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ABSTRACT tions of the sediment budget, which in turnil- ment through valley floors (Dietrich et al.,
luminate the physical controls on each ex- 1982; Kelsey et al., 1987). The issue becomes
Sediment transport through the Brazilian change process. Another 300-400 Mt ytare  particularly important because of the role of
sector of the Amazon River valley, a distance deposited in a delta plain downstream of flood-plain sedimentation in sequestering and
of 2010 km, involves exchanges between theObidos. The components of the sediment bud- supplying bioactive chemicals such as carbon
channel and the flood plain that in each direc- get reflect hydrologic characteristics of the and pollutants (Marron, 1992; Lewin et al.,
tion exceed the annual flux of sediment out of valley floor and geomorphic characteristics of 1977; Leenaers and Rang, 1989; Leenaers and
the river at Obidos (~1200 Mt yr?). The ex- the channel and flood plain, which in turn are  Schouten, 1989; Graf, 1994).
changes occur through bank erosion, bar dep- influenced by tectonic features of the Amazon  Qualitative evidence that such exchanges can

osition, settling from diffuse overbank flow, structural trough. be large arises from direct field observations dur-
and sedimentation in flood-plain channels. We ing floods, satellite images (Mertes, 1994), field

estimated the magnitude of these exchangesINTRODUCTION surveys of sedimentation after floods (Gomez et
for each of 10 reaches of the valley, and com- al., 1995; Jacobson and Oberg, 1997), and strati-

bined them with calculations of sediment  Sediments are exchanged between river chagraphic studies of fluvial sedimentary environ-
transport into and out of the reaches based on nels and flood plains mainly through constructioments (Reineck and Singh, 1980). Yet, despite
sediment sampling and flow records to define and destruction of the flood plain. Flood plains ohbundant empirical and theoretical studies of sed-
a sediment budget for each reach. Residuals in large rivers are built by formation of bars and thénent transport along rivers, resulting in the tech-
the sediment budget of a reach include errors accumulation of sediment carried in diffuse ovemical capacity to route sediment along channels,
of estimation and erosion or deposition within bank flows and in channelized flows. They are ddess attention has been paid to quantifying ex-
the channel. The annual supply of sediment stroyed largely by channel shifting and banichanges of sediment between channel and flood
entering the channel from bank erosion was erosion. The rates of these processes can be qualain, and to understanding their controls. Kesel
estimated to average 1570 Mt y#(1.3x the tified and compared with each other and witket al. (1992) systematized the analysis of these
Obidos flux) and the amount transferred from  rates of downstream sediment transport to yieldexchanges by quantifying a sediment budget for
channel transport to the bars (380 Mt yrY)  comprehensive sediment budget for reaches. Pthe lower Mississippi River and its flood plain be-
and the flood plain (460 Mt yrin channel- vious studies of these processes have been céore the era of extensive river modification. They
ized flow; 1230 Mt yr ~Lin diffuse overbank cerned with the accumulation, destruction, ocompiled rates of river bank erosion, point-bar
flow) totaled 2070 Mt yr (1.7 x the Obidos transport aspects, but rarely with all of them. Igrowth, and thalweg elevation change, and esti-
flux). Thus, deposition on the bars and flood only a few studies (Kesel et al., 1992) have the futhated the overbank sediment flux from mapping
plain exceeded bank erosion by 500 Mt y*  exchanges between constructive and destructivédeposit thicknesses.
over a 10-16 yr period. Sampling and calcu- processes been evaluated and analyzed. In this paper we define the full range of ex-
lation of sediment loads in the channel indi-  The rates at which sediment is transferred tchanges of sediment between the channel and
cate a net accumulation in the valley floor and from flood plains, and the residence timéood plain of a 2010 km reach of the Amazon
of approximately 200 Mt yr-1 over 16 yr, of flood-plain storage, affect the maturation ofRiver, Brazil. The reach is unaltered by engineer-
crudely validating the process-based calcula- mineral assemblages (Johnsson and Meadag works that might inhibit natural exchange
1990), the modulation of sediment-yieldprocesses. Furthermore, we make our evaluation
_ changes in response to land use (Trimblen the context of measured sediment transport in
*e-mail: tdunne@bren.ucsb.edu 1983; Knox, 1987), and the routing of sedithe river, so that the rates of exchange with the
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flood plain can be comped with ates of han
nelized sediment émspot.

The irst systemtic studies of bannelizd
sediment @nsport in theAmazon Rier system
were conducted ¥ Sioli (1957) and Gibs
(1967),both of vhom defned a g@neal dovn-
stream deazase in sediment conceatibn along
the main stem and emphasizhe serwhelming
influence of theAndes Mountains as the soar
of the iver’s load Scimidt (1972) made thé §t
detailed stud of the annoal g/cle of surbice sed
iment concenttion & a stdion near Manaus.
Meade et al. (1979,985) eported width- and

depth-integrated measwements of suspended-

sediment dideaige, which led to the lgest pub
lished estimee of the aerage anmal sediment
dischaige & Obidos of 1206 200 Mt yr,

To quantify the prcesses thidranspor sedt
ment betveen the bannel and thedod plain
throughout the BazilianAmazon, and to gam
ine the conwls on these pcessesver decadal
time scalesye constucted a sedimentulolget
for the dannel andlbod plain (Fg. 1) in 10
sampledeades of the alley between Séo &ulo

SEDIMENT INTHEAMAZON RIVER IN BRAZIL

DESCRIPTION OF THE AMAZON
VALLEY

Geolagy and Sediment Souces

TheAmazon iises in theAndean Cadillera, a
region of high elief developed mainy in thinly
bedled sedimentgrand ‘lcanic ocks. The
combindion of ste@ slopes and @ak pcks fa-
vors channel incisionrapid mass \asting and
high sediment yields (Guay, 1993). Eosion is
acceleated by land use to an unkam degree
but from cusoly field and agal obsevations we
judge this efect to be smallelative to the high
badground ete of epsion in theéAndes.

After learsing theAndean bothills, the tibu-
taries of theAmazon cioss the adjoiningfeland
basin vihere they deposit lage wlumes of sedi
ment (Guwt, 1993; Rasanen et al990),and
then conemge to fow along a dawnwarp filled
with as nuch as 8000 m of sedimenyarocks
rangng in age from Raleooic to Tertiary (Peti
and Fularo, 1988; Nunn and\ires,1988).A
graben athe easter end of the donwarp fixes

de Olivenca and Obidosand an unsampled the locdion of the iver mouth.Two shields of

read between Obidos and thever mouth (.
2). We measwgd sediment loads in tAenazon
and its tibutaiies @ gaugng and other sampling
stetions (Teble 1,Fig. 2) thd bradet 10 rahes
between Sao &ulo de Olenca,740 km davn-
stream of lquitos,Peru (river km 740),and
Obidos (km 2750),and combined theesults
with flow recods to deihe average anmal
fluxes though eadhes aeraging 200 km
(146-280 km) in lengtiWe then meased bank
erosion and bar gmsition etes,and calculted
sediment @mnspotinto the food plain ly diffuse
overbank fow and though food-plain diannels
to complete the sedimentidiget for eat read.
We etended our angsis 450 kmdrther davn-
stream on the basis of sedimerartspor esti
mates in the coastal ginonment and anxamk
naion of valley-floor mopholagy in the eadh
between Obidos andimeirim. The anwial sed
iment exchanges betveen the bannel and the
flood plain in the Bazilian read of theAmazon
alone ae lager than the anmal channel tans
port through the ead.

We hae intepreted the prcessesasponsike
for the decadal-scale sedimentdbet of eab
read in tems of the inteaictions betwen dan
nel and walley-floor hydrology and the tectoni
cally influenced ptiem of channel andlbod-
plain dhaacteistics desdbed ty Mertes et al.
(1996).We piesent and int@ret the sediment
budget after frst desdbing conditions theaffect
sediment @nspot through the alley floor. We
condude with a summarof the plysical con
trols on diannelHood-plain exchanges of sedi
ment in a lage river.
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Precambian ciystalline pcks flanking the tough
are mainy regions of lav relief and gntle gadr
entsmantled with deg sarolite and dense equa
torial forest into vhich deaiing and oad luilding
have made onl local incusions.These shields
have extremel/ low rates of eosion.

The iivers in theAmazon tough ae bodered
by a lae Cenopic plain haing an aea of @-
proximately 90 000 ki between S&o &ulo de
Olivenca and ObidoZhe plain intudes uncon
solidaed fuvial and lacustne sandssilts, and
clays, some of vhich constitute moderflood
plains,and the emainder consists of tace
remnants of &ious ajes and elations.As the
Amazon ciosses ttee stuctural highs and the
downstream end of aalult Hock tha tilts the \al-
ley floor tovard the south-southeastr(@art,
1977), its flood-plain width deaasescon
straining the sinosity of the bannel and in
creasing its tpdient,as shan shemdically in
Figure 3 and in Mées et al. (1996ig. 6),which
includes measwed \alues of food-plain width
and dannel sinosity.

Channel and Flood-Plain Form

TheAmazn cdannel isemakably straight in
most of its Bazilian couse; simiosities of 100-
km-long eades a&erage 1.0-1.2except in a 350
km-long ead where siruosities ange from 1.3
to 1.7 (Metes et al.1996,Fig. 6). The dhannel
has a widelbor, and bank tadients of pproxi-
maely 0.2-1.0. Lav-water widths,averaged
over 100 km eades,measued on 1:250 000
scale adar imges,geneally increase fom 2 km

near Sao &ulo de OWenca to mag than 4 km
near Obidosand similaly averaged lov-water
depths meased from navigation chatts incease
gradualy from 10 to 20 m (Mees et al. 1996,
Fig. 4). Havever, gaugng stdions maintainedyo
the Brazilian Dgoatamento Nacional dégua e
Enepgia Elética and our wn sampling sti@gons
are sited in eades naower and deger than the
average, as is typical in gugng practice Bed
material ranges flom \ely fine to medium sand;
median gain si2s & crossings @erage 0.31 mm
(standad deviation = 0.09 mm) upsttam of km
1500 (nearutica) and 0.2040.07) mm dan-
stream (Nodin et al.,1980).

The iiver flows in a single lsannel though
out most of its cowsg although islands and tsar
of various sizs complicte the p&tem. Smaller
flood-plain dannelshaving a wide ange of
widths and dpths,diverge from and ejoin the
main dannel afterxcursions of a éw kilome-
ters to moe than 100 km aoss thelbod plain.
Although thee ae thousands ofh@nnels on the
flood plain,in this pger we consider oglthose
flood-plain dannels thigare connected déctly
to the mainstem and egble to covey water
and sediment &m it. Other bannels on the
flood plain ae fed by local minfall or by runoff
from the brested caton, and theg carry little or
no sediment.

The 1ood plain is highy complex (Mertes et
al., 1996). Betveen Sao &ulo de Olenca and
Itapeuajt is dominaed ty scioll-bar toparaphy
and hundeds of namw, crescentic laks. Be
tween ltgpeua and Sdoodé doAmatari, the
flood plain is nalow and haséw lakes and little
evidence of bannel migation. Dovnstream of
Sao dsé diAmatari a eldively low and incom
plete levee system lzadied ty large distibutary
channels allers inunddion of a wide food plain
containing laks of pughly equant shae and ir
regular outlines thiagppear to be due to subsi
dence of compacting sediment. Season&l pa
tems of food-plain—tannel &changs of vater
were desdbed ty Richey et al. (1989b).

Channel Gradient

Channel gadient is an impaant haracterstic
affecting sedimentanspor and tiannel beha
ior in rivers, but the gadient of théAmazon has
not been sweyed We hare calculéed weter
surface gadients fom saellite measugments of
elevation (see ky. 3B and cption for explana
tion). The gadients vere obtained low water,
and thus & talen as alose g@proximation of ar-
erage channel-bed slop&he hoizontal bas in
Figure 3B indicée average channel-bed slopes
over the distances beégn stellite crossings.
They generlly decease danstieam but in four
reades thee is a stegening bllowed ty a de
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Figure 1. Pocessesayerning the sediment lmdget of a diannel-food-plain reac. Sediment entes a reac of channel: (1) from upstream;
(2) from tributaries within the readh; and (3) from bank ersion. It leaves the ead by: (1) channel transport; (2) deposition on bars; (3) diffuse
overbank flow; and (4) through flood-plain channels.

cline of gadientAlthough the gadient banges
can be locted oni/ gpproximately because of the
positioning of the dallite passeshree of these
changes ae associged with stuctural highs
crossed B the iver (the ditai ach, the Purls
arch, and the Monté\legre intusion) efered
to by Caputo (1984 Fig. 18) and lg Petri and
Fulfaro (1988,Fig. I-4). The stuctures ae lo-
caed ony goproximately from small-scale ngs
and ae piobaly broader than the bsin the ig-
ure. The most apid decease in tadient occus
downstieam of the Puruls @, a the conluence
of the stucturally contiolled \alley of the Rver
Negro and the elorage east-ndheast—tending
Amaznas stuctural basin (Starbeg, 1955;
Tricart, 1977; Cputo,1984,p. 168 anddllow-
ing). The Quaematy flood plain is wide be
tween thee stactural highs,and elaively nar
row where it crosses them (§. 3). Measued

452

values of lbod-plain width (Metes et al.1996,
Fig. 6) ae inversely corelaed with dannel
gradient 6 = 15;a < 0.06) br the pahes out
side the tilteddult Hock (labeledTFB in Fg.
3). Narowing of the food plain constiins
channel sinosity as theiver impinges on cohe
sive banksand the de@ase in sinosity in
creases thetmnnel gadient.The fourth zone of
increased tpdient is in the vicinity of km
1000-1400 Wwete theAmazon gpeas to hae
been shdened ly autocgture and stgeened as
a result of fwlting tha tilted the \alley floor to
the south-southeastr{@art, 1977,p. 8).The ga
dient then déines in the ead between km
1400 and Itpeua (km 1704) as thever flows
along the southermagin of its valley avay
from the tilted ead.

We also estintad the veter-surface gadient
at vaiious seasons of thegr fom 1400 ertical
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velocity pofiles measwgd d five staions gauged
regulaly by the Dgpatamento Nacional degua
e Enegia Elética and &two stdions studied
briefly by U.S. Geolaical Survey peisonnelThe
results confm the alues of bannel-bed slope in
Figure 3B alow water, and demonstte thd up-
stream of Manaus swa€e gadients a& gproxi-
mately twice as gea duiing rising weter as those
during falling water because of the pagsaf the
anrual lood wave. By contast,a Obidos vater-
surface gadients a lower duing rising water
and gproximately twice as stgeon the alling
limb of the lydrograph because of thefeét in
the seasonal ifx of weter from the Rver Negro
and Rver Madein, as Meade et al. (1985) inter
preted fom recods of stge & Manacg@ur and
Obidos. Seasonalavations in water-surface
slope ae used in our estines of vater and sed
iment export to flood-plain hiannels.
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Figure 2. Mg of the Amazon basin shaving lithological regions and stuctural feaur es,the major tributaries,and sampling stdions (dots).
The mg contains one stuctural high, the Monte Alegre intrusion, not included in a similar map presented ly Mertes et al. (1996)T he geolai-
cal literatur e of Brazil contains some dfferences of intepretation conceming the Purus arch and the MonteAlegre ridge. The term “ar ch” is usu
ally confined to highs tha involve flexure or faulting, whereas the tem “alto” (high) is reserved for a feaur e not necessaly related to debrma-
tion, such as a top@raphic remnant or an intrusion. However, both the Purds and MonteAlegre feaures ae referred to as‘ar ches” in some
liter atur e. The MonteAlegre feaur e, for example, brings Paleoic sandstones to the susaice of theAmazon valley, where thick sequences of Ceno
zoic sediments outcop.

SEDIMENT BUDGET OF THE RIVER
CHANNEL

where Q, Q,4, andQ,,;, are, respectiely, the the bed meerial (1.7 x 10° Mt m=3). Ead of
anrual fluxes of suspended and bedload sedthe tems in equéion 1 has units of Mt y&.

To undestand theechanges and &nspor of
sediment along thA&mazon, we calculéed a
mass balance i@ 1) for both silt-¢ay and sand
in ead of 10 rades asdllows:

Q + z Quig * B =
1
1
Ar (1)
Qi + Doy + Doyre + Dipe + APy A

ment a the upsteam and denstream ends of
ead read and fom tributaries enteing the
reat; E,, is bank eosion; D, is deposition
on bas within and adjacent to théhannel;
Dy IS deposition averbank;D; . is deposk
tion in flood-plain dhannels:A, (m?) andAz
(m) am, respectiely, the ara and gerage ele
vation chang of the main kannel bed and
banks in theead; At is the time interal of the
computaion (yr), andp,, is the tulk density of
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The entie udget is summared in Rgure 4,
which combines inputs and outputs dfannel
sediment @anspot into a“net channel tans
port.” The final tem in equdion 1 represents
the rate of change of hannel staage, but be
cause it vas detemined as aesidual,it con
tains all erors in the other tens,and theefore
is indicaed ty the openectangles and lines in
Figure 4. In the dllowing discussionye elu
cidae the pocessesapresented Y ead of the
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TABLE 1. DRAINAGE BASIN AND FLOW CHARACTERISTICS AT SAMPLING STATIONS

Station Distance Drainage Mean annual  Mean annual Bankfull
downstream area* discharge’ flood" discharge**
of lquitos, Peru  (km2x 1073) (m3s1x 1073 (m3s1x107%) (m3s!x107%)
(river km)
Mainstem
S&o Paulo de Olivenga (SPO)® 740 940 45.6 64
Vargem Grande* 863 950 48.1 69
Santo Anténio do Iga (SAI)S 891 1100 55.6 76 75
Xibeco (XIB) 1051 1115 56.0 78
Tupé (TUP) 1248 1180 60.7 84
Jutica (JUT) 1528 1700 63.2 103
Itapeua (ITA)S 1704 1760 85.8 108 96
Anori (ANO) 1885 1790 86.9 111
Manacapuri (MAN)S 2031 2180 101.4 133 120
S&o José do Amatari (SJA) 2248 2900 98.2 134
Paura (PAU) 2474 4340 154.7 227
Obidos (OBI)S 2750 4640 170.1 237 200-230
Tributaries®
River Ica 890 108 7.1 10.0
River Jutaf 1100 53 4.0 5.9
River Jurua 1280 186 4.9 8.6
River Japura 1480 245 14.0 21.1
River Purls 1910 358 1.1 19.2
River Negro 2120 691 29.6 59.2
River Madeira 2300 1336 29.3 54.2

*Based on Digital Chart of the World and Radambrasil 1:1 million scale maps.
TBased on 16 years of record at the DNAEE gauging stations (occasional years of missing data) and on flood routing
computations at sampling sites located between gauging stations.
8Gauging station maintained by the Brazilian Departamento Nacional de Agua e Energia Elétrica (DNAEE).
#Station used for sampling sediment concentrations which were combined with flow records from SPO to compute

sediment discharge.

**Estimates of bankfull discharge are based on field observations of the onset of overbank flow.

tems, and desdbe hav we estiméed the
guantities of sedimentwolved

Calculation of Bedload

In the dsence of measementswe calcu
lated bedload with th¥alin (1963) brmula,
which perbrms well for saltding sang bed
material when the local ééctive shear sess is
used tgether with the faction of the bed nte:
rial tha is not fully suspendile (Dietrich,
1982).After making etensive comput#ons,
including the use of local &fctive shear
stresses based on hurds of Igarithmic flow-
velocity profiles obtained Y the Dgatamento
Nacional deAgua e Enggia Elética duing
their gaugng program,and bed meerial tex-
tures dgven by Nordin et al. (1980) andyb
Mertes and Meade (1985)e conduded tha
maximum rates of bedload émspot ranged
from 0.01 to 0.05 Mt da, or only about 1% of
the suspendeddnspot rate (Mettes, 1985).
These alues ae well within the erors of mea
surement of suspended loads in #mazon,
and thus wre ignoed in the sedimentualget.

Suspended Sedimentransport

We sampled sediment concetitms on \ari-

ous pats of the lydrograph to ppduce sediment-

rating cuves,and combined these aus with
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flow recods for water yeas 1974—1989 to caleu
late anmial fluxes. We collected width- and
depth-integrated samplestd 1 mainstem stns
and &the mouths of 7 majoriliutaies betveen
Vagem Gande and Obidos &ble 1) gproxi-
mately every 4 months dung 1981-1984 and on
single daes in 19881990,and 1991. Sampling
methods and prcessing wre desdbed ly
Meade (1985) and Riey et al. (1986).

On eab cuise vwe sampled a diérent par of
the anmwal lood wave. The boatraveled davn
the 2000 kmead a an aerage speed of @
proximately 100 km dg; the local veter speed
at the sampling sites as 90-190 km dal.
Wher possilte, eatr sampling stéon was e
caed d or near a gugng stdion maintained ¥
the Dgartamento Nacional dégua e Enagia
Elétrica. Steam fow and veter level & sampling
staions not @quged by the Dgatamento vere
calculded from cauged alues aupsteam and
tributary staions with the Muskingumidod rout
ing procedue desdbed ty Richey et al. (1989b).
We updéed the outing sbieme ly incorporating
an impoved estimte of unmeased laeral in-
flow based on montjlrainfall mgps for the un
gauged tibutary and food-plain aeas.

Sediment concerstions were anayzed s@a
rately for silt-day (<0.06 mm) and sandh the
mainstem, total concenttion ranged from
216-606 mgt at Vargem Gande to 72-386 mg
I-1 a Obidos. Concerdtions mnged flom 1-10

mg I in the Rier Negro, which drains ony the
forested caton, to 64-891 mg in the Rier
Madeira, which drains the BolrianAndes. Sedi
ment-gting cunves br silt-day (<0.06 mm) and
sand vere constncted ly regressing concersf
tion against disbage and itsate of dang using
a signifcance leel of 0.05. Mostating cuves
were looped wen concenttion was plotted
against disbamge; 1ising limb concenations
were as mich as 2.5 timesrgéer duing rising
water than athe same didw@lge duing reces
sion,and thg began to deazase befre the time
of peak fow.

The rating cuives br main tiannel and tb-
utaly staions were combined with ecods
of mean dai flow for the water years 1974—
1989, either flom the D@atamento Nacional
deAgua e Enagia Elética gaugng stdions or
from flood-routing computtions & intermedk
ate main dannel stdons,to calculdae daily
and aerage anmal fluxes of the tw sediment
classes (@le 2).An eror-propagation anay-
sis (Bevington,1969) indicaes thathe stan
dad eror of the uncerninty aound the long-
term average anmal sediment lixes was
approximately 9% & S&o Rwulo de ONenga
and 12% aObidos because of the smoothness
and egulaiity of the tydrograph, which facili-
tated sampling and miniméd etrapolation.
Analogous \alues br the tibutaies were
11%-20%.

Geolaical Society oAmerica Bulletin,April 1998
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Figure 3. (A) Sbematic illustr ation of the relations between ggcomorphic and structural feaur es of theAmazon valley. The four vertical bars
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2000,2840,and 3200 km davnstream of lquitos,Peru. TFB—the site of a tilted fault block proposed ly Tricart (1977),extending from approxi-
mately 1050 to 1700 km denstream of Iquitos. (B)Water-surface gadient & low flow along a 3200-km-long eac of the Amazon River, based
on radar altimeter measurements of vater-surface eleation. Guzkowska et al. (1990) gported water-surface el@ations extr acted from Seast
radar data collected duiing low water between dily 27 andAugust 9,1978 br 32 sites along the mainstem of thémazon River ranging from the
coast inland to Reru. The precision was estimaed to be within tens of centimetes, causing an uncetainty of ~1 x 10%in computed g adients. (The
absolute accuacy of the elevation measurements also deends on the goid model irvoked, which results in+1 m accuracy for absolute el@ations,
but our calculations of elevation dif ferences should not be signdantly affected ty this uncertainty.) We replotted the orbit paths for the data re-
ported by Guzkowska et al. (1990) on 1:250 000 scale psaior the Brazilian sites (Radambasil, 1972).The altimetric results listed ly Guzkowska
et al. (1990) as hang the lowest accuacy were not induded. Orbits with multiple river crossings vere also &cluded, leaving 12 eleations from
which gradients were calculded. The corrected fiver distances vere combined with the eleation data to calculate water-surface gadients. Ead
horizontal bar indicates the aerage g adient for a read between adjacent stellite crossingsAlthough the radar data were collected @er a two
week peiod, the graph represents a synoptic vig of the water-surface gadient a low water, because thelszange in the qauged height of the iver
at the five mainstem guging staions was less than 1 m dung this time. Abbreviations on the dcissa:spo—S&o Rulo de Olvenca; vg—\argem
Grande; sai—SantoAntdnio do I¢é; xib—Xibeco; tup—Tupé; jut—Jutica; ita—Ita peua; ano—Anori; man—Manacguru; sja—S&o Jbsé do
Amatarf; pau—Pauré; obi—Obidos.
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Figure 4. Summay of the sediment idget of the dannel in eat read during water years 1974-1989. (A) Siltlay. (B) Sand Positive values
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SEDIMENT INTHEAMAZON RIVER IN BRAZIL

TABLE 2. MEAN ANNUAL SEDIMENT FLUX RATES
(MT YR™1) FOR ALL STATIONS IN DOWNSTREAM ORDER
FOR 1974-1989

Station Sand Silt-clay Sand
(%)
Sé&o Paulo de Olivenca* 143  (18) 473 (40) 23
River Icat 5 (15 19 (3) 22
Santo Antonio do Iga 141 (11) 501 (60) 22
River Jutai 0.2 (0.3) 2 (01) 9
Xibeco 141 (10) 505 (55) 22
Tupé 154  (19) 524 (47) 22
River Jurua$ 5 (1.2) 23 (4.4) 18
River Japura® 6 €.7) 24 (15) 17
Jutica 177 (14) 561 (62) 20
Itapeua 164 (11) 567 (43) 23
Anori 157 (11) 549 (55) 22
River Puris 2 (0.6) 23 (4.5) 8
Manacapuru 142 ) 555 (38) 20
River Negro 0.5 (0.1) 7 (0.7) 7
S&o José 131 (10) 652 (51) 17
River Madeira** 144 (36) 571 (87) 20
Paura 206  (25) 991 (155) 18
Obidos 248  (17) 991 (129) 20

Notes: The values in parentheses are the standard errors, obtained
through an error propagation analysis of the sediment rating curves

and flow records.

*Sediment rating curve from Vargem Grande combined with flow

record from SPO.

713 yr average, without 1981,1985,1986.

815 yr average, without 1982.
#15 yr average, without 1981.
**15 yr average, without 1989.

Net ChannelTransport

The temsQ,, Q,, andQ,;, were calculéed or
eath read and yar duing 1974-1989 yim the
sediment ating cuves and bw recods. Their
sum Q, + 2Q,, — Q). the net bange in hannel
transporfor ead read, is plotted in fgure 5. De
spite thedct thathese wlues epresent diferences
between nuch lager rumbes, and upstam of
Manacgura ae only 1%-5% of thelbix through
the read for silt-day and 4%-10%dr sandthe
anrual \alues in mosteadies shey remakable in-
teranrual consistencover the 16 yr Wen the high
flows & Manaus waried over almost the entr
range recoded betveen 1902 and 1996 (Rigy et
al.,1989a). Netlsanges in tanspor dovnstieam
of Manacpurl constitute mch laiger fractions
of the load For example between Sdodké do
Amatari and Obidog0% of the silt-kay and 21%
of the sand &mspated into the 502-km-longad
do not lege it. Hovever, the inteanrual consis
teng of computed sedimenginspot simply re-
flects the lav vaiiability of anrual flows, which
have a codfcient of \aniation of onlyy 7%—10% &
staions along the mairhannel.

An eror-propagation anaysis (Beington,
1969) of the dEcts aising from uncetainty in

Itapeua dedining downstream to 64 Mt yrtin
the Manacpuri—Saodsé dAmatari read, and
then ising to 180-200 Mt y#* downstream of
S&o dsé dAmatari. The standat errors for the
net sandlfix were 20-23 Mt yrl upsteam of -
tica, dedining to 12 Mt yrlin the Manaca
puri—Sao dsé doAmatari read, and ising to
30-45 Mt yr! downstream of Sdoaké doAm-
atari and the Rier Madeia. Thus,the computed
changes in silt-¢ay are ony stdistically signifi-
cant br the eades betveen Managaurt and
Paurd but the dianges in sand &mspor (positive
or ngyative) for most eades ae geder than or
close to the limits of detection.

Chang in silt-day transpot shavs no consis
tent spéial patem upsteam of Itpeua (k.
5A). Downstream,there is a gneal patem of
accunulation, but it is interupted ly one lage,
anomalous in@ase in siltday transpor in the
Manacpuri—Séao dsé doAmatari read (aver-
aging 91 Mt yr?, or 462 000 t yrt kmof chan
nel), despite thelarupt decease in bannel ga-
dient on the denstream side of the Purdsch
(Fig. 3). This gppaent anomal is associted
with a lage influx of sediment-fee water from
the River Nagro and fom an atensive aea of
ungauged small tibutaiies and fbod plain.The

the sedimentaing cuwves,based on the assump inflow is paticulary large from the nath side of
tion tha uncetainties in the inputs and outputs ofthe \alley, and it can be seen on Lantisaages

ead reat were uncorelaed yields maxinum
standad errors for the net silt-ay flux tha range

to confne sedimentich water to the south side

of the dhannel andibod plain.The 1ood plain in

relaively low propotion of silt-day in the sedi
ments (Metes et al.1996,Fig. 5).

In the Sdodsé doAmatari—Rawura ead, there
is massie loss of silt-tay from transpot (post
tive values in kg. 5A) where the Rver Madeia
supplies the lgest tibutary souce of sediment
in the entie stug read. The Rwra-Obidosead
exhibits inteanrual vaiations in net silt-ay
transpot, the manitudes of \kich ae corelaed
with the etio of the annal flows from the tvo
large tibutaries (Rg. 6). Reldively high dis
chamges flom the Rver Madeir result in accu
mulation of silt-day, wheras eldively high
flows from the sediment-poor Rir Negro cause
net emoval of fine sediment m the Rura-
Obidos ead.

Ther is a net in@ase in sandanspot from
SantoAntbnio do I¢a to utica as theiver gadi
ent inceasesand then net loss of sandifn
transpor begins d Jutica as themgdient bgins to
dedine (Fg. 5B). Unbrtunaely, it is not possite
to locde moe pecisey the onset of thergdient
reversal betveenTupé and utica because of the
spacing of the\ailable sdellite orbits useddr
Figure 3B The calculéed danges in tiannel
transpot upsteam ofAnori do not &ceed the
standad erors for this quantitybut they are in
cluded in this discussion agotheses because
the eror-propagation tediniqgue maximies un
cettainty in the standdrerrors of the computed
changes.The tend gpeas to be one of accum
lation in the S&o &ulo de ONenga—Santo
Antonio do Ica ead, followed pogressvely by
scour as thergdient inceases danstieam be
tween SantdAntonio do I¢ca andutica (km
1528),and then amgdual etun to accuralation
downsteam.The ony reades in vhich thee is a
net adlition of sand to lcannel tanspot (nega-
tive values on thergph) ae (1) betveen Xibeco
and ditica,where gadients inczase danstieam
in response to neotectonic tiltingnd (2) be
tween Rura and Obidosyhere dhannel gadient
increases slighyl as the Ibod plain narows in
approading the Montélegre intusion (kg. 3;
Mertes et al.1996,Fig. 6). Sand accuniates
even in the Manaqauri—Sao dsé doAmatari
reat from which silt-day is scoued indicaing
tha for sand the éct of deceasing gadient is
not ofset ty the fushing action of sediment-poor
water from the caton. Decease in @nspot of
sang bed méerial in tha read is consistent with
the formation of island bas; 70% of the lsannel
chang in this ead is due to islandhang
(Mertes et al.1996,Fig. 8).

Bank Erosion and Bar Dgosition

Estimaes of the contbution of flood-plain
sediments to thehannel sediment loadbim bank

from 70 to 80 Mt yr! for reathes upseam of this reat exhibits fields of exposed sand and a emsion(E,, ) and loss of sediment due to bapde
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osition (D, ) were based on planimétrmea
suements of kannel migation, suveys of bank
heights,and paticle-sizz anayses of fbod-plain
sediments. Ras of bank esion and baisland
growth were measied as aas per unit length of
the main bannel fom two mas caveting a pe
riod of gpproximately 9 yr from 1971-1972 to
1980 (eg., Mertes et al.1996,Fig. 3). Rdes mea
sured wver this sharpeiod of time were con
firmed ly qualitdive anaysis of histoical mgs
and ecods dding badk to the 1850s (Mées et
al.,1996,Figs. 9-11).

To translde a planimetc area to a wlume of
sediment aded to or sub&icted fom the ban
nel sediment loaceuires estimtng the height
of the ara d@osited or ewvded We assumed
that eat areal measwament epresented an en
tire column of sedimentdm the suridce to the
channel bedTo calculae this height tw values
were estimeed for eat read of the iver. Frst,
the lov-water depth of the iver was calculted
from Brazilian Navy piloting chatts. Second
the height of the bankbave the lav-water sur
face vas measied in theield. For nev bars and
islands this bove-water height seraged 2 m.
The heights of older eding banksgestimaded
from hand-leel surveys & 20 sample points in
the stugf read, averaged 11 m in the upstam
reahes,10.5 m in the midle rahes,and 8 m
in the devnstream eades (Metes et al. 1996,
Fig. 5).
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The measwement tebnique br bar dpost
tion accounts onlfor tha sediment degosited
within and adjacent to thehannel. Sediment
tha is transpoted overbank and comes test on
older food-plain suréces isealuded in the net
sectionVolumes vere coverted to weight using
a poosity of 0.35 and a péele density of 2600
kg nT3. Grain-siz composition of the nedank
flood-plain sediment as also meased d eah
sample siteand intepolaed to estimte differ-
ent sand-silt-ay distributions br ead read;
overall averages though the ente stug reat
are 12-70-18dr eioded banks andri66-17 br
freshiy deposited bar sediments (Mes,1990,
unpubished d#a).

Rates of bank ersion and bar gsition,are
positively correlated although badeposition etes
are only aout one-quder of the bank-@sion
rates. Sediment input per unit length b&anel is
weakly corelaed with simosity @ < 0.10) mea
suied ty Mertes et al. (19965ig. 6), which varies
with flood-plain width ¢ < 0.01).Thus,the ela
tive dgree of diannel corihement imposedyb
the stuctural fegures gpeas to afect this com
ponent of theltannel sedimentuolget. Bar deo-
sition is complicged ky midchannel dposition as
well as ly point-bar gowth, and no simpleala
tionship to sinosity is gpaent.

The rates of echang of sediment with the
flood-plain though dannel shifting (fg. 4) ae
remakably high: 1570 Mt yr' are ended fom

the 1ood plain (equialent to 108% of the anal
transpot into the stugl readh and 127% of the
flux past Obidos)and 380 Mt yr! are deposited
as bas (26% and 30%gespectiely). The ates
per unit length of lsannel (k. 4) follow the
downsteam p#em of channel migation (Meltes
et al.,1996, Figs. 9-11),which is most apid
whete the iver is not corihed ly resistant taace
maerials davnsteam of Santéntonio do Ica,
and bends thidare reldively small adii of cur
vature ae free to migate. Farther davnstream,
bank eosion and bar gmsition gadually dimin-
ish as the bendseafager and ag patially con
stiicted ayainst the southarmagin of the food
plain by neotectonic tilting (ficart, 1977). Be
tweenAnori and S&oaké doAmatari, migration
is less vinere the iver ciosses the Purlschr and
it is greaer where the iver is uncorihed davn-
stream of the Rier Madeir confuence

Diffuse Owerbank Deposition

Deposition(D,,,,) onto old food-plain and
bar suréces (i.e surfaces thado not apear as
new bar dgosition betveen 1971 and 1980)as
calculded as theerbank fux of water in eab
read multiplied by the sediment conceation
of the neassurface vater being decanteddm the
main dannel and Y the tiap eficieng of the
flood plain. Oerbank fow rates were calculéed
from the Muskingumidod routing peviously re-
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fered to. Once theolume of veter in the ban
nel hadlled to the bankfull cpacity:

(o - ag)at = AhAx(wc " 2Wf), @

wheee g, andq, are, respectiely, the water dis
chages & the upsteam and densteam ends of
a read; At is the time st of the calculton; Ah
is the diange in water dgpth dove bankfull stge;
Axis the length of theead; w, is the bankfull
channel width; andy, is the width of thelbod-
plain 2ne on edtside of the leannel thais i
undaed with water emeging from the tannel.
The \alue ofw; was measiad flom the width of
flood-plain water obseved on Landgdmages to
be coloed with sedimentich Andean veter
(Mertes,1997). Since wchangd \ety slowly
through the bod seasonywe assumed it to be
constant and used it to calcgahe faction of
the water accurnlating in the ead tha flowed
into the food plain.This piopottion enteing the
flood plain [2v; /(w, + 2w;)] was dout 80% up
stream of ditica and 90% denstream of thasta
tion. The iemaining paiion increased the gth
of water in the bannel.

The ole of levee beaks andibod-plain han
nels in comeying weter into the bod plain be
low bankfull stae was not intuded in thelbod
routing, and is considexd in the net section.

DUNNE ETAL.

These pproximations and the 10%—20%rer
in the outed Muskingumléws (Ridchey et al.,
1989b) dgrade our estima of the ates of ver
bank fow. Calculded arerage overbank dis
chages of vater range from 0.04 Mis™! per me
ter of bank (maxiram of 0.09) in the Santo
Antdnio do Ica—Xibecogad to 0.4 s (max
imum 0.7) br the Rwra-Obidosead. For the
Manacgurd rad, in which Mertes (1994p.
173) measwd in theield and computed with a
two-dimensional ameical sirrulation overbank
dischaiges of 0.4-0.6 Bs %, our method fyes an
average of 0.2 mMisland a daif maxinmum of
0.35 n¥s 1 per meter of bank.

We estiméed the sediment conceations of
the suréce veter as a faction of \ettically aver-
aged concenations,based on aefv simultane
ousmeasuements of bothalues (Meadel985,
Table 3; Metes, 1994; Metes et al.,1993;
Mertes,unpublished samples)\\Ve estiméed the
ratio, which should ary with weter-surface gadr
ent,flow depth, and paticle siz (Vanoni,1975;
Aalto, 1995),to be &out 0.33Thus,vettically av-
eraged sediment conceations from our cuises
at the season ken water was fowing from the
channel to theléod plain (December—Man the
Séo Rwulo de Olenca-utica eades; FEbru-
ary—May in the ditica—S&o dsé doAmatari
reades; and Ebruary—duly in the Sdodsé do

Amatari—-Obidos eades) vere rultiplied by
0.33 to estimi the suidice sediment conceatr
tions. Estimged \alues deaased padualy
downsteam fom 140 mgt at Vargem Gande to
80 mg t1 at Obidos because of dilutiory tribu-
tary waters, the inceasing vater deoth, and the
geneally diminishing gadient. Our suefce sam
ples contained too little nbexial for textural
anaysis. Samples of sedimentwlg distibuted
across thelbod-plain suréice had sand concemtr
tions of 2%-10% in the Manggard ead and

less than 5% near Obidos. Sand composed

25%—-35% of samples collectedrin the edgs of
the banks (Mees,1990),where one wuld &-
pect them to eemepresent the sand conceaatr
tions of the fbw leaving the tannelThus for our
calculdion we used anwerage sand faction of
10% for the hannel-suidice vater enteing the
flood plain.This value pobably overestimades the
fraction in werbank fow in dovnsteam eadies.
Calculded instantaneoustes of awerbank
sediment @nspor per meter of bank {§. 7) av-
erage 0.3-4.7 t dalm 2. The high alues in the
Xibeco-Tupé-ditica eaties ma be slighty ex-
aggerated due to eors in the food routing
When thelbw routed fom Santd\nt6nio do Iga
to Itapeua vas compagd with the meased
recod & the ldter stdion, the pedicted fow rose
more slavly than the meased \aluesThis rout
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ing eror produced a pgressve undeestimdion
of in-channel fows pastTupé and Jtica and
overestimdion of the disbamge of water, and
therefore of sedimentinto the food plain.At
Itapeua,the eror was corected ly using the
measued distiaige when calculting the wver-
bank fow, which would result in an undestk
mae of overbank fuxes in the dtica-ltgpeua
read. Hovever, the maxinum exaggeration of
overbank fow was 6000 #sLinto the 477-km-
long Xibeco-ditica rad. Assuming a linear in
crease in this eor from 2o a the bginning of
rising weter to 6000 s at the peakapproxi-
maely 200 dgs laer, and a sudce sediment
concentation of 100 mg ! leads to an\erest:
mate of dout 10 Mt yrl out of 390 Mt yr! of
overbank sedimentansporin the Xibeco-dtica
reates.The ditica-ltgpeua @erbank fux, cur-
rently estimaed to be 19 Mt y#, is similaty un
defestimaed by 10 Mt yr™,

Despite this eor, the calculted patem of
high overbank sedimentux between Xibeco
(rkm 1051) andultica (km 1528) and v flux
between ditica and Itpeua (km 1704) is consist
ent with the pesence of a widddod plain and
low bank height in theofmer lead and a naiow

SEDIMENT INTHEAMAZON RIVER IN BRAZIL

channel vas dposited within adw hunded me
ters of the lgee However, the eldively narow
zone of turbid vater viside on Landseimages
duiing the food season indites thathis weter
does not sgad &r from the bannel andeentes
it after onl a few kilometes of low acioss the
flood plain (Metes,1997).Average anmial over-
bank deosition vas thus calcutad as 90% of the
overbank fux for the peiod 1974-1989and
ranged from 60 t nt yrl on eab side of the
channel in the coiried ditica-ltgpeua eadt to
770 t nttyr! between Rura and ObidosVhen
summed wer the entie stug read, this deposk
tion amounts to 1105 Mt yrof silt-day (equiva-

the Manning equ#n, does not@end to the en
tire length of theldod-plain diannel because of
the incease inlbw depth beyond the thular sill,
but this is not lilely to cause eors thd are sig
nificant for the pesent pysose

Using rkegression on @ss-section sueys of
five flood-plain dannels of widel differing
sizes (d#a reported by Mertes,1990),we est
matedafpc as 0.8 times the width-gth pioduct,
andR as 0.8 times thddw depth. We measied
the tio (which varied from 0.8 to 2.0) beteen
ead flood-plain dannel length and the associ
ated main bannel lengthand used thisatio to
calculde the food-plain dhvannel gadient fom

lent to 112% of the ansporpast Obidos) and 124 the mainstem ater-surface gadient & various
Mt yrof sand (equialent to 50% of the Obidos flows. (See the discussion of the seasoaig-y

export). Values ér individual reahes ae plotted
as the éurth bar of eaa set in kgure 4.

Channelized Owerbank Deposition

We calculéed the annal sediment load de
canted fom the tiannel into and #pped within
flood-plain dannels (fg. 1) thd leave and ejoin
the main bannel.The stetegy involved multi-
plying the estimizd water outfow from the main

flood plain with an larupt increase in bank height channel to theléod-plain tiannels f the main

in the ditica-ltgpeua ead (Mettes et al. 1996,
Figs. 5 and 6). Simildy, overbank fuxes ae low

in the Sao dsé dAAmatari—Raura ead (Mertes
et al.,1996,cover photo of thejoumal),wher a
high terace on the ntinem bank,well-devel-

oped saoll bars and lgees on the southebank
(probably consisting of sedimentdm the neanp
River Madeir), and the accuniation of laige

amounts of locayl generted weter confne the
sediment-ich water to the mainftannel. Corif

dence thathe esults ae goproximately corect
also aises because the calcidd ites of sedi
ment tanspot for the season ofdw from the
channel to theléod-plain aerage 3 t d!per me

ter of bank in thegath near Managaur(; this is
where Metes (1994p. 172) meased \alues a-

eraging 3-5 t dgr ' m1 and calculted \alues of
4-18 t dg—m from remotey sensed suate
concentations and a te-dimensional ydrody-

namic model oflbw acioss thelbod plain dur

ing two floods.

We did not sample difse fow draining from
the food plain to the lsannel but our visual ob
sewations indicaed thathe fow was moe or less
devoid of sedimentexcept whele it diained fom
flood-plain dvannelsprobaly because ofggre-
gation of the silt-tay paticles leaing the ©iannel
(Stallad and Matin, 1989; Nidolas andValling,
1996). Metes (1994) use@mote sensing of sur
face sediment conceatipns and kidrodynamic
flow simulation to mg sedimentlfixes acoss a
flood plain near Manapar(,indicaing tha ap-
proximately 90% of the sediment leing the
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stem sediment concedtion, averaged over the
depth mnge of the food-plain dvanneland ty a
trap eficiengy for the food-plain dannel.

The weter dishaige into the bod-plain tan
nel was calculged fom Mannings formula:

67205
_ aprRO S

Qfpe = — >
fpc n

©)
wheeg,., &, R,s,andn are, respectiely, the
water dishage, cross-sectional aga,hydraulic
radius, gradient,and lydraulic oughness of
ead flood-plain dannel in Sl unitsWe mea
sured the widths andVo-water deoths of all 105
flood-plain dannels in the 2010 kmeadh
between S&o &ulo de ONenca and Obidos
mgpped on the 1:100 000 scaleaBilian Nary
piloting chatts (Mettes et al. 1996, Fig. 13).
Since the dposition of sediment spads fom
the upsteam ends of thddod-plain dannels,
the deths were measwrd over tabular sills
0.5-5 km long with the assumption thhese
feaures contol the fow enteing the food-plain
channel ér a gven water-surface elgation in the
main dannel Addition of the stge chang be
tween lav water and ap other mainstem dis
chamge alloved us to compute the assdei
flow depths in the lbod-plain dannels. Lav-
water flow depths mnged to 16 mhigh-water
depths to 30 mand widths to 2000 m. Ding
the peiod of rising weter, there is little fow from
the f1ood plain into thelbod-plain t©lannelsThe
assumption of stegduniform flow, implicit in

tion of weter-surface gadients in the eber seec
tion on dhannel gadient.) Manning mughness
coeficient was assumed to be 0.@8 tand-bed
channels (Hendspn,1966,p. 99).

The sediment conceations of water decanted
into flood-plain tiannels wre estiméed as 6r
the difuse werbank fow, except tha the surfice
sediment concerations in the mainktannel vere
increased ¥ 1.25 br silt-day and ty 2.0 for sand
reflecting the 'ertical distibution of the tvo tex-
tural dasseseeraged over typical deth ranges of
flood-plain diannels (Aalto1995).The esult of
this genealizaion was th&85% of the computed
sediment gpott to the diannels \as silt-¢ay and
15% was sand

We calculéed sedimentléixes into food-
plain dhannels ér the highesteacoded stge in
the main bannel anddr an edy-rising stae, 4
m above lowv water, to bradket the ange of con
ditions betveen high ater—lonv sediment con
centation and lav dischaige—high sediment
concentation. The computedldéw velocities in
flood-plain dhvannels deerased iregulaty dowvn-
stream as adient diminishegand aeraged 1.2
m sat high low with a mnge from 0.5t0 2.3 m
st they averaged 0.75 (0.25-1.6) nTsat eaty-
rising weter. There was an iregular davnstream
increase in the lgest food-plain hiannel dis
chamge in a ead as the deease in glocity was
offset by the incease in the widths of the ¢mr
flood-plain tannelsThe distaiges br the 105
flood-plain dhvannels wre exponentialy distiib-
uted; the high-ater mean \as gproximately
8800 n¥ s1 (range 700-41 000) and the &ar
rising mean &s 4050 s (0-25 000)The
flood-plain tiannels thuspproad diffuse wer-
bank fow & one end of the dishution and ma

jor andrandes of thémazon & the other

The davnsteam deaase in sediment con
centiation and the iregular incease inbod-
plain channel disbamge combined to yield no
alongsteam tend in dvannelizd sedimentxe
port from the main stem (§. 8A). Sediment
fluxes into food-plain diannels anged from
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0.002 to 0.34 Mt dat (mean = 0.07 Mt da’;
median = 0.025 Mt da?) for eaty-rising water
and flom 0.007 to 0.42 Mt da® (mean = 0.11
Mt day~L; median = 0.06 Mt da?) a peak fow.
The small ange between the tw time peiods
was due to the &detting efects of inceasing
water dishalge and de@asing sediment cen
centation on the ising limb of the drograph.
We typothesied tha trap eficiencies of
flood-plain dannels wuld scale iversely with
dischage because theegter depths and glock
ties of fows in the lager channels&vored leg-
ing sediment in suspension. Using meadiged
iment infows and outbws of 5 food-plain
channels haing dishages angng from 23 to
5600 n¥ s {(Mertes,1990),we regressed p ef
ficiengy against the Igaiithm of dishaige. The
resulting iverse elaionship (tep eficiengy
[percent] = 128 — 10.8 qupc), although signif
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Reaches from SPO to Obidos

cant athe 0.05 leel, has a pody deined slope
The eldionship vas used oglas a ough guide
of how trap eficiencies ange from 95% to 100%
for the smallestdod-plain hiannels (~10-20
s to gproximately 10% fr the lagest (~50
000 n? s7Y), thus meging with the behaior of
diffuse awerbank fow a the smaller end ohan
nel sizs and with major ahaandes of the
Amazon mainstem tathe otherWith a lager
sample of bannelswe might hae been ble to
improve the estimidon of trap eficiengy by in-
cluding gadient in the angisis, but this did not
reduce uncéainty with the curent dda set.

We then raltiplied the eport rate of sediment
into eat flood-plain dannel ly its trap efi-
ciengy, estimaed from its distage, to calculae
the sedimention rates & eaty-rising and high
flows (Hg. 8B). These dposition etes aeraged
0.02 Mt dg~1 (maximum 0.07) br rising weter,
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and aeraged 0.03 Mt dg ! (maximum 0.08) br
the peakThe dgosition ate diminished gadu
ally dovnstream because of the diamng trap ef
ficiencies assodiad with lager lood-plain dant
nel dishages. In the dansteam eadies,more
flood-plain tiannels behee like an&randes of
the main bannel; sediment is\&pt thiough them
and bak into the tiannelTo compute the coritr
bution of flood-plain diannel sedimentian in
ead read), we averaged the high and Ve values
of deposition br eat flood-plain hannel and
multiplied by the anmal rumber of dgs of flow
into the food-plain diannel (120 beteen dtica
and S&odsé dcAmatari; 180 dgis upsteam and
downstream) and summed thesults ly reah
(Fig. 9).

Upstream of the coified ead tha begins &
Jutica, flood-plain dannel dposition is in the
range 0.29-0.33 Mty km L, In the ditica—S&o
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José doAmatari reah thee ae fewer flood-
plain channels and a sher duetion of over
bank fooding in the naower flood plain,and
flood-plain diannel sedimentian bayins to de
cline, reacing a mininum of 0.12 Mt yrt km-1
in the Manacpur(i—Sao dsé doAmatari read.
Downstream of the Purls e and the Rier
Madeira mouthwhere the food plain bgins to
widen a@ain (Fg. 3), mainstem sediment cen
centetions ae low and thelbod-plain hiannels
are so lage and their &ip eficiencies so lav tha
the deposition ete does notise to upseam \al-
ues,despite the inerased dwtion of flow into
the flood-plain dhannels. Flood-plainhannel

méted and the eor would tend to indicg scour
or lower accurnlation in Fgure 4. Unceinties
in sediment-ating cuves,and in measwd or
computed Ibw recods,may have led to positie

Figure 9.Annual rates of sedimenttion in
all flood-plain channels in eab reat. Abbre-
viations as in Fgure 3.

this light,the stoege tem also behees in aea
sondle manner

Although the indiidual dcannel-stoage
changes ae pobably within the limits of esolu

and neative residual erors. Another potential tion of our tebiniques ér most eadhes,we in
souce of eror is the dispadiy in time betveen the clude the esults fom all rades in thedllowing
daa used to estini@eab sedimentléix in equa  discussion since thesugyest tends thamay be
tion 1.A second set of potentialghlems is the investigated though futher monitoing. The pa
difficulty of measung some of the quantities tems of sedimentamoval or accurnlation are

used as we hare emphasied heein. For exam
ple, we desdbed ealier how bias in the lbod-
routing sbieme ér computing verbank sediment
flux probebly caused an esr in tha sediment-
budget tem between Xibeco and Ifeua. Hav-

sedimentton vairies fom 0.33 to 2.0 times the ever, the erors ae conined within thosegades.
diffuse averbank sedimentian upsteam of the We hae not beenlde to deise a sheme or
Purus ath, but dowvnstream the faction lies in  quantifcation of all conceiable erors in the ar-

the mange 0.10-0.23except near the mouth of ious estimton tedniques.

the River Madein,wher both brms of sedi
mentdion ae suppessed (Mdes et al..1996,
cover photo).

Mainstem Channel Stoage

The inal tem in the mass balance of etjoa
1is defned as the anral rate of dhange in han
nel stoege, including sediment eded fom or
deposited on theltannel bed or betsen the
landvard edg of a bar (2 mizove average low-
water stge) and the maintannel bankAccu-
mulation of sediment in thehannel vould plot
in the positie field in FAgure 4. Havever, since
it is delived ony as a esidual the same ten
also ircludes ag overlooked sediment émspor
processes or grs of estim#on. For example
sediment evded fom a bank (sutas a teace)
higher than 8-11 mhave the lav-water stage
mapped on naigation chatts would be undessti
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Because of our conagebout erors accurn-
lating in the esidual tem, we highlighted the
stotage tem in Fgure 4 ty using squaes linlked
by lines,rather than bay. The question of eor is
paticulady important because the teris a lage
fraction of the sediment balance of mestdes.
It is impottant,therefore, to knov whether the
alongsteam péem of these esiduals is domi
naed ty erors or eflects eal dannel-stoage
processes. Coitfence in the lder case ases
from: (1) the inteanrual consistencof the net
suspended-sedimenatrspot quantities (k.
5); (2) the oughly correlaed behwior of the two
textural dasses (Mich is patly but not wholly
due to the assignment akéd popotions of
sand and siltday in the computdon of E,
Dyar Dowrbie andepc); and (3) thedct tha the
other quantities in eqtian 1 ae &plainadle in
temms of typothesied contolling factoss, as
demonstated in regoing sectionsViewed in

associtged with dianges in gadient and dis
chaige along theiver, and theefore, appaently,
with changes in the long-ten sediment-ainspor
cgpacity of eah reat. Fgure 4A demonsttes
tha the silt-day storge is ngtive (implying net
channel epsion) flom Sao Bulo de Olenca to
Jutica,fromAnori to S0 dsé doAmatari, and
from Raura to Obidos. Sand stge is also nge-
tive upsteam of ditica and in the &ra-Obidos
read (Fg. 4B). Despite thesct thathe sampling
stations do noteactly mach the beaks in gadr
ent indicaded ly the s¢ellite altimety in Hgure 3,
in eat of these exding eates (km 740-1528,
rkm 1885-2228and km 2474-2750) thehan
nel gadient inceases donstream as theiver
crosses strctural feaures and thelannel is con
fined The davnstieam stegening inceases the
sediment-tanspor cgpacity of the iver bgrond
the incement of sediment supplied to then
nel in thesegaties TheAnori—-S&o dsé daAm-
atari (km 1885-2228)gad also eceves a lage
increment of sedimentée vater from the Rver
Negro. The Raura-Obidosead receves water
from the Rver Madeign, along with a sediment
load thais laiger than the infix to S&o Rulo de
Olivengaput the net dect is still br sediment to
be scoued from the stegening eat. Where
channel gadient deaases densteam,be
tween ditica andAnori (km 1528-1885) and
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betweenSao dsé doAmatari and Rura (Rkm
2228-2474x%ilt-clay is dgposited along thehan
nel (positve values in fg. 4A). Sand accum
lates in the bhannel thoughout theeat dovn-
stream of dtica,but thee is a siong mininum in
Manac@uri—Sao dsé doAmatari read (rkm
2031-2228) because of theshing action of the
Negro River outfow.

The assoction between davnsteam tanges
of gradient and lbanges in diannel staege is
strengthened Y a calculéion tha can be made
for the ead downstream of Obidoswhere the
channel gadient @peas to be ddning slightly
on the devnstream side of the Monilegre in-
trusion (Fg. 3). Metes and Dunne (1988) esti
mated tha an aerage of 300—400 Mt of sedi
ment (0.67-0.89 Mt y* km™Y) are deposited
ead year in the 450 kmeath between Obidos
and the coastyhere the iver dvides into seeral
distributary channels befre enteing the coastal
zone They based this comasion on the dfer-
ence betwen the estimad sediment disage

DUNNE ETAL.

to indicae whether the impliedlangs hae
taken place

The stoage potrayed in Rgure 4 efers to an
nual totalsThere ae seasonal iams of netfux,
sud as the one documentext the Managauru-
Obidos eat by Meade et al. (19853nd inter
preted to be due to settling arebuspension of
sedimentesulting fom danges in vater-surface
gradient causedybthe timing of veter inflows
from the major thutaies.A more compehensre
anaysis of the same seasonaliaions in netlx
confrms tha silt-clay accunulates in all the
reahies betwen Managaur(i and Obidos ding
ealy to mid-ising water and then issmoved &
higher and Ieer st@es.The dgosition of sand per

(161 Mt yrY); for sand the calcuied stoege was
58 Mt yr1(19% of the input)and the standdr
emor 44 Mtyr,

Exchangs betveen the hannel andléod
plain in eab direction exceeded the amal dhan
nelized sediment émsporinto or out of theead
(Table 3). The anmial suppy of sediment enter
ing the dannel fom bank aevsion was computed
to be 1570 Mt yT.. An estimaed 380 Mt yr!
were transemred to bar st@ge, while 1690 Mt
yr-lwere transkmred to the bod plain (460 Mt
yrlin channelied fow; 1230 Mt yr-lin diffuse
overbank fow). Calculded deposition on the
bars and food plain eceeded bank esion ty
500 Mt yr(32% of the bank esion suppl).

sists a little lger into the food season and is Thus,we hae two indgpendent estintas of net

reestalishedsooner on the diaing hydrograph.
However, thebed-méelial samples smAmazon
cruises (Metes and Meadd 985, Table 2) ind
cae tha the silt-day “disgppeaing” from the fux
measuements is not settling to the hatthough it
may be deping the banks anduees. Een d

at Obidos (then estinted to be 1100-1300 Mt eaty-rising water, it is rare to ind bed meerial

yr-1) and the sum of gisition on the continen
tal shelf (610-650 Mt y#; Kuehl et al. 1986)
and the ate of along-shelf sedimentmspot
(100-200 Mt yrl, estimaded by Augustirus,
1982; Nittouer et al.1986).The hudget was es
sentially confrmed ly Nittrouer et al. (1995).
We hypothesie tha most of this sediment is de
posited betwen the Montélegre intrusion and
the Guupa ach (goproximately rkm 2800-3200
in Fig. 3B). Radar imgety thele (Radamtasil,
1972) eveals a suden dang in the alluvial
morpholagy (Mertes et al.1996,Fig. 16,c and
d), from a food plain occupiedyhundeds of
lakes to a delta plain thappeas to hae been
filled as the @erage water-surface gadient de
creases essentiglit sea lgel, but where the ve-
ter is still fresh.

The =tes of sedimenemoval and accumla-
tion for reades implied g the stoage tem in
Figure 4 mange to 16 cm yrl, except in the S&o
Paulo de Olenga—Santéntonio do Iga ead.
The calculéed scour of 40 cm ytther is at
most cefainly an eror in estiméing small dif

containing mae than adw percent silt-day in the
main dannelThis finding sugests thathe sea
sonal ¢namics of silt-tay transpor are modu
lated though &changes with the hannel magins
or flood plain ether than simpl by in-channel set
tling and esuspensiomhe other angkes in this
paper indicde thad the sedimentlmgets ofAma
zon reades ae subject to xchangs with the
flood plain thadwarf the seasonal @i#rences in
net suspendedlik, even though w& cannot gt re-
solve them &a subannal scale

CHANNEL-FLOOD-PLAIN SEDIMENT
BUDGET

Figures 4 and 10 summze the sedimentuat
get of eab channel ead along the enta 2010
km of theAmazon Rier between S&o &ulo de
Olivenca and Obido®f the peiod of our esti
mate. The peceding tgt also desdbes a less-
detailed estimiz of dgoosition ete in the delta
plain davnsteam of the Montélegre intrusion,
for a combinedead length of 2460 knilables

ferences beteen inputs and outputs in the vicin 2 and 3 indicte tha an aerage of 616+ 44 Mt

ity of the Rver Ic4 conuence In paticular, if
the calculted stoege changes ae even gproxi-
maely correct,they imply channel levering of
0-3 cm yrlin the S&o Rulo de OlWenca—dtica
reah and 5-6 cm y*in the Manacpuri ead.
Downstream of ditica,they indicae the tiannel
bed to beising & approximately 2—4 cm yr?!
during the peiod of our meas@ments. Dan-
stream of the mouth of the ®ir Madein, calcu
lations pedict the bed to bésing & 16 cm yr?,
and upsteam of the Montdlegre high to be
lowering & 12 cm yrk. Recods of dhannel-bed
elevation & gaugng stdions ae not long enough
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yr-tof sediment ented the bannel athe upper
end of the stugread (Sao Rulo de ONenca)
and vere augmentedybl17+ 8 Mt yr-1from the
lowland tibutaies and 71% 94 Mt yrifrom the
River Madein, despite the long paggaof this
tributary acioss the Bazilian ceton. The anwal
sedimentlfix past Obidosweraged 1239+ 130
Mt yr1, indicating an aerage anmial accurala-
tion rate in the ead of gproximately 209 Mt
yr1(14% of the inlux); the standateror of the
storage tem was 167 Mt yr (Table 3). The cai
culated silt-day stolege was 151 Mt yr! (14% of
the input) which was less than its standagror
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sediment accuniation in the 2010 kmaad: ap-
proximately 200 Mt yrtand 500 Mt yrL, which
agree in sign and eneal manitude thereby
crudely validaing our @tempts to calcuta indi
vidual channel-dood-plain &changs. Of thee-
maining fux past Obidosanother 300-400 Mt
yr1(24%-32%) do noteat the ocearhut ae
deposited in the delta plain.

The sedimentimget of the 2010 kmead in-
dicaes thatranspor of maerial through the al-
ley is stongly modulded ty exchanges of sedi
ment with thelbod plain,anrual values of vhich
exceed theltannel tanspot. Exchanges with the
flood plain irvolve both lydrological processes
sud as @erbank fooding and gport to flood-
plain channels,and mopholagical changes
sud as bank ersion and bar gmsition (Fgs. 1
and 4)When compaed to the anmal channel
sediment tanspot, using the werage flux past
Obidos (1240 Mt yf) as a scale equal to 1tfe
other tems in the sedimenuidget for the \alley
have maynitudes of S&o Rwulo de ONenca in
flux = 0.5; Madeia influx = 0.6; other ibutaies
= 0.1; bank eysion = 1.3; bar gmsition = 0.3;
diffuse werbank dposition = 1.0; dgosition in
flood-plain diannels = 0.4.

If the relative manitudes of the sediment-e
changes ae typical of otherivers tha have lage
flood-plainsthere ae impotant implicaions for
the tlanspor and stoage of tydrophobic méeeri-
als associad with sediments.df example Fig-
ure 10 illustetes tha between S&o &ulo de
Olivenga and Sam3é doAmatari the dannel
transpot remains &irly constant 8600700 Mt
yr-L. Between the tw sectionshank eosion con
tributes a total offaout 1300-1400 Mt yt, and
deposition on the barand ood plain emoves an
equal or lager amount. It isgasonkle to expect,
therefore, tha all or most of the sediment passing
Obidos has spent time in tHedd plain duing
transit though the walley, and tha most of the
sediment passing Sdauto de Olenca in 1 yr
might be entiely deposited bedre reading S&o
José doAmatari.



SEDIMENT INTHEAMAZON RIVER IN BRAZIL

Bank Erosion and Tributaries

Jurua

Japura

Sé&o Paulo de Olivenca
S. Anténio Iga
Xibeco

Tupé

& Purus

Itapeua
Anori
Manacapurt

Jutica

Flood Plain and Bar Deposition

Madeira
3
S
N S
g ‘Q
Negro 3
‘= Q.
I
©
g
<
‘O
%)
o
IS
n
1000 x 108 tyr
0 200 km
I —
500
0

Figure 10. Sediment bdget for the 2010 km ead of theAmazon River between S&o Bulo de Olivenga and ObidosBrazil, summarizing the
budgets measued and calculaed for eac of the 10 eades (ranging in length from 146 to 280 km) betwen fiver cross sections tere enough
sediment-distiarge values hare been measued to enerate a sediment ating curve, and thus to compute a long-tem sediment fux. The dia-
gram has been eploded & each measuement section so thethe individual budgets br eac reacd may be inspectedRepresented in the upper
left corner of the plot for eacth read is the bank epsion. Rgresented in the laver right of ead plot is the dgposition on bars and food plains
(both overbank and in channels).Tributary inputs are shavn along the upper pats of the plots; especiajl prominent is the lamge input of sedt

ment from the Madeira River.

TABLE 3. SUMMARY OF THE CHANNEL-
FLOOD-PLAIN SEDIMENT BUDGET FOR THE REACH
OF THE AMAZON RIVER VALLEY BETWEEN SAO
PAULO DE OLIVENGAAND OBIDOS, BRAZIL

Channel sediment transport

Input from S&o Paulo de Olivenca

Input from lowland tributaries
Input from River Madeira
Output at Obidos
Accumulation in reach

Channel-flood plain exchange processes

Bank erosion
Bar deposition

Diffuse overbank sedimentation
Channelized flood plain sedimentation

Net transfer to flood plain

616 (+44)
117 (28)
715 (+94)
1239 (+130)
209 (+167)
1570
380
1230
460
500

Notes: Values are in Mt yr. Numbers in parentheses are
standard errors of the estimated means for the calculations
based on sediment sampling in channels. Another 300-400 Mt
yr! are deposited in the delta plain downstream of Obidos.

Alongstream péems in eah of the tems of
the decadal sedimentdiget (see K. 4 and its
discussion) a& associged with edures gpar
ently produced  intracratonic tectonics and ma

the food plain narows. At the davnsteam end
of the fault Hock, the iiver is also dietted against
the souther terace ly tilting of the \alley floor
toward the south-southeast. In thesades,the

jor tributary inputs of vater and sediment. Someriver’s siruosity and miggtion rate ae deceased

of the stoage changes ae within their standar
erors and a& induded ony as working hypothe
seswhile the unceainities ae reduced b fur-
ther sediment samplinghe pllowing patems,
however, are emakably consistentThe fiver is
confined by cohesie teraces as it asses the
Puras ath and the Montélegre high,and thus
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and the gadient inceasedThe esulting devn-
stream sequence of ireasing and then dexas
ing gradient (Rg. 3) is associad respectiely,
with scour and then with accuation within the
channel (squa symbols in . 4),the pdtem
being complicted slighty by scour of silt-tay
downsteam of the sediment-poorer Negro.

In the eades fom Sao Bulo de ONenga to
Jutica,the gadient gneally increases (ig. 3B)
and the squas in Fgure 4 indicde scourLow
gradients betwen Jitica andAnori ae associ
ated with net accunlation. The incease in g
dient as the Purlsdr is gproacted leads to
scour of silt-tay and a eduction in the accuma
lation of sand Downstream of the ah, the ga
dient deceasesbut the masse inflow of sedi
ment-poor vater from the Rver Negro causes
scour of silt-tay and a eduction (to &) in the
accunulation of sandLow gradient devnstieam
of S&o dsé doAmatari and the laye sediment
supply from the Rver Madeia cause dmsition
of both textural dasses in the xéreat dovn-
stream.The inceasing gadient betwen Rura
and Obidos is assot@l with net scour of both
textures &en as theiver gproades tidevater.
Downstieam of the MontAlegre intusion there
appeas to be a slight deease in tadientand in
this read rapid sedimenti#on occus in the delta
plain,as desdbed in the section on mainstem
channel stage.

The efect of gadient,however, is not simpy
to detemine the suspended-loadtispot cgpac
ity of the dnannelwhich is curently unknavn.
Instead the tectonic actity (whether curent or
not) afects thedrm and behéor of the tiannel
and food plain (Fg. 3; Metes et al., 1996),
which together with the drology of the \alley
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floor contols the pocesses of banka@sion,bar
deposition,and dispesion of sediment into the
flood plain,as desdbed heein.

CONTROLS ON SEDIMENT EXCHANGE
BETWEEN CHANNEL AND FLOOD
PLAIN

In this stug we identifed four major food-
plain—dannel &changs of sedimenor a lage,
naurally functioning iver. Their relaive impor
tance else@her will vary with the ggomophok
ogy, hydrodimatology, and mangement of par
ticular tivers.We desdbed the gomophic and
hydrologic processes thaontiol the exchanges
and dannelized tanspot, and illusteted hav
they might be anaized and pedicted in other
river alleys.

Several geneal principles ae sugested
our anaysis.

1. The bank and baxehanges irvolve dhan
nel shifting and & least the bank esion is
weakly corelaed with dannel simosity, and
thus indiectly with flood-plain width.These g-
changes can bewaluaed for eat gain siz by
multiplying tagether:average bank or bar height
(as ppropriate), grain-siz2 compositionand the
area of food plain eoded or dposited in a péod
of time. Bank and bar eletions and tetures ae
currently obtaindle only through feld sureys.
Areas of epsion and deosition mg be obtained
by mgping dannel bangs,as done hey and
projecting aerage rates into the futue, or from
calibrated pedictions of bannel migation, us-
ing an @aproad sud as the bend thepof Ikeda
etal. (1981) anddker et al. (1982). Invers tha
are rapidly depositing bed mizrial because of

DUNNE ETAL.

3. The dispesion of sediment timugh food-
plain dhannels is equal to theater flow into eat
channel (calculked from flood-plain dannel
geomety and main-bannel veter stae) multi-
plied by the sediment conceation of main-
channel veter averaged over the deth of the
flood-plain tannel and Ypthe tiap eficiengy of
ead flood-plain dannel This dhannelied dpo-
sition theefore dgoends on (1) the neaurface
sediment concerdtion in the main bannel (e-
ferred to &ove); (2) the duation of flow into eat

University of Washington261 p.

Dietrich, W. E., Dunne T., Humphey, N. F.,, and ReidL. M.,
1982, Constuction of sediment udgets br drainage
basinsSediment bdgets andaeuting in brested dainage
basins:U.S. Forest Sevice Geneal Technical Reort
PNW-141, Pacific Northwest Forest and RargExper-
ment Stéon, p. 5-23.

DunneT., 1988,Geomopholagical contibutions to food con
trol planning in Baker, V. R., Kochel,R. C., and Rtton,
P. C., eds.,Flood ggomopholagy: Chichester United
Kingdom,Wiley and Songp. 421-438.

Gibbs,R. J., 1967,The ggocdhemisty of theAmazon River
system:Part |. The factoss thd contiol the salinity and
the composition and conceation of the suspended
solids: Geolaggical Society ofAmerica Bulletin,v. 78,
p.1203-1232.

rood-pIaln (hannel; (3) the dimensions of theGomez,B., Mertes,L. A. K., Phillips,J. D., Magillig an,F. J.,

flood-plain dannel; (4) its & eficiengy, which
conelaes with its dishaige and possll its ga
dient; and (5) the disbution of theselbod-plain
channel bamacterstics along thealley.

These pinciples should pply to all lage

channel-ood-plain systems and could be used

as a basisdr anayzing valley-floor sediment
budgets and pdicting their esponse to efror:
mental and antbpagenic hange.
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