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Salto de Piedra is a paleontological site located in the Buenos Aires Province (Argentina) close to Olavarria City
at the upper basin of Tapalqué Creek. This site provides new insights about the late Quaternary climatic evo-
lution of the area. The taxonomic and taphonomic analyses of freshwater gastropods from this period allow us to
evaluate the magnitude of environmental changes in the area. Paleoclimatic inferences at the top of the sequence
(Late Pleistocene) indicate a trend from arid conditions at facies 8 to humid ones towards facies 11 (Early Ho-
locene). This transition from arid to humid conditions is also reinforced by post-depositional taphonomic pro-

cesses. These bioindicators are analyzed with data on the geochemistry of the deposits containing them. Results
indicate the alternation of palustrine and lacustrine conditions. These variations of local conditions are corre-
lated with regional records of nearby archaeological sites that inferred arid to humid environmental transitions.

1. Introduction

Salto de Piedra locality (SPPL) is situated in the Interserrana area of
de central Pampa (Fig. 1 (Favier Dubois et al., 2021). Research con-
ducted at Salto de Piedra reveals an exceptional Middle-Late Pleistocene
stratigraphic succession. Combined ESR, U-series, OSL, and AMS-14C
dating provide one of the oldest (~150 ka) and best-calibrated records of
the last interglacial (MIS 5e) in the Argentine Pampas (Prado et al.,
2024; Bellinzoni et al., 2025). The site preserves a thick sedimentary
sequence containing a rich faunal assemblage with more than 25
mammalian taxa, including representatives of the Pampean megafauna
as well as medium-sized species. The main groups identified comprise
Xenarthrans (glyptodonts and ground sloths), native and exotic un-
gulates, camelids and cervids, and carnivores (Bellinzoni et al., 2024,
2025). The micromammal record includes rodents currently inhabiting
the Humid Pampas, and also the Patagonian marsupial Lestodelphys halli
and the semiaquatic sigmodontine Holochilus brasiliensis have been

* Corresponding author.
E-mail address: yfj@mncn.csic.es (Y. Fernandez-Jalvo).

https://doi.org/10.1016/j.quaint.2025.110047

identified (Gomez et al., 2025). In addition, remains of species that
became extinct during the Late Pleistocene (Microcavia cf. M. robusta)
and the Holocene (Galea tixiensis) were recovered (Fernandez et al.,
2025). In summary, the co-occurrence of species adapted to contrasting
environmental regimes (glyptodonts, equids, sloths, camelids) supports
the hypothesis of an ecological transition between the Middle and Late
Pleistocene, characterized by alternating humid and arid phases
(Bellinzoni et al., 2025). These faunal changes are linked to broader
climatic shifts during the Late Pleistocene-Holocene transition,
including the Last Glacial Maximum (ca. 26-19 ka), the Antarctic Cold
Reversal (ca. 14.7-13 ka), and the subsequent establishment of more
humid Holocene conditions (Tonello and Prieto, 2010).

Despite the rich paleontological record at SPPL, no direct archaeo-
logical evidence—such as human remains, lithic industries, or clear
anthropogenic modifications on bones—has been identified at the site.
This absence is significant, as it provides a paleoenvironmental baseline
representing conditions prior to or independent of human influence in
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the region. The nearest archaeological evidence comes from Campo
Laborde, located 7 km south of SPPL, where systematic excavations have
documented lithic artifacts in direct stratigraphic association with
megafauna remains, including a nearly complete Megatherium ameri-
canum skeleton bearing cut marks and impact fractures attributed to
human activity (Politis et al., 2019). Among the identified taxa, several
became extinct at different temporal intervals.

Paleoenvironmental research in the Interserrana area of the central
Pampa is primary derived from archaeological contexts (Steffan et al.,
2014; Scheifler et al., 2015; Politis et al., 2019), stratigraphical records
(Fidalgo et al., 1991; Favier-Dubois et al., 2021), paleontological evi-
dence (Prado and Alberdi, 1999; Prado et al., 2015, 2019), palynological
data (Prieto, 1996; Tonello and Prieto, 2010) and isotopic studies
(Bonadonna et al., 1995; Bellinzoni et al., 2023, 2024).

This study seeks to obtain paleoecological insights from gastropods
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remains recovered at SPPL. To achieve this, it is crucial to establish the
origin of the gastropod fossils, reconstruct the pathways by which they
entered the site, and analyze the pre- and post-burial taphonomic pro-
cesses affecting these fossils and their enclosing sediments to properly
characterize the depositional environments. This research forms part of
a broader project aimed at evaluating faunal biodiversity through
multiple proxies at SPPL, with the goal of analyzing environmental
dynamics in the study area during the Quaternary period (Prado et al.,
2019). The findings constitute a new paleoecological record that en-
hances our understanding of environmental conditions during the late
Pleistocene to Holocene transition in the Interserrana region. The results
from these bioindicator analyses, together with the geochemistcal data,
are discussed in the context of other regional environmental records
spanning the late Pleistocene chronology.

HUMID PAMPA

Salto de
Piedra

Atlantic
Ocean

Fig. 1. a. Location map of Argentina and study site, b. Buenos Aires Province where Salto de Piedra site is located and the Interserrana area, Humid and Dry Pampas
and c. Aerial view of the study site. The gastropods studied here come the sediment samples taken from Grid 1 excavation in section II of the Tapalqué creeck.
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1.1. Environmental settings, stratigraphic and chronological context of
Salto de Piedra

The Pampean Region encompassing the vast plain of central-eastern
Argentina, intermittently interrupted by the low hills of the Ventana and
Tandil systems (Fig. 1). Due to its geographic position, this region is
regarded as an ecotone between the Brazilian and Patagonian sub-
regions (Ringuelet, 1961; Morrone, 2001). Regional climatic dynamics
are largely determined by the combined influences of the Atlantic and
Pacific Oceans. The South Atlantic Anticyclone generates warm, humid
winds from the north and northeast, while the air masses associated with
the South Pacific Anticyclone bring cold, dry conditions from the south
and southwest, (Iriondo et al., 2009). Within the Pampean Region, two
major sub-area are recognized: the humid temperate prairies of the
north and northeast (Humid Pampa) and the shrubby, semi-arid land-
scapes of the south and southwest (Dry Pampa).

The sedimentary succession exposed along the upper basin of the
Tapalqué Creek provides valuable paleoenvironmental information on
the late Quaternary climatic evolution of the Interserrana area
(Favier-Dubois et al., 2021). The Salto de Piedra paleontological locality
(36° 56'54.6" S, 60° 22’ 19.9” W), situated near Olavarria city in Buenos
Aires Province, contains a rich assemblage of vertebrate and in-
vertebrates fossils spanning the last 150,000 years: this study focuses on
the Late Pleistocene record of the locality, located within the Humid
Pampa sub-region (Fig. 1). Six principal depositional units (U) and
twelve facies (F), representing distinct sedimentological sequence
(Fig. 2). These cycles are defined by sedimentary discontinuities,
including erosional unconformities and pedogenetic horizons, with each
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facies characterized by unique lithological attributes, reflecting the
range of sub-environments conditions present during deposition
(Favier-Dubois et al., 2021)

The Unit 4 and Unit 5 have been dated by *“C on fossil bone remains
and gastropods, yielding ages from 16,530-15,780 at the base to
12,833-12,533 cal y.BP on top (Prado et al., 2024; Bellinzoni et al.,
2025).

This paper focused on the gastropod content from lithostratigraphic
units U4 to U6 (F7 to F12, Fig. 2). The unit U4 is a brownish yellow to
very pale brown (10 YR 6/6 to 10 YR 7/3 sensu Munsell soil color chart,
1994) sandy deposits with cross to horizontal bedding from F7 to F9.
The base of U4 F8 has been dated by 1*C in (Favier-Dubois et al., 2021;
Prado et al., 2024) on a rib of a horse Equus neogeus. Medium sand grades
upward into fine sand and discrete lenses of fine gravel are visible at the
bottom of this unit, which has a tabular geometry. Vertebrate remains
and freshwater gastropods are abundant in some layers. This unit cor-
responds to Late Pleistocene fluvial deposits belonging to the Guerrero
Member (upper section) of the Lujan Formation (Fidalgo et al., 1973).

Lithostratigraphic unit U5 is a light gray to gray (2.5Y 7/1 to 2.5Y 6/
1) sandy silt to silty clay deposit with horizontally laminated to massive
structure and lenticular geometry, represented by F10 and F11 (Fig. 2).
Diatoms (light gray layers) and freshwater mollusks are abundant in
both facies of this unit (Favier-Dubois et al., 2021). The U5 unit overlays
in erosive disconformity over U4. The U5-F11 unit was dated by 1*C on
Chilina parchappii (Prado et al., 2024). The U5 unit corresponds to Ear-
ly/Mid Holocene fluvio-lacustrine deposits that were correlated to the
Rio Salado Member of the Lujan Formation (Favier-Dubois et al., 2021).

Lithostratigraphic unit U6 is a dark grayish brown (2.5Y 4/2) sandy
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Fig. 2. Sedimentary composite stratigraphy of Salto de Piedra site of the Tapalqué stream and '*C (AMS) dating of Units U4 to U5 from Prado et al. (2024) and

Bellinzoni et al. (2025). Figure obtained from Favier-Dubois et al. (2021).
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silt deposit with a granular structure and tabular geometry. These sed-
iments were affected by pedogenesis in the form of a dark soil (Mollisol),
well-drained, with a distinct an A-AC-C profile (Fig. 2). This unit cor-
responds to edaphic alluvial deposits (Favier-Dubois et al., 2021).

2. Materials and methods

The materials analyzed are stored in the INCUAPA-CONICET Col-
lections, Facultad de Ciencias Sociales de la Universidad Nacional del
Centro de la Provincia de Buenos Aires under the label FCS-IN. We
report the initial findings obtained from taxonomic and taphonomic
analyses of malacofauna remains from the upper stratigraphic section,
collected during systematic excavations employing a terrestrial grid
(Fig. 1). These excavations have reached stratigraphic units from Unit 4
(facies 8) up to Unit 6, facies 12 and 11 at the top (Favier Dubois et al.,
2021). The gastropod specimens recovered from the excavation area
grid (G1) was installed, with squares of 50 cm x 50 cm (Fig. 1d). A total
of 24 successive spits of 10 cm thick each were excavated. The volume of
sediment collected per sample is 0.025 m°. The recovered sediment was
wet sieved with a water pump, using a 0.5 mm mesh to recover
micro-fossils. In addition, modern malacofauna specimens were
collected following recommendations of Naranjo Garcia and Gomez
Espinosa (2004) from the neighboring area of Tapalqué Creek. In the
lab, each sediment sample was dried, and the material was sorted and
recovered picking up under a binocular lens (20x-40x Iroscope NZ-14T)
or with the naked eye. Photography was taken with Leica S6D stereo-
scopic microscope with a high-resolution camera DMC4500 housed at
INCUAPA. The SEM images have been taken in an INSPECT Low Vac-
uum microscope housed at the MNCN (CSIC, Spain).

The taxonomic identifications were based on categories at the supra
genus level, as Bouchet et al. (2017) indicated. The geographical dis-
tribution of each species is defined by its ecological requirements, and
the paleoecological interpretation is based on bibliographic information
(Gaillard and Castellanos, 1976; Cazzaniga, 1982; Bonetto et al., 1986;
Rumi, 1991; Castellanos and Miquel, 1980; Miquel and Steffan, 2005;
Gutiérrez Grégoric et al., 2006; De Francesco and Hassan, 2009).

The relative abundance of individuals by species and by stratigraphic
level was obtained through a quantitative analysis considering the
complete and fragmented shells. The statistical tests applied to the
gastropods were carried out using the software PAST (Hammer et al.,
2001) to estimate sample richness and biodiversity values, which were
calculated with the Shannon-Wiener (H) index. As sample sizes varied
between units, a rarefaction analysis was applied to calculate these
indices based on the smallest sample size. These results will provide
complementary information on malacological heterogeneity (Buzas and
Hayek, 2005; Martello et al., 2006; Erthal et al., 2015).

The preservation of the shells was evaluated from basic observations
of taphonomic attributes. Taphonomic variables such as abrasion
(Fernandez-Lopez, 2000), sedimentary infilling, crusting and coloration,

Table 1
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were evaluated in the 30 % of the complete shells. The malacological
fossil record consists in a total of 14,597 shells (11,272 complete and
3325 fragments) of species recovered from 13 sediment samples from
Excavation 1 (G1) (Table 1 and Supplementary Information 1). The
richness and diversity of the malacological assemblages were evaluated
by grouping similar sample sizes according to their provenance across
five stratigraphic levels, considering both the corresponding strati-
graphic units and associated facies.

All the variables were classified into three different categories or
degrees of modification except for coloration, in which only two cate-
gories; translucent and opaque (generally white) were considered. The
color of transparent (T) layers can be recognized when viewed in white
light. Opaque ones (O) reflect the light that they do not absorb.

Abrasion or mechanical wear on the surface of the shells, according
to Fernandez-Lopez (2000) is usually produced by the impact of parti-
cles transported by water, wind, or by friction between the elements
themselves that are moved. The different degrees of modification that
correspond with this taphonomic variable is defined as follows: degree
0 (all ornamentation visible, absence of appreciable changes), degree 1
(>75 % of the whorl without alteration), degree 2 (<25 % without
alteration).

Sedimentary infilling is recognized as the presence of infillings
(sediment and shell fragments) inside the shells, considering the
following degrees: degree 0 (empty), degree 1 (>50 % filling-in) and
degree 2 (>75 % filling-in). Encrustation occurs when an element is
covered with certain materials. Calcareous, phosphatic, or clayey crusts
are frequent (e.g., calcium carbonate, CaCO3). The categories distin-
guished for this variable are defined considering the suture of the whorl,
which is the portion of the shell spire structure, separated by the suture
lines of the shells.

Therefore, we have distinguished three grades as: degree 0 (without
aggregations), degree 1 (CaCOg covering at least the 50 % of the suture
of the whorl) and degree 2 (CaCO3 completely cover the sutures of the
whorl and along the whorl). Fragmentation was also evaluated consid-
ering the 30 % of the sample analyzed here. Finally, fragmentation was
classified according to the following degrees: degree 0 (complete), de-
gree 1 (loss of apex, whorl 2 and 3) and degree 2 includes only 25 % of
the shell (Steffan et al., 2014).

Small samples of a few grams (250 gr) from each of the units (U4-F8,
U4-F9, U5-F10, U5-F11) were taken from the excavation sections. Our
aim was to compare the texture and chemical composition between the
shell fill and the surrounding sediment of these units and facies.
Chemical analyses of these sediments were carried out using energy
dispersive spectrometry (EDS) and scanning electron microscopy
equipment housed at the Museo Nacional de Ciencias Naturales
(MNCN). Available Raman or X-R microdiffraction could not be applied
to these samples because the sediment was loose and porous. These
techniques required grain-by-grain analysis. We opted for EDS (energy
dispersive spectrometry) to obtain a general chemical composition of a

Malacological composition and diversity values of the Stratigraphical Profile 3 in Salto de Piedra Locality. Due to the small sample size recovered from U6-F12, the

minimum sample size considered for the analyses comes from U4-F8 (n = 13).

U6-F12 U5-F11 U5-F10 U4-F9 U4-F8
Species Environmental conditions N % N % N % N % N %
Miradiscops brasiliensis Terrestrial 0 0% 4 0% 0 0% 0 0% 0 0%
Succinea meridionalis Palustrine 0 0% 1266 33 % 5558 76 % 67 100 % 13 100 %
Heleobia parchappii Fluvial/lacustrine 1 50 % 1090 28 % 606 8% 0 0% 0 0%
Galba viator 0 0% 17 0% 21 0% 0 0% 0 0%
Chilina parchappii 1 50 % 47 1% 0 0% 0 0% 0 0%
Biomphalaria peregrina 0 0% 1463 38 % 1118 15 % 0 0% 0 0%
TOTAL 2 3887 7303 67 13
TOTAL (%) 0.02 % 34.48 % 64.79 % 0.59 % 0.12 %
Richness (n = 13) - 3.193 2.598 1 1
Shannon H (n = 13) - 1.050 0.620 0 0
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sediment sample. To evaluate the lithostratigraphic geochemistry of the
deposit, six variables were considered (pH, humidity, organic matter
content, totals of carbonates, siliceous waste, conductivity and total
dissolved salts) at the LAPREI laboratory (INCUAPA-CONICET). The
quantitative evaluation of organic matter (OM) of mineral soils and
sediments is done by determining the total carbon in soil-sediment
(organic and inorganic carbon). For this, the Loss on Ignition (LOI)
method is used, based on the protocol of Physical Geography Labora-
tories (Department of Geography, University of Cambridge) (Heiri et al.,
2001). This method considers the loss of mass on ignition and the resi-
dues after it. For the determination of losses by calcination, the sample is
taken to an oven at 105 °C to determine the % humidity and then in a
muffle it is calcined at 450 °C to determine the %MO. Finally, at 950 °C
to determine the % carbonates and % Siliceous Residue. The pH, elec-
trical conductivity (mS, milli Siemens) and total dissolved salts (ppm,
parts per million) are measured in soil solution according to the refer-
ence standard European Standard (Musztyfaga and Kabata, 2015) — ISO
10390:205 — EPA 9045D. These data set will allow us to evaluate dis-
solutions and other chemical weathering in each excavated level.

Quaternary International 751 (2026) 110047
3. Results
3.1. Taxonomic and diversity analyses

Malacofaunal recovered is represented by six species of freshwater
gastropods: Heleobia parchappii (Cochliopidae), Galba viator (Lymnaei-
dae), Chilina parchappii (Chilinidae), Biomphalaria peregrina (Planorbi-
dae), Miradiscops brasiliensis (Scolodontidae = Systrophiidae) and
Succinea meridionalis (Succineidae) (Fig. 3; Table 1). The stratigraphic
distribution of the taxa identified corresponds to the temporal interval
covered by the Pleistocene to the Holocene periods until the present. The
taxa Heleobia parchappii, Galba viator, Chilina parchappii, Biomphalaria
peregrina, Succinea meridionalis have been recorded since the Pleistocene
(Gaillard and Castellanos, 1976; Castellanos and Miquel, 1980; Rumi,
1991; Gutiérrez Gregoric et al., 2006; Steffan et al., 2014; Pisano and
Fucks, 2016; MolluscaBase, 2025) and Miradiscops brasiliensis since the
Holocene (Miquel and Steffan, 2005).

Brief yet comprehensive summaries of the ecological traits of the
most abundant taxa, as well as those of particular paleoenvironmental
significance (Fig. 3), are fundamental to strengthening interpretative

Fig. 3. References of molluscs species: A. Heleobia parchappii; B. Galba viator; C. Chilina parchappii; D. Biomphalaria peregrina; E. Succinea meridionalis; F. Miradiscops

brasiliensis.
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analyses. In the Pampean Region, Heleobia parchappii was detected
across a broad spectrum of freshwater habitats, encompassing both lotic
(streams, creeks) and lentic systems (lagoons, ponds) (Castellanos and
Miquel, 1980). Its euryoic nature, characterized by tolerance to a wide
range of environmental conditions—including salinity levels between
10 and 34 %o—suggests a high ecological plasticity that enables persis-
tence under fluctuating conditions (Tietze, 2011). Similarly, Bio-
mphalaria peregrina occupies lentic environments and slow-flowing
freshwater systems, but unlike H. parchappii, its abundance is strongly
constrained by low temperatures, indicating a narrower thermal niche
(Rumi, 1991; Gutiérrez Gregoric et al., 2006). In contrast, Succinea
meridionalis represents a terrestrial component of the assemblage,
thriving in habitats with abundant organic matter, leaf litter, and woody
debris, which provide moisture and protection against desiccation. Its
population dynamics appear closely tied to ambient humidity, with
peaks likely occurring during wetter periods (Pisano and Fucks, 2016).
Finally, Miradiscops brasiliensis also inhabits terrestrial habitats, partic-
ularly those with dense vegetative cover and moist microhabitats, and
its occurrence in sedimentary records indicates relatively humid con-
ditions—either persistent or episodic—under warm-temperate climates
(Aguirre et al., 2011). Considering together, these species reflect a
gradient of ecological strategies, ranging from broad tolerance and
habitat generalist in aquatic taxa to moisture-dependent specialization
in terrestrial forms, providing valuable indicators of past and present
hydroclimatic conditions in the region.

The palustrine/terrestrial species, Succinea meridionalis, is dominant
in most units (absent in U6), followed by freshwater species like
B. peregrina, H. parchappii, Ch. parchappii and L. viator. The unit 4 is
monospecific assemblage with only S. meridionalis recorded. In the U5
unit, diversity increases and a new taxon, the terrestrial species
M. brasiliensis is recorded in U5-F11. The malacological association
recovered from U6-F12 is a small sample with two shells of freshwater
gastropods corresponding to H. parchapii and C. parchappii. Malacolog-
ical abundances increase from U4 (facies F9 and F8) to U5-F10 where
the highest abundance of gastropod remains is recorded. This abun-
dance slightly decreases in U5-F11, and in U6-F12 drastically falls being
the facies with lowest abundance registered in the Salto de Piedra
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sequence (Table 1).

Analyses of biodiversity were focused on U5-F11, U5-F10, U4-F9 and
U4-F8. Richness and Shannon-Wiener (H) values obtained through
rarefaction analyses are shown in Table 1. The richest sample comes
from U5-F11, followed by U5-F10 and U4-F9, and U4-F8. Shannon index
values indicate that the highest diversity is observed in U5-F11 followed
by U5-F10, where six and four species were recorded, respectively. As
only one species was recorded in both facies from the U4, the Shannon
index values obtained were 0 in these facies, indicating the lowest di-
versity values amongst the units analyzed here. Therefore, diversity and
richness increase from the bottom (U4-F8) to the top (U5-F11) of the
sequence. The Non-Metric Multidimensional Scaling analysis results
(Fig. 4) indicate that the facies from the U5 are more similar between
them in malacofaunal composition than the facies from the U4, which
also showed a great similarity between them. These differences are
probably due to variations in the environmental conditions between
units. The most dissimilar unit was U6, most likely due to the small
sample size.

3.2. Taphonomic analysis

This taphonomic analysis was performed on samples recovered by
wet sieving of sediments from the excavation of G1. This analysis
allowed us to quantify the taphonomic characteristics of the shells. Non-
wet sieved samples were also analyzed using the EDS spectrometry to
compare the shell infilling and the surrounding sediment.

Abrasion, observed as the alterations of the ornamentation of the
shells, was relatively low in all the studied units. Between 16 % and 25 %
of the gastropods were classified as a degree 1 of abrasion in all the units
and only in the U5 unit between 6 % and 4 % of the shells were classified
as a degree 2.

The encrustation or formation of carbonate layers is especially
notorious in the U4-F8 unit, with 50 % of shells encrusted (degree 2)
(Table 2), especially with a thick carbonate layer on the surface of 4
shells recovered from the excavation of Grid 1 (G1). All the specimens
from U4-F9 were unaffected by encrustation. In the upper part of the
sequence, crusting increases from U5-F10 (14 %) to U5-F11 (44 %) in a
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Fig. 4. Non-metric Multidimensional Scaling analysis showing the differences in faunal composition between units due to the different environmental conditions

prevailing during the time when the sediments were deposited.
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Table 2
Percentages of shells affected by the different taphonomic modifications
observed in Salto de Piedra paleontological site.

Taphonomic variable Degree U5-F11 US5-F10 U4-F9 U4-F8
Abrasion 0 (0 %) 76 % 70 % 84 % 75 %
1 (25 %) 20 % 24 % 16 % 25 %
2 (75 %) 4% 6 % 0% 0%
TOTAL 24 % 30 % 16 % 25 %
Encrustation 0 (0 %) 51 % 85 % 100 % 25 %
1 (50 %) 44 % 14 % 0% 25 %
2 (100 %) 5% 1% 0% 50 %
TOTAL 49 % 15 % 0 % 75 %
Sedimentary infilling 0 (0 %) 46 % 63 % 21 % 0%
1 (50 %) 35% 1% 5% 0%
2 (75 %) 19 % 36 % 74 % 100 %
TOTAL 54 % 37 % 79 % 100 %
Coloration Opaque 99 % 99 % 100 % 100 %
Transparent 1% 1% 0% 0%

grade 1. In this unit, there is a predominant presence of a fine dust layer
(5 % of the sample, degree 2), which is mainly observed on B. peregrina.

The sedimentary infilling presents a differential pattern; in general
terms, 100 % of the shells from U4-F8 have sediment inside and all the
shells analyzed were classified in degree 2. In U4-F9 unit, sedimentary
infilling is observed in 74 % of the gastropods, classified as a degree 2.

At the top of the sequence, these values decrease considerably. In
unit U5-F10 most samples are empty (63 %) or in grade 2 (36 %) of the
sample. Shells from U5-F11 appear in grade 1 (35 %) or grade 2 (19 %)
with sediment at its interior. The main difference between these levels is
that most of the fillings are classified as a degree 2 in F10, and as degree
1 in F11. Finally, opaque coloration is constant along the sequence
analyzed.

Breakage was analyzed in S. meridionalis, H. parchapii and
B. peregrina which are the main species recovered at the site (Table 3).
Both facies from U4 (Succinea monospecific facies) showed 100 % of the
specimens broken in degree 1. In U5-F10, 74 % of the shells of
S. meridionalis, 91 % of H. parchapii, and 72 % of B. peregrina were
broken. Breakage values from U5-F11 slightly decrease in comparison
with U5-F10. Therefore, in unit 5 Facies 11, 67 % of the shells of
S. meridionalis are broken, while the 89 % for H. parchapii and the 45 %
for B. peregrina are in stage 1 or 2 of fragmentation.

3.3. Geochemistry

The results obtained from the geochemical analysis from each unit of
the sequence show that the pH variation is not significant, and the values

Table 3

Percentage values obtained for each of the units and facies analyzed. Breakage is
presented in relation to the three main species recovered from the paleonto-
logical site, from grade 0 (complete) to high fragmentation (grade 2 = 25 % of
the shell).

Unit (U) - Succinea meridionalis Heleobia parchapii Biomphalaria
Facies (F) peregrina
Degree Degree Degree
0 1 2 0 1 2 0 1 2
U5-F11 32 33% 34 12 41 48 55 30 15
% % % % % % % %
U5-F10 26 45% 29 9% 61 30 27 27 45
% % % % % % %
U4-F9 - 100 - - - - - - -
%
U4-F8 - 100 - - - - - - -

%
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are alkaline between 8 and 8.8 (Table 4, Fig. 5, and Supplementary
Information 2). Throughout the analyzed stratigraphic profile, the
values of organic matter indicate variations between 2.68 % and 5.06 %.
The lowest percentage in organic matter is observed in U4-F8. Analyzing
the percentages from the bottom to the upper part of the profile, there is
an increase of values (3.73 %) at mid U5-F11, and another increase is
recognized on the top of that unit (4.89 %). As expected, the highest
values of organic matter are recorded in U6-F12, the present-day soil
vegetation cover.

Total carbonates have wide ranges of variation throughout the
analyzed profile, their percentages vary between 5.4 % and 28.79 %.
Total mean values indicate that the highest abundance of carbonates is
detected in U5-F11 (Table 4). In fact, an increasing trend is observed
from U4 to U5 while from U5 towards the top, carbonate percentage
decreases.

An inversely proportional variation between siliceous waste and
carbonate content is observed along the units analyzed. This relation-
ship is especially remarkable in U5-F11, where the mean values of car-
bonate content is the highest and siliceous waste considerably low.
Siliceous waste concentration varies between 70.18 % and 91.2 %. The
lowest percentage is found in U5-F10 unit, and the highest values are
recorded in U6-F12. Geochemistry results could also be related to the
taxonomic composition of the units analyzed from the profile. A rela-
tionship between the highest content in carbonates observed in U5-F11
can be established with the increase in aquatic gastropod richness and
diversity observed in this unit, where two new species are registered:
M. brasiliensis and C. parchappii. The proportion of total dissolved salts
varies between 200 and 375 (ppm) and the conductivity varies between
0.17 and 0.30 (mS). In both variables, the lowest values are recorded at
the bottom and at the top of the sequence. Values increase from U4-F9 to
U5-F10, and a reduction is observed from U5-F10 to the uppermost unit
U6-F12.

Additionally, to data coming G1, other samples were collected in
each stratigraphical facies (F8 to F11) from the stratigraphic profile.
These samples were unwashed, allowing us to analyze the geochemistry
and other relevant characteristics of the sediment contained within the
shells corresponding. The sediment inside shells have been analyzed
using energy dispersive spectrometry (EDS) to compare the chemical
composition with the surrounding sediment. Sample taken from U4-F8
yielded no gastropod shells, confirming the low rate of fossil content
from Facies 8. The sediment filling the shells in U4-F9 is sandy (Fig. 6a
and b), with identical chemical composition to the sediment of the unit
(Fig. 6¢ to e). Most gastropod shells from Unit 5-F10 content a silty
muddy sediment with abundant diatoms as seen in the sediment
(Fig. 7a—c). The chemical composition of the filling is almost identical
than the sediment of U5-F10 unit (Fig. 7d and e), with only minor
elemental differences (sulphur and phosphorus <1 %), but in general the
two are very similar in texture and composition. Inside the shells of
S. meridionalis the following diatoms species association was identified:
Campylodiscus clypeus, Caloneis westii, Surirella striatula and Tabularia
fasciculata. The U5-F11 unit gastropod shells may content sediment or
smaller shells inside. The sediment infilling and the sediment of this
facies is a mixed silty sediment with fewer diatoms (Fig. 8a—c) which
have identical chemical compositions (Fig. 8d and e).

4. Discussion
4.1. Environmental changes inferred from the new analysis of gastropods

Results obtained from the different analyses carried out on the re-
mains of invertebrates and geochemical data for each of the strati-
graphic units allow us to characterize the depositional environments and
the agents involved during sedimentation, as well as factors of preser-
vation of the malacofauna. The information obtained will provide the
paleoenvironmental conditions for the Late Pleistocene and Holocene of
Salto de Piedra site.
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Table 4
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Geochemistry composition of each sampled level stratigraphic profile. Abbreviations: SD Standard deviation.

Unit (U) - Facie (F) Values pH Humidity (%) Organic matter (%) Totals carbonates (%) Siliceous waste (%) CE (mS) Total Dissolved Salts (ppm)
U6-F12 MIN 8 26.21 3.7 8.5 70.97 0.19 250
MEAN 8.25 32.77 4.27 15.41 80.08 0.24 306.67
MAX 8.5 39.54 4.89 27.13 87.69 0.29 350
SD 0.19 4.69 0.39 6.87 6.11 0.03 34.16
U5-F11 MIN 8.4 32.67 2.75 10.5 72.76 0.24 300
MEAN 8.47 36.07 3.07 20.14 77.36 0.27 336.65
MAX 8.5 40.99 3.38 26.16 86.73 0.3 375
SD 0.05 3.61 0.25 5.44 4.84 0.02 26.22
U5-F10 MIN 8.6 26.56 3.04 8.74 70.18 0.27 325
MEAN 8.62 32.77 3.47 18.14 77.93 0.28 343.58
MAX 8.7 41.61 3.73 28.79 87.9 0.29 350
SD 0.05 6.39 0.31 8.41 7.39 0.01 12.50
U4-F9 MIN 9 16.38 2.68 13.53 83.96 0.21 250
MEAN 9.00 17.98 2.71 13.75 84.20 0.21 262.20
MAX 9 19.74 2.75 13.97 84.44 0.22 275
SD 0.00 2.38 0.05 0.31 0.34 0.01 17.68
U6F12 o
UeF12 p
U6-F12 - »
Us-F11 “ =
Us-F11 . "
US-F11 . o
US-F10 [
US-F10 e )
. —=H p %
\ ———Sum %
Us-F9 ’ ——Bp%
U4a-F8 v o
925 5.5 30170 90 200 360 0.15 030( 0 15
pH Organic Total Siliceo waste Total CE Mollusca
matter carbonates Soluble
Salts

Fig. 5. Summary of malacological assemblage and geochemistry results linked to local stratigraphical profile.

In the stratigraphical units U4-F8 and U4-F9, a monospecific
assemblage represented by S. meridionalis has been recovered. The
taphonomic analyses and ecological characteristics of this species allow
us to infer water-saturated or swampy (palustrine) environments in situ.
Stagnant and slow-moving swampy environments are usually charac-
terized by anoxic conditions. Therefore, reducing conditions prevailed
and can be inferred from the analysis of the mollusks of this unit. These
conditions are not favorable for a high diverse aquatic faunal assem-
blage (Espinosa and De Francesco, 2003), a fact that could explain the
low diversity and low shell content observed in unit 4. A current study
about the resilience of invertebrates (Jenkins and Boulton, 2007) pro-
poses a low density of taxa after prolonged periods without periodic
flooding events because entrance of fresh-water currents is not frequent.
The presence of a massive silty sand substrate with low porosity possibly
linked to muddy surfaces can be related to habitat swampy. In U4 the
presence and abundance of Succinea meriodinalis coincides with the wide
tolerance of this species to salinity changes. The total dissolved salts
indicate lower values which suggest greater aridity.

Previous stratigraphic studies recognize a minor erosional discor-
dance between U4 and U5, probably related to periods of fluvial reac-
tivation (Favier-Dubois et al., 2021). In the stratigraphic unit U5-F10,
mixed environmental conditions are inferred. On the one hand, there
is a predominance of S. meridionalis which indicates swampy environ-
ments (Pisano and Fucks, 2016). On the other hand, an increase in

diversity and richness is observed in U5 compared to U4 with new taxa
such as H. parchappii, G. viator, and B. peregrina. These facies are the
richest in the sequence. The entrance of these taxa is probably due to the
existence of water currents coming from the near creeks located in the
area. Taphonomic variables observed in the malacological record,
considering the sedimentary filling inside the shells could indicate that
gastropods from U5 could remain floating for a time and gradually filled
with suspended sediment and diatoms (U5-F10). The autecology of these
diatom species indicates their presence in brackish conditions in a
shallow body of water (Maidana, 1994, Espinosa and Beilinson, 2017).
Likewise, Tabularia fasciculata is halophilic, alkaliphilic, epontic (i.e.,
lives attached to the substrate), benthic and lives preferably under
eutrophic (high nutrient content) conditions. The microenvironmental
characteristics of these species are consistent with those inferred from
S. meridionalis autecology and geochemistry.

The development of a water body with lacustrine characteristics can
be inferred through the reduction of S. meridionalis and the increase of
other species such as H. parchappii and B. peregrina. This flooding event
may have favored the entrance of these and other species increasing the
diversity values in these facies with respect to the others.

In U5-F11, the sedimentological analysis indicates lacustrine envi-
ronments and the presence of a diatomite. However, taphonomic anal-
ysis of the shells suggests some turbulence by relative high-energy
pulses. These events could be indicated by the variations of the
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Fig. 7. a. Gastropod recovered from U5-F10. b. detail of the infilling: silty sediment covered by abundant filamentary diatoms. c. Sediment of U5-F10. d. Proportions
of chemical elements from the infilling (squared in green); e. Chemical composition of the stratigraphic unit U5-F10. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

percentage of sand (0 and 64 %) registered in the F11 in stratigraphic
profile 2, the closest to the G1 excavation (Favier Dubois et al., 2021).
Consequently, the scale of these water inflows, linked to variations in the
flow of the stream course, is evident in this floodplain. These water

inflows do not constitute a sedimentary structure, but rather that it is a
massive deposit, which generated the displacement of some remains
(microvertebrates and aquatic gastropods). In the U5-F11 unit, mala-
cological studies suggest a rapid burial, possibly linked to these higher
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energy flows carrying mollusks and sediments. Richness and diversity
values are the highest in this unit, probably due to the heterogeneity of
environments associated with the superimposition of different events of
accumulation as a result of transport processes.

In the U5-F11 unit a calibrated age of 12,531-12,613 years BP was
obtained (Prado et al., 2024). These facies are characterized by a
fluvio-lacustrine environment, with highly fragmented H. parchappi
shells, while the presence of B. peregrina and L. viatror show very good
preservation and were associated with a small isolated channel structure
that was recorded during the excavation. Comparison between sediment
at the interior of the shell and the outer sediment is identical and con-
tains the highest abundance of diatoms. This lenticular feature filled
with fine-grained sediment (bottom of U5-F11), may be related to the
formation of an isolated channel structure from which the lacustrine
conditions developed. The high taxonomic diversity and richness
(middle part of U5-F11) may indicate a flood event. The characteristics
inferred for this sector of the stratigraphic profile correspond to a change
in fluvial deposit and wetter paleoenvironmental conditions. Towards
the upper sector, the development of vegetated soil surfaces of variable
expression is inferred due to the appearance of terrestrial species in the
malacological record. Considering the geochemistry, in U5-F11, the
highest percentage of calcium carbonate concretions is recorded here,
and this could be generated by oversaturation of the waters (Fernandez
et al., 2025: 61).

The U6-F12 unit, was affected by pedogenesis in the form of discrete
thin buried A horizons (mollisol) (Favier-Dubois et al., 2021), and
geochemistry results show high values of organic matter accumulation
in accordance with the current soil development and disconnected from
floodplain because of this valley was carved out. This situation has been
recorded for immediate environments to some rivers in arid conditions
(Valett et al., 2005). This leads to a severe depletion of dissolved oxygen
levels that inhibits the appearance of invertebrates (Dana et al., 1988).
Taking these studies into account, the decrease in humidity contribution
to these sectors of the landscape could account for the absence or
reduction of malacological diversity in these contexts. Considering that
the calcium carbonate content decreases in humid climate conditions,
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then this would explain the pulse recorded in U6-F12. This situation is
synchronous with a change in pH and the increase in silica. If this change
was linked to increased rainfall, it is not possible to link it directly to a
rise in the watercourse or to water runoff, characteristic of this area and
accumulation in topographically lower sectors.

In summary, the specific analyses carried out for Grid1 at the base of
the analyzed profile (between U4-F8 and U5-F11), indicate fluctuation
of terrestrial and swamp environments. In situ environment indicates
species related to the lacustrine sector of low energy (U5-F10). However,
at the contact between U5-F10 and the base of U5-F11, a minor erosive
event linked to a higher energy current is recorded. This includes
transportation and re-sedimentation of remains (gastropods and micro
vertebrates). Chemical composition of sediment (EDS) at the interior of
the shells and durrounding sediment is identical, allowing us to discard
any potential reworking of these shells in U4-F9, U5-F10 and U5-F11.

This succession of swampy environments for the contact between the
U4 and U5 correlated with the transition of Guerrero and Rio Salado
Members is consistent with other profiles analyzed (Steffan et al., 2014;
Prado et al., 2015), at Campo Laborde and La Moderna archaeological
sites (Politis et al., 2019). Campo Laborde archaeological site is located
on the left side bank of a tributary in the upper basin of the Tapalqué
stream. Previous malacological studies carried out in Campo Laborde
indicate that S. meridionalis is mainly recorded on top of the Guerrero
Member. The Campo Laborde site presents an accepted well-dated
context at 10.655 + 35 14C years BP (ca. 12.600 cal years BP) (Politis
et al., 2019). Similar l4c ages measured in the shells have been obtained
from Salto de Piedra site from U4 and U5 transition (Prado et al., 2024).
Subsequently in the stratigraphic sequence, in the soil horizons develops
from sediments of the Rio Salado Member (U5-F11), there is evidence of
a notable decrease in S. meridionalis species, and the record of
B. peregrina, suggests the transition from marshy conditions to lacustrine
conditions. Above this level, no malacological remains are recovered in
eolian sediments corresponding to the La Postrera Formation (Steffan
et al., 2014).
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4.2. Comparison of data with the other isotopic signal and paleoeocology
from megamammals

The presence of arid conditions in the region is linked to a sparse
vegetation cover (Prieto, 1996; Grill et al., 2007). Recently, Bellinzoni
et al. (2023) evaluated the isotopic signal and paleoecology of a latest
Pleistocene megamammal sample from the Salto de Piedra Paleonto-
logical Locality and compares it with mollusk isotopic data (Bonadonna
et al., 1995). Based on statistically more positive values of the mega-
mammal sample related to the modern meteoric water sources’ oxygen
isotopic composition, these authors inferred that arid and cold climatic
conditions persisted until ca. 16-13 ka cal. BP (a similar age obtained
from Equus neogeus bone sample from unit 4-Facies 8 dated with 14C,
Prado et al. (2024). At the same time, Bonadonna et al. (1995) show that
Succinea has the most positive 6180 values, which is related to its
ecology being more prone to the effects of evaporation in arid
conditions.

In their isotopic studies, Bellinzoni et al. (2023) saw that the
Xenarthrans, mammal group, shows an oxygen isotopic composition
clearly and statistically different from the sample linked to arid and cold
conditions. The Xenarthrans have the most negative §!%0 values in
agreement with isotopic values of fossil remains from the archaeological
sites La Moderna and Campo Laborde (Politis and Gutiérrez, 1998;
Politis et al., 2019) located a few kilometers from Salto de Piedra. Both
contexts are recorded between the sediments of the Guerrero and Rio
Salado members, for which isotopic, sedimentological, and pollen evi-
dence suggests a time of higher humidity (Bonadonna et al., 1995;
Prieto, 1996; Favier-Dubois et al., 2021, Steffan et al., 2014). Accord-
ingly, Bellinzoni et al. (2023) also proposed that the most negative 50
values of the Xenarthrans could be reflecting climatic conditions with
greater humidity and precipitation before the Pleistocene/Holocene
transition (ca. 13-11 ka cal. BP).

In short, these paleoenvironmental inferences are consistent with
other records of pollen and vertebrate fauna (e.g., Grill et al., 2007;
Prado et al., 2001) from sites in the southeast of the Interserrana area.
These surveys record shifts toward swamp and floodplain vegetation at
the beginning of the Holocene and with those that suggest
sub-humid-dry conditions for the center of the Pampean region (e.g.,
Prieto, 1996; Zarate et al., 2000; Quattrocchio et al., 2008).

5. Conclusions

The integration of different malacological, taphonomic and
geochemical analyses in the Tapalqué stream basin indicated that the
assemblages come from two different environments recognized in the
floodplain deposits. At the Pleistocene boundary of Salto de Piedra,
palustrine deposits are recognized in the upper sections of U4 and fluvio-
lacustrine deposits in U5. U4 corresponds to arid conditions with water-
saturated surfaces.

In the stratigraphical unit U5-F10, a change in malacological record
is observed towards a greater development of flooded and swampy en-
vironments, especially related to the low-energy. Nevertheless, at the
contact between U5-F10 and at the base of U5-F11, an erosive event
linked to a higher energy current is recorded. This includes transport
and re-sedimentation of shells (malacofauna). Reworking has been dis-
carded by the taphonomic, chemical composition and dating of
gastropod shells from these stratigraphic units (U4 and U5) and facies
(F8 to F11). The development of palustrine and lacustrine facies, linked
to events of greater availability of water in the environment, correspond
to the depositional dynamics of the Late Pleistocene-Holocene bound-
ary. "The results from Grid1 mark a trend in the record and they warrant
a comparison with records from other grids and sampling stratigraphic
sections along the upper course of the Tapalqué stream.
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