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Geomorphological indicators of large-scale climatic changes in the Eastern
Bolivian lowlands

Jan-Hendrik May, Berne

1 Introduction

Late Quaternary tropical paleoclimatic research has
become successively more important for our under¬

standing of the global climate System. However, the
major part of paleoclimatic data in tropical South
America still originates from the Andean highlands.
Data from the tropical lowlands are relatively scarce
and in some cases contradictory. Without additional
records from the tropical lowlands, any conclusion
regarding the paleoclimatic history of tropical South
America will thus be biased (Coltrinari 1993). Situ-
ated at the transition zone between the tropical-humid
and the subtropical semi-arid climatic regimes, the
Eastern Bolivian lowlands (EBL) are therefore par¬
ticularly suited for the detection of large-scale climate
changes.

Up to now, only few studies have been concerned with
the geomorphology, landscape evolution and paleocli¬
matic history of the EBL. A general geomorphological
overview is provided by Werding (1977) and Iriondo
(1993). Servant et al. (1981) conducted first studies
of paleosol-sediment-sequences, and only recently
Mayle et al. (2000) and Burbridge et al. (2004) pub¬
lished results of Vegetation and climate reconstructions
deduced from pollen analysis in Northeastern Bolivia.
Another pollen record comes from a bog within the
Andean cloud forest (Mourguiart & Ledru 2003).

This study provides a revised inventory of geomorpho¬
logical landforms in Eastern Bolivia at various spatial
scales, benefiting from the increased availability and
simplified use of remote sensing data (University of
Maryland 2005). In combination with field studies
remote sensing turned out to be a powerful tool for
area-wide geomorphological mapping. Landforms and
landform associations are interpreted and discussed
regarding landscape evolution and paleoclimatic his¬

tory. This is the base for further and more detailed
paleoclimatic research currently conducted in Eastern
Bolivia.

2 Study area

Mountain building and Andean deformation associ¬
ated with the subduction of the Nazca plate has pro¬

gressive^ migrated eastward throughout the Cenozoic
(Gubbels et al. 1993; Isacks 1988). leading to the thick-
ening and horizontal shortening of the Continental
crusl and the formation of the Eastern Cordillera and
the Subandean zone (Fig. 1). At least since Miocene
times, the erosional products of active deformation in
the Subandean zone have been transported into the
foreland of Eastern Bolivia (Gubbels et al. 1993).
Therefore. the Eastern Bolivian lowlands are a retro-
arc foreland basin System with the Chaco Piain (-18°-
24°S) being one of several active depocenters adjacent
to the Central Andes (Horton & DeCelles 1997).

The Subandean foothills can be regarded as the topo-
graphic transition from the Subandean zone into the
foreland basin (Fig. l).To the east, active deformation
structures are buried beneath Cenozoic Sediments
(Hinsch et al. 2002; Horton & DeCelles 1997), which
thin out towards the east and onlap the pre-Andean
basement. The northeastern margin ofthe Chaco piain
is delimited by the outcrop of the Precambrian Brazil¬
ian shield.The transition between the Chaco piain and
the Brazilian shield is interrupted by the Chiquitana
ranges consisting mainly of sedimentary rocks of the
Palaeozoic Chaco basin. Palaeozoic rocks are uncon-
formably overlain by a thin cover of Mesozoic rocks
(Welsink et al. 1995) and extend onto a topographic
and structural high to the south (Izozog arch) repre¬
senting the flexural forebulge of the Andean deforma¬
tion (Horton & DeCelles 1997).

The present climatic conditions of the EBL reflect
their location between the tropical wet climate regime
of the Amazon basin and the subtropical semi-arid cli¬

mate to the south. During austral summer. the South
American summer monsoon (SASM) dominates the
atmospheric circulation over most of Continental
South America (Nogues-Paegle et al. 2002; Zhou &
Lau 1998). NE-trade winds are responsible for mois¬
ture advection from the tropical Atlantic into the
Amazon basin. From there, the southward transport of
the Amazonian moisture into the EBL and towards the
South Atlantic convergence zone (SACZ) is accom-
plished by the South American low level jet (SALLJ)
(Berri & Inzunza 1993). The SALLJ is a strong N-S
wind System east of the Andes active throughout the

year (Saulo et al. 2004). However. due to the lack of
topographic barriers, cold air incursions from mid-lati-
tude South America periodically penetrate deep into
the Amazon basin (Garreaud 2000) leading to signifi¬
cant lowering of temperatures and enhanced precipi-
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Mission / Data Spatial Resolution Spectral Resolution Temporal Frame

LANDSAT MSS 80 m multispectral 1972-1992
LANDSAT TM 30-120 m multispectral 1982-present
LANDSAT ETM 15-60 m multispectral 1999-present
ASTER 15-90 m multispectral 2000-present
CORONA 3-5 m panchromatic 1960-1972
MODIS 250-1000 m multispectral 2000-present
AERIAL PHOTOS 1-2 m panchromatic 1960's
SRTM 30-90 m - February-2000

Tab. 1: Remote sensing data used for geomorphological mapping and its characteristics
Verwendete Fernerkundiingselalen für die geomorphologische Kartierung und ihre Charakteristika
Caracteristiques des donnees issues de la teledetection utilisees pour la canographie geomorphologique
Source: U.S. Geological Survey 2005

tation during austral winter (Garreaud 2000: Pezza
& Ambrizzi 2005).

Preeipitation amounts and distribution in Eastern
Bolivia depend to a large extent on the SASM and its

components.Total annual preeipitation decreases from
-1500 mm/a at 17° S to <500 mm/a at 21° Agrotecno-
logica Amazonica 2005). This trend is accompanied
by increasing duration of the dry season (seasonality)
towards the south. Most preeipitation (~ 40%) falls as

a direct result of convective activity during the rainy
season in the months of December to February. The
distribution of potential Vegetation and ecosystems
largely reflects the present climatic conditions. Ibisch
et al. (2004) differentiate between four ecoregions:
The Amazon evergreen forests and the semi-deeidu-
ous Chiquitano dry forest in the north grade into the

open and wooded savannas of the Cerrado formations
in the east and into the low deeiduous dry forest of the
Gran Chaco in the south.

3 Methods

1980). The deduetion of landscape evolution (genetic
geomorphology) results from comparison of past land¬
forms and present processes. This requires spatially
and temporally diverse information. Visual interpre¬
tation incorporates colour. density and texture of the
imagery. but also deduces information from elevation.
Vegetation and land-use patterns (Verstappen 1977).

Apart from the remote sensing data, this study inte-
grates information collected during several months
of field work conducted over three years from 2003-
2005.

4 Results

The EBL can be outlined following structural and top¬
ographic criteria. In contrast to the adjacent Andes to
the west and the Brazilian shield to the east. the gener¬
ally low relief is due to active Sedimentation processes
throughout the recent geological past. The visualiza-
tion and analysis of digital elevation data allows the
subdivision of the lowlands into three distinct geomor¬
phological units (Fig. 1):

In order to achieve a complete coverage of the study
area. various kinds of remote sensing data have been

integrated within this study. Increased availability
and improved management of satellite imagery on a

low-cost basis have made the use of these data effi-
cient (University of Maryland 2005: U.S. Geologi¬
cal Survey 2005). Depending on their characteristics
(Table I). different types of data have been used for
different purposes.

AI and A2: alluvial slopes of the piedmont (north¬
ern and southern part) bordering the Subandean
zone:
Bl. B2 and B3: fluvial megafans of the three large
river Systems in the study area from south to north
(Rio Parapetf. Rio Grande and Rio Piray):
C: topographically elevated upland areas corre¬
sponding to the structural high of the Andean fore-
bulge.

For the detection and mapping of geomorphological
features from remote sensing data, various methods
have been proposed in the literature. each applying
to a specific purpose of mapping (Barsch & Liedtke

These units are genetically distinct macro-scale geo¬
morphological landforms. Their age and evolution
have to be considered within the context of the for¬
mation of the Andes extending back into the Tertiary
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Fig. 1: Macro-scale geomorphological units in the study area as deduced from digital elevation data (black boxes
refer to location of figures)
Geomorphologische Grosseinheiten im Untersuchungsgebiet, abgeleitet von digitalen Höhendaten (schwarze
Kästchen beziehen sich auf die Lage der Abbildungen)
Unites geomorphologiques de la zone d'etude ä grande echelle, issues eles donnees nutneriques d'altitude (les rec-
tangles noirs indiquenl la localisalion des images)
Source: SRTM 90-m data, Global Land Cover Facility http://www.landcover.org.

(Baker 1986; Horton & DeCelles 1997). On shorter
timescales focussing on late Quaternary landscape
and climate history, present processes typical for each
of these three landscape elements can be compared
to relict landform generations. Thus it is possible to
detect changes in geomorphic processes over time,
which in turn serves as indicator for changes in the
Controlling parameters of landscape evolution, namely
tectonics, climate and humans (Schumm 1999; Sum-

merfield 2000).

4.1 Piedmont
The Andean piedmont forms the transition zone
between the Subandean ranges and the fluvial Systems
of the large rivers of Eastern Bolivia. Morphologically,
it is a gently eastward inclined slope. Low slope angles
of -0.35-0.55% and the apparent lack of alluvial fan

morphology indicate that confined stream flow is the

main process of piedmont construction (Smith 2000).
With the piedmont being a typical alluvial slope. pale¬
oclimatic implications may be derived from its sedi-
mentological architecture and the reconstruction of
paleohydrology.

In the study area, the piedmont can be subdivided into
a northern and a southern part (AI and A2) separated
by the Rio Grande megafan. Both parts are situated in
climatically different environments, with the northern
part being characterized by higher total annual pre¬
eipitation and less pronounced seasonality. Therefore
differences in type and intensity of the dominant geo¬
morphic processes can be expected.

4.1.1 Drainage network
The Subandean foothills are the catchmenl areas of
the piedmont (Fig. 2). Bordered by a topographically
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Fig. 2: Paleodunes (1) and largely inactive drainage Channels (white dashed lines, 2) are the most characteristic
features on the piedmont between the erosional scarp (3) of the Rio Grande and the uplifted and dissected Sub¬

andean foothills (4) (arrow paleowind direction).
Paläodünen (1) und grösstenteils inaktive Gerinnebellen (weisse gestrichelte Linien, 2) sind die charakteristischen
Formen auf dem Piedmont zwischen Erosionsterrasse des Rio Grande (3) und den gehobenen, zerschnittenen
Subandinen Vorbergen (4) (Pfeil Paläo-Windrichumg).
Paleodunes (1) el cheneiux de drainage en grande partie inactifs (lignes discontinues, 2) sont des elements distinctifs
du piemont situe entre Tescarpment erosifdu Rio Grande (3) et les collines elevees et decoupees subandines (4) (la
fliehe indique la direction du paleovent).
Source: Landsat TM 230-73, Band combination 5-4-3, Global Land Cover Facility http://www.landcover.org.

sharp thrust-fault, they are characterized by a highly
integrated drainage network at an advanced stage of
dissection. Today the entire area is covered by dense
forest and drainage Channels within the foothills are
largely inactive. Floodplains and Channel beds do
not show evidence of aclive sediment transport on
Ihe piedmont. In some cases Valleys several hundred
meters wide are presently not oecupied by any recog-
nizable stream.Therefore the dissection of the foothills
must have occurred under past climatic conditions dif¬
ferent from today.

The drainage network on the piedmont follows the
inclination of the piedmont slope. No drainage Chan¬

nels presently reach the Rio Grande or Rfo Parapeti.

Active floodplains and significant sediment transport
on the piedmont have only been observed in the
northern part of the piedmont (AI) in the vicinity of
Santa Cruz and along the southern part of the pied¬
mont (A2). In both areas the drainage Channels have
incised into the proximal part ofthe piedmont surface.
In between these areas, the drainage Channels are
essentially inactive and do not show any evidence for
either sediment transport or incision (Fig. 2).

Along the southern piedmont the drainage Channels
deposit their bed-load when emerging from the incised
reach of the Channel (Fig. 3). This process causes a

delta-shaped lobe of coarse fluvial Sediments referred
to as floodout (Tooth 2000). These floodouts seem to
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Fig. 3: Incised drainage Channels (1), floodouts (2) and area of paleo-floodouts (3) along the southern piedmont
Eingeschnittene Gerinne (1), «floodouts» (2) und Zone der Paläo-«floodouts» (3) entlang des südlichen Pied¬

mont
Chenaux de drainage incises (1), zones de debordement («floodouts») (2) et paleozones de debordement (3) le
long du piemont sud
Source: Landsat TM 230-74, Band combination 3-2-1, Global Land Cover Facility http://www.landcover.org.

have been located significantly further downslope in
the past as evident from large areas of reduced density
of forest cover. The shift of the floodouts to the proxi¬
mal parts of the piedmont probably indicates reduced
intensities of the discharge events.

4.1.2 Paleodunes
The most characteristic geomorphological features
along the northern part of the piedmont are several
paleodune fields (Fig. 2). They all consisl of NW-SE
to N-S trending parabolic dune forms, corresponding
to the dominant wind direction (Agrotecnologica
Amazonica 2005). The parabolic dune forms indicate
a uniform wind regime and the presence of a Vegeta¬
tion cover dense enough to fix the lateral limbs of the
dunes during dune migration (McKee 1979). In some
cases the limbs are several kilometres long, implying
a high movement rate and/or a relatively long time
period of dune activity. Paleodune Systems have only

been observed along the southern margins of drainage
Channels. Apparently, past dune formation was closely
tied to sufficient sediment supply. Both. the fluvial
transport of sediment out of the Subandean catch¬
ments onto the piedmont, and the subsequent aeolian
reworking most likely indicate generally drier climatic
conditions with reduced forest cover, intensified dis¬

charge events and a prolonged dry season.

A large dune field (Lomas de Guanacos) exists on the
southern part of the piedmont (Fig. 4, 6). It is largely
inactive today. Its size (-2,250 km2) as well as its position
along the southern border of the Rio Grande megafan
point to the Rio Grande as the source of the aeolian
sands that build up the Lomas de Guanacos. In contrast
to the smaller paleodune formations to the north, the
Lomas de Guanacos exhibit a complex internal struc¬
ture. Three dune generations can be distinguished.The
peripheral parts of the dune field consist of long, N-S
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Fig. 4: Paleodune field of the Lomas de Guanacos with oldest dune generation (1), younger formations (2) and
active dunes (3) (arrow paleowind direction)
Paläodünenfeld Lomas de Guanacos mit ältester Dünengeneration (I), jüngeren Formationen (2) und aktiven
Dünen (3) (Pfeil Paläo-Windrichtung)
Champ de paleodunes de Lomas de Guanacos montrant la generation la plus ancienne (1), les formations plus
jeunes (2) et les dunes actives (3) (lafleche indique la direction du paleovenl)
Source: Landsat ETM 230-73, Band combination 5-3-3, Global Land Cover Facility http://www.landcover.org.

trending dune ridges. These ridges are interpreted as

limbs of large parabolic dunes. They show a smooth
morphology, which points to fluvial erosion after their
fixation and indicates a relatively old age. Towards the
central part, the Lomas de Guanacos are characterized
by a more undulating surface morphology and smaller
parabolic forms. Within this younger generation, inac¬
tive dunes have been distinguished from active dunes
based on the density of forest cover. A marked change
in paleowind strength and/or direction must have oc¬

curred between the formation of the older and the

younger dune generations, as the NNE-SSW direction
of the younger generation does not correspond to the
N-S direction of older dunes (Fig. 4).

4.1.3 Active dunes
Two active dune complexes form the nucleus of a dune
field (Lomas de Arena) about 15 km south of Santa

Cruz (Fig. 5). The dune fronts actively advance into
the forest, forming a large parabolic dune with limbs
of various kilometres length. Most of the active inner
dunes, however, are barchanoid forms, illustrating
the missing influence of Vegetation on dune mobility
(McKee 1979).

The evolution of the Lomas de Arena has passed
through at least two distinct phases. This is evident
from the inactive paleodunes surrounding the active
dune fields. Sand deflation and initiation of dune
migration is presently observed along the floodplains
of various small drainage Channels (Jordan 1981),
suggesting that, apart from the Rio Piray, the Suban¬
dean foothills are an essential source of the aeolian
sands. The ongoing activity of the Lomas de Arena
dune fields is therefore probably closely tied to the
development of the drainage Channels. This exam-
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Fig. 5: Paleodunes (dotted, 1) and active dunes within the Lomas de Arena dune field; deflation on restricted
floodplain areas (3) (arrow paleowind direction)
Paläodiinen (gepunktet, 1) und aktive Dünen im Dünenfeld Lomas de Arena; Deflation in kleinen Teilen des

Flussbettes (3) (Pfeil Paläo-Windrichtung)
Paleodunes (pointilles, 1) et dunes actives du champ dunaire de Lomas de Arena; deflation dans certaines parties
de la plaine alluviale (3) (lafleche indique la direction du paleovent)
Source: ASTER VNIR 231-72, L1B.003:2003834450, Band combination 2-3-1, EROS Data Center http://eros.
usgs.gov.

ple illustrates that dune formation does not require
desert like conditions, but sufficient sediment supply,
strong winds and a pronounced dry season in order to
transfer the material out of the floodplains. Based on
the extent and occurrence of paleo- and active dunes,
areas prone to present deflation and dune formation
are apparently more restricted (Fig. 5). Increased dis¬

charge intensity and sediment supply may also have

played a role during the initial evolution of the Lomas
de Arena.

4.2 Megafans
Three fluvial megafans have been formed by the three
major rivers in Eastern Bolivia. The Rio Piray megafan
northeast of Santa Cruz de la Sierra (-4.300 km-) is the
smallest one: the Rio Grande megafan (-37,500 km2)
and the Rio Parapeti megafan (-15,000 km2) are con¬

siderably larger. Megafans are characteristic for large
subtropical rivers (Leier et al. 2005) and show a down-
stream zonation depending on the hydrological and

geomorphological characteristics of each megafan
(Shukla et al. 2001). Shifts in the zonation are there¬
fore likely to reflect paleoclimatic and paleohydrologi-
cal changes in the megafan.

Today, the Rio Parapeti' (Bl) flows along the north¬
western margin of its megafan. Several paleochan-
nels of the Rio Parapeti' can be reconstructed from
Vegetation differences on the megafan. The pattern
of the paleochannels implies a northward shift of
the river course through time. Based on the topo¬
graphic data, the southernmost paleochannel can be
traced into Paraguay, where it formerly contributed
to the Rio de la Plata basin (Barboza et al. 2000).


















