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Abstract

The Pantanal wetland is located in a tectonically active interior sedimentary basin in west-central Brazil. The south-flowing

Paraguay River is the trunk-river of an alluvial constructional landform comprising several large alluvial fans, the largest one of which is

the Taquari megafan. The Taquari River flows in two distinct geomorphologic zones within the megafan. Entrenched on sediments of

Pleistocene fan lobes, the Taquari River flows in a 3 to 5 km wide meander belt in the upper fan, where avulsion is hindered by

entrenchment. Downstream of the intersection point, stream discharge progressively decreases and the Taquari River becomes narrow

and shallow toward the Paraguay River plain. Within the distributary fan lobe, the channel–levee sandy complex is topographically

higher than the adjacent floodplains and avulsion is a natural consequence of crevasses in the natural levees. Many channel avulsions

have occurred during the last decades and documented cases show that significant channel changes may take place in a few years.

Beginning with crevassing in 1988 and ending with the abandonment of the former channel in 1998, the river completely changed

course in the lower fan. Presently, a major avulsion is occurring in the upper portion of the growing fan lobe, where many crevasses

have appeared in the natural levees with associated splays onto the floodbasin. New anastomosed channels have formed north of the

Taquari River, but downstream of them the flow is unconfined and the water spreads into natural floodbasins. This avulsion is still in

process and allows observation of channel evolution, the geomorphic features produced, the sedimentary processes involved, and

resulting effects. If the new channels do not rejoin the main channel, the river mouth may abandon its present master channel and shift

to a position a hundred kilometers north from its present position. A large volume of sediment has been transferred to the floodbasin,

with progradation of crevasse splay deposits over fine overbank sediments. Many geomorphic features, recognizable in satellite and

radar images, clearly show that avulsion has occurred many times before in the Taquari River. Avulsion belt deposits and former

diverted channels testify to ancient avulsion events within the fan lobe and show that progradation of splays onto the floodbasin is the

most important infilling process within the Taquari distributary fan lobe. The avulsion process in the lower Taquari River has accelerated

in the last 30 years, along with the magnitude of flooding. Pasture and intensive agriculture in the catchment area has increased the

sediment supply to the wetland, but larger floods are also a consequence of higher rainfall since 1973. Avulsion and floods have been a

cause of great concern among the local population and landowners. Before human intervention in attempting to control floods, however,

a better understanding of the avulsive river system is needed, especially because a major navigation project including the channelization

of the Paraguay River was recently proposed.
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1. Introduction

The Pantanal is a tectonically active interior

sedimentary basin primarily located in west-central

Brazil (Mato Grosso and Mato Grosso do Sul states),

along the Bolivian border (Ussami et al., 1999).

Subsidence north of 208S created accommodation

space for sedimentation in this region during the

Quaternary. Located in the upper Paraguay drainage

basin, the Pantanal is characterized by low altitudes

and very low topographic gradients (Fig. 1). Referred

to as the largest wetland in the world (Alho et al.,

1988), the Pantanal is a vast expanse of poorly drained

lowlands that experiences month-long floods every

year during the rainy season from January to May.

Encompassing approximately 135,000 km2, the wet-

land is a mixture of permanent and seasonal swampy
Fig. 1. Location map of the Pantanal wet
areas, but some sand ridges within the wetland are not

inundated by floodwaters even during the great

floods. Periods of severe floods are followed by

winter and spring drought (June to December), when

only a portion of the Pantanal remains inundated

(Hamilton et al., 1996). The vegetation is mainly

composed by dry-savanna (bcerradoQ of Central

Brazil), with high density of natural grass, which

has been degraded by slash-and-burn practices and

cattle grazing on ranches.

A very diverse range of depositional and erosive

geomorphic features comprises the Pantanal land-

scape. Besides modern alluvial and lacustrine depo-

sitional environments, relic alluvial and eolian

landforms exists, a testimony of a multifaceted late

Quaternary paleogeographic and paleoclimatic evolu-

tion (Assine and Soares, 2004).
land showing the Taquari megafan.
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The Paraguay is the south-flowing trunk river of an

alluvial depositional tract that comprises several large

alluvial fans. The Taquari fan is the largest of these

and covers approximately 50,000 km2 or about 37%

of the total area of the Pantanal region.

Although formerly navigable until 1970s, the

Taquari River is now quite shallow, with numerous

midchannel bars. Over the past 25 years, frequent

development of crevasses on the natural levees and

extensive splays across the alluvial plain has caused

inundation in places before not reached by flooding.

Avulsion has been responsible for major changes in

the lower course of the river and caused great concern

among the local population and landowners. Although

initially defined as bthe sudden abandonment of a part or
the whole of a meander belt by a stream for some new

course at a lower level on the floodplainQ (Allen, 1965),
avulsion is not restricted to meandering rivers and the old

channel belt is not necessarily abandoned. Therefore,

avulsion is better defined as the bdiversion of flow from
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an existing channel onto the floodplain, eventually

resulting in a new channel beltQ (Makaske, 2001).

The goals of this paper are to document recent

avulsion events and to clarify the processes of avulsive

shifting in the Taquari megafan. To record and analyse

the styles of avulsion on the Taquari megafan, a

research program was developed to characterize

avulsion in different geomorphologic segments of the

river based on the analysis of satellite images, airphoto

interpretation, overflights with photographic documen-

tation, as well as fieldwork along the master channel.
2. Study area

Braun (1977) was the first to recognize the

Taquari megafan as a discrete alluvial depositional

system. Easily visible in satellite images, the

Taquari megafan is the most remarkable geomorphic

feature of the Pantanal wetland (Fig. 2). Extending
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approximately 250 km from its apex to toe and

having an unusual circular geometry, the Taquari is

a megafan with multi-lobe evolution (Assine and

Soares, 2000). In terms of classification of alluvial

fans, it can be considered a low sinuosity/meander-

ing (losimean) fan (Stanistreet and McCarthy, 1993),

larger than the Okavango fan of Botswana, which is

150 km in axial length and was previously

considered the largest subaerial fan system of the

world by Miall (1996).

The climate is tropical subhumid (savanna climate

according to Koppen’s classification), being warm

(temperature average around 32 8C) and rainy in the

summer (December–February), and colder (temper-

ature average around 21 8C) and drier during winter

months (Lourival et al., 2000). Rainfall decreases

westward, from 1600 mm/year in the easternmost

catchment area to less than 1000 mm/year at Corumbá

near the Bolivian border.
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Fig. 3. Taquari River in the upper fan: (A) escarpment between the Pantan

the Taquari River emerges into the Pantanal through a gorge incised in Ordo

image, band 7, June 1975); (B) the meander belt is entrenched in the upp

band 5, March 1973); (C) detail of B showing abandoned meander loops

Asterisk in all images indicates the locality of Barranqueira, where the ou
The eastern part of the Taquari drainage basin

(catchment area) is situated on a dissected plateau,

underlain principally by Parana basin Paleozoic

sandstones that lie at an altitude of 200–800 m. Strata

dip gently eastward in the plateau and the river flows

westward, displaying a rectilinear pattern controlled

by systems of NE and NW trending fractures.

Near the town of Coxim (Fig. 2), the Taquari

River emerges from a confining gorge in the

catchment area and flows into the Pantanal wetland,

where the megafan has formed. A steep escarpment

defines the limit between the catchment area and the

Pantanal wetland (Fig. 3). This escarpment has

resulted from eastward regressive erosion of border

faults, now covered by younger sediments of the

Taquari megafan.

The surface of the Taquari fan is characterized by

an intricate network of paleochannels, easily recog-

nizable in satellite images (Fig. 2), which have
B
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al wetland and surrounding plateaus to the east. Flowing westward,

vician to Devonian sandstones of the Parana Basin (Landsat satellite

er fan and its width decreases downstream (Landsat satellite image,

and oxbow lakes (Landsat satellite image, band 4, October 1996).

ter bend of a meander is eroding the wall of the entrenched valley.
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resulted from construction and abandonment of

distributary lobes since the late Pleistocene (Assine

et al., 1997). Presently, the Taquari River occupies a

central position within the megafan and cuts across

areas of abandoned lobes and paleochannels.
Fig. 4. Map of the Taquari megafan showing: contour lines (meters); paleo

the distributary fan lobe; and the gauging stations (1=Coxim; 2=São Gon
3. Results

The altitude of the surface of the Taquari megafan

varies from 190 m in the fan apex to 85 m at its toe

(Paraguay fluvial plain at west), resulting in a very
channels of abandoned fan lobes; the meander belt in the upper fan;

çalo; 3=Porto Rolon).
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low average gradient of 36 cm/km. Contours are semi-

circular and concentric, indicating sloping of the fan

surface away from the head of the fan.

The Taquari River flows in two distinct geo-

morphologic zones within the megafan (Figs. 4 and

5), as pointed out by Assine et al. (1999), Souza et al.

(2002) and Assine and Soares (2004). In the upper

fan, the river is confined in a meander belt entrenched

on deposits of abandoned lobes. Downstream of the

intersection point, the river is straighter in the active

distributary fan lobe.

3.1. Entrenched meander belt

Within the upper fan region, the Taquari River

flows in a 3 to 5 km wide meander belt, which is

entrenched in sediments of Pleistocene fan lobes (Fig.

3). The fan surface exhibits low and slightly variable

(0.38 to 0.50 m/km) topographic gradients (Fig. 5).

The river exhibits a meandering pattern with a

sinuosity index of 1.6. The sinuosity index is the

ratio of the channel length to the length of the

meander-belt axis, with an index of 1.3 usually

taken as the boundary value separating straight from

meandering channels (Brice, 1964, in Makaske,

2001).

Downcutting into older fan sediments was caused

by a drop in base level, an event that created walls and
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different longitudinal profile characteristics. The boundary between the tw
terraces on both sides of the river valley. Present walls

are up to 5 m high immediately downstream of the

feeder gorge, but the depth of incision is not known

because no information exists about thickness of

modern sediments that fill the valley.

Lateral accretion deposits, formed by the migration

of the main channel across the floodplain, constitute

the fill of the entrenched valley. Point bar crescent

forms are the most important elements of lateral

accretion and are ubiquitous in the meander belt, as

well as abandoned channels and oxbow lakes.

Deposition in the meander belt also occurs by vertical

accretion. Aggradation occurs in the floodplain area as

a result of overbank flooding. According to Souza et

al. (2002), floodplain sediments are dominantly (N 60

wt.%) coarse sand.

No water is lost to the fan from the Taquari River,

even during the flood season, because the meander

belt is confined between walls. Measured flows are

similar in Coxim and in São Gonçalo discharge

gauging stations, respectively situated at the catch-

ment area and at the end of the meander belt.

Besides, in some years the fluvial discharge is

slightly higher in the São Gonçalo gauging station

(Fig. 6).

Avulsion in this segment of the river is of minor

importance. Crevassing takes place within the

meander belt and causes only minor changes in the
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Fig. 8. Temporal succession of satellite images recording the

avulsion of the Taquari River during the 1990s: (A) crevasse splay

Zé da Costa in 1990; (B) two distributary channels in 1996; (C) the

river had already changed its course completely by 1999.
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Fig. 9. Active sedimentation in the apex of the distributary fan lobe

(A) midchannel bars; (B) crevasses in natural levees; (C) crevasse

splays onto the floodbasin.
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river course because it is restricted to the entrenched

valley. For example, if a meander recurves and

intersects another bend, cutting into another reach, a

neck cutoff causes an abrupt shortening and straight-
ening of the channel, giving rise to abandoned

meanders and oxbow lakes in the flood plain.

Erosion of the terraces occurs only locally, for

example at the locality of Barranqueira where the

wall is being eroded in the outer bend of a meander

(Fig. 3).

Downstream, the banks become lower and the

meander belt is narrower. About10 km downstream
:
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from the São Gonçalo gauging station, where the

Taquari River reaches the apex of the active

distributary fan lobe, the meander belt is no longer

present.

3.2. Distributary fan lobe

The apex of the distributary fan lobe is located at

about 568W on the Santa Luzia farm, where the river

leaves the entrenched valley and acquires a distribu-

tary pattern (Fig. 7). The change in fluvial style is

easily recognized in maps as well as in satellite

images (Fig. 2). The apex coincides with a change in

the topographic gradient, from about 0.38 m/km in the

meander belt to 0.44 m/km in the apex of the

distributary lobe, and can be considered the inter-
Downstream

C2

C1

Downstream

N

Caronal

Fig. 10. Caronal crevasses near the fan apex segment of the Taquari Riv

1999 showing crevasses C1 and C2 (location in Fig. 7); (B) Oblique aeria

crevasse C1.
section point of the megafan (Fig. 5). In longitudinal

profile, the distributary fan lobe is slightly concave

up, and gradient decreases downfan.

Within the distributary fan lobe, the channel–

levee sandy complex stands out because it is

topographically higher than the adjacent floodplains.

The sinuosity index is variable with an average of

1.3, a boundary value that separates straight from

meandering channels (Brice, 1964 in Makaske,

2001).

Stream discharge decreases downstream in the

active distributary fan lobe and causes the Taquari

River to narrow and shallow in the direction to the

Paraguay River plain. Significant discharge reduction

during wet seasons is clearly shown by records from

the São Gonçalo and Porto Rolon gauging stations.
A

B

2 km

C1

er, as seen in: (A) satellite image Landsat TM, band 4, November

l photograph taken in February 2001 (view towards north) showing
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Discharge is significantly lower at the gauging station

of Porto Rolon, (lower fan environment), relative to

the São Gonçalo station (distributary fan lobe apex).

Water loss by evaporation and/or infiltration is not

significant between the two stations as evidenced by

the nearly identical flows in the dry season at all three

stations (Fig. 6).

Most likely the downstream decline in stream

discharge is a consequence of overland flow onto

adjacent lower areas during seasonal summer flood-

ing. The river has a low gradient and is not entrenched

in the lower fan. Coarse-grained sediments remain

within the channel and only fine sediments are

deposited in the floodbasins, almost no sediment is
New distributary
channels

Fig. 11. Caronal avulsion channels as seen in aerial photos taken in Fe

distributary channels being formed on the right bank of the river; (B) floo
transferred to the Paraguay fluvial plain (Souza et al.,

2002).

Besides overflow during the flood season, water

also drains to floodbasins through crevasses in the

natural levees. Scars of many crevasses, especially

along the right margin of the river, can be recognized

in satellite images over the last 30 years. Avulsion

may result from crevassing and has resulted in

channel changes within the Taquari distributary lobe

during the last decades.

The best-documented example of avulsion

occurred from 1988 to 1998 in the fan toe region at

Zé de Costa (Fig. 7). Following the formation of the

Zé da Costa crevasse in 1988, a splay spread far
Taquari River

A

B

Downstream

C2

bruary 2000 (flow from top to bottom in both pictures): (A) new

ding as a result of downstream decreasing confinement of flow.
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across the floodbasin on the right margin of the

Taquari River and diverting a considerable volume of

the discharge. Since the crevasse developed, two

permanent distributary channels have been estab-

lished, but the new distributary channel progressively

drained an increasing percentage of the river water

(70% during the period 1995–1997, according to

Padovani et al., 1998), culminating in the abandon-

ment of the former channel. The avulsion occurred

rapidly (10 years) and the succession of events is well

documented in satellite images (Fig. 8). Since 1996,

the new mouth of the Taquari River has been located

about 30 km north of the former mouth in Porto da

Manga, a change documented in detail by Padovani et

al. (2001).

Presently, avulsion of greater importance is

occurring in the upper portion of the growing fan

lobe. In a 30 km long river segment between Santa

Luzia farm and Caronal farm (location in Fig. 7),

rapid sedimentation has taken place. In-channel

sedimentation has caused overbank flow that has

eroded gaps in the natural levees, with drainage of

sediment-laden waters to the floodbasin (Fig. 9).
revasse spla
Zé da Costa

c

ABAB
ABAB

ABAB

ABAB

Abandoned channel

Abandoned channel

N

Fig. 12. Avulsion belts (AB) deposits on the right margin of the river (flow

channel–levee complex, the avulsion belts stand out because they are high

channels can be seen in association with abandoned splay complexes in

(Landsat TM, band 4), when the Zé da Costa avulsion had just begun.
During the last 10 years, many crevasses have

appeared in the natural levees with associated splay

deposition in the floodbasin mainly on the right

margin of the Taquari River (Fig. 10), where new

distributary channels have formed.

The changing new channel splits into multiple

distributary channels across the floodbasin and

distributes new sediments over a broad accumulating

alluvial area. The channel divides into numerous

separate and intersecting minor channels, characteriz-

ing anabranch confluences (Fig. 11A). Downstream,

gradient decreases, channels fade away and flow is

unconfined in extensive wetlands (Fig. 11B).

Although reliable historical maps are not available

to identify and reconstruct past avulsions, many

geomorphic features are recognizable in satellite and

radar images, such as sandy alluvial ridges. These

forms show that avulsions have occurred frequently in

the active fan lobe particularly north of the Taquari

River, where there are elevated alluvial ridges occur-

ring within the floodbasins (Fig. 12). The alluvial

ridges are elongated and a few meters elevated, up to

10 km wide and up to 30 km long, and are here
y

Ta
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Abandoned channel

5 km

from NE to SW; location in Fig. 7). As well as the present Taquari

er and drier than adjacent floodbasin dark areas. Former distributary

the avulsion belts. This satellite image was taken in October 1990
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interpreted as avulsion belt deposits by analogy with

sedimentation patterns of the Saskatchewan River

(Canada), described by Smith et al. (1989) and

Morozova and Smith (2000).

Abandoned channels, associated with these avul-

sion belt complexes, may remain intermittently active,

serving as secondary channels during great floods,

and also as drainage ways that remove floodwaters

during the recessional phase of the floods.
4. Discussion

Shifting of avulsive channels is frequent on the

Taquari megafan, as well as on the Kosi megafan in

India (Wells and Dorr, 1987) and on the Okavango

megafan in Botswana (McCarthy et al., 1992).

Avulsion can result from many causes, but most

commonly it occurs during a discharge event of

sufficient magnitude along a reach of a river that is at,

or near, an avulsion threshold (Jones and Schumm,

1999). On the Taquari fan lobe, the prime cause of

reaching the avulsion threshold is related to a

reduction in the capacity of the channel downstream

of the intersection point. During floods, the river

carries large amounts of coarse sediment (sands),

building midstream bars and enhancing levees by

sedimentation when the overflow is on the wane. As a

result of aggradation inside the channel and increasing

height of natural levees, the channel–levee complex

progressively become a few meters higher than the

adjacent floodbasins, and the channel loses capacity to

convey flood discharge. Additionally, a steeper cross-

levee slope down to the adjacent floodbasin creates a

favourable condition for avulsion, which is triggered

during floods by overbank flows that erode crevasses

in the levees and spread water far across the flood-

basin (Figs. 9–11).

The Taquari River in the distributary lobe under-

goes the two-avulsion styles described by Aslan and

Blum (1999): (i) avulsion by channel reoccupation

and (ii) avulsion by diversion into floodbasins. The

phenomenon of reoccupation was observed in the Zé

da Costa avulsion, where new distributary channels

appropriated former preavulsive channels within the

floodbasin.

Reoccupation of preavulsive channels is also

observed in the Caronal avulsion. The distributary
may encompass straight and meandering channel

belts, separated by elongated areas of fine-grained

overbank deposition. In this stage, the river is

composed of two or more interconnected channels

that enclose floodbasins, so that it can be classified as

an anastomosing river (Makaske, 2001). Downstream

channels disappear, however, and flow in the flood-

basins is essentially unconfined. In this case, reoccu-

pation is followed by diversion to the floodbasin, and

shows that the two avulsion styles can occur together

in one avulsion, being concomitant and/or successive

processes.

Large volumes of sediment are transported to the

floodbasin by the new distributary channels. During

floods, sandy splay complexes prograde over fine

sediments deposited by aggradation in the seasonally

inundated floodbasin. This progradation stage is the

most important sedimentary process within the

Taquari distributary fan lobe, and produce avulsion

belt deposits (Fig. 12).

Accommodation space progressively diminishes

because of river progradation and floodbasin aggra-

dation. According to Smith et al. (1989), the

progradation stage is followed by the stage of

reversion, characterized by channel abandonment

and concentration of flow in fewer and larger

channels, and the eventual return to a single channel.

Thus, the diverted abandoned channels, still preserved

in the proximal portion of the abandoned avulsion

belts (Fig. 12), are the end-product of reversion stages

of important avulsions predating the 1990’s Zé da

Costa avulsion.

Like the present Taquari channel-levee complex,

the abandoned avulsion belts are topographically

higher than the adjacent floodplains. The present

knowledge does not permit forecasting the next river

shift, but new channels resulting from future avulsions

will probably occupy the floodbasin in between these

elevated areas.

Although avulsion can be solely a consequence

of autogenic processes inherent to the sedimentary

dynamics of the alluvial fans and essential to infill

the accommodation space and to balance the

sedimentation, avulsion may also be controlled by

external cycles or episodic events (Miall, 1996).

The role of tectonics has been well investigated in

foreland basins, where it controls major avulsions

on, for example, the Gandak and the Kosi mega-
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fans in the north Bihar plains of India (Sinha,

1996).

The Taquari megafan is a depositional system

situated in an active subsiding interior basin. Differ-

ential subsidence in the Pantanal sedimentary basin

has created accommodation space in some places,

thereby focussing the avulsion activity. The tendency

of recent avulsions to occur mainly on the right side of

the river, and the existence of avulsion belts and

abandoned channels in that area, probably is facili-

tated by greater subsidence north of the Transbrasi-

liano lineament (Fig. 2; Assine and Soares, 2004).

In general, the frequency of avulsion is high in

alluvial fan systems. Avulsion has occurred every

few tens of years over the last two centuries on the

Kosi and Gandak megafans (Sinha and Friend,

1994). In the Taquari River, documented cases

suggest that avulsion may take place in few years

and recur every one or two decades. Beginning with

crevassing in 1988 and ending with the abandon-
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5. Conclusion

The behaviour of the Taquari River in the

Pantanal, as can be inferred from a study of

floodplain geomorphology, illustrates two main

autogenic processes in alluvial fans: (1) sedimenta-

tion in a new distributary lobe, and (2) trench

backfilling in the upper fan environment. These

two processes are intimately related, as suggested by

the experimental work of Schumm et al. (1987) and

by field observations of DeCelles et al. (1991).

Within the entrenched meander belt in the upper

fan, avulsion is of minor importance. In the lower

fan, the distributary fan lobe is characterized by

avulsive shifting of distributary channels. The river

does not gradually migrate laterally across the plain,

as is the case in the meander belt, but changes

abruptly its course, abandoning its former channel.

Historically, the lower Taquari River appears to have

changed its course by avulsion approximately every

decade since the early 1970s. Avulsion belts,

composed of abandoned splay complexes, levees

and channels, stand out geomorphologically in the

surrounding wetlands. Many secondary distributary

channels in the active fan lobe gradually fade out

downstream, where a significant part of Taquari flow

passes unconfined through extensive wetlands.

The apex of the distributary lobe is critical to amajor

avulsion to occur because the river channel has been

aggrading rapidly during the last decades. Gradual

clogging of the channel by midchannel bars has moved

the Taquari River towards a threshold condition near

the Caronal farm, just downstream of the intersection

point (end of the entrenched reach). Crevassing and

channel changes have been a source of great concern to

local landowners, who are asking authorities to solve

the bproblemQ and to save the cattle farms by closing

crevasses and dredging the river channel.

Avulsive river shifting in distributary lobes, how-

ever, is a natural response of the system to accom-

modate sediment supply coming from the catchment

area. As emphasized by Sinha (1998), the construction

of embankments is only a short-term solution to

mitigate floods in megafans. Before human interven-

tion attempts to control floods, a better understanding

of the avulsive river system is needed, because the

channel behaviour reflects its role in the system and

must be analysed in relation to the system (Richards et
al., 1993). Because the Caronal avulsion has just

begun, observations are possible for next steps of its

evolution, the geomorphic features, and the sedimen-

tary processes and products.

In conclusion, the Taquari megafan is only part of

the Pantanal depositional system, which is comprised

of the Paraguay trunk-river and several valley margin

alluvial fans. Considering that a major navigation

project, including the channelization of the Paraguay

River (Paraguay-Paraná Waterway), was recently

proposed, an obvious need exists for better under-

standing of the Pantanal hydrology before the river

channel is modified (Hamilton, 1999). Channelization

will probably affect the base level for sedimentation

and flood dynamics, thereby modifying the balance

between erosion and sedimentation, and consequently

affecting the Taquari river avulsions and wetlands.
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Hamilton, S.K., 1999. Potential effects of a major navigation project
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