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of low organic matter content, dated to 2755–2864 
and 729–895  cal years BP, and includes SW–NE 
oriented dune systems and salt flat depressions; and 
(2) a transfer area with active headcutting channels, 
entrenched in the fill terrace, that connects the NW–
SE oriented floodplain with (3) a saline endorheic 
depression (salt lake) with active deflation. The fill 
terrace distribution suggests much more extensive 
floodplain environments prior to the late Holocene; 
the present-day wetland is not older than the last 2–3 
millennia and records a late Holocene trend of flood-
plain size reduction. Fluvial processes of avulsion 
were likely driven by mid and late Holocene El Niño 
Southern Oscillation (ENSO) events. Late Holocene 
arid conditions favoured aeolian dune formation and 
fluvio-aeolian interactions. Furthermore, anthropo-
genic river modifications, starting ~ 200  years ago, 
also have promoted severe changes in the Atuel-
Diamante fluvial system, deepening the aridity in the 
wetland.

Keywords Late quaternary · Wetland landforms · 
Avulsions · Aeolian dunes · Fluvio–aeolian 
interactions · Anthropogenic impact

Introduction

In recent decades, wetlands have been revalued as 
hotspots of biodiversity and hydrological regulators 
(Malvárez 1999), as well as suppliers of a wide range 

Abstract In arid central-west Argentina, South 
America, many wetlands have developed in associa-
tion with rivers draining the Andean piedmont and 
are vital hotspots for resources. However, knowledge 
about their long-term evolution is generally scarce. 
The Bañados del Atuel wetland, a low gradient flu-
vio-aeolian plain linked to the Atuel-Diamante fluvial 
system, is analyzed to depict its geomorphological 
and sedimentological Holocene evolution. The study 
area comprises a fluvial fill terrace with fine-grained 
alluvial deposits (~ 4186–4419 cal years BP), depos-
ited by a palaeodistributary fluvial system, that is 
covered by SW–NE oriented aeolian dune complexes. 
The present-day wetland, which developed after for-
mation of the fill terrace, is characterized by: (1) a 
NW–SE oriented floodplain with distributary chan-
nels and fine-grained, massive to laminated deposits 
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of ecosystem services that contribute to human well-
being (Tooth et al. 2015a). However, at present, wet-
lands are under pressure because of climate change 
and anthropogenic impacts that affect their delicate 
equilibrium (Malvárez 1999; Junk et al. 2013). Wet-
lands occupy 5–7% of the Earth’s surface (Junk et al. 
2013) and are key components of many landscapes 
worldwide (Tooth et  al. 2015a) but wetlands in dry-
lands have been reported as disproportionately impor-
tant in terms of biodiversity and other ecosystem ser-
vices (Tooth et al. 2015b).

South America is described as the wettest conti-
nent on Earth with wetlands covering ~  20% of the 
continental area; the largest wetlands are associated 
with large tropical river systems (i.e. the Amazon, 
Orinoco, and Paraguay–Paraná rivers) (Wittmann 
et al. 2015). Periodically or permanently waterlogged 
wetlands not directly associated with rivers also cover 
vast areas of the continent (i.e. glacier-fed wetlands, 
permanent lakes, and brackish to hypersaline wet-
lands in semiarid and arid regions) (Wittmann et  al. 
2015). As regards rivers and wetlands in the drylands 
of South America, little information was available in 
the early 2000s (Tooth 2000). In different locations 
of North America, Africa, Australia and the Middle 
East, most previous studies had aimed to understand 
the geomorphology and sedimentology of dryland 
rivers (e.g. hydraulic geometry, processes of erosion 
and deposition, arroyos and gullies formation) (Tooth 
2000) and only later did knowledge more specifi-
cally related to wetlands in drylands start to emerge 
(Tooth and McCarthy 2007). Importance was also 
given to understanding the diversity of processes and 
landforms that characterizes fluvio–aeolian inter-
actions in drylands at different scales of analysis, 
i.e. global, regional and local scales (Bullard and 
McTainsh 2003). When a global approach is consid-
ered, climate and topography are the main controls 
on fluvial systems; however, aeolian systems not 
only depend on suitable wind conditions but also on 
a suitable sediment supply and usually a lack of veg-
etation. At a local scale, aeolian–fluvial interactions 
in drylands can be observed in individual landforms 
(e.g. source/bordering dunes) and can imply both 
the fluvial supply of sediment to aeolian systems but 
also the removal of sediment (e.g. gully formation 
by water erosion). Nevertheless, although the body 
of knowledge about rivers, wetlands in drylands and 
fluvio–aeolian interactions has become increasingly 

robust in different regions worldwide, the scarcity of 
information in the drylands of southern South Amer-
ica still persists.

In Argentina, located in southern South Amer-
ica (Fig.  1a inset), wetlands occupy ~ 600,000  km2 
(~ 21.5%) of the territory (Benzaquén et  al. 2017). 
Some wetlands are developed in arid fluvial contexts 
of the Andean piedmont of central-west Argentina. 
These piedmont rivers, seasonally fed by meltwater 
from the high Andes, are vital for ecosystems and the 
various agricultural oases where most of the popula-
tion is concentrated. Consequently, due to irrigation, 
farming, urbanization, and hydropower needs, many 
fluvial systems have been profoundly modified, lead-
ing to a drastic deterioration of the associated pied-
mont wetlands, and eventually to their present reduc-
tion in size and even disappearance (Difrieri 1980; 
Torres and Zambrano 2000; Zárate et al. 2018). This 
is the case for the Atuel and Diamante rivers (~ 34° 
30′ S) that supply water to the San Rafael-General 
Alvear oasis. Formerly, these rivers drained into a 
wetland known as Bañados del Atuel (Fig. 1a, b). The 
condition of the wetland has severely deteriorated; for 
example, through loss of channel connectivity, flood-
plain salinization-desiccation, deflation of sediments 
from the river channel, deterioration of water quality, 
and exotic vegetation encroachment (Unlpam 2012; 
Dornes et al. 2013, 2016; Zárate et al. 2018). Conse-
quently, it is mostly inactive at present and has turned 
more into a desert setting owing to continuous and 
progressive desiccation (Zárate et al. 2018).

Several technical reports by governmental agen-
cies (e.g. Urbiztondo 1974; Zárate et  al. 2005; Unl-
pam 2012) have aimed to restore the Bañados del 
Atuel wetland. Recently, some other studies have 
addressed wetland hydrology with the aim of quan-
tifying changes since the construction of major dams 
upstream (e.g. El Nihuil dam—Fig.  1a) in the mid-
twentieth century (e.g. Dornes et al. 2016). Although 
general geological and geomorphological features—
for instance, a fluvial terrace, active and inactive 
channels, dunes and deflation basins—have been 
reported (Urbiztondo 1974; Zárate et al. 2005), a key 
issue yet to be studied is the wetland’s development 
over longer timescales (i.e. before the historical and 
more recent timescales). Hence, this work is intended 
to interpret the evolution of this major wetland in 
the drylands of southern South America by means 
of the analysis of landforms (e.g. morphology, areal 
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distribution, geomorphological relationships) and key 
sedimentological sections. A chronological frame-
work is proposed on the basis of radiocarbon dates 
and the correlation with stratigraphic records of sur-
rounding areas. The results obtained indicate a mid to 
late Holocene development of the wetland. The main 
environmental and landscape changes can be linked 
to a climatic control, and in the last ~ 200 years to the 
anthropogenic impacts in the fluvial basin.

Environmental and geological setting

The Bañados del Atuel wetland lies in a dry, temper-
ate region. Mean annual temperature is 15.6 °C with 
mean winter and summer temperatures of 7.2 °C and 
23.7  °C, respectively (data from Santa Isabel local-
ity—Fig.  1b). Mean annual rainfall (340  mm/year) 
is concentrated in the warmer season (September 
through March); the area is characterized by a great 

deficit in water balance owing to high evapotranspi-
rative losses. The current wind regime (8–10  km/h 
average speed) in the study area is characterized by 
winds blowing dominantly from the N and the S 
along the year, with predominance of N winds dur-
ing winter and S winds, with secondarily NE winds, 
in spring and summer (Cano 2004).

The Bañados del Atuel wetland has developed 
along the lower reach of the Atuel River, a tribu-
tary of the Desaguadero River (also known by local 
names, e.g. Salado, Chadileuvú, Curacó in La Pampa 
province, some of them of Christian origin and others 
of the native language—Cazenave 1979). The Desa-
guadero River is a N-S aligned trunk river that is a 
tributary of the Colorado River, the latter marking the 
boundary of the northern Patagonian region (Fig. 1a). 
The wetland has a shrinkage–expansion regime 
mainly linked to water inputs from the Atuel River 
(Dornes et al. 2016); it includes three main channels 
(“Butalo”, “Atuel” and “de la Barda” arroyos, sensu 

Fig. 1  Study area location: a Bañados del Atuel wetland in 
central-west Argentina region and main morphostructural/
geomorphological units in the region (A° refers to arroyo); 
b detailed view of the study area (see box in a) and location 
of studied sedimentary Sections.  1 through 13: (1) 36º S I; 

(2) 36º S II; (3) 36º S III; (4) A° Barda 2; (5) A° Barda 1; (6) 
A° Barda 3; (7) A° Barda 4; (8) RP. 14 III; (9) RP. 14 II; (10) 
RP. 14 I; (11) Aº Gran Barranca; (12) Chadileuvú I; and (13) 
Chadileuvú II. Other numbers refer to provincial and national 
routes (see lower of image) (Google Earth © image capture)
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Urbiztondo 1974) and a reach of the Desaguadero 
River (Fig. 1).

The Atuel River is a perennial stream with a sea-
sonal discharge regime that depends primarily on 
spring–summer melt of the winter snowfall over the 
high Andes Cordillera (Araneo and Compagnucci 
2008). In the Central Andes (28º–36º S), interan-
nual variations in precipitation, and consequently in 
snowmelt runoff volumes, are controlled by atmos-
pheric circulation during the cold period of the year 
(Araneo and Villalba 2015). Above-average channel 
runoff related to abundant snowfall is associated with 
northward shifts in storm tracks caused by above-
average sea surface temperatures in the equatorial 
Pacific (Araneo and Villalba 2015). Furthermore, 
extreme precipitation also occurs during some El 
Niño Southern Oscillation (ENSO) events, resulting 
in high discharges of the Atuel River (Araneo and 
Compagnucci 2008). The flooded area of the Bañados 
del Atuel wetland has reached more than 1600  km2 
during some of those extreme events; for example, in 
1984 and 2007 (Dornes et al. 2016). In these extreme 
events, some of the main, largely inactive channels 
are occasionally reactivated (Zárate et al. 2005).

Geomorphologically, the wetland is partly charac-
terized by distal playa environments located towards 
the tip of the Atuel River megafan (Fig. 1a–b) (Lor-
enzo 2019), the latter being bound by major faults 
(Criado Roqué and Ibáñez 1979). Southwards, the 
megafan is limited by the Neogene deposits of the 
Colorado River palaeofan (Fig.  1a–b). The wetland 
landscape is also characterized by isolated, low, 
rounded hills with flat surfaces composed of Late 
Proterozoic to Early Palaeozoic sedimentary, igneous 
and metamorphic rocks (Melchor and Casadío 2000; 
Melchor and Llambías 2004).

Materials and methods

The geomorphological features of the wetland study 
area were examined by remote sensing analysis based 
on open access satellite imagery; for instance, Land-
sat 5 and 8, and digital elevation models (e.g. Tan-
DEM-X 90  m from the German Aerospace Center 
and MDE-Ar from the Instituto Geográfico Nacional 
of Argentina). Landform analysis (i.e. determina-
tion of topographic heights, slope gradients, fluvial 
stream sinuosity, and the distribution, length, width 

and orientation of other identified landforms) was 
assisted by free-access software (Google Earth, ENVI 
5.00 free trial and QGis 2.14.2). Preliminary mapping 
of the study area was carried out; landscape units 
were identified and delimited. Then, landforms were 
selected for field surveys, including the checking and 
description of the geomorphic-geologic setting, the 
morphology, and the sedimentological characteris-
tics. Analyzed sedimentary sections and pits were 
georeferenced and described following established 
sedimentological procedures and using standard cri-
teria, i.e. sediment grain size, thickness, sedimen-
tary structures, geometry and limits of the deposits 
(Tucker 2003). Colours were described with reference 
to the Munsell Soil Color Chart. Samples were col-
lected for physico-chemical analysis and radiocarbon 
dating. Grain size analyses were conducted with a 
Malvern Mastersize Hydro 2000 laser diffractom-
eter (2000–0.010  μm detection range) on pretreated 
(removal of organic matter, calcium carbonate and 
gypsum) and oven dried (< 60 °C) sediment samples. 
Grain size classification followed Folk’s approach 
(1970). Total Organic Carbon (TOC) contents were 
determined by the loss on ignition technique (Heiri 
et  al. 2001) and organic matter content derived 
from TOC by considering the Van Bemmelen factor 
(1.72) that assumes 58% of total organic carbon in 
soil organic matter. A digital calcimeter was used to 
determine calcium carbonate content.

Radiocarbon dates (Table  1) were obtained by 
Accelerator Mass Spectrometry (AMS) of organic 
matter and freshwater mollusc shells performed at 
the NFS Arizona AMS Facility laboratory (Univer-
sity of Arizona, USA). Calibration to calendar years 
(Table  1) with a 2 sigma range confidence interval 
(95.4%) was performed by means of CALIB 8.1.0 
(Stuiver et  al. 2021, at http:// calib. org), and the 
SHCal20 Southern Hemisphere calibration dataset 
(Hogg et al. 2020).

Wetland landforms

The Bañados del Atuel wetland with an area of ~ 5500 
 km2 (~ 200 km long N-S, ~ 40 km wide) is a low gra-
dient (~ 0.55 m/km), fluvio-aeolian plain (Figs. 1b, 2) 
composed of fine-grained (sand, silt and mud) sedi-
ments. One of the most defining features is the occur-
rence of individual fluvial and aeolian landforms, 

http://calib.org
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together with fluvio-aeolian landforms (e.g. deflation 
basins and ephemeral lakes).

Fluvial fill terrace

The present day wetland is developed along the part 
of the fluvial system that has incised into a fluvial 
terrace (Fig.  2); previously, this terrace incision has 
been reported only from the northern part, between 
the “de la Barda” arroyo and the avulsion channel of 
the Butaló arroyo (Zárate et  al. 2005). The analysis 
carried out for this study enables determination of 
an extensive areal distribution of the fluvial terrace, 
which extends across most of the central and southern 
parts of the study area but is mostly covered by aeo-
lian landforms. Remote sensing analysis was used to 
identify a distributary channel pattern on the terrace 
surface, particularly in the northern part (Fig. 2).

The sedimentary composition of the fluvial ter-
race (i.e. a fill terrace, sensu Bull, 1990) is depicted 
by three representative sections. At Arroyo de la 
Barda 3 section (located in the northern part of the 
wetland—Figs. 2, 3 and Table 2), the deposits consist 
of horizontal and tabular fine-grained layers domi-
nated by silty sand and sandy silt layers, with abun-
dant to moderate content of both gypsum and calcium 
carbonate, and common Fe-oxide specks (Table  2). 
Here, a buried soil of weak development (Ab, Cb soil 
sequence—Table  2: 2.95–3.30  cm depth interval) is 
discontinuously traceable along the section. Below 
the buried soil, a discrete limnic level (~  3.30  m 
depth, Arroyo de la Barda 3—Fig.  3, Table  2) was 
dated to 3936 ± 23 14C yrs BP (4186–4419  cal yrs 
BP). The alluvial deposits are covered by aeolian silty 
sands modified by the present soil formation (A, C 

soil sequence). The Chadileuvú I section (Figs. 2, 3 
and Tables 1, 2), a 5 m thick sedimentary section of 
the Desaguadero River bank, is composed of muddy 
and sandy layers (Fig. 3, Table 2) arranged in locally 
interbedded horizontal tabular layers. The Arroyo 
Gran Barranca section (Fig. 2, Table 2), is a ~ 5.5 m 
thick section made up of alternating tabular layers 
of massive to locally cross bedded sand to silty very 
fine sand and sandy silt to muddy layers. Gypsum and 
calcium carbonate nodules are very common (Fig. 3, 
Table 2).

The fluvial fill terrace is covered by vegetated aeo-
lian deposits. The remote sensing analysis carried 
out in this study enables the identification of a wide 
diversity of dune morphologies. Dunes are generally 
characterized by a predominant SW–NE oriented 
linear pattern, previously interpreted as longitudi-
nal dunes (Urbiztondo 1974; Melchor and Llambías 
2004; Zárate et al. 2005). In the northern part (~ 36º 
S) of the study area, there are low relief (~  1.3  m 
thick) patches of vegetated dunes with no appreci-
able morphology and a poorly developed present-day 
soil (A, C horizons) on top (36º I section in Table 2, 
Fig.  3). South of ~  36° S, most of the SW–NE ori-
ented linear pattern consists of parabolic dunes with 
superimposed NW–SE oriented transverse barcha-
noid dunes, i.e. complex parabolic dunes (Fig.  4). 
Parabolic dunes are abundant discrete landforms 
of low relief (~ 1–3  m) with U-shaped noses, and a 
length ranging from 1 km up to ~ 5–8 km (mega-par-
abolic) (Fig. 4a–e). They are in general well-defined 
landforms, and in some cases are superimposed on 
palaeochannels on the fill terrace (e.g. in Fig.  4a). 
Other moderate and more poorly defined parabolic 
dunes are evidenced by changes in the vegetation 

Table 1  14C AMS ages obtained in sedimentary deposits of the Bañados del Atuel wetland, lower reach of the Atuel River

*Calibration to calendar years with a 2 sigma confidence interval with the CALIB 8.1.0 (Stuiver, Reimer and Reimer Copyright 
2021) and the SHCal20 Southern Hemisphere calibration dataset (Hogg et al. 2020). OM: organic matter

Lithostrati-
graphic 
section

Sample depth Laboratory N° Material δ13C Uncalibrated age 
(14C age BP)

Calibrated age 2Δ interval
(cal. yrs BP)*

Aº Barda 3  ~ 3.30 m AA107927 OM in bulk sediment − 25.6 3936 ± 23 4186–4195 (p: 0.009267)
4235–4419 (p: 0.990733)

36º S II  ~ 0.74 m AA107929 − 23.5 914 ± 20 729–799 (p: 0.968198)
871–879 (P: 0.02259)
891–895 (p: 0.009212)

RP. 14 II  ~ 0.45 m AA109605 − 8.5 2746 ± 21 2755–2864 (p: 1)
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cover density (Fig. 4c, d, e). Some other dunes pre-
sent a linear pattern but it is not possible to dis-
criminate if they are longitudinal or parabolic dunes 
(Fig.  5a, box  1, and b). These dunes are character-
ized by abundant to moderate gypsum and calcium 
carbonate content at a depth of ~ 20 cm (Fig. 5c), and 
the interdunes are characterized by a more abundant 

but shallower salt content (Fig. 5d). The western part 
of the study area presents likely diffuse parabolic 
dunes composed of silty sands and common angu-
lar clasts of variable size (Table 2: RP.14 III section, 
Figs. 3 and 7a, box 2). Finally, in the southern part, 
there are well defined NW–SE oriented transverse 
barchanoid dunes (~  1–2  m high and 100  m wide). 

Fig. 2  Bañados del Atuel wetland: a two-Landsat-images 
mosaic (LT05_L1TP_230085_ 19840930_20170220_01_T1 
and LT05_L1TP_230086_19840930_ 20170220_01_T1) 
cut-out with a Tasseled Cap transformation highlighting the 
fluvial fill terrace (T) unit and the drainage network (blue 
and light blue colors) in the present-day wetland during the 
1984 flood event. Avulsion points B, C and D (described in 

the text) are indicated; b preliminary mapping of the main 
landscape units identified in the study area; c–d distribu-
tary fluvial pattern on the surface of the fluvial terrace (areas 
in purple, violet and brown colors in LT05_L1TP_230085_ 
19840930_20170220_01_T1; RGB 753) at two locations in the 
wider study area (Fig. a, boxes 1 and 2)
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Fig. 3  Fine-grained sedimentary sections representative of 
the fluvial fill terrace unit (for locations, see Fig. 1b; A° refers 
to arroyo). a ~  5  m thick terrace section at the ‘de la Barda’ 
arroyo, with a calibrated radiocarbon age indicated; b ~  5  m 
thick sedimentary section at Gran Barranca arroyo, with a 

shovel for scale; c view of the upper section of the fluvial ter-
race at the Chadileuvú II section; d example sedimentary sec-
tions from sites associated with the features in parts a through 
c 
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They have developed on top of the parabolic dunes on 
the fluvial terrace and locally form clusters of dunes 
(up to 1 km long, 300 m wide) towards the E-NE of 
palaeochannels.

Present-day wetland

The present-day wetland developed after formation 
of the fill terrace. According to its geomorphologi-
cal characteristics, three main settings are differenti-
ated: (1) a floodplain environment; (2) a transfer area; 
and (3) a terminal closed basin (i.e. the Gran Salitral 
depression, a ~ 450  km2 salt pan).

(1) The floodplain is a NW–SE oriented fluvial 
channelled environment of ~ 2800  km2 along both the 
Atuel River and a reach of the Desaguadero River 
(Figs.  1a–b, 2a); it is characterized by active and 
inactive channels, and includes the interdune settings 
of the SW–NE oriented dune system at some loca-
tions (Fig. 5a, box 2). The “de la Barda” arroyo, the 
westernmost branch of the Atuel River (Figs. 1b, 2), 
exhibits an anabranching pattern along some reaches, 
as well as a small number of crevasse channels asso-
ciated with meanders. Four main avulsion points 
(Fig. 2a B, C and D) have been identified linked to the 
“de La Barda” arroyo, and are characterized by dis-
tributary systems made up of shallower channels with 
increasing width/depth ratio as channel divergence 
progresses downstream (Fig. 2a). At avulsion point A 
(~ 35° 40′ 36.09″ S, 67° 24′ 28.81″ W), the ~ 60 km 
long “de los Ingenieros” arroyo was formed, and now 
feeds the northern portion of the wetland. The 36º S II 
section, in the floodplain of this arroyo, is composed 
of horizontal, tabular and massive layers of sandy 
silts, silts and silty muds that are interbedded with 
clay layers, resulting in a dominantly horizontal lami-
nation (Fig.  1b, Table  3). Organic matter at a depth 
of ~ 0.75 cm yielded an age of 914 ± 20 14C yrs BP 
(729–895 cal years BP) (Tables 1, 3). Avulsion point 
B (Fig.  2a) is characterized by a distributary chan-
nel pattern, including the Butaló arroyo (~ 4 m deep) 
that was active during the 1984 flood (Zárate et  al. 
2005; Dornes et al. 2016). At avulsion point C, down-
stream of point B and to the north of Algarrobo del 
Águila locality (Figs.  2a and 5a), the “de la Barda” 
arroyo splits into three main channels a few kilome-
tres apart from each other (Fig.  5a—ab1, ab2 and 
ab3); the channels in the SE with numerous splays are 
currently inactive (Fig.  7a). The floodplain between 

these channels (Fig. 2—RP. 14 II section) comprises 
horizontal and tabular, massive, muddy to silty lay-
ers. These layers grade upwards into laminated, silty 
sands with freshwater mollusc shells that yielded an 
age of 2746 ± 21 14C years BP (2755–2864 cal years 
BP) at a depth of ~ 0.40 cm (Fig. 8, Tables 1 and 3). 
Avulsion point D, located downstream from avulsion 
point C, resulted from a former avulsion of the “de la 
Barda” arroyo. An ~ 25 km long, sinuous, SE oriented 
channel with a distributary pattern is characteristic; 
shallow and narrow channels linked to discrete depo-
sitional lobes are developed along the ~ 12 km long 
terminal reach (Fig. 7b).

Salt flat depressions are common landforms in 
the present wetland (Figs.  6, 7a), and are generally 
situated along high sinuosity channel reaches. The 
depressions are interconnected during flooding epi-
sodes and turn into relatively large ephemeral lakes 
along the terminal reach of the “de la Barda” arroyo 
(Fig. 7a), south of Algarrobo del Águila locality. Low 
relief (~ 2 m) dunes are usually present at the E-NE 
margin of the depressions (e.g. Fig. 7a, Laguna Uncal 
in box 1). The location, shape and occurrence of the 
dunes at the E-NE margins indicate the widening of 
inactive meanders by winds blowing from the S-SW 
that lead to deflation. Also, smaller depressions 
(diameters up to 100  m) of circular shape and low 
relief (< 1 m height), together with several others of 
irregular shape (main axis ~ 500 m long), are common 
throughout the floodplain; clayey silts accumulate in 
these depressions where hydromorphic soils with hal-
ophile vegetation are developed.

In addition, narrow and linear aeolian SW–NE ori-
ented streaks of low relief (< 1 m) occur in the mid-
dle sector of the floodplain (~ 36° 42′ 2.64″ S, 67° 4′ 
18.39″ W); they are cross cut by an almost perpen-
dicular set of linear, very shallow channels (Fig. 7a, 
box 2).  The result is a reticulate-like pattern formed 
on the fine-grained and cohesive deposits of the 
floodplain (Fig. 7b).

(2) The transfer area lies in the west-central part of 
the wetland (Fig. 9a, box 2). It includes two channels, 
the Potrol and Gran Barranca arroyos, both of which 
are incised in the fill terrace and connect the NW–SE 
oriented floodplain with the terminal closed basin 
(the Gran Salitral—Fig.  9a–c). The Potrol arroyo is 
linked to the “de la Barda” arroyo by a series of inter-
connected saline lakes. At present, it is an entrenched 
channel with active headcut retreat into alternating, 
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tabular layers of fine sand and silty fine sand that con-
tain freshwater mollusc shells of a desiccated shal-
low lake; the channel is progressively deeper (6–7 m) 
and somewhat wider (up to ~ 50  m) downstream 
(Figs. 9a–b). The Gran Barranca arroyo (5–6 m deep) 
(Fig. 9a and c) is much shorter, and also characterized 
by active headcut retreat. This process is also devel-
oped along the lower reaches of the minor tributaries 
and gullies. Upstream, the Gran Barranca arroyo is 
connected by a chain of small shallow lakes and pans 
with a channel resulting from the junction of two flu-
vial branches, one moderately to poorly defined com-
ing from the “de La Barda” arroyo and the other, very 
distinct and well defined, from the Desaguadero River 
(Fig. 9a, box 2).

(3) The Gran Salitral is a terminal closed basin 
at the tip of the system; an endorheic depression 
of ~ 450  km2 (main axis of 22 km N-S × 28 km E-W) 
with a relative relief of 7 m (lowest point 247 m asl, 
254  m asl at the shoreline). A tectonic origin was 
attributed to the depression, supposedly controlled by 
NE and NW oriented fault lines on the basis of the 
rectilinear aspect of the shorelines (Bisceglia 1997 in 
Melchor and Casadío 2000, p. 49). The Gran Salitral 
is bounded by the Colorado palaeofan to the south 
and El Fresco plateau to the west (Figs.  1a, 9a, 9d 
and 9e). The depression is a temporary water storage 
during major hydrological episodes; to date, it is only 
reached by exceptional seasonal discharges of the flu-
vial system (e.g. years 1984 and 2007) when it turns 
into an ephemeral shallow saline lake. When dried 
out, deflation is active. Sandy deposits and evaporites 
including organic remains have been reported in the 
uppermost metre of the sedimentary fill (Melchor and 
Casadío 2000). NW–SE oriented transverse barcha-
noid dunes are present in the central part as well as in 
the N-NE sector (Fig. 4c, box); also, NW–SE oriented 
dunes (~ 6 km long, 1–2 m relative relief) occur ~ 2 to 

3 km away from the present shoreline and are masked 
by a dense vegetation cover (Fig. 4c).

Holocene evolution of the wetland

The fluvio-aeolian plain of the Bañados del Atuel 
is dominated by Holocene fine-grained deposits 
composed of massive and/or laminated tabular lay-
ers mostly related to overbank flooding and/or sheet 
flooding in a floodplain setting. Organic matter con-
tent is limited and calcium carbonate and gypsum 
content is moderate to abundant. These sedimento-
logical features point to a predominantly dry environ-
ment comparable to those reported from other arid 
zone wetlands (Tooth and McCarthy 2007).

According to the radiocarbon dates obtained, the 
fluvial fill terrace developed after an erosional epi-
sode sometime in the mid-late Holocene transition, 
i.e. after 4186–4419 cal years BP (age obtained in the 
fill terrace deposits) but before 2755–2849 cal years 
BP (age of floodplain deposits in the present-day 
wetland environment). The fill terrace distribution 
suggests a much larger extension of floodplain envi-
ronments of the Atuel River in the study area prior to 
the late Holocene. The fluvial terrace records a dis-
tributary fluvial pattern (identified by remote sensing 
analysis) in the northern part of the study area. On the 
other hand, the arrangement of alternating, tabular, 
fine-grained deposits at the Gran Barranca arroyo is 
a record of sheet flood deposition and points to a ter-
minal sedimentary setting similar to a floodout zone 
(Tooth and Nanson 2011).

The fill terrace along the Bañados del Atuel is cor-
related with a comparable landform along the Atuel 
River ~ 200  km upstream. There, an extensive geo-
morphological unit is exposed, with a ~ 12  m thick 
alluvial section composed of alternating, tabular and 
horizontal, massive layers of sandy silts, silty sands 
and mud (Zárate and Mehl 2011). Reported radiocar-
bon dates indicates an early (10,180–10,300 cal years 
BP) to mid Holocene (7156–7425 cal years BP) age 
for the bottom and middle parts of the fill terrace; an 
erosional episode then occurred later in the mid Holo-
cene (Zárate and Mehl 2011).

The fluvial systems in the proximal Andean pied-
mont of Mendoza, to the north of the Atuel River 
basin, record two major episodes of incision in the 
mid and late Holocene. At La Estacada arroyo (33º 

Fig. 4  Aeolian landforms covering the fluvial fill terrace unit: 
a complex parabolic dune superimposed on a palaeochannel, 
also with some splays and aeolian sand patches; b view to the 
west of the parabolic dune; c low relief parabolic dunes of dif-
ferent sizes and some long NW–SE oriented dunes (yellow 
lines and arrows) to the north-northeast of the Gran Salitral. 
A young generation of transverse barchanoid dunes is widely 
distributed in the area; d parabolic dunes (white arrows) close 
to the Desaguadero River indicated in a Landsat 5 image (year 
2006, path 230, row086; RGB453); and e enlarged view of 
box e, indicated in part d. (Parts a, c and e are Google Earth © 
image captures)

◂
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26′ 52″ S, 69º 03′ 09″ W), the first episode of flu-
vial incision occurred sometime during the mid 
Holocene and was followed by aggradation. At the 
Yaucha arroyo (34º 03′ 54″ S, 69º 08′ 06″ W), two 
episodes of channel incision are also recorded. The 
first one occurred sometime between 6500 cal years 
BP and well before 2622–2857  cal years BP, and 
was followed by fluvial aggradation. The hypoth-
esis is that climatic fluctuations occurring prior to 
at least 5700  cal BP may have triggered the first 

episode of fluvial incision in this piedmont location 
(Mehl and Zárate 2012). More humid conditions in 
the high Andes, due to a northern shift of the west-
erlies and likely greater fluvial discharges in the 
Andean rivers, coupled with much drier conditions 
across the eastern piedmont, may have character-
ized the climatic scenario (Mehl and Zárate 2012 
and references therein).

The timing of the mid to late Holocene episode of 
incision in the study area is not precisely constrained. 

Fig. 5  Fluvial terrace and floodplain in the present-day wet-
land: a avulsion point B along a reach of the ‘de La Barda’ 
arroyo and channels developed downstream (ab1-3). SW–NE 
oriented aeolian linear streaks are evident on the fluvial ter-
race (box 1) and on the present-day floodplain wetland (box 2). 
National routes RN 143 and 151 are shown; b view in the field 

of low relief, fine sandy aeolian linear streaks that cover the 
fluvial terrace deposits; c excavation pit in the aeolian depos-
its, showing abundant salts (calcium carbonate and gypsum) 
concentrated below 20 cm depth; d excavation pit in the inter-
dune area, showing silty and clayey sediments and salts efflo-
rescences
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However, according to the chronostratigraphic 
regional framework, we can speculate that the estab-
lishment of similar-to-present climatic conditions 
in the region (Markgraf 1983) resulted in a major 
environmental change and could have been a factor 
triggering incision. In southern South America, the 
westerlies strengthened during the mid Holocene and 
their northern boundary shifted farther north because 
of increased sea-surface temperatures in the eastern 
subtropical Pacific that were caused by higher austral 
summer insolation (Lamy et al. 2010). A recent pal-
aeorainfall record based on oxygen isotopes in speleo-
thems from the Mato Grosso do Sul, Brazil, indicates 
less wet conditions in the South American Mon-
soon (SAM) domain in the early and mid Holocene 
(11,000–5550 years BP) compared with the previous 
last glacial period (27,970–17,800 years BP) (Novello 

et  al. 2017). The authors point to a tendency for a 
drier Holocene, consistent with other palaeorainfall 
records from the western and southeastern portions 
of the SAM domain. Coupled simulations indicate a 
less frequent control of El Niño Southern Oscillation 
(ENSO)—an atmospheric phenomenon that causes 
significant impacts on seasonal and monthly precipi-
tation amounts in several regions of South America 
(Grimm and Tedeschi 2015) and is the main mode 
of sea surface temperature variability in the Pacific 
Ocean—on precipitation during the mid Holocene 
over South America (Jorgetti et  al. 2006). Karamp-
eridou et  al.’s (2015) simulations proposed that the 
frequency of occurrence of eastern Pacific ENSO 
events significantly decreased (by 50%) in the mid 
Holocene. Instead, the late Holocene is characterized 
by the intensification of the SAM over southeastern 

Fig. 6  Aeolian cover on 
the fluvial fill terrace unit: 
a parabolic dunes and/
or SW–NE linear streaks 
and transversal barchanoid 
dunes (Google Earth © 
image capture); b annotated 
image, highlighting the 
main aeolian features
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South America and the increased variability of ENSO 
(Razik et al. 2013).

The drainage network of the Bañados del Atuel, 
and the associated lobate shape of many fluvial land-
forms in plan view, suggest avulsion as the leading 
fluvial process during wetland evolution. Seismic 
activity has been proposed as a triggering mechanism 
to explain the generation of some avulsion points in 
the wetland (Melchor and Llambías 2004). Avulsion 
episodes must have occurred under flooding condi-
tions and/or close to the hydrological capacity of 
this fluvial system that is characterized by a seasonal 
regime. In this sense, high discharges in the Andean 
rivers have been linked to ENSO events (historical 
chronicles in Aceituno et al. 2009; Araneo and Com-
pagnucci 2008). Furthermore, major historical floods 
in the wetland would also have been connected to 
those events, e.g. years 1877–1878 (1890s Land Sur-
veys Notebooks La Pampa province Cadastre office) 

and 1983–1984. Hence, it is plausible to hypothesize 
that major floods related to ENSO events may have 
triggered avulsion episodes during the late Holocene. 
In relation to ENSO events, the study by Wells (1990, 
in Ortlieb and Macharé, 1993) in the valley of Río 
Casma, located along the arid north-central Peruvian 
coast, reported 18 Holocene flood events and a few 
late Pleistocene flood remnants. Wells (1990) high-
lighted a mean frequency of major El Niño events in 
the order of one episode every 1000 years during the 
last 7000 years, although many more flooding events 
were registered in the last few thousand years.

The channel incision of the Potrol and Gran Bar-
ranca arroyos is an ongoing process, as indicated by 
the active headcut retreat. Incision started in the late 
Holocene and was likely accelerated by the anthropo-
genic changes during the last 200 years in the fluvial 
system; i.e. the diverting in 1809 of the Diamante 
River, a former tributary of the Atuel River (Difrieri 

Fig. 7  Remote sensing 
views of the present-day 
wetland (Google Earth © 
image captures): a image 
showing splays of different 
sizes, isolated patches of 
low relief dunes covering 
the alluvial plain, low relief 
(~ 2 m) dunes in the E-NE 
margin of the Laguna Uncal 
(box 1), and a pattern of 
fluvio-aeolian interactions 
(box 2). RP 14 is Provincial 
Route No. 14; b terminal 
reach of an avulsion chan-
nel, showing a distributary 
pattern in the southernmost 
wetland area
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Fig. 8  Fine grained sedimentary sections representative of the present-day floodplain wetland (for locations, see Fig.  1b, and for 
descriptions, see Table 2)
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1980), and the construction of several dams for hydro-
electric and irrigation purposes in the mid-twentieth 
century (Fig. 1a). No new information was obtained 
to calibrate the evolution of the terminal zone of the 
wetland, the Gran Salitral. Considering the evidence 
for a more extensive mid Holocene floodplain, the 
Gran Salitral most likely was a more permanent water 
body, as the main allochthonous rivers in the region 
were active even when there was a regional condition 
of aridity in Andean piedmont (Gil et al. 2005). The 
Gran Salitral must have experienced progressive des-
iccation since the late Holocene onwards, leading to 
increasing deflation in the basin.

Aeolian processes have generated both erosional 
(deflation basins) and depositional landforms in the 
wetland. The latter consists of an aeolian dune field 
mostly dominated by dune complexes (parabolic 
dunes with superimposed transverse-barchanoid 
dunes), inactive under current conditions because of 
a well-developed vegetation cover and/or a lack of 
sediment supply resulting from a diminished Atuel 
River system. The geomorphological relationships 
of the fluvial and aeolian landforms identified illus-
trate the interactions of fluvial and aeolian processes 
(Fig.  10a–d). These interactions seem to have been 

pronounced at some intervals during the evolution of 
the present wetland environment.

Two main episodes of dominant aeolian activity 
are inferred during the late Holocene. The first one 
was related to parabolic dune formation. Parabolic 
dunes tend to occur in areas with high groundwater 
levels and are favoured by the presence of vegetation 
or dampness in the lower sides of the dunes (Goudie 
2011). Vegetation anchors the less mobile parabolic 
dune arms against aeolian processes and promotes the 
downwind advance of the central section. Parabolic 
dunes may replace more active forms such as barch-
ans if vegetation cover increases or wind velocities 
slacken (Goudie 2011). The second episode of aeo-
lian activity is recorded by the presence of NW–SE 
oriented transverse barchanoid dunes superimposed 
on the parabolic dunes. In this regard, Goudie (2011) 
and Barchyn and Huegnholtz (2012a, b) have stated 
that parabolic dunes can turn into active transverse 
dunes if vegetation cover diminishes. Barchan–para-
bolic transformation occurs via feedback initiated 
from colonization of vegetation on the dune slipface, 
which causes the stabilization of individual ‘dune 
slices’ (Barchyn and Huegnholtz 2012a, b). This pro-
cess can only occur when slipface deposition rates 
are less than the deposition tolerance of vegetation. 

Fig. 9  Middle-south area of the Bañados del Atuel wetland: a 
salt flat depressions in the present floodplain wetland (box 1) 
and transfer area with headcutting channels entrenched in the 
fluvial terrace deposits (box 2); b and c fine-grained and lami-
nated sedimentary deposits exposed along the banks of the 

Potrol and Gran Barranca arroyos, respectively; d view to the 
north of the Gran Salitral; e the Gran Salitral during a desicca-
tion stage; salt crust and desiccation cracks have developed on 
the surface. Photo courtesy of Lic. Mónica Pires
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In this sense, the formation of transverse dunes in 
the study area could have been promoted by an arid 
condition  at the late Holocene. The morphology of 
the dunes (i.e. parabolic dunes with superimposed 
transverse barchanoid dunes) evidences a likely 
decrease in the vegetation cover because of more arid 
conditions.

This pattern of fluvio–aeolian interactions not only 
resulted in dune complexes covering the fill terrace 
surface, but also in the dominant SW–NE orientation 
of the dune systems that controlled the development 
of the floodplain in the present-day wetland in sev-
eral sectors. This is suggested by interdune settings 
of parabolic dunes and the SW–NE oriented aeolian 
linear pattern that currently is flooded when the wet-
land is active. Besides, deflation basins are associated 
with some channel reaches, as indicated by the dunes 
in the N-NE margin of the depressions.

Regarding these fluvio-aeolian interactions in the 
study area, some similarities can be found in other 
drylands; for example, with the Murray-Darling 
Basin, Australia. There, the main area of dunes—the 
mallee dunefield—is suggested to have developed as 
a function of: (1) the spatial environmental transition 
in the catchment; and (2) the role of the coupled flu-
vial–aeolian–lacustrine systems in the formation of 
local source-bordering dunes (Bullard and McTainsh 
2003). The formation of channel source-bordering 
dunes in that region of Australia took place from 
5500 years BP to 600 years BP, because of significant 
sand supply by streams and very hot, dry and windy 
summer conditions that promoted sand deflation 
from the channels (Williams et  al. 1991, in Bullard 
and McTainsh 2003). Earlier in the late Holocene, 
climatic conditions and lower wind speeds precluded 
the formation of source-bordering dunes; moreover, 

Fig. 10  Schematic diagram depicting four stages of the Holo-
cene evolution of the Bañados del Atuel wetland: a an alluvial 
plain developed before ~ 3  ka; b fluvial fill terrace formation 
owing to incision ~ 3 ka led to decoupling of the former allu-
vial plain from active fluvial processes along the incised chan-
nel; c present-day floodplain wetland developed over the last 

2–3 millennia. Dune complexes (parabolic dunes with super-
imposed transverse-barchanoid dunes) cover the fill terrace 
surface that bounds the present-day wetland. Low relief aeolian 
dunes also control flow in some reaches of the present-day wet-
land; d the present-day floodplain wetland is subject to a trend 
of size reduction, starting ~ 200 years ago
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under current conditions, the dunes are not active 
because of a well-developed vegetation cover and the 
lack of sediment supply (Williams et al. 1991, in Bul-
lard and McTainsh 2003). Thus, at present, the fluvio-
aeolian system is described as decoupled: aeolian 
activity is largely separated from the fluvial system 
(Bullard and McTainsh 2003).

The Bañados del Atuel is located to the southwest 
and south of a major aeolian system, with large dune 
fields to the NE and N and extensive aeolian sand 
mantles to the E. The SW–NE orientation of the para-
bolic and linear aeolian landforms in the Bañados del 
Atuel indicates a NE wind transport direction, also 
recorded in the aeolian environment east of the Desa-
guadero River (Fig.  2b) (Tripaldi and Zárate 2017). 
No dates are available to calibrate the chronology of 
two main intervals with active aeolian activity at the 
Bañados del Atuel, but according to regional corre-
lations the aeolian activity most likely responded to 
regional climatic conditions. In central-west Argen-
tina, the reported chronology of dune fields spans the 
late Pleistocene (Marine Isotopic Stages (MIS) 3 to 
2) and the Holocene (MIS 1). A limited number of 
optically stimulated luminescence (OSL) dates from 
dune deposits in the central Andean piedmont indi-
cate aeolian activity during the late Holocene. In this 
regard, ~ 250 km north of the wetland study area, an 
OSL date of 1610 ± 0.21 yrs BP was obtained from 
dunes located in the Atuel River basin (Tripaldi 
et  al. 2011). Also, episodes of aeolian accumulation 
are reported in the Andean piedmont of San Juan 
province, 500  km north of the study area. Ages of 
4000, ~ 2100 600 and 400 yrs BP were obtained at the 
Médanos Grandes dune field and ~ 2500, 900 and 500 
yrs BP at the Médanos Negros dune field (Tripaldi 
and Forman 2007).

Conclusion

The geomorphological and sedimentological analy-
sis carried out suggests a sensitive Holocene dry-
land environment characterized by active fluvio-
aeolian interactions. The preliminary chronological 
scheme proposed points to a relatively recent devel-
opment of the present-day wetland, not older than 
the late Holocene (i.e. the last 2–3 millennia). The 
drainage network is mostly characterized by the 
occurrence of avulsion and the channels have had 

clear interactions with the aeolian dune systems at 
several sectors of the wetland (e.g. as evidenced by 
reticulate patterns, interdune settings controlling 
water flow in some distributary channels, dunes 
eroded by fluvial channels, and dunes superimposed 
on palaeochannels). The ongoing interactions dur-
ing the evolution of the wetland suggests alternating 
environmental conditions with periods when flu-
vial activity decreased and aeolian processes domi-
nated (e.g. formation of dune systems and deflation 
basins).

The occurrence of a fill terrace covered by dune 
complexes and with deflation basins, dominant in 
the west-central part of the study area, provides evi-
dence for much more extensive floodplain environ-
ments prior to the early-mid Holocene. According 
to the correlations through the fluvial basin, the fill 
terrace represents an aggradation cycle starting prior 
to the early Holocene, and is then interrupted by an 
erosional episode later in the mid Holocene. The pro-
nounced decrease of the wetland area and the predom-
inance of aeolian activity at some intervals during the 
late Holocene suggest prevailing arid conditions with 
a substantial decrease in water discharges. Superim-
posed on this late Holocene trend of wetland reduc-
tion, the anthropogenic modifications introduced 
since ~ 200 years ago in the fluvial system have given 
rise to even more severe changes. As a result, the pre-
sent wetland has turned into more of a desert setting 
with deteriorated system functionality and threatened 
resilience. In this respect, the active headcut retreat 
in several channels and the present aeolian deflation 
at numerous pans must have been accelerated by the 
human impacts on the fluvial system.
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