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Abstract What is an inlier sedimentary basin? What are the main mechanisms of
sedimentary infilling? How do the depositional systems behave? And last, but
certainly not the least, what geological events occurred in the last million years
and continue to take place in the Pantanal area today? These issues are considered
in this chapter, based on available geological, geomorphological, and geochrono-
logical datasets. The Pantanal is an active sedimentary basin with numerous faults
and associated earthquakes. Movements along these faults cause subsidence on
blocks within the basin, generating depressions that are highly susceptible to
flooding, and also create accommodation space for sediment storage. One hypo-
thesis on the origin of the Pantanal Basin relates the processes of subsidence with
tectonic activity in the Andean orogen and foreland system during the Quaternary.
Alternatively, the lack of geochronological data leaves open the possibility that the
basin formed much earlier, perhaps during an interval of widespread tectonism in
Brazil during the Eocene. The modern Pantanal depositional tract is composed of
the Paraguay River trunk system, numerous fluvial megafans and interfan flood-
plains, and thousands of lakes, many of them integral to the Nhecolandia landscape.
The Pantanal’s geomorphology is most likely the product of climatic fluctuations
and environmental changes that have been occurring since the Late Pleistocene.
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Relict morphologic features like paleochannels have been preserved on the surfaces
of abandoned lobes on several large fluvial megafans. After a period dominated by
arid conditions in the Late Pleistocene, the Pantanal area experienced an episode of
humidification and increasing fluvial discharge in the Early Holocene. This process
promoted important modifications in the extant drainage system, for example, the
avulsion of the Paraguay River that caused the Nabileque paleomeander belt to be
abandoned. The landscape and sedimentary deposits of Pantanal Basin are “living”
geologic records of changing rivers, avulsions, floods, and climate changes that
occurred in the last several thousand years. Understanding the dynamics of these
transitions is critical for unveiling the geologic history of the world’s largest
tropical wetland.

Keywords Avulsion, Fluvial megafans, Nhecolandia, Pantanal Basin, Tectonics
and sedimentation

Contents

D 6115 {076 1017 10 + E Pt 24
2 From the Gondwana Assemblage to the Cenozoic Pantanal Sedimentary Basin........... 26
3 The Basin Infill and the Modern Depositional Tract Systems ............c.c..oiiiiiieeaa.. 31
4 Late Quaternary Landscape Variability ............coooiiiiiiiiiiiiiiiiiii i, 37
5 The Nhecolandia Landscape Enigma ..............ooooiiiiiiiiiiiiiiiiiiii e 39
6 Faults Constraining Sedimentation and Frequently Flood Areas ........................... 42
A O} T L 1) 10 s 44
RETEIENCES .. ..ottt e e e 45

1 Introduction

The Pantanal Basin is situated in the Upper Paraguay River depression, which is
located mostly within west-central Brazil, but it also extends into frontier territories
belonging to Bolivia and Paraguay (Fig. 1). With a surface area of approximately
150,000 km? [2] and relief ranging from 80 to 200 m, the vast network of Pantanal
floodplains are connected with the Chaco floodplains (Paraguay) to the southwest.

Bedrock rivers in the fringing source areas become alluvial rivers within the
Pantanal plains, and the basin has been progressively filled with sediments carried
by these rivers from the surrounding plateaus and dissected marginal lowlands
(Fig. 2a). Sedimentation occurs in a large alluvial depositional tract comprised of
the Paraguay River plain and several fluvial megafans. Sediment infill of the
modern basin has led to the formation and persistence of large flood-susceptible
areas that host rich aquatic ecosystems, which has led to the development of one of
the most important tropical wetlands on the planet [3, 4]. The Pantanal experiences
widespread and prolonged seasonal flooding from January to June, but with
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Fig. 1 Location of the Pantanal Basin. (a) Geological map (sediment isopach in meters from [1]).
(b) Digital elevation model from Shuttle Radar Topographic Mission (SRTM)

diachronous flood peaks according to different geomorphologic floodplain zones
[5].

What is commonly unknown about the Pantanal is the fact that the wetlands are
situated in an active sedimentary basin with faults and associated earthquakes,
which delimit the most flood-prone areas. Crustal movements along these faults
promote differential subsidence of blocks within the basin, creating accommo-
dation space that results in permanently flooded areas. The geological knowledge
of the Pantanal Basin is still somewhat limited and studies are in their infancy, with
few subsurface datasets (Fig. 2b) and scant information about the basin genesis, age
and nature of the sediments, geomorphologic evolution, and modern sedimentation
zones [6].

This chapter aims to present a summary of the geologic events likely responsible
for the geomorphologic configuration of the Pantanal, from the uplift of the area
following the fragmentation of Gondwana (lower Cretaceous) to the formation of
the modern depositional tract during the Quaternary. Understanding these
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Fig. 2 Upper Paraguay drainage basin. (a) Digital elevation model from Shuttle Radar Topo-
graphic Mission (SRTM). (b) Map of geomorphological zones, showing the remnants of
Sul-Americana surface on the surrounding highlands and subsurface data location within the
Pantanal Basin

developments and environmental transitions is essential to revealing the extant
sedimentological dynamics of the entire wetland.

2  From the Gondwana Assemblage to the
Cenozoic Pantanal Sedimentary Basin

Following the assemblage of the Gondwana toward the end of Proterozoic Era (see
[7]), the Pantanal region developed within the extensive domain of marginal basins
that surrounded the supercontinent. This early Pantanal region was most likely a
component of the Paleozoic-Mesozoic Parana and Chaco sedimentary basins.
Paleocurrent indicators, measured in sandstones of the Ivai River Group (Ordovi-
cian and Silurian) and the Parana Group (Devonian), suggest that there was
depositional continuity between the Parana and the Bolivian and Paraguayan
Chaco basins [8, 9].

Paleozoic rocks have been almost entirely removed from the Pantanal area
during the many strongly erosive dissection events during the Cenozoic. Today,
few outcrops of Paleozoic rocks are present, which provide the limited evidence for
the past connection between the Parand and Chaco basins. One such example can be
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found in the Silurian Coimbra Formation, which is exposed in small hills to the west
of Forte Coimbra in the Nabileque area of the southern Pantanal.

The inception of the Cenozoic era was marked by a relatively quiescent tectonic
period in the Pantanal, especially from the Paleocene to the lower Eocene
[10]. At this time, a prolonged interval of sustained geological degradation
(weathering and erosion) reduced the relief of the eastern portion of Brazil into an
extensive planation surface, which has been recognized in many areas and is widely
known as the Sul-Americana surface [11-13]. This regional surface has been called
by several names, such as the Cristas Médias surface [14], the Japi surface [15] in
the state of Sao Paulo, and the Puruna surface in the state of Parana [16]. In the final
stage of its development, the Sul-Americana surface was marked by deep chemical
leaching, sesquioxide enrichment, and laterite (ferricrete) formation.

The laterite profiles of the Sul-Americana surface exhibit characteristics that
indicate a prolonged evolution under a humid tropical climate with abundant water
[17]. Despite the scarcity of geochronological data, most of the available evidences
indicate that the development of the Sul-Americana surface occurred from Paleo-
cene to Early Eocene. For example, “°Ar/*®Ar dating of deep weathering profiles in
the “Quadrilatero Ferrifero,” Brazil, returned ages of 51-41 Ma [18]. This age
range is consistent with the climate record for the Eocene obtained from ocean
sediments and microfossil isotope geochemistry [19], which suggests long periods
of weathering and low denudation rates under hot and wet climatic conditions of the
Early Eocene Climatic Optimum.

The geomorphology of southeast and south Brazil became more clearly de-
lineated after the genesis and subsequent disruption of the Sul-Americana surface.
The main intervals of tectonic reactivation were synchronous with development of
the southeast Brazilian rift system in the Eocene [20]. Tectonic reactivations caused
disparate uplift and rapid dissection of topography, which were most intense in the
regions near the coast [10, 21]. Remnants of the Sul-Americana surface have been
recognized in the state of Sdo Paulo at altitudes near 2,000 m in the Serra da
Mantiqueira and Serra do Mar (Bocaina plateaus), decreasing in altitude toward the
west [22, 23].

The flat-topped Central Plateau of Brazil (Goids State) represents the
Sul-Americana surface. Remnants of this geomorphic surface have also been
recognized on the top of plateaus (e.g., planalto) surrounding the Pantanal at
altitudes ranging from 600 to 800 m (Fig. 2). The Cachoeirinha Formation and
several occurrences of thin detrital laterites dominate the sedimentary deposits atop
these plateaus [24, 25]. Remnants of the surface are present on the Parecis Plateau
to the north of the Pantanal, where ferruginous laterite horizons are found on the top
of the plateau (700-800 m in altitude) [26]. The presence of deep laterite profiles
over Neoproterozoic rocks at altitudes of approximately 1,000 m is also noteworthy
on the flat top of the Urucum Massif, which is located on the western edge of the
Pantanal Basin. Remains of the Sul-Americana surface in the surrounding plateaus
are an uncontested piece of evidence in support of the major epeirogenic uplift
before the inception of Pantanal Basin formation.
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Erosive downcutting by rivers initially formed the Upper Paraguay River, which
reached the Chaco Basin through a passage between the highlands of the
Bodoquena plateau and the Urucum Massif. The interior paleodrainage system
was subsequently reorganized, and the Paraguay watersheds, located on the
Pantanal’s surrounding plateaus, became the headwaters of rivers running north-
ward to the Amazonas and eastward into the Parana drainage basin.

Deep erosion removed almost all of the Paleozoic and Mesozoic rocks from the
Upper Paraguay River depression, forming an inlier of Precambrian metamorphic
terranes surrounded by plateaus sculpted on Parana Basin sedimentary rocks.
Ab’Séber [27] used the nomenclature boutonniére, a French term equivalent to
inlier, to name this megastructure. Following the dissection of topography and
creation of new relief, the main tributaries of the Paraguay River widened their
drainage basins, giving rise to broad catchments on the eastern plateaus. Today,
these rivers flow toward the west, in the opposite direction of the dipping slopes of
Paleozoic sedimentary layers, which serves to form a cuesta-like morphology in the
catchment area.

After the period of intense downcutting, processes of planation dominated
during a period of tectonic quiescence from the Oligocene to Early Miocene, giving
rise to a complex inter-plateau surface. Today, the so-called Cuiabana surface
occurs on the top of Cuiaba River interfluves and decreases in altitude gently
from the foothills of the marginal plateaus toward the Pantanal floodplain (250—
120 m above sea level). There is no consensus about whether the Cuiabana surface
is a single and continuous surface throughout the Pantanal or, as some authors
consider it, two different surfaces in the lowlands situated between the surrounding
plateaus and the Pantanal floodplains [26, 28]. Detrital laterite deposits that docu-
ment the final pediplanation phase are considered to be Pliocene-Pleistocene
deposits [27], but their age has yet to be determined by absolute methods. Cosmo-
genic nuclide dating (‘°Be) constrains the minimum age of detrital laterite sedi-
ments associated with the Cuiabana surface to be 500 ka [29]. Recent '’Be dating
found similar minimum ages (maximum exposure age of 918 & 102 ka) and very
slow erosion rates for the laterites, a key factor for the maintenance of the Cuiabana
surface remains on the tops of hills [30].

The Pantanal Basin is located in the central part of the Upper Paraguay River
inlier. The isopach map shown in the Fig. 1 does not reflect the real geometry of the
Pantanal because it does not include the basin border nor the internal faults
responsible for abrupt changes in the thickness of the sedimentary package. The
basin geometry is marked by horst and graben structures, and the fault borders have
dip displacements of hundreds of meters (Fig. 3). 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. The only
available seismic section shows many small faults within the basin, displacing
basement rocks of Precambrian age (see [7]). The Pantanal Basin is still tectonically
active, with movements along fault planes, differential movement of blocks, and
shallow earthquakes [6].
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Fig. 3 Fault-structured basin. (a) Schematic block diagram illustrating the basin geometry.
(b) Line drawing over the seismic section (location of the line on Fig. 2; seismic data from [31])

A crucial unanswered question regards the timing of basin formation. It is
unknown when subsidence and infill of the basin with the siliciclastics of the
Pantanal Formation took place. Taking into account a presumed Pliocene-
Pleistocene age for the Cuiabana surface and assuming that the basin’s subsidence
began after that particular planation event, Ab’Saber [27] argued for a Quaternary
age for the basin origin and inception of sedimentary infill. A Quaternary age was
reinforced by Ussami et al. [1], who suggested the origin of the Pantanal Basin is
associated with the last compressive event in the Andean orogen ~2.5 Ma. Follow-
ing this line of argument, the Cuiabana surface probably constitutes the basement of
the Pantanal Basin, as represented in the schematic diagram of Fig. 4a showing the
geologic evolution of the Pantanal area.

However, there is no information about the precise age of the oldest sediments of
the Pantanal Basin, which reach at least 500 m in its depocenter. It is quite plausible
to suppose that the basin is older, dating back to the Eocene, when an important
tectonic event of uplift and basin formation took place in the southeast Brazil
[10, 32], which was also coincident with an important tectonic reactivation phase
in the Andes [33]. The sedimentary record of Cenozoic Taubaté Basin, one of the
southeast Brazilian rift basins [20, 34, 35], consists of thick Eocene units. Based on
chronological correlations with those events, an alternative hypothesis is presented
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Fig. 4 Schematic diagrams of the Pantanal geologic evolution. (a) Basin initiation during the
Neogene. (b) Basin initiation during the Paleogene

in the schematic diagram of Fig. 4b, which shows a model of geologic evolution in
which the Pantanal Basin formed during the Paleogene by brittle tectonics. In this
model, subsidence and sedimentation began in the Eocene, synchronously with
epeirogenic uplift and tectonism that disrupted the Sul-Americana surface, and
relicts from this surface are notionally represented on the basin floor and presently
covered by the veneer of Cenozoic alluvial deposits.

The mechanism of basin formation has long been associated with Andes tecto-
nics, an idea first presented by Almeida [36]. More recently, the basin formation
was related to the Andean foreland system, more specifically to extensional stress at
the forebulge [1, 37]. In contrast, Horton and DeCelles [38] presented a subsidence
model in the back-bulge domain of the Andes foreland system, which includes the
Chaco Basin as the foredeep area. The hypotheses that link the basin origin to the
Andean tectonics are very elegant and exciting, but some of the models assume a
forebulge position far away from the thrust front (700 to 1,000 km) and thick
lithosphere (100 to 150 km). The question is unsolved, and new information must
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be considered to understand the basin formation in detail, such as the negative
velocity anomalies of seismic wave propagation at different lithosphere depths
below the Pantanal region [39].

3 The Basin Infill and the Modern Depositional Tract
Systems

The subsurface data are restricted to eleven boreholes drilled in the 1960s by
Petrobras. Unfortunately, the destination of cuttings and cores of these boreholes
are unknown and the only information available to the public derives from
Petrobras internal reports [40, 41]. The SB-1 borehole drilled 412.5 m of the
Pantanal Formation but did not reach the basement (Fig. 2). The lithologic data
from this well reveals a monotonous stratigraphic stacking composed almost
entirely by immature, fine- to coarse-grained sandstones, exhibiting a subtle ten-
dency of fining upward. The lower section was composed dominantly of coarse-
grained sandstones with occasional pebbly sands to conglomeratic intervals. Sand-
stones are white, yellowish, or brownish, angular to subrounded, with frequent
ferruginous cementation and iron oxide concretions. Fine-grained intervals occur
locally and are characterized by brown-to-yellowish sandy mudstones, which are
most well expressed in the FF-1 well. Chronostratigraphic data are not available,
and for this reason, there is no information about the age of the drilled sections.

Lithified debris flow deposits, as well as calcretes and ferricretes, are commonly
associated with pediment surfaces in the foothills of highlands surrounding the
modern depositional sites. These deposits are not well studied, but collectively they
are considered to be Pliocene-Pleistocene in age. Among them, coarse sandstones
and matrix-supported conglomerates related to coalesced gravity flow and alluvial
fan facies form piedmont slopes on the foothills of the eastern tableland escarp-
ments. Locally, as in the vicinities of the Corumba urban area, there are siliciclastic
and carbonate deposits (tufa) with impressions of angiosperm branches and leaves,
as well as gastropod shells of undetermined ages, collectively classified as the
Xaraiés Formation [42].

The modern depositional landscape is heterogeneous, which led some authors
[2, 43, 44] to subdivide the Pantanal wetland in distinct areas based on
diverse criteria like landscape features, flooding dynamics and hydroperiods,
flowing rivers, and local names (Fig. 5). The wetland heterogeneity reflects
peculiarities of different systems within a huge depositional tract dominated by
alluvial sedimentation, where the Paraguay River is the trunk system that collects
waters from the entire Upper Paraguay Basin (Fig. 6).

Flowing from north to south, the Paraguay River floodplain exhibits very
complex geomorphological characteristics because the river crosses different geo-
logical domains and interacts with other depositional systems. Before entering the
Pantanal Basin domain, the Paraguay River flows in an aggradational meander belt
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Fig. 5 Three geographic subdivisions proposed for the Pantanal and the outer limits of the
wetland adopted in this chapter (Satellite image MODIS from October 2008)

approximately 4-6 km wide, built within a north-northeast-oriented incised valley
on Precambrian crystalline rocks (Paraguay-Caceres river plain in Fig. 6). The river
forms a fluvial megafan at its entrance into the Pantanal lowlands, because of a loss
of valley confinement and decreasing topographic gradient. Paleochannels are
preserved on the surface of presumably Pleistocene-aged abandoned fan lobes,
forming cross-paleodrainage networks [90]. The topographic gradient abruptly
diminishes at the base of the modern depositional lobe and the Paraguay fluvial
plain style changes at this locality.
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Fig. 6 Depositional tract systems of the Pantanal Basin (M.L. Assine et al. (2015) “in press” in the
Brazilian Journal of Geology)

Downstream, the river meanders within a large floodplain, characterized by
abandoned meander channels and punctuated by hundreds of small lakes, whose
water levels fluctuate in response to annual flood cycles. This fluvial-lacustrine
plain (Paraguay-Canzi river plain in Fig. 6) drains waters derived from the Cuiaba
River megafan, from nearby hills and undifferentiated marginal plains, and from
peripheral channels of the Corixo Grande interfan system.
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The Paraguay River floodplain pattern changes in the Serra do Amolar area,
where the plain becomes narrow and the river flanks mountainous Precambrian
crystalline terranes on its right margin (Paraguay-Amolar river plain in Fig. 6).
Aggradation in the meander belt dammed waters coming from Bolivia territory,
possibly leading to the formation of the Mandioré and Vermelha lacustrine systems
on the right margin of the Paraguay River [45], although the exact mechanism of
lake formation is still poorly known. These lakes, surrounded by mountainous
Precambrian rocks of the Amolar massif, keep important records for the re-
construction of environmental changes in the Late Quaternary in the Pantanal, a
theme discussed in McGlue et al. [46].

The Paraguay River floodplain broadens downstream from the Mandioré Lake to
its confluence with the Miranda River (Paraguay-Corumba river plain in Fig. 6).
The river forms a modern meander belt in this reach, superimposed on paleo-
landforms that formed in distinct preterit hydraulic conditions [47]. After the
Miranda River confluence, the Paraguay River crosses into the Nabileque megafan
and flows in a narrow, well-defined meander belt incised into Pleistocene-aged
deposits. The area is a structural high between the Pantanal and the Chaco basins,
where sediment thickness is less than 100 m and small hills of basement rocks crop
out. Most of the Nabileque megafan is subject to erosional degradation, but
abandoned lobes can be recognized by the existence of an intricate network of
distributary paleochannels on its surface (Fig. 7).

The Paraguay River is the trunk system, but most of the deposystem tract is
composed of fluvial megafans (Fig. 6). Many megafans are formed by rivers with
catchment areas in the dissected sedimentary tablelands located to the east of the
Pantanal, where deep fluvial erosion of Paleozoic and Mesozoic rocks has resulted
in large sediment yields. Crossing sharp escarpments and leaving the catchment
area situated on the plateau, these rivers form huge megafans by depositing their
sediment loads due to much reduced topographic gradients on the plains within the
Pantanal Basin. The Taquari is the most notable of the Pantanal’s megafans,
because of its unusual quasi-circular shape and vast area of ~50,000 km?*, making
it easily recognizable on satellite images [49, 50], but also notable are the megafans
formed by the rivers Sdo Lourengo [51, 52] and Aquidauana [53]. These megafans
are complex depositional systems, characterized by modern distal depositional
lobes and feeder rivers entrenched in upper fan Pleistocene-aged alluvial deposits.
Paleochannels are present on the surfaces of these abandoned alluvial fan lobes,
providing evidence of successive avulsions during the Pleistocene, with associated
deposition and merging of fluvial sand bodies, which make up the alluvial archi-
tecture of the Pantanal Formation (Fig. 8).

Besides the megafans mentioned above, the Cuiaba is another important system
because of its dimensions, complexity, and presently active patterns of sediment
accumulation [54]. In stark contrast to most of the other Pantanal megafans, the
abandoned Cuiaba lobe is small and the modern depositional site is elongated and
broad, with many crevasse splays along the main channel and abandoned channels
and sandy lobes on the floodplain. Similar to the other megafans in the Pantanal
wetland, the Cuiabd river belt is entrenched in the upper fan, where the river
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Fig. 7 Paraguay River meander belts (modern and ancient) cutting abandoned lobes of the
Nabileque megafan (Modified from [48, 70]). (a) Satellite image Landsat Geocover Circas,
RGB742, from June 2001 (dry season). (b) Geomorphologic zonation showing the actual and
the ancient position of the Paraguay River. (¢) Model of the Paraguay River avulsion

changes style from meandering to anabranching in some reaches. The altitudes
range from approximately 160 m at the apex to 95 m at the confluence with the
Paraguay River, resulting in a topographic gradient that is less than 0.20 m/km.
Interfan fluvial systems that are present in between megafans serve to collect
water and sediments from these larger riverine landforms. The Piquiri River plain is
a typical confined meander belt sandwiched between the Taquari and Sao Lourenco
megafans. The Negro River interfan meander belt is another active sedimentary
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Fig. 8 Taquari fluvial megatan. (a) Satellite image MODIS/Terra MOD13Q1 R(MIR) G(EVI) B
(Blue) from April 2011 (wet season). (b) Geomorphologic zonation showing abandoned and active
lobes and the entrenched meander belt in the upper fan (Modified from [50, 54]). (c) Incision in the
upper fan cutting a network of distributary paleochannels (digital elevation model from Shuttle
Radar Topographic Mission (SRTM). (d) Actual confined meander belt (Basemap image —
ArcGIS Online)

system in between the Taquari to the north and the Aquidauana and Taboco fans to
the south. The Negro River floodplain has a more complex configuration than the
Piquiri, as the fluvial style changes downstream from an entrenched meander belt
that progressively loses confinement to the west, where the river enters in a
frequently flooded area and acquires an anabranching pattern.
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4 Late Quaternary Landscape Variability

The Pantanal landscape is the product of climatic fluctuations and environmental
changes during the Late Quaternary [56]. Braun [49] was the first to mention that
the Taquari megafan is mostly comprised of relict depositional landforms that
developed under semiarid conditions of the Late Pleistocene. Similar inter-
pretations were put forward in later publications [57, 58]. Ab’Saber [27], based
on regional paleoclimate correlations, argued that the climate was desert-like
during the Last Glacial Maximum (LGM), with sparse vegetation (caatinga) and
intermittent torrential flows along the alluvial fans. These early insights led
Clapperton [59] to assume that the modern landscape had been formed during a
period of aridity in the Late Pleistocene.

In the central portion of South America, environmental conditions of dry climate
and highly seasonal rainfall are mainly ascribed to the Late Pleistocene; this
interval is associated with intense fluvial system activity, elevated coarse sediment
yield ([60, 91]), and concomitant development of megafans in the Bolivian Chaco
[61]. Sediment radiocarbon dating and palynological data support the interpretation
of arid conditions in the Late Pleistocene of Pantanal [62, 63]. The combination of
poor vegetation cover, strong seasonal precipitation, torrential flow regimes, and
high sediment supply from the fringing catchments to the Pantanal Basin led to the
development of large distributary systems. Paleodrainage networks are still pre-
served on the surface of the Taquari megafan abandoned lobes [6, 54, 56, 64]. Well-
preserved Late Pleistocene-aged distributary braided paleochannels on the surface
of abandoned fan lobes in the upper portion of the Sao Lourengo megafan are
excellent examples of this relict paleodrainage style (Fig. 9) [52].

An important environmental transition occurred near the end of the Pleistocene,
where the climate was thought to be relatively dry and colder than present, to wetter
and warmer conditions in the Holocene [27, 56]. With increasing fluvial discharge
during the Early Holocene [65], river incision occurred at the apical portions of the
megafans fed by the rivers Taquari, S3o Lourenco, and Aquidauana, which all have
catchments on sedimentary plateaus located to the east of the Pantanal Basin. The
incision moved the intersection point of these systems toward the west, and the modern
depositional lobes established in the lower fan settings, with apical lobe positions
immediately downstream of the entrenched valleys. Deposition on the modern lobes
caused a rise of river equilibrium profiles and aggradation within the incised valleys,
which at that time were characterized by the presence of confined meander belts in the
upper fan of the Taquari, Sdo Lourengo, and Aquidauana megafans.

As proxy and radiocarbon data [62, 63] are restricted to the Gaiva and Mandioré
lakes, situated on the western margin of the Paraguay River and influenced by
environments and sediment provenance of the Bolivian Chaco, a very relevant issue
to understand the geomorphological evolution of the Pantanal landscape arises:
when did the Pantanal become the environment we know today as the world’s
largest tropical wetland [66]?
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Fig. 9 Sao Lourenco megafan. (a) Geomorphologic zonation (Modified from [51, 52]). (b)
Distributary braided paleochannels. (¢) Distributary and anabranching channels that characterize
the modern depositional lobe (Satellite image SPOT 5, 2007/2008 mosaic)

The expansion of the Pantanal flooded areas may have begun from the Paraguay
River fluvial plain, once it enters into lower relief within the basin; importantly it
also serves as the trunk river collecting water from the surrounding plateaus.
However, the Paraguay plain has changed in a partitioned and irregular way,
which points to the formation of the Negra and Castelo lakes, respectively,
at 10,200 and 5,100 years before the present [67, 68]. The rising of the regional
groundwater level, controlled by the Paraguay River fluvial plain, which is the base
level for the majority of the megafans and fluvial plains of the Pantanal, increased
the flooded areas from downstream to upstream for all of the surrounding systems.
Humidification was not synchronous nor linear in time, since minor oscillations
occurred in the Holocene [63], causing biogeographical changes, especially the
revegetation of the area (see modern vegetation on Pott and Silva [69]).

The Paraguay River is confined in a narrow meander belt that is entrenched on
Pleistocene deposits in the Nabileque megafan. The modern river course has
resulted from a major avulsion that commenced during the mid-Holocene, which
caused the Nabileque meander belt to be abandoned (Fig. 7; [50, 70]). The visually
striking north—south-oriented paleomeander belt is now occupied by the Nabileque
River, an underfit river that is much smaller than the abandoned channels found in
the paleomeander belt where it flows.

A similar avulsion phenomenon was discovered for the Paraguay River system,
north of Corumba city. Recognizing three distinct depositional associations, based
on cross-cutting relations, Macedo et al. [47] established a relative succession of
geomorphic events: (1) an abandoned drainage network that consisted of
anabranching, elevated ridges of channels and levees that formed during an initial
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period of low river discharge; (2) a set of north—south paleomeander belts cutting
through the channel-levee ridges that records an increase of river discharge, prob-
ably from the lower to the middle Holocene; and (3) an important avulsion event,
probably from the middle to late Holocene, that shifted the river to its present-day
meandering belt, forming the Paraguay Mirim underfit river.

Paleo-hydrological changes during Holocene are imprinted on many other
Pantanal plains rivers, for example, in the Miranda River, where Merino et al. [71]
recognized superimposed belts with different channel widths and meander-bend
morphology. All of this evidence of change needs to be dated by absolute techniques
and integrated with the various observations of the Paraguay River plain and its
marginal lakes in order to reconstruct the way and trends of changing.

5 The Nhecolandia Landscape Enigma

An intriguing feature of the Pantanal Basin geomorphology is the exotic Nheco-
landia landscape, which is easily identified through satellite image analysis
(Fig. 10). Located in the southern portion of the Taquari megafan, the Nhecolandia
is characterized by the presence of more than 10,000 shallow lakes bordered by
sand ridges. The lakes are circular to elliptical shapes and they are usually elon-
gated in the NE direction.

Most of the lakes are of freshwater hydrochemistry, invaded by seasonal flood-
waters and colonized by a variety of aquatic macrophytes. Approximately 10% of
the lakes are isolated from the surface drainage and characterized by the presence of
brackish to saline water, which may present greenish color due to a proliferation of
cyanobacteria. The existence of alkaline lakes was reported for the first time by
Cunha [72], who highlighted the presence of bicarbonate, chlorinated, and sodic
waters, with pH values ranging between 8 and 10. The saline lakes are devoid of
aquatic vegetation and characterized by white-sandy beaches.

Tributary ephemeral (vazantes) and permanent (corixos) streams are super-
imposed on the landscape of lakes and sand ridges, connecting the freshwater
lakes and draining floodwaters to the Negro River at the southern border of
megafan. The interaction between seasonal flood waters, different floodplain
morphologies, and fluctuations of groundwater level controls the location of dis-
tinct vegetation, including forests, savannas, wild fields, herbaceous vegetation,
aquatic macrophytes, and marsh vegetation [73].

Several authors have attempted to explain the origins of this peculiar Pantanal
landscape and the salinity of the isolated ponds. The first attempt to interpret the
genesis of this landscape was made by Almeida [42], who suggested a reworking of
fluvial sediments by eolian processes, based on the predominance of fine-to-very
fine, white, well-sorted, clean, and bimodal sands. In this way, Almeida [36]
attributed the origin of the Nhecolandia lakes to depressions caused by wind
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Fig. 10 Nhecolandia landscape. (a) Typical morphology of NE-SW-oriented lakes with
superimposed modern tributary shallow streams (vazantes) in a Landsat TM 5 image RGB321
from July 2008. (b) Connected freshwater lakes with characteristic aquatic vegetation. (c¢) Saline
lakes with sandy beaches

deflation processes, and Valverde [74] suggested that the ridges are vegetated dunes
that formed during earlier desert conditions.

Wilhelmy [75] proposed a completely different genesis hypothesis, suggesting
that the lakes formed by confinement of floodplain areas due to cross-cutting and
overlapping of marginal levees. Successive lateral migration of the rivers would be
responsible for the myriad lakes, an origin hypothesis that was later adopted by
Ab’Saber [27].

Braun [49] viewed the lakes as product of depressions in the alluvial plains
developed over karstic terrains. However, this interpretation was considered
unlikely by Por [68], arguing that, although karstic environments are common on
the Bodoquena plateau surrounding the southern Pantanal, the geological sub-
stratum of Nhecolandia consists of thick layers of unconsolidated sandy sediments.
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Interpretations based on eolian processes returned to favor in the 1980s. Making
use of radar imagery, Klammer [58] interpreted the existence of two trends of fossil
longitudinal dunes aligned, NNE-SSW and NNW-SSE, that presumably formed
under a regime of constant NNE and NNW paleowinds. Based on satellite images,
Tricart [57] interpreted the lakes as hollows produced by wind deflation, similar to
those in the Argentine Pampas, and assumed past arid climates gave rise to the
presence of saline lakes from relict sabkhas. Taking into account the afore-
mentioned interpretations, the Nhecolandia lakes were considered saltpans in the
review papers of Goudie [76] and Goudie and Wells [77]. A similar understanding
led Clapperton [59] to consider that the Chaco-Pantanal region had an arid climate
marked by the formation of dune fields, which resulted from a far south position of
the South Atlantic Anticyclone in the terminal Pleistocene.

Despite the evidence and arguments for eolian processes acting in the genesis of
Nhecolandia landscape, the origin of these lakes has remained a controversial topic.
Some researchers argue that there is no evidence supporting the interpretation of
eolian processes and products [78]. One of the greatest criticisms is based on the
fact that typical wind-blown sedimentary deposits have not been found, such as
dunes fields and cross-bedded sands.

In a test of the eolian hypothesis, no evidence of NNE- and NNW-oriented
longitudinal dunes was found on satellite images [6, 56], as identified in the radar
images of Klammer [58]. From a sedimentological perspective, it has become clear
that the sands do not exhibit the microscopic and morphological characteristics of
mature desert sands. Rather, a mixture of grain populations with sediment prove-
nance from Paleozoic and Mesozoic sandstones exposed in the source area was
discovered [79]. However, the absence of longitudinal dunes and compositionally
mature desert sands is not a sufficient evidence to abandon the notion of a role for
eolian processes. It could be the case that the Nhecolandia landscape was domi-
nated by sand sheets with localized lunettes [56], and deflation hollows could be
inundated later, for example, accompanying a regional rise of the groundwater
level, thus leading to lake formation.

The origins and timing of alkalization and salinization of pond water are another
controversial issue. Tricart [57] attributed the salinity to past arid climates, while
Ab’Saber [27] ascribed it to the isolation of oxbow lakes. Alkalinization by recent
and presently active biogeochemical [80] and geochemical processes [8§1-83] has
recently been suggested to explain the peculiar composition saline lakes of
Nhecolandia. Geochemical studies point out that the saline lakes are the result of
equilibrium between water flows and geochemical processes, in which the saline
water originates from concentration of fresh vadose zone and groundwater via
evaporation [81-83]. New information about ecological and biogeochemistry
dynamics of the Nhecolandia alkaline lakes is presented in Bergier et al. [84].

In summary, interpretations about the origin of the Nhecolandia landscape are
mainly based on interpretation of satellite data (i.e., indirect), with little sedimen-
tologic information and no reliable dating. New data sources and new lines of
interpretation must be pursued in order to reconstruct the processes and events that
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have shaped the Nhecolandia landscape since the Late Pleistocene. Thus, the origin
of the lakes and their morphology and hydrochemistry remains an enigma!

6 Faults Constraining Sedimentation and Frequently
Flood Areas

Basin tectonics plays an important role in the development of the Pantanal land-
scape, particularly due to their impacts on base levels and topographic gradients.
The Paraguay fluvial plain in the western margin of the Pantanal is structurally
constrained by faults that separate the floodplain from the Urucum-Amolar dis-
sected plateau. Near the Serra do Amolar, the Paraguay River runs on bedrock
composed of Precambrian crystalline rocks of the Cuiaba and Corumba groups.

To the south, the Paraguay River deflects approximately 90° in the vicinities of
the city of Corumba, and its eastward flow is controlled by WNW-ESE normal
faults. Low-grade metamorphic rocks of the Neoproterozoic Corumba and Cuiaba
Groups crop out on the footwall of the fault to the south, where altitudes reach
1,000 m in the Urucum Massif (see [7]). On the right margin of the watercourse in
the Corumba urban area, the river bank locally may be higher than 20 m and
consists of Precambrian metamorphic rocks and colluvium capped by carbonates
of the Xaraiés Formation.

Near the Corumba city, the Urucum Massif is characterized by hills surrounded
by cliffs and escarpments that are sustained by a capping laterite crust. This juvenile
relief is strongly conditioned by faults and fractures and constitutes clear evidence
of neotectonic activity along the western border of the Pantanal. Most of the valleys
of this geomorphologic province are developed along linear discontinuities with a
dominant NE-SW trend; some of these discontinuities are situated around 450 m
above the medium topographic surface of Pantanal lowlands, therefore constituting
true suspended valleys. In contrast to the uplifted areas and suspended valleys, the
subsidence of fault blocks creates accommodation space and low areas subject to
periodic flooding.

Several trends of active faults affect modern tributary streams (corixos and
vazantes), conditioning the actual drainage and the water that flows on the surface
of abandoned lobes. Quite remarkable are the fractures and faults oriented in a NE-
SW direction, supposedly associated with the Transbrasiliano Fault System, a
regional geotectonic suture recognized in the area by Soares et al. [85]. There are
regional trends of lineaments crossing the Pantanal area, and many attempts have
been made to define them using remote sensing (e.g., [86]).

Based on satellite remote sensing data, a study based on the effects of
neotectonics on the drainage networks in the alluvial sedimentation revealed four
main sets of geologic lineaments that constrain stream direction within the Pantanal
wetland (Fig. 11). The NNW-SSE lineaments are well developed on the western
margin of the basin, proximal to the flow of the Paraguay River. Particularly
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Fig. 11 Geological lineaments of the Pantanal wetland. (a) Digital elevation model from Shuttle
Radar Topographic Mission (SRTM). (b) Satellite image MODIS from October 2008, MOD13Q1
R(MIR) G(EVI) B(Blue)

impressive are the ENE-WSW lineaments, which are clearly recognizable as they
cross the modern depositional lobe of the Taquari megafan, where the important
Caronal avulsion is in progress.

The southern boundary of the Taquari modern depositional lobe is controlled by
NE-SW faults, suggesting that this limit is also associated with the Transbrasiliano
Lineament. In this context, the hanging wall block is located on the NW side of the
regional fault system, and it constitutes an area subject to high sedimentation rates
and strong annual floods.

Subsiding fault blocks are presently creating accommodation space for sedi-
mentation and flooding not only in the modern depositional lobe but also in the
lower Negro River course. Perhaps a more striking example of this process can be
found along the north portion of the Pantanal, where an important subsiding area,
controlled by NE-SW and NNW-SSE faults, is receiving sediments carried from
the source area by the rivers Cuiaba, Sdo Lourengo, and Paraguay (Fig. 11). This is
a long-lived subsiding area, and of the three deep (~340 m) boreholes drilled here,
none reached the basement (Fig. 2). This area is an active depositional site as well
and is subject to prolonged flooding events.

Downstream the mouth of the Miranda River, the basement is uplifted and
controls the regional base level of the Pantanal, acting as a natural dam for the
Pantanal waters. This is one of the reasons for the existence of large, frequently
flooded areas in the Paraguay and Negro river floodplains. In the Nabileque
megafan, the Paraguay River runs in a meander belt that cuts Pleistocene deposits
of the Nabileque megafan. In this area, the sediment thickness is less than 100 m,
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and the basement rocks are exposed in isolated hills surrounded by the Nabileque
floodplain, as observed in Forte Coimbra and Fecho dos Morros localities.

Recent movements along fault planes have resulted in earthquakes with epi-
centers located in the Pantanal plains. An earthquake occurred in 1999, with an
epicenter near the apex of the modern depositional lobe of the Taquari megafan,
and produced a focal mechanism that indicates an E-W compressive stress
[87]. Another recent earthquake occurred in 2009, also situated within the Taquari
megafan, revealed an epicenter 6 km deep and focal mechanism indicative of a NE—
SW compression [88]. These data are consistent with intra-plate seismicity asso-
ciated with regional maximum horizontal stress directions in central Brazil,
characterized by E-W to SE-NW regional compression [89]. However, probably
this contemporary regime of stress is associated with tectonic process that is
modifying the basin; these are most likely distinct from the tectonic movement
that was responsible for basin initiation. As mentioned previously, the tectonic
stresses’ history of events responsible for basin formation remains unclear and
awaits future in-depth studies.

7 Conclusion

Pantanal is an active sedimentary basin with faults and associated earthquakes that
delimit the most flood-prone areas. Some new information about the importance of
tectonics with respect to the dynamics of the Pantanal depositional system were
presented in this chapter. It was emphasized that 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. Moreover,
crustal movement along these faults causes subsidence of blocks within the basin,
creating accommodation space that results in permanently flooded areas. However,
a lot of work must be done to comprehend the nature, geometry, and evolution of
the basin, as well as the interaction between the geological substrate and the
superficial geomorphologic processes. Many questions remain unanswered,
awaiting the availability of appropriate tools and new techniques, which is likely
to include a dense grid of high-resolution subsurface data. The structural framework
of the Pantanal Basin is not yet outlined, and little is known about its neotectonics
and its stress field regime.

The basin formation has been related to Quaternary processes associated with
the Andean convergent orogen and foreland system, more specifically to exten-
sional stress at the forebulge or a shallow subsidence area in the back-bulge domain,
which includes the Chaco Basin as the foredeep area. Nevertheless, as there is no
information about the age of the oldest sediments of the Pantanal Basin, it is
plausible that the basin initiation dates back to the Eocene, when an important
tectonic event of uplift and basin formation took place in the southeast Brazil.
The conclusion is that the geological knowledge about the Pantanal Basin forma-
tion and evolution is still in its infancy.
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Many of the existing morphological features are, in fact, relict forms overprinted
on the modern landscape as evidence of distinct past conditions and environments.
The Pantanal landscape is the product of climatic fluctuations and hydrological
changes that occurred during the Late Quaternary. Radiocarbon dating and palyno-
logical data support the interpretation of arid conditions in the Late Pleistocene.
The ancient paleodrainage style of this old and arid Pantanal is preserved on the
surface of abandoned fan lobes in the upper portion of the S3o Lourenco and
Taquari megafans.

Nevertheless, active processes are continually changing the Pleistocene land-
scape, either by the erosion of relict landforms or by modern sedimentation in the
depositional lobes of fluvial megafans, as well as along the Paraguay River flood-
plain and tributary interfan river belts. The modern Pantanal wetland emerged due
to climate change and increasing fluvial discharge during the Early Holocene. Since
then, minor climatic fluctuations have been occurring, which are recorded in the
landscape and sedimentary deposits. A good example is the extant Paraguay River
course, which has resulted from a major avulsion during the mid-Holocene that
caused the Nabileque paleomeander belt to be abandoned.

The Pantanal is a place of changing rivers and public policies must consider this
dynamism. To achieve the sustainable development, including conservation poli-
cies, it is necessary to understand the natural systems of the Pantanal, its basin
origin and evolution, neotectonics and associated subsiding fault blocks, and hydro-
sedimentological dynamics. In an ever-changing landscape like the Pantanal, the
knowledge about the geological history of the region and about the functioning of
the several active geological systems can significantly contribute to the rational
occupation and preservation of the greatest world tropical wetland.
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