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Abstract

A mosaic of JERS-1 L-band synthetic aperture radar (SAR) images was used to investigate the in#uence of tectonic faults on
wetland distributions in &200,000 km2 of central Amazon lowland (0}43 Lat. S, 60}643 Long. W). The geographic distribution of
#ooded wetland was clearly evident on the mosaic due to the unique characteristics of L-band radar. Two distinct linear boundaries
were encountered limiting the northern distribution of wetlands, one north of the Negro river main channel and west of the Branco
river, oriented WNW}ESE, and one south of the Negro main channel and east of the Branco, oriented NW}SE. The orientations and
positions of these boundaries were consistent with the prevailing tectonic fracture pattern in the region. Geophysical, pedological and
geomorphological data supported the hypothesis that these boundaries are tectonically controlled. The ecological, economic and
biogeochemical implications of the observed wetland distribution were considered. The distributions of wetland-dependent biota were
expected to be severely limited north of the Negro main channel. Fish production, wetland timber yields and methane emissions were
also predicted to be exceptionally low in this region. ( 2000 Elsevier Science Ltd and INQUA. All rights reserved.

1. Introduction

It has been estimated that 20% of the Amazon lowland
is covered by permanently or seasonally #ooded wet-
lands (Junk, 1993). River #oodplains are the dominant
wetland habitat in the Amazon. Inter#uvial swamps and
#ooded savannas also cover extensive areas in some
regions. These #ooded environments provide important
habitat for aquatic #ora and fauna (Junk, 1997) and play
a key role in sustaining regional "sh production (Bayley,
1989; Forsberg et al., 1993). They are also a globally
signi"cant source of methane and other trace gases essen-
tial for climate regulation (Devol et al., 1994). Accurate
information on wetland distributions is currently needed
to improve estimates of habitat availability and calculate
regional contributions of trace gases to the troposphere.

The geographic distribution of most wetlands in the
Amazon Basin is still poorly de"ned. The existing maps
of #oodplain distributions are based primarily on visual
interpretations of X-band radar images (Projeto

RADAMBRASIL, 1972) which, while useful for distin-
guishing many geomorphological features, cannot di!er-
entiate between dry and #ooded vegetation due to the
short (3.1 cm) X-band wavelength. L-band Synthetic Ap-
erture Radar (SAR) imagery, derived from NASDA's
JERS-1 satellite, now provides an accurate means of
identifying and mapping wetland areas (Kasischke et al.,
1997; Hess et al., 1998; Rosenqvist et al., 1998). The
longer (23.5 cm) L-band radar e$ciently penetrates
woody and herbaceous vegetation and produces a strong
dihedral `double-bouncea return signal as it re#ects o!
the water surface and tree trunks in #ooded habitats
(Kasischke et al., 1997). This results in a characteristic
bright area on a SAR image, easily distinguishable from
the gray and black features produced by dry vegetation
and water, respectively (see Fig. 1). A mosaic of 90 digi-
tally assembled JERS-1 radar images, acquired from
February 23}March 3, 1993 and covering approximately
400,000 km2 of the central Amazon basin, has provided
the "rst precise large-scale data on wetland distributions
in this region (Hashimoto and Tsuchiya, 1995). We used
a portion of this mosaic here to investigate the e!ects of
neotectonic activity on wetland distributions in the cen-
tral Amazon lowlands.
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Fig. 1. Mosaic of digitally processed JERS-1 L-band SAR images acquired from February 23 to March 3, 1993, showing a portion of central Amazon
lowlands. Water, dry land and wetlands are indicated by black, gray, and light gray-white tones, respectively. The white lines (labeled fault lines 1 and
2) indicate aproximate northern limits to wetland distributions (Mosaic, furnished by NASDA, Japan).

2. Analytical methods

The original JERS-1 data used to create the mosaic
were 90 NASDA standard processed scenes (75]75 km,
3 looks amplitude, ground range with no topographic
terrain corrections applied) at a pixel size of 12.5 m.
Before mosaicking, the images were compressed from 16
to 8 bits (for display purposes) and downsampled to
100 m pixel spacing by block averaging within an 8]8
pixel window. This procedure reduces the in#uence of
speckle noise in the imagery and compresses the data size
from 78 Mb per scene to only 600 kb. The 100 m resolu-
tion framelets were then transformed from UTM to Mer-
cator projection before they were added one by one to
the mosaic canvas. The exact location of each framelet on
the canvas was based on the orbital information avail-
able in the scene headers. No matching techniques were
used in the overlap between scenes, resulting in a relative
accuracy between scenes of the order of a few hundred
meters. The absolute accuracy of the entire mosaic can-

vas is of the order of 500 m. Radiometric di!erences
between the framelets were not corrected for. A more
detailed explanation of the mosaicking procedure is de-
scribed in Hashimoto and Tsuchiya (1995). It should be
mentioned that this was the "rst mosaic generated by
NASDA and that the mosaicking procedures then have
now been substantially improved. The shortcomings of
the original mosaicking procedure though would not
have in#uenced the results of the present study.

The mosaic analyzed here (Fig. 1) represents a portion
of the original mosaic, covering the region from 0 to 43
south latitude and from 60 to 643 west longitude. It
shows the Negro (above) and Amazon (below) rivers just
above their con#uence and 216,000 km2 of central Ama-
zon lowland. Wetland areas on this mosaic were esti-
mated by digitally integrating pixels above the threshold
luminosity determined for #ooded vegetation. The thresh-
old for #ooded vegetation was determined by comparing
luminosity histograms from training areas containing
known homogeneous distributions of open water, terra
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xrma forest and #ooded vegetation. Thresholding and
digital integration were performed using Adobe Photo-
shop, Version 4.0.

3. Wetland distributions

The acquisition period for the mosaic (February
23}March 3, 1993) corresponded to the mid-rising water
period of the Negro and Amazon River hydrographs.
The #ooded wetlands present at this time were clearly
distinguishable as bright areas on the mosaic. Several
striking features of the wetland distribution are immedi-
ately apparent. First, there are remarkably few wetlands
along the northern tributaries of the Negro River and
north of the Negro main channel in general. The excep-
tions are the large arti"cial wetland associated with the
Balbina Reservoir in the northeast corner of the mosaic
and the complex natural wetland immediately north of
the Negro main channel and immediately west of the
Branco River. Second, the southern tributaries of the
Negro all appear to have extensive alluvial wetlands.
Inter#uvial swamps also begin to appear south of the
Negro main channel. Third, there appear to be two clear
linear boundaries (indicated as white lines on the mosaic)
de"ning the north/south limits of wetlands on the mo-
saic. The "rst boundary (line 1, Fig. 1), located north of
the Negro main channel and to the west of the Branco, is
oriented approximately WNW}ESE and runs parallel to
a rectilinear portion of the Negro main channel with the
same orientation. The second boundary line (line 2,
Fig. 1), immediately to the east of the "rst, is oriented
NW}SE in direct alignment with a linear portion of the
right bank of the Negro main channel, approximately
70 km upstream from its con#uence with the Amazon.
The wetland density north of these boundaries was ex-
ceptionally low. Excluding the #ooded area associated
with Balbina Reservoir, we estimated the total area of
natural wetland north of these limits on the mosaic to be
1500 km2, equivalent to an average wetland coverage of
only 1.9%. Wetland densities in the southern portion of
the mosaic were much higher. The total area of wetland
south of lines 1 and 2 on the mosaic was estimated to be
13,000 km2, equivalent to an average areal coverage of
9.5%. These two boundaries, clearly restrict the northern
limits of wetland distributions in this region. Their lin-
earity, together with their positions and orientations sug-
gest that they are tectonic fault lines.

4. Fault alignments and drainage patterns in the central

The in#uence of tectonic features on drainage patterns
in the central Amazon has been discussed by several
authors (Sternberg, 1950; Iriondo and Suguio, 1981; Hasui
et al., 1984; Franzinelli and Latrubesse, 1993). Sternberg

(1950) was the "rst to note a consistent NW}SE
and NE}SW alignment in many stream and river
channels in the region. This tendency is evident in the
strong NW}SE orientation of Negro main channel
between 613 38@ and 603 50@ W Lat., and in the distinctive
rectilinear drainage patterns encountered in the Unini,
JauH , and Carabinani Rivers (note linear main channel
reaches with tributaries entering at near right angles,
Fig. 1). The author argued that the consistent orientation
and rectilinear nature of the lower Negro drainage net-
work was due to the alignment of steam channels with
surface fracture patterns controlled by dominant regional
faults. In an analysis of X-band radar images, produced
during the 1970s (Project RADAMBRASIL 1972),
Iriondo and Suguio (1981) identi"ed the principal
geomorphological features in the central Amazon low-
lands and discussed their tectonic origin. They concluded
that the lowland landscape is composed of several large
crustal blocks that have moved independently in the past
and continue to undergo slow tectonic re-adjustment.
Considering additional geological and geophysical data,
Hasui et al. (1984) identi"ed the principal crustal blocks
that joined together during the Precambrian to form the
current bedrock structure of the Amazon. The major
faults in the region are thought to have developed along
the boundaries between these blocks. The boundary be-
tween two of these plates (the Japura and Maecuru) is
oriented NW}SE in close alignment with the lower Ne-
gro main channel and presumably represents the domi-
nant fault line in the mosaic. The rectilinearity and
approximate NW}SE or NE}SW orientation of most of
the river channels in the mosaic indicate the strong in#u-
ence that this fault has over the #uvial drainage pattern
in the region. The NW}SE orientation of the eastern
wetland boundary identi"ed here (line 2, Fig. 1) suggests
that it is also aligned with this dominant fault line.

The eastern wetland boundary (line 2, Fig. 1) passes
through a chronological sequence of sedimentary depos-
its and a series of waterfalls and rocky rapids in the
Puduari, Carabinani, JauH and UninmH Rivers (Fig. 2B). The
depositional formations include (from east to west): the
Alter do Cha8 o, Trombetas, Prosperanc7 a and Ic7 a Forma-
tions with estimated ages of Cretaceous (Price, 1960),
Ordovician/Silurian (Caputo et al., 1971), upper Pro-
terozoic (Santos, 1984) and Pleistocene (Maia, 1977),
respectively. The rapids and waterfalls occur relatively
close to the sur"cial contacts between these deposits, and
their genesis has often been attributed to these discon-
tinuities (Fig. 2B, Santos, 1984; Lourenc7 o et al., 1978).
However, the almost perfect NW}SE linear alignment of
these features crossing the entire chronosequence of sedi-
ments suggests that they are associated with a single
linear fault line. The western wetland boundary (line 1,
Fig. 1) is also linear, although not as clearly de"ned as the
eastern boundary. The strong WNW}ESE orientation of
this boundary parallel to an adjacent rectilinear portion
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Fig. 2. Distribution of depositional formations, waterfalls, rapids and
blu!s along: (A) fault line (wetland boundary) 1 and (B) fault line
(wetland boundary) 2. Data from Lourenc7 o et al. (1978) and Santos
(1984). Maps from IBGE (1997).

of the Negro main channel suggests that it is also aligned
with an underlying fault line. The di!erence in alignment
between the two wetland boundaries indicates that they
may be controlled by di!erent tectonic features. This
hypothesis is reinforced by the distinct alignments of the
respective adjacent reaches of the Negro main channel
(Fig. 1).

The role of these fault lines in controlling wetland
distributions is not entirely clear. The lack of alluvial
wetlands in some north draining tributaries of the Negro
has been attributed to the existence of deep erosional
valleys in the older depositional surfaces of this area
(Costa et al., 1978, Fig. 2B). The density of wetlands
though does not show a consistent inverse relationship
with the age of depositional features on the mosaic.
Well-developed wetlands occur south of the eastern wet-
land boundary on ancient Cretaceous, Ordovician/Silur-
ian and Proterozoic soils (Figs. 1 and 2B) while they are
rare in the younger Pleistocene formation north of the of
the western wetland boundary (Figs. 1 and 2A). There is
also no evidence of a major change in soil age at either
wetland boundary (Fig. 2A and B; Lourenc7 o et al., 1978;
Santos, 1984). Certain lithological characteristics are
thought to promote wetland development. The wide #at
river valleys with extensive wetlands commonly encoun-
tered in the Ic7 a Formation have been attributed to rapid
lateral erosion of this formation's fragile sandy soils
(Santos, 1984). These same soils though presumably exist
both north and south of the western wetland boundary
that cuts across the Ic7 a Formation (Fig. 2A). A signi"cant
lithological discontinuity is therefore unlikely. While in-
traformational di!erences in lithology cannot be ruled
out, a topographic discontinuity associated with an un-
derlying fault is the most likely mechanism controlling
the observed wetland boundaries. The strong linear
alignment of the waterfalls in the Unini, JauH , Caribinani
and Puduari Rivers and the steep blu!s on the right
margin of the lower Negro river provide clear evidence of
this type of discontinuity (Fig. 2B, Santos, 1984). The
existence of steep pediplain slopes along the western
boundary suggests that it was derived through a similar
mechanism (Fig. 2A). A detailed investigation of the
lithological, geological, and tectonic characteristics of
these boundaries is clearly needed to better de"ne the
mechanisms involved in their formation.

5. Biological, biogeochemical and economic implications

The sharp limit to wetland distributions described here
has important implications for the aquatic ecology, bi-
ogeochemisty and economy of this region. Many aquatic
and terrestrial organisms, endemic to the Amazon, de-
pend on wetlands for food and habitat during critical
stages of their life histories. A wide variety of "sh, bird,
reptile and primate species feed on fruits and seeds pro-
duced by #ooded trees and grasses during the high water
season (Goulding, 1990). Other aquatic fauna feed on
invertebrates, detritus and periphytic algae associated
with #ooded vegetation (Junk, 1973; Goulding et al.,
1988). Wetland vegetation also provides an important
refuge for larval "sh and other small organisms from
vertebrate predators. The distributions of all of these
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species are closely tied to those of their associated wet-
land habitats and are likely to be greatly reduced north of
the wetland boundaries identi"ed here (Fig. 1).

Fish yields in tropical river systems are generally close-
ly correlated with the total area of alluvial wetlands
(Welcomme, 1985). Primary production in #oodplain
environments has been shown to be the principal carbon
source for "sh in the central Amazon (Araujo-Lima et al.,
1986; Forsberg et al., 1993) and a critical factor sustaining
commercial "sh yields in the region (Bayley, 1989). The
heterogeneous distribution of wetlands encountered here
is therefore likely to result in large regional di!erences in
"sh production. Fish yields in the north draining tribu-
taries of the Negro are expected to be exceptionally low
due to the extremely low density of wetlands in these
systems. Much higher levels of "sh production are ex-
pected in the Negro's south draining tributaries which all
have extensive areas of alluvial wetland. The conserva-
tion of these latter wetland habitats should be considered
a top priority for regional "sheries management.

Many commercially important tree species in the
Amazon are only encountered in #ooded environments.
The distributions of these species are also expected to be
extremely limited in the region north of the Negro main
channel. Regional development programs considering
the sustainable commercial use of #ooded forest trees
should focus their attention on the regions south of the
wetland boundaries indicated here (Fig. 1).

It has been estimated that #oodplain environments in
the Amazon contribute 5}10 tg of methane (as C) to the
troposphere per year (Devol et al., 1988, 1990, 1994),
approximately 5}10% of all methane released from wet-
lands, worldwide (Cicerone and Oremland, 1988). These
"gures are based on #ux measurements made in the
central Amazon #oodplain, extrapolated to the total
#oodplain area associated with `white watera rivers. It is
clear from the JERS-1 mosaic (Fig. 1) that many `blacka
and `clear watera rivers (like the southern tributaries of
the Negro) also have large wetland areas associated with
them. Signi"cant areas of inter#uvial swamp also exist in
the regions between these tributaries. The total area of
wetlands associated with clear and black water environ-
ments on the mosaic was estimated to be 9400 km2, ap-
roximately 64% of all wetlands in the study region. Initial
estimates of methane emissions in these environments
have revealed levels similar to those encountered in white
water #oodplains (Rosenqvist et al., 1998). Considering the
large areas involved, methane emissions from these habita-
ts will clearly have to be considered in future estimates of
regional trace gas emissions to the troposphere.

6. Conclusion

These results demonstrate the utility of JERS-1 L-
band SAR imagery for investigating the factors control-

ling wetland distributions in the Amazon lowlands. The
strong linear boundaries to wetland distributions evident
in the JERS-1 mosaic are clearly under tectonic control
and have important ecological, economic and biogeo-
chemical implications. Two complete series of JERS-1
L-band SAR images covering the entire Amazon Basin at
high and low water periods were acquired in 1995 and
1996 as part of the NASDA/NASA/JRC sponsored Glo-
bal Rain Forest Mapping Project. Regional mosaics de-
rived from these images, should provide accurate
information on the distribution of wetlands across the
basin and valuable insight into the mechanisms control-
ling these distributions. Improved estimates of wetland
area will be of critical value for determining local habitat
availability, managing "sh and timber stocks and estima-
ting regional methane #uxes to the troposphere.
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