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ABSTRACT

New data and new estimates from old data show that rivers with large sediment loads (annual discharges
greater than about 15 x 10 tons) contribute about 7 x 10” tons of suspended sediment to the ocean yearly.
Extrapolating available data for all drainage basins. the total suspended sediment delivered by all nvers to
the oceans is about 13.5 % 10 tons annually: bedload and flood discharges may account for an additional 1-

2w 10¢ tons. About 7097 of this total is derived from southern Asia and the larger islands in the Pacific and

Indian Oceans. where sediment yields are much greater than for other drainage basins.

INTRODUCTION

The major source of both solid and dis-
solved material transported to the oceans is
the rivers draining the continents. Two dis-
tinct methods have been used to estimate the
mass of riverine sediment entering the
oceans: one estimates the mass being carried
oceanward by rivers (e.g.. Kuenen 1950:
Lopatin 1950; Holeman 1968). while the other
method estimates denudation of the conti-
nents (e.g.. Gilluly 1955; Fournier 1960:
Schumm 1963). Sediment loads based on this
latter method are significantly greater than
those based on the former because they in-
clude a large amount of eroded sediment that
never reaches the ocean. LOpatin’s and Hole-
man’'s estimates, for example. are 12.7 and
i8.3 » 10° t yr ' whereas those by Gilluly
and Fournier are 32 and 51 x 107t yr~ ' (see
Holeman 1968, for a comparison). .
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Acceés to new data concerning major
world gwers, many of which previously were
unavaifable. now allows us to compute new
sediment load budgets. Since the publication
of Holeman's paper. for example, new data
have @ecome available for the MacKenzie,
Ama;bn. Orinoco, Limpopo, and Zaire Riv-
ers and for several Alaskan rivers, as well as
more Yhan 25 vears of recent records for the
Yelloy (Huangho) and Yangtze Rivers (and
smaller Chinese rivers).

In this paper the data are presented in two
ways. First, discussion is limited (with a few
notable exceptions) to rivers with annual sed-
imept discharges in excess of 15 x 10°t. Asa
basis for comparison with ez-lier published
data, the values given by Holeman (1968) and
Lapatin (later updated by Strakhov 1961,
anQ Lisitzin 1972) are listed. Also listed are
the drainage basin areas and water dis-
cHarges. which (with the exception of North
Alnerican and Chinese rivers) have been ob-
tained from the compilation by UNESCO
(1969, 1974, 1978, 1979). In the second part of
the paper, these data are combined with other
measurements and estimates to derive the av-
erage sediment discharges for the various
“continents. For most of the largest drainage

. ¥

basins, one or more of the listed rivers are
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2 J. D. MILLIMAN AND R. MEADE 35,
TABLE 1 is
QuarLity ofF Data Base FOR 21 LARGEST RIVER-SEDIMENT IDISCHARGES TO THE OCEAN &
3
Average Sediment Adequacy of §
River Discharge (10%t/yr) Data Base
1. Ganges/Brahmaputra 1670 - Inadequate k!
2. Yellow (Huangho) 1080 Good %
3. Amazon - 900 Inadequate i*i
4. Yangtze 478 Good §
5. Irrawaddy 285 Inadequate(?) 2
6. Magdalena 220 Inadequate <
7. Mississippi 210 Good
8. Orinoco 210 Sufficient i
9. Hungho (Red) 160 Inadequate
10. Mekong 160 Sufficient
11. Indus 100 Sufficient
12. MacKenzie 100 Poor to fair
13. Godavari 96 Inadequate
14. La Plata 92 Inadequate to Sufficient
1S. Hatho 81 Good
16. Purari 80 Inadequate
7. Zhu Jiang (Pearl) 69 Sufficient to good
18. Copper 70 Sufficient
19. Danube 67 Good’
20. Choshui 66 Sufficient
21. Yukon 60 Sufficient

used to derive the sediment vield (sediment
load per square kilometer of drainage basin
area per year).

POTENTIAL ERRORS IN ESTIMATES

The data upon which our estimates are
based have a number of serious potential er-
rors, which need to be taken into account
when considering either local or world-wide
budgets. The most important factor is the
widely variable quality of the data, whichisa
result of differences in measurement tech-
nigyes. in lengths of observation, and in sam-
pling,procedures. Inadequate sampling with
depth, for example, can only underestimat2
the sediment load. particularly the coarser
fraction. Moreover, many rivers are poorly
studied or unmeasured during large floods,
when sediment discharge may be particularly
important. Rivers in the more developed
countries tend to be well documented, while
data from less developed countries com-
monly are less adequate. Unfortunately,
these latter rivers are the ones that discharge
the most sediment to the ocean. Of the 2|
largest rivers that contribute nearly 50% of
the total sediment discharge to the oceans,
only five (Yellow, Yangtze, Mississippi.

Haiho, and Danube) can be considered ade-
quately documented (table 1).

Compounding the problem still further is
our inability to gain access to original data;
quoting published reports results in recycled
data. Perhaps the ultimate example of recy-
cling is the estimate for the Irrawaddy quoted
by Lopatin/Strahkov/Lisitzin and by Hole-
man (300 x 10°t~ ' yr), which in fact is based
on measurements made by the British in the
1870°s (Gordon 1885). Where possible, we
have quoted the source for our data and dis-
cussed those data that appear to be exten-
sively recycled. If the estimates are new, we
present brief discussions of the measure-
ments and assumptions used in calculating
the estimates.

In addition to the sampling problems, many
of the available river data have been collected
at gaging stations upstream from the river
mouth, commonly at distances far enough up-
stream so that some of the load may deposit
between the station and the river mouth or,
conversely, downstream tributaries may con-
tribute additional sediment. Judging from the
number and prominence of subaerial deltas,
we suspect that a considerable mass of the
sediment estimated to be transported by riv-
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Fi. 1.—Graphs showing sediment discharge. water discharge.%nd drainage area along the Yellow River
{Huangho) of China. Modified after Long and Xlong (19811, and bdsed on continuous datly measurements at
a4 number of gaging stations during 1965-1974. Sediment discha@e (top graph) increases markedly as the
river enters the loess region (about 3500 km from source). decréases as the river flows across the alluvial
plain (4500-S350 km). and decreases most markedly in the delta region (5350-5500 km). Last downstream
gaging station is at Lijin. about 5350 km from the source of the river.

ers never reaches the ocean. Perhaps the best
documented example is the Yellow River
{Huangho) of China (fig. 1) where 33% of the
sediment is deposited on an alluvial plain and
another 43% in the delta region. Only 24% of
the sediment that flows out of the Sanmen
Gorge and into the lower Yellow River actu-
ally reaches the ocean {Long and Xiong [9%1).

Even if our data were uniformly accurate,
our world-wide budget probably underesti-
mates the sediment loads of small rivers. For
every oyder of magnitude increase in drain-
age-basin area. the sediment yield decreases
about 7-fold (fig. 2). In large part. this reflects
the inability of smaller basins to store sedi-
ment; what is ercded is more completely re-
moved from the small basin. Similar relation-
ships have been documented in interior
continental drainage basins (Schumm and
Hadley 1961: Lopatin 1962). Thus the input
of sediment to the oceans from small moun-

tainou§is}ands {Oceania) and steep slopes ad-
jacent¥to the ocean (Pacific coast of North,
Centrﬁl and South America) may have a
greater impact upon the world budget than
we have calculated.

Thi bedload transported by rivers has not
been’considered, primarily because it has not
heert measured or even estimated for the
great majority of large rivers. However. n
some rivers the bedload appears to be ap-
pregiable. For instance. in the Zaire River,
begﬂoad may be greater than the suspended
load (Peters 1978). (In this paper we use the
1c§n “suspended load™ to describe all the
sediment carried in suspension. which in-
cludes sand, as well as the siit and clay often
referred to as ““washload.™™) Coleman (1969)
mentioned sand waves and dune fields within
the Brahmaputra that during monsoon floods
éan reach heights of 13 m. lengths of 200 to

.900 m. and migrate downstream by as much
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Fi. 2.—Comparison of sediment yields and drainage basin areas for all major sediment-discharging
rivers (greater than 10 < 10° t yr ). Open circles represent low-vield rivers draining Africa and the
Eurasian arctic. Smaller basins have larger vields. although the largest rivers (Amazon. Yangtze, Ganges/
Brahmaputra and Yellow) all have greater loads than their basin areas would predict.

as 600 m/day. Extrapolating this rate across
the yiver channel gives daily bedloads of 10°
to 1 : t: ECI-ACE. 1970, estimated the an-
nual bedload of the Brahmaputra-Ganges (at
Bhagyakul. about 80 km upstream from the
mouth) to be 734 x 10° t. These examples
may be exceptions in that many large rivers
presumably have very small bedloads com-
pared to material in suspension. In the Ama-
zon River, for example, our preliminary esti-
mate of bedload at Obidos (Brazil) 1s only
about 10% of the suspended load. A rea-
sonable estimate for the world-wide annual
bedload is about 1-2 10° t, although how
much of this material actually reaches the
ocean is debatable.

Finally, these average values do not take
into account catastrophic events such as se-
vere floods. This effect probably is particu-
jarly important in small rivers. For instance,
the Santa Clara River in southern California
has a drainage basin of only 4100 km” and an
average suspended-sediment discharge of 69
x 10° t " yr (Curtis et al. 1973). Yet during a
flood in 1969, this river carried SO x 10°1, 22
x 10°t of which were transported in a single
day (Drake et al. 1972). Similarly, the Oued
Medjerdah (Tunisia) contributed an es-
timated 25 x 10° t during a 6-day flood in
1973, a sediment yield in excess of 1000 t
km~* yr~! (Claude and Loyer 1977). Such
catastrophic floods need not occur often to
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DELIVERY OF RIVER SEDIMENT 3

produce a major impact upon the sediment
flux to the ocean. Unfortunately. such events
are rarely measured.

SEDIMENT LOADS OF MAJOR RIVERS

North America. —The sediment loads of
the large rivers in North America have been
measured for as many as 50 vears, although
those of the large rivers in the extreme north
have been measured for only a few vears.
Curtis et al. (1973) have summarized the data
collected through 1969 in manv of the U.S.
rivers.

Rivers draining the eastern part of the con-
tinent have small sediment loads. The St
Lawrence River. although its drainage basin
is large. transports a very small load because
most sediment is trapped in the Great Lakes.
Lisitzin (1972) listed the Hudson River as car-
rying 36 > 10° t yr ', but in fact this river
transports only about 10° t yr '

Rivers discharging into the Gulf of Mexico
transport the greatest amount of sediment in
the conterminous United States. The Missis-
sippi River is the largest but. because of re-
servoir construction. bank stabilization. and
improved soil conservation. its sediment loed
has decreased considerably during recent
vears. Strakhov/Lisitzin give the annual sedi-
ment discharge as 500 = 10”1, Holeman gives
349 « 10° {; our estimate. which is based on
the 17-yzar mean for the period 1963-79. i<
210 < 10°t. This estimute includes the Mis-
sissippt at Tarbert Landing (130 % 10° £) and
Atchafalaya at Simmesport (20 % 10", Simi-
tarly. the Brazos River now carries only half
the amount estimated by carlier workers
(Curtis et al. 1973,

Sediment loads in rivers of the western
United States gencrally are considered to be
large. but again dams and reservoirs have ce-
creased them considerablv. The best-known
example is the Colorado River. which once
transported an average of 135 % 0% w oyvr !
through the Grand Canvon. but now trans-
ports less than 0.1 » 10° t into the Gulf of
California. Dams apparently have decreased
the annual sediment discharge of the Colum-
bia River (o about 8 » 10°t. The largest sedi-
ment load to the west coast of the contermi-
nous U.S. is by the Eel River of northern
California. with an cstimated annual sedi-
ment discharge of 14 » 10° 11 Curtis et al.

(1973) reported the annual cediment dis-
charge of the Eel to be 26 x 10° t. but this
average includes the December 1964 flood,
which was considered to he a 200-year flood
(Janda and Nolan 1979). A somewhat larger
annual load is carried by the Fraser River.
which drains much of interior British Colum-
bia—20 x 10" tons. a considerable amount of
which is fine sand (Milliman 1980).

Many of the large rivers in North America.
however. &e ones that previously have been
either inadeguately measured or altogether
ignored. The Yukon River in Alaska, for in-
stance, contributes an estimated 60 x 10° 1
yr ', The estimate for the Yukon River is
based on a S-year average of measurements
taken at Fagle and on the assumption that
this load remains approximately constant
downstream to Rampart (drainage area of
0.52 x 10° km"). Half the Yukon load, how-
ever. is derived from the Tanana River,
which joins the Yukon downstream from
Rampart (Burrows et al. 1981).

. Alaskan rivers that drain glaciers have
much gfgater sediment yields: the Copper
River, with a much smaller drainage area and
dischargg, (ransports a somewhat greater
load than the Yukon. This estimate is based
on a 3-year sediment record at Chitina plus
the following assumptions: the bed load is
small: Lhe sediment yield in the downstream
20% of the basin is twice that of the less
mountainous upstream 80% of the basin: and
about 1?5% of the sediment settles out in Miles
[ake petwecn Chitina and the river mouth
(B. ¥/ Molnia, USGS. 1980 oral comm.). Our
estimate of 70 x 10°t yr~ ' is smaller than the
107 3% 10° t yr ' given by Reimnitz (1966).
mainfy because Reimnitz assumed a larger
bed ,;foad and no settlement of material in
Miles Lake. The Susitna River. even smaller
than the Copper. carries almost half that of
the?Yukon. The Susitna estimate is based on
a féw miscellaneous sediment measurements
(1975-78) at Susitna Station, correlated
[hgugh a sediment rating curve to water-
discharge data.

The Kuskokwim and the Colville Rivers
both drain areas that include few modern
glaciers, and their sediment loads are both
about 510 10 x 10° t yr . The Kuskokwim
River has only a few measurements of sedi-

"riwnt at the gaging station at Crooked Creek,
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6 J. D. MILL:MAN AND R. MEADE

which have been plotted to make a limited
rating curve, and combined with 10 vears of
discharge records to estimate the sediment
load. Although the station at Crooked Creek
is some distance upstream from the river
mouth. it is doubtful that the downstream
drainage basin increases the sediment load by
much. The estumate for the Colville River
was determined from suspended-sediment
measurements made by Arnborg et al. (1967)
during the 1962 runoff season and the U.S.
Geoiogical Survey (1978 during the 1977
runoff season.

The MacKenzie River. draining into the
Beaufort Sea. has the second largest drainage
area in North America. but due to its remate
location. has been monitored in detail for sus-
pended sediment for only 2 years. Sediment
loads were 57 x 10°tin 1973, and 199 x 10°t
in 1974 (Davies 1974, 1975). Neill and Mol-
lard (1980) estimate the average to be 150 x
10" t. but because the 1974 data represent an
unusuallv wet year (flooding in August, after
major spring runoff, accounted for a substan-
tial proportion of the total load). 100 x 10°1
yr | per vear may be 4 more realistic es-
timate. -

South America.—The South American
continent contains three of the world’s
largest rivers. the Amazon, Orinoco. and
Parana-Plata Rivers, that are rated 1, 3. and 9
in terms of water discharge and |, 1%8. and 5 in
terms of drainage area. By far the largest in
both terms is the Amazon River. but its sedi-
ment load is still relatively unknown. Gibbs
(1967) estimated its annual sediment load to
be 500 x 10° t but did not take into account
the large increase in suspended concentration
with increasing water depth. On the basis of
mdye detailed measurements and a very pre-
limimary sediment-discharge rating curve.
Meade et al. (1979) estimated the annual sus-
pended-sediment discharge of the Amazon to
be 900 x 10° t. This estimate, however. still
contains a possible margin of error of several
hundred million tons.

Very few accurate measurements of sedi-
ment in the Orinoco or Parana-Plata Rivers
arc available. "Earlier estimates of the Ori-
noco ranged from 86 to 100 » 10°t yr ™' {van
Andel 1967; Eisma et al. 1978) and were
based on two samples collected from the
river during less-than-normal discharge (Key
Sanchez 1950). The new estimate of 210 %

10° t yr ™' is based on a sediment-rating cfyrve
constructed by David Perez Hernandez (§382
written comm.) from 63 measurementss of
water discharge and sediment concentratyon
collected during the period 1969—1975 gat
Musinacio, 650 km upstream from the river
mouth. We assume that little additional sed&';
ment is transported by the Orinoco before %

reaches the ocean: in fact a significant pakt
may be deposited in the inner delta before &

reaches the ocean. For the Plata, we use Ihéf_
estimate of 92 x 10° t yr~! given by Urien®
Fd

(1972).
The Magdalena River in Colombia, while

*

appreciably smaller in discharge and drainage %
area, appears to transport more sediment %

than either the Orinoco or Parana-Plata Riv-
ers. Jansen et al. (1979) estimate that the an-
nual sediment load of the Magdalena is 220 X
10° t. a value based on an earlier NEDECO
(1973) study in 1971-72; it appears to include
bedload. The Chira River in Peru is much
smaller. but in | of the 2 years measured
transported 75 x 10° t (Burz 1977). Whether
this large sediment load resulted from a rare
flood or represents sediment loads that are
typical of the steep rivers that drain the west-
ern slopes of the Andes Mountains is an im-
portant question whose answer requires more
data than we have.

Europe.—The rivers that drain Europe are
small and carry httle sediment. Only the
Rhone, Po, and Danube Rivers appear to
have annual sediment discharge in excess of
10 x 10°t. The Danube, by far the largest in
terms of its drainage area and water dis-
charge, has an estimated sediment discharge
of 67 x 10° t yr~! (table 2).

Eurasian Arctic.—The FEurasian Arctic,
whose total drainage area is 9.15 x 10° km?
(nearly 109 of the total land area draining
into the oceans) is drained by three large riv-
ers. The Ob, Yenisei, and Lena Rivers all
have drainage areas of about 2.5 x 10° km?
and water discharges of 385 to 560 km* yr 1.
However, these rivers drain low-lying ter-
rain, areas primarily stripped of sediment by
Pleistocene glaciers. Although newer data
may change individual estimates, their com-
bined sediment discharge is so small (63 X
10° t“annually) that any likely change in dis-
charge values would have little impact on
either world-wide or Eurasian values.

China.—Data collected during the last
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three decades permit accurate estimates of
the sediment loads of major Chinese rivers.
An uninterrupted record of the sediment dis-
charge of the Yellow River (Huangho) is
available for the years since 1950. This river,
the second largest in China in terms of both
drainage area and water discharge, drains
extensive loess deposits, perhaps the most

easily erodible material available to moving .

water. As a result, sediment loads are tre-
mendous: average yearly concentrations are
as great as 48 g‘L". and average monthly
concentrations can be in excess of 70 g L.~ .
These concentrations, as shown in figure 3,
are far greater than those for any other large
river in the world. Strakhov/Lisitzin and
Holeman listed the Yellow as contributing
1890 x 10° t annually, but this value appar-
ently reflects loads measured at a station as
the river leaves the loess plateaus. Between
this station and the ocean. some 850 km, the
river depesits considerable sediment: pres-
ent-day estimates indicate that the river
transports approximately 1500 x 10° t as it

leaves the plateaus (Long and Xiong 1981),

whereas the 31-year (1950-80) mean sedi-
ment discharge at Lijin. a few km from the
coast. is only 1080 x 10°t. The 420 x 10°t of
“missing’’ sediment is deposited on the inter-
vening alluvial plain. In addition, more than
half of the sediment that passes Lijin is de-
posited on the Yellow River delta before it
reaches the open waters of the Gulf of Bohai
(fig. 1: Long and Xiong 1981).

Estimated sediment load for the Yangtze
River measured at Datong (about 400 km
above the river mouth) is 478 x 10° t yr ™'
(average concentration—550 mg/L). Several
smaller rivers join the Yangtze downstream
of Datong. presumably increasing the dis-
charge into the oceans to about 500 X 108t
(Chen Chiyu. East China Normal Untversity,
oral comm. 1981).

Compared with the Yangtze and Yellow
Rivers, other Chinese rivers appear small.
although three rivers in northeast China
{Haiho, Daling, and Liaohe Rivers) discharge
a combined average of 158 x 10°t yr~'. The
Huaihe and Zhu Jiang (Pearl River) transport
14 and 69 ¥ 10°t yr~ . respectively. In terms
of sediment yield. these seven Chinese rivers
have an areally-weighted average of 540 t
km ™2 yr b

Asia Exclusive of China.—Rivers draining

e

the Himalayas into southeast Asia are large
but most are poorly documented. The Hungho
(Red River), Mekong, and Irrawady may
contribute a combined sediment discharge in
excess of 500 x 10°t yr™', but estimates for
these rivers are so recycled that the true data
bases are poor or unknown. The 1885 report
of Gordon, for example, refers to ‘‘carefully
measured’” silt concentrations made during-
the 1870’s, but methods are not discussed.
Only the &wer observations for the Mekong
(Borland 1973) can be considered reliable.
Further west, the rivers also transport large
sediment loads. The Ganges-Brahmaputra
River apparently carries the largest load of
river sediment in the world, but the actual
mass is not well defined because of the few
available sediment measurements. Our esti-
mate comes from a sediment rating curve
based on 53 sediment samples collected by
Engineering Consultants. Inc. and Associ-
ated Consulting Engineers. Ltd. (1970 in
the Padnd River at Bhagyakul (downstream
from the confluence of the Ganges and
Brahméﬁutra) during 1966-67. This curve
was applied to mean combined discharge data
from tle Ganges (measured at Paksey) and
the Brahmaputra (measured at Bahadurabad)
for 1969-70, 1973-75 (UNESCO 1974, 1979).
Our estimate of 1670 x 10° t yr~' is consid-
erably Jlarger than the suspended load esti-
matcssfquoted by Subramanian (1978—1180
x 10%1), Coleman (1969—980 x 10° 1) and
ECI-ACE (1970—834 x 10° 1). but smaller
than.gthe estimate quoted by Strahkov/
Lisitzin and Holeman (2180 x 10°1). Accord-
ing.to our calculations, excessive runoff dur-
ing k973 transported more than 2000 x 10°t.
THe Indus River and its tributaries, which
draifi much of Pakistan, transport about 400
x 10° t of sediment in its upper reaches. 60%
of Which is sand (Peshawar University 1970).
Préumably the estimates at Darband (more
th& 800 km from the ocean) are the ones that
have been quoted by Strahkov/Lisitzin and
Hgleman. As the river reaches the ailuvial
plain below Darband, however, large but in-
determinate amounts of sediment settle out,
almost certainly exceeding the sediment con-
tributed by downstream tributaries (180 x
10°t yr ', Peshawar University 1970). Thus,
ilhe actual mass of sediment that reached the
‘pcean after 600 km of transport in the down-
stream portions of the Indus was probably

%
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