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a b s t r a c t

The main goal of this paper is to analyze the late Quaternary alluvial record of the Andean piedmont
between 33� and 34�S (Mendoza, Argentina) reconstructing the prevailing paleoenvironmental condi-
tions and discussing their regional significance. The analysis was carried out along the outcrops of Arroyo
La Estacada and its tributary Arroyo Anchayuyo, complementary sections were described at Arroyo
Grande and Arroyo Yaucha. The sedimentological, stratigraphical and geochronological (radiocarbon and
OSL dating) results as well as the paleoenvironmental interpretation are presented and discussed on the
basis of the geomorphological units identified at the piedmont fluvial systems.

Late Quaternary deposits of Arroyo La Estacada compose three main geomorphological units consisting
of an extensive aggradational plain, a fill terrace and the present floodplain -which is not analyzed in this
contribution-. At the aggradational plain a distal alluvial fan lithofacial association was determined,
mainly related to overbank sheet fluid overflows and probably temporary inactive channels of sandy-like
braided streams between w50 ka BP and the early Holocene. The mid-late Holocene fining upward
alluvial sequence of the fill terrace corresponds to a sinuous fluvial system lithofacial association. The
mid-to late Holocene alluvial sequence exposed at Arroyo Grande banks shows a fining upward sequence
probably related to a sinuous fluvial system lithofacial association. Finally, in the Arroyo Yaucha the
upper and lower terraces analyzed in this study record a Late Glacial and Holocene fining upward alluvial
sequence of a sinuous fluvial system lithofacial association.

The late Pleistocene e early Holocene dynamic of the Andean piedmont documents an interval of
alluvial aggradation characterized by the occurrence of sandy systems similar to braided rivers in the
distal fan environments. The mid-late Holocene is marked by aggradation in sinuous fluvial systems and
by two major episodes of degradation registered across the fluvial systems of the study area. This
paleoenvironmental reconstruction allowed us to propose an evolutionary scheme and chronology of the
major fluvial landscape landforms contributing to the general understanding of the sedimentological and
geomorphological dynamic during the late Quaternary.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Andean piedmont of Mendoza, Argentina, is located at the
latitude of 33�e34�S in a transitional tectonic zone between the
Nazca plate flat segment (north of 33�S) and the normal subduction
segment (south of 33�450S) (Giambiagi and Ramos, 2002). As
a result the piedmont is characterized by a complex geological and
structural setting consisting of tectonic basins, blocks and a thrust
and fold belt (Polanski, 1963; Ramos, 1999; Perucca et al., 2011).
Consequently the piedmont landscape is heterogeneous,

comprising several different environments dominated by both
aeolian and fluvial processes. The area is located within the domain
of the South American Arid Diagonal (Bruniard, 1982) and the
source area of the late PleistoceneeHolocene aeolian deposits of
central Argentina (Iriondo, 1997; Zárate, 2007). In this region
several papers have been published on the Quaternary glacial
dynamic of the upper mountain valleys of the Atuel River (Gosse,
1994) and the Grande River (Espizua, 2004, 2005). Recently some
other contributions focused on the geomorphology and geochro-
nology of Quaternary fluvial landforms at the upper Atuel River
(Messager, 2010), the Diamante River (Baker et al., 2009) and the
mountain and proximal piedmont reach of Las Tunas River (Pepin,
2010) have been published. Instead, few efforts were devoted to
the understanding of the prevailing sedimentary piedmont
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environments and their paleoclimatic significance. As a result,
alluvial and aeolian records of this key environmental setting have
been the focus of attention as potential archives of past conditions.
Preliminary results have already been reported on the alluvial
(Zárate and Mehl, 2008; Mehl, 2010, 2011) and the aeolian stra-
tigraphy (Tripaldi et al., 2011), the chronology of tephra layers
(Toms et al., 2004), mollusks paleoecology (De Francesco et al.,
2007) and the fossil pollen analysis of some alluvial sections
(Páez et al., 2010; Rojo et al., in press). However, a general inter-
pretation of the alluvial sedimentological environments and the
piedmont evolution during the late Quaternary still remain opened.
Accordingly the main goal of this paper is to analyze the alluvial
record of the Andean piedmont between 33� and 34�S combining
the information obtained from stratigraphy, sedimentology, and
geochronology of alluvial successions. As a result the late Quater-
nary paleoenvironmental and paleoclimatic conditions are recon-
structed discussing their regional significance.

2. Geological and environmental setting

The study area is situated at the piedmont of Frontal Cordillera
(Fig. 1), an Andean faulted block consisting at this latitude of three
main ranges; from north to south, Cordón del Plata, Cordón del
Portillo and Cordón del Carrizalito (Fig. 1a). These ranges are
composed of Precambrian metamorphic rocks together with
Permian-Triassic volcanic and plutonic suites (Giambiagi et al., 2003
and references therein). A tectonic basin developed at the northern
and the central part of the piedmont (Tunuyán depression, Perucca
et al., 2009) bounded northwards and eastwards by folded and
thrusted Neogene sedimentary outcrops, Cerrilladas Pedemontanas
andMeseta del Guadal respectively, (Fig. 1a); the basin is limited by
a fracture southwards (Polanski, 1963; Yrigoyen,1993). The tectonic
depression is filled with nearly 2000 m of deposits dating back to
the Miocene; the uppermost 600 m consist of sandy to silty sedi-
ments including some gravel deposits of mid and late Quaternary
age (Polanski, 1963). The topmost 30 m, exposed along the banks of
the piedmont fluvial systems, are grouped under the name of El
Zampal Formation recording approximately the last 50 ka (Zárate
and Mehl, 2008). At Arroyo La Estacada (Fig. 1), the deposits of El
Zampal Formation encompass an aggradational plain, a fill terrace
and a recent floodplain (Zárate andMehl, 2008) (Fig. 2a and b). This
area is known as Valle de Uco, a densely populated environment,
highlymodified by intensive land use causing the disturbance of the
uppermost meter of the sedimentary cover and surface soils.

The southern part of the study area, known as Valle Extenso del
Campo Bajo (Polanski, 1963) and featured by NWeSE strike faults
generatedunderaQuaternary transtensive tectonic regime (Casaet al.,
2011; Perucca et al., 2011), is mostly covered by pyroclastic deposits of
the Asociación Piroclástica Pumícea -APP- (Polanski, 1963) (Fig. 1b).
They were originated by the caldera formation of the Maipo volcano;
the age of this event is controversial with dates obtained by different
methods ranging from ca. 2,3 Ma to ca. 150 ka (Lara et al., 2008).

The climate is arid with a mean annual precipitation of around
200 mm, mainly resulting from summer rains produced by the
Atlantic anticyclonic centre; humid Pacific winds do not reach the
eastern Andean piedmont and lowlands due to the rainshadow
effect exerted by the Andes Cordillera (Prohaska, 1961, 1976).
Accordingly, the vegetation of the Andean piedmont is composed of
semiarid xeric associations (Roig and Martínez Carretero, 1998),
including hydrophytic communities at sites with local water
availability of (Fig. 2bee) (Rojo et al., in press).

The studied piedmont is drained by the Tunuyán River and its
tributaries including among others, Arroyo La Estacada and Arroyo
Grande crossing the Tunuyán depression, and further south Arroyo
Yaucha in the domain of Valle Extenso del Campo Bajo (Fig. 1). These

piedmont streams are alluvial type channels (Charlton, 2008),
incised in a sedimentary bedrock corresponding to alluvial deposits
such as El Zampal Formation (Arroyo LaEstacada andArroyoGrande)
and the APP ash deposits, Las Tunas and La Invernada Formations
(Arroyo Yaucha). Instead, the upper reaches of arroyos Yaucha and
Grande are bedrock type channels (Charlton, 2008) deeply incised in
the Precambrian to Mesozoic bedrock of Frontal Cordillera.

The Tunuyán River alongwith Arroyo Grande and Arroyo Yaucha
are streams of perennial discharge that varies along the year and
depends on the snowfalls generated by the Pacific humid airmasses
at their Andean headwaters. Arroyo La Estacada, also of perennial
discharge, is fed by springs located along a piedmont fault line and
by its tributaryArroyoAnchayuyodrainingwater fromother springs
andminor streams up in the NW sector of the piedmont (Fig.1). The
present channel pattern of the streams is variable, Arroyo La Esta-
cada and the lower reach of its tributary Arroyo Anchayuyo are
meandering (sinuosity index -SI- higher than1.7). Instead, the upper
reach of Arroyo Anchayuyo exhibits low sinuosity (SI: w1.16);
Arroyo Grande shows an alternating braided e sinuous pattern
along the upper reach grading downward tomoderate sinuosity (SI:
w1.25). Arroyo Yaucha sinuosity is moderate (SI:w1.25) decreasing
(SI: w1.08) when the stream traverses a fault line (Mehl, 2011)
corresponding to Los Alamitos fault zone (Casa et al., 2011) (Fig. 1a).

3. Methods

A general geomorphological survey was performed at the
piedmont fluvial systems in order to identify the main landforms.
The present floodplain environments are not analyzed in this
contribution. At Valle de Uco, the sedimentary analysis of the allu-
vial record was carried out along the banks of Arroyo La Estacada
(La Escala site), and its tributary Arroyo Anchayuyo (Puente El
Zampal site) (Fig. 1), where sections exhibit a lateral continuity of
several kilometers with an average exposed thickness of 20 m; an
additional section is described at Arroyo Grande (La Riojita site,
Fig. 1). In the southern part of the study area (Valle Extenso del
Campo Bajo) the sedimentary analysis was based on exposures
situated along the middle reach of Arroyo Yaucha (Los Alamitos 1
and Los Alamitos 2 sites, Fig. 1).

Lithological analysis and sampling were carried out at repre-
sentative sections of the geomorphological units identified in each
of these arroyos. Descriptions included textural composition,
thickness, limits according to Catt (1990), color (Munsell Color X-
Rite, 2000) and sedimentary structures of the deposits (Tucker,
2003). Sedimentary paleoenvironments were inferred based on
a facial analysis conducted byMehl (2010) according to Miall (1977,
2006) approach (Table 1); paleosols identification was based upon
the main criteria pointed out by Catt (1990).

Grain size analysis was made using a Malvern Mastersize Hydro
2000 mm laser diffractometer -detection range between 2000 mm
and 0.010 mm-; samples were classified according to Folk (1954).
The organic matter content was determined by wet oxidation fol-
lowed by titration with ferrous ammonium sulfate considering the
Van Bemmelen factor (1.72) that assumes a 58% of total organic
carbon in soil organic matter. A digital calcimeter was used to
determine calcium carbonate content.

The chronological calibration of the alluvial deposits was based
on both radiocarbon and OSL datings already published (Zárate,
2002; Zárate and Páez, 2002; De Francesco et al., 2007; Toms
et al., 2004; Zárate and Mehl, 2008) along with a new radio-
carbon date reported in this paper (Table 2). OSL ages reported by
Toms et al. (2004) were carried out on quartz grains of sandy
sediments above and below tephra layers. Radiocarbon dates, both
by beta-counting and accelerator mass spectrometry approaches,
were mainly performed on organic matter in sediment, two on
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Fig. 1. Andean Cordillera piedmont between 33 and 34�S (digital elevation model: http://dds.cr.usgs.gov/srtm/). A) Study sites location; main structures and morphological units,
cities and towns of the area. (*) Valle Extenso del Campo Bajo area (Polanski, 1963); to the north the Tunuyán depression develops between the Frontal Cordillera to the west and the
deformed Mio-Pliocene deposits of the Cerrilladas Pedemontanas and the Meseta del Guadal to the north and east, respectively. B) Main geological units identified at the study area
and surroundings.
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Fig. 2. Late Pleistocene e Holocene alluvial sequences at the Arroyo La Estacada and its tributary Arroyo Anchayuyo. A) Schematic sections of the Arroyos Anchayuyo (AeA0) and La
Estacada (BeB0) valleys at the study sites showing the main geomorphological and stratigraphical units involved. (*) Valle Extenso del Campo Bajo area (Polanski, 1963). B)
Stratigraphic contact between the aggradational plain and the fill terrace unit at the right margin of Arroyo La Estacada (view to the southwest). The Andean Cordillera -Cordón del
Portillo- is seen in the background. C) Northwest general view of the aggradational plain outcrops in the Arroyo Anchayuyo. The Andean Cordillera -Cordón del Plata- is also seen in
the background. D) Aggradational plain lower -LSS- and upper -USS- stratigraphic sections at Puente El Zampal site -in the left margin of Arroyo Anchayuyo. E) View of the fill
terrace at La Escala site (left margin of Arroyo La Estacada).
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charcoal, on a plant macrorest and some onmollusc shells (Table 2).
In paleosols and sedimentary layers with high content of organic
matter, samples were taken from the topmost 1 cm of the deposits.
Radiocarbon dating of soil organic material implies the measure-
ment of the various organic fractions mean residence time (Walker,
2005); therefore radiocarbon ages are generally younger than the
true ages of soils (Wang et al., 1996 in Walker, 2005). Also, humic
acids circulation, root penetration, earthworm and other biological
activity complicate the radiocarbon dating process (Walker, 2005);
as a consequence, the obtained and reported radiocarbon dates are
minimum ages. Radiocarbon dates were calibrated with the Calib
Radiocarbon Calibration Program 6.1.0 (Stuiver, Reimer and Reimer
Copyright 1986e2011, http://calib.qub.ac.uk/calib/); McCormac
et al. (2004) calibration data set was used (Table 2). Ages invalid
for the Southern Hemisphere calibration curve -older than
11 cal kyr BP- were reported as radiocarbon dates; in accordance
with McCormac et al. (2004) and Macario et al. (2008), these ages
should not be calibrated using the Northern Hemisphere calibra-
tion curve as an alternative because large-scale carbon reservoirs
changes may have altered the interhemispheric offset before the
Holocene. For interpretation purpose, calibrated ages consider
a 95.4% confidence interval (2 Sigma).

4. Results

4.1. The alluvial record of Arroyo La Estacada

At Arroyo La Estacada basin (Figs. 1 and 2a), the aggradational
plain, incised by the present valley of Arroyo La Estacada and also

by its tributaries (Fig. 2b and c) is characterized by a flat and gently
steeping topography; it drops from near 1300m asl at the footslope
of the mountain front to around 700 m asl at the vicinity of the
Tunuyán river (Fig. 1).

On the basis of its general lithological characteristics the
succession of the aggradational plain has been divided into a lower
and an upper stratigraphic section (Zárate andMehl, 2008) (Figs. 2d
and 3). At Puente El Zampal site (33�2605200S, 69�0300900W), from
bottom to top, the lower section (9e17 m depth) with an
unexposed basal contact is dominantly composed of
homogeneous light brownish gray to light brown (10YR 6/2 and
6/3) massive sands (Sm lithofacies) (Fig. 4a); beds are laterally
continuous with a thickness ranging from 0.3 to 1.0 m. The organic
matter is lower than 0.2%, while the carbonate concentration in the
matrix varies between 5 and 35%.

Gravel deposits (Gmm and Gh lithofacies), are minor compo-
nents of the lower stratigraphic section consisting of lenses made
up of well rounded fine to coarse clasts of metamorphic and
igneous rocks; while common to very common medium to small
size carbonate nodules of irregular shapes (P lithofacies) occur
throughout it (Fig. 4a).

Discrete tephra layers (Tl lithofacies) are interstratified within
the Sm lithofacies, at Puente El Zampal section one occurs at 17 m
depth along with two dark brown thin layers (limnic levels, C
lithofacies) (Fig. 4a) laterally traceable for several kilometers, with
an average thickness of 2 cm and up to 0.8% of organic matter
content. The uppermost limnic level of the lower lithostratigraphic
sectionwas dated at Puente El Zampal profile (atw12.5m depth) at
17,110 � 70 14C years (Table 2).

Table 1
Description and interpretation of the lithofacies observed in the analyzed alluvial sedimentary deposits.

Lithofacies Description Interpretation

Clastic Gmm Matrix e supported massive gravels. Deposition from hyperconcentrated flows.
Gmc Clast e supported massive gravels. Channel lag deposits.
Gh Clast e supported or scarcely matrix e supported,

horizontally stratified gravels.
Deposition of remains materials in channels and/or longitudinal bars.

Sh Horizontally laminated fine sand and silty sand. Deposits of high flow stage.
Sr Ripple cross e laminated fine sand, silty sand and

sandy silt.
Subaqueous migration of trains of ripples with a low rate of sedimentation
from suspension leading to mutually erosive ripples.

Src Climbing ripple cross e laminated fine sand, silty
sand or sandy silt.

Subaqueous migration of trains of ripples and addition of sediment from
suspension leading to partial preservation of the stoss sides of a ripple and
climbing of the ripple train.

Sm Massive sand, silty sand or sandy silt, well selected,
scarcely coarse sand disperse. Horizontal beds,
laterally continuous, variable thick.

Fluid flows or secondary weathering process affecting the structure of deposits.

Sgm Massive gravelly sand. Channel lag deposits.
Sme Well selected, massive or with diffuse horizontal

lamination fine sand or silty fine sand.
Aeolian ripple migration or vertical aggradation in a sandy blanket partially
vegetated.

Fl Horizontal laminated sand, silty sand, sandy silt,
silts or clays. Interbedded silts and clay.

Deposition from a suspension load or sometimes deposition from weak
traction currents in overbank areas.

Fm Massive silt - clay. Occasionally with bioturbation
and pedogenesis features. Also, thin mud drapes
develop over gravel, sandy gravels and sand.

Deposition from a suspension load and likely later bioturbation and
pedogenesis.

Fsm Horizontal laminated silts, clays, clayey silts or
silty clays.

Deposition from a suspension load in distal overbank areas.

Tl Massive tephra layers. Ash fall.
Non clastic C Organic charcoal in sediments. Dark to very dark

colors and abundant organic matter content.
Abrupt superior and inferior limits, sometimes
laterally continues for several meters.

Deposition of organic matter either transported in water suspension or
derived from floating aquatic plants. Also, plant accumulation in a
swampy environment.

P Nodules and concretions of variable form and size. Pedogenetic process, evaporation of shallow waters in overbank areas or
movement of water through the alluvial deposit.

D Moderate to highly indurate sediments (hardened crust).
Cements could be formed by calcium carbonate
and/or sulfates.

Chemically precipitated soluble salt accumulations from mineral-bearing
waters likely moving upward by capillary action and evaporate during
dry seasons.

Pa Alluvial sedimentary deposits with development
of pedological features.

Pedogenetic processes develop in overbank sedimentary deposits with
abundant vegetation and water.

Psme Aeolian massive or horizontal laminated fine sand
and silty sand, well selected, with development of
pedological features.

Pedogenetic processes affecting aeolian deposits.

A.E. Mehl, M.A. Zárate / Journal of South American Earth Sciences 37 (2012) 41e59 45
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At La Bomba site (Fig. 1), De Francesco et al. (2007) reported
a 50 m long and 2 m thick lense consisting of horizontally stratified
clayey silty sands (Fm lithofacies) with very commonmollusc shells
interstratified within the massive tabular fine sandy deposits of Sm
lithofacies. It also can be observed that Sm and Fm lithofacies are
interbedded with massive to horizontally bedded fine sands (Sm/
Sh lithofacies) andmatrix supported fine gravels (Gmm lithofacies).

The uppermost 2 m (9e11 m depth interval) of the lower
stratigraphic section is made up of homogeneous and massive
light brown (10 YR 6/3) fine sand to silty sand deposit (Sme
lithofacies, Table 1). The topmost part of Sme lithofacies exhibits
a darker color with an average organic matter content of 0.8%, very
common porosity and bioturbation features mainly related to root
channels (Psme lithofacies). The lower and topmost parts of this
level were dated at 11,709e12,075 cal yr BP (9.1 m depth) and
10,685e11,144 cal yr BP (8.9 m depth), respectively (Table 2).

The upper section of the aggradational plain (0e9 m depth), on
top of the Psme lithofacies, begins with a 3 m thick set of
horizontally laminated and massive bedded sandy silts and clayey
silts (Fl, Fm and Fsm lithofacies) of variable thickness, including
thin massive fine sand layers of 5e10 cm thick (Sm lithofacies).
The set is interbedded with horizontally laminated fine sands (Sh
lithofacies) and thin ripple/climbing ripple cross-laminated fine

sand to silty sand layers up to 5e10 cm thick (Sr and Src lithofacies.
Fig. 4b). Very common limnic levels (C lithofacies) are inter-
stratified in these deposits with the lowermost yielding a date of
10,303e10, 753 cal yr BP (8.7 m depth) (Table 2). A set of inter-
bedded massive silty sand and sandy silt layers (Sm and Fm lith-
ofacies) continues upwards. The topmost part of these sedimentary
layers exhibits darker colors and bioturbation features (Pa lith-
ofacies). At Puente El Zampal site (Fig. 1), Pa lithofacies deposits
were dated at 8454e8968 cal yr BP (w6.35 m depth) and
2967e3211 cal yr BP, respectively (Fig. 4c. Table 2). The latter,
0.5m below the ground surface (Fig. 4c), is overlain by amoderately
to highly hardened layer cemented by calcium carbonate and
gypsum (D lithofacies. Fig. 4c). In turn it is covered by amassive and
loose fine sand blanket (Sme lithofacies) that is the parent material
of the present soil (Fig. 4c).

The fill terrace deposits (Fig. 2a and b) of Arroyo La Estacada are
nearly 18-m-thick. They constitute a narrow unpaired terrace with
a maximum width of around 100 m; the terrace surface is placed
w6m below the surface of the aggradational plain. The deposits are
unconformably overlying the alluvial deposits of the aggradational
plain (Fig. 2a). At La Escala site (33� 280 47.400 S y 69� 010 15.800 W)
(Fig. 2e) the sequence is composed of basal sandy fine gravels
(Gmm lithofacies) consisting of well rounded fine clasts of

Table 2
Radiocarbonic ages obtained from the alluvial deposits analyzed at the studied sites. OM: organic matter in sediments. M: plant macrofossil remain. Radiocarbon ages were
calibrated using calib 6.1.0 Program, 2 sigma standard deviation and the South Hemisphere calibration curves (McCormac et al., 2004). (*) South Hemisphere calibration curves
are not valid to calibrate this age.

Sample site Fluvial landscape
landform

Sample
depth (m)

Lab No Author Measurement
method

Material D13C (%) 14C age (BP) Relative
area under
distribution

95.4% (2 Sigma)
calibrated age
range

Puente El
Zampal

Aggradational
plain

0.5 NSRL-12644 Zárate and Mehl
(2008)

AMS OM �15.0 2990 � 30 1 2967e3211

6.35 Beta 135581 Zárate and Páez
(2002)

Beta-counting OM �25.0 7890 � 50 0.96 8454e8968
0.022 8832e8862
0.0004 8890e8890
0.019 8919e8952
0.002 8964e8968

8.7 Beta-135580 Zárate and Páez
(2002)

Beta-counting OM �25 9420 � 60 0.005 10,303e10,314
0.995 10,391e10,753

8.9 Beta-135579 Zárate and Páez
(2002)

Beta-counting OM �25.0 9610 � 60 1 10,685e11,144

9.1 NSRL-12643 This paper AMS OM �15.8 10,250 � 40 1 11,709e12,075
12.7 Beta 154137 Zárate and Páez

(2002)
Beta-counting OM �21.0 17,110 � 70 Calibration curve is not valid *

La Escala Fill terrace 1.05 NSRL-12651 Zárate and Mehl
(2008)

AMS charcoal �24.4 435 � 25 0.83 444e506
0.17 333e506

1.5 NSRL-12652 Zárate and Mehl
(2008)

AMS OM �15.8 540 � 25 1 504e545

7.4 NSRL 12653 Zárate and Mehl
(2008)

AMS OM �23.1 3570 � 20 1 3699e3868

8.7 NSRL-12654 Zárate and Mehl
(2008)

AMS OM �22.8 3860 � 40 0.022 4008e4031
0.88 4082e4318
0.047 4322e4357
0.044 4367e4406

14.0 NSRL12655 Zárate and Páez
(2002)

AMS M �23.4 5270 � 65 0.058 5758e5822
0.941 5884e6186

La Riojita Unidentified
(fill terrace?)

1.35 AA72820 Mehl (2011) AMS OM �21.1 842 � 33 1 672e764
1.7 AA72819 Mehl (2011) AMS OM �22.3 2242 � 33 0.99 2111e2329

0.01 2068e2079
Los

Alamitos 1
Upper
fill terrace

3.0 AA76540 Mehl (2011) AMS OM �19.9 5678 � 43 1 6304e6492
3.45 AA76541 Mehl (2011) AMS OM �23.6 5821 � 44 1 6441e6672
4.55 AA76539 Mehl (2011) AMS OM �25 7481 � 47 1 8162e8376
6.1 AA76538 Mehl (2011) AMS OM �23.7 9407 � 116 0.923 10,440e10,822

0.01 10,844e10,867
0.06 10,952e11,070

5.3 AA76537 Mehl (2011) AMS OM �25.4 10,389 � 60 0.995 11,973e12,398
0.005 11,848e11,855

Los
Alamitos 2

Lower
fill terrace

0.5 AA76542 Mehl (2011) AMS OM �23.7 477 � 35 0.04 339e353
0.96 450e535

1.30 AA76543 Mehl (2011) AMS OM �24.1 2699 � 42 0.007 2622e2857
0.993 2712e2857

A.E. Mehl, M.A. Zárate / Journal of South American Earth Sciences 37 (2012) 41e5946
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Fig. 3. Aggradationalplainprofile atPuenteElZampal site -ArroyoAnchayuyo- andvertical percentagevariationof granulometric fractions (sand, silt and clay), organicmatterandcalcium
carbonate contents. In the lower part: Folk (1954) triangular diagram and organic matter/calcium carbonate content pie diagrams. Abbreviations of lithofacies are explained in Table 1.
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metamorphic and igneous rocks. These deposits are overlain by
massive medium sand to fine sand beds (Sm lithofacies) showing
common oxidized roots. At a depth of w14 m, an age of
5758e6186 cal yr BP (Fig. 5. Table 2) was obtained from a vegetal
macrorest included in Sm lithofacies which gradually passes into
amuch darker color layer with bioturbation features (Pa lithofacies)
and a 2.5% organic matter content dated at 4008e4406 cal yr BP
(8.7 m depth. Fig. 5. Table 2). This lithofacies is buried by very fine
silt and clayey silts layers (Fl lithofacies) interbedded with thin
climbing ripple cross-laminated fine sand to silty sand layers (Src
lithofacies). The sequence continues upwards with massive silty
fine sand beds (Sm lithofacies) including frequent dark brown thin
layers (C lithofacies), one of them dated at 3699e3868 cal yr BP
(7.4 m depth. Table 2), and distinct darker color levels with very
common porosity and bioturbation features (Pa lithofacies) exhib-
iting a lateral continuity of hundred of meters; the topmost with an
age of 504e545 cal yr BP (w2 m depth. Table 2). Pa lithofacies
shows the highest organic matter contents -between 0.8 to 2.4%-
and calcium carbonate concentrations �5 to 9%- of the fill terrace
deposits. The uppermost of these levels is covered by amassive fine
sand bed (Sm lithofacies) containing charcoal fragments dated at
333e506 cal yr BP (w1 m depth. Table 2). The alluvial sequence is
blanketed by loose and massive fine sand sediments (Sme
lithofacies).

4.2. The alluvial record of Arroyo Grande

The area drained by the Arroyo Grande lower reach has been
deeply modified by urbanization and intense agriculture masking
its geomorphological features. An aggradational surface consisting
of fine grained alluvial deposits is identified along the river banks.
The stream entrenched into the aggradational surface is around 9m
below the topographic surface. The most complete exposure is
situated at La Riojita site (33�3605400 S, 69�08’580’W) (Figs. 1, 6a, b, c
and 7) where the sequence is predominantly made up of fine
sediments comprising sandy silt, silty sand and silt. The lower
exposed units (depth interval between 9.2 and 7 m) are formed by
massive coarse silt to very fine to fine sand horizontal beds (Fm and
Sm lithofacies) of variable thickness (0.2e0.5 cm). The organic
matter content and calcium carbonate are lower than 0.2% and 2%,
respectively (Fig. 7).

A 60-cm-thick massive fine to coarse sand deposit (Sm lith-
ofacies) with up to 0.8% of organic matter follows upwards grading
into horizontal andmassive coarse silt-very fine sand and sandy silt
deposits interbeddedwith coarse to fine sand beds of similar aspect
(Sm lithofacies) (depth interval between 7 and 3 m). At the
uppermost part, massive coarse to very coarse silt beds (Fm lith-
ofacies) and limnic levels (C lithofacies) interbedded with Sm
lithofacies; organic matter concentration varies between 0.1 and
1%, with the highest values associated to C lithofacies. Two levels
with pedological features (Pa lithofacies) are developed at the

upper part of the section yielding minimum ages of
2068e2329 cal yr BP (1.7 m depth) and 672e764 cal yr BP (1.35 m
depth), respectively (Fig. 7. Table 2). The organic matter content
ranges from 0.4 to 1.6% while calcium carbonate concentration
varies from near 28% at the lower of these two levels to 10% at the
upper one.

4.3. Alluvial record of Arroyo Yaucha

The valley of Arroyo Yaucha, at Valle Extenso del Campo Bajo
(Polanski, 1963) (Fig. 1), is incised into the mid-Pleistocene pyro-
clastic deposits of the Maipo caldera event (Sruoga et al., 2005)
(Fig. 6a). Four fluvial terraces are identified, the two oldest
composed of gravel deposits grouped into La Invernada and Las
Tunas Formations (Fig. 6d; Polanski, 1963) with ages likely older
than the late Pleistocene. The two youngest terraces, which have
been the focus of study in this paper, are analyzed at Los Alamitos
site (34�0305400S, 69�0800600W) and called upper and lower fill
terraces (Fig. 6e); they record the end of the Pleistocene and the
Holocene (Mehl, 2010, 2011).

The alluvial sequence of the upper fill terrace (Fig. 6e) was
described at Los Alamitos 1 section (Fig. 8). It is a 6.5 m thick
succession consisting of a lower section -between 6.5 and 2.5 m
depth- made up of massive polymictic mostly clast-supported
gravel deposits (Gmc/Gmm lithofacies. Fig. 9a and b) overlain by
massive fine sand to silty sand deposits interbedded with massive
sandy coarse silt (Sm and Fm lithofacies); included are very
common sedimentary levels with up to 1% organic matter content
(C lithofacies); two of them yielded ages of 10,440e11,070 cal yr BP
(6.1 m depth) and 11,848e12,398 cal yr BP (5.3 m depth) (Table 2).
Massive tabular sandy silts (Fm lithofacies) continue upward
showing several interbedded levels assigned to lithofacies C, one of
them dated at 8162e8376 cal yr BP (4.55 m depth. Table 2). On top
of this deposit two levels showing darker color and pedological
features (Pa lithofacies) with organic matter contents close to 1.2%
provide ages of 6441e6672 cal yr BP (3.45 m depth) and
6304e6492 cal yr BP (3 m depth) (Fig. 8. Table 2).

The upper part of the sequence (2.5 m depth to the surface)
exhibit massive silty sand beds containing randomly distributed
gravel size fragments that compose Sgm lithofacies (Fig. 9c). On top,
there are deposits of massive silty fine sand beds (Sm lithofacies)
with a darker color and pedological features in the upper part (Pa
lithofacies); the present day soil developed at the topmost part of
the alluvial sequence (Fig. 9c).

The lower fill terrace (Fig. 6e), described at Los Alamitos 2
section (Fig. 10), was formed by aggradation following the incision
of the upper fill terrace deposits. Its base consists of matrix sup-
ported massive gravels (Gmm lithofacies) grading upward into
clast-supported slightly horizontally stratified gravels (Gh lith-
ofacies). The medium and upper parts of the sequence consist
mainly of Sm lithofacies interbedded with massive silt and sandy

Fig. 4. View of some lithofacies at Puente El Zampal site, Arroyo Anchayuyo; geographical directions are indicated in the photographs’ right lower corner. A) Lithofacies Sm, C and P.
B) Lithofacies Sr, a recent root crosses the middle part of the photograph. C) Lithofacies Sm, D, Pa and Fm. See Table 1 for lithofacies abbreviations.
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Fig. 5. Fill terrace profile at La Escala site -Arroyo La Estacada- and vertical percentage variation of granulometric fractions (sand, silt and clay), organic matter and calcium carbonate
contents. In the lower part: Folk (1954) triangular diagram and organic matter/calcium carbonate content pie diagrams. Abbreviations of lithofacies are explained in Table 1.
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Fig. 6. Mid? e late Holocene and late glacial e Holocene alluvial sequences at the arroyos Grande and Yaucha respectively. A) Schematic sections of the arroyos Grande (CeC0) and
Yaucha (DeD0) valleys (in this case according to Polanski -1963- description) at the study sites showing the main geomorphological and stratigraphical units involved. (*) Valle
Extenso del Campo Bajo area (Polanski, 1963). B) General view of the middle?-late Holocene alluvial sequence in La Riojita site, left margin of Arroyo Grande. C) Close-up view of
Fig. 6b. D) Upstream view (to the south) of the Arroyo Yaucha fluvial valley near Los Alamitos 1 and 2 sites. In the background the Andean Cordillera -Cordón del Carizalito- is seen.
E) Late Pleistocene and Holocene upper and lower terrace records in the right margin of Arroyo Yaucha, Los Alamitos 1 and 2 sites respectively.
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Fig. 7. Profile at La Riojita site -Arroyo Grande- and vertical percentage variation of granulometric fractions (sand, silt and clay), organic matter and calcium carbonate contents. In
the lower part: Folk (1954) triangular diagram and organic matter/calcium carbonate content pie diagrams. Abbreviations of lithofacies are explained in Table 1.
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Fig. 8. Profile at Los Alamitos 1 site -Arroyo Yaucha- and vertical percentage variation of granulometric fractions (sand, silt and clay), organic matter and calcium carbonate
contents. In the lower part: Folk (1954) triangular diagram and organic matter/calcium carbonate content pie diagrams. Abbreviations of lithofacies are explained in Table 1.
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silt sediments (Fm lithofacies) including very common levels rep-
resenting C lithofacies, one of them dated at 2622e2857 cal yr BP
(1.3 m depth. Table 2). Pedological features (Pa lithofacies) devel-
oped on top of Fm lithofacies, with a minimum age of
339e535 cal yr BP (0.5 m depth. Table 2). Fm lithofacies is covered
by silty sand deposits (Sm lithofacies) of variable lateral thickness
with the present day soil developed on top.

Pa and C lithofacies of both the upper and lower fill terrace
present organic matter contents varying from 0.5 to 1.8%; on
average in the rest of the alluvial deposits the organic matter
contents are lower than 0.4%. Calcium carbonate concentrations at
the upper fill terrace are in general lower than 5% reaching up to
23% (w1.5 m depth), while at the lower fill terrace they are lower
than 1%, with a maximum of 6% in a level with pedological features
(w0.9 m depth).

5. Discussion

5.1. Paleoenvironments

5.1.1. Late Pleistocene and Holocene paleoenvironments in the
Tunuyán depression

The numerical ages obtained suggest that aggradation at Arroyo
La Estacada was already underway at least since circa 40 ka BP;
there De Francesco et al. (2007) reported ages between 35 and
31 ka BP at La Bomba site, while an age of around 50 ka is derived
from the nearby Arroyo Las Torrecitas (Fig. 1) (Toms et al., 2004).
Hence the exposed alluvial section under study encompasses the
time interval of Marine Isotope Stages (MIS) 1e3 (Fig. 11a).
However, as the basal contact of the succession is not exposed the
beginning of sediment accumulation was likely much older than
40 ka, perhaps as old as the last interglacial (circa 130 ka BP) or even
older (Perucca et al., 2011).

The lithofacies of the alluvial aggradational plain are grouped
into a facies association (Gmm, Gh, Sm, Sme, Sh, Sr, Src, Fl, Fm, Fsm,
C, Psme, Pa lithofacies) mainly related to sheet fluid overflows that
affected overbank areas and probably temporary inactive channels
of sandy-like braided streams in distal fan environments (Miall,
1977, 2006; Bridge and Demicco, 2008; Nichols, 2009) between
ca. 50 ka BP and the early Holocene (Fig. 11b). Gravel Gmm and Gh
lithofacies -secondarily represented- suggest deposition from likely
hyperconcentrated flows and channel lag deposits or longitudinal
bar development (Miall, 1977, 2006). Sm lithofacies indicates fluid
overflows probably blanketing inactive areas of sandy braided
channels (Table 1); Sr and Src lithofacies show the occurrence of
weak traction currents with lower-flow-regime bed forms gener-
ation, and Sh lithofacies indicates deposition in a high flow stage
(Miall, 2006 and Bridge and Demicco, 2008). Fl, Fm and Fsm lith-
ofacies represent deposition from suspension (Miall, 2006; Bridge
and Demicco, 2008). Sm lithofacies is frequently associated with
calcitic nodules and concretions of P lithofacies. With a secondary

participation in the aggradational plain sequence, Pa lithofacies can
be regarded as a sign of soil forming processes affecting not only
alluvial sediments but also aeolian deposits (Sme lithofacies)
accumulated in the overbank areas.

The coalescence of distal alluvial fans, since at least 50 ka, led to
the formation of the aggradational plain. Alluvial sedimentation
was punctuated by the fallout of volcanic ashes (Tl lithofacies)
derived from Andean eruptions as well as brief intervals with
higher organic inputs into the system (limnic layers, C lithofacies).
Aeolian sedimentation became dominant in the piedmont aggra-
dational plain sometimes after 17,110 � 70 14C yr BP until ca.
11,709e12,075 cal yr BP with the accumulation of around 1.5 m of
sandy loess deposits (Sme lithofacies) which suggest dominant arid
conditions (Puente El Zampal site. Fig. 3).

The Last Glacial Maximum and the Late Glacial aeolian sedi-
mentationwas followed by a soil forming interval which started ca.
11,709e12,075 cal yr BP and lasted until circa 10,685e11,144 cal yr
BP resulting in a paleosol (Psme lithofacies) (Puente El Zampal site.
Fig. 3). The occurrence of a soil forming interval permits to infer
a period of relative landscape stability across the fluvial basin. It
may reflect the onset of the Holocene climatic conditions related to
the prevailing influence of the Atlantic anticyclonic center in
central Argentina (Zárate and Páez, 2002; Markgraf et al., 2009;
Piovano et al., 2009). After the interval of soil formation, aggrada-
tion continued with numerous overbank episodes of different
magnitude corresponding to flooding events along with several
limnic layers (from 9 to 0 m, Puente El Zampal site. Fig. 3). Episodes
of overbank deposition were followed by stability intervals docu-
mented by the occurrence of distinct paleosols (Pa lithofacies)
along the central part of La Estacada valley ca. 8454e8968 (Puente
El Zampal site. Fig. 3). Therefore during the early Holocene the
alluvial record of the piedmont is characterized by more fluvial
variability than prior to the development of the Late Pleistocene/
Holocene paleosol. Flood events might have been originated under
conditions similar to present floods caused by relatively heavy
summer rainfalls generated by storms coming from the Atlantic.

Prior to 5758e6186 cal yr BP (oldest date obtained from a plant
macrorest near the base of Arroyo La Estacada fill terrace), the
aggradational plain was incised by the excavation of an approxi-
mately 25 m deep channel followed by aggradation represented by
the alluvial record of the fill terrace (La Escala site. Fig. 5). Posdating
the incision, the aggradational plain surface became stable as it is
recorded by a paleosol (Pa lithofacies) developed at least until
2967e3211 cal yr BP (Puente El Zampal site. Fig. 3); this stability
interval was followed by the formation of a carbonate-gypsum
crust (D lithofacies) of unknown origin (evaporation? topsoil
leaching?) and the accumulation of the uppermost aeolian apron,
parent material of the present soil that blankets the fluvial
geomorphological units identified.

In the meantime, aggradation generated the mid-late Holocene
alluvial record of the fill terrace (La Escala site. Fig. 5). The sequence

Fig. 9. View of some lithofacies at Los Alamitos 1 site, Arroyo Yaucha; geographical directions are indicated in the photographs’ right lower corner. A) Lithofacies Gmc/Gmm, C and
Fm. The scale indicates 30 cm. B) Close-up view of the area framed in photograph A. C) Lithofacies Sgm and Pa. See Table 1 for lithofacies abbreviations.
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is composed of a lithofacial association (Gmm, Sm, Src, Sme, Fm, Fl,
Pa, C lithofacies) corresponding to a fining upward sequence of
a sinuous fluvial system (Miall, 2006; Bridge and Demicco, 2008;
Nichols, 2009) (Fig. 11b). The lower part consisting of Gmm lith-
ofacies and Sm lithofacies indicates the occurrence of fluvial
processes restricted to the fluvial channel, e.g. channel fills or build-
up of point bars, and likely the most proximal floodplain area to the
channel belt (Bridge and Demicco, 2008). The development of
a paleosol (Pa lithofacies) on top of the lower deposits
(4008e4406 cal yr BP) may indicate a cut-off event and the aban-
donment of the meandering belt. Afterward, alluvial aggradation
was dominated by overbank depositional episodes, including very

common limnic levels, followed by soil forming intervals. Alluvial
aggradation continued until relatively recent times
(w504e684 cal yr BP) when the fill terrace deposits were incised;
then aeolian deposits (Sme lithofacies) covered the sequence.

Also the alluvial sequence exposed at Arroyo Grande banks (La
Riojita site. Fig. 7), with an unexposed basal contact, seems to
indicate a fining upward sequence probably related to a sinuous
fluvial system facies association (Sm, Fm, C and Pa lithofacies)
(Miall, 2006; Bridge and Demicco, 2008; Nichols, 2009). The allu-
vial sequence mainly records overbank events, organic matter
inputs (C lithofacies) to the floodplain area and two episodes of soil
formation (Pa lithofacies) at 2068e2329 and 672e764 cal yr BP,

Fig. 10. Profile at Los Alamitos 2 site -Arroyo Yaucha- and vertical percentage variation of granulometric fractions (sand, silt and clay), organic matter and calcium carbonate
contents. In the lower part: Folk (1954) triangular diagram and organic matter/calcium carbonate content pie diagrams. Abbreviations of lithofacies are explained in Table 1.
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Fig. 11. A) Log indicating marine isotope stages (Wilson et al., 2000) identified in the studied sites. Radiocarbon ages reported by De Francesco et al. (2007) are indicated; ages older
than 11.0 cal kyr BP are reported as radiocarbon ages according to McCormac et al. (2004). B) Sketch summarizing the Late Glacial and Holocene paleoenvironmental evolution of
the piedmont between the 33e34�S and the main processes involved.
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respectively (Miall, 2006). The excavation of the present incised
channel occurred after 672e764 cal yr BP. Considering its general
lithological characteristics, along with the ages of the upper part,
the succession is very likely representing the mid-late Holocene
aggradation cycle of Arroyo La Estacada basin.

A general pattern is apparent when the organic matter and
calcium carbonate contents of the geomorphological units are
compared. The late Pleistocene/early-mid Holocene aggradational
plain at Arroyo La Estacada is characterized by higher contents of
calcium carbonate at the sedimentary matrix (average content
varying from 5 to 20% with a maximum of 35%). Perhaps this was
related to much higher evaporation under drier conditions in the
distal fan environments in comparison with the mid-late Holocene
floodplains (fill terrace succession) with much lower calcium
carbonate content (between 2% and 10% -Figs. 3 and 5).

Regarding the organic matter content, deposits of the lower
lithostratigraphic section of the aggradational plain (older than ca
12 ka cal yrs BP) show on average low contents (<0.5%) with
a fewer number of limnic levels and no discrete paleosols; the
relative frequency of both raise in the upper lithostratigraphic
section (younger than 11,000 cal yrs BP) reaching up to 0.8% of
organic matter at some levels. In turn, mid-to late Holocene alluvial
deposits of the fill terrace sequence are characterized by the
occurrence of frequent limnic levels as well as paleosols with
average contents of organic matter of around 0.8%. The higher
organicmatter content of the Holocene deposits might be related to
a greater vegetal production in the overbank-floodplain areas
during this interval.

5.1.2. Lateglacial and Holocene paleoenvironments in the Valle
Extenso

The Late Glacial and Holocene alluvial sequence recorded both
at the upper and lower terraces observed at Arroyo Yaucha shows
also a fining upward sequence of a sinuous fluvial system (facies
association: Gh, Gmc, Gmm, Sm, Fm, C, Pa lithofacies). The lower
section of the upper terrace is dominated by gravel lenses of
a stream channel (Gmc/Gmm lithofacies) (Bridge and Demicco,
2008) overlain by fine sediment layers (Sm, Fl, Fm and Fsm lith-
ofacies) interbedded with limnic levels (C lithofacies) spanning
from ca 10,440e12,398 cal yr BP to ca 8162e8376 cal yr BP (Los

Alamitos 1 site. Fig. 8). These deposits indicate overbank deposi-
tional episodes and organic matter inputs to the floodplain area
(Miall, 2006). A soil forming interval (Pa lithofacies) is recorded at
ca 6500 cal yr BP followed by the renewal of alluvial aggradation
and an interval of soil formation at the upper part (Los Alamitos 1
site. Fig. 8).

An episode of channel incision occurred sometime during a time
interval bracketed between 6500 cal yr BP and well before
2.622e2.857 cal yr BP (limnic level at the middle part of the
section) followed by alluvial aggradation under conditions of
a sinuous fluvial stream (fining upward sequence) (Los Alamitos 2
site. Fig. 10). Incision of the present channel and the formation of
the current floodplain took place after w339e535 cal yr BP.

5.2. Regional correlations

The late Pleistocene and early Holocene dynamic of the Frontal
Cordillera piedmont between 33� and 34�S documents an interval
of alluvial aggradation characterized by the dominant accumula-
tion of fine grained deposits in sandy-like braided systems of distal
fan environments, interrupted by aeolian and limnic deposition
intervals. The aeolian sedimentation process occurred sometimes
after 17,110 � 70 14C yr BP until ca. 11,709e12,075 cal yr BP sug-
gesting dominant arid conditions in the piedmont; also the San
Rafael Plain, placed in the eastern piedmont of the San Rafael Block
(200 km south of the studied area), records a significant aeolian
activity ca. 24e12 ka (Tripaldi et al., 2011). This coincides with
a period of active aeolian sedimentation across central Argentina
during the Last Glacial Maximum and the Late Glacial documented
by loess accumulation in the eastern and central Pampas of Buenos
Aires and Córdoba provinces (Kemp et al., 2004, 2006; Frechen
et al., 2009) and sand dune formation in the western Pampas of
San Luis province (Tripaldi and Forman, 2007). Synchronously,
mountain glaciationwas active in the high upper basins of themain
Andean fluvial systems, where maximum extension of the last
glaciation occurred close to 21 ka (Espizua, 2005). Terraces
formation has been reported at other Andean fluvial systems
during the late Pleistocene (Table 3). South of the studied area,
Baker et al. (2009) described five terraces along the Diamante River,
the two youngest of them (Qt4 abandonment age: 22 � 7 ka and

Table 3
Correlation of the study fluvial systems dynamic with some other major fluvial systems of the region. (*) This study.
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Qt5 abandonment age: 13 � 3 ka) were correlated with the timing
of the Last Glacial Maximum and the Late Glacial in Patagonia.
Messager (2010) identified three alluvial cones (Q6C, Q5C and Q0C)
and four terrace levels (Q4T, Q3T, Q2T, Q1T) at the upper Atuel River
valley (El Sosneado). Two of these terraces (Q3T and Q2T) were
correlated with the youngest terraces described by Baker et al.
(2009), while Q1T was considered to postdate the late Pleistocene.
At the mountain catchment-fan system of Las Tunas River (Fig. 1)
situated at a proximal piedmont location and very close to the
study area of Arroyo La Estacada, Pepin (2010) reported the
formation of two entrenched terraces formed between 20 ka and
20e15 kawhich were interpreted of climatic origin. All these fluvial
incision events, attributed to the general climatic change from
glacial to interglacial conditions, are not recorded in the alluvial
sections of the studied area where a continuous aggradation
occurred during the time of the terraces formation. The different
fluvial responses of the streams under analysis are the results of
their general geomorphological settings. These fluvial systems
include alluvial channels located in the distal piedmont with much
lower gradients and dominant accumulation of sandy and silty
material. Instead, the upper Atuel River, the mid reach of the Dia-
mante River and the upper Las Tunas River are situated within the
mountain system or much closer to the mountain front with
greater gradients, dominant accumulation of gravels and the
occurrence of bedrock channels (Diamante, Atuel and mountain
reach of Las Tunas River).

The piedmont aeolian aggradational event of the late Pleisto-
cene was followed by a soil forming interval near the late
Pleistocene-early Holocene transition. A similar soil forming
interval (Puesto Callejón Viejo paleosol, Fidalgo et al., 1973), is
recorded in the alluvial sequences of the eastern Pampas of Buenos
Aires province during the PleistoceneeHolocene transition (Zárate
et al., 2000; Quattrocchio et al., 2008; Zech et al., 2009).

The mid-late Holocene is marked by two major episodes of
degradation registered across the fluvial systems of the study area
and by aggradation in sinuous fluvial systems. At Arroyo La Esta-
cada -Tunuyán depression- the first incision episode of the aggra-
dational plain occurred sometime during the early to middle
Holocene transition followed by aggradation. The second incision
event occurred during the late Holocene, in very recent times,
excavating previous deposits while alluvial sediments of the
present floodplain environments were accumulated in the last
centuries. At Arroyo Yaucha basin -Valle Extenso del Campo Bajo-
these two episodes are also registered between the upper and
lower fill terraces and between the lower fill terrace and the recent
floodplain deposits, respectively.

According to Bull (1990, 1991) the occurrence of relatively
synchronous degradation events in different tectonic settings
permit to infer changes in climatic conditions. In agreement, both
the Tunuyán depression and the Valle Extenso del Campo Bajo
record an incision episode during the early to mid Holocene that
could be considered of regional extension taking into account that
it is also recorded in the middle reach of Atuel River (Zárate and
Mehl, 2011). During the early-mid Holocene paleoclimatic
records of Chile and Argentina document a climatic fluctuation
revealing an opposite dynamic at both sides of the South American
Arid Diagonal. The climatic fluctuation consistent with the atmo-
spheric circulation proposed at this latitudinal range (Piovano
et al., 2009; Labraga and Villalba, 2009) would result from
a northern latitudinal shift of the Westerlies and the weakening of
the Atlantic anticyclonic center resulting in more humid condi-
tions in the western Andean piedmont and drier conditions in the
eastern Andean piedmont and central Argentina. In central Chile,
this pattern is illustrated by the records of Laguna Aculeo (33�500S)
and Laguna Las Ranas (39�110 S and 72�050 W) suggesting that arid

conditions dominated during the early Holocene until ca.
5700 cal yr BP, and 5 ka respectively, when more humid conditions
began to prevail (Jenny et al., 2002; Abarzúa et al., 2010) Accord-
ingly, mid-late Holocene glacier advances are recorded at the
upper basin of the Grande River (35� S) in the eastern Andean
piedmont (Espizua, 2005). Instead, the mid-late Holocene of
central Argentina is marked by increasing aeolian activity (Muhs
and Zárate, 2001; Zárate, 2007) resulting in dune reactivation in
several localities of central-western Argentina (Tripaldi and
Forman, 2007; Kemp et al., 2004; Frechen et al., 2009).

Therefore, it is hypothesized that the climatic fluctuation
occurring prior to at least 5, 7 ka cal BP may have triggered the first
episode of degradation recorded in the analyzed piedmont fluvial
systems. Assuming more humid conditions in the high Andes, due
to a northern shift of the westerlies (Piovano et al., 2009; Labraga
and Villalba, 2009), winter snowfalls increased resulting in glacial
advances (Espizua, 2005) and greater fluvial discharges-
groundwater flows; this, coupled with much drier conditions
across the eastern piedmont may have triggered fluvial incision.

The second and most modern incision event observed in the
Frontal Cordillera piedmont fluvial systems is also recorded in other
fluvial systems of central-west Argentina -e.g. Atuel River in
Mendoza province, Valle de Quehué ephemeral fluvial system in La
Pampa province, Quequén and Salado rivers in Buenos Aires
province- (Zárate et al., 2000; Quattrocchio et al., 2008; Mehl and
Zárate, 2008; Mehl, 2010; Zárate and Mehl, 2011). Also, the
regional nature of this degradation episode, occurring during the
time of the Little Ice Age (Glasser et al., 2002 and Villalba, 1990;
among others), points to climate as a probable controlling factor.
This was an interval characterized by severe droughts (Labraga and
Villalba, 2009; Prieto and García Herrera, 2009) which might have
affected the arid environment of the piedmont. An alternative and
plausible cause of this last fluvial degradation event is the new land
management of the Spanish settlers who introduced cattle and
started a rapid deforestation of the area (Cortegoso et al., 2010). In
fact, a combination of both climate and the human factor might
have amplified the fluvial responses to the Little Ice Age conditions.

6. Conclusions

The paleoenvironmental reconstruction of the eastern Andean
piedmont between 33� and 34�S allowed us to propose an
evolutionary scheme and chronology of the major fluvial land-
scape landforms contributing to the general understanding of the
sedimentological and geomorphological dynamics of the piedmont
fluvial systems at this latitude during the last 50 ka. Although
other fluvial systems of the Cordillera Frontal piedmont, as the
Diamante and Las Tunas River, show incision events during the
MIS 2 and the beginning of MIS 1 respectively, the analyzed fluvial
systems of Arroyo La Estacada and its tributary Arroyo Anchayuyo,
as well as the record of Arroyo Las Torrecitas reported by Toms
et al. (2004), indicate that fluvial aggradation dominated the
distal piedmont until aeolian aggradation become predominant
near 17 ka 14C yr BP. Then, during the Late Glacial and the Holo-
cene the distal piedmont records fluvial aggradation alternating
with soil forming intervals and two incision events occurring at
the middle Holocene and the late Holocene respectively. Future
work will be oriented to understand the dynamic of the upper
reaches of the analyzed fluvial systems and to testing the working
hypothesis pointed out.
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