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Abstract. The paper examines the role of neotectonic activity in the evolution of the landscape in southern

Amazonia during the Holocene. It uses both new and published data based on the analysis of remote sensing

imagery and extensive field work in the Llanos de Moxos, Bolivian Amazon. The study of the region’s modern

and palaeorivers, ria lakes, palaeosols and topography provides a strong case in favour of the thesis that the

northern part of the Llanos de Moxos constitutes the southern margin of the Fitzcarrald Arch and that it has

experienced uplift during the Holocene. The paper assesses the extent and timing of the neotectonic activity

in light of the new data and reconstructs the evolution of the landscape since the late Pleistocene. The evidence

suggests that at least two uplift events took place: a first uplift in the late Pleistocene, which caused the formation

of Lake Oceano, and a second uplift during the mid-Holocene, which formed Lake Rogaguado. These two uplifts

appear to be linked to the knickpoints observed close to the towns of Guayaramerín and Puerto Siles respectively.

The backwater effect due to these uplifts transformed the region’s major rivers in seasonal ria lakes, causing the

deposition of thick organic clay layers along the Beni, Mamoré and Madre de Dios river banks. I argue that

neotectonic episodes could have dramatically changed the drainage of the Llanos de Moxos, determining its

flooding regime, soil properties and forest–savannah ecotone. These results stress the need for geomorphologists,

palaeo-ecologists and archaeologists to take into account neotectonics when reconstructing the region’s past.

1 Introduction

Palaeo-ecological reconstructions are a fundamental step in

order to understand the origins of modern landscapes and

the potential changes they could undergo due to climate

change. Understanding how a particular region or ecosystem

responded to past human disturbances and changes in past

climate can tell us much about its resilience (Tinner and Am-

mann, 2005; Bush and Silman, 2007; Dearing, 2008). At the

same time, understanding the processes behind the forma-

tion of modern landscapes and ecosystems can help assess

to what extent these are “natural” or anthropogenic, even-

tually contributing to better informed conservation policies

(Angermeier, 2000; Willis and Birks, 2006; Vegas-Vilarrúbia

et al., 2011). These considerations are particularly true for

the Llanos de Moxos (LM) (Fig. 1), which cover most of

the savannah of southern Amazonia. Since the beginning of

the Holocene this region has experienced both climate and

human induced environmental changes (Mayle et al., 2000;

Whitney et al., 2011; Urrego et al., 2013; Lombardo et al.,

2013a, b).

The LM, located between the central Andes and the

Brazilian Shield, is one of the largest seasonally flooded

savannahs of South America. This region covers most of

the southern part of the Amazon Basin and represents

about 10 % of the wetlands of South America (Junk,

2013). The forest–savannah ecotone is largely determined

by seasonal floods (Mayle et al., 2007). The patchwork

of savannahs and forests that covers the LM is a key

element for the survival of its rich biodiversity, including

rare and threatened species (Herzog et al., 2012; Wal-

lace et al., 2013). The recent designation of three new

protected areas has made the LM the world’s largest

Ramsar site (http://www.worldwildlife.org/press-releases/

bolivia-designates-world-s-largest-protected-wetland). In

addition to its biodiversity, the LM is also of great palaeo-
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Figure 1. Geoecological subregions of the LM. (a) Map of the LM’s subregions (based on Langstroth, 2011). (b) Satellite image of the

Cerrado Beniano, a hilly landscape where forests grow in depressions. (c) Satellite image of the central and southern Moxos, a flat landscape

where forests grow on elevated fluvial levees. (d) Satellite image of the transitional zone, where forests are relegated to the floodplains of

underfit rivers.

ecological importance, as this region constitutes the southern

border of the Amazonian rainforest, hence a preferential

area to study past forest–savannah dynamics (Mayle et al.,

2000). Inundation patterns, or flood pulses, have important

effects on the biogeochemistry and the ecology of floodplain

ecosystems, as they determine the occurrence and distribu-

tion of plants and animals, they affect primary and secondary

production and influence decomposition and nutrient cycles

in water and soils (Junk et al., 1989; Junk, 2013). Nowadays,

the LM is constituted by different ecoregions which are

characterized by specific vegetation assemblages which

depend on the interplay between precipitation, drainage and

soils (Navarro, 2011).

Recent research shows that the LM was first inhabited by

hunter-gatherers at the beginning of the Holocene (Lombardo

et al., 2013b). Its landscape has since then been significantly

changed during the late Holocene by the so-called “Earth-

mover” societies, who built an extensive array of earthworks

(Erickson, 2008; Mann, 2008; Lombardo and Prümers, 2010;

Lombardo et al., 2011b). We know very little about the way

early hunter-gatherers dealt with the seasonal floods during

the early to mid-Holocene, but evidence suggests that they

had to abandon the LM around 4000 yr BP (before present)

because of a large-scale environmental change, which also

caused the burial of the early archaeological sites with fluvial

sediments (Lombardo et al., 2013b). Inundation patterns also

played an important role in shaping the way in which the late

Holocene “Earthmovers” adapted to their local environment

and reshaped the landscape, determining the spatial distribu-

tion of different earthworks (Lombardo et al., 2011b); espe-

cially in order to improve the drainage of agricultural land

(Lombardo et al., 2011a, 2012).

Therefore, the reconstruction of past environments, land-

scapes and human–environment interactions in southern

Amazonia throughout the Holocene greatly depends on our

ability to reconstruct past inundation patterns.

Up to now, with the exception of a recent study which

reconstructs 6 kyr of palaeovegetation in the Baures subre-

gion (Fig. 1) (Carson et al., 2014), palaeo-ecological recon-

structions in the Bolivian Amazon have been mostly based
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on pollen and charcoal archives from lakes located outside

the margins of the LM (Mayle et al., 2000; Burbridge et

al., 2004; Whitney et al., 2011; Urrego et al., 2013). These

archives have been interpreted as the result of changes in cli-

mate and pre-Columbian human impacts, implicitly assum-

ing that other factors, such as neotectonics, did not play an

important role in the evolution of the landscape during the

Holocene. However, several authors have stressed that the

LM shows manifold evidence of neotectonic activity dur-

ing this period (Hanagarth, 1993). In particular, the existence

of hundreds of rectangular and oriented lakes have been at-

tributed to the propagation to the surface of bedrock faults

(Plafker, 1964, 1974; Allenby, 1988); the formation of ria

lakes in the northern part of the LM and the changes in the

meandering behaviour of the Mamoré River at Puerto Siles

have been associated with uplift and tilting movements in

the northern LM (Hanagarth, 1993; Dumont and Fournier,

1994) and the counter clockwise movement of the Beni and

Grande rivers has been associated with the tilting of the base-

ment (Dumont and Fournier, 1994; Dumont, 1996). A ria

lake forms when the lower part of a tributary is ponded at

the margin of the trunk river because of a quick depositional

event of the main river, a raise of the base level due to fault-

ing or tilting, or because of regional subsidence (Schumm et

al., 2002).

These studies suggest that neotectonics had a significant

impact on the formation of the modern landscape of the LM

and, hence, on past inundation patters. However, because

of the lack of chronological data, digital elevation models

(DEMs), remote sensing imagery, and the difficulty of per-

forming fieldwork in the region at the time of these early

studies, published work to date does not provide quantita-

tive measures of the neotectonic movements and do not de-

fine a chronological framework for the tectonic activity. Fur-

thermore, previous observations based on remote sensing im-

agery have not been corroborated by field evidence. The ex-

tent and the chronology of neotectonic activity are extremely

important in order to assess the potential impact that neo-

tectonics could have had on the evolution of southern Ama-

zonia. Neotectonics could have brought about changes in the

drainage of the LM during the Holocene which, in turn, could

have altered the flooding regime, vegetation assemblages,

landscape evolution, and human–environment interactions in

the region.

In the present paper, previous studies are revisited in light

of new remote sensing imagery, digital elevation models and

extensive field work. Based on this evidence, I propose a gen-

eral framework to explain the contribution of neotectonics

to the evolution of the landscape and inundations patterns

in southern Amazonia. The paper describes the physical set-

ting of the LM and the geomorphological evidence that sup-

ports the existence of neotectonic activity. The paper is or-

ganized in three main sections. The first part, Sect. 2, de-

scribes the study area, focusing on three aspects: the general

landscape, the modern flooding patterns and the geology. The

second part, Sect. 4, assesses the evidence of neotectonic ac-

tivity. This is subdivided into two parts: rivers/palaeorivers

and lakes. Here, the first paragraphs review the existing lit-

erature; the following paragraphs present new data and the

results of the study. The third part, Sect. 5, addresses the fol-

lowing questions:

1. What could be the general mechanism behind neotec-

tonics in southern Amazonia?

2. What was the extent and timing of neotectonic activity?

3. How did neotectonics affect the LM hydrology during

the Holocene?

2 The study area

2.1 The LM and its subregions

The LM, in southern Amazonia, is a large seasonally flooded

savannah criss-crossed by strips of forest. However, impor-

tant differences exist between its subregions (Fig. 1). The

northern LM, also called Cerrado Beniano, is covered by

reddish, relatively well drained lateritic crusts, which host

Cerrado-like savannahs (Langstroth, 2011; Navarro, 2011).

Forests grow in the lower part of the landscape, mostly in

the small valleys between lateritic hills where sediment accu-

mulation provides enough humidity and room for tree roots

to grow (Fig. 1b). Compared to the rest of the LM, which

are almost totally flat, this region is hillier and shows notice-

able topographic changes. As it can be seen in the DEM in

Fig. 1a, most of the Cerrado Beniano is well above the level

of the seasonal floods. Hence, here, the forest–savannah eco-

tone is determined primarily by soil properties and local pre-

cipitation, and is relatively independent from the LM’s flood

regime. Some of the largest lakes in the LM are located here.

In the central and southern LM (Fig. 1c) the topographic

control on the savannah–forest assemblage is inverted with

respect to the northern LM, in that forested areas tend to be

concentrated on high ground rather than valleys. The central

and southern parts of the LM are an extremely flat floodplain,

mostly covered by seasonally flooded savannahs, which, in

general, are fluvial backswamps. Savannahs are interspersed

by strips of forests, which mainly grow on the fluvial deposits

that remain above the level of the seasonal floods (Mayle

et al., 2007). Most of the soils are relatively fertile because

they generally form on recently deposited, clay-rich, Andean

sediments. The most common soil types are Gleysols in the

savannahs, Fluvisols in the recent fluvial levees and Luvi-

sols and Cambisols in the older palaeolevees (Langstroth,

1996; Boixadera et al., 2003; Lombardo et al., 2014). Here

soil properties and the forest–savannah ecotone along fluvial

splays and levees are primarily determined by the inundation

patterns. This is the part of the LM where hundreds of rect-

angular and oriented lakes formed.
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In the western LM, the Cerrado Beniano is separated from

the central LM by a transitional zone (Fig. 1d). This en-

compasses the savannahs north and west of Santa Ana de

Yacuma. This area is very flat and crossed by underfit rivers.

These rivers flow on ancient courses of the Beni River (Du-

mont and Fournier, 1994) and do not overflow during the

rainy season (Walker, 2004). The savannah is seasonally

flooded, but floods are caused by local precipitation alone,

with no contribution from river overflow. The lack of fluvial

sediment deposition, combined with strong redoximorphic

conditions, results in highly hydromorphic soils, very poor

in nutrients, often with very low pH values and toxic levels

of exchangeable aluminium (Navarro, 2011; Lombardo et al.,

2013a).

The northeastern part of the LM, the Baures subregion, is

characterized by a very poorly drained savannah dotted with

several forested areas. These forests grow on 2–3 m high ele-

vated platforms that constitute outcrops of tertiary rocks (Pit-

field and Power, 1987) (Fig. 2b). This is the less accessible

and therefore less studied area of the LM.

With an average slope of 0.014 %, the LM is extremely

flat and subject to seasonal floods. Seasonal floods and back-

swamp sedimentation along the basins of the Mamoré and

Beni rivers are primarily controlled by El Niño/La Niña cy-

cles (Aalto et al., 2003) and the South Atlantic sea surface

temperature anomalies (Ronchail et al., 2005).

Precipitation in the LM range from 1350 to 2450 mm yr−1

(yearly average precipitation between 1971 and 2000 at

Trinidad; Ronchail and Gallaire, 2006), while the flooded

area is in the range of 30 000–92 000 km2 (Hamilton et al.,

2004; Melack and Hess, 2011). This shows the high sensi-

tivity of the LM and its flooding regime to relatively small

changes in precipitation. Flood dynamics are also influenced

by the Mamoré River, which is the base level for most of the

rivers in the region (Bourrel and Pouilly, 2004). The duration

and extent of the inundations depend on the combination of

precipitation in the upper catchment of the Mamoré River,

the impeded drainage of local precipitation (Bourrel et al.,

2009) and the elevation of the water table (Ronchail et al.,

2005; Fan et al., 2013). A lag of 1–3 months is observed be-

tween the time of maximum precipitation in the upper catch-

ment of the Mamoré and the peak in floodplain inundation

(Hamilton et al., 2004). This results from the movement of

river runoff from upland catchments to the floodplains, as

well as from the delay in the drainage of inundated areas

to the rivers (Hamilton et al., 2004). On an interannual ba-

sis, consecutive years with large inundations are caused by

groundwater storage (Ronchail et al., 2005).

2.2 The geology of the Llanos de Moxos

The Andes–Amazon foreland basin system is not a typical

foreland basin system (DeCelles and Giles, 1996); it is di-

vided into two different basins by the uplifting Fitzcarrald

Arch, a 600 m high bulge (Espurt et al., 2007, 2010). It has

been hypothesized that the Fitzcarrald Arch is the projection

to the surface of a buoyant flat slab resulting from the sub-

duction of the Nazca Ridge (Espurt et al., 2008). The for-

mation of the flat slab about 4 Myr ago would have brought

about the back-arc uplift of the Fitzcarrald Arch (Espurt et

al., 2007, 2008; Regard et al., 2009). The LM constitutes

the foredeep of the southern Amazonian foreland basin. It

is located between the central Andes, to the W–SW, and the

Brazilian Shield, to the E. The Brazilian Shield dips gen-

tly towards the Andes underlying unconsolidated sediments

(Plafker, 1964; Hanagarth, 1993). Very little is known about

the stratigraphy and thickness of these foreland deposits.

Geophysical surveys in the southern part of the LM indicate

the presence of thick layers of fluvial sediments covering the

Brazilian Shield (Plafker, 1964). The sediments overlying the

crystalline bedrock thicken gradually from the margin of the

Brazilian Shield towards the west. The thickness of the sedi-

ments is more than 5500 m near the Andean foothills and ap-

proximately 800 m at a distance of 150 km from the Andes,

in the village of Perú (Plafker, 1964) (Fig. 2b). In the north-

ern part of the LM, recent surveys have shown the presence

of metamorphic rock at 165 m below Santa Ana de Yacuma

and at 65 m below the town of Magdalena (UNASBVI-JICA,

2009). A 200 m long and 50 m high rocky exposure, belong-

ing to the Brazilian Shield, outcrops in the location of El

Cerro, 60 km north of Santa Ana de Yacuma. Several au-

thors have identified an uplifting region in northern Beni;

the so-called Linea Bala–Rogaguado in Fig. 2b (Allenby,

1988; Dumont, 1996; Dumont and Fournier, 1994; Plafker,

1964; Hanagarth, 1993). The Linea Bala–Rogaguado, also

called Reyes-Puerto Siles axis (Dumont, 1996), has been in-

terpreted as a SW–NE faulting system which represent the

south-western extension of the Tapajó fault in central Brazil

(Dumont and Fournier, 1994). More recently, it has been pro-

posed that the Puerto Siles uplift is part of the SE–NW ori-

ented Andean forebulge axis (Aalto et al., 2003; Roddaz et

al., 2006) (Fig. 2b).

3 Methods

The study examines the evidence of neotectonic activity in

southern Amazonia and its impact on flooding patterns and

landscape evolution during the Holocene. It focuses on the

analysis of modern and palaeorivers, ria lakes, palaeosols and

landscape topography. For this it combines the analysis of

remote sensing images, extensive fieldwork in the LM and

a review of existing studies. ArcGis 10.1 has been used to

produce the topographic maps shown in Figs. 1a, 2, 3a, 6a

and 9 and the topographic profiles shown in Figs. 5, 6a and

10; these are based on the hole-filled Shuttle Radar Topog-

raphy Mission (SRTM) imagery, where elevation values for

water bodies are interpolated (Jarvis et al., 2008). Images of

landscape features used in Figs. 1b–d, 3b–d, 7a and 10b are

retrieved from Google Earth. Images used in Figs. 4 and 10a
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Figure 2. Geological setting of the LM. (a) Topographic map of central western South America showing how the south-eastern part of the

Fitzcarrald Arch constitutes the LM’s north-western border. This, together with the Brazilian Shield in the north-east, forms a continuous

barrier which impedes the drainage of the LM. (b) Topographic map of the LM showing the location of the Linea Bala–Rogaguado (as in

Dumont and Fournier, 1994) and the Andean forebulge (as proposed by Aalto et al., 2003).

Figure 3. Map of rivers and palaeorivers in the LM. (b) An example of crevasse splays at the distal part of a palaeocourse of the Beni River.

(c, d) Interior deltas formed by repeated avulsions of the Grande and Maniqui rivers, respectively.

www.earth-surf-dynam.net/2/493/2014/ Earth Surf. Dynam., 2, 493–511, 2014
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Figure 4. Cored profiles along a 300 km long transect crossing the central and southern LM. Palaeosols are always found below alluvia.

Sequences of several organic horizons separated by alluvial deposits (for example core 447) indicate frequent avulsions. Radiocarbon ages

indicate that the central and southern LM were covered with fluvial sediments during the mid- to late Holocene. AMS (applied mass spec-

trometry) radiocarbon ages of palaeosols in profile 40 (uncalibrated age 2900 ± 35 yr BP) and 440 (uncalibrated age 4520 ± 40 yr BP) were

measured at the Poznan Radiocarbon Laboratory. The rest of the radiocarbon ages have been taken from Lombardo et al. (2012).

are Landsat ETM (Enhanced Thematic Mapper) and have

been downloaded from GLOVIS (http://glovis.usgs.gov/).

The Mamoré River has been manually digitalized over the

hole-filled SRTM. Elevation points within the Mamoré River

channel have been extracted from the hole-filled SRTM at

each vertex of the digitalized line and plotted against dis-

tance downstream (Fig. 5b) and against their latitude (Fig. 5a,

c). The latter facilitates the direct comparison between the

slope and the morphology of the river. River reaches have

been identified on the basis of the remote sensing imagery

and after a visual analysis of the river geometry and slope.

The average slope of each reach is represented as a line

(Fig. 5a, c). Sinuosity was measured for each river reach (1–

9 in Fig. 5) as the river length divided by the valley length.

In order to investigate the origin and time of formation of

Lake Rogaguado, the lake has been cored in four places;

however, only the data from two of the cores is presented

in this paper, cores 398 and 397, as the other two cores did

not reach the bottom of the lacustrine sediments. Lake cores

have been taken with a gravimetric corer. In order to reach

the sediments below the lacustrine phase, location 398 has

been cored deeper using a Livingstone corer. The radiocar-

bon age from the base of the lacustrine phase of core 378

comes from a fragment of wood; it has been calibrated with

Calib 7.0 (http://calib.qub.ac.uk/calib/calib.html) using the

SHcal13 calibration curve (Hogg et al., 2013). In order to

assess the sedimentary regime across the central and south-

ern LM, a stratigraphic transect has been made from the An-

des to the eastern LM (Fig. 4). Stratigraphic cores along this

transect have been taken with a Waker motor vibracorer and
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described in the field. The description and radiocarbon ages

of the cores taken east of the Mamoré River are based on

Lombardo et al. (2012).

4 The evidence of neotectonic activity in southern

Amazonia

4.1 Rivers and palaeorivers

Tropical alluvial rivers can change in response to different

factors, notably changes in climate, neotectonics or their in-

trinsic evolution over time (Schumm et al., 2002; Bridge,

2009; Burbank and Anderson, 2011; Gupta, 2011). In par-

ticular, river avulsions take place when the main channel

becomes infilled with sediments, triggering the diversion of

the river into a new course (Slingerland and Smith, 2004;

Buehler et al., 2011). River avulsions are the main mech-

anism behind the formation of distributary fluvial systems

(DFS), which fill alluvial basins (Hajek and Edmonds, 2014;

Weissmann et al., 2010; Hartley et al., 2010). High aggrada-

tion rates in the main river channel can result from a vari-

ety of causes such as (i) an increase in the sedimentary load

of the river; (ii) an increase in the peak water discharge of

the river or (iii) a decrease in the channel gradient, which

can be caused by a rise of the base level or downstream tec-

tonic uplift (Slingerland and Smith, 2004). Therefore, the in-

terpretation of environmental and palaeo-environmental flu-

vial forms and palaeoforms is not always straightforward.

Avulsive processes and the formation of DFS within the LM

have been described in the case of the Beni River (Plafker,

1964, 1974; Hanagarth, 1993; Dumont, 1996; Hartley et al.,

2010) the Grande River (Hanagarth, 1993; Dumont, 1996;

Lombardo et al., 2012; Plotzki, 2013) and the Mamoré River

(Plotzki et al., 2011, 2013) (Fig. 3a) but the mechanisms be-

hind these avulsions are controversial. The northward migra-

tion of the Beni River deflection point has been associated

with a fault connected to the Andean foothill margin (Du-

mont, 1996; Plafker, 1964; Hanagarth, 1993; Allenby, 1988).

Based on the assumption that the Grande River changed its

course following a counter clockwise movement, the tilting

of the basement, and the consequent uplift of its southeast-

ern margin, has been considered responsible for its avulsions

(Hanagarth, 1993; Dumont, 1996). More recently, however,

it has been suggested that the megafan of Grande River did

not follow a counter clockwise movement (Plotzki, 2013).

The study of an interior delta/sedimentary lobe at the distal

part of one of the Grande River palaeocourses, seems to in-

dicate that the Grande River avulsive phase may have been

triggered by an increase in river discharge or sedimentary

load that could have been brought about by a mid- to late

Holocene climate shift towards wetter conditions (Lombardo

et al., 2012; Plotzki et al., 2013). Similarly, the avulsion of

the Mamoré seems to be related to an increase in discharge

probably caused by a change in climate (Plotzki et al., 2013).

The interior delta formed by the Maniqui River (Fig. 3d) has

Figure 5. Geometric characteristics of the Mamoré River. (a) Val-

ley river slope and sinuosity index (SI) of the Mamoré between

Puerto Villarroel and Guayaramerín are plotted against each other.

Here, the valley slope changes twice, indicating the presence of

knickpoints: one in Puerto Siles and the other one close to Gua-

yaramerín. (b) The slope is plotted against river length, showing the

same pattern as in (a). In (c), a more detailed map of the section

between Santa Ana de Yacuma and 100 km downstream of Puerto

Siles shows a series of compressed meanders at Santa Ana, followed

by a 50◦ turn and three asymmetric meanders. After Puerto Siles,

the SI declines abruptly and the gallery forest disappears. Point 227

is where photos (c) and (b) in Fig. 7 were taken.
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Figure 6. (b) Location of the topographic profiles shown in (c). (b) MODIS image of the flooded areas around Santa Ana de Yacuma in

2007 (black areas). (c) Topographic profiles across the asymmetric meanders of reach 4 (Fig. 5c), indicating that the western side of the river

(the dry area shown in b) is about 5 m above the level of the eastern side of the Mamoré. This further supports the hypothesis of the presence

of an active fault as indicated in Fig. 5c.

been described by Hanagart and Sarmiento (1990); they ob-

served that the formation of the Maniqui megafan was caused

by a reduction in the slope, which induced frequent avul-

sions.

A situation similar to that of the Maniqui and Grande river

deltas (Fig. 3c) is found in the distal part of a palaeocourse

of the Beni River (Fig. 3b), where numerous crevasse splays

formed. Although these fluvial forms have received little at-

tention in the literature, their location on the southern border

of the Cerrado Beniano (the Beni crevasse splays) and the

transitional zone (the Maniqui River megafan), suggests that

their formation could respond to a change in slope, as sug-

gested by Hanagart and Sarmiento (1990) for the Maniqui,

which was probably caused by a downstream uplift.

The central and southern Llanos de Moxos are covered

by many palaeolevees belonging to DFS. This is character-

istic of actively subsiding basins (Hartley et al., 2010; La-

trubesse et al., 2010; Weissmann et al., 2010, 2013; Ros-

setti et al., 2012). In order to study these DFS, 25 strati-

graphic cores were retrieved along a 300 km line cross-

ing the central LM (Fig. 4). All the profiles reveal inter-

calations of clays, loams, silts, fine sands and organic-rich

palaeosols. The association of levee sands and silts, splay

sands, backwater loams and (organic) clays is characteris-

tic of an avulsive fluvial setting, which is consistent with the

formation of megafans in subsiding basins. Radiocarbon dat-

ing of palaeosols found below these alluvia indicate depo-

sition during the mid- to late Holocene (Fig. 4). Data from

drilling reported in Plafker (1964) reveal that this assemblage

of Holocene fluvial sediments is similar to the rest of Quater-

nary and possibly Tertiary sediments constituting the 800 m

of basinal infilling at the site of Perú. Although the evolution

of specific rivers at any given time could have been influ-

enced by different factors, the general landscape of the cen-

tral and southern Llanos de Moxos is that of a typical subsid-

ing basin.

However, there are characteristic features in river patterns

that can be associated with neotectonic activity more clearly

than avulsive processes. The existence of underlying active

tectonic processes can be noted from the analysis of fea-

tures such as changes in the meandering pattern and the pres-

ence of knickpoints (Schumm et al., 2002; Burbank and An-

derson, 2011). Evidence of neotectonic activity in the LM

can be inferred from the analysis of the Mamoré River. The

sharp reduction in the sinuosity of the Mamoré River north

of Puerto Siles (Fig. 5) has been considered direct evidence

of uplifting along the Linea Bala–Rogaguado (Dumont and

Fournier, 1994). The existence of this uplift is consistent with

the presence of several rapids located downstream of Puerto

Siles (Dumont and Fournier, 1994). In the lower part of the

Mamoré and the Beni rivers, rapids are caused by the out-

cropping of pre-Cambrian rocks belonging to the Brazilian

Shield (Hanagarth, 1993).
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Figure 7. Changes in the geomorphic features of the Mamoré River

at Puerto Siles. (a) Google Earth image showing the change in

Mamoré’s width and the outcropping of lateritic crusts; (b) The

Mamoré River bank at point 227: a lateritic crust covered by old

fluvial sediments; (c) Photograph of a well developed Luvisol at the

top of the fluvial levee at location 227.

The presence of the Puerto Siles uplift is corroborated in

this study by the analysis of the SRTM imagery (Fig. 5).

The analysis of the topographic profile of the Mamoré River

shows several changes along its course. In its first 400 km

(reaches 1–5 in Fig. 5) the Mamoré River behaves as a free

meandering river, with its slope and sinuosity decreasing

downstream. This behaviour is interrupted at Puerto Siles,

where the lowest sinuosity value is associated with a clear

increase in slope and to the appearance of lateritic crusts

within the river channel, causing the formation of rapids. The

change experienced by the Mamoré River at Puerto Siles is

also noted in the river’s topography, which goes from con-

cave to convex at this point. This change in Puerto Siles is

preceded by three compressed meanders followed by three

asymmetric meanders (reaches 3 and 4 in Fig. 5). A clear

change in the direction of the river, with a clockwise turn

of about 50◦, is associated with the compressed meanders.

Compressed meanders indicate a downstream increase of the

river bank’s resistance to erosion, often the result of the ap-

pearance of bedrock in the channel following localized uplift

(Holbrook and Schumm, 1999). This situation is similar to

what can be seen in the rest of the Amazon Basin, where dis-

charge characteristics and bank stability play an important

role in channel pattern variations (Baker, 1977). The topo-

graphic profiles across reach 4 of the Mamoré River show

that the western side of the river is about 5 m higher than the

eastern side (Fig. 6a). This difference in elevation between

the two sides dramatically affects the flooding regime; the

savannah in the north of Santa Ana de Yacuma (the transi-

tional zone) is hardly ever flooded by the Mamoré outflow,

whilst the savannah in the eastern side is severely flooded ev-

ery year (Fig. 6b). Therefore, the asymmetric meanders and

the 50◦ change in direction can be interpreted as the result

Figure 8. An erosional feature incising the savannahs of the tran-

sitional zone along the road from Santa Ana de Yacuma to lake

Rogaguado (the dry area shown in Fig. 6b), indicating that these

savannahs are established in uplands subject to erosion.

of a normal fault with its footwall on the western side of the

river.

In addition, the presence of underfit rivers in the transi-

tional zone suggests that this subregion is uplifting. This up-

lift is evident in the formation of a new drainage network

constituted by small creeks, which are a common element

of the landscape easily seen in the field. Figure 8 shows one

of these erosive features, which are formed when rain water

travels from the waterlogged savannah to the underfit rivers.

The topographic profile of the Mamoré shows how, at

Puerto Siles, the meander belt that borders the river for the

first 400 km is replaced by two irregular forested levees. No

oxbows are present here. A 40 % decrease in the channel’s

width is also observed here. The changes at Puerto Siles sug-

gest that the Mamoré experiments acceleration and deepen-

ing of the channel. These changes increase the capacity of

the river to transport sediment and, in turn, this changes its

behaviour: from depositing sediments it now begins to erode

its bed. A further confirmation of this change is that down-

stream from Puerto Siles the Mamoré’s river banks are made

by thick lateritic crusts covered by old fluvial levees, with

no sign of recent fluvial deposition (Fig. 7b, c). Here, well-

developed Luvisols are found on top of the levees. About

200 km downstream, close to Guayaramerín, a second knick-

point appears. After this second knickpoint, the Mamoré

reaches its steepest slope (reach 9 in Fig. 5).

The analysis of the SRTM indicates that the general

downslope topography of the LM is interrupted at Puerto

Siles where the terrain becomes hillier. Despite the fact that

these hills significantly change the slope of the LM, the river

network seems to be unaffected by them. In fact, as we can

see in the SRTM images shown in Fig. 9, all the rivers main-

tain their northward convergent path, cutting through these
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Figure 9. SRTM image showing an example of a river network

in the Cerrado Beniano. All rivers flow north, against the slope of

the general terrain, suggesting that the development of the drainage

network preceded the uplift that crated the hilly landscape.

hills; no rivers flow south. This setting suggests that the

courses of these rivers were established before the onset of

the uplift, and that the rivers have overcome this obstacle by

incising the uplifting rocks and sediments. This is consistent

with the hypothesis that these hills constitute the southern

margin of the Fitzcarrald Arch, which started uplifting about

4 M yr ago (Espurt et al., 2007). Not all the valleys crossing

the uplifted area have been active at the same time, as shown

by the palaeocourses of the Beni River: the Beni occupied at

least two other valleys (now occupied by the Yata and Tapado

rivers) before establishing its modern course (Dumont and

Fournier, 1994).

4.2 Lakes

There are more than 800 lakes in the LM, most of which are

rectangular and oriented. Until recently, the most accepted

hypothesis behind the formation of these rectangular and

oriented lakes of the LM has been tectonic (Plafker, 1964;

Allenby, 1988). According to Plafker, the lakes’ rectangu-

lar shapes results from the propagation of bedrock fractures

through unconsolidated sediments and the sinking of base-

ment blocks. However, the coring of three of these lakes has

shown that tectonics cannot explain their formation, as a hor-

izontal palaeosol is found at the same depth both outside and

inside the lakes (Lombardo and Veit, 2014). Given the avail-

able data, the most likely mechanism behind the formation

of the rectangular and oriented lakes seems to be the erosive

action of waves on the lakes’ shores due to constant winds

(Lombardo and Veit, 2014). Apart from the rectangular and

oriented lakes, a second group of lakes, found mainly on the

eastern and northern borders of the LM, are the ria lakes.

Ria lakes are a valuable source of information to reconstruct

past environments, sedimentary histories and tectonic pro-

cesses (Behling et al., 2001; Irion et al., 2006, 2011). They

resemble water reservoirs resulting from a dam, where a pre-

existing valley is flooded and transformed into a lake. In the

Bolivian Amazon, ria lakes have been reported in the south-

eastern and in the northern parts of the LM. In the south-

eastern side they have been formed by the rapid deposition

of sediments by the Grande River, which dammed fluvial

valleys previously eroded in the Brazilian Shield (Dumont

and Fournier, 1994). Ria lakes that have been described in

the northern LM are connected to the Linea Bala-Rogaguado

(Hanagarth, 1993; Dumont and Fournier, 1994). Here there

are two types of lakes. The first type, which includes Lago

Largo and Agua Clara (Fig. 10), is the typical ria lake which

results from a valley flooded by damming; hence, similar to

those formed by the former Grande River. The second type,

such as Rogaguado and Ginebra, is constituted by lakes that

have formed within a valley that became flooded because

of tilting (Dumont and Guyot, 1993; Dumont and Fournier,

1994). Ria lakes of tectonic origin are not limited to the LM;

they have also been described in the Marañon and Ucayali

basins (Räsänen et al., 1987; Dumont, 1993). Many other ria

lakes are found along the Negro, Xingú and Tapajó rivers

in the Brazilian Amazonia. These seem to have formed be-

cause of the increased river incision caused by the drop of the

ocean water level during the Last Glacial Maximum (Irion et

al., 2011), but it has been suggested that tectonic movements

could have also played a role. (Latrubesse and Franzinelli,

2002).

The counter clockwise shift of the Beni River (Dumont,

1996) has left several palaeofloodplains, one of which is

nowadays occupied by Lake Rogaguado. If we assume that,

before the formation of the lake, when the Beni River flowed

through the Rogaguado Valley its slope was relatively con-

stant, the northern uplift or tilting that generated the lake,

would have, therefore, also changed the slope of the original

valley. The measurement of this change could provide con-

straints on the extent of the tectonic movement. Figure 10

shows the the original slope of Rogaguado’s floodplain and

the amount of vertical movement which created the lake. In

order to confirm the mechanism at the origin of these lakes

and constrain the timing of their formation, Lake Rogaguado

was cored at several locations. Figure 11 shows the two cores

retrieved from Lake Rogaguado that reached the bottom of

the lacustrine sediments. The bottom part of core 398 in-

cludes the terrestrial phase that preceded the formation of

the lake. This is a palaeosol characterized by abundant red

oxides at its base, indicating recurrent wet and dry periods.

The amount of organic matter increases towards the top of

the terrestrial phase, which probably corresponds to a fos-

sil Ah horizon. This terrestrial phase seems to correspond
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Figure 10. Landsat image of ria lakes in the Cerrado Beniano. (a) Yellow points in Lake Rogaguado indicate the location of the cores shown

in Fig. 11. Topographic profiles from I to II show a reduction in the slope, coinciding with two 90◦ turns of the Yata River (profile A) and

the southern shore of Lake Rogaguado (profile B). The topographic profile B also shows an inversion of slope north of Lake Rogaguado,

which embanked the valley and formed the lake. (b) A palaeocourse of the Beni River which has been cut by the lake. Topographic profiles

are based on the Hole-filled SRTM version 4 (Jarvis et al., 2008). The image of the palaeo-Beni River in (b) is from Google Earth.

to the seasonally flooded backswamps of the ancient Beni

River. The remains of the palaeochannel and levees of the

ancient Beni River are still visible in the south-eastern mar-

gin of the lake (Fig. 10b). The stratigraphic units (as inferred

from changes in colour and material) of core 398 correlate

with those of core 397, which is located about 6.6 km fur-

ther south. Figure 11 shows the two cores in their relative

position. At the time of the coring, the depth of the wa-

ter at 397 was 2.4 m. Assuming that the clay layer separat-

ing the terrestrial phase from the lacustrine one has, in this

core, a similar thickness to that in core 398, the depth of

the palaeosol can be estimated as being 3 m below the water

level. The slope of the palaeosol below the lake, 0.0045 %

(30 cm in 6.6 km), is consistent with the average slope of

the valley northward from the lake. This suggests that the

lake was formed by an uplift on its northern side, causing

the tilting that dammed the valley. However, the depth of the

palaeosol with respect to the savannah south of the lake in-

dicates also the presence of a normal fault, with a southern

footwall and a throw between 2 and 3 m, which probably de-

fined the lake’s southern border. The point where the valley’s

slope changes is about 8 km south of the lake’s shore, co-

inciding with the sharp change in the direction of the Yata

River (black arrow in Fig. 10). This data suggests that the

formation of Lake Rogaguado, and probably of Lake Gine-

bra too, is the product of a combination of tilting and fault-

ing, maybe resulting from an extensional setting related to

an upward pulling north of the lake. In core 398, radiocar-

bon dating of a wood fragment from the bottom of the lacus-

trine phase yields the age of 5791 ± 155 cal yr BP, while the

palaeosol that corresponds to the top of the terrestrial phase

has been dated 10 910 ± 124 cal yr BP. The radiocarbon age

of the palaeosol is based only on the soluble fraction, because

no humins could be retrieved. Therefore, it should be inter-

preted as the average age of the palaeosol and not as the age

of its burial. The palaeosol is separated from the organic sed-

iments of the lacustrine phase by a 6 cm thick layer of clays

and silts. This layer of sediments contains no organic mat-

ter, suggesting it was deposited soon after formation of the

lake in a quick event. The sediments could have come from

the erosion of the recently formed lake shores. This prelim-

inary data suggests that Lake Rogaguado was formed in the

mid-Holocene. There is a group of ria lakes that have not yet

been described. They are located on the eastern margin of the

Mamoré River, north of Puerto Siles (Fig. 10). Lake Oceano

is the largest. The damming of the valleys that formed these

lakes was likely caused by the infilling of the valleys’ bottom

with sediments from the Mamoré river. Lake Oceano offers

a modern analogue of the formation of ria lakes in the south-

eastern LM by Grande River.

5 Discussion

In the present paper, geomorphological evidence of neotec-

tonics in southern Amazonia is reviewed and corroborated

with new data obtained from the analysis of remote sensing

imagery and field work. A first attempt to establish the ex-

tent and timing of the neotectonic activity is made. Here, the

three research questions formulated in the introduction are

addressed in light of the new evidence presented.
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5.1 What could be the general mechanism behind

neotectonics in southern Amazonia?

None of the two mechanisms proposed in previous studies as

being behind neotectonic activity in the LM, the reactivation

of the Tapajó fault in central Brazil (Dumont and Fournier,

1994) and the uplift of the Andean forebulge (Aalto et al.,

2003), seem to be able to explain all the geomorphological

evidence of neotectonics reviewed here. The reactivation of a

supposed south-western extension of the Tapajó fault in cen-

tral Brazil could explain the existence of a fault system along

the Linea Bala–Rogaguado. However, it cannot explain the

meandering pattern of the Mamoré River, which responds to

uplifts occurring about 100 kilometres south (Fig. 6). Nor can

it explain the closeness of the Brazilian Shield to the surface,

and the outcropping of it in several locations in the south

and south-east of the Linea Bala–Rogaguado. Moreover, the

neotectonic setting in the Tapajó region is constituted by two

grabens trending NW–SE and NNE–SSW and a set of ENE–

WSW strike-slip faults (Costa et al., 2001). It is unclear how

these extensional structures in central Brazil could propagate

into the normal faulting/tilting system associated with the

Bala–Rogaguado region in northern Beni. Likewise, there is

little evidence of uplift along the forebulge axis as identi-

fied by Aalto et al. (2003) (Fig. 1b). The presence of the An-

dean forebulge can explain the uplift at Puerto Siles and the

consequent change in the behaviour of the Mamoré River.

However, it is not compatible with the region’s overall flu-

vial pattern and the topography of the LM. The uplift of the

forebulge is very small (a few hundred metres over a distance

of several hundred kilometres) and an inherited (preflexural)

topographic relief can be more important than the forebulge

in determining the drainage divide (Garcia-Castellanos and

Cloetingh, 2011). Nevertheless, in models of continental and

exorheic basins, the effect of the forebulge on the drainage

network is generally evident (Garcia-Castellanos, 2002). In

an extremely flat landscape, such as that of the LM, an uplift

along the forebulge axes which is able to create the Puerto

Siles knickpoint would be visible in the subsequent forma-

tion of a divergent drainage network. Yet, along the alleged

forebulge axes, rivers, and even recent small drainage creeks,

seem to be unaffected by the forebulge. In addition (i) some

of the lowest-lying areas of the LM are found right along the

forebulge, which is very unusual for an uplifting region and

(ii) the alleged forebulge would be orthogonal to the Linea

Bala–Rogaguado, therefore unable to explain the formation

of the ria lakes.

This study suggests that the uplifting Fitzcarrald Arch

is the most likely mechanism behind the observed uplift

along the Linea Bala–Rogaguado, the general topography

of the LM, the outcropping of the basement in the north-

ern LM, the presence of underfit rivers crossing the savan-

nahs in the transitional zone, the meandering pattern of the

Mamoré River and the general shape of the fluvial network.

The fault that caused the change in the direction of the

Figure 11. Cores from Lake Rogaguado. Core 398 includes a top

part, which is the lacustrine phase that followed the formation of

the lake, and a bottom part, which is the terrestrial phase which

preceded the formation of the Lake. The red mottling at the base

of the core indicates alternation of wet and dry periods, suggest-

ing that savannah-like conditions prevailed in the backswamps of

the palaeo-Beni River. The age of the beginning of the lacustrine

phase is based on an AMS radiocarbon analysis of a wood sam-

ple performed at LARA AMS Laboratory in Bern (uncalibrated age

5104 ± 76 yr BP). The AMS radiocarbon age of the fossil Ah was

measured by DirectAMS using the humate fraction (uncalibrated

age 9685 ± 40 yr BP).
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Mamoré River (Fig. 5, reach 4) and the direction of the Linea

Bala–Rogaguado, is consistent with the orientation of the

Nazca Ridge, suggesting that the Nazca Ridge subduction

is the most likely mechanism behind the tilting/uplift along

the Linea Bala–Rogaguado. The backward sedimentation in-

duced by the rapid uplift of the Fitzcarrald Arch could have

buried and hidden the Andean forebulge.

In more general terms, the Bolivian Amazon can be di-

vided into two areas under different depositional regimes:

the uplifting north, crossed by incising rivers, which includes

Pando and the northern LM; and the subsiding central and

southern LM which are crossed by free meandering rivers.

These two settings are the expression in the surface of the

flat slab subduction in the north and normal subduction in the

south. These two areas are separated by a transitional zone,

which is flat, crossed by underfit rivers and also uplifting.

5.2 What is the extent and timing of the neotectonic

activity?

It is unlikely that the different neotectonic elements of the

landscape that have been reviewed here (the formation of ria

lakes, the uplifted transitional zone, the avulsions of the Beni

River, the formation of interior deltas and the changes in the

meandering pattern of the Mamoré) River all happened at the

same time and are the result of the same tectonic event. The

data here presented suggest that the most likely scenario is

that several tectonic events created and modified lakes and

rivers at different times. The radiocarbon ages from the bot-

tom of the lacustrine phase of Lake Rogaguado (which in-

dicate that the lake formed about 6000 BP) and the radio-

carbon ages of the palaeosols underlying fluvial deposits in

central LM (which point to a mid- to late Holocene burial of

the palaeosol) are, for now, the only fixed elements around

which a relative chronology can be built. The formation of

Lake Rogaguado is here interpreted as the last step in a se-

ries of correlated events.

5.2.1 Pleistocene

At the end of the Pleistocene, the Beni River flowed from

east to west, up to a few kilometres north of Santa Ana

de Yacuma, and then turned north in what is the modern

Mamoré (Fig. 12a). The sediments that constitute the flu-

vial levees north of Puerto Siles (Fig. 7c) were probably de-

posited by the Beni River at this time. The Mamoré River

used to flow further east, following the course now occupied

by the far smaller Machupo River. Grande River was not a

tributary of the Mamoré, but travelled north, discharging into

the Iténez River, as well as the Mamoré (Fig. 12a).

5.2.2 Early Holocene

Probably during the late Pleistocene or at the beginning of

the Holocene, and because of a fault along the Andean pied-

Figure 12. Reconstruction of the evolution of the landscape in the

LM since the late Pleistocene. (a) shows the situation during the late

Pleistocene with the Beni River flowing in what is now the Mamoré

channel and the Mamoré River flowing towards the Iténez. Also the

Grande River had a different course, flowing north into the Iténez.

(b) shows the changes that followed the first uplift, with the Beni

River shifting counterclockwise and the formation of a first group

of ria lakes (Lake Oceano, Agua Clara and Largo). The crevasse

splay of the Beni River in Fig. 3b probably formed during this time

too. (c) shows how the Beni River shifted further west and how a

second uplift formed the lakes Rogaguado and Ginebra. The DFS

of the Maniqui River started forming at this time. (d) shows the

modern setting, as it established during the late Holocene.

mont (Dumont, 1996), the River Beni shifted and occupied

the valleys where, later, the lakes Rogaguado and Gine-

bra formed (Fig. 12b). Interestingly, the western border of

the transitional zone coincides with the north–south oriented

fault thought to have caused the migration of the deflection

point of the Beni River, suggesting that the uplift of the tran-

sitional zone controlled the evolution of the Beni River. The

same event also reduced the slope of the Maniqui River, in-

ducing the formation of the Maniqui interior delta shown

in Fig. 3d. During this time, the Beni River, and probably

also the other rivers, was incising the northern LM in rela-

tively deep valleys, also inducing erosion of the lateral val-

leys. Stratigraphic cores of these structures would allow us to

date the underlying palaeosols and the time of the formation

of both the Maniqui Delta and the Beni crevasse, allowing

us to test whether or not their formation followed neotec-

tonic uplifts. Palaeo-ecological records indicate that during

the last glacial period (45.0–12.2 kyr BP) the climate in the

LM was much drier than during the Holocene (Burbridge et

al., 2004; Whitney et al., 2011). The first uplifting event that
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can be deduced from the geomorphological evidence hap-

pened north of 12.5◦ S and could be related to the forma-

tion of the knickpoint at Guayaramerín (Fig. 5). This uplift

caused the backward sedimentation of the Beni River that,

damming its lateral valleys, formed the lakes Agua Clara and

Largo. This event could also be responsible for the formation

of Lake Oceano and the other small ria lakes on the eastern

margin of the Mamoré River (Fig. 12b). Further cores from

lakes Largo, Agua Clara, Oceano and Ginebra are needed in

order to date the beginning of the lacustrine sedimentation in

these lakes and establish a more reliable chronology of the

uplift events.

5.2.3 Mid-Holocene

A second neotectonic event, about 6 kyr BP, formed the

knickpoint at Puerto Siles, caused the tilting along the Linea

Bala–Rogaguado and formed the lakes Rogaguado and Gine-

bra (Fig. 12c). The further shift of the Beni River from the

Rogaguado and Ginebra valleys towards its current posi-

tion could have preceded or been synchronous to the Bala–

Rogaguado tilting. Lake cores from oxbows located within

ancient gallery forests of the Beni River palaeocourses could

help determine the timing of the Beni River avulsions and

whether the avulsions were synchronous to the formation

of the ria lakes. After the first shift of the Beni and before

the Mamoré moved to its modern position, the upper course

of the modern Mamoré was occupied by an underfit river

with a smaller catchment, here called the palaeo-Yacuma

in Fig. 12b and c. The palaeo-Yacuma probably transported

only fine sediments, because most of its catchment would

have been within the LM. The tectonic events that created the

lakes Agua Clara and Largo first and the lakes Rogaguado

and Ginebra later, probably also dammed this small river,

which, during the rainy seasons, became an ephemeral ria

lake, resembling the lower sections of the modern Negro,

Xingú and Tapajó rivers. During this period, clayish sedi-

ments could have deposited within the fluvial valley, form-

ing the thick organic layers that outcrops today along the

banks of the Mamoré. These layers have been interpreted as

palaeosols formed in the floodplain during periods of reduced

river sedimentation, (Plotzki, 2013). Along the bank of the

Mamorè, about 50 km north of Santa Ana, the exposed or-

ganic layer is about 3 m thick, and radiocarbon data indicates

it formed between 12 and 3 kyr BP (Plotzki, 2013). However,

the thickness of these palaeosols suggests that they are cu-

mulative palaeosols, where deposition and pedogenesis co-

existed (Kraus and Aslan, 1993). Their formation could be

better explained by two cyclical processes working at differ-

ent timescales. On a century to millennium scale, periods of

more severe water ponding could have been cyclically alter-

nated with periods of increased drainage. Clays would de-

posit during periods of water ponding due to downriver up-

lifts. These uplift events would create knickpoints that the

rivers would start to erode immediately; the modern ana-

logues for this situation are the knickpoints at Puerto Siles

and Guyaramerín (Fig. 5). The erosion of the knickpoint

would increase the drainage, lower the level of the river, re-

duce the sedimentation and allow for soil formation. On a

seasonal scale, clays would have been deposited during the

rainy season, when water was ponded within the river val-

leys; wetlands would have formed during the dry season, fol-

lowing the lowering of the water table. These alternate phases

of deposition of clays with soil formation could eventually

form very thick layers of organic-rich clays as those found

along the Mamoré banks. Evidence that uplift in the northern

part of the LM could have induced water ponding, backward

sedimentation and elevation of the water table several times

during the Holocene, can also be seen in fossil wood (dated

5.575±105, 7.145±150, 9.995±150 and 10.085±150 yr BP)

found embedded in clay layers along the rivers Acre, Beni

and Madre de Dios (Campbell and Frailey, 1984; Campbell

et al., 1985). According to Campbell, the presence of these

clayey deposits over a very large area is indicative of a la-

custrine depositional environment and is the result of the

formation of a large lake, Lake Mojos, which would have

had a southward drainage, belonging to the La Plata River

basin (Campbell, 1989 cited in Hanagarth, 1993). It has been

suggested that during the Holocene, the sedimentation of the

Grande and Parapetí rivers closed the southern drainage and

that Lake Mojos broke the northern enclosure, leading to

the modern situation (Hanagart and Sarmiento, 1990). How-

ever, the existence of such a lake is at odds with the gen-

eral topography of the Cerrado Beniano, which is crossed by

many fluvial valleys and not just one, as it would be in the

case of Campbell’s reconstruction. Moreover, if Lake Mojos

drained towards the south, we should find in the Cerrado Be-

niano a palaeodrainage network which converges toward the

south, but, as shown in Fig. 9, this is not the case. As for the

palaeosols along the Mamoré, the presence of the layers of

clay observed along many rivers in northern LM (Campbell

and Frailey, 1984; Campbell et al., 1985), could be the result

of water ponding and backwards sedimentations caused by

downriver uplifts. If this hypothesis is correct, such deposits

could serve as proxies to trace back neotectonic events.

5.2.4 Late Holocene

The situation of the Mamoré and Grande rivers did not

change until the late Holocene, when the palaeo-Yacuma

course was occupied by the Mamoré and the rest of the

modern fluvial network was established (Fig. 12d). Dur-

ing the mid- to late Holocene, a large transformation oc-

curred in the central and southern LM. Perhaps due to a cli-

mate shift towards wetter conditions (Lombardo et al., 2012;

Plotzki et al., 2013), coupled with basinal subsidence (Hana-

garth, 1993; Dumont and Fournier, 1994), the Mamoré es-

tablished its modern position and the Grande River formed

a large distributary system (Fig. 12d). It has also been sug-

gested that, when the Grande River became a tributary of the
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Mamoré, the increased discharge triggered the Mamoré avul-

sion (Plotzki et al., 2013). This research shows that during the

late Holocene, the western side of the LM was also subject

to extensive fluvial depositions and the formation of distribu-

tary systems in the case of the rivers Maniqui and Apere, as

indicated by the recurrent palaeosols shown in Fig. 4. As for

the avulsion of the Grande River and for the fluvial deposi-

tion in the western LM, there is insufficient data yet to es-

tablish whether it was caused by an increase in precipitation,

basinal subsidence or a combination of both.

5.3 How did neotectonics affect the LM hydrology

during the Holocene?

5.3.1 Hydrology and landscape

The Fitzcarrald Arch’s uplift played an important role in the

evolution of the Amazon Basin and a major role in increasing

its biodiversity (Espurt et al., 2010). However, in the case of

the Bolivian Amazon, its effects have not yet been explored.

Here, I suggest that the uplift of the Fitzcarrald Arch has de-

termined the evolution of the landscape of the LM at both a

regional and a local scale. Tectonics control the differences in

soils and vegetation between the hilly landscape of the Cer-

rado Beniano, the flat and incised transitional zone, and the

vast floodplain of the central and southern LM. In the Cer-

rado Beniano, the uplift causes the outcropping of lateritic

crusts and the formation of a hilly topography, while, in the

transitional zone, it prevents the deposition of fluvial sedi-

ments over the savannahs, with detrimental effects on soil

fertility (Lombardo et al., 2013a). The southern LM is a sub-

siding area, therefore subjected to the deposition of recent

fluvial sediments, and hence more fertile. The transition be-

tween the Cerrado Beniano and the central/southern LM is

also the transition between the uplifting north and the sub-

siding south. This exerts an important control over the river

network of the western LM, determining the underfitting of

rivers that flow north at approximately −14◦ S. When the up-

lift causes a decrease in river slope, interior deltas and wet-

lands form, like the large interior delta of the Maniqui River

which could have been induced by the uplift of the transi-

tional zone.

The multiplying effect of precipitation on the severity of

the floods, where an increase of less than 100 % in mean an-

nual precipitation causes the size of the flooded area to in-

crease by more than 300 %, is caused by the extremely flat

landscape in the LM. Precipitation alone would not cause

any floods if the LM had a better drainage. The savannah–

forest ecotone in the central and southern LM is controlled

by the duration and intensity of the seasonal floods (Mayle

et al., 2007). Hamilton et al. (2004) have pointed out that

the outcrops of the Brazilian Shield in the northern LM con-

strain the river channels and contribute to a backwater effect

at high water. Therefore, as floods determine the savannah–

forest ecotone, drainage determines how floods respond to

precipitation and neotectonics determines drainage, it can be

concluded that uplifts in northern LM could have been a de-

termining factor in the evolution of the savannah–forest eco-

tone in the central and southern LM during the Holocene.

Uplift events in the northern LM reduced the drainage of

the basin, but they were followed by stronger erosion by the

rivers going through the uplifted rocks. This study suggests

that uplifts were responsible for (1) the creation of interior

deltas, (2) the elevation of the river beds with formation of

ria lakes in some of the lateral valleys, and (3) the increase

in sedimentation of fine silts and clays in the fluvial valleys,

with a consequent flattening of the topography and creation

of flat valley bottoms. Conversely, periods between differ-

ent uplifts were characterized by deeper river incision, im-

proved drainage, lowering of the LM water table, reduction

of the flooded areas and widespread changes in the process

of soil formation and vegetation assemblages. This interplay

between uplift and river incision could have been, together

with climate, a major player in controlling inundation pat-

terns in the LM and the most important factor determining

the evolution of the LM landscape. Moreover, the changes

in river slope due to downriver uplifts would have had an

impact on the sedimentary load of the Madeira River and,

consequently, of the Amazon River, as neotectonics not only

affects the shape and behaviour of channels and flood plains

but also determines the river’s suspended-load transport ca-

pacity (Dunne et al., 1998).

5.3.2 Hydrology and people

Likewise, as people lived in the LM since the early Holocene

(Lombardo et al., 2013b), it is to be expected that neotec-

tonics had important effects on pre-Columbian peoples too.

There is very little data yet about early Holocene human pres-

ence in southern Amazonia, the only study published so far

(Lombardo et al., 2013b) suggests that hunter-gatherers set-

tled in the southern LM from 10 500 till 4200 cal yr BP, ap-

proximately. It would seem that pre-Columbians were able

to adapt to changes brought about by mid-Holocene neo-

tectonic events; nevertheless, the formation of the Grande

River megafan, approximately 4200 cal yr BP, which buried

the hunter-gatherer sites, was followed by a period of about

2000 yr of archaeological hiatus. Although the specific cause

behind the Grande River avulsion is unclear, it is evi-

dent that it is basinal subsidence that, accommodating the

sediment charge, created the preconditions for the forma-

tion of megafans. It is likely that the deposition of fer-

tile sediments in southern LM created the necessary condi-

tions for the subsequent development of complex societies

in the southeastern LM, the so-called Earthmovers, about

1400 cal yr BP (Lombardo et al., 2012). It has been suggested

that, late Holocene pre-Columbian settlement patterns, adap-

tive strategies and social complexity followed ecological gra-

dients of soil fertility and flood intensity (Lombardo et al.,

2011b). The data here presented shows that these ecological
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gradients are, to a great extent, the expression of the under-

lying geological control.

6 Conclusions

This paper has reviewed the published evidence of neotec-

tonic activity in southern Amazonia and integrated it with

new data from the analysis of remote sensing imagery and

extensive field work in the LM. Based on the study of mod-

ern and palaeorivers, ria lakes, palaeosols and landscape to-

pography in this region, this paper suggests that the uplifting

Fitzcarrald Arch is the most likely mechanism behind the ob-

served uplift along the Linea Bala–Rogaguado, the general

topography of the LM, the outcropping of the basement in

the northern LM, the presence of underfit rivers crossing the

savannahs in the transitional zone, the meandering pattern of

the Mamoré River and the general shape of the fluvial net-

work. I suggest that the tectonic regime brought about by

the Fitzcarrald Arch has determined the hydrology, flooding

patterns, the forest-savannah ecotone and overall evolution

of the landscape of the LM at both a regional and a local

scale. These findings stress that, contrary to what many re-

searchers have assumed, climate and human activities have

not been the only factors influencing landscape evolution in

the Bolivian Amazon during the Holocene. On the contrary,

the interplay between the Fitzcarrald Arch uplift and river

incision could have played a fundamental role in the evolu-

tion of the LM’s landscape since the late Pleistocene. It is

unlikely that the different neotectonic elements of the land-

scape that have been reviewed here were caused by a sin-

gle uplift. Instead, I propose a reconstruction of the evolu-

tion of the landscape of southern Amazonia in which at least

two uplift events took place. More data is needed in order to

confirm the hypothesis here presented and to better constrain

the timing of the different events, such as the formation of

ria lakes and interior deltas, river avulsions and deposition

of crevasse spays. Nevertheless, the reconstruction here pro-

posed represents a useful working model for future research

and highlights the importance of taking into account neotec-

tonics in palaeo-environmental reconstructions of southern

Amazonia. In addition, this work highlights the need to dis-

entangle the effects of human populations, climate change

and neotectonics on the evolution of the LM, in order to bet-

ter predict the impact of future climate change in the region

and develop better adaptation strategies for local communi-

ties.
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