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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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12 J. D. MILLIMAN AND R. MEADE

mtich less than previously quoted estimates.
An even greater amount of this sediment is
now intercepted by the large new dams that
have been built at Mangla, Tarbela. and else-
where. The value of 100 x 10° ¢ yr ' in table
2 is only a rough estimate. Even this amount
probably will decrease to near zero within the
next decade as the Indus River is controlled
by dams like the Nile and Colorado. Smaller
loads are transported by rivers draining the
southern parts of the Indian subcontinent.
Bikshamaiah and Subramanian (1980} esti-
mate a load of 100 x 10" t vr~ ! for the
Godavari. but no discussion of the data base
is presented.

Finally. the Tigris-Euphrates 1s unques-
tionably the most important river system in
Asia Minor. Lisitzin's (1972) and Holeman's
(1960) estimates differ by a factor of 2 (105
versus 53 10" t yr ). Most of the fluvial
sediment. however. accumulates in the land-
ward part of the delta. The fact that little river
sediment reaches the Arabian Guif is illus-
trated by the predominance of colian dust in
nearshore sediments (D.H. Al-Bakri. KISR.
oral comm. 1981).

Africa.—A number of large rivers drain
the African continent, but they now transport
very little sediment to the vceans. The Nile.
with a drainage arca in excess of 2 X 10° km”,
once carried an average of 100 x 10°tyr 1o
its delta in the Mediterranean Sea. Since the
construction of the high dam at Aswan, the
Nile transports virtually sediment to the sea:
the result is erosion of the coastline.

The Niger and Zaire Rivers together drain
more than 5 x 10° km* of west Africa. The
Zaire s the second largest river in the world
in terms of both drainage basin area and river
flow. However. sediment foads from both riv-
ers are small because they drain relatively
Jow-lying terrain and. in the case of the Zaire.
empty into lakes prior to reaching the ocean.
A NEDECO study (1959) of the Niger es-
timated an annual sediment discharge at
Onitsha (375 km upstream from the river
mouth) of 40 x §0° t. This study emphasized
navigability of the Niger. and its sampling ef-
forts were concentrated on bed load and sus-
pended sand. Only one sample of wash lfoad
(suspended sediment finer than sand) was
collected. even though NEDECO's calcula-
tions show washload to account for 85% of
the total load. Because this one sample was

taken during a low stage of the river, we éus—
pect that the NEDECO calculations undefgs-
timate the suspended load at Onitsha by a
factor of at least 2. On the other hand. so‘%e

of this sediment probably is deposited on {ge
landward part of the Niger delta before reach-
ing the ocean. 4

. o}
In southwestern Africa, the Orange Rivey
has been reported to contribute 153 x 10t 6f

sediment annually (Lisitzin 1972), which 1

true would make its sediment load the fifth?

largest emptying into the Atlantic Ocean.’

However. later studies have shown that the )

earlier estimate was much too high. and that ?‘

the sediment load has decreased more than
509 during the last 50 years. This decrease
is due primarily to the change in available
material rather than changes in land use
(Rooseboom and Harmse 1979). At present
the Orange is thought to deliver only about [7
x 10° t yr~! to its mouth.

East Africa has several large rivers on
which some measurements have been made.
Rooseboom (written comm. 1980) estimates
that the Zambesi River transports about 48 X
10° t of sediment annually, but most of it is
trapped behind dams. He estimates that less
than 20 x 10° t reaches the ocean. Using
samples taken only at the surface of the river.
Ward (1980) estimated an average sediment
discharge of 8.8 x 10°t yr *' for the Zim-
babwe-Rhodesian portion of the Limpopo
River (200 x 10* km"). However, Ward's es-
timate probably is too small: the high concen-
tration of sand within the suspended sedi-
ment at the surface (greater than 50%)
suggests that sediment concentrations must
increase considerably towards the bottom.
Rooseboom (written comm. 1980) calculates

-a sediment yield in this area of .80 t km™?

yr ', or a sediment discharge for the entire
Limpopo system of approximately 33 x 10t
yr . The high sand concentrations also sug-
gest that the bedloads also may be appreci-
able in the downstream reaches of the Lim-
popo. Fleming (1981) calculated the annual
load of the Limpopo to be 48.8 x 10° m*, of
which only about 5% was bed load. These
calculations were bascd on terrain, vegeta-
tion, and climate of the drainage arca as well
as the few available river data. Based on a
drainage basin area of 37 x 10° km". Flem-
ing’s sediment yield exceeds 130 t km yr !,
Temple and Sundborg (1972) estimated an
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DELIVERY OF RIVER SEDIMENT

annual sediment discharge of 17 x 10%t yr ™'

for the Rufiji (Tanzania). which gives a
slightly higher sediment vield (94 t km -
yr ") than that of the Limpopo. In contrast.
the Tana River, a small river (31.600 km”
drainage area) in Kenya has a sediment dis-
charge of 30 x 10°tyr ! oravield of nzarly
1000 t km ™~ vr~'. This extremely high yield
results from over-grazing by cattle and mar-,
ginal agriculture. plus the very high delivery
ratios: little sediment appears to be stored on
lower hill slopés or in river, channels (T.
Dunne. oral comm. 1982). Whether the Tana
sediment yields are representative of a larger
portion of east Africa is not known.
Oceania.—The Murray River in Australia
drains a large area (1.06 x 10° km?). but hasa
small discharge (22 km* vr™') and small an-
nual sediment load (30 x 10° t). Far more
impressive are the short rivers that drain the
mountainous islands of New Zealand. New
Guinea. and Taiwan. The 10 rivers (excluding
the Murray) listed in table 2 drain slightly
more than 100 % 10° km® but have an annual
load in excess of 300 x 10° t: for comparison,
the Loire (France) has a similar drainage ba-
sin area but its discharge is less than 5§ x 10°¢
yr . Presumably rivers draining tropical
mountains on other oceanic islands (e.g..
Sumatra and Luzon) also have high vields.

FLUX OF RIVER SEDIMENT
FROM THE CONTINENTS

The rivers listed in table 2 drain nearly 50
~ 10° km* of land. or about half the estimated
area (102 x 10° km°) draining into the oceans
(Livingstone 1963). The combined annual
sediment discharge for these rivers is about 7
» 107 t. In order to calculate the total riverine
load discharged into the oceans, most work-
ers have extrapolated the measured sediment
vields of various rivers throughout large
areas. Holeman (1968). for example. cal-
culated average sediment yield for the six
continents using the river data available for
cach continent. We have divided the land
arcas into smaller drainage basins. each one
characterized by a different general climate
or terrain {table 3).

Because of our familiarity with the pub-
lished data, estimates for the United States
seem most accurate, and we can divide the
country into smaller drainage areas. Many of

mu.g_wg: “

Sl
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the data we use were compifed by Curtis et
al. (1973): other data were updated where
necessary. New daia from the Fraser and
MacKenzie Rivers. and Alaskan rivers, show
that these northern rivers, alt of which drain
mountains and/or glacial terrain. have a com-
bined annual sediment discharge (579 x 10°t
yr~ '), substantially greater than the rest of
North America. The large sediment yield ap-
plied to glacial areas of southern Alaska
(1,000t ]&n’ Zyr ") is justified not only by the
measured sediment load of the Copper River.
but also by the rapid filling of coastal bays
and the large thickness of Holocene sediment
deposited in the Gulf of Alaska (Motlnia 1979,
1980: Molnia and Carlson 1980). Because few
measurements are available for the vast area
of northern and northeastern Canada. we
have assumed a sediment vield similar to that
in the Eurasian Arctic. 8 t km ™% yr ', result-
ing in a calculated sediment discharge of 30
x 10°t yr~ ' annually. The combined annual
load for North America comes to slightly
more than 10° .

Bednlise reliable data are difficult to obtain.
our espmate of the sediment load from Cen-
tral American rivers is subject to consider-
able error. For Mexico we have taken the
average yield of the Rio Grande (measured in
New Mexico) and the Rio San Juan (Holeman
1968)y:which gives us a sediment yield of 140t
km? yr . Extrapolating this figure for the
1.5 x 10" km” of Mexico assumed to drain
into Jhe oceans. we calculate 210 x 10° t dis-
chageed to the oceans annually. Southern
Central America is even more difficult to esti-
mate; the only available data are from the
Escondido River in Nicaragua, which has a
drsi?lage area of 12.3 x 10° km?® and an aver-
agg¢ sediment load of 5 x 10 t (UNESCO
1969: Murray and others 1982). Assuming a
tqtal drainage area for Central America of
08658 > 10° km®. this results in 232 x 10° t of
sédimem per vear. The combined load for
Central America therefore approximates that
ffor the conterminous United States. although
the lack of data clearly makes this estimate
subject to considerable revision.

South America has becn divided into six
parts in table 3 on the basis of sediment yield.

- Northwestern South America includes west-

ern Colombia. Ecuador. and northern Peru;
the sediment yield. 500 t km “ yr "', is based
on short-term data from three Peruvian rivers




TABLE 3

CaLcULATED TOTAL SUSPENDED SEDIMENT DISCHARGE FROM THE CONTINENTS »}
Sediment Drainage Sedimént
Yield Area Discharge
(tkm ‘yr " (10* km?) (10% yr'? )
North America §
St. Lawrence 4 1.03 4
U.S. Atlantic Coast 17 74 13 %
Gulf Coast 59 4.50 256 g
Colorado 2 .63 1%
Columbia 12 .69 8 3
Rest of W. U.S. 193 32 62 §
Canada West Coast 91 67 61 e
S. Alaska (glacial) 1000 34 340 A
S. Alaskas(non glacial) 76 1.37 104 ‘o
N. Alaska 120 .35 42 ‘s-
MacKenzie S5 1.81 100 N
N. NE Canada 8 373 30 &
Subtotals 15.42 1020 ¥
Central America 2
Mexico 140 : [.50 210 "
Remainder 400 0.58 323 %
Subtotals 2.08 442 3
South America
Northwest 500 3 150
Magdalena 900 24 220
Northern 150 7.79 1218
Eastern 9.4 - 3.00 28
Southern 32 4.3 154
Western & South o 1.77 18
Subtotals 17.90 1788
Europe
Western 12 2.60 31
Alpine 120 S8 66
Black Sea 72 1.86 £33
Subtotals 4.61 230
Eurasian Arctic
West of 140°E 6 9.90 S9
East of 140°E 20 1.27 25
Subtotals 11.17 84
Asia
Northeast 28 3.2 100
NE China/Korea 658 1.00 658
Yellow (Huangho) 1400 77 1080
Rest of China 250 3.72 930
SE Asia and Himalayas 796 3.93 3128
(exclusive of Indus)
India 154 1.86 286
In us 100
(see text)
Asia Minor 50T 1.35 67(7)
Subtotals 16.88 6349
Africa
Northwest 100 1.10 110
West 16.5 6.86 113
Southwest 17 1.02 17
Eust 80 3.00 240
Zambesi 17 1.20 20
(Tana) (1000) (30)
Nile 0 206 0
Subtotals 15.34 530
Australia
East, North 28 2.20 62
Oceanic Islands 1000 3.00 3000
Totals 116 86.40 13,505

el




DELIVERY OF RIVER SEDIMENT

(Burz 1977). Northern South America in-
cludes the drainage basins of the Amazon and
Orinoco Rivers. The Magdalena River basin
is listed separately because of its greater sedi-
ment yield. Eastern South America refers to
the arid eastern area of Brazil; we have as-
sumed that the Rio Sao Francisco represents
this area. Southern South America includes
southern Brazil, Uruguay. and most of

Argentina, and is represented by the Parana--

Plata River, whose basin occupies more than
60 of the calculated drainage area. Western
South America encompasses the remaining
1.77 % 10° km” of land in South America and
includes low-lying marshlands in Argentina
as well as the western slope of the Andes
Mountains. Although we have no sediment
data from rivers draining Chile and southern
Peru. the extremely arid climate suggests that
the sediment yield may be relatively small:
consequently. we have arbitrarily assigned
this region a sediment yield of 10t km :

“yro.
The combined annual sediment load for
South America is calculated to be 1.79 x 107 t.

Europe is divided into four drainage ba-
sins. one of which (the Eurasian Arctic} is
discussed in a following paragraph. Of the re-
maining three, the largest contains many of
the rivers draining western and northern
Europe. In terms of both water discharge and
sediment load. however, these rivers are too
small to be listed in table 1. For the purposes
of this calculation we have taken data for the
Seine. Oder, Vistula, Rhine, and Garonne
Rivers (Holeman 1968; Strakhov 1961), re-
sulting in an average sediment yield of 12t
km~? yr~'. The sediment yield for rivers
draining southern Europe is an order of mag-
nitude larger (120 t km~* yr ', based on the
weighted average of the Po, Rhone, Tiber,
and Ebro Rivers; data from Lisitzin 1972;
Jansen et al. 1979; Maldonado 1977). due to
the mountainous terrain in which glaciers are
locally active. Thus while the drainage area is
smaller than western Europe, the calculated
sediment discharge is significantly larger (66
versus 31 x 10° t yr 1. In terms of total
suspended sediment load. however. the most
important basin is the Black Sea, including
the Danube and Dneper Rivers. Rivers drain-
ing this basin contribute 133 x 10°t of sedi-
ment annually (Shimkus and Trimonis 1974).
The total for Europe (minus the Arctic), then,

O

o gt
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is 277 s 10° t. Considering that more than half
of it is trapped in the Black Sea and most of
the remainder is deposited in the Mediterra-
nean, only a very small amount of the sedi-
ment leaving Europe reaches the Atlantic
Ocean (fig. 4).

In terms of contiguous area of similar cli-
mate and terrain, the Eurasian Arctic is the
biggest drainage basin in the world, contain-
ing a number of extremely large rivers. The
Yenisei, Ob, and Lena Rivers all have drain-
age-basifareas in excess of 2.5 x 10° km”.
The total area for the Arctic drainage is more
than 11 x 10° km?. West of about 140°E, the
rivers drain low-lying terrain and have the
smallest sediment yield of any large basin re-
ported in this paper—6 tkm ™ * yr ', Rivers to
the east drain somewhat more mountainous
terrain and have a larger yield—20 t km ™’
yr~'. These huge areas together, therefore,
only contribute a calculated 84 X 10° t of
sediment yearly to the Arctic Ocean.

Although most of the world's largest sedi-
ment loads are carried by rivers that drain
parts of Asia, there are large areas of this
contingnt in which sediment yields are sur-
prisingly small. The Asian Arctic 1s one ex-
ample# Another is northeastern Asia, where
the Amur River basin yields only 28 t km™?
yr~'. Similarly, most of Asia Minor appears
to have smail sediment yields. In contrast,
the Chinese rivers and those draining the
Himalayas and southeastern Asia have an av-
erage yield of about 600 t km ™7 yr™'. Qian
and Dai (1980) state that 1.94 x 10° tyr~'are
trangported to the ocean from Chinese rivers.
Thé loads from southeast Asia and the
Himalayas may contain a greater potential er-
ro%ﬁkl)ecause of the limited data base. Still, the
trefhendous annual sediment load derived
frgim this area (3068 10° 1) appears to be the
largest in the world. Taken in total, the high
yield rivers between Korea and Pakistan con-
tfbute more than 6400 x 10°t yr ', or nearly
half of the total world input. In contrast, the
other Asian rivers, although draining a far
Jarger area. contribute less than 300 x 10°tyr™ L
" Africa contributes far less sediment than
one might expect. Man’s influence, arid cli-
mate, and the generally low relief of the con-
tinent account for this small input, but it is
entirely possible that better measurements of

‘ more rivers (particularly in east Africa) may

-




- —5 P

’ ¢ L

“URII0 3Y} 01 9FIRYDSIP OU A[[BNUISS 1edIpul susdlied Uado 1UmOYS aJv OS[R SUISEG SNOLIBA Oy} JO S19ALF Jofew
pUE SP[31A 1USLIPaS AU "TUSIIAOU JUILIPIS JO UONDITIP IJLIIPUL 10U SIOP SMOLIT JO UONIII(] SUO) JO SUOL[|IUW ul indur jenuue 38vIdAR 0 19JA1 SIaquIinN
“28IRYISIP SAHR[AI O} SPUOASILIOD SMOLIR JO IPIM PIIOM Y1 JO SUISEG JTRUIRIP SNOLRA WOLY Juawipas papuadsns jo 9FIRYISIP [RNUUY-—¢ "OIf

3,084 .OS} “OZ ) 008 .09 e N} et -9 .08 “OZ}h A oOSH
7 7 T T T T =< = T T T

000/ < [
000/ =005 [ ]
7, 006 -o0/ [ -s-o= ‘

00t 06 [ Yy

os-0/ ] 4

or> [ ]
r-;.m-Ex.: q1°0
Q731A LN3IWIA3S




DELIVERY OF RIVER SEDIMENT 17

increase these estimates. The damming of the
Nile River eliminated sediment discharge
from most of northeastern Africa (2.16 x 10°
km>). and both the Orange and Zambest Riv-
ers have present-day loads that are lower
than in previous years. The small loads of the
Niger and Zaire mean that sediment dis-
charge into the ocean from equatorial West
Africa (113 x 10°t vr ") is small considering
the large drainage area (6.86 x 10°km"). The -
Orange River basin contributes 17 X 10° t
yr ', while the Namib Desert to the north is
assumed to contribute little riverine input.
We assume the Limpopo and Rufiji are repre-
sentative of east Africa. with a sediment yield
of 80t km 7 yr "' the large vield from the
Tana River basin presumably represents a lo-
cal anomaly (over-grazing of pasture land
with no intermediate storage As-
suming a drainage ares of 3 x 10° km* (ex-
cluding the Zambesi basin). this amounts to
240 x 10°t yr . To this discharge is added
the 20 x 10° t derived from the Zambesi
River and 30 x 10° t from the Tana River.
giving 4 total contribution from east Africa of
about 290 x 10" tyr ', Fleming (1981) calcu-
lates 135 w 10°t for the rivers draining South
Africa and Zimbabwe-Rhodesia, an average
yield of nearly 1401 km~ > vr '.a value that
may not be unrealistic according to the sedi-
ment yields reported by Rooseboom (1978).
If this number is more representative of East
Africa. then the annual sediment discharge

areas).

would be 470 > 10° t yr~'. Most rivers
draining arid northwest  Africa (primarily

Morocco. northern Algeria and Tunisia) flow
sporadically  and inadequately docu-
mented. They however. subject 1o
episodic major floods: Claude and Lover
(19773. for example. show yields from Tuni-
oian river basins 1o range from 700 to 6000 t
km ~° during floods. Because flooding is infre-
guent and generally limited to small arcas. we
assume for northwestern Africa a more con-
cervative yield of 100 t km “vr 'and anan-
nual input of 110 x 10° 1.

Most of Australia is arid. and cannot be
considered to contribute much riverine sedi-
ment to the oceans. Only the east and north-
cast coasts are drained by rivers capable of
transporting  significant quantities of sedi-
ment. We estimate the total drainage area 1o
be 2.2 < 10° km~. Assuming that the sedi-
ment yield of this arca is equal to that of the

dre
are.

| SRS

Murray River. this computes to 62 x 10° t of
sediment annually.

The large islands of the western Pacific
Ocean are among the most prodigious pro-
ducers of river sediment. We refer to Japan,
Taiwan. Philippines. Indonesia (including
Borneo). New Guinea. and New Zealand.
whose combined land area is about 3 x 10°
km>. Because of their active tectonism and
volcanism. steep slopes, heavy rainfall, and.
intense human activity. these islands contrib-
ute largeﬁuamities of river sediment to the
ocean. The most spectacular of these con-
tributors is Taiwan (WRPC, Taiwan 1978: Li
1976). whose average sediment yield to the
ocean is about 10,000 t km " yr~'. and whose
calculated annual sediment load is about 300
% 10° t—only slightly smaller than that of the
conterminous United States! In another area
of the western Pacific. Adams (1980} com-
piled the existing data for South Island. New
Zealand. and estimated that most of the cal-
culated 265 x 10° t of eroded sediment is
discharged annually to the sea. This figure
represents an average sediment vield of about
1.2300 tkm  * yr~ ' from South Island. Griffiths
11979, 1981, 1982) has used ti:e same data in
what appears to be a more reasonable set of
calculations: his results indicate that the av-
erage sediment yield for South Island is about
1000 L}(m’2 yr~ . Two small rivers in Japan
listed by Jansen et al. (1979) have a yearly
sediment vield of nearly 2000 t km "*. while
the Fly and Purari Rivers in New Guinea
huvega yield of 1200 t km ™=, If we apply a
consgrvative estimate of sediment vield of
1.000 t km > yr 'tothe 3 x 10°km" of large
western Pacific islands. we obtain 3 x 107
yr }_L for the total discharge of river sediment
frodh these islands.

The total area discussed is slightly less than
90"x 10° km®. Added to this area should be
the arid zones in Australia. Saudi Arabia. and
nérthern Africa. whose basins theoretically
eﬁ”lpt_v into the oceans but which contain vir-
mally no rivers. While sporadic floods may
g:mtribulc material to the oceans. we assume

at the average contribution is small. Fi-
nally. we have excluded rather large drainage
basins for the Caspian and Aral Seas (includ-
ing the Volga. Syr Darva. and Amu Darya
rivers) and all other interior drainage basins,

¢ since none of their material reaches the

L3
; ocean.
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TABLE 4 ’
COMPARISON OF PROPOSED WORLD BUDGET WITH THAT OF HOLEMAN (1968) ,{

Drainage area

Sediment Yield Sediment Dischar;

(10° km*) (tkm *yr Y a0*tyr'Y &
This This Thi
Area Holeman paper Holeman paper Holeman pa
N. & C. America 20.48 17.50 87 84 1780 1462
S. America 19.20 17.90 57 97 1090 178
Europe 9.2 4.61 32 50 290 23¢&
Eurasian Arctic o 11.17 . 8 . 844
Asia 26.6 16.88 543 380 14,480 6349&
Africa 19.7 15.34 25 35 490 3302
Australia 5.1 2.20 41 28 210 625
Large Pacific 3.00 1000 3000 »
Islands

Totals 100 88.60 183 150 18.300

Nore —Northern Africa. Saudi Arabian peninsula and western Australia are primarily desert. and assumed to have little annual discharge of

river sediment. Total tand area is 1140 km~

COMPARISON WITH HOLEMAN'S BUDGET

Compared to the estimates made by other
workers, our estimate of 13.5 x 10" t of
riverine sediment entering the ocean annually
seems small. Holeman's often quoted review
(1968). for example, shows a world figure of
more than 18 x 10”7 t (table 4). The disagree-
ment comes from two main sources:

1) The sediment discharges that we list in
table 2 generally are smaller than those of
earlier compilers, because more recent mea-
surements and estimates usually give lower
values (particularly for Asian rivers) or be-
cause dams and land-conservation practices
have decreased river-sediment loads—the
Colorado. Mississippi. Nile. and Indus Riv-
ers being obvious examples. These decreased
estimates are offset somewhat by the new es-
timates of the sediment loads of the Ama-
zon, Orinoco and Magdalena Rivers that give
us a larger sediment discharge from South
Amaeyica.

2) A more important source of discrepancy
is in the calculations of the sediment load
from Asia. Holeman used an average sedi-
ment yield for Asian river basins of 543 t
km™ " yr~'. which is slightly less than our
value for the Himalayan and Chinese rivers.
However, by applying this value to all of
Asia, Holeman overlooked the fact that for
much of the continent the sediment yteld is
small. In the Eurasian Arctic and northeast
Asia. the sediment vield ranges from 6 to 28 1
km " yr '. The larger sediment yields only

|

apply to an area of approximately 9.7 x 106
kmZ>. and not to the entire 26.6 x 10° km*
used by Holeman. This major discrepancy for
Asia is somewhat offset by the high sediment
loads from the large western Pacific islands,
which Holeman's estimate did not take into
account (table 4).

It should be restated that our estimate in-
cludes neither bed load nor the sediment
transported during catastrophic floods. Nor
does it adequately take into account smaller
river basins., particularly those draining
mountains and high-standing islands. Bed
load and floods may increase the average an-
nual input by 1-2 x 10° t, but we cannot
presently estimate the loads from smaller riv-
ers. An average annual total sediment (sus-
pended-bed) input of 16 x 107 t. therefore. is
not an unreasonable estimate.

SOURCES QF ERROR IN INTERPRETATION

The sediment yields reported here should
not be confused with rates of soil erosion. In
many areas of the world, sediment has been
eroded from upland soils at rates much
greater than it has been transported away by
rivers, the decreased sediment yield in larger
basins being one example (Schumm and Had-
ley 1961). Holeman (1980) reports that soil
erosion in the conterminous United States is
more than § x 10"t yr~ !, whereas the annual
sediment discharge from the same area to the
ocean (table 3) is less than 0.4 x 10° t. Such
observations indicate that sediment eroded

H
13.505 ¥
5

5

®
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from upland soils has been or is being stored
progressively downstream in river valleys.
These data also show that it is often meaning-
less and misleading to express modern sedi-
ment inputs to the ocean in terms of miilime-
ters of soil erosion per unit time.

Although most summaries of world-wide
sediment discharge. including this one, claim
to be reporting the discharge to the oceans.
relatively little river sediment appears to es-
cape the present-day continental shell. As
mentioned previously. much of the sediment
probably accumulates on the subaerial parts
of subsiding deltas. never really reaching salt
water. Along coastlines that include a num-
ber of large estuaries, most of the inflowing
river sediment is trapped in embayments.
This is true of the eastern USA. where many
small rivers flow into large estuaries (Meade
1974). It is also true of at least one large river
system. the Parana-Plata (Urien 1972). Even
where rivers debouch onto continental
shelves. much of their sediment accumulates
on large deltas (Yellow. Mississippi. Niger)
or along the adjacent coastline (Yangtze and
Amazon). Only a small proportion of the
modern river sediment brought to the coast-
lines of the world accumulates on the floor of
the deep sea.

Finally. today’s river-sediment discharges
should not be extrapolated backward in time.
Present-day climates and erosional regimes
do not resemble even those of a few thousand
vears ago. and glacial rivers in particular
must have been more numerous during gla-
cial epochs. Moreover, with a few notable
exceptions (Amazon. Zaire, and Yukon Riv-
ers. for example). today’s river-sediment
loads are strongly affected by man. One of
the most pervasive of man’s effects on sedi-
ment loads has resulted from the changes of
vegetation and soil structure that have ac-
companied deforestation and crop farming.
The tremendous sediment loads transported
by the Yellow and Ganges/Brahmaputra Riv-

ers are at least partly due to poor soil-
management practices in their drainage ba-
sins, .while the high yield of the Tana is
related to over-grazing. More recently, sedi-
ment loads have been decreased drastically
by the construction of reservoirs; those in the
Nile and Colorado Rivers are only the most
spectacular examples. In some river basins,
man-made changes have been made recently

enough that the data can be adjusted to obtain

some iindigation of natural conditions. In
other river basins (those in India and China.
for example). any indicators of natural condi-
tions have been obscured for millennia.
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