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Evidence for Pleistocene periglaciation in the lowlands of central
Argentina (36–39°S)
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Friedrichstrasse 3 77694 Kehl Germany

Abstract

Pleistocene permafrost has been recognized in the lowlands of extra-Andean Argentina from Tierra del Fuego to the Rio Negro valley at
40°S, and to the Sierras Australes at 38°S. Features that could have formed only by cryogenic activity at elevations between 230–400 m
above sea level in surficial deposits and in the bedrock beneath are described here as far north as 36°S. These features are not as pronounced
as they are farther south because most of central Argentina was a cold desert during the glacial episodes, and therefore little ice formed.
Calcareous dust, formerly considered as pedogenic and now known to be glaciogenic, is closely associated with these features.
Secondary precipitates, such as lamellar crystals of calcite and gypsum, and other microscopic features like those observed in perpetually
frozen ground also confirm that this region experienced permafrost at some time. These new findings mean that the area affected by
periglaciation is much larger than previously thought and expanded more than 200 km farther to the north. Stratigraphic evidence and
geomorphological features place both deposits and cryogenic features within them as early–middle Pleistocene age.
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INTRODUCTION

Few published reports of past periglacial features below 500 m
above sea level in Argentina are available. For instance, Corte
(1967) described sand wedges in a cryoturbated gravel at Rio
Gallegos in southern Patagonia (51°37’S, 20 m above sea level).
Later, Liss (1969) questioned the periglacial nature of similar
features observed near Puerto Madryn (42°45’S, 90 m elevation)
that Corte and Beltramone (1984) proved by 14C dating to have
formed in permafrost during the last glacial maximum (LGM).
González and Corte (1976) described a gelifluction cover and
ice wedge casts penetrating the loess at González Chavez to the
northeast of Bahia Blanca next to the Atlantic coast (38°S,
200 m above sea level), which they considered to be Upper
Pleistocene. Corte (1983) reported ‘grèzes litées’ 500 m above
sea level in the Sierra de la Ventana, while Czajka (1955) indicated
that the northernmost border of the Pleistocene permafrost was
oriented in a southwesterly direction from south of Mendoza
(33°N) to the mouth of the Rio Negro (∼40°S). Later, Corte
(1991) traced a limit of Pleistocene permafrost from the
Falkland Islands to the Andean piedmont at 40°S and northward
from there to 32°S, including the Sierra de la Ventana and the
Sierras Pampeanas, but excluding the eastern lowlands (Fig. 1).

Vogt et al. (2010) investigated the geomorphological evolution
in the western Pampa that corresponds roughly to the La Pampa

Province between 36–40°S. They found several exposures in the
Pleistocene levels at ∼400 m to ∼200 m elevation in which the
surface sediments and the bedrock beneath had been disturbed
by intense cryogenic processes. To some extent this was not sur-
prising, because periglacial features at this altitude at 40°S and
near the Atlantic coast at 38–40°S had been reported and ascribed
to Pleistocene permafrost by the authors noted above. However,
the hypothesis of a periglacial environment in the lowlands as
far north as 36°S during the Pleistocene had never been
addressed. Features found in the field and results of analyses of
sediments and minerals in samples from a large area of La
Pampa Province are shown and discussed below, bringing a
new perspective to what has been previously known.

GEOLOGICAL AND GEOMORPHOLOGICAL BACKGROUND

The study region extends ∼400 km from north to south and
400 km from west to east (Fig. 1), covering the eastern foreland
of the Andes chain between 36–40°S. Most of its surface consists
of a plateau that falls gently eastwards from ∼400 m to ∼230 m
above sea level with an overall slope of 0.2%. The study region
is limited on its eastern side by a north-south fault scarp 50–
150 m high, at the foot of which extends the subsiding Pampa
Deprimida plain at 120–150 m above sea level, with numerous
depressions below 100 m. It is dissected to 80–100 m above sea
level by several valleys running from west to east that were trig-
gered by subsidence of the Pampa Deprimida. The plain of the
Chadileuvú-Curacó rivers at 200 m above sea level is its western
limit, and the Colorado River valley at 100 m above sea level is
its southern boundary. The eastern Sub–Andean piedmont begins
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to the west of the Chadileuvú plain, beyond the regional bound-
aries (Fig. 2).

Calmels and Casadío (2004) compiled an account of the
regional geology, and Vogt et al. (2010) established its
post-Miocene geomorphological evolution. In summary, the
Plateau represents the southernmost portion of the Brazilian
shield and was the divide between the Atlantic and Pacific oceans

before the Andean uplift. It is underlain by metamorphic and
intrusive rocks (granites and diorites), while Paleozoic and
Permo-Triassic sedimentary rocks crop out at its western and
southern margins.

Uplift of the Andes created a wide piedmont—an inclined
plane descending east-to-southeastward from 750–700 m to
∼400 m with an average gradient of 0.45%. It included the

Figure 1. Radar (ERS-1 SAR) image of the La Pampa region. SP = Sierras Pampeanas; SA = Sierras Australes; BB = Bahia Blanca; 1 = exposure on the upper surface of
the plateau (Valle de Chapalcó); 2 = exposure in the Valle de Hucal; 3 = exposure at Carapacha Chica; 4 = exposure on a terrace of the Rio Colorado. The black
dashed line indicates the limit of the Pleistocene permafrost as sketched by Corte (1991). The white dashed line indicates the limit of permafrost as proposed
here; its prolongation toward the NW would reach the SP, where permafrost was recognized. The black barbed lines indicate the western and eastern fault scarps.
The insert at the lower left corner locates the La Pampa Province in Argentina.

Figure 2. Diagrammatic sketch of the topography from west to east, from the piedmont to the plain: M = Basaltic meseta; P = Plateau. The dotted line restores the
profile of the Sub-Andean piedmont before the graben of the Río Chadileuvú subsided. The arrows point the sites of exposures: 1 = highest level at ∼400 m;
2 = intermediate level at ∼260 m; 3 = Carapacha Chica; 4 = terrace of the Colorado River at ∼300 m. Fault scarps limit the Basaltic meseta (a) to the west and
the Plateau (b) to the east.
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Plateau and reached the Pampa Deprimida plain beyond the pre-
sent eastern fault scarp. A material called “Formación Cerro Azul”
by Linares et al. (1980), which consists of fine-grained sand and
silt, at least 200 m thick, and more or less consolidated as siltites,
blanketed the region during the Late Miocene. Despite abundant
hydrogeological drilling, much of which reached the basement, no
map exists of the topography under these siltites, which probably
obliterated the ground unevenness. Bernardi et al. (2019) studied
in detail basalt flows 4–8 m thick to the west of the Chadileuvú
plain that covered the piedmont during the Pliocene and
Pleistocene. The piedmont is known as the ‘Meseta basáltica’
(Basaltic meseta).

Apparently no additional tectonic uplift of the basement has
occurred since that time, as illustrated by the topographic profile
(Fig. 2). Tectonic reactivation at some time during the middle
Pleistocene and before the late Pleistocene led to subsidence of
the Chadileuvú graben and created the present plain. The western
fault cut and displaced a basalt tongue, which is dated at 0.40 ±
0.10 Ma (Melchor and Casadío, 1999), that detached the plateau
from its roots. Subsidence of the Pampa Deprimida created a fault
scarp >100 m high, which limits the plateau to the east (Vogt
et al., 2010).

During glacial episodes, streams flowing from the Andes
Mountains crossed the Basaltic meseta and carried alluvium that
covered the entire plateau. The flows concentrated during the inter-
glacials and gradually cut into underlying alluvium, Miocene sil-
tites, and even into the basement in some places. The result is a
set of at least five stepped levels, the highest of which is ∼400 m
above sea level and the lowest at 230 m above sea level (Vogt
et al., 2010). The deposits contain no organic remains that can
be dated by 14C radiometry, but their age and ages of the levels
may be inferred from the following: (1) presence of basalt debris
in the deposits implies that they are no older than the basalt
flows (i.e., no older than Plio-Pleistocene); (2) whereas the siltites
are free of carbonate, all the overlying deposits contain glaciogenic
calcareous dust, as do most periglacial Pleistocene deposits in
Argentina (Techer et al., 2014; Vogt et al., 2018); and (3) all depos-
its ascribed to the Upper Pleistocene in the region by Tapia (1935),
Casadío and Schulz (1986), and Calmels et al. (1996) crop out at
the bottoms of valleys and consist only of local material, mostly
reworked siltites, which confirms the end of the connection
between the Plateau and the piedmont. It follows that the stepped
levels formed before subsidence of the Chadileuvú plain and before
the late Pleistocene, and that they are most likely of early to middle
Pleistocene age (Vogt et al., 2010).

CENTRAL ARGENTINA DURING THE GLACIAL EPISODES

The climate of southern and central Argentina has two major con-
trols: the Andean chain to the west and the proximity of Antarctica
to the south. The Andes lie transverse to the Southern Hemisphere
westerlies and to their east cause one of the strongest orographic
rain shadows on earth (Blisniuk et al., 2005). Their uplift dates
back to Late Cretaceous (Ghiglione et al., 2016; Colwyn et al.,
2019) and they rose rapidly after the Middle Miocene (ca. 15
Ma), strengthening the rain-shadow effect (Ramos and Ghiglione,
2008) and creating the “Arid Diagonal” of southern South
America from the Atacama Desert to the dry steppes of Patagonia
(Rech et al., 2010; Le Roux, 2012b; Ghiglione et al., 2016).

The onset of Antarctic glaciations dates back to the
mid-Tertiary (Ingólfsson, 2004), and the cooler temperatures
enhanced regional aridity. By the early Oligocene, Antarctic ice

sheets were ∼25% larger than now, and their growth was accom-
panied by a sea level that was ∼105 m lower than present day (Katz
et al., 2008). The glaciations first affected East Antarctica, after
which a continental-sized ice sheet was developed in the earliest
Oligocene (Barron et al., 1991; Isla and Espinosa, 1995; Ivany
et al., 2005; Levitan and Leichenkov, 2014). The ice sheets
expanded during the Middle Miocene glaciation (ca. 16.5–13
Ma), mainly at the boundary between the Middle and Late
Miocene, and they became permanent from then on (Holbourn
et al., 2013). The cold Falkland, or Malvinas, Current was estab-
lished after the Middle Miocene (Le Roux, 2012a).

The atmospheric Antarctic Polar Front, currently near Tierra
del Fuego at ∼60°S, shifted ∼5–6° northward following the glacial
expansion (Paskoff, 1967; Caviedes and Paskoff, 1975;
Clapperton, 1994), although Becquey and Gersonde (2002) esti-
mated it to be as much as 7° northward. García et al. (2012) reck-
oned that the Antarctic Polar Front reached as far north as
latitude 51°S, and MARGO (2009) even farther north to 45°S.
These shifts caused cooling of the ocean surface water, with esti-
mates by several authors as follows: a decrease of 4–6°C (Kaiser
et al., 2005); a drop of 4.0 ± 0.8°C and temperatures of −4°C to
−8°C at 60–45°S during the LGM (Annan and Hargreaves,
2013) and of 5–8°C near the continent (Hulton et al., 2002),
where the mean annual temperature was ∼7–8° lower than at pre-
sent (Benn and Clapperton, 2000).

Tzedakis et al. (1997), however, showed that marine oxygen
isotope records do not account correctly for variations on the
continent. Kohfeld and Harrison (2001) considered that atmo-
spheric models have underestimated the magnitude of cooling
and drying of most of the land surface during the LGM. These
huge changes had large effects on the global climate. They
induced increased temperature gradients and wind strengthening,
as well as continental aridification (Flower and Kennett, 1994;
Haywood et al., 2009; McClymont et al., 2016). The westerlies
moved farther north.

West Antarctica and its peninsula are the nearest part of
Antarctica to southern Argentina and, therefore, have the greatest
influence on Argentina’s climate, with glacial and non-glacial
periods alternating on the Peninsula. On Seymour Island, for
instance, glacial deposits indicate that ice was present there at
the Eocene/Oligocene boundary (Francis et al., 2009) and
grounded ice reached sea level. A new glaciation followed in the
late Oligocene and another in the earliest Miocene (Barker,
2007; Dingle and Lavelle, 2017). The ice cover extended during
the Middle and Late Miocene with shelf-wide grounding events
(Chow and Bart, 2003; Bart et al., 2005; Passchier et al., 2011)
and full glaciation of the Peninsula (Coronato et al., 2004). The
extension of Antarctic ice was at its maximum towards the end
of the Miocene, with grounded ice extending in the Ross Sea
100 km farther northward than now (Flohn, 1988).

The present position of Antarctic sea ice is 70–60°S, while it
expanded to 60–48°S during the LGM, and probably during the
Late Miocene, which doubled its surface (Crosta et al., 1998;
Guilderson et al., 2000; Crosta, 2009; Violante et al., 2014). The
periglacial regions were not only larger in extent, they also were
drier than the driest present-day periglacial regions because of
drier air. The ice-free regions suffered a harsh cold climate, and
permafrost formed near sea level in Patagonia (Benn and
Clapperton, 2000). Permafrost still occurs on the South
Shetland Islands at 25 m above sea level (López-Martínez and
Serrano, 2005; López-Martínez et al., 2016). The nearby lowlands
between 40–36°S could not have escaped the effects of those
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conditions, therefore a desertic periglacial environment north of
40°S seems likely.

Both enlargement of the polar ice cap and the 100–150 m sea
level drop below its current level (Guilderson et al., 2000;
Cavallotto et al., 2011; Violante et al., 2014) diminished the
sea’s surface area and hence evaporation, which in turn favored
expansion of desertic land. The shoreline shifted at least 700 km
eastward, which caused the climate to become increasingly conti-
nental. Sea level fell by 100–140 m during the maximum of each
glacial episode (Rabassa et al., 2005; Rabassa, 2008).
Consequently, much of the Argentinean continental shelf,
which represents one of the largest and smoothest siliciclastic
shelfs in the world (Violante et al., 2014), was exposed. Cooling
of the oceans caused replacement of carbonate sediment-forming
species by siliceous organisms, which explains the shelf’s siliceous
nature (Cortese et al., 2004). Such biogenic silica at the Polar
Front accumulated fastest from 11–9 Ma (Levitan and
Leichenkov, 2014). The emerged shelf was a marginal desert
(Ochsenius, 1985), and much of Argentina was a cold desert dur-
ing glacial times (Iriondo and Kröhling, 1995).

In dry cold climates with strong diurnal thermal excursions, rocks
and mineral grains undergo a comminution to the 50–10 μm silt
size (Konishchev, 1982). Quartz is the most fragile because its
thermal expansion is twice that of either plagioclase or biotite
(Elliott, 2006). Quartz crystals contain microfissures, ∼1–10 μm
wide, that facilitate disintegration to particles as small as 1 μm,
which can be considered to be the limiting size of solid particles
(Schwamborn et al., 2012). Such fine silt is easily picked up and
carried away by wind.

Late Miocene sediments

Silts of the Cerro Azul Formation derive on one side from the bar-
ren emerged shelf, which represented an important source for
wind-transported silt during glacial periods (Walter et al.,
2000), and on the other side from deflation of the granular detri-
tus of barren rocks. Strong southeasterly winds swept over the
barren shelf and Sub-Andean slopes and deposited the silt on
the piedmont and the Plateau. This situation lasted for several
million years, which is one reason for the thickness of the depos-
its. Based on paleontological data, Verzi et al. (1991) concluded
that the landscape was an open steppe. There were no rivers,
and only episodic surficial runoff reworked the silt. Globular sili-
ceous concretions, 10 cm or more in diameter, occur within the
sediment. These form in marshes. Numerous elongated and ver-
tically aligned concretions that lack the radial internal structure
specific to rhizo-concretions that are typical of woodlands
(Retallack, 2019) also are present. These concretions resulted
from preferential circulation of water within retraction fissures
in palustrine conditions (Giai and Tullio, 1998). Layers of salt
and gypsum are also interbedded in them. The palustrine features,
the slightly siliceous cementation of the sediment, and the inter-
bedded salt and gypsum layers cannot be explained other than by
the presence of a water table. Zavala and Freije (2001) ascribed to
groundwater the palustrine facies within the aeolian Rio Negro
Formation (Late Miocene–Early Pliocene) in nearby Patagonia.

The cold and dry climate and the consequent sparse vegetal cover
allowed thermoclastic granular degradation of barren rock surfaces
and the strong wind to pick up sand and silt. The limited porosity
of volcanic rocks makes them resistant to frost action and therefore
not subjected to spalling (Tricart, 1967). Nevertheless, the Rio Negro
Formation is dominantly composed of volcanic grains, which give it

a peculiar bluish color. The significant fine-grain fraction of the sed-
iments indicates a long, strong thermal excursion and thermoclasty.

Start of glaciations in Central Argentina

The final uplift of the Patagonian Andes during the Late Miocene
(Ramos and Ghiglione, 2008) combined with temperature cooling
and expansion of Antarctic ice (Mercer and Sutter, 1982;
Clapperton, 1993; Ton-That et al., 1999; Griffing et al., 2012; Le
Roux, 2012b) led to the formation of alpine glaciers in southern
Argentina during the Middle–Late Miocene (Wenzens, 2006;
Glasser and Jansson, 2008; Moeller et al., 2010; Christeleit et al.,
2017; Willett et al., 2020). The Patagonian Andes were covered
by a continuous mountain ice sheet from 37°S to Cape Horn
(56°S) (Rabassa et al., 2011). Rabassa et al. (2005) reported at
least eight glacial episodes from the Middle to the Late Pliocene
in addition to the Great Patagonian Glaciation (GPG) from
1.17–1.02 million years ago. The onset of glaciers resulted in pow-
erful rivers transporting and depositing large amounts of coarse
material, such as the glacio-fluvial “rodados patagónicos” (the
“Patagonian Gravel Formation” of Clapperton, 1993). The effect
of glaciation extended throughout all of Patagonia, as well as
the Pampas (Rabassa et al., 2011). The glacial activity generated
calcareous dust (20–70% CaCO3) found with Pleistocene deposits
in Argentina from southernmost Patagonia to at least the
Mendoza Precordillera (Techer et al., 2014; Vogt et al., 2018).

The glacial periods in the western Pampa

How the glaciations progressed in the eastern portion of Central
Andes between 40–36°S is not known. No investigations of the geo-
morphological evolution west of the Chadileuvú depression are avail-
able (Glasser and Jansson, 2008, reported remote-sensing observations
only). Lliboutry (1956) established the current glacial equilibrium line
on both sides of the boundary between Chile and Argentina. It runs
southwards from a height of 5500–4500 m in the subtropics north of
33°S to 2500 m at 36°S, dropping slowly to 1000 m at ∼48°S.
Obviously, this line was lower during the glaciations. Viers (1965),
who briefly explored the Andes of Mendoza between 33–35°S,
observed some glaciers in the upper Colorado Basin at the foot of
the Cerro Risco Plateado (34°55’S, ∼4500 m above sea level), and esti-
mated their area to be 40–50 km2. Viers (1965) also reported several
old glacier valleys and moraines, and noted the crest line hemmed by
glaciers all along the full length of 20 km between Paso de las Damas
(34°54’S, 3680 m above sea level) and Cerro de Santa Elena (35°07’S,
2940 m above sea level). All glaciers occurred on the east- and
southeast-facing slopes. The morphometry of this upper basin
(Aumassanne et al., 2018) does not reveal anything about the shape
of the valleys and their glacial or fluvial nature, or the occurrence of
terraces and moraines—in sum, nothing helpful for understanding
the evolution of the course of one of the greatest rivers of Argentina.

The Colorado River entered the region during the Late
Pliocene (Melchor and Casadío, 1999) and built a set of fluvial
terraces 200 km or more long and ∼100 km wide that descend
in steps from 440–100 m above sea level (Vogt et al., 2010).
The river cut a gorge through the basalts of the Sierra de
Chachahuén (dated at 2.07 ± 0.11 Ma and 1.23 ± 0.17 Ma) and
the Sierra Auca Mahuida (dated at 1.78 ± 0.1 Ma, 1.55 ± 0.07
Ma, 1.39 ± 0.14 Ma, and 0.99 ± 0.04 Ma) (Kay et al., 2006). The
highest terrace at 440 m contains no volcanic minerals, and is
therefore older than 2 Ma, the gorge being epigenic. Each terrace
consists of homogeneous, well-layered and well-worn gravel and
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sand lenses 10 m thick with a slope of 0.1%, which is inconsistent
with the previous interpretations of Melchor and Casadío (1999)
of this deposit being an alluvial fan. Unfortunately, a thorough
study (morphometry, morphoscopy, petrography) of the gravels
and sand is lacking.

While the features of the river valley upstream of the gorges have
yet to be described in detail, the occurrence of large volumes of
coarse material suggests strong currents that were likely fed by
large amounts of snow and ice melt. If the present glacial equilibrium
line is at 2500 m to the south of 36°S, then one can infer that glaciers
existed on the Andean chain at this latitude during glacial episodes.

The Pleistocene deposits

The comparison between the current climatic conditions both in La
Pampa and in the unglaciated portions of Antarctica allows an esti-
mate of the climate during the glacial episodes. The current mean
annual temperature varies between 18°C and 14°C in the north and
south of La Pampa, respectively, while that of Northern Patagonia
(at Trelew) is ∼13°C. In contrast, temperatures of interior
Antarctica (Bockheim and Tarnocai, 1998) are −18 to −20°C
now, and were colder during the glacial episodes. Ice-wedge forma-
tion requires temperatures of −5°C (Washburn, 1980) or lower.
The presence of ice wedge casts in Patagonia indicates a minimum
temperature drop of at least 18°C to reach the −5°C threshold,
which implies a north to south temperature gradient from 0°C to
−4°C across La Pampa. Even though Antarctica is a useful analog,
La Pampa has higher solar radiation due to its latitude (36–40°S),
and consequently a greater evaporation and stronger daily thermal
excursion. These factors explain La Pampa’s desert environment,
the intense disaggregation and cracking of the bare ground, and
the nature of sediments and their post-depositional features.

Streams that built the alluvial levels transported mostly sand,
but also included clasts from substrate, fragmented siltites, and
debris of Paleozoic rocks. The sequenc is much the same for all
levels, from bottom to top is as follows: (1) bedrock consisting
of siltites and in some places of Paleozoic substrate; (2) uncon-
formable alluvium at least 2 m thick consisting of sand, gravel,
and silt, either mixed or well layered; (3) a gradual transition
from siltites to overlying deposits with perturbed layering, shatter-
ing of the bedrock, mixing of silt and reworked concretions, and
calcareous dust either incorporated in the alluvium and mixed
with the fine matrix or in pockets and thin layers; (4) an erosional
contact marked by clasts and grit where granite or other Paleozoic
rocks crop out; and (5) uncemented material at the base, harden-
ing upwards to duricrust several decimeters to >1 m thick, gener-
ally sandy and locally conglomeratic, with 25% CaCO3 at the
most. Several studies (Buschiazzo et al., 1987; Lorenz, 2002;
Mehl and Zárate, 2007; Folguera and Zárate, 2009; Gutiérrez
et al., 2019) called this material calcrete, even though there were
no analytical data. However, microscopic analyses of thin sections
by Vogt et al. (2002) show that the duricrust is in fact a siliceous
sandstone with opal as the primary cement.

The change in the dynamics is abrupt between the aeolian sil-
tites and the overlying stream-flow deposits. Furthermore, two
characteristics differentiate the Pleistocene deposits from older
ones: the shattering (clasts and angular sand grains) and the pres-
ence of calcareous dust. While the geomorphological evolution of
the uphill Andean slope is poorly constrained, it can reasonably
be assumed that there would have been glaciers above 2000 m
during the last glacial periods. Even if there were no glaciers,
there was certainly enough snow to feed the energetic and

abundant currents that were able to remove and transport large
loads of material. The generally clear stratification of the sedi-
ments means that they were not deposited in turbulent runoff.
Furthermore, the absence of incised channels suggests that the
water spread out over the frozen ground.

Thermoclastic granular disaggregation on barren rocks can
explain why the mountainous slope did not supply detrital grains
coarser than sand. Also, because basalt is non-frost susceptible,
the abundance of basalt grains in the sediment is consistent
with strong thermal excursions. The analysis of some exposures
may provide an understanding of which environment produced
these features.

ANALYTICAL METHODS

Numerous exposures on and outside the Plateau were studied.
The aim was to explain the origin of the sediments and any post-
sedimentary evolution. Grain-size distributions of the sand frac-
tion were determined by dry sieving. The surface features of the
mineral grains were observed under a stereoscopic magnifier
with incident light. Minerals were identified by Scanning
Electron Microscope, X-Ray Diffractometry, and Transmission
Electron Microscopy (TEM, Philips EM300, 100 KV). Minerals
were analyzed chemically by an analytical electron microscope
(Philips CM12). Duricrusts and Miocene siltites were observed
in thin sections and by SEM. The volumetric proportion of
CaCO3 was determined by a standard procedure with a Bernard
calcimeter. Strontium, oxygen, and carbon isotopic compositions
and the rare earth elemental (REE) distribution of the dust were
analyzed using methods detailed in Techer et al. (2014).

FIELD OBSERVATIONS

Whatever the level, the alluvium that is spread over the plateau
yields similar characteristics at both macroscopic and microscopic
scales. The sequence exposes from bottom to top: (1) a bedrock of
pink siltites horizontally layered with a loess-like structure and
globular or elongated siliceous concretions, with outcrops of the
Paleozoic substrate in some places; and (2) an unconformable
alluvium at least 2 m thick consisting of sand, silt, and gravel,
either mixed or well bedded, with a gradual transition from siltites
to the overlying deposits. The substrate has lost its structure, is
split into clasts, and consists in a mixture of silt and reworked
concretions. In some places the originally pink color has turned
yellowish or brown-red. Where granitic or other Paleozoic rocks
crop out, the transition is an erosional contact marked by clasts
and grit. Dust consisting of 20–70% CaCO3 is incorporated in
the alluvium, either mixed with the fine matrix or in pockets
and thin layers. A hard duricrust caps the deposits.

This common sequence shows that depositional episodes ended
with strong desiccation (duricrust). The coarse material derives
from substrate (i.e., shattered bedrock, siliceous concretions, intra-
clasts, and clasts from older duricrusts with occasional roundness
that either is original for the concretions or due to cortications [ =
oncolites]). The sandy fraction is the same everywhere, consisting
of a mixture of coarse angular grains and medium–fine, well-worn
shiny grains. The coarse fraction contains sand-sized basalt grains
and centimeter-sized basalt debris. Olivine grains account for as
much as 45% of the >400 μm fraction. There are no visible traces
of chemical weathering; rather, it seems that fragmentation was
caused by long-lasting thermal stress.
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Field exposures

Two exposures of the alluvial cover are described in detail—one in
the uppermost level at 415–380 m above sea level and the other in
the intermediate level of 270–260 m above sea level. As noted
above, the precise age of the levels is not known, but the upper
level is probably early Pleistocene; the lower one is much younger
according to the geomorphological framework. An exposure of
Carapacha Chica at 260 m above sea level, and another in an
embankment on a terrace of the Colorado River at 300 m, also
were examined.

The uppermost level
The highest level, which extends from ∼36°50’ to 37°10’S to the
north of the Valle de Chapalcó (Fig. 1, site 1; Fig. 2, site 1;
Fig. 3a, b), falls gently eastwards with slope of 0.1% and is man-
tled entirely by alluvium and capped by a duricrust. The road
cuttings along Ruta Provincial 13 (RP13) expose the deposit
with the same upwards sequence everywhere: (1) Late Miocene
siltites at the bottom; (2) above, at least 1 m of sandy silt with
on average 40–45% of particles in the size range 50–2 μm and
7–8% particles ≤2 μm derived from the substrate and containing
reworked concretions, polyhedra with facets and Fe-Mn cutans,
aggregates, granules, decimeter-sized clasts of siltites, clusters of
clasts, mixed with allochthonous sand and CaCO3 dust (up to
30% in places); and (3) a 50–100 cm thick conglomeratic or sandy
duricrust with a platy structure, <25% CaCO3, folded in places
(Fig. 3c). The 630–800 μm fraction is composed of 25–30% quartz
grains. They are wind abraded, their size shows that they are local,
and their shape indicates that they experienced long-lasting
aeolian activity. The 500–100 μm sand grains are well worn and
shiny, which is characteristic of fluvial transport.

The deposits show contraction features, involutions, and
locally septarian-like structures. The siltites are broken into
decimeter-size clasts.

The intermediate level
On the south-facing slope of the Valle de Hucal (64°23’–64°14’W;
37°78’–37°47’S; Fig. 1, site 2; Fig. 2, site 2; Fig. 4a–c), several expo-
sures ∼3 m high along the path between provincial roads RP11
and RP9 show the following sequence from bottom to top: (1) sil-
tite; (2) ∼1 m of sandy silt (24–40% of particles 50–2 μm; 6% of
particles <2 μm in diameter), siltite clasts, and concretions, all
reworked from the substrate, together with calcareous dust in
fine layers and pockets; and (3) a platy duricrust >1 m thick con-
sisting of hard cemented sand. The proportion of CaCO3 ranges
between 27–71% in the pockets, compared to only 0.5% in the
duricrust.

The alluvium above the siltite has lost its original layering and
is cross-cut by contraction cracks. The coarse material is aligned
vertically or sub-vertically along the lineaments or forms nests
(Fig. 1, site 2; Fig. 2, site b; Fig. 4a–c). The cracks are not due
to desiccation because the material is too heterogeneous and con-
sists of <50% silt and clay. There has been no compressional tec-
tonic activity in this area since deposition, and the origin of the
cracks needs to be discussed. The material is too hard for the bio-
turbation process suggested by Silva Nieto et al. (2017). Similar
structures occur in the nearby Valles Maracó Grande and
Maracó Chico.

Figure 3. The highest level extends from ∼36°50’–37°10’ S to the north of the Valle de
Chapalcó. (a) At the bottom of the exposure, the bedrock consists of siltites (s) and is
covered by an accumulation of sandy silt with reworked clasts and silica concretions
from the siltites. The small dark spots are basalt debris. The deposit is affected by
involutions highlighted by white dashed lines. The duricrust (d ) was also disturbed
before hardening. The black bar = 1 m. The circle in the middle indicates the site
of Figure 3b. (b) Detail of the central deformation with a septarian-like structure.
The pencil (outlined by the white rectangle) = 14 cm. (c) A fold in the duricrust.
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The Carapacha Chica exposure
The Carapacha Chica is an outcrop of Permian arkosic sandstone
at the southwestern border of the Plateau in the Chadileuvú depres-
sion (∼37°30’S, 66°10’W, 271 m above sea level; Fig. 1, site 3; Fig. 2,
site 3; Fig. 5a, b). The rock is massive and very hard as a result of
diagenesis and incipient metamorphic recrystallization. Thin sec-
tions show the absence of macro- and micro-porosity. At the
foot of the north-facing slope at 260 m above sea level, an outcrop
3–3.5 m high and a few meters wide exposes from bottom to top:
(1) ∼150 cm of clasts with little sandy matrix; (2) ∼30 cm of clasts
slightly cemented with some matrix mixed with calcareous dust; (3)
∼40 cm of clasts free of CaCO3; (4) ∼90 cm of clasts in a fine
matrix mixed with calcareous dust; and (5) a duricrust ∼40 cm
thick. The bedrock is not visible. The material consists mostly of
sand derived from fragmentation of the bedrock. The clasts are
shattered rock debris, heterometric, no more than 10 cm across,
with sharp edges. The original layering is rough, with the larger
clasts parallel to the slope, poorly sorted. and not blunt, showing
that they were not deposited by runoff. The layers have been
deformed and involuted, suggesting creep structures.

A terrace of the Colorado River
On the terraces of the Colorado River, the alluvium consists of
gravel with little sand and non-diastrophic structures most prom-
inent at ∼300 m above sea level. The sandy silt material is indu-
rated, split along the layers, broken, and displaced into the
overlying gravel. (Fig. 1, site 4; Fig. 2, site 4; Fig. 6a, b). There
are no traces of faults in the terraces and the deformations are cer-
tainly not tectonic.

DISCUSSION

The initial impetus for this study was to discover whether there
had been periglacial conditions immediately to the north of
Patagonia where Pleistocene permafrost had been recognized.
Several features observed in field exposures and under microscope
have direct bearing on the answer to this question.

Hardening of the sediments

As observed in the cover deposits on the Plateau (Figs. 3, 4), the
siltites are hardened and broken to decimeter-scale clasts. In the
terraces of the Colorado River, the sand and silt beds are also
indurated and split. Evaporation can desiccate surficial sand-silt
beds, but not to the point of hardening them into solid rock.
FitzPatrick (1956) and Pissart (1970) showed how frost strongly
dehydrates fine-grained sediments, thereby modifying the struc-
tures and causing irreversible compaction. Freezing induces
strong cryosmotic suction (negative pressure), which increases
suction by 10 MPa for each 1°C decrease in temperature
(Williams and Smith, 1989). In doing so, freezing extracts not
only capillary and adsorbed water but also elements from miner-
als of the rocks and clasts.

Breakdown of rocks

The mechanism of freeze-thaw is generally invoked to explain
mechanical weathering under temperate and cold climates.
Freeze-thaw demands sufficient moisture, but here that was not
the case considering the aridity in the region. In the exposure at
the Carapaca Chica, the deposit consists entirely of detritus that
cannot be ascribed to freeze-thaw processes on a rock lacking

Figure 4. The intermediate level is present on the south-facing slope of the Valle de
Hucal (64°23’–64°14’W, 37°78’–37°47’W; Fig. 1, site 2; Fig. 2, site 2; Fig. 4a–c). Several
exposures, ∼3 m high, are located along the longitudinal axis between provincial
roads RP11 and RP9. d = duricrust. (a) An outcrop of siltites where the original layer-
ing has been destroyed by thermal contraction. The black lines show some contrac-
tion lineaments; scale bar to the right = 2 m. (b) Exposure of the stratigraphic units: at
the bottom, siltites with whitish siliceous concretions; above is the alluvial cover con-
sisting of silt, concretions, and gravel that has been greatly disturbed by thermal con-
traction; the deposit has lost its original stratification; clusters of pebbles appear in
places; the coarse material is vertically arranged or follows the lineaments; the dur-
icrust is disturbed, yet some portions maintain their original platy structure.
Calcareous dust is mixed with alluvial material. The short white lines indicate
some main lineaments. The bar = 1 m. (c) In the same valley, the disturbances are
mostly involutions, indicated by white dashed lines. The hammer in the rectangle
at the center gives the scale.
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Figure 5. Carapacha Chica exposure (37°31.683′S, 66°24.550′W). (a) Shattered siliceous sandstone mixed with coarse sandy matrix in two distinct, slightly cemented
layers (1 and 2); the white material is calcareous dust, secondarily spread over the whole exposure by rain and wind. The larger clasts are arranged parallel to slope.
The white dashed lines indicate involutions, suggesting creep. The holes under the duricrust (d ) are bird nests in the soft material. The spade in the rectangle at the
bottom of the photograph indicates the scale. (b) In less-disturbed places, the larger clasts lay parallel to slope.

Figure 6. View of some stepped terraces of the Colorado River. The terraces of the Colorado River are present along the N-S Ruta 23 between 37°40’–38°S. In the
southernmost and higher one, at ∼300 m elevation, the disturbances are clearly visible. (a) In the foreground is the terrace at ∼300 m above sea level. (b) an
embankment ∼1.5 m high exposes the deposit. The lower portion is mostly sand and boulders that have fallen from above. The fluvial sediment was heavily dis-
turbed after cryo-suction and hardening.
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porosity. Thermal stress fatigue, as suggested by Hall (1999) in
Antarctica, is a more likely explanation, especially at the latitude
of La Pampa and on a north-facing slope. It should be born in
mind that both the insolation and the daily thermal amplitude
are greater than in Antarctica throughout the year, and therefore
stress fatigue would be greater. Stress fatigue can happen only on
bare rocks, however, and it takes a long time to produce signifi-
cant amount of detritus; thus, the region must have been cold
and dry for a long time.

Contraction and compression features

In both the uppermost (Valle de Chapalcó, Fig. 3a, b) and the
intermediate (Valle de Hucal, Figs 4a–c) levels, the deposits
have lost their original layering and are affected by cracks that
cannot be ascribed to tectonic activity. There are no voids between
the clasts and the enclosing material, as might be expected from
desiccation: meter-scale desiccation cracks are only observed in
muds and clays (vertisols). Differential thermal expansion and
contraction, which can affect any type of solid material, is a
more appropriate explanation, yet contraction of solid material
needs low temperatures. Lachenbruch’s (1962) explanation of
rapid changes of temperature fits the observations. Strong insola-
tion and, therefore, high daily thermal amplitude, both of which
are typical in deserts, would have been the norm in La Pampa
during the glaciations. Once formed, contraction cracks are per-
manent features and tend to propagate even deeper
(Andersland and Al Moussawi, 1987; Williams and Smith, 1989).

Septaria, which occur in the uppermost level (Fig. 3a, b), arise
from deformations caused by deep subaqueous burial loading
under high fluid pressure, diagenesis, or seismic movements
(Astin, 1986; Hounslow, 1997; Pratt, 2001; Seilacher, 2001;
McMahon et al., 2017), yet none of these is appropriate here.
Shrinkage, resulting from contraction and cryogenic compression,
is most likely here.

Involutions

In the Valles de Chapalcó (Fig. 3a) and Hucal (Fig. 4c), as well as
in the Carapacha Chica (Fig. 5a), the deposits are disturbed by
involutions that could suggest solifluction. However, this slow
mass movement demands a saturated material rich in colloidal
elements and having a high water absorption capacity. This is
not the case here because the ≤2 μm fraction represents <10%
of the deposit mass.

As previously noted, the larger clasts in the Carapacha Chica
lay parallel to slope, which excludes deposition by flows. In addi-
tion, the uphill catchment is too small to feed a flow that would
have been strong enough to transport such a huge amount of
detritus. The slope is also too gentle for debris to move downslope
by gravity alone, and the sandy matrix mixed with calcareous dust
would prevent plastic solifluction. Sliding on frost-hardened
ground and gelifluction (solifluction on frozen ground) are
more likely processes. Frozen ground prevents infiltration, favor-
ing saturation of the overlying layer and, consequently, fluidal epi-
sodes after snow or rainfall.

Significance of the calcareous dust

Calcareous dust closely associated with Pleistocene periglacial
deposits occurs in Argentina from southern Patagonia to the
Mendoza Pre-Cordillera at 33°S and perhaps even farther north.

The CaCO3 carbonate is calcite, which appears under the SEM
as loose idiomorphic rhombohedral and scalenohedral crystals,
predominantly of micrite (<5 μm across). Techer et al. (2014)
and Vogt et al. (2018) showed from analyses of the strontium, car-
bon, and oxygen isotope compositions, and of the rare-earth ele-
ment distributions, that this calcite is not of marine origin but
continental—not pedogenic but glaciogenic. The carbonate was
transported in glacial meltwater and deposited on the emerged
continental shelf where it crystallized. From there it was picked
up, carried, and widely dispersed by southeasterly winds.

This dust therefore indicates glacial episodes; in this region the
dust occurs in sediments that were deposited during the
Pleistocene. The preservation of a fragile, powdery and easily dis-
solved calcite for such a long time means that there was no tundra
cover with acidic (pH ∼3.5) water percolation, and therefore arid-
ity persisted during the entire Pleistocene and Holocene. In con-
tinental Antarctica, mid-Miocene cooling caused extinction of the
tundra (Adam et al., 2008), which suggests that the climate was
cold and arid enough in the region to prevent the growth of a veg-
etation cover.

The cold arid environment

As noted above, this part of Argentina was a cold desert during
most of the Pleistocene. In cold deserts, as was the case here, little
ice forms. Cameron (1971), Van Everdingen (1976), Bockheim
and Tarnocai (1998), and Bockheim and McLeod (2006) stated
that the moisture (ice) content of the driest Antarctic soils
approaches that of the driest desert soils in cold and hot deserts
(≤5% by volume). One cannot expect conspicuous features due
to ice segregation and upheaval of the ground. With such limited
moisture availability, frost action is restricted to thermal contrac-
tion, in addition to stresses and related disturbances that produce
features not obvious enough to discriminate between seasonally or
perpetually frozen ground. Difficulty in separating the effects
from seasonal and perpetual frozen ground is documented in
other regions, such as in hypercontinental southeastern Siberia
where both past and present permafrost are well established,
and yet rock shattering and gelifluction remain dominant (Vogt
and Larqué, 2002).

The exposures examined here contain split rocks, which are
features of thermal contraction in coarse material, and deposits
produced by gelifluction and creep. All are characteristic of cold
conditions, although not necessarily cold enough for the ground
to be permanently frozen. Yet, as Chen et al. (1993) showed
experimentally, powdered calcium carbonate reduces the frost-
susceptibility of sediments and, therefore, lower temperatures
are needed for cryogenic features to form. It follows that the cryo-
genic features observed in La Pampa testify for very cold condi-
tions. According to González and Corte (1976), the temperature
fell at González Chavez (38°S) by approximately 20°C, with
mean annual temperatures of −5 to −6° or less in contrast to
the current 14.5°C. This suggests that the average annual temper-
ature in La Pampa was <0°C.

Organic matter is almost completely absent in Antarctic geli-
sols (Beyer et al., 1999), and the biological component of the
soil is nil in most situations (Campbell and Claridge, 1981,
2009). Altogether, the facts observed in the study region point
to a landscape of long-lasting bare ground devoid of vegetation,
with only calcified fungal hyphae and spores found with the cal-
careous dust.
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Microscopic observations

Microscopic analysis showed lamellar crystals of calcite and gyp-
sum and clay minerals changed into opal. Such features are
observed only in cold regions where permafrost currently exists,
such as in Antarctica, and in regions where permafrost formed
during glacial episodes, as in Patagonia, the Mendoza
Precordillera, Canada, France, and southeastern Siberia (Vogt,
1990; Vogt and Corte, 1996; Vogt and Larqué, 1998, 2002).

The presence of calcite and gypsum
Hallet (1976) conducted freezing experiments of carbonate-rich
water at initial Ca concentrations of 0.77–3.8 × 10−4 M, with a
final concentration of Ca2+ as much as 50 times that of the initial
parent solution. Such increased concentrations depress the freez-
ing point significantly below 0°C. Once this point is reached,
supersaturated solutions precipitate with instantaneous freezing.
If several solutes are present, a sequence of minerals precipitates
as the solution becomes successively supersaturated for each
one. Formation of these precipitates requires very low tempera-
tures (Hallet, 1979), together with time and stable thermal condi-
tions of still water in a closed system. The preferential sites for
such changes are residual lenses filled with liquid water in perma-
frost. In an unfrozen sediment, or in active layers that behave as
open systems, many thermal, mechanical, and hydrologic changes
take place and mobile pore fluids can circulate. This allows vege-
tation to grow and organic acids, which would dissolve the calcite,
to form.

The new crystals have a lamellar habit and tend to pile up. In
some deposits of La Pampa, lamellar calcite crystals form coatings
and fringes between the clasts. This means that the primary calcite
dissolved and re-crystallized when the solution became supersat-
urated. Lamellar crystals of gypsum, identical to those observed
here, can be seen now in Antarctica. Such crystals have been
reported only in permafrost environments (Vogt and Corte,
1996; Fig. 7a–c).

The transformation of clay to opal
Vogt and Larqué (1998, 2002) described the transformation of
clay material into opal in Patagonian Pleistocene deposits that
had been affected by permafrost. Roy et al. (1995) emphasized
that high suctions that develop near the freezing front can
change the structure of clay minerals that occur in the sediment.
Suction increases with decreasing temperature, as happens in
lenses filled with residual fluids within the permafrost. The con-
fined supersaturated solutions can last long enough to cause
chemical transformations and breakdown of the crystals
because the freezing point will only be reached at very low tem-
peratures. Once their structure is destroyed, the clay minerals
lose cations, except silicon, and change into opal. This neofor-
mation of opal is observed widely in the Pleistocene sediments
of La Pampa. SEM observations show the transition of clay
aggregates and coatings into opal (Fig. 8). Transformation of
clay into opal in the natural world seems restricted to perma-
frost conditions.

CONCLUSIONS

Pleistocene ice wedges in the lowlands of Argentina near Puerto
Madryn (42°48’S) are impressive in size, reaching 3 m depth.
They were ascribed to the LGM on the basis of 14C data. Similar
structures occur all along the littoral Ruta Nacional 3 (RN3) road

as far as the Colorado River. It is known from other evidence
that the Polar Front had shifted to 51°S and perhaps even as far
north as 45°S. Evidently, sub-zero annual temperatures must have
existed during the Pleistocene period between 39–36°S.

From a geomorphological point of view, knowledge of the
events that happened during the Pleistocene glaciations in this
region is still poor, therefore more investigations on the Andean
piedmont uphill and in the plains would be welcomed.
Periglacial features in the La Pampa region are much less conspic-
uous than those in the nearby Patagonia, making it difficult to
recognize them. The climate was somewhat warmer and the gla-
ciers and ice caps were much farther away. There are no paleon-
tological remains in the Pleistocene deposits, which suggests that
the environment was very dry, probably with very little ice.
Microscopic alterations to the minerals and changes in the chem-
istry are characteristic of permafrost.

Figure 7. SEM images of sediments from the La Pampa exposures. (a) Loose rhom-
boidal and scalenohedral calcite particles; (b) lamellar calcite crystals typical of a
precipitation by freezing; (c) lamellar structure of gypsum.
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Nonetheless, enough evidence has been found to indicate that
the temperature decreased enough during the glacial episodes to
produce permafrost in the lowlands of Argentina between 40–
36°S latitude. This finding moves the limits of permafrost
∼200 km farther north than has been recognized previously.
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