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Inland dune systems of South America occur in a variety of environmental settings under different cli-
matic conditions, from humidesubhumid to semiaridearid. This contribution provides the state of the
art on dune research of inland systems east of the Andes. Tropical northern (~10�Ne~10�S), including the
dune fields of Llanos del Orinoco and the Amazonian basin, are mainly formed from parabolic, blowout
(or deflation basins) and linear dunes, developed on river floodplains. Aeolian activity was reported to
occur near the late PleistoceneeHolocene boundary in Llanos del Orinoco, over the last ~17 ka in the
Branco river basin and ~32.6 ka in the Negro river basin, both in the Amazonian region. In general, the
attributed aeolian origin is controversial, the morphology difficult to determine, and the chronology still
extremely limited and rather debatable in some cases. The southern tropical region (~10�Se~22�S) in-
cludes aeolian systems situated across the extensive lowlands of the Gran Chaco and those located in
fluvial basins related to the cratonic Brazilian shield (S~ao Francisco River, Pantanal and Mato Grosso). The
oldest barchanoidebarchan ridges at the Gran Chaco were dated ~36e33 ka and subsequent aeolian sand
accumulation occurred at ~18 ka, ~14e12 ka, ~10e9 ka and mid to late Holocene times. Parabolic dunes
at the S~ao Francisco River floodplain show an oldest episode generated between ~28 and ~11 ka, followed
by eolian activity during the early to mid-Holocene. No chronological data is available for the linear and
lunette dunes described at the Pantanal. Linear ridges were distinguished in the upper Paran�a River
(Mato Grosso) with associated sand accumulation at different intervals of the Holocene. The last
reviewed region is the Andean Piedmont and western Pampas, at subtropical eastern South America,
comprising a large variety of dune morphologies (barchanebarchanoid, linear, parabolic, transverse and
lunette dunes, deflation basins, and sand sheets). Luminescence ages suggest the occurrence of aeolian
activity intervals during late glacial times and the Holocene. The general understanding on the dynamic
of South American dune systems is hampered by the paucity of chronological information and the
representativeness of some dune records. Whether they reflect local or regional environmental condi-
tions is still a matter of discussion in several areas that need further studies.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The evolution of eolian systems of South America during the
Quaternary has been inferred on the basis of relatively few studies,
largely concentrated in limited areas; while many regions remain
barely analyzed and explored. In addition, the environmental and
geomorphological heterogeneity of the continent generates ques-
tions and uncertainties on how representative are the studied re-
cords and if the results and interpretations can be extrapolated at
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regional scale. In this context, the present knowledge of inland
dune systems that occur to the east of the Andes is not an exception,
and our present knowledge is still sparse with relatively few con-
tributions. South American dunes have not been a major focus of
scientific interest, and are less known than loess successions in the
continent.

The first references on dune fields in South America date back to
the early 19th century with the comments by Alexander von
Humboldt in 1814 and Agustín Codazzi in 1825 (Roa Morales, 1979;
Clapperton, 1993) about the Llanos del Orinoco sand dunes. Much
later, in the 20th century, dune systems were reported from several
other areas of Argentina, Brazil and Peru (e.g. Frenguelli, 1931;
Finkel, 1959; Williams, 1925 in Barreto et al., 1999). All these
Quaternary inland dune systems of South America east of the Andes,
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contributions were the result of isolated studies, largely devoted to
describing the dune morphologies, but not continued by other re-
searchers. Clapperton (1993), in his book on the Geomorphology
and Quaternary Geology of South America, was the first to provide a
general overview that summarizes the available information on the
main South American dune fields reported until the early 1990s.
That compilation covers the dune fields situated in the Llanos del
Orinoco of Colombia and Venezuela, the Beni basin of Bolivia (here
referred as Gran Chaco), the Pantanal of Paraguay and Brazil, and
the Chaco-Pampean plain of central western Argentina.

In a more recent review of the aeolian record of the Southern
Hemisphere, including South America, Munyikwa (2005) discusses
aeolian sand deposits from the Negro and S~ao Francisco rivers
floodplains of Brazil and one loess locality from the eastern Pampas
of Argentina. On this basis, it is suggested that aeolian sand depo-
sition occurred since ~32 ka in South America. Loess is also a
common element of the Quaternary aeolian cover of southern
South America (Z�arate, 2007). In this regard, Iriondo (1997) pro-
posed a model of loess accumulation, source areas and wind pat-
terns, including several loess areas of the continent and identifying
five different types (Pampa, Chaco, volcanic loessoids, loess
generated by subtropical anticyclones, loess generated by trade-
winds). In South America, the accumulation of loess-loessoid de-
posits started as early as the LateMiocene and continued during the
Plio-Pleistocene and Holocene (Z�arate, 2003).

In the past decade there was a renewed interest in the study of
South American dune systems as potential sources of paleoenvir-
onmental and paleoclimatic information during the Quaternary.
Consequently, recent studies report more detailed descriptions and
interpretations on the genesis, composition, age, and geo-
morphology of the dune systems. Also, the occurrences of other
dune fields, previously unknown, were reported with numerical
age estimates, often by optically stimulated luminescence. Practi-
cally unknown in the early 1990s, the chronology of dune fields is
critical to correlate aeolian systems with other proxy records and to
understand the dune responses to climatic changes. Consequently,
new information indicates a more extensive distribution of Late
Quaternary dune systems, particularly in low latitudes of South
America (e.g the Amazonian basin, some areas of the Gran Chaco,
subtropical areas of the eastern Andean piedmont and the western
Pampas). A more detailed chronology is now available in compar-
ison with our knowledge a decade ago.

This contribution presents the state of the art of paleo-dune
systems located in tropical and subtropical continental areas of
South America, east of the Andes. The dune systems of the Atacama
Desert (west of the Andes) and the extensive coastal dune systems
along the eastern coast of South America are not reviewed here. The
reader interested in these dune systems is referred to Bromley
(2000), Hesp et al. (2007), Tsoar et al. (2009), Londo~no et al.
(2012), and references therein, among others. The reviewed
aeolian systems are located in three main regions: 1) Orinoco and
Amazon basins in northern tropical South America, 2) Gran Chaco
plain and Brazilian shield in eastern tropical South America, and 3)
Andean Piedmont and western Pampas in eastern subtropical
South America (Fig. 1). Accordingly, this review compiles the
available data, providing information about the general sedimen-
tology, dune morphology, and associated chronology. Also, we
summarize and discuss the possible mechanisms involved in the
genesis of dune fields, including paleoenvironmental and paleo-
climatic reconstructions.

The published chronological data of the abovementioned dunes
systems of South America is not always accompanied by a complete
account on the geomorphological and stratigraphic context of the
samples as well as dating procedures (mineral dated, dating pro-
tocol, age uncertainty, age datum, etc.). However, we report all the
Please cite this article in press as: Tripaldi, A., Z�arate, M.A., A review of Late
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published ages considering the scanty amount of chronological
data. The interested readers can access to the complete reported
information that complement the age data, in the compiled INQUA
database (as at 21/05/14) of the Atlas of Quaternary Dunes (http://
inquadunesatlas.dri.edu/). The database includes 186 entries
derived from 20 primary sources (Roa Morales, 1979; Iriondo and
Kr€ohling, 1995; De Oliveira et al., 1999; Iriondo, 1999; Kr€ohling,
1999; Carneiro Filho et al., 2002; Kemp et al., 2004; Teeuw and
Rhodes, 2004; Parolin and Stevaux, 2006; Tripaldi and Forman,
2007; May et al., 2008; Latrubesse and Ramonell, 2010; Kruck
et al., 2011; Tripaldi et al., 2011, 2012; Latrubesse et al., 2012;
May, 2013; Forman et al., 2014).

2. General geological and geomorphological framework of
South America

South America comprises three major geological-
geomorphological domains: Precambrian shields, the Andes
Cordillera and vast lowlands. The Precambrian shields mainly occur
across Brazil as well as some areas of Venezuela, Guyana, Uruguay,
and eastern-central Argentina (Fig. 1). This shield is a complex
geological domain mostly made up of metamorphic and igneous
rocks along with some sedimentary covers, divided into various
geotectonic units that comprise late Proterozoic tectonic provinces
and several cratonic fragments (Cordani and Sato, 1999). The Andes
Cordillera extends alongmore than 7000 km at the westernmargin
of the continent (Fig. 1) and its tectonic evolution extends to the
Paleozoic involving the accretion of several terrains which was the
dominant process in the evolution of southwestern Gondwana
(Ramos, 2010). Active volcanism occurs in several sectors of the
Andes, leading to the formation of volcanoes as well as volcanic
plateaus (Stern, 2004).

The general geological setting determines that the South
American highlands consist of high ranges in the western side and
several plateaus in the eastern side of the continent (Fig. 1). At the
western fringe, the width of the Andes Cordillera, composed of
numerous mountain ranges, varies from 200 km to ~700 km (at
19�e20�S). The average height is about 3600 m asl and several
peaks, many of them volcanoes, have altitudes well above
6000 m asl. East of the Andes Cordillera, the landscape consists of
extensive lowlands that surround the plateau landforms developed
across the Precambrian shields (Fig. 1). The plateaus, commonly
known as planaltos in Brazil, consist of stepped planation surfaces
(Clapperton, 1993), with altitudes between 1500 and 2000 m asl.
Further south, in Uruguay and central-eastern Argentina, the pla-
teaus exhibit lower altitudes (~200e~500 m asl).

The southern part of the continent to the east of the Andes,
known as Patagonia, is also characterized by extensive plateaus, in
this case of volcanic origin and accompanied by volcanic cones in
some areas. These flat terrains compose different surfaces, cut
through by fluvial systems with headwaters in the Andes and
covered by gravel deposits usually known as Rodados patag�onicos
(Martínez and Kutscher, 2011). The South American lowlands are
the surface morphological expression of large sedimentary basins
that began to form in the late Miocene by the Andean uplift, and
were filled by several hundreds to thousands of meters of Neogene
and Quaternary deposits (Ramos, 2010). The main South American
lowlands are the Llanos del Orinoco, the large Amazonian plains,
the Gran Chaco, and the Pampas (Fig. 1). The lowlands are drained
by major fluvial systems, the Orinoco in northern South America,
the Amazon which extends across a great part of tropical South
America, and the Paraguay-Paran�a in subtropical and extratropical
South America. These rivers are the first (Amazon), third (Orinoco)
and ninth (Paran�a) largest systems of the world in terms of fluvial
discharge (Latrubesse et al., 2005).
Quaternary inland dune systems of South America east of the Andes,
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Fig. 1. Location of the dune systems of South America east of the Andes in relation to the main topographic-morphostructural elements and principal fluvial basins: 1) Llanos del
Orinoco, 2) Branco River and tributaries, 3) Negro River and tributaries, 4) S~ao Francisco River, 5) Pantanal, 6) Mato Grosso, 7) Gran Chaco, 8) extratropical Andean piedmont, 9)
central-western Pampas. The Arid diagonal (Bruniard, 1982) marked by dotted line. Based image: Shuttle Radar Topography Mission (SRTM) digital elevation data (Source courtesy
from USGS).
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3. Present climatic conditions of South America

The present climate of South America is characterized by diverse
climatic patterns including tropical, subtropical, and extratropical
features (Garreaud et al., 2009). The Andes Cordillera plays a major
role in the atmospheric circulation pattern with prominent
Please cite this article in press as: Tripaldi, A., Z�arate, M.A., A review of Late
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orographic effects that determine a significant east-west asym-
metry along the continent and, among others, govern the location
of the main desert areas (Garreaud et al., 2003, 2009). Up to ~32�S,
the Andes block the easterly humid winds producing dry climates
to the west. Southwards, the mountain ranges act as a climatic
barrier to the westerly circulation which leads to wet conditions in
Quaternary inland dune systems of South America east of the Andes,
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the western fringe of the continent and dry environments in the
eastern Andean piedmont and Patagonia (Garreaud et al., 2009).

The main drylands of South American (UNESCO, 2010) are
concentrated along the so-called “Arid Diagonal” (after De
Martonne, 1935; see also Bruniard, 1982; Fig. 1) that extends
along the western foot of the Andes, from about the equator to
~32�S, then crossing to the eastern piedmont and down to Pata-
gonia (Fig. 1). The Arid Diagonal comprises the semi-arid to hyper-
arid conditions that dominate the Andes Cordillera and its
numerous intermountain valleys between ~15�S and ~35�S (see
daily precipitation for South America in Liebmann and Allured,
2005). The widening of the mountains range between 15� and
22�S creates distinctive meteorological conditions in the Altiplano,
including the Atacama desert (Fig. 1), where a large-scale subsi-
dence over the subtropical SE Pacific ocean leads to the hyper-arid
regime that prevails in this area (Garreaud et al., 2003). In the
eastern Andean piedmont up to ~40�S, where some of the analyzed
paleo-dune fields are situated, the climate is arid to semiarid; the
mean annual temperature varies between <10 and 18 �C, and the
mean annual rainfall between <100 and 450 mm, mostly concen-
trated (up to 70%) during the Southern Hemisphere summer season
(Abraham et al., 2009). Semi-arid to sub-humid conditions prevail
in the western Pampas, following the West-East precipitation gra-
dients of subtropical South America (Garreaud et al., 2009).

The region known as Sert~ao in northeastern Brazil is another
outstanding dryland of South America situated in the eastern tip of
the continent (Garreaud et al., 2009), (Fig. 1). Restricted precipita-
tion is governed by the latitudinal position of the Inter tropical
Convergence Zone (ITCZ) and aridity also seems to result from the
local intensification of the Hadley cell (Moura and Shukla, 1981;
Garreaud et al., 2009). The climate is semiarid and hot, with a mean
annual rainfall of 400e1000mm, concentrated during the Southern
Hemisphere summer period (Nimer, 1989).

Tropical South America is characterized by mostly hot and hu-
mid conditions throughout the year, with average annual temper-
ature higher than 27 �C and high annual rainfall ranging from 1500
to more than 3200 mm in some regions. Intense convective storms
are distinctive due to the large area of continental landmass and its
latitudinal location (Garreaud et al., 2009). The precipitation is
mainly regulated by the position of the ITCZ that migrates latitu-
dinally through the year, being located over the Llanos del Orinoco
in July and over the Mato Grosso and NE Gran Chaco in Decem-
bereJanuary (Fig. 1; Garreaud et al., 2009). This migration de-
termines seasonal rainfall regimes to the north and to the south of
the equator, in some regions with several consecutive months of
low precipitation reinforced by the rain-shadow effect of local
highlands (Latrubesse and Nelson, 2001).

At present, most of the paleo-dune fields from tropical South
America are located in regions with seasonal climates. In the Llanos
Table 1
Summary of the main features of aeolian systems from the Orinoco and Amazon basins i

Dune systems Geographical location
(region, country)

Dune
morphologies

Llanos del Orinoco Lowlands floodplains of
the Orinoco river and
tributaries (e.g Meta,
Apure, Guarico), Venezuela
and Colombia

Parabolic

Amazonian lowlands
(Branco river plain)

Lowlands floodplains of the
Branco river and tributaries
(e.g. Takutu), Brazil and Guyana

Parabolic and
linear

Amazonian lowlands
(Negro and Amazon
river plains)

Lowlands floodplains of the
Negro and Amazon rivers,
northern Brazil

Linear
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del Orinoco the mean temperature is 26e27 �C and the mean
annual rainfall is 1100 mm, characterized by a dry season during
the Northern Hemisphere winter (Clapperton, 1993). The Mato
Grosso climate is tropical-subtropical with annual rainfall of
1200 mm and annual temperature range of 10.3e33.6 �C (Stevaux,
2000). The Gran Chaco climate, transitional between subtropical to
semiarid, is characterized by mean annual rainfalls that vary from
1100 to 650 mm with a NeS gradient, and a dry season during the
Southern Hemisphere winter (May et al., 2008).

In the tropical and subtropical regions east of the Andes, the
seasonal precipitation cycle is driven by the so-called South
American Summer Monsoon (Zhou and Lau, 1998; Barros et al.,
2002; Nogu�es-Paegle et al., 2002; Vera et al., 2006). During the
austral spring-summer the rainy season is mainly due to the
moisture originated by convection over Amazonia and driven
southwards by a low-level jet, regulated by the position of the
South Atlantic Convergence Zone and the Chaco low (Nogu�es-
Paegle and Mo, 1997; Labraga et al., 2000). The subtropical and
extratropical zones, particularly the central and eastern parts of the
continent, are also affected by rainfall during the austral winter, due
to frontal polar incursions reaching as far north as southern Brazil
(Garreaud et al., 2009).

The interannual and interdecadal variability of the South
American climate results from the superposition of several large-
scale phenomena such as the ENSO that plays a major role
(Garreaud and Aceituno, 2007). Also involved are the sea surface
temperature meridional gradient over the tropical Atlantic, the
Pacific Decadal Oscillation, and the Antarctic Oscillation (Garreaud
et al., 2009).

4. Inland dune systems of South America east of the Andes

Within the diverse and complex framework of climatic and
geomorphological settings of South America, inland paleo-dune
fields are developed across extensive regions from tropical to
subtropical latitudes, that cover not only alluvial plains but pied-
mont areas and plateau environments under diverse geologic
contexts. Accordingly, the aeolian systems are organized in three
main regions: 1) Orinoco and Amazon basins in northern tropical
South America, 2) Gran Chaco plain and Brazilian shield in eastern
tropical South America, and 3) Andean Piedmont and western
Pampas in eastern subtropical South America (Fig. 1).

4.1. Paleo-dune systems of the tropical Orinoco and Amazon basins

This section compiles the information from the region
comprised approximately within the latitudinal range of ~10�N and
~10�S, an area largely covered by the lowlands of the Amazon and
the Orinoco fluvial basins (Fig. 1, Table 1).
n northern tropical South America according to the available published information.

Age Prevailing
winds

References

11,100 ± 450 yr
BPe12,300 ± 500 yr
BP on paleosols below
dune sand

NE Roa Morales (1979)
Clapperton (1993)

Aeolian sedimentation
at a relatively constant
rate over the last ~17 ka

EeNE Tricart (1974) Carneiro Filho
and Zinck (1994)
Latrubesse and Nelson (2001)
Teeuw and Rhodes (2004)

~32.6 ka, ~22.8e22 ka,
~17.2e12.7 ka, ~10.4e7.8 ka

EeNE Iriondo and Latrubesse (1994)
Carneiro Filho et al. (2002)

Quaternary inland dune systems of South America east of the Andes,
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4.1.1. Llanos del Orinoco (Venezuela and Colombia)
The northernmost paleo-dune system of South America extends

across a wide region (~4�e9�N, ~64�e72�W), that includes the
lowlands of the Orinoco River and several major tributaries flood-
plains (e.g. Meta, Apur�e, Guarico; Fig. 2a). Dunes exhibit a vegeta-
tion cover made up of a mosaic of forest, savanna, and wetlands
with extensive grasslands; in general, the eastern plains are drier
with deciduous forest and savannas (Gal�an de Mera et al., 2006).

The present knowledge of the paleo-dune systems is mostly
based on few contributions published in the 1970s and the early
1980s, including the detailed study by Roa Morales (1979). Previ-
ously, Tricart (1974) reported the existence of stabilized dunes
shaped by NEeSW to ENE-WSW winds in the Orinoco area.
Clapperton (1993), who reviewed and summarized these contri-
butions, pointed out that the approximately 120,000 km2 system
extends as a great-arc-like belt between the Guyana shield and the
northern Andes, in Venezuela and Colombia. Four factors (flat al-
luvial topography, availability of material, wind system, vegetation
cover) are likely related to the spatial extent of the dune field (Roa
Morales, 1979).

Twomain dune sectors were identified in the Llanos del Orinoco
of Venezuela, on the basis of dune morphology (RoaMorales,1979).
One sector situated in an area above 100 m asl, is characterized by
the remains of eroded dunes (Roa Morales, 1979). The other sector,
located southwards of the Apur�e River, is composed of NEeSW
Fig. 2. Satellite views of some of the aeolian landforms of dune systems from northern tropic
b) simple and compound parabolic dunes in Llanos del Orinoco, Venezuela; c) linear sand rid
lineations at the floodplain of the Branco River, Brazil. Arrows indicate main wind pattern.
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aligned dunes described as fossils forms similar to ergs; the inter-
dune areas are normally flooded or covered by permanent water
bodies (called in Spanish bajíos or esteros), due to the presence of
basal clays. According to Roa Morales (1979), the largest dunes
seem to be the result of coalescing parabolic dunes (Fig. 2b). In
general, the predominant grains size of the Llanos del Orinoco
dunes (80%) ranges from 0.25 to 0.125 mm; the mineralogical
composition is dominantly made up of quartz grains, sandstone
grains, and granite, while feldspar was found at the base of some
dunes close to the contact with the underlying rocks. The heavy
mineral suite includes zircon, staurolite, tourmaline, andalusite and
rutile (RoaMorales,1979). On the basis of regional correlations with
pollen records, Roa Morales (1979) interpreted that the dunes were
formed under arid conditions during the last glaciation; he re-
ported two 14C dates 11,100 ± 450 BP and 12,300 ± 500 BP (records
SAMR00001-2), coming from paleosols stratigraphically located at
the contact between the substrate (plinthite) and the dunes. Un-
fortunately, the author did not provide information on the precise
(latitude, longitude) location of the site, samples depth, dated
material or additional information about the dated successions.

At a broad regional scale and by remote sensing, Khobzi (1981, in
Clapperton, 1993) identified nucleated (sand shields, nebkhas, and
lunettes) and shifting paleodunes (parabolic dunes, linear dunes or
seifs, transverse dunes). On the basis of pedological and weathering
characteristics, Khobzi differentiated two groups of dunes of
al South America: a) locations of systems and general position of the following images;
ges at the floodplain of the Takutu River, a tributary of the Branco River, Guyana; d) sand
Source courtesy from USGS in (a) and Google Earth® in (b), (c), (d).
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different relative ages; he suggested that the older dunes might be
as old as the pre-penultimate glaciation (MIS 8?), and the younger
dunes might correspond to the last glaciation (MIS 2).
4.1.2. Amazonian basin (Brazil and Guyana)
Aeolian systems in the Amazonian lowlands were reported by

several authors, particularly since the early 1990s, with relict dunes
located along the Amazon River (Iriondo and Latrubesse, 1994), the
Branco River (Latrubesse and Nelson, 2001; Teeuwand Rhodes) and
the Negro River (Carneiro Filho et al., 2002) (Table 1). Dune fields
are mostly covered by a mosaic of low forests, shrublands, and
herbaceous vegetation.

Iriondo and Latrubesse (1994) reported various dune fields in
central Amazonia, composed of fine and very fine sand, the largest
located in the Pantanal do norte, located between the Negro and
Branco rivers. They mentioned that large parabolic dunes, with
ENEeWSW and NEeSW orientations, were reported by previous
authors while other smaller dune fields are located further east.

Latrubesse and Nelson (2001) described two fossil dune fields
(Takutu and Cauame) in the Branco River basin (~2�e4�N, ~50�

300e61�W), at the eastern part of the Brazilian state of Roraima and
the western lowlands of Guyana (Fig. 2a). The Takutu dune field is
described as consisting of highly eroded, parallel dunes, inferred to
be linear (Fig. 2d), although the authors mentioned the difficulty in
assessing the form. The Cauame dune field is composed of elongate
parabolic dunes with 500e800 m spacing, NE oriented flanks and
~5e7 m high above the interdune areas. The dunes are largely
Table 2
Summary of the main features of aeolian systems from the Gran Chaco plain and Brazilian shield in eastern tropical South America according to the available published
information.

Dune systems Geographical location
(region, country)

Dune morphologies Age Prevailing winds References

S~ao Francisco river Lowlands of the S~ao
Francisco river,
northeastern Brazil

Parabolic ~28e15 ka, ~9e4 ka,
~4e0.9 ka

SEE Tricart (1974)
Barreto et al. (1999)
De Oliveira et al. (1999)

Pantanal Lowlands of the Pantanal
megafan, southern Brazil

Deflation basins,
linear dunes

e NNEeSSW and
NNWeSSE

Clapperton (1993)

Upper Parana river
(Mato Grosso)

Lowlands of the Upper
Parana river, southern Brazil

Linear ~10.1e8.3 ka, ~6.1e5.5 ka,
~3.7e2.6 ka.

e Parolin and Stevaux (2006)
Stevaux (2000)

Gran Chaco and
tropical Andean
piedmont

Lowlands of the Grande,
Parapetí and Piraí megafans,
Lomas de Arena and Lomas
de los Guanacos dunefields,
Bolvia and Paraguay

Barchanebarchanoid,
simple and compound
parabolic, source-
bordering parabolic,
transverse and lunettes,
sandsheets

~36e33 ka, ~18 ka, ~14e12 ka,
~10e9 ka, Holocene

NeNW and W May et al. (2008)
Kruck et al. (2011)
Latrubesse et al. (2012)
May (2013)
composed of quartz sand with less than 2% of opaque minerals;
kaolinite is the main constituent of the clay fraction.

Another aeolian system was reported along reaches of the
Takutu river, a tributary of the Branco River (~3�120S, ~59�530W)
in Guyana (Teeuw and Rhodes, 2004). This system consists of
NeNE oriented linear paleodunes, up to 500 m long and 200 m
wide, that rises up to 10 m (Fig. 2c). The dunes are covered by
grass and savanna trees and bushes on the lower slopes; the sand
source comes from remnants of alluvial terraces and piedmont
deposits (Teeuw and Rhodes, 2004). These authors provided the
first OSL dates for the Amazonian dunes, the only one still
available from a dune area situated in the eastern margin of the
BrancoeRupununi river savanna. They pointed out that bio-
turbation and post depositional weathering may have affected the
OSL dates. The OSL chronology suggests that aeolian activity
began between 17 and 15 ka and was characterized by a
remarkably uniform rate of aeolian deposition (0.13 m/ky) that
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increased after ~1.3 ka to 0.24 m/ky (Teeuw and Rhodes, 2004;
records SAML00015-22).

Dune systems of the Negro River floodplain and some of its
tributaries were studied by Carneiro Filho et al. (2002), who re-
ported several TL dates. The authors mentioned that the aeolian
landforms appear as compound feathered linear dunes in remote
sensing, covering an area of ~300 km2 (1�Se3�N, 61�e63�W). Most
dunes, regionally oriented ENEeWSW, are of simple linear form
with a length varying from few hundred meters to one kilometer,
and an average height of 10e35 m. Currently, with 2500 mmmean
annual precipitation, the dune bases are stabilized by vegetation,
and their crests are smooth and slightly rounded. The inferred
chronology is based on TL dates from samples of the uppermost
300 cm of the dunes (Carneiro Filho et al., 2002) that indicates four
main periods of aeolian activity (~32.6 ka, ~22.8e22.0 ka,
~12.7e17.2 ka, ~10.4e7.8 ka, SAML0001-14), with dune stabilization
after ~7.8 B.P.

4.2. Paleo-dune systems of the tropical Gran Chaco and Brazilian
shield

This section includes the information from the aeolian systems
situated across the extensive lowlands of the Gran Chaco and those
located in fluvial basins related to the Brazilian shield (S~ao Fran-
cisco River, Pantanal and Mato Grosso) (Fig. 1, Table 2). The Gran
Chaco paleo-dune systems are laterally associated with loessic
plains (Iriondo, 1997; Latrubesse et al., 2012).
4.2.1. S~ao Francisco river basin (Brazil)
Barreto et al. (1999) summarized the characteristics of a

stabilized dune field of 7000 km2 developed along the S~ao
Francisco River, referred to as “… The Little Sahara” by Williams
(1925 in Barreto et al., 1999). The paleo-dune field is situated in
the middle reach of the river basin (~10�e11�S,
~42�300e43�200W; Fig. 3a), within the northeastern Brazil dry-
lands (Sert~ao region). The dunes are covered by deciduous,
thorny scrub woodlands (Caatinga biome). Tricart (1974)
described and interpreted their development in relation with
periods of aridity. Later, Barreto et al. (1999) differentiated five
geomorphological domains in the middle alluvial plain of the
S~ao Francisco River, four of which are aeolian (sand sheets,
dunes with distinct morphology, dunes with tenuous
morphology, dissipated dunes). The dunes are mostly parabolic,
simple and compound (Fig. 3b), including nested, echelon or
rake-like, digitate, superimposed shapes. The mean height is
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Fig. 3. Satellite views of some of the aeolian landforms of dune systems from eastern tropical South America: a) location of systems and general position of the following images; b)
simple and compound parabolic dunes at the floodplain of the S~ao Francisco River, Brazil; c) barchanoidebarchan ridges at Lomas de Arena dune field, Bolivia; d) source-bordering
parabolic dunes at the Parapetí megafan, Bolivia; e) source-bordering barchanoid dunes at the Parapetí megafan, Bolivia. More dune examples from the Gran Chaco dune system at
May (2013). Arrows indicate main wind pattern. Source courtesy from USGS in (a) and Google Earth® in (b), (c), (d).
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around 15e25 m with a length of 1e3 km, including some
longer than 10 km. Two main wind direction modes (SEeE) are
considered to be responsible for the formation of the dunes
(Barreto et al., 1999).

The chronology of this dune field, based on TL dates on quartz
grains, suggests three main episodes of aeolian activity spanning
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from the Late Pleistocene to the Present. The main parabolic com-
pound and nested dunes were generated by southeasterly winds
during the oldest episode between ~28 and ~11 ka (Barreto et al.,
1999; De Oliveira et al., 1999; records SAML00023-31). Several
types of parabolic dunes developed (compound and nested para-
bolic, superimposed, digitate, rake-like and nested dunes), during
Quaternary inland dune systems of South America east of the Andes,
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the second episode from 9 to 4 ka (records SAML00032-44), sug-
gesting EeSE paleowind directions. Superimposed smaller dunes
(nested, elongated, and asymmetrical types) indicating SE paleo-
winds formed during the third episode (4e0.9 ka; records
SAML00045-65).

4.2.2. Pantanal (Brazil)
The Pantanal is a large tectonic basin of 110,000 km2 situated at

the boundary between the distal Andean foreland and the Brazilian
shield (~16�e21�S, ~55�e58�300W; Fig. 1). The basin, developed
between 190 and 85 m asl, is filled by ~300 m of Quaternary sed-
iments. The region is characterized by the occurrence of a large
megafan of the Taquari River (Assine and Soares, 2004), a dense
vegetation cover (savanna steppe and semi-deciduous and decid-
uous forests) and extensive wetlands (Prance and Schaller, 1982).

Clapperton (1993) summarized the available information on the
Pantanal dune fields from Klammer (1982, in Clapperton, 1993) and
Tricart (1982). Aeolian features, identified mainly by remote
sensing, include deflation basins and linear dunes situated at the
distal ends of large fans. The described linear dunes show two
dominant alignments, NNEeSSW and NNWeSSE, that suggest
prevailing winds from the NNE and NNW. No chronological data is
available; the possible age of the aeolian features was hypotheti-
cally related either to the last interval of aridity or to a much longer
interval including several glacial-interglacial intervals (Clapperton,
1993).

The occurrence of an extensive dune system in the Pantanal
remains controversial. Assine and Soares (2004) mentioned that
longitudinal dunes were not observed either in satellite images or
in the field. They recognized relict aeolian landforms, interpreted as
lunette sand dunes bordering salt pans in the Taquari megafan.
Barbiero et al. (2008) discussed the hydrogeology and chemistry of
the Pantanal lakes, and pointed out that the origin of the lake de-
pressions (deflation basins) is debatable, and summarized possible
genetic explanations (fluvial, aeolian, karst) proposed by different
authors.

4.2.3. Mato Grosso (Brazil)
In the Mato Grosso region of southern Brazil, Parolin and

Stevaux (2006) described a series of dunes situated in the upper
Paran�a River basin (22�300S, 53�200W) (Fig. 1). The landscape is
dominated by plateau landforms drained by numerous streams
that form the headwater of the Paran�a fluvial system. IN this area
the Paran�a River is an anastomosing-braided system, ~4 km wide,
with an extensive alluvial plain developed along its northwestern
margin (Stevaux, 1994). The vegetation cover is composed of a
savanna (Cerrado biome) with a continued herbaceous-grassy
stratum under a discontinuous and sparse shrubby-arboreal layer
(Ribeiro and Walter, 2008).

Parolin and Stevaux (2006) described a series of small sandy
hills at the Paran�a river floodplain that form a 500e4000 m wide
strip along the northwestern river border interpreted as aeolian
dunes. These landforms, aligned roughly NeS, are formed by de-
posits dominated by >90% of fine to very fine quartzose sand. The
chronology was obtained through TL dating of samples taken by
augering the dunes. The results suggest that sand accumulation
took place at different intervals of the Holocene, particularly at
~10.1e8.3 ka, ~6.1e5.5 ka, ~3.7e2.6 ka (Parolin and Stevaux, 2006;
records SAML00066-72).

In addition, Stevaux (2000) reported the presence of hundreds
of small saline lakes (called pans after Goudie, 1991), 300e6000 m
in diameter in the upper Paran�a river plain. Stevaux referred to the
controversial origin of these landforms, related to either pseudo-
karst processes (Popolizio, 1992) or wind deflation (Iriondo, 1997;
Stevaux and Krammer, 1998). One of the hypotheses proposed that
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the pans were the results of an ancient dune field (Stevaux and
Krammer, 1998 in Stevaux, 2000).

4.2.4. Gran Chaco and tropical Andean piedmont (Bolivia and
Paraguay)

The Gran Chaco and the related Andean piedmont is the second
largest lowland of South America. The region, located at
~17�300e22�S, ~58�e63�W, is limited by the tropical Andes to the
west and the Brazilian shield plateau to the east (Fig. 1). The
vegetation cover is characterized by the semi-deciduous Chaco dry
forest with interspersed patches of palm forests and savanna type
vegetation (May, 2013).

The Gran Chaco is dominated by fluvial processes, mainly
related to the major tributaries of the Paraguay, Pilcomayo, and
Bermejo Rivers, with their catchment areas located in the tropical
Andes and the Brazilian shield plateau. In spite of the predomi-
nance of fluvial landforms, some dunes and sand sheets occur along
the Gran Chaco, mainly as inactive dune fields concentrated in the
Andean piedmont, and superimposed on megafans (Pirai, Grande
and Parapetí Rivers), sourced in the Andes (Iriondo, 1993;
Latrubesse et al., 2012; May, 2013). The most representative land-
forms are parabolic and source-bordering dunes generated by
deflation of dry fluvial channels by northerly winds (Fig. 3d,e).
Some linear streaks, barchans, barchanoid ridges (Fig. 3b) and
megaripples were also described, mainly in dune fields of the
piedmont area (e.g. Lomas de Arena, Lomas de Guanaco). Dune
orientations vary between NNWeSSE and NeS, pattern associated
to winds related to the low level meridional Chaco Jet (May, 2013).

Chronological data of the Quaternary aeolian cover of the
Gran Chaco were presented by May et al. (2008), Kruck et al.
(2011) and Latrubesse et al. (2012). The oldest paleodunes,
~20 km south of the Lomas de Arena dune field, were dated by
OSL to ~36e33 ka (Latrubesse et al., 2012; records SAML00073-
74). According to Latrubesse et al. (2012) the aeolian sand
accumulation occurred at ~18 ka, 14e12 ka and 10e9 ka (records
SAML00075-80).

In addition, several ages suggest the occurrence of mid and late
Holocene episodes of aeolian sedimentation such as the cross-
bedded fine sand from Lomas de Arena dune field (Latrubesse
et al., 2012; records SAML00084-88), the source-bordering dunes
in the Parapetí (record SAML00083) and Grande megafans (record
SAML00082) (Latrubesse et al., 2012), as well as the dune sand from
Lomas de Parapetí (Kruck et al., 2011; records SAML00089-93). The
radiocarbon dating of charcoal and shell recovered from aeolian
sand of parabolic dunes also indicated mid to late Holocene ages
(May et al., 2008; records SAMR00003-7). Some of these dates,
however, should be cautiously interpreted due to the stratigraphic
inconsistency of some ages (May et al., 2008), and the lack of
contextual information (stratigraphy and geomorphology) of other
dated samples (Kruck et al., 2011).

4.3. Paleo-dune systems of the subtropical Andean piedmont and
western Pampas

Several aeolian systems are developed in the rain shadow of the
Andes, between ~25� and 40�S, along the eastern Andean piedmont
and extending transitionally to the east to the Pampas of Argentina
(Fig. 1, Table 3). The main location of the dune fields roughly co-
incides with the Arid Diagonal (Bruniard, 1982) and relict dunes
and sand mantles from central-western Pampas are presently un-
der subhumid-humid conditions. Most of the aeolian systems are
totally to partially covered by vegetation, composed of xerophytic
forests and bushes (Monte biome; Abraham et al., 2009) in the
Andean piedmont and grasslands with scattered trees (Espinal and
Pampeana vegetation; Cabrera, 1976) in the Pampas.
Quaternary inland dune systems of South America east of the Andes,
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Table 3
Summary of the main features of aeolian systems from the Andean Piedmont and western Pampas in eastern subtropical South America according to the available published
information.

Dune systems Geographical location (region, country) Dune morphologies Age Prevailing
winds

References

Extratropical
Andean
piedmont

Intermontane valleys and eastern piedmont
of the Andes, northwestern Argentina.
Main dune fields: Campo del Arenal, Campo
de Bel�en, M�edanos Grandes, M�edanos Negros,
M�edanos del Nihuil, Depresi�on de la Travesía,
northwestern Argentina

Common megadunes
with superimposed
dunes. Simple and
compound transverse,
linear, blowouts, parabolic

~24e14 ka, mid
to late Holocene

Very variable Iriondo and Kr€ohling (1995)
Tripaldi (2002) Tripaldi
and Forman (2007)
Tripaldi et al. (2011)
Z�arate and Tripaldi (2012)

West-central
Pampas

Lowlands (Pampas) not particularly related
to floodplain rivers, central Argentina

Linear, simple and
compound parabolic,
blowouts, sandsheets

~95e65 ka, ~43e30 ka,
~33e20 ka, Holocene,
Early-mid 20th century

SW and NE Malagnino (1989)
Iriondo and Kr€ohling (1995)
Kr€ohling (1999)
Z�arate (2003) Szelagowsky
et al. (2004)
Tripaldi and Forman (2007)
Latrubesse and Ramonell (2010)
Kruck et al. (2011)
Z�arate and Tripaldi (2012)
Tripaldi et al. (2012)
Forman et al. (2014)
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Patagonia, despite its arid climate, is mostly devoid of extensive
dune fields. Some dunes and sand mantles appear along linear
depressions and paleovalleys in northern Patagonia (~38e40�S), in
transition to the Pampas (Z�arate and Tripaldi, 2012) and other
minor aeolian sand covers are related to deflation by westerly
winds from proglacial lakes (e.g Lake Argentino, in the Andes
piedmont) or from ephemeral lakes situated in topographic de-
pressions or fluvial valleys. Dunes are also present by the Atlantic
coast (e.g. Marcomini and Maidana, 2006; Del Valle et al., 2008).

Although some pioneer studies were performed during themid-
late 19th and the early 20th centuries (discussed in Frenguelli,
1950), the first studies on the aeolian record following modern
techniques and methodologies, date to the 1990s. Iriondo and
Kr€ohling (1995) defined and studied the “Pampean Sand Sea”,
consisting of dunes in the central-western areas and loess to the
east-northeast. These aeolian deposits were related to climatic
oscillations (Iriondo, 1999). More recently, a regional scheme of the
aeolian cover of central Argentina was proposed based on the na-
ture of the deposits, landforms and the geological-structural set-
tings defining different aeolian units (Z�arate and Tripaldi, 2012). In
general, compared with the dune systems, the northeastern
Pampas successions of loess and loess-like deposits have been
studied more intensively regarding their extension, composition,
interlayered paleosols and chronology (Z�arate, 2003, 2007 and
references therein). Further contributions on the dune cover
appeared much later (Malagnino, 1989; Kr€omer, 1996), and
particularly during the last decade (Tripaldi, 2002; Szelagowsky
et al., 2004; Tripaldi and Forman, 2007; Tripaldi, 2010; Tripaldi
et al., 2011, 2012; Forman et al., 2014).

The morphology of the subtropical dune systems appears more
diverse than the low latitudes and tropical dunes. The western
aeolian systems of the Andean piedmont exhibit complex sets of
dunes, commonly of various scales, formed by linear or transverse
megadunes, spaced ~1e4 km apart, and with superimposed
smaller dunes (e.g. Campo del Arenal, Campo de Bel�en, M�edanos
Grandes, M�edanos Negros, M�edanos del Nihuil, M�edanos de los
Naranjos, and various dune fields at the Depresi�on de la Travesía,
among others; Kr€omer, 1996; Tripaldi, 2002, 2010; Tripaldi et al.,
2005; Fig. 4bee). On the other hand, the aeolian cover of the
western Pampas mainly exhibits parabolic and blowout dunes, in
some cases forming superimposed patterns (e.g. San Luis and
Utrac�an paleodune fields; Tripaldi and Forman, 2007; Tripaldi
et al., 2012), and linear dunes occur in the central Pampas
(Malagnino, 1989).
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Few attempts were carried out to numerically date the conti-
nental desert dunes of southern South America: published ages
mostly come from the loess succession of the northern and eastern
Pampas (Z�arate, 2003; Kemp et al., 2004, 2006; Frechen et al., 2009;
Z�arate et al., 2009). The oldest ages likely related to the sedimen-
tation of sandy components of the aeolian cover were obtained in
the lower Carcara~na River basin in the eastern margin of the
Pampean Aeolian System (Iriondo, 1997), a region dominated by
loess, loess-like and fluvial sand and silt (Kr€ohling, 1999). Silty sand
and silt, interpreted as the product of aeolian reworking of a former
sand sea deposit, were dated at ~52.3e45.6 ka at a section exposed
by the Caracara~na river (TL ages; Kr€ohling, 1999; records
SAML00110-11). Based on the presence of aeolian sand underlying
the dated deposits Kr€ohling (1999) suggested that the Pampean
Aeolian System developed during MIS 4. Later, Kemp et al. (2004)
pointed out that the silty sand and silt succession which covers
the aeolian sand might be much older, spanning a wider age range
(~150e23 ka; records SAML00112-14) than previously reported.

Recently, dune and sand sheet deposits of the Pampas and the
Andean piedmont were dated in different localities. In the western
Pampas, the geomorphology and sedimentology of sand aeolian
deposits related to a large paleodune field, tens of km in extent in
southern San Luis province of Argentina, were studied. This aeolian
system related to southeasterly and northeasterly winds is char-
acterized by blowouts and parabolic dunes almost completely
covered by grasslands and scattered trees. the oldest OSL ages,
associated with megadunes, revealed aeolian activity at ~41.4 ka
(Latrubesse and Ramonell, 2010; records SAML00145-146) and
aeolian sedimentation in a sand sheet environment at ~33e17 ka
(Tripaldi and Forman, 2007; Forman et al., 2014; records
SAML00130-136, SAML00177-179). Overlying the late Pleistocene
deposits, and separated by a paleosol, there is evidence of reac-
tivation of the sand sheet with OSL ages indicating nearly contin-
uous aeolian deposition between ~12 and ~1 ka (Forman et al.,
2014; records SAML00154-176). Some areas of the San Luis paleo-
dune field show different degrees of deflation and aeolian
reworking with the upper sandy beds of associated sections
encompassing the last ~200e65 yr (Tripaldi and Forman, 2007;
Tripaldi et al., 2013; records SAML00137-142, SAML00147-153).
These sandy deposits indicated very young episodes of aeolian
sedimentation, interpreted as the record of the Pampas dust bowl
(Viglizzo and Frank, 2006; Seager et al., 2010).

Some ages of aeolian deposits were also reported in the regional
survey of the aeolian cover of the Chaco-Pampean plains by Kruck
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Fig. 4. Satellite views of some of the aeolian landforms of dune systems from eastern subtropical South America: a) location of systems and general position of the following
images; b) detail of some of the linear dunes that characterize the Campo de Bel�en dune field, Argentina; c) linear dunes contouring the relief in a small intermountain dune field,
southern Velazco range, La Rioja Province, Argentina; d) transverse megadunes with superimposed barchanoid dunes at the M�edanos de los Naranjos dune field, Mendoza Province,
Argentina; e) simple and compound parabolic dunes at the M�edanos de la Travesía dune field, Mendoza Province, Argentina. Arrows indicate main wind pattern. Source courtesy
from USGS in (a) and Google Earth® in (b), (c), (d).
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et al. (2011); no detailed information is provided on the strati-
graphic and geomophological context of the sampled sediments.
The dates suggest aeolian sedimentation since ~14.2 ka, and during
different intervals of the Holocene (Kruck et al., 2011; records
SAML0094-109).

Latrubesse and Ramonell (2010) reported preliminary chrono-
logical data from dunes located in the central and western Pampas.
OSL dating of SeN to SSWeNNE trending dissipated linear dunes,
tens of km long and 5e7 m high, from Buenos Aires province
(Argentina), suggests aeolian accumulation at ~30e42.7 ka
(Latrubesse and Ramonell, 2010; records SAML00143-144).
Please cite this article in press as: Tripaldi, A., Z�arate, M.A., A review of Late
Quaternary International (2014), http://dx.doi.org/10.1016/j.quaint.2014.0
In the Andean piedmont setting, the oldest aeolian record comes
from the M�edanos de los Naranjos dune field; dune and sand sheet
deposits were dated by OSL at ~24e14 ka (Tripaldi et al., 2011; re-
cords SAML00115-118). At this locality, ~6.5 m below the present
surface, finely laminated aeolian sand that covers cross-bedded
dune sand, yielded an OSL age of 1.61 ± 0.21 ka, evidence of
reworking of the aeolian cover during the late Holocene (Tripaldi
et al., 2011; record SAML00119).

Other dune fields of the Andean piedmont, M�edanos Grandes at
San Juan province and M�edanos Negros at La Rioja province, have
provided some chronological data for aeolian sedimentation.
Quaternary inland dune systems of South America east of the Andes,
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M�edanos Grandes is characterized by a complex assemblage of
superimposed dune forms; the largest are composed of SWeNE
oriented and parallel ridges, ~50-m high and ~0.8e1.5 km spacing;
some appear to be linear or reverse dunes while others are clearly
asymmetric (transverse dunes). OSL dating of sand beds indicated
sedimentation by dune migration at ~4e4.3 ka (Tripaldi and
Forman, 2007; records SAML00120-122), and by sand sheet
aggradation at ~2.1, 0.6 and 0.4 ka (Tripaldi and Forman, 2007;
records SAML00123-126). M�edanos Negros dune field shows a
quite similar dune pattern with large parallel, ~W to E oriented
ridges with asymmetric crests (facing south) and superimposed
smaller dunes. This dune complex is much more vegetated and less
well preserved than the landforms from M�edanos Grandes. OSL
ages indicated three main episodes of aeolian accumulation, at
~2.5 ka, 0.9 ka, 0.5 ka (Tripaldi and Forman, 2007; records
SAML00127-129). Previously, Iriondo and Kr€ohling (1996; record
SAML00142) reported a TL age of 0.76 ± 10 ka from aeolian deposits
in Pampa de las Salinas (also named Salinas de Mascasín, a saline
lake located next the M�edanos Negros dune field); the specific
latitude/longitude location of this sample was not provided.

5. Discussion

The extensive paleo-dune fields of the tropical and subtropical
regions of South America east of the Andes, suggest that aeolian
landforms have been a fundamental component of Late Quaternary
landscapes in several depositional basins across the continent. A
major topic of discussion is the chronology of aeolian sedimenta-
tion intervals and landscape stabilization for evaluating the re-
sponses of dune systems to climatic changes. In this respect, despite
the common incompleteness of the aeolian stratigraphic record
and the restricted age database, particularly when compared with
those from other regions (e.g. southern Africa, Thomas and
Burrough, 2014; Australia, Hesse, 2014), the available chronology
of South American paleo-dune fields suggests that most of the
aeolian activity predates (~63e25 ka) and postdates (~17 ka to
present) the LGM (Fig. 5), with periods of aeolian sedimentation
during the LGM in some regions of the tropical Amazonian low-
lands, the subtropical eastern Andean piedmont and western
Pampas (Fig. 5). Nevertheless, this scenario has to be carefully
considered since the results and interpretations might be biased by
the paucity of information. More chronological controls, with
updated dating techniques and protocols and a better geomorphic-
stratigraphic control of the sampling are needed for every paleo-
dune field. Having in mind these constraints, what are the palae-
oenvironmental and palaeoclimatic implications of the aeolian
dune records in South America east of the Andes?

In the Llanos de Orinoco dune field, the chronology remains
virtually unknown, with only two reported radiocarbon dates on
paleosols underlying dune deposits. On this basis, the beginning of
aeolian activity is placed near the late PleistoceneeHolocene
boundary (after ~12,000e11,000 BP; Roa Morales, 1979) whereas
dunes of different relative ages are believed to occur. Consequently,
the lack of both adequate chronological calibration and more
detailed contextual information (e.g. regional stratigraphy, detailed
locations, geomorphological descriptions of the sample sites), do
not permit a confident evaluation of the environmental significance
of the Llanos de Orinoco dune record.

In the Amazonian plains, Latrubesse and Nelson (2001) hy-
pothesized that linear and parabolic paleo-dunes along the Branco
River probably developed during the LGM while blowout hollows
were formed during the mid to lower Holocene. By means of OSL
chronology, Teeuw and Rhodes (2004) suggested that aeolian ac-
tivity began after the LGM, at ~15 ka, and continued through the
Holocene (Fig. 5). TL dates from paleo-dunes located along the
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Negro River plain of the Amazon basin (Carneiro Filho et al., 2002)
indicated aeolian activity at ~32.6 ka, and then since the LGM
(~22.8 ka) to the Holocene, with final dune stabilization in the
early-mid Holocene (~7.8 ka; Fig. 5).

The paleo-dunes of the northern Amazonian lowlands were
associated with NE winds and the position of the ITCZ, in accor-
dance with the NEeSW orientation of most of these landforms,
although interpretations are not coincident. Latrubesse and Nelson
(2001) proposed that NE trade winds extended further south and
were more intense, and perhaps more persistent through the year
during the Late Pleistocene and the Early Holocene than at present.
However, Carneiro Filho et al. (2002) stated that no firm evidence is
available to support the occurrence of stronger NE winds and a
southward displacement of the ITCZ. Teeuw and Rhodes (2004)
interpreted that the triggering factor of dune formation was an
ITCZ shifting to its present southernmost position for most of the
year, which produced an enhanced seasonality.

Questions remain about the paleoclimatic significance of the
Late Quaternary dunes from the Amazon and Orinoco basins. Do
they document dry periods in a region that today receives more
than 1000 mm of annual precipitation and barely experiences a dry
season? Some authors speculated that dune formation occur during
periods (Roa Morales, 1979; Iriondo and Latrubesse, 1994;
Latrubesse and Nelson, 2001). Carneiro Filho et al. (2002) consid-
ered that the results obtained in their study are not conclusive
about Amazonian wide dry phases during the Late Quaternary:
they indicated fluctuations in climate conditions on local and
regional scales and recommended further research about the
ecological consequences of aridity in the Amazonian lowlands.

The palaeoclimatic significance of the aeolian dune record is
framed within the controversial reconstruction of the past climate
conditions of the Amazonian lowlands. In this regard, Colinvaux
et al. (2000) questioned the occurrence of regional arid condi-
tions in Amazonia during the last glaciations. On the basis of
palynological records, these authors interpreted that most of this
region remained under a forest cover throughout the glacial cycle
with the forest never being fragmented with open areas, as
postulated by the refugia hypothesis (Haffer, 1969). By means of the
analysis of pollen records, together with process-based vegetation
simulation, Mayle et al. (2004, 2009) also concluded that most of
the Amazonian basin was forested during the LGM, with replace-
ment of the forest by savannas only at the ecotonal areas situated in
the northern and southern margins. However, other authors, based
on new and re-evaluated proxy data, interpreted the occurrence of
drier climatic conditions in the Amazonian lowlands during the
LGM (Van der Hammen and Hooghiemstra, 2000; D'Apolito et al.,
2013, and references therein).

In the alluvial plain of the S~ao Francisco River, northern Brazilian
shield, and based on TL dates, Barreto et al. (1999) indicated aeolian
sedimentation before and after the LGM, particularly during the
Holocenewith threemain intervals of aeolian activity at ~28e15 ka,
9e4 ka and 4e0.9 ka. However, the time distribution of the re-
ported ages (published without the age uncertainty) does not
clearly show these intervals (Fig. 5).

In the Mato Grosso region, southern Brazilian shield, the paleo-
dunes and the associated aeolian record recognized in the upper
Paran�a River floodplain suggest drier conditions than the present
ones between >~40e8 ka and ~3.5e1.5 ka (Parolin and Stevaux,
2006). Previously, Stevaux (2000) indirectly inferred the occur-
rence of aeolian activity in the Mato Grosso by the analysis of the
sedimentary filling of floodplain pans chronologically calibrated by
TL. The presence of 20% of well-sorted, fine to very fine sand grains
mixed in muddy deposits, was explained as the result of wind-
blown particles. Besides, pollen recovered from this sandy mud
deposit suggested savanna vegetation, a signal of a drier climate
Quaternary inland dune systems of South America east of the Andes,
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Fig. 5. Comparison chart of the available chronology data based on luminescence dating for dune systems of South America east of the Andes; sources: 1) Teeuw and Rhodes (2004),
2) Carneiro Filho et al. (2002); 3) De Oliveira et al. (1999); 4) Parolin and Stevaux (2006); 5) Kruck et al. (2011); 6) Latrubesse et al. (2012); 7) Iriondo and Kr€ohling (1995); 8) Tripaldi
and Forman (2007); 9) Tripaldi et al. (2011); 10) Latrubesse and Ramonell (2010); 11) Tripaldi et al. (2012); 12) Forman et al. (2014).
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than the present one (Stevaux, 2000). The base of this interval was
dated at 23.54 ± 2.24 ka (Stevaux, 2000). The sedimentary suc-
cession is followed by pollen-rich mud (dated at ~5.3e3.2 ka)
accumulated under more humid conditions, covered by massive
sand, regarded as wind-blown grains (dated at ~3e1.5 ka by TL). On
top, a black organic mud was considered to be deposited under the
current climatic conditions (Stevaux, 2000).

The aeolian record from the Gran Chaco and the subtropical
Andean piedmont was intimately associated to the dynamic of the
megafans sourced in the Andes (Latrubesse et al., 2012). According
to these authors, the megafan development was related to an
intense monsoonal effect and enhanced rainfall during MIS 3 and
early MIS 2, with parallel deflation of alluvial deposits and dune
field construction. Latrubesse et al. (2012) suggested that
maximum aridity was reached during MIS 2, although most of the
Please cite this article in press as: Tripaldi, A., Z�arate, M.A., A review of Late
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obtained dune ages are clustered after the LGM (Fig. 5). They
considered that the late Glacial was also arid but probably less
extreme than the LGM, while most of the Holocene was charac-
terized by arid-semiarid conditions up to ~1.5 ka.

In addition to the paleoclimatic significance of the dune record,
the conditions (sand supply, sand availability and transport ca-
pacity of the wind) that govern aeolian activity (Kocurek and
Lancaster, 1999) should be carefully evaluated in future studies.
The development of dunes along alluvial plains (e.g. Negro and
Branco rivers in the tropical Amazonian lowlands, Fig. 2ced; and
clear parabolic morphologies partially covering river channels in
the Llanos del Orinoco, Fig. 2b), suggests source-bordering dunes,
commonly related to increased fluvial sediment supply (Williams,
1994; Maroulis et al., 2007). Therefore, a plausible mechanism to
evaluate is enhanced sand supply, due to repeated flooding might
Quaternary inland dune systems of South America east of the Andes,
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have triggered aeolian sedimentation, accompanied by more vari-
able discharge that exposes sand bars and river beds during the dry
season. A similar pattern of source-bordering dunes located along
river plains dominates many of the paleo-dune fields from the
Brazilian shield and some of the dune systems of the Gran Chaco.
The simple and complex parabolic dunes in the middle alluvial
plain of the S~ao Francisco River, northern Brazilian shield (Fig. 1),
can be regarded as source-bordering dunes expanding northeast-
ward from the river (Fig. 3b). Parabolic dunes predominate in the
Gran Chaco, several of them source-bordering dunes in fluvial
plains, indicating varying vegetation cover and wind regimes (May,
2013).

In the subtropical Andean piedmont and intermountain valleys
the presence of large-scale landforms and different dune genera-
tions in several dune fields permits the development of a long
history of aeolian sedimentation. The still limited chronological
control of these systems indicates aeolian sand sedimentation
mainly since the LGM and during the Holocene (Fig. 5). Aeolian
units from the eastern Andean piedmontwere deposited during the
LGM and the late glacial, roughly synchronous with loess accu-
mulation in several localities of the Pampas (Kemp et al., 2006;
Frechen et al., 2009; Z�arate et al., 2009). The cross-bedded dune
beds and sand sheet deposits, closely associated to the adjacent
M�edanos de los Naranjos paleo-dune field (Fig. 4d), were inter-
preted as a record of more arid conditions between ~22.6 and
12.8 ka than the present (Tripaldi et al., 2011).

In the Western Pampean Dunefield (Z�arate and Tripaldi, 2012),
some dates suggest dune activity prior and during the LGM (Fig. 5),
such as megadunes dated at ~41.4 ka (Latrubesse and Ramonell,
2010) and sand sheet deposited at ~33e17 ka (Tripaldi and
Forman, 2007). Linear paleodunes from the Central Pampean
Dunefield unit (Z�arate and Tripaldi, 2012) provided OSL ages at
~43e30 ka (Latrubesse and Ramonell, 2010).

Some localities of the Andean piedmont and the western
Pampas also show evidence of aeolian sedimentation during
different intervals of the Holocene (Tripaldi and Forman, 2007;
Kruck et al., 2011; Forman et al., 2014; Fig. 5). From a paleocli-
matic viewpoint, the Holocene aeolian record of central Argentina
(~30e38�S), particularly that of the late mid-Holocene, indicates
dry conditions, in agreement with paleohydrological reconstruc-
tion in the northern Pampas (Laguna Mar Chiquita; Piovano et al.,
2009), pollen records from the southern and western Pampas
(Prieto et al., 2004; Mancini et al., 2005) and the decrease of
archaeological sites in the Andean piedmont at ~34e36�S (Gil et al.,
2005).

The late Pleistocene aeolian record of subtropical South America
has been interpreted in association with major glacial advances in
the Andes that determine dry and cold conditions in its eastern
piedmont and the Pampas, generating the accumulation of aeolian
materials, both sand and loess (Clapperton, 1993; Iriondo and
García, 1993; Iriondo, 1999; Kr€ohling, 1999). Glacial landforms
and fluvio-glacial deposits identified between ~36� and 39�S have
been interpreted to be of LGM age, but no dates are available
(Rabassa et al., 2011). Late glacial advances were distinguished both
in the subtropical Andes (Espizúa, 2005; Zech et al., 2007) and
Patagonia (Rabassa et al., 2011).

However, the scarcity of adequate chronological control of both
the aeolian and glacial records is still a major hindrance to evaluate
the interactions between glacial and aeolian processes in South
America. In this respect, the Late Quaternary glacial chronology is
poorly constrained along the Andes, particularly in the equatorial
and northern Andean regions (Coronato and Rabassa, 2013) while it
is not fully established for the dry subtropical Andes (Espizúa, 1993;
Zech et al., 2007). Furthermore, the wide latitudinal variations of
climatic and topographic conditions along the Andes, determine
Please cite this article in press as: Tripaldi, A., Z�arate, M.A., A review of Late
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the occurrence of numerous local/regional environmental settings
that may limit the implication of glacial/aeolian records when
correlated with global schemes. In connection with this, Zech et al.
(2008), based on surface exposure dating, established diachronic
intervals of glacier advances for the humid tropical Andes, the
Central Andes of Argentina and Chile, and the Patagonian Andes.
Accordingly, in the humid tropical Andes glacier advances (tem-
perature-sensitive) were synchronous with the LGM (~24e18 ka,
Mix et al., 2001), Heinrich event 1 and the Younger Dryas/Antarctic
Cold Reversal. Further south glaciers (precipitation-sensitive)
reached a maximum extent at ~35e40 ka (prior to the global LGM)
between ~30�S and ~40�S and during the Late Glacial between
~27�S and ~30�S. In the Patagonian Andes (South of 40�S) glacier
advances (temperature-sensitive) occurred broadly synchronous
with the global glacial maximum (Zech et al., 2008, 2009). There-
fore, hypothetically there might have been diachronic intervals of
aeolian accumulation at the eastern lowlands and piedmont of the
Andes at those dune fields associated with sand supply from fluvial
systems sourced in glaciated Andean headwaters.

6. Conclusions

Inland dune systems of South America east of the Andes occur
under different climatic conditions, from humidesubhumid to
aridesemiarid, in a variety of environmental settings, such as river
and megafan floodplains, piedmont settings, intermountain valleys
and open plains. Most of the dune fields are partially to completely
covered by vegetation, mostly savanna-types and grasslands, and
are located in regions with strong rainfall seasonality.

The major hindrance in the understanding of the dynamic of
these aeolian systems is the paucity of chronological information
which hampers not only the regional correlations of periods of sand
accumulations among the different dune fields but also the com-
parison with other terrestrial and marine paleoclimatic proxies. In
addition, many regions have few other proxies with which to
compare, making paleoclimatic reconstruction a challenging anal-
ysis. In this respect, several uncertainties persist about the factors
(sediment supply, availability, and wind transport) that primarily
controlled the aeolian accumulation and the representativeness of
the studied dune records.Whether dune systems reflect either local
or regional environmental conditions is still a matter of discussion
in several areas, not only in South America. Future studies should
focus on integrating dune morphology and geomorphic mapping,
with the sedimentology, stratigraphy and geochronology of the
aeolian deposits, along with the relationships of the dune systems
to the river terraces and upland surfaces.
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