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8.1 BACKGROUND

The theory of how continental-scale rivers respond to 
global or regional change is not yet well developed. Large 
rivers record infl uences that are not apparent in the form 
and behaviour of most small streams. The sizes of their 
channels and fl oodplains require that large sediment fl uxes 
and therefore long time periods are required for changes 
in morphology, in particular those resulting from pertur-
bations induced by the Last Glacial Maximum. Crustal 
deformation and excavation of resistant materials can sig-
nifi cantly perturb the small gradients of continental-scale 
rivers, thereby changing fl ow directions, channel gradients 
and sinuosity, alongstream patterns of sediment transport 
capacity, channel patterns, migration rates, and fl oodplain 
construction. The extraordinarily low gradients of conti-
nental-scale lowland rivers allowed the effects of Quater-
nary sea-level changes to propagate far inland. For 
example, the furthest upstream incision during low sea 
stands for the Mississippi River appears to have reached 
Baton Rouge, approximately 360 km upstream of the 
mouth (Saucier, 1981; Schumm, 1993). Finally, large 

drainage basins cause strong, complex interactions 
between rivers and their fl oodplain. Their protracted fl ood 
hydrographs force long overbank fl ow seasons, which 
together with the fi ne texture of suspended sediment loads, 
imposed by low gradients, induce intense overbank sedi-
mentation in many reaches.

These distinctive characteristics of large rivers result 
ultimately from the long-term interplay of geology and 
climate, although large-scale land use and river engineer-
ing increasingly affect some large rivers. The Amazon 
River, however, is still free of recognizable anthropogenic 
infl uence. Thorne (1994) noted that changes in these 
external forcings can result in changes in the watershed 
morphology and the dimensions of valleys, the hydrology 
and the nature of the material in transport, the channel 
geometry, channel pattern, and the rate and type of channel 
migration. Potter (1978) drew attention to the direct infl u-
ence of plate tectonics on the locations and topographic 
and lithologic frameworks of continental-scale rivers, but 
also acknowledged that some basinwide impacts result 
from climatic and sea-level change. Schumm (1993) also 
illustrated how climatic changes or tectonic deformation 
could affect an entire river system depending on the scale 
and trend of the perturbation. By dividing the landscape † Deceased.
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into erosional uplands, alluvial valleys, and coastal plains 
many researchers (e.g. Schumm, 1977; Thorne, 1994) 
have been able to interpret landform evidence for changes 
in tectonics, base level, and climate in the context of the 
processes likely to dominate fl uvial processes in different 
types of river reaches.

Potter (1978) illustrated how continental-scale tectonic 
deformation controls the physiographic setting of large 
rivers, in that most large rivers are located in structural 
lows or continental rifts and fl ow into oceans off the trail-
ing edges of continents. However, the upstream penetra-
tion of the effects of base-level change can be complicated 
by local deformation, as well as the river’s ability to 
adjust slope, planform, width–depth ratios, or roughness 
(Schumm, 1993). Thus, Wright (1977), McGinnis et al. 
(1993), Thorne (1994), Talling (1998) and Woolfe et al. 
(1998) showed that whether a reduction in base level 
causes channel and valley incision depends on the type of 
river and coastal margin, and the pattern of base-level 
change. Talling (1998) suggested that for most coastal 
regions the shelf edge typically has not been sub-aerially 
exposed and that incision would be compensated for 
within the shelf region. The limits to upstream incision are 
typically alternate adjustments of the bed and banks of the 
river (Schumm, 1993) and are reported to extend a few 
tens to hundreds of kilometres upstream.

In this chapter, we review these geologic and climatic 
effects on the modern form and behaviour of the Amazon 
River and its valley, using the best available, but some-
times sparse, information on the geologic and structural 
setting of the system. Our survey is essentially an update 
or elaboration of the pioneering interpretations by Sioli 
(1957, 1984), Tricart (1975, 1977), and Klammer (1984). 
The stratigraphy of recent sediments is not yet well-
established due to a paucity of information on dates 
throughout the basin sediments (e.g. Räsänen et al., 1991). 
In contrast, the pre-Quaternary stratigraphy is well docu-
mented because of oil exploration and has been used to 
determine the position of large-scale structures along the 
river corridor. New information is provided here on the 
potential impact of ancient structures on the current 
channel gradient and on valley confi guration in the reaches 
of the river downstream of the Negro River confl uence. 
The modern conditions of the climate, hydrology, geomor-
phology, and sediment transport are described and com-
pared with the differences to be expected due to climate 
fl uctuations during the late Quaternary, the only period for 
which any palaeoclimatic data exist at this time. Based on 
recently acquired acoustic subsurface surveys of incision 
depths, we also present an estimate of the incision of the 
Amazon mainstem during the lowered sea level of the Last 
Glacial Maximum, and discuss the implications of the 

imposed steeper slope on sediment transport and the trans-
fer of sediment to the Amazon Cone, which is an active 
depocenter only during periods of lower sea-level. We also 
discuss the impact of postglacial sea-level rise on current 
sedimentation of the fl oodplain.

8.2 AMAZON BASIN CHARACTERISTICS

The physiography of the 7 million km2 Amazon Basin has 
been in place since the Miocene uplift of the Andes Range, 
and is dominated by mountains in the west, vast lowlands 
in the east, and modest highlands in the north and south 
(Figures 8.1 and 8.2). The long (1–4 km), steep slopes 
(averaging about 35°) of the Andes, comprised mainly of 
marine and volcaniclastic sedimentary rocks metamor-
phosed to varying degrees, grade into an active fold-
and-thrust belt and a downwarped foreland basin. The 
highlands in the north and south of the Basin are devel-
oped mainly on crystalline rocks of the Guiana and 
Brazilian shields. In the axial trough of the central basin 
extending towards the ENE, the landscape is dominated 
by fl uvial processes along some of the world’s largest 
rivers. This largely unglaciated basin supports a remark-
ably uniform forest cover interspersed with savannas, 
though large swaths of the forest cover have been removed 
from the southern and eastern margins of the basin in 
recent decades.

The mountain valleys contain steep, bedrock- and 
gravel-bedded channels, which transition to meandering 
sand channels on entering the foreland basin (Figure 8.2b) 
and the central Amazon trough (Figure 8.2c–e). The center 
of the basin is occupied by Tertiary and Quaternary lacus-
trine and alluvial deposits of sands and silts, often weath-
ered to clays, and dissected into a landscape of short 
hillslopes (0.05–0.5 km) under a thick forest cover. The 
Holocene Amazon fl oodplain is incised into the centre of 
this depression and contains a complex pattern of channels 
of various scales with scroll bars and levees, and lakes in 
channel cutoffs, backswamps, and other depressions 
(Figure 8.2c–e). Large tributary-mouth lakes (Figure 8.2e) 
are dammed by the alluvium of the main channel in the 
eastern half of the basin. The estuarine reach of the 
Amazon (Figure 8.2f) contains a delta plain downstream 
of which the river fl ows around several large islands. Tidal 
infl uence extends nearly 1000 km upstream into the estu-
ary (near Óbidos, see Figure 8.1) due to the low river 
gradient.

Although the modern physiography of the Amazon 
valley is dominated by the collisional setting associated 
with the rise of the Andes, which affects the fl ow direction 
and dominant sediment source of the river, other long-
term effects associated with ancient tectonic settings, 
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Figure 8.1 (a) Generalized map of lithologic zones and structural features in the Amazon Basin. The axial traces of the four intra-
cratonic arches that traverse the axis of the main Amazon channel are marked. The Monte Alegre ‘Intrusion’ is described in the geo-
logical literature as a structural high that brings Palaeozoic sandstones to the surface of the Amazon valley. Lago Manacapurú (LM) 
and Rio Preto da Eva (RPE) are referred to in the text. The direction of coastal transport from the modern river is illustrated schemati-
cally. (b) The Amazon River and its major tributaries, showing sediment sampling stations and locations of river reaches referred to 
in the text and in other fi gures. Upstream of the Negro confl uence the river is known as the Solimoes River in Brazil; downstream 
of the confl uence in Brazil and upstream in Peru, the river is known as the Amazon. Also marked are the positions of three gauge 
locations São Paulo de Olivença (S), Manacapurú (M), and Óbidos (Ó). Figure modifi ed with permission from the Geological Society 
of America Bulletin, vol. 110, Dunne et al., Exchanges of sediment between the fl ood plain and channel of the Amazon River in 
Brazil, pp. 450–467, 1998. Geological Society of America

climate change, and base-level change also continue to 
imprint the form and behaviour of the Amazon River. 
During the Late Cenozoic, climate has alternated between 
cooler-drier and warmer-wetter states, and sea level has 
oscillated by more than 100 m. Both the tectonic deforma-
tion and the base-level changes have extensive effects 
because the valley gradients in the large lowland rivers 
of Amazônia are measured in only centimetres per 
kilometre.

8.3 LITHOLOGIC AND TECTONIC INFLUENCES 
ON THE MODERN AMAZON

8.3.1 First-order basin-scale infl uences

Potter (1978) highlighted the tectonic construction of 
the Amazon Basin between the Andean arc at the leading 
edge of the South American Plate and a graben which 
localizes the river mouth on the trailing edge of the conti-
nent. Since the Miocene rise of the Andes the generally low 
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Figure 8.2 Regional patterns of channel-fl oodplain and coastal properties. Processed remote sensing images of Amazon Basin 
derived from MODIS (a and f ) true-colour composite and Landsat TM and ETM (b–e). Processing for the Landsat data involved 
application of spectral mixture analysis (Adams et al., 1995) yielding landscape gradients among turbid water (red to purple), clear 
water (blue) and tropical forest (green and blue-green). (a) True-colour MODIS image shows the basin boundary and locations in 
clockwise rotation (downstream) from most western site for images (b)–(d). The confl uence of the Negro River with the Solimões 
River creating the Amazonas River can be observed as the large black water river between the boxes delineating images (d) and (e). 
(b) Assembly of rivers fl owing off the eastern slope of Andes. The large meandering tributary fl owing NW to SE is the Madre de 
Dios River, one of the larger tributaries to the Beni River and eventually the Madeira River. Other rivers exhibit braiding and oxbow 
lakes associated with intensive bar formation and channel migration. The bright red colour indicates high turbidity in all of the chan-
nels. The large rectangular red area near the base of the mountain front indicates the location of extensive thinly vegetated or bare 
alluvium, probably in the form of substantial fl oodplain and fan deposits that extend for 10–20 km. (c) The most sinuous reach in the 
Brazilian Amazon (Mertes et al., 1996) showing remarkable large-amplitude bends and complex intersections of fl oodplain channels. 
The complex scroll topography is representative of large areas of the central Amazon fl oodplain in Brazil. In the north-central portion 
of the image the only oxbow on the central Amazon that is scaled to the main channel bend size (30–40 km across) can be observed 
as a very clear (blue) lake. An oxbow in the making is observed in the modern cutoff developing at the Fonte Boa bend, the most 
eastern meander on the image. The former fl oodplain channel on the south side of this bend has been actively capturing more water 
over at least the past 150 years according to historical accounts of the position and nature of this channel. Earlier accounts (Bates, 
1864; Herndon, 1853) indicate that the main channel of the river fl owed around the sharp bend and that the small town of Fonte Boá 
was 1.2 km from the main river on a narrow and slowly migrating side channel. The main channel has now migrated more rapidly 
towards the town and the side channel has widened, requiring dismantling of some of the Fonte Boa water front in the 1980s. 
(d) Coari Lake with the Amazon River cutting across the former mouth of the Coari River (at 4°8′ S 64°50′ W) due to an avulsion 
that formed the relatively sharp bend with the single island in the middle of the lake. The avulsion occurs at the eastern end of a 
south-trending tilted zone, fi rst described by Tricart (1977). Turbid water can be observed entering the lake at the upstream ends of 
the three larger branches. The river is straighter in this section than upstream, the scroll-bar topography of the fl oodplain becomes 
smoother, and lakes increasingly become rounder downstream. (e) The mouth bay of the Tapajós River showing the NE–SW trending 
fracture pattern and also the tremendous size (tens of km across) of a ria lake. The surface sediment concentrations in the Amazon 
main channel are lower (darker red and tending towards purple) in this downstream image than in (b)–(d). The river is anastomosing 
through this reach and large round lakes on the fl oodplain can be differentiated from ria lakes and the smaller, narrower lakes observed 
upstream. (f ) The delta region of the Amazon River showing the transfer of the sediment plume (orange-brown) nearly 100 km out 
to sea. Also visible is the northerly dispersion of the sediment plume due to tidal circulation and wave action. In the SW corner of 
the image a black rectangle indicates the location of the ria lake at the mouth of the Xingú River
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topographic zone linking the Andean foreland with the 
graben on the Atlantic coast focused the drainage of this 
exceptionally large and wet region towards the east. Thus, 
the fundamental characteristic of the Amazon River as the 
world’s largest with a signifi cant sediment input being 
spread only from its upstream end through an extensive 
lowland was set by plate tectonics. Certain other aspects of 
this tectonic setting, at a range of scales, also affect the form 
and behaviour of the modern river, as outlined below.

Stratigraphic evidence from deep cores indicates that 
the main Amazon valley is underlain by a 6000-m-deep 
east–west trending sag in the crust between the Guiana 
and Brazilian Shields (Figures 8.1 and 8.3) that leads into 
a graben, the Marajó Rift, at the eastern end of the basin 
(Caputo, 1984). The structural sag appears to have fi rst 
developed in response to Palaeozoic rifting (Caputo, 
1984), and to have been reactivated during the Triassic 
separation of South America and Africa, and the mouth 
and lower Amazon valley downstream of Manaus appear 
to be localized by an aulacogen (Potter, 1978). Although 
the Amazon trough has been present since the Palaeozoic, 
signifi cant eastward fl ow of water commenced with the 
Miocene uplift of the Andes. The mineralogical composi-
tion of Early Miocene deposits in northwestern Amazônia 
indicates that sediment was being transported from the 
Guiana and Brazilian shields towards the southeast and 
the northeast, respectively, at that time (Hoorn et al., 
1995, Figure 1).

As the Andes Range was thrust over the western portion 
of the Brazilian craton in the Middle Miocene, sedimenta-
tion occurred in a marine embayment, connected to the 
ocean fi rst through the Orinoco foreland and later through 
the Lake Maracaibo lowland (Hoorn, 1994; Hoorn et al., 
1995; Räsänen et al., 1995, p. 387). Marine sediments 
were eventually covered by swamp, lake and fl uvial 
deposits, dominated by crevasse splays. The resulting 
sedimentary ramps gradually allowed drainage and sedi-
ment transport from the mountain range to escape east-
ward and connect with the current estuary through a 
process and chronology that have not yet been docu-
mented. Damuth and Kumar (1975) suggested that the 
transcontinental drainage system was eventually estab-
lished when rapid clastic sedimentation began on the car-
bonate platform of the Amazon continental shelf between 
8 and 15 Ma ago. Rossetti et al. (2005) provide a sedimen-
tary interpretation of the post-Miocene evolution of the 
basin drainage, suggesting that drainage to the east was 
established only 40 ka ago, but it seems unlikely that this 
evidence refl ects anything more than a temporary reversal 
of drainage.

The Andes and the adjacent fold-and-thrust belt of the 
Sub-Andes cover only about 800 000 km2 of the basin, and 

consist primarily of high relief zones of sedimentary and 
igneous rocks, metamorphosed to varying degrees (Putzer, 
1984). The Eastern Cordillera of the Bolivian Andes 
appear to have eroded at rates of 0.1–0.5 mm a−1 (median 
= 0.25 mm a−1) over the past 106–107 yr (Safran et al., 
2006) and of 0.04–1.35 mm a−1 (median = 0.30 mm a−1) 
over the past 103–104 yr (Safran et al., 2005). Thus, the 
mountain range has been supplying 500–600 Mt of sedi-
ment per year into the Amazon Basin throughout the Late 
Cenozoic, though in the past few decades at least a north–
south trending series of foreland basins east of the range 
has been trapping approximately half of this fl ux (Guyot, 
1993). Since the foreland basins immediately east of the 
Andes are subsiding in response to loading by the Andes 
and by sediments shed from them, river gradients across 
the foreland are only a few cm km−1, so that only sediment 
fi ner than about 0.5 mm escapes into the lowland Amazon 
Basin. The fl ow and sediment leaving this foreland basin 
complex are conveyed to the ocean by rivers that gener-
ally follow the ENE-trending axial trough of the central 
Amazon. Sediment that accumulates in the foreland basins 
causes rapid, large-scale bar building and channel shifting 
(Räsänen et al., 1987, 1990, 1992).

The surface rocks within the main Amazon trough range 
in age from Cretaceous east of Amazon-Negro confl uence 
(Figure 8.1), becoming generally younger towards the 
Andes (Rossetti et al., 2005, Figure 1). There is also a 
general trend from lacustrine to more fl uvial units at the 
surface toward the Andes (Rossetti et al., 2005). These 
deposits are poorly consolidated argillaceous siltstones 
and sandstones, and are deeply weathered with high 
contents of iron oxide coated kaolinite. The Holocene 
fl oodplain of the modern mainstem Amazon, covering 
approximately 90 000 km2 (Sippel et al., 1992), lies 
between discontinuous terraces that are generally about 
5–15 m above the regularly inundated surface, except in 
reaches where higher terraces are interpreted as due to 
recent uplift. The Holocene deposits consist of medium 
sand and fi ner sediments, weathering to clay complexes 
dominated by vermiculite and smectite (Johnsson and 
Meade, 1990). The mineral composition of these sedi-
ments matures downstream from the Andes due to concen-
tration of quartz by weathering of the originally high lithic 
and feldspar-rich components in fl oodplain sediments and 
terraces together with a small infl ux of quartz from the 
rivers draining the shields (Franzinelli and Potter, 1983).

The Brazil and Guiana shields, fl anking the central 
Amazon trough, are developed on Precambrian crystalline 
rocks, deeply weathered on low-gradient terrains with 
long hillslopes (∼1–2 km) but interrupted by steeper slopes 
with thin soils on upstanding granite and diabase intru-
sions and by the edges of extensive platforms of younger 
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sedimentary rocks. The main contribution of the shields 
to the behaviour of the modern Amazon River is to supply 
a huge discharge of water and a small addition of sediment 
from their low-gradient landscapes covered with forested, 
water-stable, kaolinitic, iron-rich soils. The sediment sup-
plies to the rivers on these shields are generally much 
lower than their transport capacity, so that the rivers fre-
quently fl ow on bedrock, and rapids are common except 
in downstream reaches where the tributaries fl ow in the 
alluvium-fi lled axial Amazon trough.

8.3.2 Second-order transverse structures

Figures 8.1 and 8.3 portray a secondary scale at which the 
tectonics of the Amazon Basin affects the form and behav-
iour of the modern river. Between the Peru–Brazil border 
and the Atlantic Ocean four major structural arches lie 
transverse to the main Amazon trough and are named the 
Iquitos, Jutaí (Carauari), Purús, and Gurupá Arches 
from west to east (Figure 8.1). A fi fth structure, the Monte 
Alegre Intrusion, which brings Palaeozoic sedimentary 
rocks to the surface, was identifi ed by Caputo (1984, 
Figure 18), Nunn and Aires (1988), and Petri and Fúlfaro 
(1988, Figure I-4). Sediment cores and seismic surveys 
show that formations in each basin pinch out in the vicin-
ity of the structural highs (Figure 8.3). The stratigraphy of 
these deposits indicates that the Jutaí and Purús Arches 
have been areas of relief since the Palaeozoic (Caputo, 
1984) and the Iquitos and Gurupá Arches fi rst evolved 
during the Mesozoic (Putzer, 1984; Dumont and Garcia, 
1991). For the basins between the Iquitos and Purús 
Arches and south of the Jutaí Arch, Caputo (1991) pre-
sented evidence for substantial tectonic deformation. 
Although no detailed analysis was provided, Caputo 
(1991, p. 249) suggested that the ‘stresses that generated 
the structures along the Solimões megashear [also gener-
ated] other similar structures at distances far to the east in 
the Amazon Basin’. Driscoll and Karner (1994) predicted 
that post-Miocene loading of sediment on the Amazon 
Fan should have caused fl exural uplift parallel to the coast 
near the mouth of the river. They calculated uplift of 40–
50 m along the coastal margin, coinciding with the posi-
tion of the Gurupá Arch. The Iquitos Arch probably results 
from lithospheric fl exure due to the loading of the Andes 
(Caputo, 1991). Dumont et al., (1990) and Dumont and 
Garcia (1991) concurred with this view and also con-
cluded that, after alternate periods of uplift and subsid-
ence, the Iquitos Arch has been uplifted since the beginning 
of the Quaternary, resulting in terraces 30 m above present 
river fl oodplains.

It is not known whether the other arches and the graben 
formed in the aulacogen in the east are currently deform-

ing, although Milliman and Barretto (1975) dated oolitic 
limestones that lie below their depth of formation on the 
continental shelf, even after correcting for eustatic sea-
level changes, and they calculated crustal subsidence 
averaging 28 mm a−1 between 16 and 21 ka. There was no 
evidence of deformation since that time. However, the 
Andean orogeny has altered the structural character of the 
entire Amazon Basin, and the impact of this orogenic 
loading may extend east of the Iquitos Arch in the form 
of reactivation of structural features that originally devel-
oped in response to earlier plate movements and attendant 
stresses. Possible mechanisms for reactivation and there-
fore continued uplift of cratonic arch structures include 
thermal rejuvenation, new horizontal stresses, long-term 
viscous relaxation, or new extensional faulting (Nunn, 
1990). Fluvial sedimentation in the intervening basins 
may also have played a part by creating compensating 
crustal fl exure. The effect of these transverse structures 
on modern river form and behaviour will be described 
below.

8.3.3 Fracture patterns

The effect of large-scale fractures on drainage patterns 
throughout the tributary network of the Amazon Basin 
has been described by several authors. Drainage networks 
oriented in a northeast and northwest direction (Figure 
8.2d and e) appear to refl ect deep-seated basement 
fracturing that has continued to disturb the overlying 
sedimentary rocks (Sternberg and Russell, 1952). The 
presumption is then that the fracture networks have been 
exploited by some combination of weathering and channel 
erosion. Tricart (1977) also proposed that the presence 
of enormous lakes (Figure 8.2d and e) at the mouths of 
several Amazon tributaries (e.g. Negro, Tapajós, and 
Xingú) is in part due to subsidence along these northeast 
and northwest trending faults. Franzinelli and Igreja 
(2002) interpreted the alignment of the Lower Negro 
River as being controlled largely by a NW–SE tectonic 
lineament that is a segment of a major tectonic transcur-
rent dextral megasystem of the Amazon Basin. Intersect-
ing sets of faults have formed sunken crustal blocks and 
depressions along a half-graben, which is inundated to an 
average depth of 20 m and a width of up to 20 km. The 
low supply of fi ne-grained sediment from the forested 
shield of the Negro Basin is fl ushed through the inun-
dated fault-lined depression with only small amounts of 
sand storage along the margins. Most of the channel 
margin consists of cliffs of cohesive lacustrine sediments. 
The lack of bed material load exposes bedrock on the 
channel bed. An archipelago of long, narrow islands, 
consisting mainly of silt and clay runs parallel to the 

c08.indd   121 8/14/2007   10:31:34 AM



122 Large Rivers

L1

banks; their origin is often interpreted as due to the pres-
ence of faults (Franzinelli and Igreja, 2002), but the 
mechanism by which such fi ne-grained sediment has 
become stabilized in this reach remains unclear. Leen-
heer and Santos (1982) suggested that the stabilization of 
these sediments might be due to fl occulation; kaolinitic 
clays, which comprise a large proportion of these sedi-
ments, are known to be especially susceptible to fl occu-
lation in highly acidic water, like that of the Rio Negro, 
where PH values commonly fall in the range of 4–5. 
Franzinelli and Igreja (2002) suggest that these sediments 
are deposited in lakes sheltered by levees of sand that are 
deposited as lateral bars along upfaulted strips of the 
underlying bedrock.

A tilted fault block between the Jutaí and Purús arches 
was recognized by Tricart (1977) on morphological 
grounds in both the fl oodplain and the adjacent upland. 
Tricart recognized that upstream of Lake Coari (at 4°8′ S 
64°50′ W in Figure 8.2d), the Amazon runs along and 
undermines a high terrace on its southern bank for 
a distance of more than 200 km. South of this es-
carpment, small river networks all drain towards 
the south, away from the Amazon, and many are 
beheaded. North of the river, a wide terrace and fl ood-
plain sequence slopes gradually towards the south (north-
west corner of Figure 8.2d). At the southeastern end of 
this reach, the Amazon makes a sharp turn to the south, 
abandoning an alluvial reach of fl oodplain that continues 
the trend of its upstream reach towards the northeast 
(lighter green zone in Figure 8.2d). The tilted fault block 
recognized by Tricart is only one example of a larger 
array of evidence for neotectonic activity along the 
central and eastern Amazon valley interpreted by Iriondo 
(1982) and Iriondo and Sugio (1981). Latrubesse and 
Franzinelli (2002) interpreted changes in alignment of 
straight reaches of the Solimões/Middle Amazon main 
channel as refl ecting recent activity on a set of NW–SE 
and SW–NE trending fractures, originally mapped from 
river and lake alignments by Sternberg and Russell 
(1952). They also mapped a 160 km long series of depres-
sions, now occupied by lakes and smaller channels, 
including the lower Purús River, and interpreted the mor-
phological evidence as indicating a massive avulsion of 
the Amazon main channel from the southern margin of 
the Holocene fl oodplain to the northern side, coinciding 
with a wide V-shaped, sunken tectonic block (Figure 8.4) 
controlled by NW and NE lineaments and fi lled with 
Holocene sediments. They estimated the age of the avul-
sion as approximately 1 ka. The Purús River has a high-
sinuosity meandering pattern throughout most of its 
lowland, but its confl uence with the Solimões River is 
approached through an almost straight channel along the 

southeastern margin of the proposed tectonic block. At 
present, the Purús cuts through the lake-fi lled silt and 
clay-rich Solimões fl oodplain, but has developed almost 
no alluvial plain of its own (Latrubesse and Franzinelli, 
2002).

Inferences that structure and tectonic activity are infl u-
encing the channel-fl oodplain systems in the Amazon 
Basin have been based primarily on sparse stratigraphic 
and geomorphic evidence, rather than on instrumental 
measurements of crustal movements. Sternberg and 
Russell (1952) listed the dates of several earthquakes 
reported in the basin since the seventeenth century. 
Without precise geodetic or seismic measurements it is 
not yet possible to prove that there has been recent tec-
tonic movement. However, interpretations of various 
channel and other landscape features is consistent with 
recent or continuing deformation.

Figure 8.5 suggests some intriguing new evidence that 
the tectonics of the axial graben of the Amazon trough 
may continue to affect the alignment of the modern river 
and its entire Holocene fl oodplain on the scale of 100–
150 km reaches. Nunn and Aires (1988) reported gravity 
measurements for the lower Amazon region (Figure 8.5a) 
between 61° W and 54° W, approximately 780 km east 
from the Purús Arch to the reach immediately downstream 
of the Monte Alegre Intrusion in Figure 8.1. Approxi-
mately 6000 m of sediment lie in the Palaeozoic basin, but 
in detail, the pattern of gravity anomalies in the eastern 
half of Figure 8.5a is characteristic of the asymmetric 
structures (Figure 8.5d–e) commonly observed in conti-
nental rift zones (Faulds and Geissman, 1992) for which 
the East Africa rift system is the type example (Morley 
et al., 1992; Scholz, 1995). Rift zones often comprise ‘a 
series of half-graben basins linked end-to-end along the 
axis of the rift’ (Scholz, 1995, p. 1680). The thickest 
accumulations of sediment are usually closest to the 
bounding faults at the downslope end of steeply dipping 
depositional planes. The individual asymmetric basins are 
typically linked across the rift through areas of higher and 
more horizontal surfaces named either ‘accommodation’ 
or ‘transfer’ zones ranging in length from 50 to 150 km 
(Morley, 1989, 1990; Faulds and Geissman, 1992; Scholz, 
1995). The transfer zones in the Amazon rift, visible on 
Figure 8.5a, are approximately 100 km long. The deepest 
portions of the cross-sections in Figure 8.5 are centrally 
located in the west, asymmetrically located in the north 
near cross-section C–C’, and then shifted to the south near 
cross-section D–D’. Although the asymmetry in Figures 
8.5D and 8.5E is partly the product of the chosen orienta-
tion of cross-sections C–C’ and D–D’, the radial cross-
sections are also asymmetric at these locations (Figure 
8.5a).
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Figure 8.4 Reconstruction by Latrubesse and Franzinelli (2002) of the former alignment of the Solimões-Amazon River near the 
Purús River confl uence. A belt of channels and lakes and the lower Purus River channel occupy a former path of the Solimões-Amazon 
River abandoned by avulsion upstream of the confl uence with the Purus. Figure reprinted from Geomorphology, vol. 44, Latrubesse, 
E.M., Franzinelli, E., The holocene alluvial plain of the middle Amazon River, Brazil, pp. 241–257, 2002, with permission from 
Elsevier

As the Amazon approaches this graben from the west, 
the river fl ows ∼100 km north of the graben axis and does 
not appear to be infl uenced by the structure where the 
sedimentary basins are symmetrical (cross-section A–A’ 
and B–B’, Figure 8.5b and c). However, at longitude 
57°20′ W, the river intersects the expected location of 
a transfer zone between two depositional basins in the 
graben, and the alignment of the valley changes dramati-
cally towards an ESE trend and the river crosses its entire 
Holocene valley. After impinging on the cohesive sedi-
ments of the southern margin of the valley, the river sud-
denly changes direction again and fl ows directly back to 
the north side of its valley as it encounters the location of 

the next downstream transfer zone near cross-section C–
C’. The river and its Holocene valley then continue east-
ward outside of the infl uence of the graben until they reach 
the estuary. The drainage systems of the active Africa Rift 
system exhibit similar asymmetric patterns (e.g. Scholz, 
1995; Upcott et al., 1996). The mechanism by which 
deep-seated accommodation of crustal stresses propagates 
to the surface to infl uence river alignments remains 
unknown and speculative, but presumably is related to the 
same kind of subtle land surface tilting that seems to be 
responsible for the tilting of the valley upstream. It may 
provide an explanation for the otherwise surprising 
observation that the Amazon undergoes two dramatic 
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excursions across its entire fl oodplain in the illustrated 
reach, a change of alignment that is not repeated along the 
entire river course.

8.3.4 Structural infl uences on Amazon 
River geomorphology

There is considerable variation of inundation and sedi-
mentation processes and of channel and fl oodplain form 
and behaviour along the central Amazon trough. Some 
of the local variations in channel alignment have been 
referred to above because they provide the evidence for 
the tectonic infl uences on landform evolution. What 
follows is a survey of the geomorphological impacts, other 
than alignment, of the various tectonic infl uences intro-
duced above.

The increase in drainage area between the foreland basin 
and tidewater results in a large increase in discharge as 
runoff drains from the Amazon lowland and shields. The 
mean annual fl ow of the Solimões at São Paulo de Olivença 
near the Peru–Brazilian border (drainage area 940 000 km2) 
is 45 600 m3 s−1 (1275 mm a−1) and the mean annual fl ood is 
64 000 m3 s−1. At Óbidos (4 640 000 km2), these fl ows are 
170 000 m3 s−1 (960 mm a−1) and 237 000 m3 s−1. The average 
annual sediment fl ux is 616 Mt a−1 at Sao Paulo and 
1240 Mt a−1 at Óbidos after 715 Mt a−1 are supplied by the 
Madeira River and 117 Mt a−1 by the other tributaries 
(Dunne et al., 1998). These measured sediment yields are 
considerably larger than the rates of sediment production 
calculated from geochronological methods for the Boliv-
ian Andes during the last few thousand and few million 
years (Safran et al., 2005, 2006). Similarly, transport cal-
culated from river sediment sampling in Bolivia indicates 
high rates of sediment supply for the past few decades. 
Aalto et al. (2006) calculated erosion rates averaging 
0.65 mm a−1 (∼1400 Mt a−1) for 47 Andean basins in Bolivia, 
sampled by Guyot (1993), and 2300–3100 Mt a−1 when the 
measurements were extrapolated to the rest of the Amazo-

nian Andes on the basis of a statistical analysis of basin 
topography. Yet, a determined ground and satellite search 
for land-use effects on sediment yield was not successful 
(Aalto et al., 2006). We do not yet understand the signifi -
cance of the differences in these estimates of sediment 
supply to the Amazon for different time periods. The river 
transports this load through its Holocene fl oodplain, which 
is generally incised more than 10 m below the surrounding 
landscape of Tertiary and Quaternary sediments. Large 
exchanges of sediment between channel and fl oodplain 
occur during this transit, and several hundred Mt a−1 enter 
long-term storage, especially in the lower Amazon fl ood-
plain (Dunne et al., 1998). Considering that system-wide 
exchanges of sediment between channels and fl oodplains 
may exceed downriver sediment fl uxes by a factor of two 
or more (Dunne et al., 1998; also Chapter 4), even small 
perturbations in the rates at which sediments is added to 
or eroded from the fl oodplains are likely to confound any 
calculations of sediment budgets based solely on in-
channel sediment fl uxes.

Several studies of foreland basin geomorphology in 
Peru and Bolivia invoke tectonic deformation as a primary 
cause for development of terrace sequences through alter-
nating river aggradation and incision and channel migra-
tion (e.g. Dumont and Garcia, 1991; Dumont et al., 1991). 
There are at least two sets of terraces in the Brazilian 
Amazon that record a preferred pattern of river migration 
which may indicate local tilting, instead of base-level or 
climatic change. Between the Japurá and Amazon chan-
nels (Figure 8.2c) and then north of the Japurá River at 
the same longitude, terraces exist that from north to south 
apparently decrease in elevation and show decreased 
weathering of what are probably older channel deposits 
(their surfaces show scroll bars), thus indicating a consis-
tently younger age from north to south (Klammer, 1984; 
Irion et al., 1995). Therefore, these sets of terraces indi-
cate that both the Japurá and Amazon channels have been 
migrating steadily to the south for tens to hundreds of 

Figure 8.5 (a) Map of the Amazon fl oodplain (shaded image) overlaid on a Bouguer gravity map of the region, in which large posi-
tive gravity anomalies are directly proportional to depth of sediment in crustal basins. The Holocene Amazon channel and fl oodplain 
(shaded in grey) were mapped from a geo-referenced, classifi ed mosaic of Landsat images. Between the two vertical arrows the 
channel crosses the valley from the north edge to the south edge and then crosses back to the northern edge of the valley. These transits 
occur where the valley crosses two transfer zones of the underlying graben. The gravity map is reproduced from Nunn, J.A., Aires, 
J.R., Gravity anomalies and fl exure of the lithosphere at the middle Amazon basin, Brazil, Journal of Geophysical Research, vol. 93, 
pp. 415–428, 1988, by permission of American Geophysical Union (b–e) Bouguer anomalies for the cross-sections marked A-A’ (b), 
B- B’ (c), C- C’ (d), and D- D’ (e) from Nunn and Aires (1988, their Figures 4 and 6c). The asymmetry of the structure is most pro-
nounced in (d) and (e) between which exists a transfer zone. The arrows at the top of each graph indicate the edges of the Amazon 
valley and the position of the river channel in between. Modifi ed from Nunn, J.A., Aires, J.R., Gravity anomalies and fl exure of the 
lithosphere at the middle Amazon basin, Brazil, Journal of Geophysical Research, vol. 93, pp. 415–428, 1988, by permission of 
American Geophysical Union
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millennia in response to valley tilting caused by local 
tectonic deformation (Tricart, 1977).

The gradient of the Solimões-Amazon channel varies 
along the river in concert with the pattern of structures 
transverse to the river valley (Figure 8.1). Figure 8.6 
demonstrates several associations between these trans-
verse structural features and changes of river gradient. The 
horizontal black bars in Figure 8.6b indicate average 
water-surface gradients for 11 river reaches calculated 
from radar altimeter readings of low-water elevation (see 
Dunne et al., 1998 for details). These changes in gradient 
correlate with water-surface gradients calculated from 
fl ow velocity profi les, and have been recorded on a higher 
spatial and temporal resolution through radar altimetry 
over an entire annual hydrograph (Birkett et al., 2002). 
The bars in Figure 8.6 demonstrate that the river becomes 
steeper as it approaches the Jutaí and Purús Arches and 
the Monte Alegre Intrusion and then its gradient declines 
downstream of each structure. The increases in gradient 
are associated with narrowing of the fl oodplain and 
decreases in channel sinuosity across the structural highs 
(Mertes et al., 1996) as the river impinges on high, cohe-
sive banks, suggesting recent incision of older fl oodplain. 
A fourth zone of increased gradient lies in the vicinity 
of the tilted fault block recognized by Tricart (1977), in 
the range 1000–1400 km downstream of Iquitos in Figure 
8.6b, where the Amazon also appears to have been short-
ened and steepened by autocapture and tilting of the valley 
fl oor towards the south-southeast. The gradient then 
decreases between kilometres 1400 and 1700 as the river 
fl ows along the southern margin of its valley away from 
the tilted reach.

The variation of channel gradients and fl oodplain widths 
along the modern Amazon continue to infl uence the 
modern patterns of sediment transport (Dunne et al., 
1998), long-term sediment accumulation and fl oodplain 
morphology (Mertes et al., 1996). Where the river crosses 
structural highs, the resulting downstream sequence of 
changes in fl oodplain width, channel sinuosity, gradient, 
and migration rate are associated with patterns in the 
various sediment transport processes between the channel 
and fl oodplain and along the river, determining net along-
stream transport and storage. The pattern is complicated 
slightly by net scour downstream of the large fl ow incre-
ment of the sediment-poor Negro (Dunne et al., 1998, 
p. 465).

Mertes et al. (1996) illustrated the association between 
variations of channel gradient and the character of the 
channel and fl oodplain. The main channel of the Amazon 
is anastomosing throughout its Brazilian reach with a sinu-
osity of 1.0–1.2 along most of its course (Figures 8.7–
8.12). Anabranches are common along the river, apparently 

the remnants of fl ow switching. When bends occur, 
however, they have half-wavelengths of 10–15 km and 
amplitudes of 15–25 km upstream of the Negro confl uence 
(Figures 8.7–8.9). Downstream of the Negro, bends are 
generally less sinuous and longer (Figures 8.10 and 8.11) 
with poorly defi ned half-wavelengths of 30–50 km and 
amplitudes of 10–50 km. The characteristic size of bends 
in a river as large as the Amazon (Dury, 1964; Leopold 
et al., 1964), as well as the valley tilting and realignments 
described above, ensure that the river frequently encoun-
ters the cohesive terrace materials bordering its Holocene 
fl oodplain, creating scalloped terrace edges (Figure 8.10) 
and straightened channel courses (Figure 8.8).

In addition to the main channel, the fl oodplain contains 
a dense network of channels with discharges that are less 
than an order of magnitude smaller than that of the main 
river. The larger, deeper ones tend to remain connected to 
the main channel in the low-fl ow season while many of 
the smaller ones become stagnant, though remain fl ooded. 
The width of the largest fl oodplain channels generally 
increases in the downstream direction from 800 to 2000 m, 
although fl oodplain channels about 100 m wide occur in 
every reach (Mertes et al., 1996, Figure 8.13). As the main 
channel, anabranches, and fl oodplain channels migrate, 
scroll bars are left behind on the fl oodplain surface. In the 
downstream reaches the scroll bars tend to be longer, 
farther apart, and straighter than the upstream bars. The 
outer scroll bars were originally formed by the main 
channel, but many of the inner scroll bars were deposited 
in the bends of fl oodplain channels, which are signifi -
cantly smaller than the bends of the main Amazon chan-
nels (Mertes et al., 1996). Downstream of the Madeira 
River confl uence the scroll bars are less distinct and tend 
to be almost straight along their preserved lengths.

Where the river crosses a structural high such as the 
Jutaí Arch (Figure 8.7) or the Purús Arch (Figure 8.8), the 
river runs along cohesive terrace materials and is almost 
straight for considerable distances, the fl oodplain is rela-
tively narrow, scroll bars are confi ned to the immediate 
channel margins, channel migration rates are small, and 
fl oodplain lakes are relatively rare. In low-gradient reaches 
between the arches, fl oodplains are wide with large-scale 
river movement or avulsion that builds scroll bars and 
anabranches in the Solimões (Figure 8.9). Downstream of 
the Negro confl uence, the wide fl oodplains in low-gradient 
reaches such as Figures 8.10 and 8.11 have anabranches, 
leveed distributary channels with deltas built into fl ood-
plain lakes, and considerable fl oodplain complexity.

The wider fl oodplains contain a complex mosaic of 
lakes, lake deposits, and fl uvial overbank deposits. In 
reaches upstream of the Purús arch, where the fl oodplain 
is widest, the lakes are generally small and are confi ned 
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(a)

(b)

Figure 8.6 (a) Schematic illustration of the relation between geomorphic and structural features of the lower Amazon valley. The 
four vertical bars indicate the approximate locations of the axes of arches and structural highs mapped by Petri and Fúlfaro (1988) 
and Caputo (1991): JA, Jutaí Arch; PA, Purús Arch: MI, Monte Alegre Intrusion and ridge; GA, Gurupá Arch. TFB, the approximate 
extent of a tilted fault block proposed by Tricart (1977). Reproduced with permission from Geological Society of America Bulletin, 
vol. 110, Dunne et al., Exchanges of sediment between the fl ood plain and channel of the Amazon River in Brazil, pp. 450–467, 
1998. Geological Society of America. (b) Water-surface gradient at low fl ow along a 3200 km long reach of the Amazon River, based 
on radar altimetry measurements collected during low water between 27 July and 9 August 1978 for 32 sites. Details on data acquisi-
tion and analysis are described by Dunne et al. (1998). Abbreviations on the abscissa refer to sediment sampling stations, gauging 
stations, and reaches referred to in the text and other fi gures. Corresponding to Figure 8.1 are São Paulo de Olivença (spo), Manaca-
purú (man), and Óbidos (obi). Reproduced with permission from Geological Society of America Bulletin, vol. 110, Dunne et al., 
Exchanges of sediment between the fl ood plain and channel of the Amazon River in Brazil, pp. 450–467, 1998. Geological Society 
of America
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Figure 8.7 The Solimões River reach centered approximately at 69°45′ W where the river crosses the Jutaí Arch, approximately at 
550 km on Figure 8.6b. The fl oodplain with scroll bar topography is generally less than 10 km wide, and the channel impinges on 
cohesive terrace materials throughout most of the reach. The dashed white curves indicate the approximate position of the boundary 
between the modern fl oodplain and the higher terrain that has not been alluviated probably since the late Tertiary and has been eroded 
by distinctive drainage networks. The closed dashed polygon north of the river in the central portion of the image is probably an older 
portion of the fl oodplain on which the scroll bars, channels, and narrow lakes that dominate the modern fl oodplain have been diffused 
by either erosion or overbank sedimentation. Source: radar image from the Radambrasil Project

Figure 8.8 The Solimões River reach between the Purús (lower left corner) and Negro (upper right corner) confl uences, centered 
approximately at 60°45′ W near Manacapurú at 2030 km in Figure 8.6b. The dashed white curves indicate the approximate position 
of the boundary between the modern fl oodplain and the higher terrain that has not been alluviated probably since the late Tertiary 
and has been eroded by distinctive drainage networks. Small, sediment-poor streams draining from the Teriary sediments across the 
fl oodplain margins are dammed by the rapid alluviation of the mainstem fl oodplain. The Solimoes-Amazon River is crossing the 
Purús Arch in the eastern half of the image, and the fl oodplain is narrow and the channel steep (around 2000 km on Figure 8.6b). 
Source: radar image from the Radambrasil Project
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Figure 8.9 The Solimões River reach centered on 66°45′ W downstream of the River Jutaí confl uence at 1100 km on Figure 8.6b. 
In the tilted fault block reach between the Jutaí and Purús Arches, the fl oodplain is wide, allowing the development of large meanders, 
extensive scroll bars, and an abandoned oxbow lake. The dashed white curves indicate the approximate position of the boundary 
between the modern fl oodplain and the higher terrain that has not been alluviated probably since the late Tertiary and has been eroded 
by dendritic drainage networks. The ages of the various surfaces within the Quaternary fl oodplain are generally unknown. Source: 
radar image from the Radambrasil Project

Figure 8.10 The Amazon River reach centered at 57°45′ W approximately at 2450 km on Figure 8.6b, ∼150 km downstream of the 
Madeira River confl uence. The fl oodplain is 40–50 km wide and includes scroll bar topography near the river and irregular lake net-
works farther from the channel. The dashed white curves indicate the approximate position of the boundary between the modern 
fl oodplain and the higher terrain that has not been alluviated probably since the late Tertiary and has been eroded by distinctive 
drainage networks. Sediment-poor tributaries draining from the Guiana Shield and Teriary sediments across the fl oodplain margins 
are dammed by the rapid alluviation of the mainstem fl oodplain. Source: radar image from the Radambrasil Project
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Figure 8.11 The Amazon River reach centered at 56°15′ W approximately at 2650 km on Figure 8.6b. The fl oodplain appears to be 
‘underfi lled’ with a large area of lakes separated from the channel by narrow scroll bars and levees that are almost straight. Small 
channels entering these lakes from the main channel or from tributaries build leveed channels and small deltas into the lakes. The 
dashed white curves indicate the approximate position of the boundary between the modern fl oodplain and the higher terrain that has 
not been alluviated probably since the late Tertiary and has been eroded by distinctive drainage networks. Sediment-poor tributaries 
draining from the Guiana Shield and Teriary sediments across the fl oodplain margins are dammed by the rapid alluviation of the 
mainstem fl oodplain. Source: radar image from the Radambrasil Project

Figure 8.12 The Amazon River reach centered at 53°15′ W approximately at 3050 km on Figure 8.6b. Downstream of the Monte 
Alegre INTRUSION the river is constructing a delta plain (between the dashed white curves) with rapidly shifting mid-channel bars 
and a fl oodplain that contains very few lakes. The absence of strongly developed scroll bars at the surface suggests intensive overbank 
sedimentation. Source: radar image from the Radambrasil Project
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Figure 8.13 Typical monthly hyeto- and hydrographs along the main stem Amazon River. Monthly rainfall totals are interpolated 
from maps of average values for 1972–1996, based on data from rainfall stations distributed across the basin. (Data supplied by the 
Brazilian water resources agency ANEEL). Position along the river is indicated in degrees of longitude. Discharge is based on mean 
monthly average fl ows for gauges as reported by Richey et al. (1986) and shown in the legend for gauges at (a) SPO, (b) Manacapurú, 
and (c) Óbidos (locations shown on Figure 8.1)
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to narrow swales between scroll bars. In contrast, the 
larger lakes tend to be in the downstream reaches, regard-
less of fl oodplain width, and have less well defi ned bound-
aries. The largest lakes are just downstream from Óbidos 
and are as much as 65 km across (Melack, 1984). The 
alongstream pattern in a number of lakes is irregular, 
however. The number of lakes increases between 1000 km 
and 1700 km downstream of Iquitos (see Figure 8.6), 
approximately in the reach from Xibeco to Itapeua, then 
decreases in the downstream direction to São José do 
Amatari (2228 km), increases again after the Madeira 
River confl uence (2300 km), and then the lakes disappear 
just downstream from the Tapajós River (2900 km). The 
modern fl oodplain transitions to the estuary through a 
delta plain downstream of the Tapajós and Xingú ria 
mouths and the Gurupá Arch, where the number and size 
of islands and lakes decrease dramatically as overbank 
fl ows intensify sedimentation (Figure 8.12). In the lower 
Amazon valley, tectonic infl uences on gradient interact 
with the effects of postglacial sea-level rise to control the 
patterns of alluviation (see later).

The impacts of tectonics on the landscape of the 
Amazon River and its valley are subtle, but widespread. 
At the largest scale, they result from the geological con-
stitution and deformation of the continent that impose a 
path and a distribution of water and sediment loads on the 
river. At smaller scale, they result from the fact that such 
a large river has very low gradients, and frequently 
encounters lithological constraints from surrounding geo-
logical materials, including its own weathered, cohesive 
terraces. We have outlined a schematic model for the 
eastern Amazon main channel and valley that illustrates 
the spatial correlation between the narrowing of the allu-
vial valley as the river crosses structural highs and the 
gradual widening of the valley on the downstream limb of 
these features. In addition, new evidence in Figure 8.5 
extends the interpretation that the position and alignment 
of the Amazon channel, even in the lowland reaches, 
continues to be strongly infl uenced by deep geologic 
structures. Therefore, the overall effect of intracratonic 
tectonic deformation and ancient rift structures on the 
continental-scale Solimões-Amazon River in Brazil is to 
create a landscape where, on the scale of hundreds of 
kilometres, the main river is entrenched, confi ned in its 
valley, is straight, and relatively immobile.

8.4 INFLUENCE OF CLIMATE CHANGE ON 
THE AMAZON RIVER

The modern hydroclimatology of the Amazon Basin is 
dominated by the shifting of the Intertropical Conver-
gence Zone (ITCZ) (Hjemfelt, 1978; Salati et al., 1979; 

Hayden, 1988) with the Andean region also being affected 
by the South Atlantic Convergence Zone (SACZ) 
(Liebmann et al., 1999; Seluchi and Marengo, 2000). The 
climate is also impacted by changes in sea-surface tem-
perature as the SACZ moves seasonally (Liebmann et al., 
1998; Uvo and Graham, 1998; Uvo et al., 2000; Liebman 
and Marengo, 2001). With these infl uences, precipitation 
is fairly uniformly distributed across the basin with modest 
orographic effects in the west. Overall the basin receives 
2000–2500 mm of rain annually. The lowest rates occur 
in the extreme northeastern and southern parts of the basin 
(∼2000 mm a−1) with 3500 mm a−1 in the northwest low-
lands and local maxima up to 7000–8000 mm a−1 on the 
lower eastern slopes of the Andes in Peru. Precipitation 
maxima are limited to the lowermost 500–1000 m of the 
Andes, above which precipitation generally declines with 
increasing elevation.

The seasonality of rainfall is driven by the movement 
of the ITCZ, generating a rainy season that begins in the 
southern half of the basin in November and December and 
in the northern half of the basin almost 2 months later. 
The alongstream pattern of rainfall is illustrated with the 
hyetographs and compared with the river hydrograph in 
Figure 8.13. The hydrograph is unimodal, damped and 
delayed by the size and length of the basin channel 
network, the storage capacity of the large fl oodplain wet-
lands which exceed 100 000 km2, and the temporal offset 
between tributary inputs from the northern and southern 
hemispheres (see Richey et al., 1989a for tributary hydro-
graphs). Statistical analyses of trends in the historical 
record (most notably the 100-year record at Manaus) show 
that there has been no secular regime change. For example, 
any impacts of deforestation on fl ow patterns are not yet 
suffi cient to produce trends in the fl ow record of the 
Amazon (Marengo, 1995; Marengo et al., 1998). However, 
Costa et al. (2003) have shown that clearing and pastur-
ing of 49 % of a shrub-covered 175 000 km2 catchment 
within the Tocantins River Basin in the relatively dry 
(1600 mm a−1 rainfall) southeastern Amazon has resulted 
in a 24 % increase in annual runoff despite annual rainfall 
remaining statistically unchanged in the same period.

Precipitation and river fl ow are affected by the strength 
of the El Niño – Southern Oscillation (ENSO). Richey 
et al. (1989b) showed that in the period 1906–1985 low 
annual fl ows of the Amazon at Manaus occurred during 
El Niño years when ocean circulation anomalies associ-
ated with ENSO modify both the intensity and location of 
the energy source for atmospheric heating and circulation 
(Aceituno, 1988; Molion, 1990). The main convection 
center shifts to the central Pacifi c and weakens over the 
central Amazon, reducing rainfall (Foley et al., 2002). 
Molion (1990) quoted reductions of up to 1.8 standard 
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deviations in rainy season totals in the northwest Amazon 
Basin and 0–1.2 standard deviations in the central and 
eastern portions of the basin. More recent studies have 
added regional detail in general agreement with this 
picture. Generally speaking, El Niño years are drier and 
warmer than normal in Amazonia. Foley et al. (2002) 
demonstrated that changes are stronger over the northern 
portion of the basin (generally north of 4° S latitude) with 
an average 4.8 % (120 mm a−1) reduction in rainfall in El 
Niño years and an average increase of 8.5 % (215 mm a−1) 
during La Niña conditions. This northern region also 
experiences an increase in annual runoff averaging 18 %. 
In the south, changes are generally smaller. By contrast, 
the southwest Amazon Basin, at 10° S latitude and closer 
to the perturbed offshore area of the east Pacifi c, shows 
an increase of up to 1.2 standard deviations in rainy season 
rainfall during the cold phase of the ENSO, causing wide-
spread landsliding and fl ooding in the Beni River system 
(Ronchail, 1998). River fl ows and sedimentation patterns 
are sensitive to even subtle shifts in the ENSO circulation. 
For example, the Mamore River fl oodplain, immediately 
south of the Beni, spans a transitional region of climate 
response to the ENSO (Coelho et al., 2002), which seems 
to have migrated in the early 1970s. Before 1970, rainfall 
was high during La Niña, but after 1970 this effect disap-
peared (Ronchail, 1998), and fl oods have decreased with 
an abrupt reduction in the frequency of overbank sedimen-
tation in the foreland basin reach of the Mamore (Aalto 
et al., 2003). Thus, climatic fl uctuations of this scale can 
affect inundation and sedimentation processes, but no 
morphological effects on the river system have yet been 
recognized. It is not clear whether the onset of ‘ENSO-
like’ conditions about 7000 years ago (Martin et al., 1993) 
had any impacts apart from the changes in lake levels, 
vegetation changes recorded in pollen profi les, and sedi-
mentation records from which the climatic change was 
interpreted.

During the glacial periods, glaciers expanded in the 
Andes, and colder climates prevailed over the Amazon 
Basin. The timing of the Last Glacial Maximum in the 
Andes and the Amazon Basin has been assigned various 
dates by people working with differing kinds of evidence. 
Clapperton (1993) suggested a date of around 27 ka with 
glaciers extending nearly 1000 m lower in elevation on the 
eastern faces of the ranges, indicating a temperature 
decline of about 5 °C. Smith et al. (2005a) used a broader 
defi nition of 34–21 ka, during a period of complex changes 
by glaciers in varying topographic settings that was wetter 
than at present on the Altiplano. Baker et al. (2001a), 
using various sedimentary properties of cores from Lake 
Titicaca, set the end of the LGM at 21 ka set within a 
period from 26–15 ka when the Altiplano was wetter than 

at present. Stable isotopes from Peruvian ice cores imply 
that Last Glacial Maximum (LGM) high-altitude tempera-
tures were 8–12 °C cooler than present-day temperatures 
(Thompson et al., 1995, 2000). Detailed chronologies and 
fi eld mapping of glacial deposits in three valleys of the 
Peruvian and Bolivian Andes led Smith et al. (2005a) to 
conclude that the maximum lowering of snowlines was 
varied within a range of 300–1000 m, implying only a 2–
4 °C lowering of mean annual temperature. A broader 
survey of the tropical Andes (Smith et al., 2005b) revealed 
a snowline depression of 300–1350 m with local topo-
graphic and precipitation effects complicating any gener-
alizations. Colinvaux et al. (1996) interpreted the shift of 
Andean taxa into the lowland Amazon along the equator 
near 67° W to indicate a cooling of 5–8 °C. Palaeo-ground 
temperatures in northeastern Brazil, estimated from noble 
gas concentrations in groundwater dated with 14C, indicate 
a cooling of at least 5 °C (Stute et al., 1995), in line with 
both the majority of snowline interpretations and vegeta-
tion reconstructions in the region (see below). These same 
geochemical results indicated that warming began around 
13 ka. There is no evidence for glaciation in the shields in 
the north and south of the basin.

The history of precipitation across the basin appears to 
have been more complex. Early interpretations of a drier 
glacial climate in Amazônia relied mainly on geomor-
phic evidence of relict dune fi elds (Tricart, 1975, 1985; 
Clapperton, 1993) around the margins of the Basin. More 
recently, the sedimentology, mineralogy, chemistry, and 
palynology of lake sediments have provided the basis for 
palaeoclimatic reconstructions, although the number of 
lake studies remains small for such a vast area with sig-
nifi cant regional differences to be anticipated in weather 
systems. Constraints on the amount of datable material in 
cores and the precision of some methods leave uncertain-
ties about the synchronicity of changes recorded in various 
regions.

The Bolivian Altiplano at 70° W (Baker et al., 2001b) 
and the north-central Amazon lowland at the equator and 
67° W (Bush et al., 2002) were both relatively wet during 
22–18 ka, after an exceptionally dry period from 35 to 
27 ka (Bush et al., 2002). Baker et al. (2001a, b) have also 
suggested that throughout the Late Glacial and Holocene, 
including the particularly cold Younger Dryas episode, 
wet periods in the Andes and lowland Amazonia were 
simultaneous with periods of cold sea-surface tempera-
tures in the tropical Atlantic Ocean. This millennial-scale 
alternation with warmer and drier periods has continued 
in the recent history of the region. On the Eastern slopes 
of the Andes, cooling lowered the tree line by 1200–
1500 m and led to taxa from higher and drier regions 
penetrating the western Amazon lowland (Van der 

c08.indd   133 8/14/2007   10:31:41 AM



134 Large Rivers

L1

Hammen, 1974; Liu and Colinvaux, 1985; Bush et al., 
1990; Colinvaux et al., 1996; Colinvaux and De Olivera, 
2000). Baker et al. (2001a,b) and Bush et al. (2002) rec-
ognized humid conditions during most of this period in 
the central and northwestern Amazon Basin, with the 
Andes drying immediately after the Last Glacial Maximum 
(15–13 ka), according to Baker et al. (2001a). On the other 
hand, Seltzer et al. (2000) concluded that arid conditions 
prevailed in Andean Peru in the Late Glacial and Early 
Holocene, followed by wet conditions in the Middle and 
Late Holocene. Siffedine et al. (2001) also accumulated 
evidence for a drying of Lake Titicaca on the Altiplano 
(16° S 69° W) during the LGM. This contradiction remains 
unresolved until hydroclimatic processes in the region are 
clarifi ed.

However, even in the driest period, centered around 
33 ka, the forest cover in the central lowland and western 
slopes of the Amazon Basin remained continuous, despite 
the fact that cooler, fl uctuating temperatures probably led 
to a more open forest structure and composition. Bush 
et al. (2002) estimated that during this driest period the 
annual rainfall could have decreased by as much as 30 % 
without breaking the continuity of the forest cover. Pollen 
records described by Frost (1988) confi rm the continuity 
of forest cover in the Andean foothills of eastern Ecuador 
throughout the Holocene, despite the evidence for severe 
dry periods (Baker et al., 2001a), although the composi-
tion of these forests changed frequently.

There is more uncertainty about the history of precipita-
tion in the northern, eastern, and southern parts of the 
Amazon Basin. Pollen records from the central Amazon 
Basin during the Holocene (Absy, 1979) and from the 
periphery of the Basin over a longer period (Van der 
Hammen, 1974; Van der Hammen et al., 1992a,b; 
Servant et al., 1993; Van der Hammen and Absy, 1994) 
show intermittent dominance of grass pollen, which has 
been interpreted as evidence for a change to savanna con-
ditions. This result from cores in the central lowland has 
been questioned because it confl icts with other data 
described above and might be the result of local changes 
in inundation hydrology (Räsänen et al., 1991). However, 
the shallow lakes cored by Van der Hammen and Absy 
(1994) and Servant et al. (1993) at Carajás in eastern 
Amazonia are located on a plateau with a present-day 
rainfall of 1500–2000 mm a−1 and a strong 3-month dry 
season. The site is occupied by evergreen forest with 
patches of deciduous trees and grassland on thin, rocky 
soils in the surrounding region, so it seems reasonable that 
it should be a sensitive indicator of any drying. Servant 
et al. (1993) reported that in the Late Glacial (22–13 ka), 
after recording forest cover for at least 10 000 years, the 
lake dried up and recorded low amounts of tree pollen 

before and after the hiatus. Independent studies of geo-
chemical and petrographic studies from small lakes in the 
same region essentially confi rmed these results and docu-
mented oscillations between wet and drier periods through-
out the Holocene once wetter conditions were re-established 
after 15.4 ka.

Van der Hammen and Absy (1994) recorded savanna 
pollen in Rondônia (9° S 63° W) around 18.5 ka, after a 
wetter forested period, and at Carajás and in the Guiana 
region in Late Glacial time, suggesting that the eastern and 
southeastern arc of the Amazon Basin margin, currently 
occupied by open evergreen forest with a signifi cant dry 
season, probably experienced savanna conditions in Late 
Glacial time before reforestation as the climate became 
generally wetter and warmer at the beginning of the 
Holocene. If so, there must have been a strong gradient 
between this drying region and Bush’s site at 67° W on the 
equator at this time. Van der Hammen and Absy (1994) 
estimated that reductions of precipitation of 500–
1000 mm a−1 (∼25–40 %) would explain the distribution of 
forest and savanna pollen records. This interpretation took 
no account of the documented atmospheric cooling on 
moisture effectiveness before 13 ka, which makes it even 
more diffi cult to reconcile the savanna pollen with rainfall 
estimates. The Carajás site should also be expected to have 
responded sensitively to the Holocene rainfall fl uctuations 
that Baker et al. (2001a) projected across the Amazon 
Basin. Additional Holocene climate reconstructions based 
on pollen records from the southwestern Amazon Basin 
(Campbell and Frailey, 1984) show fairly consistent oscil-
lations of pollen that were also interpreted to represent 
changes from moist tropical to savanna climates (see 
Dickinson and Virji, 1987, for review). Haberele and 
Maslin (1999) analyzed pollen from the Amazon Fan and 
found very little long-term variation in both savanna-type 
and lowland rain forest taxa in the glacial-age sediments. 
However, they accepted as reasonable the Bush (1994) and 
Van der Hammen and Absy (1994) estimates of a 25 % 
reduction of rainfall during glacial times, producing a 
reduction of about 30 % in the forest cover of the Amazon 
Basin in an arc stretching around the eastern and southern 
margins of the Basin. Behling and Hooghiemstra (2001) 
reviewed the Late Quaternary history of tropical South 
American savannas north and south of the Amazon, and 
concluded that during the full-glacial period, savannas 
both north and south of the equator expanded, refl ecting 
markedly drier conditions. Behling (2002) concluded that 
‘The Amazon rainforest area must have been reduced’.

Maslin and Burns (2000) used the oxygen isotope 
record of planktonic foraminifera in a core from the 
western Amazon Fan to interpret the history of Amazon 
discharge since 14 000 ka. They estimated that discharge 
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declined from about 80 % of the present value at 14 ka to 
at most 60 % of the modern value at 12 ka, and then began 
a steady increase throughout the Holocene. This interpre-
tation of aridity in the cold Younger Dryas is in general 
agreement with the Altiplano interpretations of Seltzer 
et al. (2000) and the interpretation of aridity in the eastern 
Amazon (Servant et al., 1993), but it remains at odds with 
the claim by Baker et al. (2001a,b) and Bush et al. (2002) 
associating relative wetness with the LGM in the Andes 
and northwesterly parts of the Basin. The exact temporal 
and mechanistic correspondence between these changes 
is still unclear, but they are at variance with the claim 
that wet–dry periods are synchronous across the Basin 
in response to sea-surface temperatures (Baker et al., 
2001a,b).

The regional differences, temporal offsets, and contra-
dictions between some of the interpretations of Quater-
nary paleoclimate make it diffi cult to draw conclusions 
about the probable condition of the Amazon River during 
this period. The lowering of temperature would have 
lowered evapotranspiration at a time when precipitation 
was apparently relatively high in the Andes and glaciers 
and glacial runoff increased. Thus, glaciers expanded, and 
it is reasonable to expect that both runoff and sediment 
transport into the Andean tributaries of the Amazon 
increased. An approximate reconstruction of the area gla-
ciated indicates several tenfold greater coverage than at 
present. Hallet et al. (1996, Figure 3E) compared sediment 
yields between glaciated and nonglaciated basins in 
Alaska, Norway and Iceland, and concluded that climatic 
conditions favourable for the expansion of temperate 
valley glaciers tend to increase both mechanical and 
chemical denudation rates. It is likely, therefore, that at 
the Last Glacial Maximum (LGM) the Andes shed more 
runoff and sediment into the foreland basins to the east. 
Notwithstanding the high sediment trapping effi ciency of 
these basins at present, it is likely that the sediment load 
of the lowland Amazon and Madeira Rivers was higher 
than modern values during the LGM.

However, by far the larger portion of modern discharge 
of the Amazon is generated in the lowland, especially in 
the northwestern part of the Basin. High runoff from the 
western part of the Basin at and soon after the LGM would 
contribute to transporting the high sediment load down-
stream and into the fl oodplain before any drying around 
14 ka. Interpretations of aridity in the eastern Amazon 
and surrounding regions (Servant et al., 1993; Van der 
Hammen and Absy, 1994) at the LGM require an extraor-
dinary reduction in precipitation because the accom-
panying 5–6 °C decrease in temperature would reduce 
evapotranspiration. Unfortunately, reconstructions of dis-
charge records do not yet extend back to the LGM. It 

remains diffi cult to explain how the fl ow of the river could 
be reduced very much in a cooler climate, even if precipi-
tation declined in the lowland.

At the same time, thinning of the vegetation cover in 
the lowland and surrounding shields probably increased 
erosion slightly. The sediment yield of the modern Niger 
River Basin, which has a large proportion of savanna 
cover, is about 33 t km−2 a−1 (drainage area 1.2 million km2, 
with an internal basin that probably reduces the sediment 
yield; runoff of 160 mm a−1), whereas the modern forested 
Zaire Basin (3.8 million km2; 340 mm a−1 of runoff) yields 
11 t km−2 a−1 of sediment (Milliman and Syvitski, 1992). 
Our own sediment sampling in large rivers of the forested 
central Amazon lowland (Dunne et al., 1998) indicates 
sediment yields of 11 t km−2 a−1 for the Negro River Basin 
(0.69 million km2; 1350 mm a−1) and 4 t km−2 a−1 for 
the Jutaí River Basin (0.053 million km2; runoff = 
2380 mm a−1). Although it is likely that land use has 
affected the yields of the Niger more than those of the 
forest-dominated basins, these measurements suggest that 
forested continental interiors yield less sediment than 
lowland savannas. We expect, therefore that at the LGM 
the extra-Andean Amazon Basin supplied slightly more 
sediment to the river with a lower runoff than is the case 
today. Mousinho de Meis (1971) interpreted colluvial 
wedges of sediment at the base of hillslopes across the 
Amazon lowlands as evidence for aggradation caused by 
a reduction of runoff with an increase in sediment supply. 
A return to wetter conditions would have provoked erosion 
of these deposits. It is not known how much of this extra 
sediment load was trapped within the Amazon lowland, 
but the process quantifi ed by Dunne et al. (1998) and 
Aalto et al. (2003) suggest that some accelerated fl ood-
plain sedimentation was likely in the foreland basin and 
between the tectonic arches further downstream. However, 
the lower Amazon, downstream of the Negro, was severely 
affected by the other main infl uence of glaciation, namely 
sea-level decline.

8.5 INFLUENCE OF SEA-LEVEL CHANGES ON 
THE AMAZON RIVER AND FLOODPLAIN

In the modern era, a surprisingly small proportion of the 
Amazon’s sediment supply reaches the continental shelf. 
Aalto et al. (2006) estimated that the Andes shed approxi-
mately 2300–3100 Mt a−1 to the Amazon Basin. Yet only 
about 1400 Mt a−1 of this sediment enters the lowland 
Amazon from the Solimões (Peruvian) and Madeira 
(Bolivian) tributaries, and only 1240 Mt a−1 reach tidewater 
at Óbidos. A sediment budget for the coastal region esti-
mated by Mertes and Dunne (1988) indicated net deposi-
tion of 400–500 Mt a−1 of sediment in the reach between 

c08.indd   135 8/14/2007   10:31:41 AM



136 Large Rivers

L1

Óbidos and the Atlantic Ocean. The mass balance numbers 
include the estimated sediment discharge at Óbidos of 
1240 Mt a−1 (Meade et al., 1985; Dunne et al., 1998), the 
sum of deposition on the continental shelf of 610–650 Mt a−

1 (Kuehl, et al., 1986), and the rate of along-shelf sediment 
transport of 100–200 Mt a−1 estimated by Augustinus 
(1982). Motivation for the budget calculation was based 
initially on the geomorphic observation that the spatial 
density of lakes on the fl oodplain surface declines 
dramatically downstream of Óbidos (Klammer, 1984; 
Mertes, 1985) and the comment by a Brazilian river 
boat captain that this is the worst reach in the Amazon to 
navigate, because ‘sand bars are always shifting around 
everywhere’. This coastal-zone sediment budget agrees 
essentially with estimates by Eisma, et al. (1991) and 
Nittrouer et al. (1995).

Sedimentation in the estuary and offshore zone must 
have been very different during the LGM. Sioli (1957) 
was the fi rst to propose that when sea level was 120 m 
lower than the present level during the Late Wisconsinian 
regression, the lower Amazon River and the lower reaches 
of its tributaries incised their beds in response to the lower 
base level. During the Holocene sea-level rise, the incised 
valleys began to fi ll with sediments, but those tributaries 
without Andean sediment sources were unable to keep 
pace with the rate of vertical accretion of the mainstem 
Amazon, resulting in impoundment of river-mouth lakes, 
or rias. Results of 14C dating of sediments in these ria 
lakes show that there were changes in rates of sedimenta-
tion that may have been related to changes in lake level 
(Irion, 1982, 1984). Irion suggested that the presence of 
oxidized organic layers intermixed with unoxidized lacus-
trine sediments indicated fl uctuations in lake level that 
may have been caused by base level changes as sea level 
fl uctuated during the Late Pleistocene. Rias exist through-
out the Amazon Basin along the main stem (Figure 8.2d 
and e) and tributaries, as far as 3000 km from the mouth 
of the Amazon (Irion, 1984), and were used by Sioli to 
suggest that incision progressed upstream to 65° W. 
However, Tricart (1977) interpreted rias upstream of the 
Negro confl uence as due to neotectonic tilting of fault 
blocks. This second hypothesis agrees with the proposed 
mechanism for ria development in western Amazonia, 
which includes drainage derangement due to channel 
migration and tectonic deformation and does not require 
signifi cant base-level changes (Neller et al., 1992; Dumont, 
1993).

The lowered sea level during the LGM appears to have 
steepened the gradient of the Amazon suffi ciently to pass 
the larger sediment load and to incise the channel and 
fl oodplain of the lower Amazon. The elevation of the 
incised bed can be roughly estimated from measurements 

made by Müller et al. (1995) and Irion et al. (1995), who 
used acoustic measurements to document buried river 
channels in two water bodies along the margin of the 
lower Amazon valley near Lago Manacapurú (LM) and at 
the mouth of Rio Preto da Eva (RPE) (see Figure 8.1 for 
locations). From these images Müller et al. (1995) and 
Irion et al. (1995) concluded that the water surface of the 
Amazon River probably dropped 20–25 m below its 
current level during the last glacial period when sea level 
was 120 m lower. Our analysis of these same acoustic 
images and data on river water-surface gradient and 
average low-water depth (Mertes et al., 1996) indicate that 
the river bed lay about 12 m below its present level at the 
RPE site, assuming that the water depth was essentially 
the same during the lower sea stand (Figure 8.14). At the 
LM site the bed was approximately 5 m below present 
level after the water depth (12–14 m) is subtracted. Addi-
tional data from Lake Calado, 80 km upstream of Manaus 
indicate approximately the same amount of incision (Keim 
et al., 1999), and the carbon-dated sequence of sediment 
suggests that the rate of vertical accretion averaged about 
3.7 mm a−1 from 9500 to 7600 ka, and ≤2.8 mm a−1 between 
7600 and at least 3000 ka. The Amazon attained its current 
elevation in this reach some time after 3000 ka. Assuming 
that channel incision and postglacial sedimentation at 
these fl oodplain-margin sites refl ect the bed elevation of 
the nearby main channel, we extrapolated from them to 
calculate the geometry of the LGM channel bed and of the 
wedge of postglacial sedimentation (Figure 8.14).

Using these acoustic surveys of buried channel beds and 
the low-water river depth and water-surface slope we cal-
culated the depth of incision below the present bed level 
at the LGM (Figure 8.14). Water-surface gradients for 
the lower Amazon River range between 1 and 3 cm km−1 
for low-water conditions (Dunne et al., 1998). From these 
slopes and a zero reference elevation at the coastline, we 
calculated the water-surface elevation for sites along the 
modern river at low water (Figure 8.14). The low-water 
surface elevation calculated for the Manaus gauge by this 
method is approximately 23 m, which is intermediate 
between measured elevations for minimum river stage 
(17.8 ± 1.8 m) and maximum river stage (27.7 ± 1.2 m) 
surveyed from benchmarks near the port of Manaus gauge 
(J. Moody and R.H. Meade, US Geological Survey, unpub-
lished data). The modern bed elevation profi le was calcu-
lated by subtracting average low-water depths from the 
calculated water-surface elevations, ignoring bar-pool 
topography of the bed (Figure 8.14).

Several assumptions were required to estimate the bed 
incision for a sea level of −120 m at the LGM. We assumed 
that incision below the present bed (and thus postglacial 
sedimentation) varied linearly along the lower Amazon 
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valley. The incision depths calculated for the two fl ood-
plain-margin sites (Müller et al., 1995) were assumed to 
represent conditions in the nearby main river (up to 20 km 
distance). We then made two estimates of the incision 
profi le. First, the incision depths from 12 to 5 m over the 
200 km between the RPE and LM sites were assumed to 
fi x the incised channel bed slope, which was extrapolated 
upstream and downstream along the northern arm of the 
Amazon mouth to the edge of the continental shelf, 
mapped by Nittrouer et al. (1986, Figure 1, transect B). 
The projected incised elevation is −80 m at the shelf edge, 
60 m below the current bed, indicating a channel-bed slope 
of about 5.5 cm km−1, for the lower Amazon, compared 
with about 2 cm km−1 today. A separate projection was 
made by connecting the two incised bed sites with an 
LGM sea level of −120 m at the shelf edge (Figure 8.14). 
The estimation is therefore very approximate and needs to 
be refi ned with additional subsurface data, but is suffi cient 
for our current purpose.

The projected incision depth reaches zero approxi-
mately 140 km upstream of the LM site, approximately 
1700 km from the coast near 62° W. This estimated 
upstream limit of base-level effects during the LGM lies 

in the area infl uenced by the Purús Arch. Upstream of the 
arch, the disturbances of drainage patterns interpreted by 
Latrubesse and Franzinelli (2002), shown in Figure 8.4 
and by Tricart (1977), and the ria form of Lake Coari 
(Figure 8.2d) may thus refl ect neotectonic effects upstream 
of the arch while the distribution of rias downstream of 
this reach refl ects the eustatic effect on incision suggested 
by Sioli (1957) and Klammer (1984).

If the depths of postglacial sediment accumulation in 
Figure 8.14 are combined with an average width of 50 km 
for the Holocene fl oodplain (Figure 8.5a), deposition of 
approximately 2400–4000 km3 of sediment is indicated 
since sea-level began to rise. This assumed width ignores 
the fact that the modern fl oodplain narrows downstream, 
that the incised valley might have been wider at the shelf 
edge, and that some sedimentation occurred in the Pará arm 
of the river south of Marajó Island (Figure 8.2f ). However, 
Milliman et al. (1975) report that this latter channel is 
fl oored mainly by quartz and kaolinite and has a low 
sediment input and a large fl ow increment (∼104 m3 s−1) 
from the Tocantins River. If an approximate date of 12 000 
years BP is taken for the onset of rapid postglacial sea-level 
rise, an average annual accumulation of 200–330 M m3 a−1 

Figure 8.14 Modern water surface elevation, modern bed elevation, and incised bed elevation for the main stem Amazon River 
during a lower sea level of −120 m during the Last Glacial Maximum. Calculation based on two measurements of bed incision reported 
by Müller et al. (1995) for Lago Manacapurú (LM) and Rio Preto da Eva (RPE). Water surface elevations and bed elevations based 
on data reported by Mertes et al. (1996). Modern coastal shelf profi le based on cross section B as reported by Nittrouer et al. (1986). 
If the channel-bed gradient defi ned by the two incised bed elevations (large dots) is extrapolated downstream to the coast, the channel 
bed intersects the shelf edge at a depth of −80 m with a gradient of 5.5 cm km−1. Alternatively, if the two incised sites are connected 
with an elevation of −120 m at the shelf edge, the predicted gradient is 9.4 cm km−1. These two projections refl ect the current range 
of uncertainty in defi ning the wedge of postglacial sedimentation. A low-water river depth of 20 m of water was assumed at the coastal 
boundary and at the shelf edge

c08.indd   137 8/14/2007   10:31:41 AM



138 Large Rivers

L1

(∼300–500 Mt a−1) is indicated in the estuary and lower river 
valley. The estimate is, of course, linearly sensitive to the 
assumption of the width of the valley-fl oor incision. Inter-
estingly, this is more or less the same rate (400–500 Mt a−1) 
that Mertes et al. (1996) estimated for the modern rate of 
sedimentation within the estuary. They also suggested on 
morphological grounds that most of the present accumula-
tion is occurring on the delta plain (Figure 8.12) near the 
mouth of the Xingu River. The average vertical accretion 
rate at the coast indicated by this reconstruction is 5–
8 mm a−1 (Figure 8.14); Vital and Stattegger (2000) mea-
sured a rate of 6 mm a−1 on carbon-dated sediments from 
the past millennium approximately 100–150 km from the 
coast.

It appears, therefore that the Amazon River carries suf-
fi cient load to effect the incomplete sedimentation of the 
fl oodplain that is evident from the fl oodplain topography 
of the lower valley. Figures 8.10 and 8.11 show that down-
stream of the River Madeira confl uence the Amazon 
channel is lined by complex levees and almost straight 
scroll bars that confi ne the river. Sedimentation in the 
fl oodplain occurs through vertical accretion of fi ne sedi-
ment and avulsion of fl oodplain channels that emerge 
from the main channel and from tributaries to build leveed 
courses and small deltas into and across lakes. Most of the 
numerous lakes are irregularly shaped, though some are 
long and narrow between old scroll bars, levees, and 
blocked fl oodplain channels. The large area of lakes indi-
cates the incomplete nature of the response to glacial-age 
evacuation, possibly intensifi ed by continuing subsidence 
of the graben. Klammer (1984) recognized fragments of 
older fl oodplain from the pattern and texture of channel 
networks eroded into their surfaces. These fragments lie 
at almost the same elevation as the depositional surface of 
the modern fl oodplain, indicating that the pre-glacial 
fl oodplain elevation is being re-established in the lower 
Amazon valley. Upstream of the Negro confl uence, the 
modern fl oodplain is at or above its pre-glacial level.

Klammer (1984) also used the distribution and surface 
texture of fl at patches of high ground along the Amazon 
and its eastern tributaries to argue for extensive terrace 
formation at elevations from 10 to 180 m above modern 
river levels. He mapped these features on aerial photos 
and interpreted them as evidence for base level control by 
higher, fl uctuating sea levels throughout the late Ceno-
zoic. Klammer measured their elevations by ground 
survey and photogrammetry and grouped them into 9–10 
classes throughout the central and eastern Amazon Basin. 
He then qualitatively correlated these elevation groups 
with fl uvial and coastal terraces that have been classifi ed 
as eustatic on other continents. This evidence remains to 
be evaluated with more ground surveys and dating 

methods, but Klammer (1984, pp. 76–77) used them to 
argue for widespread eustatic control of fl oodplain and 
terrace formation throughout the late Cenozoic, and to 
reject the infl uence of neotectonics. Irion (1984) shared 
this interpretation and claimed that during the postglacial 
transgression a huge lake formed in the Amazon lowland 
and extended upstream to Santa Rita do weil, 600 km 
downstream of Iquitos, the vicinity of the Jutaí Arch 
(Figure 8.6). Evaluation of this interpretation awaits more 
extensive stratigraphic evidence.

The sedimentary deposits of the inner coastal region are 
dominated by inner-shelf mud deposits in the form of a 
sub-aqueous delta (Kuehl et al. 1986; Nittrouer et al., 
1986). Off the coast, downstream from the Amazon 
Canyon is the Amazon Cone (Figure 8.1), which is one of 
the world’s largest deep-sea fans. It extends approximately 
1200 km down fan from the mouth of the river (Pirmez 
et al., 1997) to depths approaching 5000 m. It began to 
form approximately 8 to 15 million years ago (Damuth 
and Kumar, 1975). Sediment transported from the basin 
during sea stands lower than −80 m was apparently depos-
ited directly onto the Amazon Cone (Damuth and Kumar, 
1975; Milliman, et al., 1975). According to isotopic dating 
of the sediments, glacier-age rates of sedimentation on the 
cone averaged metres per year with the intervening inter-
glacials with high sea level showing only centimetres per 
year of accumulation (ODP Leg 155 Scientifi c Drilling 
Party, 1995). The development of the fan is described as 
a series of ‘repeated cycles of levee progradation and 
upfan avulsion [that] produce laterally shingled channel-
levee systems’ (Hiscott, et al., 1997, pp. 13–14). Manley 
and Flood (1988) suggested that these levee complexes 
were deposited during individual episodes of lower sea 
level, and that the different locations and volumes of the 
levee complexes represent a record of individual glacial 
periods. These ideas have been confi rmed by dating of the 
deposits that shows consistent dates throughout individual 
levee complexes (Piper et al., 1997). In particular, the 
Upper Levee Complex (ULC) is now known to have been 
deposited entirely during oxygen isotope stages 2–4 of the 
latest Pleistocene (Piper et al., 1997). Manley and Flood 
(1988) calculated that the volume of the ULC is appro-
ximately 24 000 km3. This accumulation volume and a 
65 000-year duration for the three Wisconsinian isotope 
stages yields an average accumulation rate of ∼550 Mt a−1 
with as much as 4000 km3 (Figure 8.14) originating from 
the lower valley during the sea level regression, which 
would lower the supply rate from the river to the cone to 
∼450 Mt a−1. This amount of rock material is equivalent to 
an average erosion rate of 0.38 mm a−1 for the 800 000 km2 
of the Amazonian Andes. This value is close to the median 
of the cosmogenic isotope estimated erosion rates 
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(0.30 mm a−1) for the Bolivian Andes (Safran et al. 2005) 
during the Holocene, and supports the idea that if correc-
tions could be made for the trap effi ciency of the foreland 
basin, and possibly of the lowland fl oodplain, the late 
Pleistocene erosion rate of the Andes would be greater 
than the Holocene rates and the fi ssion-track measure-
ments of exhumation (averaging 0.25 mm a−1) over the last 
few millions of years (Safran et al., 2006). The reason for 
the higher modern sediment supply from the Andes (Aalto 
et al., 2006) and to the estuary (Dunne et al., 1998) 
remains a mystery.

8.6 CONCLUSIONS

In the Amazon Basin tectonic setting, climate change, and 
sea-level fl uctuations have interacted during the Late 
Cenozoic and particularly the Late Quaternary to affect 
the conditions of sediment transport, erosion, deposition, 
and thus the channel and fl oodplain form throughout 
the mainstem valley. The tectonic setting comprises the 
rapidly eroding Andean cordillera, the deforming foreland 
basin, ancient crystalline shields, subsiding lowlands that 
converge on ancient rift structures, and a wide coastal 
plain and shelf region affected by isostatic adjustments to 
sediment loading on the Amazon Cone. Several authors 
have noted the effects of neotectonic deformation on river 
alignments (e.g. Figure 8.4), and new geomorphic evi-
dence (Figure 8.5) suggests that between the Purús Arch 
and Monte Alegre Intrusion (Figure 8.1) ancient structures 
in the form of asymmetric depositional rift segments, 
control the modern position of the Amazon valley. Most 
striking is that the valley appears to be prevented from 
crossing the rift structure except at transfer zones in a 
manner similar to drainage patterns along the East 
African Rift system. Satellite information (Figure 8.6b) 
has allowed defi nition of channel gradients along the 
Amazon, showing the continuing effect of ancient trans-
verse structures on the width of the fl oodplain and the 
sinuosity and gradient of the channel. In turn, these 
changes of fl oodplain width and channel gradient affect 
the transport of sediment and its exchange between channel 
and fl oodplain, as refl ected by modern measurements of 
river hydrology, hydraulics, sediment transport, and 
channel change. From the measured sediment delivery to 
the estuary it appears that fl uvial transport in the Holocene 
could have re-established a channel-fl oodplain system in 
the lowermost 1500–1700 km of the valley in response to 
postglacial sea-level rise, but that this sediment delivery 
and channel-fl oodplain construction was, and continues to 
be, modulated by ancient tectonic structures affecting 
sediment transport through the Andean foreland basins 
(Guyot et al., 1988; Guyot, 1993; Aalto et al., 2003) and 

the mainstem valley (Dunne et al., 1998) and the response 
to postglacial eustatic sea level rise. These structures 
affect the trap effi ciency of the sediment dispersal system, 
and therefore the rate at which the lower Amazon responds 
to sea-level rise and supplies sediment to the shelf.

Direct effects of Late Quaternary climate change on the 
modern Amazon are harder to discern. The expanded 
glacial cover in the Andes and thinning of vegetation in 
the lowland probably resulted in an increased sediment 
yield, still overwhelmingly from the mountain range. 
Whether or not sediment production increased or decreased 
due to climate change, the signal may not have moved 
effi ciently through the entire river system. The foreland 
basins would have acted as a partial sink, as they do today, 
and it is reasonable to expect that the rate of fl oodplain 
sedimentation there would have increased during glacial 
expansions. Any signal of increased sediment yield from 
hillslopes in the lowlands and on the shields due to thin-
ning of vegetation would be diffi cult to distinguish along 
the larger rivers, especially the main Amazon channel 
because its sediment load is dominated by Andean inputs, 
and lowland tributary supplies are overwhelmed by 
massive exchanges with fl oodplain sediments. Any accel-
erated sedimentation may become apparent as terraces 
along tributaries (Latrubesse, 2002, 2003; Latrubesse 
and Kalicki, 2002) and colluvial deposits at the base of 
hillslopes (Mousinho de Meis, 1971) are systematically 
mapped and dated.

Effects of LGM sea-level fl uctuations on the evacuation 
and postglacial accumulation of sediment appear to have 
extended upstream to about the location of the Purús Arch, 
and the fl oodplain and estuary of the lower Amazon con-
tinue to accumulate hundreds of millions of tonnes of 
sediment per year. The resulting topography of the fl ood-
plain remains ‘unfi lled’ with extensive lakes and an intri-
cate pattern of leveed distributary channels that disperse 
sediment away from the main channel. The pattern of 
sediment accumulation in this evacuated reach continues 
to be affected by subtle variations of gradient associated 
with tectonic structures, and perhaps by continuing sub-
sidence of the entire estuarine graben.

The remarkable conclusion from all of these analyses 
is that the imprint of tectonic deformation and basin struc-
ture at both coarse and fi ne scales appears to have been a 
dominant infl uence on past and present conditions of sedi-
ment transport, and channel and fl oodplain development, 
even though direct evidence for active deformation in the 
eastern basin is missing. The massive deposition rates 
associated with the rivers in the foreland basin show the 
dramatic infl uence of the tectonics associated with the 
Andean orogeny (Guyot, 1993). Moving towards the east, 
the infl uences of the ancient aulacogen on the valley 
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boundary, channel alignment, and channel gradient are 
particularly striking along the lowland Amazon. The tec-
tonic framework of the river controls its sediment supply 
and the trap effi ciency of its fl oodplains, and thus the rate 
at which the river can respond to glacial-age sea-level 
fl uctuations by constructing a channel and fi lling its valley 
with a complex fl oodplain and delta plain within the 
estuary.

ACKNOWLEDGEMENTS

Contribution number 139 of the CAMREX Project, 
directed by J. E. Richey, University of Washington. Jeff 
Richey and Robert Meade directed the sediment sam-
pling and helped us enormously with interpretation of 
sediment transport data within the CAMREX Project. 
This work was supported by NSF grants BSR-8107522 
(for the CAMREX Project) and EAR-0309688, and 
NASA/EOS Project NAGW-2652 and NASA/LBA Project 
NAGW-5233.

REFERENCES

Aalto, R.E., Maurice-Bourgoin, L., Dunne, T., Montgomery, 
D.R., Nittrouer, C.A., and Guyot, J.L., 2003, Episodic sedi-
ment accumulation on Amazonian fl oodplains infl uenced by El 
Niño/Southern Oscillation, Nature, v. 425, pp. 493–497.

Aalto, R.E., Dunne, T., and Guyot, J.L., 2006, Geomorphic con-
trols on Andean denudation, Journal of Geology, v. 114, 
pp. 85–99.

Absy, M.L., 1979, A palynological study of Holocene sediments 
in the Amazon Basin: Amsterdam, University of Amsterdam, 
p. 76.

Aceituno, P., 1988, On the functioning of the Southern Oscilla-
tion in the South America Sector Part I: surface climate, 
Monthly Weather Review, v. 116, pp. 505–524.

Adams, J.B., Sabol, D.E., Kapos, V., Almeida, R., Roberts, D.A., 
Smith, M.O., and Gillespie, A.R., 1995, Classifi cation of mul-
tispectral images based on fractions of endmembers – applica-
tion to land-cover change in the Brazilian Amazon, Remote 
Sensing of Environment, v. 52 (2), pp. 137–154.

Augustinus, P.G.E.F., 1982, Coastal changes in Suriname since 
1948. Future of roads and rivers in Suriname and neighboring 
region: Paramaribo, Suriname, Delft University of Technol-
ogy, pp. 329–338.

Baker, P.A., Seltzer, G.O., Fritz, S.C., Dunbar, R.B., Grove, 
M.J., Tapia, P.M., Cross, S.L., Rowe, H.D., and Brodas, J.P., 
2001a, Tropical precipitation for the past 25 000 years, Science, 
v. 291, pp. 640–643.

Baker, P.A., Rigsby, C.A., Seltzer, G.O., Fritz, S.C., Lowen-
steink, T.K., Bacher, N.P., and Veliz, C., 2001b, Tropical 
climate changes at millennial and orbital timescales on the 
Bolivian Altiplano, Nature, v. 409, pp. 698–701.

Bates, H.W., 1864, The naturalist on the River Amazon: Berke-
ley, CA, University of California Press, p. 465.

Behling, H., 2002, South and southeast Brazilian grasslands 
during Late Quaternary times: a synthesis, Palaeogeography, 
Palaeoclimatology, Palaeoecology, v. 177, pp. 19–27.

Behling, H. and Hooghiemstra, H., 2001. Neotropical savanna 
environments in space and time: Late Quaternary interhemi-
spheric comparisons. In: Markgraf, V. (Ed.), Interhemispheric 
Climate Linkages. San Diego, Academic Press, pp. 307–323.

Birkett, C.M., Mertes, L.A.K., Dunne, T., Costa, M.H., and 
Jasinski, M.J., 2002, Surface water dynamics in the Amazon 
Basin: application of satellite radar altimetry, Journal of 
Geophysical Research, doi: 10.1029/2001JD000609, 04.

Bush, M.B., 1994, Amazonian speciation: a necessarily complex 
model, Journal of Biogeography, v. 21, pp. 5–17.

Bush M.B.,Weimann M., Piperno D.R., Liu K.-B. and Colinvaux, 
P.A., 1990, Pleistocene temperature depression and vegetation 
change in Ecuadorian Amazonia, Quaternary Research, v. 34, 
pp.330–345.

Bush, M.B., Miller, M.C., De Oliveira, P.E., and Colinvaux, P.A., 
2002, Orbital forcing signal in sediments of two Amazonian 
lakes, Journal of Paleolimnology, v. 27, pp. 341–352.

Campbell, K.E., Jr, and Frailey, C.D., 1984, Holocene fl ooding 
and species diversity in Southwestern Amazonia, Quaternary 
Research, v. 21, pp. 369–375.

Caputo, M.V., 1984, Stratigraphy, tectonics, paleoclimatology 
and paleogeography of northern basins of Brazil, Geology: 
Santa Barbara, University of California, Santa Barbara, 
p. 583.

Caputo, M.V, 1991, Solimões megashear: intraplate tectonics in 
northwestern Brazil, Geology, v. 19, pp. 246–249.

Clapperton, C., 1993, Quaternary Geology and Geomorphology 
of South America. New York, Elsevier, p. 779.

Coelho, C.A.S., Uvo, C.B., and Ambrizzi, T., 2002, Exploring 
the impacts of the tropical Pacifi c SST on the precipitation 
patterns over South America during ENSO periods, Theoreti-
cal and Applied Climatology, v. 71, pp. 185–197.

Colinvaux P.A. and De Oliveira P.E., 2000. Palaeoecology and 
climate of the Amazon basin during the last glacial cycle. 
Journal of Quaternary Science, v. 15, pp. 347–356.

Colinvaux, P.A., De Oliveira, P.E., Moreno, J.E., Miller, M.C., 
and Bush, M.B., 1996, A long pollen record from Lowland 
Amazonia: forest and colling in glacial times, Science, v. 274, 
pp. 85–88.

Costa, M.H., Botta, A., and Cardillo, J.A., 2003, Effects of large-
scale changes in land cover on the discharge of the Tocantins 
River, Southeastern Amazonia, Journal of Hydrology, v. 283, 
pp. 206–217.

Damuth, J.E., and Kumar, N., 1975, Amazon Cone: morphology, 
sediments, age, and growth pattern, Geological Society of 
America Bulletin, v. 86, pp. 863–878.

Dickinson, R.E., and Virji, H., 1987, Climate change in the humid 
tropics, especially over the last twenty thousand years. In: 
Dickinson, R.E. (Ed.), The geophysiology of Amazonia. New 
York, John Wiley & Sons, Ltd, pp. 91–101.

Driscoll, N.W., and Karner, G.D., 1994, Flexural deformation 
due to Amazon Fan loading: a feedback mechanism affecting 
sediment delivery to margins, Geology, v. 22, pp. 1015–
1018.

c08.indd   140 8/14/2007   10:31:42 AM



Amazon River 141

L1

Dumont, J.F., 1993, Lake patterns as related to neotectonics in 
subsiding basins: the example of the Ucamara Depression, 
Peru, Tectonophysics, v. 22, pp. 69–78.

Dumont, J.F., and Garcia, F., 1991, Active subsidence controlled 
by basement structures in the Marañon basin of northeastern 
Peru, Fourth International Symposium on Land Subsidence, 
International Association of Hydrological Sciences, 
pp. 343–350.

Dumont, J.F., Lamotte, S., and Kahn, F., 1990, Wetland and 
upland forest ecosystems in Peruvian Amazonia: plant species 
diversity in the light of some geological and botanical 
evidence, Forest Ecology and Management, v. 33/34, 
pp. 125–139.

Dumont, J.F., Deza, E., and Garcia, F., 1991, Morphostructural 
provinces and neotectonics in the Amazonian lowlands of 
Peru, Journal of South American Earth Sciences, v. 4(4), 
pp. 373–381.

Dunne, T., Mertes, L.A.K., Meade, R.H., Richey, J.E., and Fors-
berg, B.R., 1998, Exchanges of sediment between the fl ood 
plain and channel of the Amazon River in Brazil: Geological 
Society of America Bulletin, v. 110(4), pp. 450–467.

Dury, G.H., 1964, Principles of underfi t streams, US Geological 
Survey Professional Paper 452–A, 67 pp.

Eisma, D., Augustinus, P.G.E.F., and Alexander, C., 1991, Recent 
and subrecent changes in the dispersal of Amazon mud, 
Netherlands Journal of Sea Research, v. 28, pp. 181–192.

Faulds, J.E., and Geissman, J.W., 1992, Implications of paleo-
magnetic data on Miocene extension near a major accommoda-
tion zone in the Basin and Range Province, northwestern 
Arizona and southern Nevada, Tectonics, v. 11, pp. 204–227.

Foley, J.A., Botta, A., Coe, M.T., and Costa, M.H., 2002, El 
Niño-Southern Oscillation and the climate, ecosystems and 
rivers of Amazonia, Global Biogeochemical Cycles, v. 16(4), 
p. 1132.

Franzinelli, E. and Igreja, H., 2002, Modern sedimentation in the 
Lower Negro River, Amazonas State, Brazil, Geomorphology, 
v. 44, pp. 259–271.

Franzinelli, E. and Potter, P.E., 1983, Petrology, chemistry, and 
texture of river sands, Amazon basin system, Journal of 
Geology, v. 91(1), pp. 23–29.

Frost, I., 1988, A Holocene sedimentary record from Anañguco-
cha in the Ecuadorian Amazon, Ecology, v. 69, pp. 66–73.

Guyot, J.L., 1993, Hydrogéochimie des fl euves de l’Amazonie 
bolivienne: Collection Etudes & Thèses, Paris, Editions de 
l’ORSTOM, 261 p.

Guyot, J.L., Bourges, J., Hoorelbecke, R., Roche, M.A., 
Calle, H., Cortes, J., and Barragan Guzman, M.C., 1988, 
Exportation de matières en suspension des Andes vers 
l’Amazonie par le Rio Beni, Bolivie, Sediment Budgets, 
International Association of Hydrological Sciences Publication 
174, pp. 443–451.

Haberle, S.G., and Maslin, M.A., 1999, Late Quaternary vegeta-
tion and climate change in the Amazon Basin based on a 50 000 
year pollen record from the Amazon Fan, ODP Site 932, Qua-
ternary Research, v. 51, pp. 27–38.

Hallet, B., Hunter, L., and Bogen, J., 1996, Rates of erosion and 
sediment evacuation by glaciers: A review of fi eld data and 

their implications, Global and Planetary Change, v. 12, 
pp. 213–235.

Hayden, B.P., 1988, Flood climates. In: Patton, P.C., (Ed.), Flood 
Geomorphology. New York, John Wiley & Sons, Ltd, 
pp. 13–26.

Herndon, W.L., 1853, Exploration of the Valley of the Amazon, 
made under the direction of the Navy Department by Herndon, 
W.L. and Gibbon, L., Part I: US Senate 32d Congress, 2d 
Session, Executive no. 36, 414 p.

Hiscott, R.N., Hall, F.R., and Pirmez, C., 1997, Turbidity-current 
overspill from the Amazon Channel: texture of the silt/sand 
load, paleofl ow from anisotropy of magnetic susceptiblity, and 
implications for fl ow processes. In: Peterson, L.C. (Ed.), Ocean 
Drilling Program Initial Reports, v. 155. College Station, TX, 
Ocean Drilling Program, pp. 53–78.

Hjemfelt, A.T., 1978, Amazon basin hydrometeorology, Journal 
of the Hydraulics Division of the American Society of Civil 
Engineers, v. 104, pp. 887–897.

Hoorn, C., 1994, An environmental reconstruction of the palaeo-
Amazon River system (Middle-Late Miocene, NW Amazonia), 
Palaeogeography, Palaeoclimatology, Palaeoecology, v.112, 
pp. 187–238.

Hoorn, C., Guerrero, J., Sarmiento, G.A., and Lorente, M.A., 
1995, Andean tectonics as a cause for changing drainage pat-
terns in Miocene northern South America, Geology; v. 23(3), 
pp. 237–240.

Irion, G., 1982, Mineralogical and geochemical contribution to 
climatic history in central Amazonia during Quaternary time, 
Tropical Ecology, v. 23, pp. 76–85.

Irion, G., 1984, Sedimentation and sediment of Amazonian rivers 
and evolution of the Amazonian landscape since Pliocene 
times. In: Sioli, H. (Ed.), The Amazon: Limnology and land-
scape ecology of a mighty tropical river and its basin. Dordre-
cht, Dr W. Junk Publishers, pp. 201–214.

Irion, G., Müller, J., Nunes de Melho, J., and Junk, W.J., 1995, 
Quaternary geology of the Amazonian Lowland, Geo-Marine 
Letters, v. 15, pp. 172–178.

Iriondo, M.H., 1982, Geomorfologia da planicie Amazônica. In: 
Atas do Simposio do Quaternia no Brasil, 4th. Rio de Janeiro, 
Associação Brasileira de Estudos do Quaternário, pp. 323–
348.

Iriondo, M.H., and Sugio, K., 1981, Neotectonics of the Amazon 
plain, International Quaternary Association Neotectonic Com-
mission Bulletin, v. 4, pp. 72–78.

Johnsson, M.J., and Meade, R.H., 1990, Chemical weathering of 
fl uvial sediments during alluvial storage: the Macuapanim 
Island point bar, Solimões River, Brazil, Journal of Sedimen-
tary Petrology, v. 6(6), pp. 827–842.

Keim, G., Irion, G., Behling, H., Junk, W.J., and Nunes de Mello, 
J., 1999, The sediment deposits of Lago Calado, a ria lake in 
Central Amazonia (Brazil), as indicator for postglacial water 
level rise of the Amazon River. In: Manaus ‘99, Proceedings 
of a Symposium, Manaus, Brazil (Abstract on CD-ROM).

Klammer, G., 1984, The relief of the extra-Andean Amazon 
basin. In: Sioli, H. (Ed.), The Amazon: Limnology and land-
scape ecology of a mighty tropical river and its basin: Dordre-
cht, Dr W. Junk Publishers, pp. 47–84.

c08.indd   141 8/14/2007   10:31:42 AM



142 Large Rivers

L1

Kuehl, S.A., DeMaster, D.J., and Nittrouer, C.A., 1986, Nature 
of sediment accumulation on the Amazon continental shelf: 
Continental Shelf Research, v. 6(112), pp. 209–225.

Latrubesse, E., 2002, Evidence of Quaternary paleohydrological 
changes in middle Amazonia: the Aripuanã/Roosevelt and 
Jiparana fans like systems. Zeitschrift für Geomorphologie, v. 
129, pp. 61–72.

Latrubesse, E., 2003, The Late Quaternary paleohydrology of 
large South American fl uvial systems. In: Gregory, K., and 
Benito, G. (Eds), Palaeohydrology: Understanding Global 
Change. Chichester, John Wiley & Sons, Ltd, pp. 193–212.

Latrubesse, E., and Franzinelli, E., 2002, The Holocene alluvial 
plain of the middle Amazon River, Brazil, Geomorphology, v. 
44, pp. 241–257.

Latrubesse, E and Kalicki, T., 2002, Late Quaternary Paleohy-
drology of the Purús river, Amazon, Brazil. Zeitschrift für 
Geomorphologie, v. 129, pp. 41–59.

Leenheer, J.A., and Santos, U. de M., 1982, Considerações sobre 
os processos de sedimentação na água preta ácida do rio Negro 
(Amazônia Central), Acta Amazônica, v. 12(2), pp. 343–355.

Leopold, L.B., Wolman, M.G., and Miller, J.P., 1964, Processes 
of Fluvial Geomorphology. San Francisco, W.H. Freeman, 504 
pp.

Liebmann, B., and Marengo, J.A., 2001, Interannual variability 
of the rainy season and rainfall in the Brazilian Amazon basin, 
Journal of Climate, v. 14, pp. 4308–4318.

Liebmann, B., Marengo, J.A., Glick, J.D., Kousky, V.E., Wainer, 
I.C., and Massambani, O., 1998, A comparison of rainfall, 
outgoing longwave radiation, and divergence over the Amazon 
Basin, Journal of Climate, v. 11, pp. 2898–2909.

Liebmann, B., Kiladis, G.N., Marengo, J.A., Ambrizzi, T., and 
Glick, J.D., 1999, Submonthly convective variability over 
South America and the South Atlantic convergence zone, 
Journal of Climate, v. 12(7), pp. 1877–1891.

Liu, K., and Colinvaux, P.A., 1985, Forest changes in the Amazon 
Basin during the last glacial maximum, Nature, v. 318, 
pp. 556–557.

Manley, P.L., and Flood, R.D., 1988, Cyclic sediment deposition 
within the Amazon deep-sea fan, American Association of 
Petroleum Geologists Bulletin, v. 72, pp. 912–925.

Marengo, J.A., 1995, Variations and change in South American 
streamfl ow, Climatic Change, v. 31, pp. 99–117.

Marengo, J.A., Tomasella, J., and Uvo, C.R., 1998, Trends in 
streamfl ow and rainfall in tropical South America – Amazonia, 
eastern Brazil, and northwestern Peru, Journal of Geophysical 
Research-Atmospheres, v. 103(D2), pp. 1775–1783.

Martin, L., Fournier, M., Mourquiary, P., Sifeddine, A., Turca, 
B., Absy, M.L., and Flexor, J.-M., 1993, Southern oscillation 
signal in South American palaeoclimatic data of the last 7000 
years, Quaternary Research, v. 39, pp. 338–346.

Maslin, M.A., and Burns, S.J., 2000, Reconstruction of the 
Amazon Basin effective moisture availability over the past 
14 000 years, Science, v. 290, pp. 2285–2287.

McGinnis, J.P., Driscoll, N.W., Karner, G.D., Brumbaugh, R.W., 
and Cameron, N., 1993, Flexural response of passive margins 
to deep-sea erosion and slope retreat: implications for relative 
sea-level change, Geology, v. 21, pp. 893–896.

Meade, R.H., Dunne, T., Richey, J.E., Santos, U. de M., and 
Salati, E., 1985, Storage and remobilization of suspended sedi-
ment in the lower Amazon River of Brazil, Science, v. 228, 
pp. 488–490.

Melack, J.M., 1984, Amazon fl oodplain lakes: shape, fetch, and 
stratifi cation, International Association of Theoretical and 
Applied Limnology Proceedings, v. 22, pp. 1278–1282.

Mertes, L.A.K., 1985, Floodplain development and sediment 
transport in the Solimões-Amazon River, Brazil: Seattle, WA, 
University of Washington, p. 108.

Mertes, L.A.K., and Dunne, T., 1988, Morphology and construc-
tion of the Solimões-Amazon River fl oodplain, Chapman Con-
ference – On the fate of particulate and dissolved components 
within the Amazon dispersal system: River and ocean: Charles-
ton, S C, American Geophysical Union, pp. 82–86.

Mertes, L.A.K., Dunne, T., and Martinelli, L.A., 1996, Channel-
fl oodplain geomorphology along the Solimões-Amazon River, 
Brazil, Geological Society of America Bulletin, v. 108, 
pp. 1089–1107.

Milliman, J.D., and Barretto, H.T., 1975, Relict magnesian cal-
citic oolite and subsidence of the Amazon shelf, Sedimentol-
ogy, v. 22, pp. 137–145.

Milliman, J.D., and Syvitski, J.P.M., 1992, Geomorphic/tectonic 
control of sediment discharge to the ocean: the importance of 
small mountainous rivers, Journal of Geology, v. 100, 
pp. 525–544.

Milliman, J.D., Summerhayes, C.P., and Barretto, H.T., 1975, 
Quaternary sedimentation on the Amazon continental margin: 
a model, Geological Society of America Bulletin, v. 87, 
pp. 610–614.

Molion, L.C.B., 1990, Climate variability and its effects on 
Amazonian hydrology, Interciência, v. 15, pp. 367–372.

Morley, C.K., 1989, Extension, detachments, and sedimentation 
in continental rifts (with particular reference to East Africa), 
Tectonics, v. 8, pp. 1175–1192.

Morley, C.K., 1990, Transfer zones in the East African Rift 
system and their relevance to hydrocarbon exploration in rifts, 
American Association of Petroleum Geologists Bulletin, v. 74, 
pp. 1234–1253.

Morley, C.K., Cunningham, S.M., Harper, R.M., and Wescott, 
W.A., 1992, Geology and geophysics of the Rukwa Rift, East 
Africa, Tectonics, v. 11, pp. 69–81.

Mousinho de Meis, M.R., 1971, Upper Quaternary process 
changes of the middle Amazon area, Geological Society of 
America Bulletin, v. 82, pp. 1073–1087.

Müller, J., Irion, G., Nunes de Melho, J., and Junk, W.J., 1995, 
Hydrological changes of the Amazon during the last glacial-
interglacial cycle in central Amazonia (Brazil), Naturwissen-
schaften, v. 82, pp. 232–235.

Neller, R.J., Salo, J., and Räsänen, M.E., 1992, On the formation 
of blocked valley lakes by channel avulsion in upper Amazon 
foreland basins, Zeitschrift für Geomorphologie, v. 36, 
pp. 401–411.

Nittrouer, C.A., Curtin, T.B., and DeMaster, D.J., 1986, 
Concentration and fl ux of suspended sediment on the Amazon 
continental shelf, Continental Shelf Research v. 6, pp. 151–
174.

c08.indd   142 8/14/2007   10:31:42 AM



Amazon River 143

L1

Nittrouer, C.A., Kuehl, S.A., Sternberg, R.W., Figueiredo, A.G., 
Jr, and Faria, L.E.C., 1995, An introduction to the geological 
signifi cance of sediment transport and accumulation on 
the Amazon continental shelf, Marine Geology, v. 125, 
pp. 177–192.

Nunn, J.A., 1990, Relaxation of continental lithosphere: an expla-
nation for late Cretaceous reactivation of the Sabine Uplift of 
Louisiana-Texas, Tectonics, v. 9, pp. 341–359.

Nunn, J.A., and Aires, J.R., 1988, Gravity anomalies and fl exure 
of the lithosphere at the middle Amazon basin, Brazil, Journal 
of Geophysical Research, v. 93, pp. 415–428.

ODP Leg 155 Scientifi c Drilling Party, 1995, Drilling the fantas-
tic Amazon Fan, Geotimes, pp. 18–19.

Petri, S., and Fúlfaro, V.J., 1988, Geologia do Brasil. In: Paulo, 
E. de U. dos S., (Ed.), São Paulo, Editoria da Universidade de 
São Paulo, Biblioteca de Ciencias Naturais, pp. 631.

Piper, D.J.W., Flood, R.D., Cisowski, S., Hall, F., Manley, P.L., 
Maslin, M., Mikkelsen, N., and Showers, W., 1997, Synthesis 
of stratigraphic correlations of the Amazon Fan. In: Peterson, 
L.C. (Ed.), Ocean Drilling Program Initial Reports, v. 155, 
College Station, TX, Ocean Drilling Program, pp. 595–609.

Pirmez, C., Flood, R.D., Baptiste, J., Yin, H., and Manley, P.L., 
1997, Clay content, porosity and velocity of Amazon Fan sedi-
ments determined from ODP Leg 155 cores and wireline logs, 
Geophysical Research Letters, v. 24, pp. 317–320.

Potter, P.E., 1978, Signifi cance and origin of big rivers, Journal 
of Geology, v. 86, p. 13–33.

Putzer, H., 1984, The geological evolution of the Amazon 
basin and its mineral resources. In: Sioli, H. (Ed.), The Amazon: 
Limnology and Landscape Ecology of a Mighty Tropical 
River and its Basin. Dordrecht, Dr W. Junk Publishers, 
pp. 15–46.

Räsänen, M.E., Salo, J., and Kalliola, R., 1987, Fluvial pertur-
bance in the western Amazon basin: regulation by long-term 
sub-Andean tectonics, Science, v. 238, pp. 1398–1401.

Räsänen, M.E., Salo, J., Jungner, H., and Pittman, L.R., 1990, 
Evolution of the western Amazon lowland relief: impact of 
Andean foreland dynamics, Terra Nova, v. 2, pp. 320–332.

Räsänen, M.E., Salo, J., and Jungner, H., 1991, Holocene 
fl oodplain lake sediments in the Amazon: 14C dating and 
palaeoecological use, Quaternary Science Reviews, v. 10, 
pp. 363–372.

Räsänen, M.E., Neller, R.J., Salo, J., and Jungner, H., 1992, 
Recent and ancient fl uvial deposition systems in the Amazo-
nian foreland basin, Peru, Geology Magazine, v. 129, 
pp. 293–306.

Räsänen, M.E., Linna, A.M., Santos, J.C.R., and Negri, F.R., 
1995, Late Miocene tidal deposits in the Amazonian foreland 
basin, Science, v. 269, pp. 386–389.

Richey, J.E., Meade, R.H., Salati, E., Devol, A.H., Nordin, C.F., 
Jr, and Santos, U. d. M., 1986, Water discharge and suspended 
sediment concentrations in the Amazon River: 1982–1984, 
Water Resources Research, v. 22, pp. 756–764.

Richey, J.E., Mertes, L.A.K., Dunne, T., Victoria, R., Forsberg, 
B.R., Tancredi, A., and Oliveira, E., 1989a, Sources and 
routing of the Amazon River fl ood wave, Global Biogeochemi-
cal Cycles, v. 3, pp. 191–204.

Richey, J.E., Nobre, C., and Deser, C., 1989b, Amazon River 
discharge and climate variability: 1903–1985, Science, v. 246, 
pp. 101–103.

Ronchail, J., 1998, Variabilité pluviométrique en Bolivie lors des 
phases extrêmes de l’oscillation australe du Pacifi que (1950–
1993). Bulletin l’Institut Français d’Etudes Andines, v. 27, 
pp. 687–698.

Rossetti, D de F., Mann de Toledo, P., and Góes, A.M., 2005, 
New geological framework for Western Amazonia (Brazil) 
and implications for biogeography and evolution, Quaternary 
Research, v. 63, pp. 78–89.

Safran, E.B., Bierman, P.R., Aalto, R.E., Dunne, T., Whipple, 
K.X, and Caffee, M., 2005, Erosion rates driven by channel 
network incision in the Bolivian Andes, Earth Surface Pro-
cesses and Landforms, v. 30(8), pp.1007–1024.

Safran, E.B., Blythe, A., and Dunne, T., 2006, spatially variable 
exhumation rates in orogenic belts: an Andean example, 
Journal of Geology, v. 114, pp. 665–681.

Salati, E., Dall’Olio, A., and Matsui, E., 1979, Recycling of water 
in the Amazon Basin: an isotopic study, Water Resources 
Research, v. 15, pp. 1250–1258.

Saucier, R.T., 1981, Current thinking on riverine processes and 
geologic history as related to human settlement in the south-
east, Geoscience and Man, v. 22, pp. 7–18.

Scholz, C.A., 1995, Deltas of the Lake Malawi Rift, East Africa: 
seismic expression and exploration implications, American 
Association of Petroleum Geologists Bulletin, v. 79, 
pp. 1679–1697.

Schumm, S.A., 1977, The Fluvial System. New York, John Wiley 
& Sons, Ltd, p. 388.

Schumm, S.A., 1993, River responses to baselevel change: Impli-
cations for sequence stratigraphy, Journal of Geology, v. 101, 
pp. 279–294.

Seltzer, G.O., Rodbell, D.T., and Burns, S.J., 2000. Isotopic evi-
dence for late Quaternary climatic change in tropical South 
America, Geology, v. 28, pp.35–38.

Seluchi, M.E., and Marengo, J.A., 2000, Tropical-midlatitude 
exchange of air masses during summer and winter in 
South America: climatic aspects and examples of intense 
events, International Journal of Climatology, v. 20, 
pp. 1167–1190.

Servant, M., Maley, J., Turcq, B., Absy, M.L., Brenac, P., 
Fournier, M., and Ledru, M.-P., 1993, Tropical forest changes 
during the Late Quaternary in African and South American 
lowlands, Global and Planetary Change, v. 7, pp. 25–40.

Siffedine, A., Martin, L., Turq, Volkmer-Ribeiro, C., Soubiès, F., 
Campello Cordeiro, R., Sugio, K., 2001, Variations of the 
Amazonian rainforest environment: a sedimentological record 
covering 30 000 years, Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 168, pp. 221–235.

Sioli, H., 1957, Sedimentation im Amazonasgebiet, Geologicsche 
Rundschau, v. 168, pp. 608–633.

Sioli, H., 1984, The Amazon and its main affl uents: Hydrography 
and morphology of the river courses, and river types. In: Sioli, 
H. (Ed.), The Amazon: Limnology and Landscape Ecology of 
a Mighty Tropical River and its Basin: Dordrecht, Dr W. Junk 
Publishers, pp. 127–165.

c08.indd   143 8/14/2007   10:31:43 AM



144 Large Rivers

L1

Sippel, S.J., Hamilton, S.K., and Melack, J.M., 1992, Inundation 
area and morphometry of lakes on the Amazon River fl ood-
plain, Brazil, Archiv für Hydrobiologie, v. 123, pp. 385–400.

Smith, J.A., Seltzer, G.O., Farber, D.L., Rodbell, D.T., and 
Finkel, R.C., 2005a, Early Local Last Glacial Maximum in the 
Tropical Andes, Science, v. 308, pp. 678–681.

Smith, J.A., Seltzer, G.O., Rodbell, D.T. and Klein, A.G., 2005b, 
Regional synthesis of last glacial maximum snowlines in the 
tropical Andes, South America, Quaternary International, 
v. 138–139, pp. 145–167.

Sternberg, H.O’.R., and Russell, R.D., 1952, Fracture patterns in 
the Amazon and Mississippi valleys, Proceedings, 8th General 
Assembly and 17th International Congress: Washington, DC, 
International Geographical Union, pp. 380–385.

Stute, M., Forster, M., Friischkorn, H., Serejo, A., Clark, J.F., 
Schlosser, P., Broecker, W.S., and Bonani, G., 1995, Cooling 
of tropical Brazil during the Last Glacial Maximum, Science, 
v. 269, pp. 379–383.

Talling, P.J., 1998, How and where do incised valleys form if 
sea level remains above the shelf edge?, Geology, v. 26, 
pp. 87–90.

Thompson, L.G., Mosley-Thompson, E., Davis, M.E., Lin, P.N., 
Henderson, K.A., Coledai, J., Bolzan, J.F., and Liu, K.B., 
1995, Late-Glacial stage and Holocene tropical ice core records 
from Huascaran, Peru, Science, v. 269, pp. 46–50.

Thompson L.G., Mosley-Thompson, E., and Henderson, K.A., 
2000, Ice-core palaeoclimate records in tropical South America 
since the Last Glacial Maximum, Journal of Quaternary 
Science, v. 15(4), pp. 377–394.

Thorne, J., 1994, Constraints on riverine valley incision and the 
response to sea-level change based on fl uid mechanics, Incised-
valley systems: origin and sedimentary sequences, SEPM 
Special Publication no. 51, Tuisa, pp. 29–43.

Tricart, J., 1975, Infl uence des oscillations climatiques récentes 
sur le modelé en Amazonie Orientale (Région de Santarém) 
d’après les images radar latéral, Zeitschrift für Geomorpholo-
gie, v. 19, pp. 140–163.

Tricart, J., 1977, Types de lits de fl uviaux en Amazonie brési-
lienne, Annales de Géographie, v. 473, pp. 1–54.

Tricart, J., 1985, Evidence of Upper Pleistocene dry climates in 
northern South America. In Spencer, T. (Ed.), Environmental 
Change and Tropical Geomorphology. London, George Allen 
and Unwin, pp. 197–217.

Upcott, N.M., Mukasa, R.K., and Ebinger, C.J., 1996, Along-axis 
segmentation and isostasy in the Western rift, East Africa, 
Journal of Geophysical Research, v. 101, pp. 3274–3268.

Uvo, C.B., and Graham, N.E., 1998, Seasonal runoff forecast for 
northern South America: a statistical model, Water Resources 
Research, v. 34, pp. 3515–3524.

Uvo, C.B., Tolle, U., and Berndtsson, R., 2000, Forecasting dis-
charge in Amazonia using artifi cial neural networks, Interna-
tional Journal of Climatology, v. 20, pp. 1495–1507.

Van der Hammen, T., 1974, The Pleistocene changes of vegeta-
tion and climate in tropical South America, Journal of Bioge-
ography, v. 1, pp. 3–26.

Van der Hammen, T., and Absy, M.L., 1994, Amazonia during 
the last glacial, Palaeogeography, Palaeoclimatology, Palaeo-
ecology, v. 109, pp. 247–261.

Van der Hammen, T., Duivenvoorden, J.F., Lips, J.M., Urrego, 
L.E., and Espejo, N., 1992a, Late Quaternary of the middle 
Caquetá River area (Colombian Amazonia), Journal of Quater-
nary Science, v. 7(1), pp. 45–55.

Van der Hammen, T., Urrego, L.E., Espejo, N., Duivenvoorden, 
J.F., and Lips, J.M., 1992b, Late-glacial and Holocene sedi-
mentation and fl uctuations of river water level in the Caquetá 
River area (Colombian Amazonia), Journal of Quaternary 
Science, v. 7(2), pp. 57–67.

Vital, H., and Stattegger, K., 2000, Lowermost Amazon River: 
evidence of late Quaternary sea-level fl uctuations in a complex 
hydrodynamic system, Quaternary International, v. 72, 
pp. 53–60.

Woolfe, K.J., Larcombe, P., Naish, T., and Purdon, R.G., 1998, 
Lowstand rivers need not incise the shelf: an example from the 
Great Barrier Reef, Australia, with implications for sequence 
stratigraphic models, Geology, v. 26, pp. 75–78.

Wright, L.D., 1977, Sediment transport and deposition at river 
mouths: a synthesis, Geological Society of America Bulletin, 
v. 88, pp. 857–868.

c08.indd   144 8/14/2007   10:31:43 AM


