site, 3) a level containing the Megaraptoridae Maip macrothorax and 4) a
level with sauropod remains occurs in this section (see Fig. 2) (Novas et al., 2019;

Chimento et al., 2020, 2021; Aranciaga-Rolando et al., 2022; Moyano-Paz et al., 2022a).

2.1.3. The upper section of the Chorrillo Formation

This section is widely dominated by thick fine-grained deposits of the distal
floodplain with very scarce thin dark fine-grained deposits of the swamp/pond environment.
Such deposits are interbedded with fluvial channels, which are up to 5 m-thick and 300-1000
m of lateral continuity (width/thickness ratio = 60-200), represented by complex sandy

narrow sheets to broad sheets (sensu Gibling, 2006), and crevasse splay deposits (Moyano-
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Paz et al., 2022a). The top of the unit is defined by the appearance of the marine deposits of
the Calafate Formation.

A fossiliferous level known as Isasicursor 2 Site develops in swamp/pond deposits
of this section of the Chorrillo Formation (see Fig. 2). Palynological assemblages recovered

from this section are presented below.

3. Materials and methods

The Chorrillo Formation paleosols were studied at the cliffs located in the vicinity
of the Estancia La Anita locality (50°30°48.80°” S, 72°33°46.82°’W), where the entire
succession is exposed, and were a complete and detailed sedimentary section was measured
by Moyano Paz et al. (2022) (Fig. 1). Here, we performed a combined study using macro-
and micromorphology, and clay mineralogy, which is a powerful tool for understanding the
environmental and climatic conditions of fossil fluvial sedimentary successions bearing
paleosols (e.g., Raigemborn et al., 2018, 2022; Varela et al., 2018; Basilici et al., 2022).
Also, selected soil horizons and fine-grained beds without pedogenesis of the upper section

of the Chorrillo Formation were sampled for palynology (Fig. 2).

3.1. Macro and micromorphology

At the study area we produce detailed paleopedological logs following Retallack
(2001) and Tabor et al. (2017). Paleosols were identified in outcrop based on macroscopic
pedofeatures, such as structure, mottles, nodules, color, slickensides, and rhizoliths (e.g.,
Retallack, 1988, 2001). Colors were described according to the Munsell notation (Munsell

Color, 2013). In paleosol horizons, thickness, distinctness and topography, mineral
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composition, mean grain size, paleosol structure, type of nodules, and evidence of
bioturbation were described (e.g., Soil Survey Staff, 1999, 2015; Retallack, 2001;
Schoeneberger et al., 2012). Horizon designations were based on observable pedogenic
features in the field (Soil Survey Staff, 1999, 2015), and supported later by thin-section
detailing. Macro-pedofeatures are listed in Table 1.

Paleosol horizons were sampled for micromorphological studies in order to provide
more detailed information; these studies were carried out with a Nikon Eclipse E-200
polarizing microscope (Centro de Investigaciones Geologicas, La Plata, Argentina). Thin
sections of oriented samples from each horizon were analyzed and interpreted according to
Bullock et al. (1985), Stoops (2003) and Stoops et al. (2010, 2018), and are listed in Table
1. . Pedogenic macro and micromorphological redoximorphic features were described
following Lindbo et al. (2010) and Vepraskas (2015).

Paleosol classification was based on macro- and micromorphological features,
mineralogy, and mineralogical composition recognized in the constituent horizons, through
a comparison with the USDA soil taxonomy (Soil Survey Staff, 1999, 2015) and with the

paleosol classification of Mack et al. (1993).

3.2. X-Ray Diffraction

Bulk-rock and clay mineralogy of the paleosols were determined from X-ray
diffraction (XRD) pattern (Table 2). Analyses were run on a PANalytical X'Pert PRO
diffractometer (Centro de Investigaciones Geoldgicas, La Plata, Argentina), using Cu
radiation (Ka=1.5 A) and a Ni filter, and generation settings of 40 kV and 40 mA. Routine
air-dried mounts were run between 2 and 32 °20 at a scan speed of 2 °20/min. Samples

were ethylene glycol-solvated without saturation pre-treatment and heated to 550 °C, and
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they were run from 2 to 27 °20 and 3-15 °26, respectively, at a scan speed of 2 °26/min.
The methodology used for sample preparation follows Brown and Brindley (1980).
Selected matrix paleosol samples, nodules and rhizoliths from the designated
pedotypes were collected to determine clay and non-clay mineral composition.
Identification of clay and non-clay minerals was based on their characteristic reflections in
the XRD patterns (Moore and Reynolds, 1997). The estimation of the mineralogical
components is classified according to the following abundances: traces (<1%); very scarce
(1-5%); scarce (5-15%); moderate (15-30%); abundant (30-50%), very abundant (50—
80%), and extremely abundant (>80%). Semi-quantification of the relative percentages of
clay minerals was based on the peak area method on glycolated samples by applying
empirical factors (Schultz, 1964; Biscaye, 1965; Moore and Reynolds, 1997; Raigemborn

etal., 2014).

3.3. Palynological study

The logged profile of the Chorrillo Formation was sampled for palynology. A total
of 23 fertile samples were analyzed, including the ones presented in Novas et al. (2019),
Vera et al. (2022) and Perez Loinaze et al. (2023), as well as new samples from the upper
section of the unit present in this study (see below and Fig. 2). The samples were processed
using standard palynological techniques for extraction and concentration of palynomorphs
(Phipps and Playford, 1984). The organic residues were sieved using 20 mm and 10 mm
mesh and mounted in permanent slides following the procedures of Noetinger et al. (2017).

Palynomorphs were examined with an Olympus BX-51 microscope.

4. Results
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4.1. Paleopedological study

Based on prevalent pedogenic features, five different pedotypes were defined
throughout the Chorrillo Formation succession following the criteria of Retallack (1994,
1998), in which the name is referring to geographic localities in the vicinity of the study
area. Pedotypes are described in the order of their decreasing relative abundance
(abundance in thickness) in the stratigraphic section. Detailed macro- and
micromorphological descriptions, mineralogy and dominance of pedogenic processes of
each pedotype are reported in Tables 1 and 2, and Figures 3 to 7.

Although soil classification is based on characteristics that can be observable on
modern soils, classification of paleosols can be complicated because some of such
characteristics are not detectable in paleosols. The classification of the pedotypes of the
Chorrillo Formation is based on recognition of macromorphology, diagnostic horizons, and
micromorphology, which can be preserved on long timescales (e.g., Mack et al., 1993;
Retallack, 1993; Soil Survey Staff, 1999, 2014).

All the pedotypes of the Chorrillo Formation have parent material in distal
floodplain facies associations (i.e., massive mudstone-siltstone deposits, Fm facies
following Moyano Paz et at., 2022), except Centinela River pedotype whose parent
material is in swamp/pond facies associations (thin-laminated claystone—-mudstone
deposits, Fl facies following Moyano Paz et at., 2022) (Table 1). X-ray diffraction analyses
of non-pedogenized both Fm and FI facies indicate that smectite is the main component

within the clay fraction.

4.1.1. Argentino Lake pedotype
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Description: this pedotype (50% of the all paleosol thickness in the measured
section) is the most abundant pedotype throughout the studied section (Fig. 2 and 3), and it
is represented by the vertical stacking of well-defined ABss and Bssg horizons with diffuse
distinctness and smooth topography (Fig 3A-G, Table 1). Micromorphological analysis
confirmed the presence of ABss horizons and Bssg horizons.

The ABss is a reddish black to gray (10R 2.5/1, 5Y 5/1) mudstone horizon that is
0.2 to 0.4 m thick. Its lower horizon is a Bssg horizon; the vertical transitions are diffuse.
Macroscopic features include strong brown (7.5YR 5/8) mm-diameter rhizoliths, gley color
(5GY 8/1 light greenish gray) rhizohaloes, and slickensides that divide medium—coarse
angular blocky or wedge-shaped peds (10-30 mm in diameter). The coarse fraction (>20 [)
of the groundmass includes quartz and plagioclases, while the micromass (<20 p) is mainly
formed of clays impregnated with of Fe/Mn oxides. The c/f (coarse/fine) related
distribution pattern is open to double spaced porphyric. The micromass is characterized by
stipple-speckled to incipient cross-striated b-fabric (Fig. 3E). Microfeatures of ABss
horizons include angular—subangular blocky and wedge-shaped microstructure defined by
planar voids, redoximorphic features such as Fe-nodules and depletion zones, and
pedorelicts. The mineral components identified by XRD in ABss horizons are, in
decreasing order of abundance, quartz, clays, plagioclases and feldspars (Table 2). The clay
mineral association (Fig. 3B) is dominated by extremely abundant-very abundant (80—
100%) smectite, (5-10%) illite and/or chlorite, and (5%) mixed layers of illite-smectite
and/or kaolinite. Smectite presents well defined peaks on XRD diagrams, which varied
from sharp to broad suggesting well to poorly crystallized smectites.

The Bssg horizon is very dusky red and dark gray to gray (2.5YR 2.5/2, 5Y 4/1,

10YR 5/1) mudstone horizon that is 0.2—0.6 m thick. The most typical macromorphological
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features are slickensides that defined fine—coarse subangular to angular blocky peds and
wedge-shaped peds (0.5-50 mm in diameter; Fig. 3C), millimeter gray (2.5Y 6/1) and black
(Gley 1 2.5/N) rhizoliths, gley (pale green 5G8/2 and dark gray Gley 1 4/N) rhizohaloes,
and olive yellow (5Y 6/8), light greenish gray (5GY 8/1) and very dark brown (7.5YR
2.5/3) mottles (Fig. 3D). The coarse fraction (>20 p) of the groundmass includes quartz and
plagioclases. The micromass (<20 p) is mainly formed of clays impregnated with of Fe/Mn
oxides. The c/f (coarse/fine) related distribution pattern is open to double spaced porphyric.
The micromass is characterized by stipple-speckled and cross- and parallel-striated b-fabric
(Fig. 3F). Microfeatures of Bssg horizons include blocky microstructure defined by planar
voids, Fe-nodules and -mottles and depletion zones (Fig. 3G). The mineral components
identified by XRD in Bssg horizons of the Argentino Lake pedotype are, in decreasing
order of abundance, clays/quartz, plagioclases and k-feldspars (Table 2). The clay
mineralogy of the Bssg horizons (Fig. 3B) is dominated by extremely abundant to very
abundant (60—100%) smectite, scarce—-moderate (5-20%) illite and/or chlorite, and very
scarce—scarce (5%) mixed layers of illite-smectite and/or kaolinite. Smectite shows mainly
broad and well defined peaks on XRD diagrams that indicate poorly crystallized smectites.
However, sharp peaks suggesting well crystallized ones were also detected.

Interpretation and classification: the Argentino Lake pedotype shows no clear
differentiation between the soil profiles and there are overlapping features, especially in
horizons A and B, giving transitional horizons of ABss type resulting from the mixing and
pedoturbation process indicating that this pedotyope is a moderately developed paleosol.

The dominance of smectite clays (>60%) and the high content of clay in the
groundmass is in correlation with the abundance of vertic features (see Table 1), which

indicate seasonal shrink-swell processes (e.g., Ahmad, 1983; Ahmad et al., 1996;
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Coulombe et al., 1996; Mermut et al., 1996; Retallack, 2001). Redoximorphic features
including both concentration or impregnative, and depletion features (see Table 1) also
indicate seasonal waterlogged drainage conditions, possibly enhanced by the ability of
smectites to retain water (e.g. Retallack, 2001; Raigemborn et al., 2018a; Varela et al.,
2018, 2021, Lizzoli et al., 2021). The presence of rhizoliths is evidence of bioturbation.
Thus, we interpret that the main pedogenic processes that affected this paleosol were, in
decreasing order of importance, vertization, hydromorphism and bioturbation (Table 1).
Gley colors and low chroma values less than 2 and inclusive <3, could be due to the lack of
free iron and poor-drainage conditions (e.g., Ashley et al., 2013; Kovda, 2020).

Soils with vertic and redoximorphic features are usually associated with a depressed
topography with a relatively high watertable and/or impeded drainage conditions being
waterlogged during a part of the year (e.g., Soil Survey Staff, 1999; Imbellone et al., 2009).
The high content of clay and of smectite as clay mineral in the groundmass, the fine-
grained of the matrix, the presence of slickensides, and the occurrence of wedge-shaped
peds are features that match with modern Vertisols (Buol et al., 2011; Soil Survey Staff,
2014; Basilici et al., 2022). Other features of this pedotype such as a heterogeneous
groundmass, porphyric c/f related distribution, and stipple-speckled and striated b-fabric,
are also compatible with modern Vertisols (Kovda and Mermut, 2010, 2018). However,
Argentino Lake pedotype present redoximorphic features linked to the fact that these soils
were exposed to alternating oxidation and reduction conditions. Consequently, and
according to the abundance of vertic and redoximorphic features, this pedotype can be
classified as a hydromorphic Vertisol-like paleosols (i.e., Aquerts following Soil Survey

Staff, 1999, 2014), and as gleyed Vertisols following Mack et al. (1993).
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4.1.2. Perito Moreno Glacier pedotype

Description: this pedotype (20% of the all paleosol thickness in the measured
section) is only recorded in the middle section of the unit (Figs. 2 and 4), and it is
represented by the vertical stacking of not well-defined ABssg, Bssk and Ck horizons with
diffuse distinctness and smooth topography (Fig. 4A—G; Table 1). Micromorphological
analysis confirmed the presence of ABssg horizons Bssk horizons and C horizons.

The ABssg is a very dusky red (2.5YR 2.5/2) silty horizon that is 0.3 to 0.4 m thick.
Its lower horizon is a Bssk horizon; the vertical transitions are diffuse. Macroscopic
features include rhizoliths (7.5YR 5/8 strong brown, mm-diameter), gley color rhizohaloes
(5GY 8/1 light greenish gray) and mottles (Gley 1 2.5/N black and light greenish gray), Fe-
nodules (2.5YR 2.5/2 very dusky red, cm-diameter), and slickensides that divide fine—
coarse angular blocky peds (5-50 mm in diameter). The coarse fraction (>20 ) of the
groundmass includes quartz and plagioclases, while the micromass (<20 ) is mainly
formed of clays impregnated with of Fe/Mn oxides. The c/f (coarse/fine) related
distribution pattern is open to double spaced porphyric. The micromass is characterized by
stipple-speckled to incipient cross-striated b-fabric. Microfeatures of ABssg horizons
include angular—subangular blocky and wedge-shaped microstructure defined by planar
voids, Fe-nodules, depletion zones, and pedorelicts. The mineral components identified by
XRD in ABssg horizons of the P2 are quartz, plagioclases, clays, k-feldspars, and calcite
(Table 2). The clay mineral association (Fig. 4B) is dominated by very abundant—extremely
abundant (65-80%) smectite, scarce to moderate (10-30%) illite, scarce (5-10%) mixed
layer of illite-smectite, and up to scarce (<15%) chlorite. Smectite presents broad and well

defined peaks on XRD diagrams that indicate poor degree of crystallization.
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The Bssk is a dusky red and dark reddish gray (10R 3/2, 7.5R 4/1) silty horizon that
Is 0.4 to 0.7 m thick. Its lower horizon is a Ck horizon; the vertical transitions are diffuse.
Macroscopic features include rhizoliths (Gley 1 2.5/N black, mm-diameter), gley colors
rhizohaloes and mottles (5GY 8/1 light greenish gray) (Fig. 4D), and slickensides that
divide very fine—fine angular blocky peds (<5-10 mm in diameter). Carbonate-nodules are
the distinctive feature of the Bssk horizon (Fig. 4C). The nodules are mainly isolated,
subspherical in shape and with diameters between 20 and 150 mm. In a lesser extent,
nodules are coalescent with a maximum diameter of 300 mm. The colors of the nodules are
weak red (10R 4/2) to light brown (7.5YR 6/4), and externally they are smooth or present a
network of cracks with a reticular arrangement. Carbonate nodules of this pedotype are
equivalent to the stage Il of the soil carbonate development of Machette (1985), Gile et al.
(1996) and Birkeland (1999). The coarse fraction (>20 ) of the groundmass of the matrix
of the Bssk horizons includes quartz and plagioclases, while the micromass (<20 W) is
mainly formed of clays impregnated with of Fe/Mn oxides, and minority calcite. The c/f
(coarse/fine) related distribution pattern is open to double spaced porphyric (Fig. 4G). The
micromass is characterized by cross- and grano-striated b-fabric. Microfeatures of Bssk
horizons include angular blocky and wedge-shaped microstructure defined by planar voids,
carbonate-nodules, depletion zones (Fig. 4F), and pedorelicts. Micromorphologically, the
groundmass of the carbonate-nodules is composed of micritic carbonate with impregnated
Fe/Mn-zones (nodules and hypocoatings). Carbonate-crescent coatings, floating-grains with
calcite-bladed coronas, and vermiform voids and cracks infilled with microsparite are also
present in the groundmass of the nodules (Fig. 4E). The mineral components identified by
XRD in Bssk horizons of the Perito Moreno Glacier pedotype are, in decreasing order of

abundance, quartz, plagioclases, clays and k-feldspars (Table 2). The clay mineral
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association (Fig. 4B) is dominated by very abundant to extremely abundant (60-95%)
smectite, scarce to moderate (5-20%) illite, very scarce (<5%) mixed layers of illite-
smectite and chlorite, and exceptionally moderate (<15) kaolinite. Smectite peaks on XRD
diagrams are broad and well-defined suggesting poorly crystallized smectites. Meanwhile,
mineral components identified by XRD in nodules of the Bssk horizons of this pedotype
are, in decreasing order of abundance, calcite, quartz, clays, plagioclases and feldspars
(Table 2). The clay mineral association (Fig. 4B) is dominated by extremely abundant—very
abundant (60—100%) smectite, scarce-moderate (5-15%) illite and kaolinite, scarce (5—
10%) chlorite, and very scarce—scarce (5%) mixed layers of illite-smectite. Smectite shows
broad and well defined peaks on XRD diagrams that indicate poorly crystallized smectites.

The Ck horizon is a weak red (10R 4/2) silty horizon that is 0.6 m thick. The
horizon is massive and includes gley mottles (5GY 8/1 light greenish gray) and powdery
carbonate.

Interpretation and classification: similarly to Argentino Lake pedotype, Perito
Moreno Glacier pedotype shows no clear differentiation especially in horizons A and B
with overlapping features, giving transitional horizons of ABssg type resulting from the
mixing and pedoturbation process. Also, the moderate degree of development of
pedofeatures attests to limited time of soil formation, indicating that this pedotype is a
moderately developed paleosol.

The occurrence of carbonate macro and microfeatures indicates calcification
process. Particularly, micritic groundmass, micritic coatings and vermiform voids are Beta-
microfabrics that are associated to organic processes and that are present in biogenic
calcretes. These allow us to interpreted carbonate nodules as pedogenic nodules induced by

biological activity (e.g., Alonso-Zarza et al., 1998). The network of cracks with a reticular
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arrangement into the surface of carbonate nodules can be related to root penetration, are
interpreted as desiccation cracks, but also with desiccation of the fine-grained host substrate
during formation (Ashley et al., 2013; Sacristadn-Horcajada et el., 2016; Raigemborn et al.,
2018b). This last, together with floating-grains, calcite-bladed coronas and cements
infilling cracks are Alpha-microfabrics, suggest inorganic processes (e.g., Alonso-Zarza et
al., 1998; Raigemborn et al., 2018b). Thus, the combination of both types of fabrics is
considered indicative of multiple calcretization phases (e.g., Adamson et al., 2015;
Raigemborn et al., 2018b). The dominance of smectite clays (>60%) and the abundance of
vertic features (see Table 1) indicate seasonal shrink-swell processes (e.g., Ahmad, 1983;
Ahmad et al., 1996; Coulombe et al., 1996; Mermut et al., 1996; Retallack, 2001).
Redoximorphic features (see Table 1) indicate fluctuating soil moisture levels (e.g., Kraus
and Hasiotis, 2006; Ashley et al., 2013; Raigemborn et al., 2018a), while rhizoliths indicate
bioturbation. The carbonate pedofeatures indicates that the horizon was at least moderately
well-drained and oxidized (e.g., Kraus and Hasiotis, 2006), but the occurrence of mottles,
Fe-nodules, rhizohaloes, depleted zones and Fe-Mn impregnations attest to fluctuating
watertable. The intergrowth of Fe-Mn oxides and carbonate in the nodules indicate
alternating oxidizing and reducing conditions within the soil (e.g., Kraus and Aslan, 1993;
Therrien et al., 2009; Raigemborn et al., 2018b). Perito Moreno Glacier pedotype also show
features linked to formation under alternating wet and dry periods. The abundance of
redoximorphic features at the surficial horizon indicates that soils were saturated for a
prolonged period of time due to the fact that the water infiltration was retained in the
solum. However, the scarcity of redoximorphic features at the subsurficial horizons of the
profile together with the carbonate features and the coarser grained texture attest to that the

watertable rarely saturated these soils for extended periods of time (e.g., Therrien et al.,
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2009). Thus, we interpret that this pedotype probably formed under imperfectly- to
moderately well-drained floodplains characterized by seasonal fluctuations of the
watertable. The main pedogenic processes that affected this paleosol were, in decreasing
order of importance, vertization, calcification, hydromorphism, and bioturbation (Table 1).
Likely Argentino Lake pedotype, Perito Moreno Glacier pedotype can be classified
as Vertisol-like paleosols (Soil Survey Staff, 1999, 2014). However, the occurrence of a
Bssk and Ck horizons with pedogenic carbonate features allow us to classify this pedotype
as calcic Vertisols (Soil Survey Staff, 1999, 2014), or as vertic Calcisols following Mack et

al. (1993).

4.1.3. Anita Farm pedotype

Description: this pedotype (16% of the all paleosol thickness in the measured
section) is recorded in the lower and middle part of the unit (Figs. 2 and 5), and it is
represented by the vertical stacking of well-defined Bssg and C horizons with diffuse
distinctness and smooth topography (Table 1). Micromorphological analysis confirmed the
presence of well-developed Bssg horizons (Fig. 5A-G).

The Bssg horizon is a gray and very dark bluish gray (5Y 6/1, Gley 2 3/5PB)
mudstone horizon that is 0.2 to 0.6 m thick (Fig. 5C). Its lower horizon is a C horizon; the
vertical transitions are diffuse. Macroscopic features include yellow and light greenish gray
(5Y 7/6 and 5GY 8/1) mottles (Fig. 5D), weak red (5R 4/2) Fe-nodules of 5 to 15 mm-
diameter, and strong brown and black (7.5YR 5/8 and Gley 1 2.5/N) rhizoliths of
millimeter-diameter, some of them with horizontal disposition. Very fine—coarse
subangular blocky peds (<5-50 mm in diameter) and diffuse slickensides are present. The

coarse fraction (>20 p) of the groundmass includes quartz, plagioclases and volcanic



489 lithics, while the micromass (<20 ) is mainly formed of clays impregnated with of Fe/Mn
490  oxides. The c/f (coarse/fine) related distribution pattern is open to single spaced porphyric.
491  The micromass is characterized by incipient grano-striated b-fabric (Fig. 5E). Microfeatures
492  of Bssg horizons include angular—subangular blocky microstructure defined by planar

493  voids, channels, Fe-nodules and -hypocoatings, and depletion zones (Fig. 5F-G). The

494  mineral components identified by XRD in Bssg horizons of this pedotype are in decreasing
495  order of abundance quartz, clays, plagioclases and k-feldspars (Table 2). The clay mineral
496  association (Fig. 5B) is dominated by extremely abundant (80-100%) smectite, and scarce
497  (5-10%) illite, mixed layer of illite-smectite and/or kaolinite. Smectite peaks on XRD

498  diagrams are relatively sharp and well defined suggesting relatively good crystallized

499  smectites. Also, broad peaks were detected, which indicate poorly crystallized smectites.
500 The C horizon is a massive black (Gley 1 2.5/N) muddy horizon that is 0.4 m thick.
501  The only macroscopic feature recognized are light greenish gray (5Y 7/6) mottles.

502 Interpretation and classification: the thinner profile of the Anita Farm pedotype
503 relative to Argentino Lake and Perito Moreno Glacier pedotypes indicates that the this

504  pedotype is more poorly developed. The dominance of redoximorphic features in Anita
505  Farm pedotype (see Table 1) indicate fluctuating soil moisture levels (e.g., Kraus and

506  Hasiotis, 2006; Ashley et al., 2013). Particularly, gleyed matrix as those of this pedotype
507 indicate extended periods of water saturation (e.g., Therrien et al., 2009). Abundant

508  smectite (>80%) and the occurrence of vertic features (see Table 1) indicate seasonal

509  shrink-swell processes (e.g., Ahmad, 1983; Ahmad et al., 1996; Coulombe et al., 1996;
510 Mermut et al., 1996; Retallack, 2001), while rhizoliths and micro-channel voids indicate
511  bioturbation. Thus, the main pedogenic processes that took place in this pedotype are, in

512  decreasing order of importance, hydromorphism, vertization and bioturbation (Table 1).
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In Anita farm pedotype, erosional surfaces and coarse-grained deposits overlying
the top of the Bssg horizons suggest that the A horizon was probably eroded. However, in
the cases in which paleosol profiles are not marked by deposits or erosional surfaces, it is
possible that the A horizons could be superposed by and confused with the B horizon due
to the cumulative character of paleosols (e.g., Marriott and Wright, 1993; Basilici et al.,
2022). Moderately well-defined horizons with slightly structured B horizon, poor
developed ped structure, and evidence of pedoturbation (rhizoliths, mottles, nodules) are
evidences of limited pedogenesis. Fe-nodules and mottles present in Bssg horizons of the
Anita Farm pedotype may indicate former water table positions in which pH and Eh
conditions change abruptly due to fluctuating watertables (e.g., Vepraskas, 1992, 1994,
2015; Retallack, 2001). Particularly, the presence of Fe-mottles suggests that this pedotype
may have been slightly better drained than the Centinela River pedotype (see below) (e.g.,
Therrien et al., 2009). Moreover, horizontal rhizoliths in Bssg horizons represent a typical
adaptation of plants in order to provide anchorage in partially waterlogged zones (Kraus
and Hasiotis, 2006; Ashley et al., 2013). Thus, this pedotype is interpreted as a weak
developed hydromorphic paleosol with vertic features that formed in poorly-drained
environments with a fluctuating watertable. Although weakly developed soils can be
classified as Inceptisols (Soil Survey Staff, 1999, 2014), this type of soil is ruled out
because of the lack of a subsurface cambic horizon (Bw) and by the occurrence of
diagnostic features of other soil orders (e.g., vertic features). Thus, similarly to Argentino
Lake pedotype, the Anita farm pedotype can be comparable to modern hydromorphic
Vertisols (Soil Survey Staff, 1999, 2014), and it may be classified as a hydromorphic
Vertisol-like paleosol, or as a gleyed Vertisol following Mack et al. (1993). Despite both

pedotypes being identified as hydromorphic Vertisols, the Anita Farm pedotype, suggest a
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lower degree of development than the Argentino Lake pedotype. Therefore, the here
interpreted pedotype could represent fossil hydromorphic Vertisols with a poor degree of

development.

4.1.4. Centinela River pedotype

Description: this pedotype (10% of the all paleosol thickness in the measured
section) is recorded exclusively in the middle part of the unit (Figs. 2 and 6), and it is
represented by the vertical stacking of well-defined Oa, ABg and Bg horizons with diffuse
distinctness and smooth topography (Table 1). Micromorphological analysis confirmed the
presence of well-developed Oa, ABg horizons, and Bg horizons (Fig. 6A-G).

The Oa horizon is a dark gray and dark grayish olive (2.5Y 4/1, 5GY 4/2) muddy
horizon that is 0.3 m thick. Its lower horizon is an ABg horizon; the vertical transitions are
sharp. Macroscopic features of Oa horizon (Fig. 6C) includes black (Gley 1 2.5/N)
carbonized organic matter, remains of leaves and fiber, all of them with different degree of
carbonization, black rhizoliths (Gley 1 2.5/N) of millimeter-diameter, reddish black
rhizohaloes (10R 2.5/1), and very coarse platy peds (>10 mm thick). The coarse fraction
(>20 p) of the groundmass includes carbonaceous remains (cells and tissues), carbonized
plant fragments (Fig. 6E), quartz and plagioclases, while the micromass (<20 p) is mainly
formed of clays. The c/f (coarse/fine) related distribution pattern is single- to close-spaced
porphyric. The micromass is characterized by speckled b-fabric, and in less proportion by
grano-striated b-fabric. Microfeatures of Oa horizons include platy to subangular blocky
microstructure defined by channels and chambers, and Fe-nodules and -hypocoatings. The
mineral components identified by XRD in Oa horizons of this pedotype are, in decreasing

order of abundance, quartz, clays, plagioclases and k-feldspars (Table 2). The clay mineral



561  association (Fig. 6B) is dominated by very abundant (65-80 %) smectite, scarce to

562  moderate chlorite (10-20%), and scarce (10%) illite. Smectite shows relatively sharp and
563  well defined peaks on XRD diagrams, which suggest well crystallized smectites.

564 The ABg horizon is a grayish brown (2.5Y 5/2) mudstone horizon that is 0.4 m

565  thick. Its lower horizon is a Bg horizon; the vertical transitions are diffuse. Macroscopic
566  features include fine black (Gley 1 2.5/N) rhizoliths and coarse yellowish red (5YR 5/8)
567  rhizoliths (5-15 mm; Fig. 6D), yellowish red mottles (5YR 5/8), and fine to medium

568  subangular blocky peds (5-20 mm thick). The coarse fraction (>20 p) of the groundmass
569 includes quartz and plagioclases, while the micromass (<20 p) is mainly formed of clays
570 impregnated with of Fe/Mn oxides. The c/f (coarse/fine) related distribution pattern is

571  single- to double-spaced porphyric. The b-fabric of the micromass is undifferentiated.

572 Microfeatures of ABg horizons include subangular blocky microstructure defined by

573  channels and chambers (Fig. 6F), and Fe-nodules and -coatings. The mineral components
574 identified by XRD in ABg horizons of this pedotype are, in decreasing order of abundance,
575  quartz, clays, plagioclases and k-feldspars (Table 2). The clay mineral association (Fig. 6B)
576 is dominated by extremely abundant (85%) smectite and scarce—-moderate illite (15%).

577  Smectite in ABg horizon shows relatively sharp and well defined peaks on XRD diagrams,
578  suggesting well crystallized smectites.

579 The Bg horizon is a brown and olive gray (10YR 5/3, 5Y 4/2) mudstone horizon
580 thatis 0.4 m thick. Macroscopic features include rhizoliths (yellowish red, mm-diameter),
581  mottles (yellowish red), carbonaceous remains, slickensides, and medium to coarse

582  subangular blocky peds (10-50 mm thick). The coarse fraction (>20 W) of the groundmass
583 includes quartz and plagioclases, while the micromass (<20 ) is mainly formed of clays

584  impregnated with of Fe/Mn oxides. The c/f (coarse/fine) related distribution pattern is
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single- to close-spaced porphyric. The micromass is characterized by incipient cross-
striated b-fabric. Microfeatures of Bg horizons include angular blocky and wedge-shaped
microstructure defined by planar voids, Fe-nodules, and depletion zones (Fig. 6G). The
mineral components identified by XRD in Bg horizons of the Centinela River pedotype are,
in decreasing order of abundance, quartz, clays, plagioclases and k-feldspars (Table 2). The
clay mineral association (Fig. 6B) is dominated by extremely abundant smectite (90—100%)
and scarce chlorite (10%). Smectite presents relatively sharp and well defined peaks on
XRD diagrams that indicate well crystallized smectites.

Interpretation and classification: the Centinela River pedotype presents a relatively
well developed horizon sequence (Oa-ABg-Bg profiles) and thick profiles indicating that
this pedotype is a moderately developed paleosol. The high content of organic matter and
floral remains suggest that vegetation grew in proximities to the ponds of the swamp
setting, probably in the margins of the ponds. Organic matter probably derived from the in
situ accumulation of plant material (e.g., Tabor et al., 2017). The preservation of organic
matter indicates anoxic and reducing conditions resulting from high watertables as typically
occurs in hydromorphic soils (e.g., Wright et al., 2000; Kraus and Hasiotis, 2006;
Raigemborn et al., 2018b). This pedotype is dominated by redoximorphic features such as
gleyed matrix, which are related to poor drainage conditions and extended periods of water
saturation due to high nonfluctuating watertable (e.g., Therrien et al., 2009; Lindbo et al.,
2010; Vepraskas. 2015; Vepraskas and Craft, 2016; Vepraskas et al., 2018). Abundant
smectite (>65%) also attest to waterlogged conditions (e.g., Varela et al., 2018). However,
the occurrence of incipient vertic features mainly in the Bg horizon of this pedotype (see
Table 1) indicate shrink-swell processes (e.g., Ahmad, 1983; Ahmad et al., 1996;

Coulombe et al., 1996; Mermut et al., 1996; Retallack, 2001). Rhizoliths, micro-channel
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voids and micro-chambers indicate bioturbation. The abundance of macro- and
micromorphological features testified that subaerial exposure was relatively long, and the
main pedogenic processes that took place in this pedotype are, in decreasing order of
importance, hydromorphism, bioturbation and vertization (Table 1). Thus, Centinela River
pedotype is interpreted as a moderately developed paleosol that formed in very poorly-
drained environments.

The occurrence of a histic epipedon (Oa horizon), abundant carbonized plant
fragments and carbonaceous material, and gley mottles of this pedotype resemble to
modern Histosols (Soil Survey Staff, 1999, 2014). This type of soil occurs in
topographically low areas with very poor drainage conditions. Although this soils are
defined by the presence of a histic and/or folisitc epipedon, which is recognized for a
content of organic carbon of at least 8% (Soil Survey Staff, 1999, 2014), fossil Histosols
are defined as paleosols that contained a layer of concentrated organic matter that
accumulated in situ (e.g., Mack et al., 1993; Kahmann et al 2008; Tabor et al., 2017).
Paleosols typically have significantly less organic matter than their modern equivalents due
to efficient biotic decomposition as well as burial dissolution (Retallack, 1991; Sheldon,
2003). Thus, the Centinela River pedotype may be classified as a Histosol-like paleosol, or

as a Histosol following Mack et al. (1993).

4.1.5. Chorrillo Malo Farm pedotype

Description: this pedotype (4% of the all paleosol thickness in the measured
section) is recorded exclusively in the uppermost part of the unit (Figs. 2 and 7), and it is
represented by the vertical stacking of Bss horizons (Table 1). The micromorphological

analysis of this pedotype confirmed the presence of Bss horizons (Fig. 7A-E).
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The Bss horizon is a weak red (10R 4/3) siltstone—mudstone horizon that is 0.5 m
thick. Its lower horizon is a C horizon; the vertical transitions are diffuse. Macroscopic
features include black (Gley 1 2.5/N) rhizoliths of mm-diameter, light greenish gray (5GY
8/1) rhizohaloes, slickensides, and incipient coarse subangular—angular peds (20—-30 mm
thick; Fig. 7C). The coarse fraction (>20 ) of the groundmass includes quartz and
plagioclases, while the micromass (<20 ) is mainly formed of clays impregnated with of
Fe/Mn oxides. The c/f (coarse/fine) related distribution pattern is open-spaced porphyric.
The micromass is characterized by speckled b-fabric or it is undifferentiated. Microfeatures
of Bss horizons include typic Fe- and -clay coatings around voids associated with depletion
zones (Fig. 7D-E), subangular blocky microstructure defined by channels, and Fe-nodules.
The mineral components identified by XRD in Bss horizons of this pedotype are, in
decreasing order of abundance, quartz, clays, plagioclases and k-feldspars (Table 2). The
clay mineral association (Fig. 7B) is dominated by very abundant (60%) smectite,
moderate—abundant (30%) illite, and very scarce—scarce (5%) chlorite and kaolinite.
Smectite of Bss horizon shows relatively good and well defined peaks on XRD diagrams
that indicate well crystallized smectites.

The C horizon is a dark red (10R 3/6) siltstone—mudstone horizon that is >0.5 m
thick and with massive structure.

Interpretation and classification: this pedotype has moderately well-defined
horizonation with slightly structured Bss horizons indicating that soil development is
moderate. Evidence of clay accumulation of illuvial origin (argilluviation) is only at
microscale. This illuvial clay was probably transported from overlying horizons (A
horizon) by rainwater percolating through the soil and preserved as coating when the soil

dries. Although the scarce occurrence of this pedofeature is not enough to warrant
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classification as an argillic horizon (Bt), such feature indicated that the soil must have been
part of the vadose zone and responds to well-drained/dry conditions (e.g., Therrien et al.,
2009; Ashley et al., 2013). Also, reddish color of the Chorrillo Malo farm pedotype reveals
that oxidizing soil conditions were predominant, while the presence of Fe-coatings and -
nodules and gley rhizohaloes are evidence of a fluctuating watertable. Rhizoliths and
micro-channels attest to bioturbation. The abundance of smectite (60%) clay and the scarce
occurrence of vertic and redoximorphic features (Table 1) indicate that seasonal shrink-
swell processes and fluctuating soil moisture levels also occurred during its formation.
Thus, this pedotype is interpreted as moderately developed paleosols formed on moderately
well-drained floodplain settings with a watertable fluctuating during the year. Here,
illuviation, bioturbation, vertization and hydromorphism seem to be the main pedogenic
processes that took place to this pedotype formation.

Similarly to Anita farm pedotype, the absence of a preserved A horizons suggests
that the A horizon was probably eroded or, alternatively, that A horizons could be
superposed by and confused with the B horizon due to the cumulative character of
paleosols (e.g., Marriott and Wright, 1993; Basilici et al., 2022). Also, likely Argentino
Lake and Anita Farm pedotypes, the presence of vertic features in the Chorrillo Malo Farm
pedotype are consistent with modern Vertisols (Soil Survey Staff, 1999, 2014; Buol et al.,
2011; Schoeneberger et al., 2012). The formation of clay coatings as those of this pedotype,
is a common pedogenic phenomenon in seasonally waterlogged clay-rich soils, and was
widely recognized in paleo-Vertisols (e.g., Kahmann and Driese, 2008; Pal et al., 2012;
Beilinson and Raigemborn, 2013; Licht et al., 2014; Varela et al., 2021). Consequently, this
pedotype may be classified as argillic Vertisol-like paleosols (Soil Survey Staff, 2014), and

as argillic Vertisols following Mack et al. (1993).
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4.2. Palynological study

Palynological assemblages recovered from the upper section of the Chorrillo
Formation (see Fig. 2) are characterized by the presence of spores related with lycopsids
(e.g., Densoisporites velatus), bryophytes (e.g., Foraminisporis wonthaggiensis),
Salvinialean megaspores, and angiosperm pollen grains of the angiosperm clade Liliales
(e.g., Liliacidites variegatus). In this section are also abundant cysts of freshwater algae
related to Zygnemataceae or Oedogoniaceae (Van Geel and Grenfell, 1996; Zippi, 1998).
Pollen of gymnosperms is scarce, unlike what is observed in the lower and middle sections

of the unit.

5. Discussion
5.1. The significance of large- and small-scale vertical variations in the paleosols of the
Chorrillo Formation

The architectural elements of the Chorrillo Formation in the study area were
analyzed by Moyano-Paz et al., (2022a), who defined that it represents a low-gradient
fluvial system, comprising of gravelly-sandy fluvial channels, sandy crevasse splays
deposits, and ~60% of fine-grained material (massive siltstones and mudstones; Fm facies)
of the distal floodplain including swamp/pond settings (laminated claystone—mudstones; Fl
facies).

The different pedotypes of the Chorrillo Formation are vertically interspersed
throughout the succession. The large-scale or small-frequency stacking of these paleosols

and the subtle vertical changes recorded in the architectural elements of the unit (i.e.,



704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

changes in depositional environments), varying according to the three informal sections
within the Chorrillo Formation (Figs. 2 and 8).

Although the relatively low structural dips, extensive slumpings, and the typical
badland landscape of the exposures prevent the establishment of mesoscale lateral
relationships between each pedotype associated with their relative position within the
fluvial environment (i.e., catena following Birkeland, 1999), the occurrence of different
paleosols throughout the unit suggests formation under different hydrologic conditions in
close stratigraphic proximity (i.e., small-scale or high frequency stacking). This could
suggest the existence of multiple landscapes within the floodplain of the Chorrillo

Formation.

5.1.1. Lower section of the Chorrillo Formation

Overall, this section is dominated by thick fine-grained deposits of the distal
floodplain with the Argentino Lake pedotype (moderately-developed hydromorphic
Vertisol-like paleosols), and in less proportion with the Anita Farm pedotype (poorly-
developed hydromorphic Vertisol-like paleosols). Thin dark fine-grained deposits
comprising swamp/pond settings and very few crevasse splay deposits without pedogenesis
are also present in this section of the unit (Moyano-Paz et al., 2022a) (Figs. 2 and 8).

Small-scale or high-frequency vertical variations within this section show sequences
of few meters thick where Argentino Lake pedotype is overlain by Anita Farm pedotype,
and both paleosols are sharply bounded by channel sandstones. The combination of vertic
and redoximorphic features in Vertisols with moderate degree of development attests to
seasonality of rainfall and/or waterlogged during a part of the year (seasonal waterlogging).

Such conditions could took place on smectite-rich mudstones (Fm facies) of the distal
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floodplain where slow sediment accumulation occur (e.g., Licht et al., 2013). Meanwhile,
the dominance of hydromorphic features in another Vertisol points out to extended periods
of water saturation which could be linked to topographically more depressed areas in the
distal floodplain. However, both paleosols have the same smectite-rich muddy (Fm facies)
parent material suggesting that no significant topographic differences occurred in the
floodplain. Thus, one possibility is that difference in drainage reflect both flooding duration
on an aggrading floodplain and minor topographic variations, where seasonal fluctuations
in the water level enhanced minor topographic differences (e.g., Wright et al., 2000). The
poor degree of development of the Anita Farm pedotype can be due to waterlogged
conditions, which suppress most of the soil-forming processes (e.g., Ashley et al., 2013).

The vertical stacking of these pedotypes could be related to changes in the position
of the main channel and consequently, this vertical change may result of the avulsion of the
channel, a common processes of channel abandonment recorded in the Chorrillo Formation
(Moyano-Paz et al., 2022a). In this sense, the paths form hydromorphic Vertisols to channel
deposits in the lower section of the unit is another record of avulsion mechanism (e.g.,
Varela et al., 2012), while the vertical stacking of different profiles of this pedotype could
be related to a break in sedimentation and pedogenesis and the subsequent formation of a
new soil profile. This situation could reflect a “cryptic” avulsion within the fluvial system
(i.e., an avulsion that remains hidden within the traditional facies analyses and that only can
be revealed by means of paleosols analysis, sensu Varela et al., 2012).

Paleobotanical data of this section suggest the presence of vegetation occupying
different environments within the low-gradient fluvial system of the Chorrillo Formation.
Salviniales (water ferns) were restricted to the water bodies, as swamps and ponds (e.g,

Scafati et al., 2009) without soil developed. Surrounding these freshwater bodies, or in
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other moist places as riverbanks, several spore producing plant groups, as bryophytes,
lycopsids, and terrestrial ferns were probably present, along with angiosperms of the
Liliales and Gunnerales. The arboreal vegetation present in the assemblage could have
grew near river courses (e.g. Proteaceae; Volkheimer et al., 2007), in the upland regions
(Podocarpaceae), or in coastal and upland slopes (Hirmeriellaceae; Batten, 1975, Filatoff,

1975) (see Fig. 8).

5.1.2. Middle section of the Chorrillo Formation

The unchannelized deposits of this section are integrated by sandy crevasse splay
and thick fine-grained floodplain deposits. In less proportion, thin dark fine-grained
deposits of swamp/ponds occur (Moyano-Paz et al., 2022a). The Argentino Lake and the
Perito Moreno Glacier (calcic Vertisol-like paleosols) pedotypes dominated this section
(Figs. 2 and 8). The Anita Farm, and the Centinela River (Histosol-like paleosols)
pedotypes are also present (Figs. 2 and 8).

The small scale vertical stacking of paleosols within this section presents different
sequences of few meter-thick. For example, in the lower part a sequence of hydromorphic
Vertisols - calcic Vertisols - hydromorphic Vertisols is developed between two crevasse
splay deposits(see Fig. 2). Other stacking patterns of the lower part are (1) hydromorphic
Vertisols - Histosols sharply bounded by fine-grained floodplain deposits without
pedogenesis, (2) hydromorphic Vertisols - Histosols - channel deposits, (3) calcic Vertisols
- hydromorphic Vertisols - channel deposits, and (4) stacked hydromorphic Vertisols. Also,
Histosols sharply bounded by channel deposits are recorded. Towards the upper part of the
section, different hydromorphic Vertisols are associated to calcic Vertisols sharply bounded

by channel, or by crevasse splay deposits without pedogenesis. It is important to highlight
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the lack of pedogenic features in sandy crevasse splay deposits of the Chorrillo Formation
(Fig. 2), reflecting the greater proximity of such deposits to the rivers where more frequent
floods occur, and the high sedimentation rates and avulsion that would prevent pedogenesis
and inhibit soil development (e.g., Kraus, 1999; Yeste et al., 2020).

The Perito Moreno Glacier pedotype is a paleosol with moderate-degree of
development that has silt as parent material (Fm facies) and was formed under imperfectly-
to moderately well-drained settings characterized by seasonal fluctuations of the watertable.
As was mentioned previously, on the basis of the silt-dominated lithology and better
drained conditions, this pedotype is related to probably settings in the floodplain in
proximity to non-pedogenized crevasse splay deposits (Fig. 8). While, Argentino Lake and
Anita Farm pedotypes are related to moderate to poor-drained conditions of the distal
floodplain, respectively (Fig. 8), as was mentioned for the lower section of the unit.
Besides, the Centinela River pedotype is a moderately developed paleosol in which
hydromorphic features are relatively well developed. These features may have formed in
distal portions of the floodplain (Fig. 8) where the rate of sedimentation was very low, the
grain size of the particles are very fine, and the lowest topographic relief, which in turn
favored extended periods of water saturation and very poorly-drained conditions. It is
probable that these Histosols have been formed in margins of swamps/ponds (see before),
where periods of water saturation were extended due to high non fluctuating watertable.
Under waterlogged conditions, soils are in general not well-developed, as is the Centinela
River pedotype, because the suppression of most of the soil-forming processes (e.g., Ashley
etal., 2013).

Similarly to the lower section of the unit, different stacking patterns of paleosols

could reflect changes in the position of the main channel due to avulsion (e.g., Kraus and
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Aslan, 1993; Kraus, 1996, 1997). The passage from hydromorphic Vertisols or Histosols to
channel deposits also records avulsion process, and the link between stacked paleosols and
crevasse splay deposits could be related to the abandoned of the last. The subtle changes
between the stacking of hydromorphic Vertisols - calcic Vertisols - hydromorphic Vertisols
reflect the vertical superimposition of different paleosols that were developed in close
stratigraphic and probably spatial proximity within the floodplain.

The sharp boundary between different paleosols of the middle section could suggest
a pause in pedogenesis and the later reestablishment of floodplain aggradation (e.g., Varela
et al., 2021). In addition, the stacking of the same paleosol type (i.e., hydromorphic
Vertisols in the lower part and calcic Vertisols in the upper part) with the preservation of
AB horizons in the profiles could be another example of “cryptic” avulsion as was
interpreted for the lower section of the unit.

Throughout the entire section of the Chorrillo Formation, but more frequently
within the middle section, there are thin dark fine-grained deposits without pedogenesis
(claystone—mudstone FI facies), interpreted by Moyano-Paz et al. (2022a) as deposited by
settling of suspended load in depressions or topographically low areas of the landscape.
Such areas were characterized by impeded drainage, producing water-logging, swamp- or
pond-like environments. The gray colors of these deposits indicate reducing and anoxic
conditions, with organic matter preserved and in such cases, preservation of paleofloristic
or paleovertebrate remains (see Figs. 2 and 8). The thin lamination attests to very quiet
environments where settling of suspension predominates. Some of these water body were
probably very shallow, as was suggested by Vera et al. (2022), based on the recognized
aquatic floristic community. These swamp settings probably consisted of (1) ponds without

pedogenesis and inhabited by aquatic vegetation (i.e., Nymphaeaceae, Azzola spp.,
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Marsileaceae, and Zygnemataceae; Vera et al., 2022), (2) margins colonized by terrestrial
components of the vegetation that could have lived in the vicinity of the aquatic community
as non-vascular plants, lycopsids, several terrestrial fern groups, terrestrial gymnosperms as
Hirmeriellaceae, pteridoperms and Cycadales, Bennettitales or Ginkgoales (Cycadopites),
as well as some angiosperms as Gunneraceae and Liliales (Vera et al., 2022), where very
poorly-drained paleosols with abundant poorly decomposed organic matter (Histosols)
developed, and (3) poorly-drained soils (poorly-developed hydromorphic Vertisols)
situated topographically slightly higher and/or more distal to ponds, temporally
waterlogged and with a fluctuating watertable (see Fig. 8). In fluvial systems with a very
low-gradient as those of the Chorrillo Formation, high watertables associated to very fine-
grained particles promote waterlogging. In the lowest topographic relief of the floodplain, if
waterlogging is permanent, this prevent pedogenesis and soil development (e.g., Wright et

al., 2000; Therrien et al., 2009; Varela et al., 2021).

5.1.3. Upper section of the Chorrillo Formation

This section is dominated by thick fine-grained floodplain deposits and thin dark
fine-grained swamp/pond deposits. Paleosols are dominated by the Argentino Lake
pedotype and in a minor proportion by the Chorrillo Malo Farm pedotype (argillic
Vertisols) (Fig. 8).

This section records the stacking of hydromorphic Vertisols developed over distal
floodplain deposits, and pedogenically unmodified crevasse splay deposits with sharp
boundaries. Eventually, this pedotype is followed by swamp/pond deposits without

pedogenesis. Towards the uppermost part of this section, argillic Vertisols developed over
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distal floodplain deposits (silty—muddy Fm facies) are interbedded with distal floodplain
deposits without pedogenic modification.

As mentioned before, the Argentino Lake pedotype is a moderately-developed
paleosol formed under conditions of seasonality of rainfall and/or waterlogged during a part
of the year (seasonal waterlogging), and the Chorrillo Malo Farm pedotype is also
moderately developed, but formed under better-drained conditions than the former
pedotype. It is possible that the slightly coarser parent material (silt—=mud) of this pedotype
allowed the improvement of the drainage conditions in the floodplain. Similarly to the
lower section of the unit, the interbedded of Vertisols - floodplain deposits without
pedogenesis, the stacking of different profiles of the same Vertisol - swamp/pond deposits -
floodplain deposits lacking pedogenic features, and the interbedded of argillic Vertisols -
floodplain deposits without soil formation could represent the result of avulsion events in
which the position of the channel changes within the floodplain. Also, the occurrence of
different soil types (hydromorphic Vertisols vs. argillic Vertisols) in the floodplain could be
the response to slightly different aggradation rates throughout this part of the floodplain
which can result in subtle changes in topography affecting the local drainage. In addition,
the relationship of Vertisols - swamp/pond deposits without pedogenesis suggests bad
drainage conditions and fully permanent waterlogging in distal floodplain (e.g., Yeste et al.,
2020; Varela et al., 2021).

The palynolgical analysis of the upper section add new information about this
section of the Chorrillo Formation. As in the lower and middle sections, the most
conspicuous plant element in swamps/ponds were water ferns of the Salviniales (Scafati et
al., 2009). Chomotriletes is a freshwater alga that lives in subtropical shallow-water bodies

(Davis, 1992), and probably had the same ecological requirements in the described
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assemblage. Additionally, some authors postulate that the presence of this algae indicates
warm climatic areas with summer drought periods (local seasonal drying) (Scott, 1992;
Carrién and Navarro 2002). Bryophytes and lycopsids of the upper section inhabited moist
places, as along river banks and around swamp/ponds, probably associated with Liliales

(see Fig. 8).

5.2. The significance of the paleosols of the Chorrillo Formation in the paleoenvironmental

and paleoclimatic reconstruction

5.2.1. Paleoenvironment

Although five pedotypes have been differentiated through the Chorrillo Formation,
they have in common the occurrence of redoximorphic features. These types of features are
formed by processes of reduction, translocation and oxidation of Fe- and Mn-oxides in soils
that are periodically saturated (Vepraskas, 1994, 2015). Such processes in a soil are known
as aquic conditions, and typically floodplains can experience a combination of two forms of
aquic conditions (Vepraskas, 1994, 2015). The first can be due to seasonal or periodic
water saturation of the lower portion of the soil by ground water (i.e., ground water-gleying
or endosaturation) (e.g., Kraus and Aslan, 1993; Vepraskas, 1994, 2015). The second, can
be due to saturation of the upper portion of the soil by prolonged or seasonal perching of
superficial water above an impermeable unit (i.e., surface-gleying, pseudogley or
episaturation) (e.g., Kraus and Aslan, 1993; Vepraskas, 1994, 2015; PiPujol and Buuman,
1998).

Paleosols of the Chorrillo Formation appear to have resulted from a combination of

both types of saturation or gleying. In this sense, it is possible to infer that aquic conditions
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by episaturation or surface-gleying took place in moderately-developed hydromorphic
Vertisols and calcic Vertisols. Both pedotypes present redox depletion macro- and
microfeatures associated to voids (fractures, root holes, bioturbation voids) of the surficial
horizon (A), suggesting conditions of water stagnation developed on macropores without
saturation of the entire matrix of the soil (e.g., Roquero et al., 2013; Vepraskas, 2015;
Driese et al., 2016; Basilici et al., 2022). Although proximity to sand bodies (i.e., channel
or crevasse splay deposits) could produce apparent pseudogley features because
groundwater is easily transmitted through the most permeable beds to soil horizons, the
clear association of the features of the A horizon to specific channels indicates a true
pseudogley influence (Pipujol and Buurman, 1994; Licht et al., 2013). Episaturation
probably was due to the impermeability of the unit that could be result from the high-
density and low hydraulic conductivity of the fine-grained size parent materials (i.e., great
content of clay in the groundmass) (e.g., Licht et al., 2013; Vepraskas, 2015; Basilici et al.,
2022). Under this situation, water can remain stagnant on the surface and in the upper part
of the soil for several days or weeks after major rainfalls or floods (Kraus and Aslan, 1993;
Kraus and Hasiotis, 2006; Buol et al., 2011; Basilici et al., 2022). Also, these pedotypes
present redox depletion features in root holes in the subsuperficial (B) horizon indicating
that reducing conditions associated to macropores reach the lower horizon, probably
associated to relatively shallow watertables (endosaturation or groundwater-gleying in B
horizons).

Poorly-developed hydromorphic Vertisols and argillic Vertisols exhibit truncated
profiles (without superficial horizon) that preclude them from determining conditions of the
superficial horizon. However, the B horizon of the hydromorphic Vertisols shows evidence

that the matrix was entirely saturated, probably due to ground water-gleying or
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endosaturation by a shallow watertable. In this regard, horizontal rhizoliths in Bssg
horizons are evidence of anchorage of plants in a partially waterlogged setting where the
watertable is high. Under high watertable conditions, roots develop an eco-physiologic
adaptation looking for anchorage and as a response to the lack of aeration (e.g., Kraus and
Hasiotis, 2006; Buatois and Mangano, 2011; Ashley et al., 2013; Brea et al., 2017;
Raigemborn et al., 2018b). Meanwhile, the B horizon of argillic Vertisols present redox
depletion features in root holes as those of the moderately developed hydromorphic
Vertisols and calcic Vertisols, probably associated to endosaturation or groundwater-
gleying.

On the other side, the entire profile (i.e., O, AB and B horizons) of the Histosols
presents a gley matrix with redox concentrations occur around macropores (rhizoliths and
voids) and also occur without relationship to macropores. The combination of
redoximorphic features indicates that the matrix was wet for periods long enough for
reducing conditions, while macropores become aerated. Vepraskas (2015) mentioned that
this combined situation can take place if plants grow in the saturated horizon and transport
air to their roots, as could be the case of the Chorrillo Formation due to the fact that there
are evidences of plants that inhabited the swamp/ponds and their marginal settings (e.g.,
Veraet al., 2022; Perez Loinaze et al., 2023). However, redox concentration features in the
matrix can respond to air trapped within the matrix. Such features can be found with
episaturation and endosaturation (e.g., Vepraskas, 2014, 2015).

Even though it is not easily defined which of both factors (rainfall vs. floods)
controlled stagnant water in the Chorrillo Formation pedotypes, the occurrence of non-
pedogenized deposits intermingled with pedogenized ones (Fig. 2) attest to flood waters

(flooding) because river floods led to an increase in the frequency of depositional events
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(e.g., Kraus, 1999; Wright et al., 2000; Flaig et al., 2013; Basilici et al., 2022). Soils that
are often flooded, as those of the Chorrillo Formation, have relatively shallow watertables

with strong seasonal variations leading to groundwater-gleying (Kraus and Aslan, 1993).

5.2.2. Paleoclimate

Several aspects of the paleosols macro- and micromorphology, clay mineral
composition, pedogenic processes, and vegetation record give insight into the climatic
conditions that prevailed in Southern Patagonia during the Maastrichtian Chorrillo
Formation. Between these, the combination of redoximorphic (discussed above) and vertic
features are indicative of seasonality of climate during soil formation (e.g., Basilici et al.,
2022). In low-gradient fluvial system as those of the Chorrillo Formation, seasonality can
be linked to (1) rainfalls, (2) watertable fluctuations, and (3) variations in fluvial discharge
(e.g., Retallack, 2001; Therrien, 2005; Yeste et al., 2020; Varela et al., 2021). The intensity
of rainfalls will condition watertables and the development of swamp/ponds settings in the
floodplain (e.g., Varela et al., 2021), as success in the Chorrillo Formation. Kraus and
Aslan (1993) point out that avulsion, a typical mechanism of the studied unit, can be
induced by unusual large flood during wetter periods because change in precipitations can
influence avulsion frequency. If this could be the case of the Chorrillo Formation, each
avulsion event throughout the unit could respond to a period of wetter conditions.

Modern Vertisols, typically occur in environments with mean annual precipitations
between 500 and 1000 mm, but may occur in much better climate as well if extremely high
precipitations are compensated by high temperatures and evapotranspiration (Kovda, 2020).
Vertic features throughout the entire section of the Chorrillo Formation attest to formation

under seasonal rainfalls, which control wet and dry cycles causing alternating wetting and
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drying of the soil and the swelling and shrinking of expandable clays (e.g.,Varela et al.,
2018; Basilici et al., 2022). In Vertisols, the main pedotype recorded at Chorrillo
Formation, smectite originated through inheritance (detrital) or pedogenic (in situ) (Wilson,
1999). Although we did not utilize SEM analysis allowing to confirm the origin of the
smectite (e.g., Raigemborn et al., 2014; Song et al., 2018), the overall combination of well
and poorly crystallized smectites in Chorillo paleosols could suggest the occurrence of both
detrital and pedogenic smectites (e.g., Chamley, 1989; Srivastava et al., 2002; Raigemborn
et al., 2014). However, the high quantity of smectite in C horizons (i.e., floodplain deposits
without pedogensis) is evidence of the detrital origin of this clay mineral component in the
parent material of the paleosols (e.g., Basilici et al., 2022). Illite is the second clay mineral
in order of abundance of the Chorrillo paleosols (<30%; average of 10% through the entire
section). Illite is another clay mineral reported as abundant in Vertisols (Coulombe et al.,
1996), and it is commonly inherited from parent rocks and do not typically form during
pedogenesis (Chamley, 1989; Wilson, 1999). Minor contents of chlorite (0-20%, 3% on
average), kaolinite (0-15%, 2% on average) and mixed layers of illite-smectite (0-10%, 2%
on average) through the unit can also be consider detrital in origin (Wilson, 1999;
Raigemborn et al., 2014).

Another paleoclimate proxy is the occurrence of pedogenic carbonates. Although
they may form under a wide range of temperatures and rainfalls (e.g., Sheldon and Tabor,
2009; Raigemborn et al., 2018b, 108c), the limit to calcite formation is the episodic drying
of the soil for a long period (e.g., Kraus and Hasiotis, 2006). In this case study, the
characteristics of pedogenic carbonate nodules of the calcic Vertisols (i.e., the relatively
large size [> 20 mm in diameter], micritic in composition, presence of sparitic veins), the

intergrowth of iron oxides and carbonate, and their occurrence in horizons with vertic
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features (Bssk horizons), indicate formation under seasonal climates, in which precipitation
is spread over a limited period of three to four months (e.g., Khadkikar et al., 2000;
Therrien et al., 2009). Such features (together with the dominance of smectite in the
groundmass and in the calcite nodules, and the presence of scarce—moderate [<15%)]
proportions of kaolinite, mainly in the nodules), attest for a relatively warm and humid
(1000-1200 mm/year) climate, with seasonal rainfall (e.g., Raigemborn et al., 2018b,
2018c).

Although rhizoliths and rhizohaloes are the only macro-record of vegetal cover, the
overall palynoflora recovered along the entire section of the Chorrillo Formation contains
elements with ecological requirements that agree with the result of paleosols analysis.
Among them, representatives of aquic ferns (Salviniaceae and Marsiliaceae), Arecaceae
and Araceae (Perez Loinaze et al., 2023) are interpreted as markers of tropical or
subtropical climates (Kramer and Green, 1990; Friis et al., 2004; Bakker et al., 2011).
Conversely, some elements as Podocarpaceae (in particular Phyllocladidites mawsonii) and
Proteaceae are related to temperate climates (Baldoni and Askin, 1993; Vajda and
Bercovici, 2012). Given these results, a mixed flora is recognized, pointing to temperate to
warm conditions. On the other hand, the abundance and richness of terrestrial ferns, and
other spore producing taxa (e.g., bryophytes, lycopsids), along with the conifer family
Podocarpaceae through the Chorrillo Formation, can be interpreted as indicators of
relatively humid conditions (Hill and Brodribb, 1999; Schrank, 2010). Additionally, there is
paleobotanical evidence of rainfall seasonality. For example, well-developed growth rings
in the fossil woods of the lower section of the unit (see Fig. 2) suggests periods of arrested
growth (seasonality) (Novas et al., 2019). Also, the existence of the algae Zygnemataceae

in hydromorphic Vertisols and Histosols and in the megafloristic level 1 in the middle
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section of the unit (see Fig. 2), indicate warm conditions, at least during a part of the year,
and seasonality of rainfall, which is necessary to stimulate the formation of zigospores
(Jarzen, 1979). The record of Classopollis in a calcic Vertisol-like paleosol, and in samples
associated with swamp/pond deposits without pedogenesis and with the level bearing
phytodetritus of the lower section of the unit, and in the Argentino Lake pedotype linked to
the Magallanodon Site of the middle section (see Fig. 2), also indicate seasonal rainfall
(Abbink, 1998; Sajjadi and Playford, 2002). Similarly, the record of abundant cysts of the
algae Chomotriletes minor, in a Vertisol-like paleosol of the uppermost part of the unit (see
Fig. 2) could possibly be an indicator for relatively warm climates with local seasonal
drying (Scott, 1992). However, the presence of organic horizons (O) formed from
carbonized plant debris within the Centinela River pedotype dismiss the existence of a dry-
season during their formation, because under dry conditions organic matter is oxidized
preventing the accumulation of peats (e.g., Wright et al., 2000). Such horizons are found in
very wet settings (e.g., wetlands) where watertable is very high and plant debris
decomposes less rapidly due to low oxygen conditions (e.g., Vepraskas and Croft, 2016).
Variation in drainage conditions detected throughout the paleosols developed within
the floodplain of the Chorrillo Formation could be a response to climate change (low-
frequency scale allogenic factor), and such climate changes must be associated to sharp
sedimentological changes through the unit. Although very subtle sedimentological changes
over the entire succession allowed us to define informally three sections (lower, middle and
upper), no big changes in the fluvial style were recognized. This could be due to the
constant dominance of fine-grained deposits and to the lack of significant erosion surface
recorded in the studied area (e.g., Moyano-Paz et al., 2022a). Also, Moyano-Paz et al.

(2022a) explain that the alternation of channelized complex sandy narrow sheet and
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complex gravelly narrow sheet elements was probably related to small fluctuations in the
sedimentary supply/accommodation space ratio. Also, similarities in clay mineralogy in all
the paleosols (mainly smectite) suggest uniformity in climate conditions during their
formation. Consequently, variations in drainage conditions of paleosol types of the
Chorrillo Formation can be linked to the topographic location within the fluvial floodplain,
and the grain-size (parent material) of the parent material, which in turn are associated to
avulsion events, and do not reflect the control of allogenic factors such as the climate.

The studied succession lies over the fluvial La Irene Formation of a latest
Campanian-Maastrichtian age (Ghiglione et al., 2021), and below the marine Calafate
Formation which is assigned to the latest Maastrichtian in the study area (Marenssi et al.,
2004; Ghiglione et al., 2021) but that may reach a Danian age toward the south (Davis et
al., 2022). Thus, the Chorrillo Formation provides insight into the climate conditions during
the Maastrichtian, an age recently confirmed by the palynostratigraphic analysis made by
Perez Loinaze et al. (2023). The Maastrichtian was described as a global long-term climatic
cooling trend following peak warmth during the mid-Cretaceous, during which pulses of
warming were detected (e.g., Li et al., 2018). However, there is distinct climatic
distribution pattern in various latitudinal zones (Scotese, 2005). Although up to now not
guantitatively estimate paleoclimatic conditions (i.e., from the use of climofunctions) of the
Maastrichtian Chorrillo Formation were performed, our interpretations based on paleosols
correspond with previous results reported from a palynological study (Perez Loinaze et al.,
2023) indicating an overall temperate or warm-temperate and seasonally humid climate.
Such climate prevailed in the mid—high paleolatitudes (~ 54° paleo-S following van
Hinsbergen et al., 2015) in the Austral-Magallanes Basin during the Maastrichtian. Climate

conditions interpreted in our study are also supported by the global distribution of
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reconstructed paleoclimates based on the climate indicative and climate sensitive deposits
of Scotese (2005) and Boucout et al. (2013), who mentioned the existence of a Warm-
Temperate Zone for mid-paleolatitudes (30—60° N and S) during the Maastrichtian. We
consider that future studies based on geochemical and isotopic paleoclimate indices of the
Chorrillo Formation paleosols, could help to improve our understanding about

Maastrichtian climates at mid—high paleolatitudes of the Southern Hemisphere.

6. Conclusions

We interpreted that the dinosaur-bearing Chorrillo Formation (Maastrichtian; ~500
m thick) in the Austral-Magallanes Basin (south Patagonia, Argentina) contain paleosols
which are smectite-rich moderately-developed hydromorphic Vertisol-, calcic Vertisol-,
poorly-developed hydromorphic Vertisol-, Histosol-, and argillic Vertisol-like paleosols
(Argentino Lake, Perito Moreno Glacier, Anita Farm, Centinela River and Chorrillo Malo
Farm pedotypes, respectively). Such paleosols constitute more than the 60% of the entire
thickness of the studied succession. They were developed in different settings of the distal
floodplain of a low gradient fluvial system in which mainly vertic and hydromorphic
processes with variations in drainage conditions took place. Redoximorphic features of
these paleosols indicate that they have resulted from a combination of surface-gleying
(episaturation) and ground water-gleying (endosaturation), which respond to relatively
shallow watertables with strong seasonal variations, probably controlled by flood waters
(flooding). The small-scale or high frequency stacking of the Chorrillo Formation paleosols
indicate that, although without significant changes in facies association of the floodplain,
variations in drainage conditions of the soils are linked to slightly topographic location

within the distal floodplain, subtle grain-size differences of the parent material, and
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variations in flooding duration. The vertical stacking of these paleosols throughout the unit
results from the avulsions and “cryptic” avulsions of the channel. The distribution of the
paleobotanical remains within the unit show different ecological preferences for the
inhabited place. This study demonstrates that even where exposures are of poor quality and
prevent a detailed lateral analysis in cross-sections, paleosols-floodplain relations can be
explained throughout a low gradient fluvial system section.

Paleosols of the studied unit produce abiotic climate proxy suggesting overall
temperate/temperate—warm and seasonally humid conditions for their formation time,
which agree with biotic climate proxy coming from the paleobotanical record of the unit.
These new reconstructions provide insight into the terrestrial paleoenvironmental and
paleoclimatic conditions in the mid—high paleolatitudes of southern Argentinean Patagonia
during the Maastrichtian. Although our interpreted climate conditions agree with global
distribution of reconstructed cretaceous climates, future geochemical and isotopic
paleoclimate indices of the Chorrillo Formation paleosols, could help to improve our

understanding about Maastrichtian climates of the Southern Hemisphere.
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TABLES

TABLE 1: Macro and micropedofeatures, clay mineralogy and main pedological processes

in the paleosols of the Chorrillo Formation

TABLE 2: X-ray Diffraction data of the paleosols of the Chorrillo Formation
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FIGURE 1: A. Location map of the Austral-Magallanes Basin. LAR = Lago Argentino
region; UER = Ultima Esperanza region. B. Stratigraphic scheme of the Upper Cretaceous
Units of the Lago Argentino region. C. Geological map showing the distribution of the
Upper Cretaceous units south of Lago Argentino. CT = Cerro Toro; AV = Alta Vista; CF =

Cerro Fortaleza; LI = La Irene; MA = Man Aiike.

FIGURE 2: Sedimentary measured section of the Chorrillo Formation showing main
sedimentological aspects, paleosol bearing levels with typical pedofeatures and the location

of the fossil content.

FIGURE 3: A: General appearance of the middle section of the Chorrillo Formation in the
La Anita area. White arrows indicate the pedogenized profiles of Argentino Lake pedotype.
The white circle indicate a person for scale. B: Representative profile and clay mineralogy
(S: smectite; I: Illite; C: Chlorite; IS: mixed layers of illite-smectite; K: kaolinite) of the
Argentino Lake pedotype. See position and key of Fig. 2 for macrofeatures; scale bar = 0.35
m. C: Bssg horizon with slickensides that define angular blocky peds. D: Subangular blocky
peds with olive yellow (white arrows) and light greenish gray (white dotted lines) mottles in
a Bssg horizon. E: Micromass of ABss horizon mainly formed of clays impregnated with of
Fe/Mn oxides. Note the subangular blocky microstructure defined by planar voids (PPL). F:
Micromass of a Bssg horizon with parallel-striated b-fabric. Note abundant Fe-nodules
surrounded by depletion zones (XPL). G: Bssg horizon with a blocky microstructure defined
by planar voids (PPL). Scale bars in E-G = 100 micrometers. PPL: plane polarized light;

XPL.: cross polarized light.

FIGURE 4: A: General appearance of the entire Chorrillo Formation in the La Anita area.

White arrow indicates the pedogenized profiles of Perito Moreno Glacier pedotype in the
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lower part of the middle section of the unit. The white circle indicate a person for scale. B:
Representative profile and clay mineralogy (S: smectite; I: lllite; C: Chlorite; IS: mixed layers
of illite-smectite; K: kaolinite) of the Perito Moreno Glacier pedotype. See position and key
of Fig. 2 for macrofeatures; scale bar = 0.35 m.. C: Bssk horizon with coalescent carbonatic-
nodules with a diameter of 300 mm (note hammer for scale). D: Bssk horizon with
slickensides that define angular blocky peds and a mottle indicated with a white arrow. E:
Micromass of a carbonate-nodule composed of micritic calcite with impregnated Fe/Mn-
zones (XPL). F: Micromass of a Bssk horizon with depletion zones (PPL). G: Cross- and
grano-striated b-fabric in Bssk horizon (XPL). Scale bars in E-G = 100 micrometers. PPL:

plane polarized light; XPL.: cross polarized light.

FIGURE 5: A: General appearance of the entire Chorrillo Formation in the La Anita area.
White arrow indicates the pedogenized profiles of Anita Farm pedotype in the middle section
of the unit. The white circle indicate a person for scale. B: Representative profile and clay
mineralogy (S: smectite; I: Illite; IS: mixed layers of illite-smectite) of the Anita Farm
pedotype. See position and key of Fig. 2 for macrofeatures; scale bar = 0.35 m. C: Field
photograph of a Bssg horizon. D: Detail of a Bssg horizon ped with yellow mottles. E:
Micromass of a Bssg horizon with incipient grano-striated b-fabric (XPL). F: Abundant
planar voids and channels that defined an angular—subangular blocky microstructure. Note
also Fe-hypocoatings and depletion zones (PPL). G: Micromass of a Bssg horizon with
channels (XPL). Scale bars in E-G = 100 micrometers. PPL: plane polarized light; XPL:

cross polarized light.

FIGURE 6: A: General appearance of the entire section of the Chorrillo Formation in the La

Anita area. White arrow indicates the pedogenized profiles of Centinela River pedotype in



1577

1578

1579

1580

1581

1582

1583

1584

1585

1586

1587

1588

1589

1590

1591

1592

1593

1594

1595

1596

1597

1598

the lower section of the unit. The white circle indicate a person for scale. B: Representative
profile and clay mineralogy (S: smectite; I: Illite; C: Chlorite) of the Centinela River
pedotype. See position and key of Fig. 2 for macrofeatures; scale bar = 0.35 m. C: Very
coarse platy peds of an Oa horizon. Note the black carbonized organic matter and remains of
leaves and fibers (white arrows). D: Coarse yellow red rhizoliths in an ABg horizon. E:
Micromass of an Oa horizon with abundant carbonaceous remains (PPL, x10). F: Micromass
of an ABg horizon with clays impregnated with Fe/Mn oxides. Note the subangular blocky
microstructure defined by channels and chambers (PPL). G: Micromass of a Bg horizon
mainly formed of clays impregnated with Fe/Mn oxides and a channel with a depletion zone
around (PPL). Scale bars in E-G = 100 micrometers. PPL: plane polarized light; XPL: cross

polarized light.

FIGURE 7: A: General appearance of the upper section of the Chorrillo Formation in the La
Anita area. White arrow indicates the pedogenized profiles of Chorrillo Malo Farm pedotype.
The white circle indicate a person for scale. B: Representative profile and clay mineralogy
(S: smectite; I: Illite; C: Chlorite; K: kaolinite) of the Chorrillo Malo Farm pedotype. See
position and key of Fig. 2 for macrofeatures; scale bar = 0.35 m. C: Subangular blocky peds
in a Bss horizon. D-E: Bss horizon with a typic Fe- and clay coating associated with a
depletion zone (XPL). Scale bars in E-F = 100 micrometers. PPL: plane polarized light; XPL:

cross polarized light.

FIGURE 8: Schematic reconstruction of the paleoenvironmental interpretation and
evolution of the Chorrillo Formation paleosols. Flora illustrated on these reconstructed

landscapes are based on paleoflora reported from the unit (see the text for explanation).



Table 1: Macro and micropedofeatures, clay mineralogy and main pedological processes in the paleosols of the
Chorrillo Formation

Pedotype Hz. Macropedofeatures Micropedofeatures Clay mineralogy Pedogenic processes
E
° 2 Rhizoliths (B); Fe-nodules and S (100-80%; V); |
% g 5 ‘g ABss rhizohalos (H); depletion zones (H); and/or C (5-10%);
2 287 slickensides pedorelicts IS and/or K (5%) Vertization (V) >
£ IE << hydromorphism (H) >
1S > o Slickensides (V); . .
$ 838 rhizoliths (B): Fe-nodulesand - S (100-60%; V); | Bioturbation (B)
< g o Bssg . ! mottles and and/or C (5-20%);
= ° rhizohalos and mottles . o
o z H) depletion zones (H) IS and/or K (5%)
I Rhizoliths (B); Fe-nodules and S (65—80%; V); |
Q
o ABssg  rhizohalos, mottles  depletion zones (H); (10-30%); IS (5-
_§ and Fe-nodules (H) pedorelicts 10%); C (<15%)
(4]
Qv
Carbonate-nodules (C); -
& .§ ar ::?zjli::s (UB(;_S( ) Cabonate-nodules S (60-95%; V); | Vertu.zatl.on (V) >
é E Bssk thizohalos and mc,)ttles (C); depletion zones (5—20%); IS and C caIC|f|cat|o.n (€)>
o © o (H); pedorelicts  (>5%); K (<15%)  hydromorphism (H) >
e (H): slickensides (V) Bioturbation (B)
S O
o
S S (70-95%; V); |
Mottles (H); d
g ck ° C;zgnztzo(vcv) ery - (5-15%); IS and C
2 (>5%); K (<5%)
TI_> . Fe-nodulesand - S (100-80%; V); |,
3 ° = Bssg Mottles (H); Rhizoliths hypocoatings, and IS and/or K
% g o S (B); Slickensides (V) { ! . Hydromorphism (H) >
2 ql, 3 g 2 depletion zones (H) (5-10%) Vertization (V) >
2 a %50
c o s £ S (95-90%; V); I, IS Bioturbation (B)
<< o0 © IS _ ] Y]
3 z C Mottles (H) (<5%)
o
| 0a Rhizoliths (B); Fe-nodules and - S (65-80%; V); C
g Rhizohalos (H) hypocoatings (H)  (10-20%); | (10%)
>
g
ﬂé é ABg Rhizoliths (B); mottles Fe-noduleis and - 5 (85%; V); | (15%) Hydromorphism (H) >
g3 (H) hypocoatings (H) Bioturbation (B) >
E % Vertization (V)
K9]
S B Rhizoliths (B); mottles Fe-nodules and S (90-100%; V); C
E) g (H); slickensides (V)  depletion zones (H) (10%)
2 1 llluviation (I
>
§ 2 o2 Lo Clay-coatings (l); Fe- S (60%; V); | . uvia Ic,m Y
o E £= 3 Rhizoliths (B); . o Bioturbation (B) >
=5 8w Bss . coatings and (30%); Cand K .
EL 350 rhizohalos (H) . . Vertization (V) >
o @ > depletion zones (H) (5%) .
s a Hydromorphism (H)



Table 2: X-ray Diffraction data of the paleosols of the Chorrillo Formation

sample  Pedotype Horizon Whole Rock Clay fraction
FK Pl  Clays Other I Sm SmCr IS cl K
PCH-18-4 CMF Bw va t S m 'S 30 60 g 0 5 5
PCH-18-3 AL ABss va 'S s a S 10 80 g 0 5 5
PCH-18-2 AL Bssg va t s m Vs 10 90 r 0 0 0
PCH-18-1 AF Bssg va t s m S 10 85 b 5 0 0
PCH-17-5 AL Bssg s 'S m va Vs 5 90 vg 0 5 0
PCH-17-4 AL Bssg va 'S a S 20 70 g 0 5 5
PCH-17-3- K PMG  Bssk nodule vs - t Vs Vs 0 100 b 0 0 0
PCH-17-2-M PMG Bssk va S Vs a Vs 15 80 r 5 0 0
PCH-17-2- K PMG Bssknodule a - t s Vs 5 95 r 0 0 0
PCH-17-1 PMG ABssg va t S a S 30 65 b 5 0 0
PCH-16-9 PMG ABssg va t s 3 Vs 20 70 b 10 0 0
PCH-16-8- K PMG Bssknodule a t Vs Vs Vs 15 80 b 5 0 0
PCH-16-7- K PMG Bssk nodule s - Vs Vs Vs 10 80 b 5 t 5
PCH-16-6- K PMG Bssknodule a t Vs Vs Vs 15 60 r 5 5 15
PCH-16-5- K PMG Bssknodule a t Vs 3 Vs 15 60 r 5 5 15
PCH-16-3 PMG Bssk va t m s Vs 20 60 r 0 5 15
PCH-16-2-K PMG C nodule a Vs s s Vs 10 65 r 5 10 10
PCH-16-2-M PMG C va Vs m s Vs 15 70 b 5 5 5
PCH-16-1 AL Bssg va Vs s m Vs 15 80 b 5 0 0
PCH-15-2 AF Bssg va t Vs a Vs 100 b 0 0 0
PCH-15-1 AF Bssg va t m m Vs 90 b 0 5 0
PCH-15-0 AF C va t s a Vs 95 b 0 0 0
PCH-14-2 CR Oa va t s S Vs 15 65 r 0 20 0
PCH-14-1 CR Bg va t s m S 0 90 g 0 10 0
PCH-14-0 CR Bg va t m m S 0 100 g 0 0 0
PCH-12-3 AL Bssg va 'S S m S 10 90 r 0 0 0
PCH-12-2 AL ABss va m S Vs 10 80 g 0 10 0
PCH-12-1 AL Bssg va t S a S 10 85 vg 0 5 0
PCH-10-3-k PMG Bssknodule s t Vs s Vs 0 100 b 0 0 0
PCH-10-2 PMG ABssg va t s m S 10 70 r 5 15 0
PCH-10-1 AL Bssg va 'S s S Vs 30 60 b 0 10 0



PCH-9-7 CR Oa va t s m S 10 80 g 0 10 0
PCH-9-6 CR ABg va t s m Vs 15 85 g 0 0 0
PCH-9-6-riz CR ABg rizolith  va t Vs s Vs 15 85 b 0 0 0
PCH-9-5 AF Bssg va Vs s m Vs 0 100 g 0 0 0
PCH-9-4-K PMG Bssknodule s - Vs Vs Vs 0 100 r 0 0 0
PCH-9-4-M PMG Bssk va t s a Vs 5 95 g 0 0 0
PCH-9-3-K PMG Bssknodule s t Vs Vs Vs 0 100 r 0 0 0
PCH-9-3-M PMG Bssk va t s m Vs 5 90 b 5 0 0
PCH-16-3-C PMG C va t m s Vs 5 95 b 0 0 0
Table 2: Continued
Pedotype  Horizon Whole Rock Clay fraction

Q FK Pl  Clays Other I Sm SmCr IS cl K

PCH-9-2 PMG ABssg va t s m S 15 80 b 5 0 0
PCH-9-1-K PMG Bssk nodule s - t 'S Vs 0 100 g 0 0 0
PCH-9-1-M PMG Bssk va Vs s 3 Vs 5 90 b 5 0 0
PCH-8-7-K PMG Bssk nodule s t Vs Vs Vs 0 100 b 0 0 0
PCH-8-5 AL Bssg va t s m S 5 95 g 0 0 0
PCH-8-4 AL Bssg va Vs S m Vs 0 100 r 0 0 0
PCH-8-3 AL ABss va 'S s S S 5 85 g 0 5 5
PCH-8-2 AL Bssg va t s S Vs 0 90 g 0 10 0
PCH-8-1 AL Bssg va t s m S 20 60 r 0 15 5
PCH-7-2 AL Bssg va Vs Vs a Vs 5 90 b 5 0 0
PCH-7-1 AL ABss va t s a Vs 10 85 r 5 0 0
PCH-5-4 AL Bssg va t s m Vs 10 75 b 5 5 5
PCH-5-3 AL Bssg va t m m S 10 80 g 0 5 5
PCH-4-3 AL ABss va 'S a S 0 100 wvg 0 0 0
PCH-4-2 AL Bssg a t S va S 10 85 vg 0 5 0
PCH-4-1 AL Bssg va 'S s m S 10 80 r 0 10 0
PCH-1-4 AF Bssg va t s a Vs 10 85 b 5 0 0
PCH-1-3 AF C va t s a Vs 5 90 b 5 0 0
PCH-1-2 AL Bssg va t Vs m Vs 10 85 b 5 0 0
PCH-1-1 AL Bssg va - Vs m Vs 15 75 b 5 0 5




Abbreviations: AL = Argentino Lake pedotype, PMG = Perito Moreno Glacier pedotype, AF = Anita Farm
pedotype, CR = Centinela River pedotype, CMF = Chorrillo Malo Farm pedotype, Q = quartz, FK = potassium
feldspar, Pl = plagioclase, | = illite, Sm = smectite, Cr =crystallinity, IS = mixed layers of illite-smectite, Cl =
chlorite, K = kaolinite, va = very abundant, a = abundant, m = moderate, s = scarce, vs = very scarce, t = trace, -

=no data, vg = very good, g = good, r = regular, b = bad
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Highlights

Fluvial sediments in southern Patagonia preserve Maastrichtian paleosols
Stacked hydromorphic, calcic and argillic Vertisols, and Histosols

Paleosols spatial distribution within the floodplain linked to different location
Vertical stacking of paleosols linked to avulsion processes

Maastrichtian paleosols show temperate—warm and seasonally humid climate for

mid-—high south paleolatitudes



M.S. Raigemborn: Conceptualization, Methodology, Investigation, Writing — Original
Draft, Visualization, Resources, Project Administration, Founding acquisition.

S. Lizzoli: Conceptualization, Methodology, Investigation, Writing — Original Draft.

D. Moyano-Paz: Conceptualization, Validation, Writing — Original Draft, Review &
Editing.

A. Varela: Conceptualization, Methodology, Validation, Writing — Original Draft,
Review & Editing.

D. Poiré: Conceptualization, Methodology, Writing — Original Draf.

V. Perez Loinaze: Writing — Original Draf, Review & Editing.
E. Vera: Writing — Original Draf, Review & Editing.
M. Manabe: Resources, Project Administration, Founding acquisition

F. Novas: Conceptualization, Methodology, Validation, Writing — Original Draft,
Review & Editing, Resources, Project Administration, Founding acquisition



Declaration of interests

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

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




