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The Brazilian Pantanal wetlands comprise some of the largest Quaternary megafans in South America.
The origin of these megafans has been linked to climate changes during the Late Quaternary. This study
focuses on the Cuiab�a megafan, the second largest megafan of the Pantanal, which has not been studied
from the perspective of its basic geomorphology, river channel patterns and sediment deposition ages.
Analysis of the channel and floodplain morphology as well as optically stimulated luminescence dating
enable us to establish the succession of events that built up the Cuiab�a megafan since the last glacial
period. Abandoned lobes indicate that a phase of fan aggradation occurred between 48 and 19 ka, with a
network of distributary paleochannels suggesting that there was relatively low precipitation and reduced
vegetation cover. Subsequently, abrupt changes in discharge and sediment supply triggered the channel
incision of the upper fan valley, indicating a degradational phase after the Last Glacial Maximum (<19
ka). A new phase of fan aggradation began at the Early Holocene, when meandering and anabranching
channels were constrained into the incised valley on the upper fan. In the distal part of the fan, the
development of modern depositional lobes has been driven by numerous single-sinuous channels that
shift laterally due to successive avulsions. Regional tectonic features suggest that modern Cuiab�a lobes
are in a subsiding area that provides accommodation space for sediment accumulation and prolonged
flooding events. Changes in the channel patterns observed in the Cuiab�a megafan are related to changes
in the South American monsoon strength, which driven precipitation variation during the Late Quater-
nary. Periods of monsoon intensification and relatively high precipitation lead to channel incision, while
periods of fan aggradation correlate to times of fewer oscillations. Our findings highlighted the diversity
of fluvial styles in the Pantanal and its importance as a climate changes archives in the South American
lowlands.

© 2017 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Quaternary fluvial megafans are common depositional systems
inmost continental sedimentary basins around the world (DeCelles
and Cavazza, 1999; Leier et al., 2005; Weissmann et al., 2010), but
they are remarkably well developed in South American basins (e.g.,
Iriondo, 1993; Horton and Decelles, 2001; Wilkinson et al., 2006;
Latrubesse et al., 2012; Rossetti et al., 2014). The Brazilian Pan-
tanal wetlands, like the modern depositional tract of the Chaco
Plain, comprises some of the largest Quaternary megafans in South
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America (Assine et al., 2015a; Latrubesse, 2015).
The Pantanal wetlands is largely constrained by subsidence in an

interior Quaternary sedimentary basin in central-west Brazil at the
Upper Paraguay River Basin (Clapperton, 1993; Assine and Soares,
2004). Sediment deposition takes place on a large alluvial setting
characterized by the interaction of fluvial megafans and interfan
river plains, as well as by the Paraguay trunk-river that collects
water from the entire basin (Fig. 1). These distinct alluvial systems
are part of a large depositional system tract and result from the
geomorphological heterogeneity of the basin.

A classification of Pantanal fluvial megafan systems was recently
proposed by Assine et al. (2015a), in which distinct groups of sys-
tems are related to sediment source-areas with specific geomor-
phological characteristics (Fig. 1). Fluvial fans formed by rivers
derived from tableland-catchment source-areas developed over
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Fig. 1. Geomorphological setting of the Pantanal Basin and surroundings (modified from Assine et al., 2015a). Precambrian metamorphic lowlands surround the basin on its north,
south and west sides, whereas the plateaus of the Paleozoic Paran�a Basin crop out to the east. The Paraguay fluvial plain is the trunk of a depositional systems tract composed of
several river-dominated fans, fluvial plains and permanent lakes. The Cuiab�a fluvial megafan (9) is the target area of this study.
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siliciclastic rocks are the most studied to date, including megafans
with high sediment yields, which can reach up to 22.5 million ton/
year, such as the Taquari and S~ao Lourenço megafans (Braun, 1977;
Tricart, 1982; Assine and Soares, 2004; Buehler et al., 2011;
Makaske et al., 2012; Zani et al., 2012; Assine et al., 2014). These
systems are characterized by an axial entrenched meander belt in
the upper fan, but the loss of confinement downstream results in
multiple narrow and shallow distributary channels, which pro-
gressively decrease in discharge volume and form modern lower-
fan lobes (Assine, 2005; Assine et al., 2014).

By contrast, there is still a lack of knowledge regarding the dy-
namics and development of fluvial megafans sourced from catch-
ments in the deeply dissected Precambrian lowland regions formed
by igneous and metamorphic rocks (Pupim et al., 2015). The sedi-
ment yield of these systems is considerably smaller than that of the
fans sourced from sedimentary tablelands, which carry less than 1.1
million ton/year of suspended load into the Pantanal plain (Assine
et al., 2015a). The Paraguay and Miranda fluvial fans are examples
of this type of system (Assine and Silva, 2009; Merino et al., 2013).
The Cuiab�a fluvial fan, the largest megafan of this group, has not
been studied from the perspective of its basic geomorphological
mapping, river channel patterns and sediment deposition ages.

The origin and development of the Pantanal megafans have
been linked to environmental changes during the Late Quaternary.
Braun (1977) was the first to interpret that the landscape of the
Taquari megafan is mostly composed by relict depositional land-
forms that originated under semiarid conditions during the Late
Pleistocene. Klammer (1982) and Tricart (1982) interpreted that
most of the landforms exposed on the Taquari fan surface, including
the deflation pans and lunettes, were formed by aeolian processes.
These early insights led Ab'S�aber (1988) and Clapperton (1993) to
argue that the climate was arid to semiarid during the Last Glacial
Maximum (LGM). However, most of these interpretations are not
completely satisfactory due the absence of absolute chronological
control and limited surface information and ground truth.

Despite the small amount of geochronological data available for
Pantanal, the OSL ages from the sediments of the S~ao Lourenço
megafan provide good evidence that Quaternary climate change
may have influenced shifts in channel patterns, from distributary
systems dominated by braided channels in the Late Pleistocene to
meandering rivers and low sinuosity rivers prevailing during the
Holocene (Assine et al., 2014). However, more detailed data on the
sedimentary archives of Pantanal are available from the lakes on
the western side of the Paraguay River floodplain that recorded
important changes in climate, vegetation, and surface processes
since the Late Pleistocene (Whitney et al., 2011; McGlue et al.,
2012).

This paper focuses on the Cuiab�a megafan in attempt to (i)
characterize its geomorphic features, channel patterns and fluvial
processes; (ii) reconstruct the Quaternary landforms that have led
to its present morphological configuration; and (iii) constrain the
chronology of sediment accumulation and establish the succession
of depositional and erosional events that possibly resulted from the
interactions between tectonic and climate forces. Few studies
address the response of South American fluvial megafans to Qua-
ternary climate and tectonic changes (e.g., Iriondo,1993; Latrubesse
et al., 2012; Zani et al., 2012; Assine et al., 2014) due to the lack of
chronological control for depositional units and erosion surfaces.
The geochronological data presented here allow for an investiga-
tion of how Late Quaternary climate changes control sedimentary
processes in tropical lowlands, adding new dating information to
the scarce database for the sediments of the Pantanal wetland. The
understanding of the geomorphological zonation and evolution of
the Cuiab�a fan provides novel information and insights into the
dynamics of fluvial fans sourced by rivers from catchments with
low-relief and with low sediment yield.

2. Physical settings

The Pantanal is a tectonically active sedimentary basin with a
surface area of approximately 150,000 km2 and relief ranging from
80 to 200 m. The sediment thickness reaches 500 m (Assine and
Soares, 2004), and the origin of the basin has been associated
with the Andean foreland system (Horton and DeCelles, 1997;
Ussami et al., 1999). The faults have dip displacements from tens to
hundreds of meters, delineating a basin geometry that is charac-
terized by horst and grabens that define blocks with differential
subsidence and flooding patterns (Assine et al., 2015b). Faults are
evident in the basin morphology, conditioning the occurrence of
Precambrian terranes at the western edge of the basin and the
modern alluvial drainage within the basin (Assine and Soares,
2004; Zani et al., 2012). Further evidence for active tectonism can
be found in the Brazilian earthquake catalog, in which seismic
events usually do not exceed a magnitude mb of 4.0, although there
are occasional events with an mb of approximately 5.0 (Assumpç~ao
et al., 2014).

The climate of the Pantanal is tropical with a marked dry season
from May to October. The mean annual precipitation ranges from
1500 mm east and north on the uplands to 1000 mm within the
basin (Hamilton, 2002). The annual precipitation distribution is
controlled by the South American summer monsoon (SASM),
leading to heavy convective rainfall in austral summer and mark-
edly dry conditions duringwinter (Zhou and Lau,1998). A very deep
continental low forms over the Chaco region during austral sum-
mer and forces the northeasterly winds over the Amazon to turn
southward, transporting large amounts of moisture that feeds
summertime convective storms over the subtropical plains as far
south as 35�S (Garreaud et al., 2009). Themean annual temperature
is approximately 25 �C, and evaporation exceeds precipitation
duringmost of the year (Por, 1995). The region experiences extreme
temperature highs of up to 40e44 �C during summer, while ad-
vances of cold polar fronts can reduce the temperature by 5e10 �C
during winter (Alho, 2005).

The monsoonal peak river discharge during austral summer and
the existence of hydraulic bottlenecks along the Paraguay River
course (Assine et al., 2015c) cause widespread inundations, making
the Pantanal one of the largest wetlands in the world (Fraser and
Keddy, 2005; Junk et al., 2006). The Cuiab�a River is a typical sea-
sonal river with two contrasting hydrological periods during the
year, as seen in the hydrograph records of six fluvial gauge stations
(Fig. 2A). The river annual discharge at the Cuiab�a station is
1,76 � 106 m3, 72% of which occurs from December to April (wet
season). Themonthly average discharge decreases from 590m3/s in
the wet season to 162 m3/s in the dry season.

The spatial distribution of major vegetation types is controlled
by the local topography, seasonal flooding and soil type (Prance and
Schaller, 1982). There are two main vegetation domains: fluvial
flood (1e5m) on clayey eutrophic soils with gallery forests, pioneer
forests and scrubs, seasonal swamps, grasslands and oxbow lakes;
and pluvial flood (10e80 cm)mainly on dystrophic sandy soils (72%
of the total area) with cerrado forest (tropical savanna), grasslands
and woodlands (Ad�amoli and Pott, 1999).

3. Material and methods

Our investigative approach was based on remote sensing
methods coupled to field surveys to characterize the geomorphic
features and historic hydrological data as well as to optically
stimulated luminescence (OSL) dating of sediments. Downstream
trend analysis considered parameters such as water flow and



Fig. 2. Hydrological and morphological data from the alluvial domain of the Cuiab�a River. A) Mean monthly discharge of the Cuiab�a River measured in six gauge stations during the
period between 1997 and 2003 (data from National Agency of Water - ANA); B) Longitudinal channel profile and changes in average discharge of the Cuiab�a River; C) Morphometric
parameters of the Cuiab�a river channel. Location of gauge stations and morphological reaches shown on Fig. 3.
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channel morphology. Hydrological data from six gauge stations
were obtained from the Brazilian National Agency of Water (ANA).
Satellite images (optical and radar) were used to interpret channel
patterns and floodplain landforms, using parameters such as the
channel sinuosity (SI) and width, and channel and floodplain slope.
The chronological framework was determined using OSL dating
applied to quartz sand grains. The OSL and radiocarbon ages within
the Cuiab�a megafan presented in previous studies (Beirigo, 2013;
Fonseca, 2015; Zaparoli, 2015) were used for regional strati-
graphic correlation.
Table 1
SAR-OSL protocol used for equivalent dose estimation of the studied
samples.

Step Procedure

1 Dose (Di)a

2 Preheat at 200 �C for10 s
3 OSL at 125 �C for 40s (Li)
4 Test dose
5 Heat at 160 �C
6 OSL at 125 �C for 40 s (Ti)
7 Blue LEDs bleach at 280 �C for 40 s
8 Return to step 1

a For measurement of the natural signal, Di ¼ 0 Gy. Regeneration
doses Di: D1<D2<D3<D4; D5 ¼ 0 Gy, D6 ¼ D1; D7¼ D6, with additional
infrared stimulation before blue stimulation for OSLmeasurement of D7.
The test dose is kept constant throughout the SAR sequence. A corrected
luminescence signal was calculated through the ratio between Li and Ti.
OSL signal was calculated using the integral of the first 0.8s of light
emission with subtraction of the normalized last 10 s of light emission as
background.
3.1. Remote sensing and geomorphological zonation

Regional geomorphological mapping was performed using
georeferenced images of Landsat 5 TM (resolution 30 m) and
GeoCover 2000 (resolution 15 m) from USGS Global Visualization
Viewer (GLOVIS). Digital image processing techniques were applied
on Landsat TM images. False-color composite 743 (RGB) and se-
lective principal component analysis (SPCA) by fusion PC1 of bands
1, 2 and 3 (R); band 4 (G); and PC1 of bands 5 and 7 (B) (Chavez and
Kwarteng, 1989) were especially useful to extract a better spectral
contrast in a false-color image and for the enhancement of fluvial
landforms. Furthermore, images from the SPOT 5 satellite (resolu-
tion 2.5 m) were used to improve the remote sensing interpretation
of smaller geomorphic features.

Shuttle Radar Topography Mission (SRTM) products with 3 arc-
second resolution (nominally 90 m) were used to design the digital
elevation model (DEM). To enhance SRTM-DEM, the technique
proposed by Zani et al. (2012) was applied. The global topography
was calculated and found to be accurately represented by a second
order polynomial function. Simple subtraction of the global
topography from altitude produced a new DEM, the residual
elevation model (REM), which greatly enhanced low-amplitude
landforms within the Cuiab�a Modern Fan. Shade scheme and pal-
ettes were customized for both DEMs, further highlighting low-
amplitude landforms, such as avulsion deposits, paleochannel
belts and lobate landforms. The SRTM-DEM absolute height error is
9 m for South America and can be lower than 5 m in low-relief
terrains (Rodríguez et al., 2006). However, caution should be
takenwhen interpreting an SRTM-DEM on low-relief terrains, since
the vegetation can be a potential source of error due to C band
sensor sensitivity to land cover that might identify artificial heights
induced by densely forested areas (Valeriano et al., 2006) and local
terrain model inversions (LaLonde et al., 2010). Nevertheless, the
dense and tall vegetation (wooded savanna) of the Pantanal is
usually located in elevated areas with well-drained soils (Prance
and Schaller, 1982), and these are correctly represented by an
even higher elevation in the enhanced DEM (Zani et al., 2012).

Geomorphic zones were defined by drainage networks, depo-
sitional landforms and channel pattern analysis. Drainage networks
and depositional landforms were mapped using visual satellite
image interpretation. Morphometric characterization and elevation
profiles were derived from SRTM-DEM and REM.
3.2. Field sampling and validation

One overflight and four field campaigns were carried out from
2011 to 2012 for the characterization and validation of geomorphic
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Fig. 4. Geomorphological map of the Cuiab�a fluvial megafan.
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features recognized through the analysis of satellite images. Over
the course of these expeditions, surface depositional features and
subsurface sedimentary facies were described and sampled
through coring and trenches. Four sediment cores were recovered
from paleochannels of an ancient fan at depths ranging between 1.5
Fig. 3. The Cuiab�a fluvial megafan depositional system and associated major drainages in
morphological reach are indicated by R1 to R9. The inset graphs show topographic profiles
model produced from SRTM data with 3 arc-second resolution. Transverse profiles from bo
convex-up surface superposed by smaller stacked segments related to paleochannels. Long
and 1.7 m. OSL dating was performed on sediment samples
recovered from the base of each core. This sampling strategy was
defined to determine the age and period of activity of each paleo-
channel. One additional sample was recovered from the adjacent
floodplain at the proximal sector of the fan at a depth of 0.3 m to
the northeast portion of the Pantanal Basin. Locations of the beggining points of each
drawn through sectors of the Cuiab�a megafan. Profiles were based on digital elevation
th abandoned (A-A0) and modern lobes (B-B0) of the Cuiab�a megafan display a broad
itudinal profiles (C-C0 and D-D0) display the very low overall surface gradient.
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assess the potential for surface sediment reworking on the ancient
landform.

3.3. Luminescence dating

OSL dating was performed on quartz sand grains at the Lumi-
nescence and Gamma Spectrometry Laboratory (LEGaL), Institute of
Geosciences of the University of S~ao Paulo (USP). Samples were
wet-sieved to isolate the 180e250 mm grain-size fraction. The
target fractionwas treated with hydrogen peroxide (H2O2, 27%) and
hydrochloric acid (HCl, 3.7%) to remove organic matter and car-
bonate minerals, respectively. Heavy mineral (>2.75 g/cm3) and
feldspar (<2.62 g/cm3) grains were removed by heavy liquid sep-
aration with a lithium metatungstate solution. Then, quartz con-
centrates (2.62e2.75 g/cm3) were etched with hydrofluoridric acid
(HF, 40%) for 40 min to remove remnant feldspar grains and etch a
~10 mm outer layer of quartz grains, thus removing the alpha par-
ticles contribution from the radiation dose rate.

Aliquots of quartz grains (100e200 grains) were mounted on
stainless steel cups for luminescence measurements on an auto-
mated Risø TL/OSL DA-20 reader system equipped with a 90Sr/90Y
beta source that delivered a dose rate of 0.084 Gy/s, blue LEDs
(470 ± 20 nm) operated at 90% power (~40mW/cm) for stimulation
and a Hoya U-340 filter for light detection in the ultraviolet band
(290e340 nm) with a bialkali PM tube (Thorn EMI 9635QB). The
single aliquot regenerative dose (SAR) protocol (Murray andWintle,
2000, 2003) was applied to estimate the radiation equivalent doses
(Table 1). A dose recovery test was performed with six quartz ali-
quots, a pre-heat temperature of 200 �C and a given dose of 6.7 Gy.
Only aliquots with recycling ratio values between 0.90 and 1.10,
recuperation of less than 5% and a negligible feldspar signal tested
by infrared stimulation were used in the equivalent dose calcula-
tions, as suggested by Murray and Wintle (2000, 2003). Equivalent
doses were calculated using the central age model (Galbraith et al.,
1999).

Radionuclides concentrations for the dose rate calculations
were determined by gamma ray spectrometry using a high-purity
germanium (HPGe) detector that had a 55% relative efficiency and
2.1 keV energy resolution and encased in an ultralow background
shield (Canberra Industries). Each sample was dried and packed in
sealed plastic containers and stored for at least 28 days to allow
radon to reach equilibrium with its parent radionuclides prior to
the gamma spectrometry measurement. The beta and gamma ra-
diation dose rates were determined using the radionuclides con-
centrations (U, Th and K) and conversion factors outlined by Gu�erin
et al. (2011). Water saturationwas determined by the ratio between
water weight and dry sample weight. The cosmic dose rate
contribution was calculated using the sample depth, elevation,
latitude and longitude as described by Prescott and Hutton (1994).

4. Geomorphological zonation and channel patterns

The Cuiab�a River is 1080 km long and runs in two distinct do-
mains: a 510 km course in the catchment area dominated by
bedrock substrates and a 570 km course in the Pantanal alluvial
plain. The catchment has an area of 22,000 km2 andmainly consists
of gently sloping low-grade metamorphic rocks, mostly repre-
sented by phyllites, quartzites and limestones, which source fine-
grained sediments to the Pantanal sedimentary basin. The alluvial
domain is developed entirely within the Pantanal wetland, where
the Cuiab�a River forms a large depositional system that covers as
much as 15.300 km2 (Fig. 3). The Cuiab�a system coalesces with the
S~ao Lourenço and Taquari megafans to the east and southeast.

Abandoned depositional lobes are closely located along the
wetland border in the upper portion of the megafan. These
abandoned lobes have preserved low-sinuosity distributary pale-
ochannels and relatively high elevation in relation to the modern
depositional areas, and they record the sedimentary dynamics of
the ancient Cuiab�a fan, which is presently dominated by processes
of degradation and weathering. In the active depositional setting,
differences in channel morphology allow the subdivision of the
modern Cuiab�a megafan into two geomorphic zones: (1) fluvial
plains with meandering and anabranching channel patterns
developed within an entrenched valley in the upper megafan
setting and (2) unconfined floodplains in the distal fan portion,
with modern lobes formed by a single sinuous channel that turns
into a distributive channels network downstream (Fig. 4).
4.1. Ancient fan

The ancient fan covers ~1900 km2 at the proximal sector of the
Cuiab�a megafan. The fan apex was near the modern course of the
Cuiab�a River at its entrance into the wetland, and the fan grew
southward with a radial paleoflow pattern forming sand-grained
sediment lobes. The surface shows concentric contour lines radi-
ating to the distal part (Fig. 3). The transverse west-east cross
profile drawn through the center of the fan displays a convex-up
morphology (Fig. 3, profile A-A0), whereas the longitudinal north-
south cross profile reveals a low-gradient slope of 31 cm/km
(Fig. 3, profile C-C’). The ancient fan is topographically higher than
the modern Cuiab�a River plains. Flood inundation due to surface
runoff during the wet period (November to March) is commonly
brief and only a few centimeters (<30 cm) of water depth.

Paleochannels are remarkable features on the surface of the
ancient fan that can be easily recognized in remote sensing imagery
(Fig. 5). In a plan view, relict channels exhibit a semi-radial dis-
tributary network that bifurcate and divert downstream into nar-
rower channels (Fig. 6A). These paleochannels display low sinuosity
(~1.2), forming elevated channel ridges that are approximately
1.5 m higher than the adjacent flood basin (Figs. 5 and 7B).

Shallow sediment cores (1.6e1.9 m depth) retrieved from
paleochannels generally consist of fine to very fine quartz sands
with scattered granules. Cross stratification can be present, but the
sands are dominantly massive with incipient development of
mottles and nodules of iron oxide (Fig. 7A). The only exception was
the core from a paleochannel in the proximal part of the ancient
fan, withmassive silt and clay beds, with red, yellowand gray colors
due to the mottling and plinthite development (Fig. 7A). OSL dating
of samples from bottom sand layers of cores 01, 02 and 04 retrieved
in three paleochannels in the proximal and intermediate fan set-
tings yielded ages of 19.8 ± 3.2 ka, 20.6 ± 2.1 ka and 21.1 ± 3.5 ka,
respectively. An older age of 49.2 ± 6.0 ka resulted from sediments
of a paleochannel at the distal part of the ancient fan (core 03,
Table 2). The equivalent doses have low tomoderate overdispersion
(21e41%), indicating relatively well-bleached sediments without
evidence of significant post-depositional mixing.

Most of the ancient Cuiab�a fan surface is presently undergoing a
degradation process due to erosion by groundwater-fed streams
(plains-fed sense Sinha and Friend, 1994) developed from the
central to distal portion of the fan (Fig. 5). These small streams form
a tributary network, mostly with an intermittent flux and typically
underfit streams (Fig. 6A). Sediment erosion and reworking that
took place after fan abandonment are responsible for the existence
of a thin veneer of sediments covering older deposits. Such is the
case for deposits sampled in the flood basin between the elevated
channel ridges (adjacent to the core 04). These deposits comprise
massive reddish very fine sand and mud and revealed a relatively
young OSL age of 6.7 ± 0.9 ka (sample BRC-19, Table 2).



Fig. 5. Digital elevation model highlights the contrasting fluvial styles and geomorphic zones of the proximal part of the Cuiab�a fluvial megafan. The ancient fan (ACf) is topo-
graphically higher than other surrounding zones, and its surface is marked by paleochannels arranged in a distributary network with terminal features. In contrast, the confined
fluvial plains display meandering and anabranching channels. The avulsion point where the Cuiab�a meandering river was detached from the Piraim River, which is its abandoned
counterpart, is indicated by the white arrow. White lines are the limit of geomorphic zones, blue lines are the main rivers, white dashed line is the transition between the plain
dominated by active (Mc) and abandoned (AMc) meandering channel and white circles represent the location of collected sediment cores. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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4.2. Modern fan

The apex of the modern Cuiab�a megafan coincides with the
point at which the Cuiab�a River emerges from a dissected meta-
morphic terrain in the Cuiabana lowlands and enters the Pantanal
near the town of Santo Antônio do Leveger (northeast, Fig. 3). The
longitudinal NE-SW profile is approximately 300 km from the apex
to the fringe of the megafan, where the Cuiaba River reaches the
Paraguay River plain. At the regional scale, contour lines extracted
from the DEM exhibit a concentric pattern centered on the apex of
the system, configuring a large fan-shaped morphology, covering
approximately 13,400 km2 (Fig. 3).

The longitudinal profile of the Cuiab�a River shows elevations
that vary from 155 m.a.s.l. at the apex to 95 m.a.s.l at the fan fringe
and exhibits a concave up smooth low-gradient shape (Fig. 2B). The
surface is almost flat, with an average slope of 11 cm/km on the
channel and 20 cm/km on the plain. Despite the relief monotony,
there are many changes in the surface morphometric parameters of
the fluvial features, such as the channel sinuosity, width and slope
(Fig. 2C).

4.2.1. Confined fluvial plains in the upper fan
The Cuiab�a River is a bedrock river upstream from its entrance

into the Pantanal wetland (reach 1, Figs. 2B and 3). Downstream,
the channel slope and width decrease abruptly (reach 2, Fig. 2C)
and the river begins to flow in a large plain valley entrenched be-
tween alluvial deposits of the ancient fan to the west and meta-
morphic rocks that crop out to the east. Downstream, the upper fan
entrenched valley is similar to an interfan system because the
fluvial plain is confined by the ancient Cuiab�a fan (west) and S~ao
Lourenço megafan (east). The valley is 100 km in length and
3e20 kmwide, and it is interpreted as an upper fan confined fluvial
plain (Fig. 4).

The Cuiab�a River displays a meandering pattern in reach 2,
where the floodplain width varies from 3 to 15 km, but the sinu-
osity varies from 1.2 to 1.8 and, in short segments, the channel is



Fig. 6. Contrasting fluvial styles on the proximal portion of the Cuiab�a fluvial megafan (TM Landsat-5 image, false-color composition APCS). A) Low-sinuosity bifurcating paleo-
channels forming a typical distributary network on the ancient fan (ACf) and the meandering channel in the upstream sector of the confined fluvial plain (Mc). B) Adjacent belts of
meandering (AMc) and anabranching channels (Ac) in the downstream sector of the confined fluvial plain (location on Fig. 5).
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straight (Fig. 6A). Scroll bars and oxbow lakes are dominant
depositional landforms in the floodplain surrounding the active
river channel. An abandoned channel is recognized on the right
border of the floodplain, with a sinuosity and width very similar to
those of the active channel. Those forms indicate that meander
cutoff and partial avulsion are fundamental processes to the
confined floodplain evolution. When the Cuiab�a River reaches the
hills of Bar~ao de Melgaço (reach 3, Fig. 3), the channel deflects 90�

southwest and the floodplain width narrows from 15 to 3 km,
suggesting structural control by aligned hills of metamorphic rocks
(Fig. 8A). The monthly average discharge is similar between Cuiab�a
and Bar~ao deMelgaço (340m3/s and 357m3/s, respectively; Fig. 2B)
due to balanced water output to the floodplain and input from the
three small tributaries on the left bank.
Major changes in the channel pattern occur downstream of the
Bar~ao de Melgaço station (Fig. 3). The channel slope and width
decrease and the floodplain becomes wider in reaches 4 and 5
(Fig. 2C). The main channel of the Cuiab�a River flows along the left
margin of the floodplain, where the river assumes an anabranching
pattern characterized by sinuous channels and stable alluvial
islands that divide the flows at discharges up to bankfull (in the
sense of Nanson and Knighton, 1996). The floodplain and islands
stand at approximately the same elevation, displaying numerous
circular ponds, oxbow lakes, paleochannels and crevasse splays,
indicating channels with lateral migrations and frequent avulsions.
Meanwhile, the meander belt extends over 50 km on the right side
of the floodplain (Fig. 6B). The modern channel is called the Piraim
River, a channel that is 30 m wide and has low water discharge,



Fig. 7. A) Sedimentological characteristics and OSL ages of sediment cores retrieved from paleochannels on the ancient Cuiab�a megafan. Cores 01, 02 and 03 consist mainly of fine to
very fine massive sands. Core 04 shows massive silt to clay beds with high development of mottling (location on Fig. 5). B) Field view of the ancient fan, where low-sinuous
paleochannels are alluvial ridges approximately 1.5 m higher than the adjacent flood-basin. C) Typical point bar finning-upward sequences characterized by bottom coarse-
grained sand capped by fine-grained sediments (silt and clay). This is the dominant sedimentary facies association in the upper fan confined fluvial plains.

Table 2
Equivalent doses, dose rates and OSL ages for the studied samples from the Cuiab�a fluvial fan.

Sample
ID

UTM
(Long//Lat)

Elev.
(m)

Depth
(m)

U (ppm) Th (ppm) K (%) Cosmic dose
rate (Gy/ka)

Water
sat. (%)

Total Dose
rate (Gy/ka)

Equivalent
dose (Gy)

N OD (%) OSL age
(ka)

BRC-03 571487//
8218765

141 1.5 0.603 ± 0.022 1.883 ± 0.063 0.082 ± 0.005 0.175 ± 0.014 2 0.529 ± 0.033 10.5 ± 1.5 24 39 ± 11 19.8 ± 3.2

BRC-06 588875//
8214098

144 1.5 0.492 ± 0.020 1.769 ± 0.062 0.047 ± 0.004 0.175 ± 0.014 2 0.460 ± 0.028 9.5 ± 0.7 22 21 ± 6 20.6 ± 2.1

BRC-14 555024//
8188666

134 1.5 0.923 ± 0.027 3.353 ± 0.090 0.141 ± 0.007 0.175 ± 0.014 2 0.765 ± 0.051 37.6 ± 3.8 15 27 ± 7 49.2 ± 6.0

BRC-16 593628//
8236358

148 1.7 1.446 ± 0.039 9.193 ± 0.195 0.783 ± 0.024 0.171 ± 0.013 18 1.653 ± 0.107 34.9 ± 5.4 16 41 ± 11 21.1 ± 3.5

BRC-19 595553//
8236485

146 0.3 1.379 ± 0.057 7.356 ± 0.276 0.379 ± 0.018 0.205 ± 0.037 13 1.279 ± 0.089 8.6 ± 1.0 15 31 ± 8 6.7 ± 0.9

N is the number of aliquots; OD is the overdispersion of equivalent doses distributions.
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water flux velocity and sediment yield. However, the dimension
and morphology of this meander belt are similar to those of the
upper portion of the Cuiab�a River, where paleochannels and oxbow
lakes are approximately 100 m in width (Fig. 6B). Thus, the Piraim
River is an underfit channel within the abandoned floodplain.
Many different facies associations are exposed along the river
embankments due to erosion by the lateral migration of the
channel, including typical point bar finning-upward sequences
beginning with coarse-grained sand and capped by fine-grained
facies, exhibiting lateral accretion surfaces and overbank deposits



Fig. 8. Abandoned meander-belts formed by nodal avulsions from the Piraim River. This suggests that the Piraim River was the feeder channel of the largest recent Claro lobe
(location on Fig. 5; TM Landsat-5 image, false-color composition APCS).
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(Fig. 7C). Two sediment samples collected 4e5 m deep in deposits
of the floodplain area (reach 5) yielded radiocarbon ages of 8540
(Beirigo, 2013) and 8710 years BP (Zaparoli, 2015), indicating that
fluvial aggradation in the upper fan confined plains has been
occurring at least since the early Holocene.

The Cuiab�a and Piraim Rivers join to a single channel down-
stream in the beginning of reach 6 (Fig. 3), where the channel
switches to a single-meandering pattern with a sinuosity index of
1.8. It is remarkable that the Cuiab�a River forms a prominent allu-
vial ridge that is approximately 1 m above the adjacent floodplains,
dividing the surface waters flowing from the Cuiab�a unconfined
floodplain (west) and the S~ao Lourenço distal fan (east). On the
eastern side of the floodplain, there are small lakes and sinuous
paleochannels that connect with the active channel during the wet
season, indicating that the multichannel pattern can be traced
downstream up to the confluence with the S~ao Lourenço River
(Fig. 8).

The mean annual water discharge decreases from 357 m3/s in
Bar~ao de Melgaço to 288 m3/s at the Porto Cercado gauge station
(Fig. 2A), reflecting a significant loss of water to the floodplain in
the anabranching river reach. Water flow during the dry season is
restricted to the main channel, while the floodplain is completely
flooded during the wet season. Fantin-Cruz et al. (2011) docu-
mented that the median flood events (return period of 2 years)
produce an average water depth of 1.80 m in floodplains for four
months of the year, but the water depth can reach 2.6 m in extreme
flood events.
4.2.2. Unconfined fluvial plains in the lower fan
The unconfined floodplain dominates the central and distal

portions of the Cuiab�a megafan, an active depositional setting that
covers 11.800 km2 and is cauterized by the presence of distributary
fan lobes (Fig. 4). Its apex is at the output of the confined plains, and
the distal fringe abuts in the Paraguay floodplain. The floodplain
becomeswider (increasing from 20 to 100 km) and unconfined, and
numerous sinuous paleochannels are still preserved on the surface.
The Cuiab�a River is the feeder channel, which undergoes a
continuous decrease in width and discharge to downstream (reach
6 to 9) due to the loss of water to the floodplain by avulsion,
overflow, infiltration and evaporation, becoming a low sinuosity
channel (Fig. 2B). The widening of the channel in reach 8 is an
exception to this downstream trend because the Cuiab�a River re-
ceives the flow of S~ao Lourenço (265 m3/s) and Piquiri (296 m3/s)
and the discharge shoots up to 777 m3/s at the Porto Taim~a gauge
stage. The absence of downstream tributaries and the loss of water
to the floodplain drive the decrease of water discharge in the lower
reaches of the Cuiab�a River (Fig. 2B).

The regional topography is characterized by a gentle gradient
with a slope of approximately 20 cm/km (Fig. 3, profile D-D0), a
convex up cross-profile (Fig. 3, profile B-B0) and a radial geometry
highlighted by concentric contour lines (Fig. 3). This wide low-slope
topography provides a horizontal accommodation space to channel
lateral migration. Observations of satellite images show a paleo-
channel network imprinted on the plain surface. However, several
channels overlap and truncations, as well as the current runoff
dynamics that mask and obliterate relict landforms landscape,
hinder the mapping and reconstruction of this paleodrainage sys-
tem (Fig. 3). Digital image processing applied to SRTM-DEM and
REM allowed the enhancement of depositional landforms and the
recognition of three distinct drainage systems (Fig. 9). The recently
abandoned Claro and Caracar�a lobes were identified at the prox-
imal and central portions of the unconfined plain, while the mod-
ern lobe has been built on the distal border (Figs. 4 and 9).

The paleochannels are characterized as single meander belts
arranged in a distributary network overlapping an old alluvial
surface in the Claro lobe (Fig. 10A). Most of these paleochannels
begin at the ends of the confined fluvial plain, where nodal avul-
sions were recognized (Fig. 8). The apex of the Caracar�a lobe is at
the confluence of the Cuiab�a and Piquiri Rivers. The paleodrainage
system is obliterated by dense vegetation cover and degradation by
surface erosional processes, such as sheet flows and pluvial erosion.
However, it is possible to observe that the paleochannels comprise
sinuosity channels that are arranged in a distributary network
(Fig. 9). In addition to the paleochannels, several streams drain the
floodplain. These streams are plains-fed type, and they are typically
underfit in larger abandoned meander belts that represent a



Fig. 9. Depositional landforms on the modern Cuiab�a fluvial megafan. A) Digital elevation model (DEM) from SRTM data with 3 arc-second resolution. B) Enhanced DEM after
positive residual elevation slice, showing sedimentary landforms related to abandoned alluvial ridges. C) Abandoned channels and modern depositional lobes interpreted by visual
analysis from the enhanced DEM.

Fig. 10. Fluvial geomorphic features on the modern Cuiab�a fluvial megafan. A) Abandoned meander-belt ridges highlighted by riparian vegetation over an inundated area (TM
Landsat-5 image, false-color composition APCS, March 2011). B) Local avulsion and secondary channels from the right margin of the Cuiab�a River (TM Landsat-5 image, false-color
composition APCS, September 2000). C) Active lobe on the distal part of the modern Cuiab�a megafan. Note that the active lobe remains constantly inundated in consequence of
several avulsions in the Cuiab�a River and due the interaction with the Paraguay river floodplain. The reduction in sediment load transport makes this area a site suitable for modern
sediment accumulation as exemplified by a crevasse splay in the lower course of the Cuiab�a River (TM Landsat-5 image, false-color composition APCS, September 2000; location on
Fig. 4).
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previous position of the main river channel on the system.
In the active lobe (reach 9), the Cuiab�a River channel becomes

narrower, with low sinuosity (Fig. 2C). Many crevasses and avulsion
nodes along the main and secondary channels supply water and
sediments to a constantly inundated floodplain (Fig. 10C). Several
small lakes in the floodplain accumulate a large amount of water
diverted from the Cuiab�a River and act as the main sink for sedi-
ments in the lower unconfined floodplain.

5. Changes in the sedimentary dynamics of the Cuiab�a fluvial
megafan

Geomorphological mapping based on channel morphology,
truncation and superposition by paleochannels and active channels
allowed the characterization of depositional landforms and the
establishment of a relative succession of events that formed the
landscape of the Cuiab�a megafan. The chronological framework of
the interpreted geomorphic changes resulted from OSL dating and
stratigraphic correlations with previous data from the Cuiab�a
megafan (Beirigo, 2013; Fonseca, 2015; Zaparoli, 2015). Available
information of the coalescing Taquari (Assine and Soares, 2004;
Zani et al., 2012), Paraguay (Assine and Silva, 2009) and S~ao Lour-
enço (Assine et al., 2014) fluvial megafans were analyzed to
reconstruct the paleoenvironmental scenario.

Three main phases of fluvial fan development were recognized:
a) an aggradational phase that built up the abandoned lobes in the
upper fan portion during the Late Pleistocene up to the Last Glacial
Maximum (LGM); b) a general erosion event with valley incision in
the upper fan, from the end of the LGM to the Early Holocene; and
c) a new aggradational phase restricted to deposition in confined
fluvial plains in the upper fan settings and in distributary lobes in
intermediate to distal fan domains during the Holocene.

The ancient Cuiab�a fan is marked by low-sinuous paleochannels
arranged in a planform distributary network. OSL ages of the
paleochannel sediments in the proximal and intermediate ancient
fans yielded ages grouped at approximately 21 to 19 ka (19.8 ± 3.2,
20.6 ± 2.1 and 21.1 ± 3.5 ka), but an older age of 49.2 ± 6.0 ka
resulted from the dating of the sediments from a paleochannel at
the distal part of the system. Theses ages indicate that the ancient
fan was active until 19 ka, with the last important episode of sand
accumulation during the LGM (23e19 ka), although the beginning
of sedimentation might have started earlier into the Pleistocene. In
addition, the similar burial ages of the sediments deposited by
three paleochannels suggest a network of coeval distributary
channels. This fan-shaped geometry was most likely a consequence
of the convex up basin geometry and unconfined flows moving
down dip, resembling the planform characteristics of the terminal
fan model (Friend, 1978; Kelly and Olsen, 1993).

The relatively high topographic position of the paleochannels
and their filling of sandy sediments are associated with well
drained soils (Arenosols) and woodland vegetation, whereas
grassland formations occur on adjacent inter-channel flood basins,
where soils with clay rich B-horizons are well developed and
shallow flooding occurs during the wet season (Zeilhofer and
Schessl, 1999). The difference in soil development is also consis-
tent with the stratigraphic superposition of paleochannels, indi-
cating that distributary paleochannels are younger than the
adjacent fan surface, and they represent the final sedimentation
stage of the ancient fan. Narrow incised streams and unconfined
sheet flows have reworked the sediments across the ancient fan
after its abandonment. Thin sand sheets (6.7 ± 0.9 ka) are the
depositional record of this reworking process. Today, the ancient
Cuiab�a fan represents a relict landform dominated by degradational
processes.

A significant fluvial avulsion of the Cuiab�a River near the apex
marks the development of a new geomorphic phase. This avulsion
caused a shifting of the main Cuiab�a River channel to its present
position and the abandonment of the ancient fan. Changes in the
paleo-hydraulic conditions are interpreted to have triggered inci-
sion and valley widening due to lateral erosion by meandering
rivers. The timing of the incision could not be precisely determined
with our dataset because of the lack of a stratigraphic record that
hinders a detailed chronological assessment. The cross-cutting re-
lationships indicate that the valley was incised after the ancient fan
deposition that ended at approximately 19.8 ± 3.2 ka. The radio-
carbon ages of 8540 and 8710 years BP (Beirigo, 2013; Zaparoli,
2015) from the sediments of the confined plains in the upper fan
region probably indicate the initial phase of the meander belt
infilling. Therefore, the available chronological data suggest that
incision of the Cuiab�a valley occurred during the last deglaciation,
between the end of the LGM (~19 ka) and the Early Holocene (9 ka).

Incised valleys are common features in fluvial fans of the Pan-
tanal wetlands (Assine et al., 2015a). Nonetheless, the upper fan
incision in the Cuiab�a megafan differs from those observed in other
Pantanal fluvial fans. The Cuiab�a incised valley is placed on the edge
of the system, while other fans have axial positions. Moreover, in
the upper fan Cuiab�a fluvial plains, there are contrasting channel
patterns that are characterized by shifts from meandering to
anabranching. Since the incision phase, a continuous meandering
channel belt had become dominant in the confined fluvial plain.
This is represented by the upper reaches of the Cuiab�a River and its
active meander belt as well as by the Piraim River, which represents
the abandoned meander belt. However, a new avulsion shifted the
river position and channel pattern. The mechanisms and chronol-
ogy of the avulsion that abandoned the previous meander belt and
built up the anabranching channel remain unknown. The current
connection between the Cuiab�a and Piraim Rivers indicates that the
meander belt has not yet been completely abandoned, suggesting
that the avulsion occurred during the Late Holocene or even in the
last few centuries.

The confinement of the Cuiab�a River in the upper fan setting
was a key factor for the evolution of the unconfined fluvial plain
because the feeder channel carried water and sediments through
the confined plain to build-up the modern lobes. The Claro lobe
resulted from this process and is noteworthy because its paleo-
channels display a similar morphology and dimension regarding
the meandering Cuiab�a/Piraim channels (Figs. 8 and 10). This sug-
gests that the development of the Claro lobe resulted from lateral
channel migration due to successive nodal avulsions in the prox-
imal part of the lobe (Fig. 8).

Interestingly, the main direction of the channels in the Caracar�a
lobe (ENE-WSW) suggests a previous connection between this
drainage and the Piquiri River, a modern interfan system between
the S~ao Lourenço and the Taquari megafans (Fig. 9). This implies
that the Piquiri River might have had a typical distributary channel
pattern, instead of its current tributary pattern, and that the Cuiab�a/
Paraguay confluence was approximately 100 km to the north. Thus,
we interpret that both recent lobes have developed since the Early
Holocene and the active lobe formed during the Late Holocene. OSL
ages between 6.0 ± 0.5 ka and 1.7 ± 0.2 ka (Fonseca, 2015) obtained
in a paleochannel within the Claro lobe also support this
interpretation.

The depositional lobes are topographically elevated relative to
the interlobe regions (Fig. 9), where erosion processes and sedi-
ment reworking dominate. In the interlobe regions, older paleo-
channel belts have been occupied by underfit streams with
discharges at least one order of magnitude smaller than suggested
by their planform. Sediment deficit and available accommodation
space characterize the surrounding low-altitude areas, configuring
suitable sites for future channel migration by avulsion and the



Fig. 11. Interpreted tectonic brittle structures (faults/fractures) that control the
flooding and sedimentation sites in the Cuiab�a megafan (after Assine et al., 2015a).
Black and blue colors indicate distinct flooding patterns during wet (A) and dry (B)
seasons. The yellow line is the wetland border (images MODIS/Terra MOD13Q1 R(MIR)
G(EVI)B(Blue) composite band, wet season 2011 and dry season of 2008). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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development of new lobes.
An active avulsion point on the Cuiab�a River occurs at the

lowland between the Claro and Caracar�a lobes (Fig. 10B), where a
secondary channel has led water and sediments out of the main
channel and built a permanently swamped region with small lakes.
This avulsion started in the early 1990s, but it is not possible to
predict if it will force the complete abandonment of the Cuiab�a
River channel or if it is only a partial avulsion.

Avulsions are also frequent on the active lobe near the conflu-
ence with the Paraguay River (Fig. 10C) and resulted in a complex
network of distributary channels as well as partially active and
abandoned channels that cross a region with small lakes and
swamps. The flooded region and the high channel mobility pro-
mote the increase of the sediment aggradation rates, often giving
rise to small progradational lateral and terminal splays (Fig. 10D).

The modern Cuiab�a fluvial fan can be classified as a single-
sinuous fan type (Hartley et al., 2010), where the fan-shape has
been produced by a perennial meandering river, with a low ratio
between the sediment supply and water discharge. This condition
favors a lateral channel shift due to successive nodal avulsions from
the Cuiab�a/Piraim River in the proximal part of the lobe. In a
regional context, the closest analogue for the modern Cuiab�a fan is
the Paraguay fan, a fluvial fan that exhibits similar meandering
channels due to low sediment yield sourced from dissected meta-
morphic terrains (Assine and Silva, 2009).

Weissmann et al. (2015) described meandering rivers in an
incised valley producing chute and neck cutoff avulsions as well as
the amalgamation of point bar deposits and originating an over-
printedmix of scroll bar topography. By contrast, meandering rivers
on unconfined plains commonly have less amalgamation processes
and form alluvial ridges without evidence of overprinted scroll
bars. This pattern, observed in the Taquari and S~ao Lourenço fans
(Assine, 2005; Assine et al., 2014), is somewhat different in the
modern Cuiab�a fluvial fan, where some meander belts display
amalgamation, such as overprinted scroll bars, while others display
single channels forming alluvial ridges with little evidence of
amalgamation features (Fig. 10A). Weissmann et al. (2015) sug-
gested that this type of meander belt implies that the channel
remained at the same location long enough to produce an amal-
gamated channel belt, indicating relatively higher channel stability
and a low frequency of avulsions. For the Cuiab�a megafan, we
interpret the relative stability of the channel to be a consequence of
a low ratio between the sediment supply and water discharge once
the river was sourced from low-relief terrains over metamorphic
rocks with a low sediment yield.

6. The role of tectonic and climate controls on fluvial fan
evolution

The inventory of depositional landforms in the Cuiab�a megafan
provides a characterization of geomorphic elements and evidence
of changes in surface processes over time as well as their control of
climate and/or tectonic factors in the northern Pantanal wetlands.
The succession of depositional and erosional events imprinted on
the Cuiab�a megafan records environmental changes since at least
49.2 ± 6.0 ka. Changes in channel patterns and phases of aggra-
dation as well as incisions in distributary systems are widely re-
ported to be responses to variations in the sediment supply and
fluvial discharge, which are primarily driven by climate and
secondarily by tectonic and base level changes (Bull, 1977;
Weissmann et al., 2002, 2005; N�ador et al., 2003; Pope and
Wilkinson, 2005; Gibling et al., 2005; Kumar et al., 2007; Fontana
et al., 2008; Latrubesse et al., 2012).

Basin tectonics play an important role in the development of the
Pantanal landscape (Soares et al., 1998; Assine and Soares, 2004;
Paranhos Filho et al., 2013). Shallow earthquakes commonly
registered in the region (Dias et al., 2016) point to differential
movements along fault surfaces, and the resulting subsidence of
fault blocks controls the generation of accommodation space and
the distribution of locations subject to periodic flooding (Assine
et al., 2015a). The morphostructural characteristics of the Cuiab�a
megafan are consistent with a landscape evolving under tectonic
control. Linear boundaries of flooded regions observed in satellite
images suggest Quaternary fault trends, indicating that the NE-SW
and NW-SE trending faults control the limits of the modern Cuiab�a
megafan (Fig. 11). The dominant NE-SW trending direction has
been related to reactivation of basement structures (Paranhos Filho
et al., 2013), which are mostly associated with the Transbrasiliano
Fault System (Soares et al., 1998). In addition, the unconfined plain
is within a long-lived subsiding area, as suggested by three drilled
boreholes pointing to a sedimentary succession with at a thickness
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of at least ~340 m (Fig. 11). Therefore, this region is an active
depositional site and subject to prolonged flooding events.

Local effects of tectonic structures on fluvial features are
observed on the anabranching sector of the confined plain. Near
Bar~ao de Melgaço, the Cuiab�a River deflects 90o clockwise, and its
southwest flow is controlled by the NE-SW basin border faults.
Subsequently, the channel pattern changes to an anabranching
channel that flows over a bed of iron-rich crusts without a thick
layer of sediments, suggesting an erosive behavior of the channel.
This sector of the floodplain has a lower elevation and is subject to
strong annual floods, which appear to be related to a local subsiding
region controlled by reactivation of the NE-SW basement
structures.

Despite the long-term tectonic constraint, it appears unlikely
that Late Pleistocene and Holocene tectonic activity triggered the
shifts between the aggradation and degradation phases observed in
the Cuiab�a fluvial system. Considering the wide range of climate
changes reported for the Late Quaternary of South America (e.g.,
Clapperton, 1993; Iriondo, 1999; Mayle et al., 2004; Cruz et al.,
2009; Cheng et al., 2013; Baker and Fritz, 2015, and references
therein), we suggest that climatically controlled changes in sedi-
ment and water fluxes can be considered to be the primary factors
that drive periods of fan deposition and valley incision.

Abandoned lobes (ancient fan) at the upper portion of the
Cuiab�a megafan indicate that a phase of aggradation occurred
during the last glacial period, at least between 48.4 ± 5.8 and
19.3 ± 3.1 ka. The dating suggests deposition from Marine Isotope
Stage (MIS) 3 (57e29 ka) to early MIS 2 (29e14 ka) (timescale from
Lisiecki and Raymo, 2005), when paleochannels with similar mor-
phologies were also recognized on the abandoned lobes of the
Taquari (Assine and Soares, 2004; Zani et al., 2012) and S~ao Lour-
enço (Assine et al., 2014) megafans in the eastern Pantanal. The
results of other subtropical and tropical South America fluvial
systems consider that a colder temperature, increase in rainfall
seasonality and low vegetation cover would lead to torrential
fluvial regimes, with high sediment production in catchment areas
and widespread aggradation during the last glaciation, before the
LGM (Iriondo,1993,1999; Iriondo and Latrubesse, 1994; Latrubesse,
2003; Stevaux, 2000; May et al., 2008; Latrubesse et al., 2012).

The network of distributary paleochannels preserved on the
ancient fan surface is clear evidence of fluvial activity during the
LGM (~20 ka). The paleochannels morphology that becomes nar-
rower and straighter downstream suggests discharge loss due to
high percolation and evapotranspiration, implying a relatively low
effective precipitation and reduced vegetation cover in the depo-
sitional site. This scenario of generally drier conditions would
produce water flows with high variability over the year, leading to
dry channels for most of the year, with flows occurring briefly
during the summer months. Sedimentary features in other low-
lands of South America have been interpreted as evidence of dryer
and cooler conditions during the LGM than at present. An increase
of aeolian activity with the development of loess and sand dune
deposits in the Argentinean Pampa (Iriondo and García, 1993;
Kr€ohling and Iriondo, 1999), southern Chaco (Iriondo, 1993) and
Bolivian lowlands (May and Veit, 2009) have been associated with a
regional drought during the LGM. Latrubesse et al. (2012) suggest
that these drier conditions led to smaller discharges from the
catchment and less fluvial activity in the Chaco plains. In addition,
Latrubesse and Kalicki (2002) recognized a network of inactive
fluvial belts in the middle Amazon, which were interpreted as two
large fluvial fans deposited under arid conditions and intense
avulsion processes at approximately 20 ka (TL age).

Our data from the Late Pleistocene (48e19 ka) lobes of the
Cuiab�a megafan agree with environmental conditions interpreted
from pollen records for regional lowlands. Stable carbon isotopes in
bulk organic matter (d13C), carbon and hydrogen stable isotopes in
leaf wax (d13C and dD) and pollen and diatom data from the Lagoa
Gaiva sediments indicate an open vegetation landscape dominated
by grasses and herbs during the last glacial period (41e20 ka) in the
Pantanal wetland (Whitney et al., 2011; Metcalfe et al., 2014;
Fornace et al., 2016). A similar scenario was interpreted through
pollen and charcoal data from sediments of the Chaplin and Bella
Vista Lakes in northeastern lowland Bolivia (southwestern Amazon
Basin), which also suggest the expansion of dry forests and sa-
vannas during the last glacial period, especially during the LGM
(Mayle et al., 2000; Burbridge et al., 2004). This trend of expansion
of open vegetation regions has been primarily attributed to cooler
temperatures (~5 �C below present) and reduced atmospheric CO2
concentrations in combination with a longer dry season during the
last glacial period relative to the Holocene levels (e.g., Burbridge
et al., 2004; Mayle et al., 2004).

Despite the great value of these records for environmental
reconstruction, the interpretation of regional scenarios should be
taken with parsimony. Burbridge et al. (2004) indicate that given
that the Pleistocene pollen assemblages are dominated by pollen
types that are poorly dispersed and/or produced in low quantities
relative to wind-pollinated taxa, vegetation interpretations at the
regional scale (i.e., beyond 2 km from the lake shore) are specula-
tive. Other uncertainties may be related to the physiographic con-
dition of the Pantanal sampling sites, considering that Lagoa Gaiva
is a large and shallow lake that is strongly influenced by the
Paraguay River (Assine and Silva, 2009; McGlue et al., 2011, 2012).
Thus, some changes could be related to a large-scale reorganization
of the drainage basin and river pathways and might not be directly
related to changes in the regional vegetation pattern.

Moreover, the climate conditions reconstructed through vege-
tation changes interpreted for the last glacial period in South
America is a highly controversial issue, considering the large
number of pollen records from central and southeast Brazil (e.g.,
Salgado-Labouriau et al., 1997; Ledru et al., 2005) as well as stable
carbon isotope data from soil samples taken along a 200 km tran-
sect across a savanna-rain forest mosaic between Porto Velho and
Humait�a (de Freitas et al., 2001). These records suggest an expan-
sion of humid forests during this period. Furthermore, oxygen
isotope (d18O) records of speleothems from southeast Brazil (Cruz
et al., 2005, 2009) and the western Amazon lowlands (Cheng
et al., 2013; Mosblech et al., 2012) indicate that rather wet condi-
tions persisted for the SASM throughout most of the last glacial
period, especially during the LGM.

Independent proxy data from several sites show that environ-
mental changes were complex in tropical and subtropical South
American lowlands from the Late Glacial Maximum to Early Holo-
cene (Iriondo, 1999; Mayle et al., 2004; Cruz et al., 2009; Baker and
Fritz, 2015). Iriondo (1999) argued that the early phase of deglaci-
ation was accompanied by widespread torrential dynamics and
fluvial erosion and that from approximately 16 to 15 ka, the climate
became humid enough to mobilize carbonates (pedogenesis), but
with sparse vegetation, permitting dune redistribution in the
Argentinean Pampa. Glacial advance occurred from 14 to 8.5 ka,
with a dry climate characterized by strong westerly winds in the
Pampa (Iriondo, 1999).

Otherwise, the speleothems records (d18O) indicate the occur-
rence of abrupt millennial precipitation events due to the
strengthening of the SASM at the onset to the Heinrich stadial 1
(HS1) at ~18.5 ka and Younger Dryas (YD) at ~12.5 ka (Cruz et al.,
2005; Wang et al., 2007; Mosblech et al., 2012; Cheng et al.,
2013; Zhang et al., 2016). Pollen records indicate that forest
expansion in Pantanal (Whitney et al., 2011; Fornace et al., 2016)
might have been coincident with forest expansion in the south-
western Amazonia (de Freitas et al., 2001; Burbridge et al., 2004)
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due to the increasing temperatures and global CO2 concentrations
(Mayle et al., 2004).

Taking all this information into account, we suggest that global
climate changes and consequent precipitation shifts induced in
South American lowlands would be the primary driver of the
changes in channel styles recorded by the Cuiab�a River during the
last glacial and deglacial periods. Higher precipitation combined
with a denser vegetation cover may have increased the discharge
and stream transport capacity during the HS1 and/or YD. Assuming
that the youngest age of the ancient fan (19.3 ± 3.1 ka) is the
maximum age for the beginning of the incision and that the
radiocarbon ages of approximately 8.5 ka BP are related to the
filling of the confined plains, we interpret that the upper fan valley
incision in the Cuiab�a megafan occurred in response to an abrupt
increase in precipitation due to the strengthening of the SASM
during the HS1 and YD.

A roughly similar timeframe of incision and infilling has been
reported for other entrenched valleys in the Pantanal fluvial fans
(Assine and Soares, 2004; Assine and Silva, 2009; Kuerten et al.,
2013; Assine et al., 2014), suggesting a regional response of the
Pantanal fluvial systems to abrupt climate changes during the LGM
and subsequent deglaciation phase during the very late Pleistocene.
After the incision phase, the main floods were confined in the
incised valley and the channel pattern shifted from low-sinuous
distributary to single-meander belts. This new channel pattern
probably resulted from the establishment of denser vegetation
cover in the catchment area and an overall reduction in sediment
supply to the Cuiab�a River. A similar pattern of channel incisionwas
documented for the western Ganges River Plain (Gibling et al.,
2005; Roy et al., 2012), in which an increase in precipitation due
to the strengthening of the Southwest Indian Monsoon led to an
increase in river discharge and promoted incision and widespread
badland formation.

In contrast to the differences during the Late Pleistocene, the
interpreted climatic changes through the Holocene are broadly
consistent, even using distinct proxies. Speleothem paleo-
precipitation records from southeast Brazil (Cruz et al., 2005, 2009)
and the western Amazon lowlands (Cheng et al., 2013; Mosblech
et al., 2012) show a large-scale decrease in d18O values during the
Early-Mid Holocene, suggesting relatively drier conditions due the
weakening of the SASM. The lake levels in Pantanal during the Mid
Holocene were lower than their modern levels, indicating a
response to a relatively drier period, as shown by paleo-
precipitation data (McGlue et al., 2012). This arid phase is corre-
lated with an increase of fire events and the expansion of savanna
vegetation in the southwest border of Amazonia (de Freitas et al.,
2001; Mayle et al., 2004). The Cuiab�a River valley infill likely
accompanied a reduced stream capacity and stabilization of river-
banks by vegetation through the Early-Mid Holocene, under which
fine-grained sediments and sand were deposited in fining-upward
sequences by lateral meander shifting. Moreover, the Cuiab�a River
extended its meandering belts even to the distal parts of the
modern fluvial fan due to the relatively high channel stability.

7. Conclusion

The approximately 15,300 km2 Cuiab�a fluvial fan represents the
second largest megafan within the Pantanal basin. The recognition
of depositional and erosion features coupled with OSL dating
enabled us to establish a succession of events that built up the
Cuiab�a megafan during the last 49 ka. The location and limits of the
Cuiab�a megafan result from the accommodation space produced by
long-term tectonic processes, with the Late Pleistocene and Holo-
cene precipitation changes playing a major role in aggradation and
incision phases as well as shifts in the fluvial channel styles.
The ancient fan is marked by a distributary drainage network of
low-sinuosity paleochannels, indicating that a phase of aggradation
prevailed from MIS 3 (49 ka) to the LGM (19 ka). The fan-shaped
geometry was a consequence of the convex up basin geometry
and unconfined flows moving down dip. The morphology of the
paleochannels grow narrower and straighter downstream, sug-
gesting discharge loss due to high percolation and evapotranspi-
ration. This scenario indicates relatively dry conditions, with low
effective precipitation and a reduced vegetation cover at the LGM.
Thus, the ancient fan is a relict landform under degradational
processes.

The valley incision in the upper fan was driven by changes in
hydrologic conditions in response to abrupt precipitation events
due to the strengthening of the SASM during the HS1 and YD. The
incision displays shifts between meandering and anabranching
channel patterns over time. After the incision, increases in tem-
perature and the atmospheric CO2 concentration favored the
development of a denser vegetation cover and an increase of the
channel bank stability, driving the channel pattern to meandering.

The modern Cuiab�a fluvial fan comprises a perennial
meandering river during the Holocene. It represents a single-
sinuous fan style, with a relatively low sediment supply to water
discharge ratio. Its fan-shape was built-up by the repeated con-
struction and abandonment of the meander belts on an unconfined
fluvial basin. The variations in the channel morphology recon-
structed for the Cuiab�a fluvial fan agree with previous works that
reported low aggradation rates during the LGM as a result of drier
conditions. The abrupt increase in precipitation after the LGM and
development of denser vegetation cover during the deglacial
period caused incised valleys and an overall shift to meandering or
anabranching channels.
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