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Abstract 

We present major and trace element data on the suspended and dissolved phases of the Amazon River and its main 
tributaries. The Sr isotopic composition of the dissolved load is also reported. Special attention is paid to the abundances of 
REE and to their fractionation between the dissolved and suspended phase. The rivers of the Amazon Basin are among the 
richest in dissolved REE and are similar to the rivers of the Congo system. However a greater range of fractionation between 
LREE and HREE is reported here. At a global scale the rivers have intermediate patterns between those of the Congo system 
and those of high pH rivers such as the Indus and Mississippi rivers. Only few elements (Rb, U, Ba, K, Na, Sr and Ca) are 
mobilized by silicate weathering. These elements are strongly depleted in the suspended phase with respect to upper 
continental crust. In the dissolved load, these elements are controlled by atmospheric inputs and the weathering of the main 
lithologies. We propose a model based on mass budget equations, that allow the proportions derived from the different 
sources to be calculated. As a consequence silicate, carbonate and evaporite weathering rates can be estimated as well as the 
consumption of CO 2 by weathering of each of these lithologies. Physical weathering rates can be estimated by two 
complementary approaches. On the one hand, the multi-year average of suspended sediments yields can be used to estimate 
physical denudation. On the other hand, we have developed a steady-state model of erosion that allows us to calculate 
physical erosion rates on the basis of the dissolved load of rivers. A mean crustal composition is assumed in this model for 
the rock sources of the drainage basins. Comparison of the rates predicted by the model to the observed rates shows good 
agreement for the lowland rivers, but a strong discrepancy for the rivers derived from the Andes. Andean rivers (Solimoes, 
Madeira and Amazon) have observed sediment yields much greater than those predicted according to the steady-state model 
of chemical and physical weathering. Two interpretations can account for this inconsistency. The first is that these rivers are 
not in steady state and hence that the soils are being destroyed. The second requires that the local continental crust is 
different from the average continental crust of Taylor and McLennan, and contains a large proportion of sedimentary rocks. 
Using the measured sediment yields, and assuming a steady state, we can estimate the amount of sediment recycling for each 
drainage basin. For the Amazon at Santarem, we find that at least 25% of the mass of the upper continental crust of the 
Amazon drainage basin is constituted of recycled material. © 1997 Elsevier Science B.V. 
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1. Introduction 

Large rivers are a major pathway for the erosion 
products of continents to reach the oceans. Their 
study allows the erosion processes at a global scale 
to be addressed. In particular, geochemical investiga- 
tion of large rivers gives important information about 
the biogeochemical cycles of the elements, weather- 
ing rates, physical erosion rates and CO 2 consump- 
tion by the acid degradation of continental rocks. A 
major challenge of the study of modem large rivers 
is to put some constraints on the input rates to the 
ocean of geochemical tracers used in oceanography 
and palaeoceanography. 

Physical and chemical weathering, reflected in 
rivers as suspended sediments and dissolved matter, 
respectively, act together to denude the continents. 
Although good databases now exist for the major 
dissolved ion and dissolved organic carbon concen- 
trations in the major world rivers (e.g. Degens et al., 
1991), the chemistry of suspended solids transported 
by major rivers is poorly documented. A global 
tabulation of sediment chemistry of major rivers is 
given by Martin and Meybeck (1979). Only two 
large rivers have been investigated in details for 
major and trace elements in suspended sediments: 
the Orinoco River (Stallard et al., 1991) and the 
Congo River (Dupr6 et al., 1996). In addition, trace 
element systematics in the dissolved phase of large 
rivers are rather rare and incomplete (see e.g. Gold- 
stein and Jacobsen (1988a) for a global tabulation of 
dissolved REE concentrations or Konhauser et al. 
(1994) for the Amazon River). 

This paper is an attempt to fill in the gap in our 
knowledge of river-borne material chemistry and 
isotope chemistry and to link the chemical processes 
of erosion to the physical processes through the 
concept of steady state of erosion. This concept of 
equilibrium between production and export of solids 
through the entire drainage basin (Trimble, 1977), 
has rarely been considered in the literature on rivers. 
Papers attempting to relating physical and chemical 
weathering processes through the concept of stream 
equilibrium are Martin and Meybeck, 1979; Gail- 
lardet et al., 1995; Stallard, 1995a, Stallard, 1995b; 
Allbgre et al., 1996. 

This paper focuses on the Amazon river system, 
the world's largest river in terms of water discharge. 

Major and trace element concentrations are reported 
for both dissolved and suspended phases. The iso- 
topic composition of these phases has been published 
in a previous paper (All~gre et al., 1996). 

With regard to dissolved ions and nutrients, the 
Amazon River is one of the most extensively docu- 
mented in the world. Gibbs (1967), Stallard (1980), 
Stallard and Edmond (1983, Stallard and Edmond, 
1987), Palmer and Edmond (1992) have measured 
major solutes, dissolved Fe, A1 concentrations and Sr 
isotopic compositions for the Amazon mainstream 
and a number of tributaries. Seasonal variations of 
dissolved concentrations have been documented for 
the Solimoes by Devol et al. (1995) and for the 
Madeira River by Ferreira et al. (1988). Extensive 
databases have been set up over several years for 
concentrations of suspended solids transported in the 
Amazon (Meade, 1985; Richey et al., 1986; Guyot, 
1993; Devol et al., 1995). As a consequence, the 
present-day sediment yields of the Amazon River are 
probably among the best known compared to other 
large rivers. The mineralogical composition of the 
Amazon River sediments has been reported by Gibbs 
(1967) and more recently by Irion (1983). 

2. The Amazon river system 

The Amazon river (6150 km length) is the largest 
river in the world in terms of water discharge (6300 
k m 3 / y r )  a n d  drainage area (6.15 • 10 6 klTl2). It rep- 
resents 15% of the total world runoff. The main 
tributaries are the Solimoes (accounting near Manaus 
for 56% of the total discharge of the Amazon at its 
mouth), the Rio Negro 06%),  the Rio Madeira 
(17%), the Tapajos, Trombetas and Xingu (11%) 
according to Molinier et al. (1993). The discharge 
values for the Amazon and its tributaries are given in 
Table 8. 

Following Stallard and Edmond (1983), the Ama- 
zon Basin can be divided in four major morphostruc- 
tural units: the shields (Guayana Shield to the north, 
Brazilian Shield to the south), The central Amazon 
Trough, the Subandean area and the Western Andean 
Cordillera (Fig. 1). Among the major tributaries 
studied here, only the Rio Solimoes and Rio Madeira 
have their headwaters draining the Andean Cordillera, 
where altitudes often exceed 5000 m. Geologically, 
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the Andean Cordillera is very complex and com- 
posed of highly variable lithologic types. 

- In the Solimoes Basin, the core of the Cordillera 
consists of the Precambrian basement, formed by 
sediments and igneous or metamorphic rocks. 
Palaeozoic and Me,iozoic red beds, dark shales, and 
fractured carbonate,; are the main lithologies overly- 
ing the Precambrian basement. Evaporites (forming 
salt diapirs) are common rocks in the Maranon and 

Ucalayi drainages. Finally, the Andean Cordillera of 
the Solimoes Basin is characterized by a significant 
recent eruptive activity (Tertiary to the present). The 
lowland part of the Solimoes drainage consists of 
post-Palaeozoic and Tertiary fluvio-lacustrine sedi- 
ments. 

- By contrast, the Andean part of the Madeira 
drainage is more simple, consisting of lower Palaeo- 
zoic sediments associated with shales and rare Cam- 

I ~ M a n a u s  ~ ~a S ntarem 

Fig. 1. Map of the Amazon River Basin showing the major geomorphological regions and the sampling locations between Manaus and 
Santarem. Samples were collected during the high-water stage of May 1989. 
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brian evaporites. The lower course of the Madeira, as 
that of the Solimoes, drains Tertiary fluvio-lacustrine 
sediments. 

- The Rio Negro drains mainly the highly weath- 
ered Precambrian Shield and fluvio-lacustrine sedi- 
ments in its lower course. 

- Finally, The Trombetas and Tapajos rivers both 
have their headwaters in the elevated Shield terrains 
and drain the Palaeozoic sediments of the Amazon 
Trough. 

The whole Amazon Basin is covered by tropical 
rainforest (71%) and savannas (29%, after Sioli, 
1984). These highly productive ecosystems benefit 
from high rainfall (2000-2300 mm/yr )  and high 
mean temperatures (25°C). 

In this study, the Amazon mainstream between 
Manaus and Santarem, and the main tributaries 
(Solimoes, Negro, Madeira, Uracara, Trombetas and 
Tapajos) were sampled during the high water stage 
of May 1989. Sample locations are shown in Fig. 1. 

3. Sampling and analytical methods 

Samples are subsurface samples collected in 
acid-washed polypropylene containers. After collec- 
tion, samples were filtered on site through 0.2 ~m 
cellulose acetate filters (142 mm diameter) using a 
pressurized Sartorius ® Teflon filtration unit. Filtered 
samples were stored in polypropylene acid-washed 
bottles and acidified with ultrapure HNO 3. The sam- 
ples for anion determination were not acidified and 
the alkalinity was determined on site by acid titration 
(Gran method). Suspended sediments were isolated 
by filtering 5 1 of river water. 

The analytical procedure for water analysis in- 
cludes ionic chromatography for C1 and SO 4, con- 
ventional flame atomic absorption spectrophotometry 
for Ca, Na and Mg (analytical precision better than 
10%), and ICP-MS for the other trace elements (cf. 
Dupr6 et al., 1996, for more details). 87Sr/86Sr 
isotopic ratios were determined using mass spec- 

Table 1 
Concentrations (in ppm) in the suspended sediments of tributaries of the Amazon river 

Sample Rio Negro Rio Solimoes Rio Madeira Urucara Trombetas Rio Tapajos Congo mean Upper Crust 

Cs 3.7 8.6 15.0 3.7 3.4 9.3 4.8 3.7 
Rb 24.0 92.0 79.0 46.0 31.8 43.2 69.5 112 
U 2.4 4.1 3.9 2,7 4.3 3.5 2.9 2.8 
Th 12.5 15.4 19.1 15.7 14.7 16.3 10.7 
Pb 62.8 39.7 42 36.4 33.7 37.7 31 20 
K 11977 17540 13267 11342 5276 6064 10415 28000 
Ba 161 640 685 355 278 568 356 550 
La 24 44 56 37 51 46 54 30 
Ce 53 97 118 81 115 97 117 64 
Ta 1.8 1.6 1.9 1.1 2.2 1.4 1.7 2.2 
Hf 1.4 6.6 4.4 2.7 4.6 4.9 3.9 5.8 
Nd 21.8 43.5 53.7 31,7 45 51 26 
Zr 161 122 120 175 163 190 
Sr 110 176 109 72 56 40 62 350 
Na 12080 5729 2372 2149 7411 2547 28900 
Sm 3.6 8.3 9.8 5,3 6.7 8.3 8.8 4.5 
Eu 1.9 1.7 2.2 1,1 1.1 1.8 2 0.88 
Tb 0.36 1 1.13 0,53 0.6 0.93 0.93 0.64 
Yb 1.3 3.9 3.5 1,9 2.3 3.4 3.1 2.2 
Sc 9.3 18.1 19.4 8.5 11.0 16.9 19.4 11 
Fe 41423 55023 62639 92948 80591 59997 90708 35000 
Co 8.1 21.1 18.0 11.1 7.4 16.4 25.9 10 
Cr 52 77 88 99 79 86 134 35 
Ni 69 55 43 20 14 37 85 20 
pH 4.85 7.10 6.73 6.46 6.10 6.68 
TSS 5 53 67 8 13 6 

TSS: Total river suspended sediments in mg/1  measured during the cruise. 
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trometry. Sr, Rb and K concentrations were mea- 
sured by isotope dilution with a 41 K, 87Rb and 84Sr 
spike (cf. All~gre et al., 1996 for more details). 

The suspended sediments were separated from the 
cellulose acetate filters by scraping with Teflon tools. 
For isotopic measurements, the particles were trans- 
ferred into a Teflon container and subjected to stan- 
dard dissolution procedures in hot HC1, HNO38, 7 HF 
and HC104. An aliquot was then spiked with a Rb, 
848r, 1495m and 15°Nd tracers. After chemical separa- 
tion (Birck, 1986), Rb, Sr, Sm and Nd concentrations 
were determined by isotope dilution, mass spectrom- 
etry. Total blanks were negligible. 

All other major and trace elements concentrations 
in suspended solids were measured using neutron 
activation as described in Dupr6 et al. (1996). 

4. Results 

4.1. Suspended load 

Major and trace element compositions of sus- 
pended sediments are given Table 1 for the tribu- 

taries and Table 2 for the Amazon mainstream. The 
upper continental crust (UC) concentrations (Taylor 
and McLennan, 1985) and the mean composition of 
suspended material from the Congo river system 
(Dupr6 et al., 1996) are also given. The Sr -Nd-Pb 
isotopic composition of the suspended sediments can 
be found in All~gre et al. (1996). 

4.1.1. Suspended sediments patterns 
Absolute La concentrations range from 24 ppm in 

the sediments of the Rio Negro to 56 ppm in those of 
the Rio Madeira. All other REE are consistent with 
this range of variation as a result of their good 
intercorrelation coefficients. The low concentrations 
observed in the Rio Negro sediments are consistent 
with dilution of inorganic suspended material by 
organic material, first reported in the more particu- 
late organic-rich rivers of the Congo Basin (Dupr~ et 
al., 1996). 

The patterns of REE in suspended sediments nor- 
malized to UC concentrations are shown in Fig. 2a. 
Flat patterns are observed for the Solimoes, Madeira, 
Tapajos and Amazon mainstream. By contrast, the 
patterns of the Rio Negro, Urucara and Trombetas 
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Fig. 2. REE patterns of the suspended sediments normalized (a) to the Upper Continental Crust (UC) of Taylor and McLennan (1985), and 
(b) to the mean composition of the suspended sediments of the Congo Basin rivers (Dupr6 et al., 1996). This normalization removes the 
slight positive Eu anomalies observed in the patterns of both Congo and Amazon sediments when normalized to UC. 
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are slightly LREE-enriched. A slight positive Eu 
anomaly is observed. When compared to the sus- 
pended sediments of the Congo fiver system (Fig. 
2b), the suspended particles of the Amazon fiver 
system do not show any Eu anomaly. The La /Yb 
ratios of the Amazon fiver system normalized to the 
La /Yb ratio of su,;pended sediments of the Congo 
river system are greater than 1 for the Rio Negro 
(1.1), Urucara (1.1) and Trombetas (1.3), whereas 
the Rio Solimoes, Madeira, Tapajos and Amazon 
(20) have values lower than 1 (0.7, 0.9, 0.8, respec- 
tively). At its mouth, the Amazon (20) fiver is 
slightly depleted in LREE with respect to the parti- 
cles of the Congo river (normalized La /Yb  ratio is 
0.8). 

4.1.2. Extended diagrams 
The UC normalized patterns for the whole set of 

elements are presented in Fig. 3. Such a representa- 
tion has previously been used for the Congo Basin 
by Dupr6 et al. (199,6). In such diagrams, the X-order 
of elements corresponds to the progressive enrich- 
ment from Ni to Cs of elements in the upper conti- 
nental crust with respect to the primitive mantle of 
the Earth (Hofmann, 1988). This representation per- 
mits an overall examination of the data. Several 
observations are apparent from Fig. 3. 

(1) The distinction pointed out for the Congo 
rivers between the elements Rb, U, Ba, K, Na, Sr 
and Ca and the other elements also exists for the 
Amazon rivers. The elements Rb, U, Ba, K, Na, Sr 
and Ca are considerably depleted in the suspended 
load with respect to the UC. As it has been shown by 
many authors (e.g. Nesbitt et al., 1980; Kronberg et 
al., 1987), these elements are the more mobile ele- 
ments during the early stage of rock weathering. Fig. 
3 confirms these conclusions and will allow us to 
quantify silicate weathering. Conversely, Cs, Th, Pb, 
REE, Ta, Sc, Fe, Co, Cr, Ni are slightly enriched and 
have, at a first order, UC-like patterns. Their enrich- 
ment with respect to the continental crust is due to 
the removal of the :most soluble elements from the 
bedrock, which concentrates the remaining elements 
of lower solubility. Only the Rio Negro shows con- 
centrations of Cs, "Ill, Pb, REE, Ta, Sc, Fe, Co, Cr, 
Ni in suspended sediments lower than those of the 
UC. Such an observation has already been reported 
in the black rivers of the Congo Basin and is proba- 

o Rio Solimoes 
• Rio Madeira 

o Rio Negro 
• Urucara 

0.1 ~ 

0 . 1  

o Rio Trompetas 
• Rio Tapajos 

o Amazon 6 
• Amazon 9 
[] Amazon 17 

0 . 1  n 

CS ~ IJ rp~b JB~a Icre'  Hf I Zr INa I Er u Iyb IS¢ iCo l  N i 
Rb Th K La Ta Nd Sr Srn Tb Ca Fe Cr 

Fig. 3. Extended patterns of the suspended sediments of the 
Amazon rivers from this study. The upper continental crust is 
from Taylor and McLennan (1985). The X-axis order of elements 
corresponds to the enrichment from Ni to Cs of upper crustal 
concentrations with respect to the primitive mantle of the Earth 
(Hofmann, 1988). It is therefore an order of magmatic compatibil- 
ity. This diagram allows to separate the most mobile elements 
during silicate weathering (U, Rb, Ba, K, Na, Sr, Ca) from the less 
mobile. The former are strongly depleted, whereas the latter are 
slightly enriched with respect to UC. 

bly due to the presence on the filters of abundant 
particulate organic matter that dilutes the other ele- 
ments. Moreover, the Fe, Cr and Ni enrichments 
observed on Fig. 3 in the suspended sediments of the 
Rio Negro, Urucara and Trombetas are probably due 
to complexation by organic molecules. 

Finally, Zr and Hf are strongly depleted in the 
suspended sediments of the Amazon river system 
relative to UC, in agreement with previous observa- 
tions in the suspended particles of the Congo Basin 
rivers (Dupr6 et al., 1996). Their depletion is most 
probably related to the absence of zircons (the main 



T
ab

le
 3

 
M

aj
or

 i
on

 c
on

ce
nt

ra
ti

on
s 

an
d 

S
r 

is
ot

op
ic

 r
at

io
s 

m
ea

su
re

d 
in

 t
he

 d
is

so
lv

ed
 l

oa
d 

o
f 

th
e 

A
m

az
on

 r
iv

er
s 

(p
, m

o
l/

l)
 

S
am

pl
es

 
pH

 
N

O
:~

 
S0

4 
H

C
O

 3
 

C
I 

K
 

N
a 

C
a 

M
g 

S
iO

 2 
•+

 
E

- 
N

IC
B

 
T

D
S

 
D

en
ud

at
io

n 
87

S
r/

S
6S

r 
%

 
m

g
/l

 
t/

k
m

 2
/y

r 

R
io

 N
eg

ro
 

4.
85

 
5 

2 
16

 
12

 
14

 
9 

4 
60

 
66

 
39

 
41

 
6 

39
 

0.
71

62
23

 +
 7

0 
R

io
 N

eg
ro

 t
ri

bu
ta

ry
 

4.
43

 
4 

2 
16

 
7 

9 
9 

1 
18

 
0.

72
78

43
 _

+ 4
3 

~.
 

S
ol

im
oe

s 
sw

am
p 

4.
5 

17
 

47
 

73
 

34
 

S
ol

im
oe

s 
7.

 I 
20

 
49

0 
62

 
23

 
10

5 
18

6 
50

 
15

0 
60

0 
59

2 
1 

55
 

59
2 

0.
70

87
76

 +
 2

5 
A

m
az

on
 5

 a
ft

er
 M

an
au

s 
5.

77
 

1 
2 

14
 

22
 

18
 

9 
76

 
~

, 
A

m
az

on
 6

 b
ef

or
e 

M
ad

ei
ra

 
6.

79
 

21
 

45
0 

48
 

24
 

88
 

13
1 

43
 

13
8 

46
0 

54
0 

-1
7

 
48

.3
 

54
0 

0
.7

0
9

1
7

2
_

_
_

2
4

 
R

io
 M

ad
ei

ra
 

6.
73

 
34

 
26

0 
13

 
23

 
61

 
66

 
50

 
14

0 
29

3 
34

1 
-1

6
 

33
.2

 
34

1 
0.

72
00

36
_+

39
 

A
m

az
on

 8
 a

ft
er

 M
ad

ei
ra

 
6.

78
 

25
 

33
 

78
 

11
8 

46
 

40
6 

42
8 

- 
5 

42
8 

~ 
A

m
az

on
 9

 
6.

81
 

13
 

32
0 

35
 

67
 

29
 

38
1 

38
1 

U
ru

ca
ra

 
6.

46
 

6 
14

0 
21

 
36

 
35

 
35

 
16

 
10

5 
17

3 
17

3 
0 

20
.3

 
17

3 
0.

72
35

84
_+

29
 

A
m

az
on

 1
1 

6.
6 

16
 

26
9 

34
 

67
 

33
 

33
5 

33
5 

A
m

az
on

 1
2 

be
fo

re
 P

ar
in

tin
s 

6.
75

 
18

 
29

5 
34

 
67

 
0 

36
5 

36
5 

A
m

az
on

 1
3 

6.
86

 
16

 
42

 
30

 
66

 
36

 
0

.7
1

0
7

2
8

+
3

4
 

A
m

az
on

 1
4 

7.
06

 
15

 
30

0 
33

 
20

 
65

 
34

 
36

3 
36

3 
0.

71
11

20
_+

 1
8 

R
io

 T
ro

m
be

ta
s 

6.
1 

4 
39

 
21

 
23

 
31

 
11

 
9 

10
3 

94
 

68
 

28
 

11
.9

 
68

 
0.

73
22

95
 _

+ 5
5 

A
m

az
on

 1
7 

af
te

r 
O

bi
do

s 
6.

78
 

16
 

29
0 

33
 

64
 

98
 

33
 

32
6 

35
5 

9 
35

5 
~,

 
A

m
az

on
 1

8 
be

fo
re

 S
an

ta
re

m
 

6.
86

 
18

 
33

0 
33

 
67

 
35

 
39

9 
39

9 
I 

R
io

 T
ap

aj
os

 
6.

68
 

3 
11

4 
12

 
21

 
33

 
21

 
17

 
16

0 
13

0 
13

2 
-2

 
9.

1 
13

2 
0.

73
31

72
_+

29
 

A
m

az
on

 2
0 

af
te

r 
S

an
ta

re
m

 
6.

89
 

15
 

28
0 

32
 

22
 

65
 

89
 

33
 

34
2 

- 
3 

34
2 

0.
71

14
78

 -
4-_

 20
 

N
IC

B
 =

 (
.~

+
 -

 
Z

- 
)/

2
 

+.
 



T
ab

le
 4

 
T

ra
ce

 e
le

m
en

t 
co

nc
en

tr
at

io
ns

 (
p

p
b

) 
m

ea
su

re
d

 i
n 

th
e 

di
ss

ol
ve

d 
ph

as
e 

of
 t

ri
bu

ta
ri

es
 o

f 
th

e 
A

m
az

o
n

 R
iv

er
 

R
io

 N
eg

ro
 

(1
) 

(2
) 

N
eg

ro
 t

ri
bu

ta
ry

 
R

io
 S

ol
im

oe
s 

R
io

 M
ad

ei
ra

 

(3
) 

(I
) 

(2
) 

(1
) 

(2
) 

(3
) 

(1
) 

(2
) 

U
ru

ca
ra

 
T

ro
m

b
et

as
 

R
io

 T
ap

aj
o

s 

(3
) 

(I
) 

(2
) 

(3
) 

(1
) 

(2
) 

(3
) 

(1
) 

(2
) 

pH
 

4.
85

 
4.

85
 

4.
43

 
7.

10
 

7 
It

l 
6 

73
 

L
i 

1.
0 

1.
2 

B
 

3.
8 

3.
4 

M
g 

10
2 

95
 

38
 

12
47

 
11

42
 

11
02

 
A

I 
11

4 
11

6 
11

7 
18

4 
17

1 
3 

M
n

 
8 

9 
1 

14
 

15
 

F
e 

29
 

35
1 

18
 

C
o 

0.
12

 
0.

14
 

0.
04

 
0.

14
 

0.
16

 
0.

02
 

N
i 

0.
21

 
0.

47
 

0.
77

 
0.

92
 

0.
57

 
C

u 
0.

40
 

0.
31

 
0.

41
 

1.
72

 
1.

54
 

0.
86

 
Z

n
 

1.
8 

1.
8 

2.
0 

2.
8 

2.
3 

0.
7 

G
a 

0.
00

5 
0.

01
0 

0.
00

3 
" 

0.
04

0 
0.

03
9 

0.
00

3 
R

b 
1.

1 
1.

2 
0.

5 
1.

8 
1.

6 
1.

3 
S

r 
3.

6 
3.

7 
0.

7 
4

6
.0

 
45

.7
 

19
.2

 
B

a 
6.

1 
6.

3 
2.

4 
27

.8
 

27
.9

 
17

.8
 

L
a 

0.
15

 
0.

14
 

0.
15

1 
0.

19
 

0,
16

6 
0.

05
 

C
e 

0.
41

5 
0,

41
3 

0.
36

3 
P

r 
0.

04
7 

0
.0

4
9

 
0.

05
2 

N
d

 
0.

19
 

0.
11

 
0,

17
2 

0.
16

 
0.

17
7 

0.
25

 
0

.2
2

6
 

0.
02

 
S

m
 

0,
03

8 
0.

03
1 

0.
05

2 
E

u 
0.

00
88

 
0.

00
84

 
0.

01
5 

G
d

 
0.

03
5 

0.
02

4 
0.

04
9 

T
b

 
0.

00
4 

0.
00

31
 

0.
00

7 
D

y
 

0.
02

3 
0

.0
1

9
 

0.
04

4 
H

o
 

0.
00

5 
0

.0
0

4
 

0
.0

0
9

 
E

r 
0.

01
47

 
0.

00
88

 
0.

02
8 

T
m

 
0.

00
24

 
0.

00
16

 
0,

00
5 

Y
b 

0.
01

 
0.

00
7 

0.
02

1 
L

u
 

0.
00

3 
0.

00
16

 
0.

00
3 

0.
00

12
 

0.
00

3 
0.

00
4 

0.
00

03
 

la
b 

0,
17

0 
0.

14
5 

0.
34

8 
0,

14
7 

0.
15

1 
0,

00
5 

T
h

 
0.

05
5 

0.
01

0 
U

 
0.

01
9 

0.
01

7 
0.

01
1 

0.
04

3 
0.

04
0 

0.
02

3 

6.
73

 

11
85

 7 3 0.
02

 
0.

60
 

1.
58

 

3.
3 

0.
00

5 
1,

4 
19

.6
 

18
.0

 
0.

05
 

0.
10

 

0.
00

2 
0,

08
9 

0.
01

4 
0.

02
8 

6.
46

 
0.

4 
2.

2 
39

4 53
 

20
 

26
6 0.

10
 

0.
61

 
0.

47
 

6.
3 

0.
00

5 
4.

8 
13

.4
 

18
.1

 
0.

05
4 

0.
18

 
0.

13
8 

0,
02

2 
0.

1 
0.

19
 

0.
03

11
 

0.
00

83
 

0.
02

6 
0.

00
48

 
0,

02
4 

0.
00

53
 

0.
01

34
 

0.
00

25
 

0.
00

92
 

0.
00

14
 

0.
00

1 
0.

08
9 

0.
07

9 
0.

03
5 

K
 

48
7 

92
7 

14
31

 
R

b 
1.

1 
1.

6 
1.

3 
4.

8 
S

r 
4.

3 
42

.8
 

38
.9

 
13

.4
 

6.
46

 

41
9 48

 
19

 0.
08

 
0.

54
 

0.
59

 
26

.7
 

0.
00

8 
4

.9
 

13
.3

 
17

.6
 

0.
18

 

0.
21

 

0.
00

1 
0.

16
5 

0.
09

1 
0,

03
7 

6
.!

0
 

0.
4 

1.
5 

19
2 

39
 

19
 

87
 0.
13

 
0.

12
 

0.
27

 
1.

2 
0.

00
6 

2.
9 

6.
7 

14
.1

 
0.

17
8 

0.
28

 
0.

52
8 

0.
05

11
 

0.
21

9 
0.

29
 

0.
04

51
 

0.
00

81
 

0.
03

64
 

0.
00

5 
0.

03
2 

0.
00

65
 

0.
01

94
 

0.
00

31
 

0.
01

66
 

0.
00

22
 

0.
00

3 
0.

05
2 

0.
12

1 
0.

04
4 

6
.!

0
 

21
8 51
 9 0.
12

 
0.

18
 

0.
38

 
2.

4 
0.

01
3 

3.
2 

6.
8 

14
.2

 
0.

26
 

0.
31

 

0.
00

4 
0.

08
4 

0.
12

8 
0.

04
9 

6.
68

 

46
9 15

 l 0.
02

 
0.

22
 

0.
23

 
1.

0 
0.

00
3 

2.
8 

9.
9 

21
.2

 
0,

26
6 

0.
22

 
0.

90
8 

0.
08

 
0.

30
9 

0.
06

 
0.

05
96

 
0.

01
05

 
0.

04
85

 
0.

00
61

 
0.

04
4 

0.
00

93
 

0.
02

83
 

0.
00

41
 

0.
02

64
 

0.
00

37
 

0
.0

0
0

 
0.

06
1 

0.
01

9 

91
2 

82
7 

3.
1 

2.
6 

7.
6 

9.
1 

0.
11

5 
0

.0
1

7
4

 
0

.0
7

2
 

0,
01

81
 

0.
00

33
 

0
.0

1
1

4
 

0.
00

15
 

0
.0

1
1

8
 

0
.0

0
2

 
0

.0
0

8
2

 
0.

00
13

 
0

.0
0

5
5

 
0

.0
0

0
9

 

E"
 

xo
 

I 

(1
) 

an
d 

(2
) 

ar
e 

re
pl

ic
at

es
 f

ro
m

 t
he

 s
am

e 
sa

m
pl

e.
 

(3
) 

R
un

 f
or

 R
E

E
 a

na
ly

si
s.

 



150 J. Gaillardet et al. / Chemical Geology 142 (1997) 141-173 

Hf- and Zr-bearing phase) in the suspended load and 
their presence in river sands (not analysed in this 
study). 

(2) The Sm/Na  ratio in suspended sediments 
normalized to the continental crust ratio [(Sm/Na) N ] 
gives the amplitude of the Na depletion in suspended 
sediments with respect to the mean continental crust. 
(Sm/Na) N can therefore be considered as an index 
of silicate weathering if we consider the continental 

crust as a good approximation of the eroded rocks 
over the drainage basin (see Section 7). (Sm/Na)  N 
in the suspended load of the lowland rivers is close 
to 0.05, which is the typical value for the suspended 
sediments of the Congo Basin. By contrast, 
(Sm/Na)  N in the Andean rivers (Solimoes, Madeira 
and the Amazon mainstream) are close to 0.1-0.2, 
indicating that weathering in the Andean zone is less 
intense than in the lowlands. 

Table 5 
Trace element concentrations (in ppb) measured in the dissolved phase of the Amazon River 

Amazon 5 Amazon 6 Amazon 20 

(1) (2) (3) (1) (2) (1) (2) (3) 

pH 5.77 
Li 0.5 0.4 
B 1.4 
Mg 196 235 
AI 122 139 
Mn 21 22 
Fe 30 
Co 0.21 0.22 
Ni 0.62 0.67 
Cu 0.68 0.86 
Zn 4.2 4.6 
Ga 0.013 0.009 
Rb 1.7 1.9 
Sr 7.3 7.8 
Ba 9.9 10.5 
La 0.36 0.40 
Ce 
Pr 
Nd 0.39 0.46 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 0.005 0.005 
Pb 0.292 0.352 
Th 0.092 0.097 
U 0.046 0.052 

K 
Rb 
Sr 

0.366 
0.933 
0.095 
0.387 
0.085 
0.0158 
0.073 
0.0098 
0.065 
0.0124 
0.035 
0.0056 
0.034 
0.0049 

6.79 
3.0 

1037 
21 
19 

0.07 
0.76 
1.43 
1.6 
0.015 
1.7 

37.7 
24.3 

0.14 

0.17 

0.000 
0.072 
0.023 
0.045 

979 
1.6 

46.8 

0.145 
0.218 
0.032 
0.136 
0.035 
0.008 
0.032 
0.0047 
0.032 
0.0059 
0.0157 
0.0031 
0.017 
0.0025 

6.89 
0.9 
1.6 

755 
9 

51 

0.18 
0.74 
1.46 
1.1 
0.017 
1.5 

25.8 
20.8 

0.10 

0.11 

0.002 
0.064 

0.052 

879 
1.8 

25.2 

6.89 

806 
10 
48 

0.16 
0.55 
1.53 
1.0 
0.011 
1.5 

25.5 
20.7 

0.10 

0.13 

0.003 
0.085 

0.054 

0.106 
0.218 
0.031 
0.136 
0.0349 
0.0104 
0.0356 
0.0043 
0.0333 
0.0064 
0.0181 
0.0033 
0.0159 
0.0022 

(1) and (2) are replicates from the same sample. 
(3) Run for REE analysis. 
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(3) The non-depleted elements have quite similar 
patterns in the Andean and lowland rivers, if we 
except Cs, Pb, Fe and Cr (enriched in the Urucara 
and Trombetas sediments) and Ni. Indeed, the Th/Sc 
normalized to its crustal value is constant and, in 
particular, is not correlated with the Nd model ages 
of the suspended sediments of each river. This ab- 
sence of correlation contrasts with the correlation 
observed between the La /Yb ratio and Nd model 
age observed by All~gre et al. (1996). This shows 
that the variations in the REE patterns with Nd 
model age are not superimposed to variations of the 
whole pattern of elements. 

4.2. Dissolved load 

Major element concentrations and Sr isotopic 
compositions measured in the dissolved load are 
presented in Table 3. Trace element concentrations 
are given Table 4 for the tributaries and Table 5 for 
the Amazon mainstream. 

4.2.1. Major element and Sr isotopes geochem- 
is try-  chemical denudation 

The major element geochemistry of the Amazon 
Basin rivers has been extensively documented by 
Stallard (1980). Our data are in good agreement with 
these data measured in 1976-1977, and confirm the 
geochemical classification of the Amazon rivers pro- 
posed by Stallard (1980). Briefly, the Rio Negro, 
Negro Tributary, Urucara, Trombetas and Tapajos 
are very dilute rivers (•+ < 200 i~eq/1) with low 
pH (<  6.7), molar Ca/Na ratio < 1, and radiogenic 
87Sr/86Sr isotopic ratios (0.716 for the Rio Negro, 
> 0.725 for the other rivers). The same chemical and 
isotopic features are found in the rivers of the 
Guayana Shield in the Orinoco Basin (Edmond et al., 
1995). By contrast, the Rio Solimoes, Madeira and 
the Amazon mainstream exhibit higher dissolved ion 
concentrations (T. + > 300 Ixeq/1), higher pH (>  
6.7), a higher concentration of Ca than Na (Ca/Na 
> 1) and less radiogenic 87Sr/86Sr isotopic ratios. 
Note that the Sr isotopic ratios in the dissolved phase 
reported here are in good agreement with those 
measured by Palmer and Edmond (1992). For the 
entire Amazon Basin (at Santarem), a Sr isotopic 
ratio of 87Sr/86Sr of 0.71148 is measured, signifi- 
cantly lower than the value measured at Obidos by 

Palmer and Edmond, 0.7109. This discrepancy can- 
not be accounted for by the contribution of the 
Tapajos River and may be due to the seasonal vari- 
ability. Finally, it is apparent from Table 3 that the 
sample Amazon 5 closely resembles the Rio Negro 
waters rather than a mixing between Solimoes and 
Rio Negro. This is chemical evidence for the diffi- 
culty of the waters of Rio Negro and Rio Solimoes 
to fully mix together. 

The Rio Negro and Trombetas rivers are charac- 
terized by a significant charge imbalance, as indi- 
cated by the normalized inorganic charge balance 
(NICB) [E+-Y'.-)/E -] values of 40 and 30%, 
respectively. This imbalance is attributed to the 
abundance of organic anions, not analysed in Table 
3. Important NICB values have also been reported in 
the organic-rich (coloured) waters of the Congo Basin 
(Probst et al., 1992; Dupr6 et al., 1996) and in the 
lowland rivers of the Orinoco Basin (Edmond et al., 
1995). 

In Table 3, the total chemical denudation rates are 
calculated using the total dissolved loads (TDS) and 
expressed in t km -2 yr -~. The lowland rivers are 
characterized by very low denudation rates (6 t 
km- 2 yr- ~), consistent with those determined in the 
Congo Basin and those measured in the Guayana 

10000 

1000 

o. 100 

o 10 

~ Elderfield et al. (1990) 
[ 0 Oupra et al. (1996) | 

 oo= I t '  ........ L O  Amazon rivers, this study ,,~ 

[] 
[] 

2 10 
pH 

Fig. 4. Global relationship between dissolved absolute La concen- 
tration and pH for the rivers from this study and other world 
rivers. These data include the data from Elderfield et al. (1990) 
from North American and UK rivers, the data from Dupr6 et al. 
(1996) from the Congo Basin and the data from Keasler and 
Loveland (1982) from Northwest Pacific rivers. A clear linear 
relation is observed for pH > 6, while a larger degree of scatter 
appears for pH < 6. 
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Fig. 5. REE patterns of the dissolved phase (0.2 iAm filtered) for the rivers of this study. Data are normalized to UC. For comparison, this 
figure also includes the dissolved patterns reported in the Congo rivers (Dupr6 et al., 1996) and in some large rivers from Goldstein and 
Jacobsen (1988a). Note that the Amazon sample from Goldstein and Jacobsen (1988a) is in general agreement with the patterns reported 
here for the Amazon mainstream. 

Shield by Edmond et al. (1995). These calculated 
rates of chemical denudation are higher in the 
Madeira and Solimoes basins: 23 t km -2 yr - I  and 
67 t km -2 yr - l ,  respectively. We will come back 
later to these denudation rates, which should not be 
considered as weathering rates. 

4.2.2. Dissolved REE 
The dissolved REE (Tables 4 and 5) concentra- 

tions in the Amazon rivers vary by more than an 
order of magnitude. The highest concentrations are 
observed in the Rio Solimoes, Rio Trombetas and 

Urucara. The less concentrated samples are from the 
Tapajos and Rio Madeira. The REE concentrations 
confirm the observation made earlier that the sample 
Amazon 5 more likely represents the Rio Negro and 
not the Amazon mainstream. The dependence of 
REE concentrations (e.g. La) on pH (Fig. 4) for the 
set of rivers studied here is compared to the depen- 
dence of REE dissolved concentrations on pH for a 
set of world rivers, including the rivers of the Congo 
Basin reported in Dupr6 et al. (1996). The rivers of 
this study have dissolved REE concentrations slightly 
lower than that of the Congo rivers, but among the 
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highest at a global scale. They confirm the global 
decrease of REE dissolved concentrations (ranging 
on more than 4 orders of magnitude) with increasing 
pH, particularly for pH values greater than 6. For 
lower pH values, tile data are more scattered. For 
example, the Rio Negro and Rio Solimoes have 
similar REE dissolved concentrations although their 
pH differs by 2 pH units. This observation indicates 
that, at least for pH < 6, pH is not the only parame- 
ter that controls river REE concentrations. 

Dissolved REE patterns normalized to the UC are 
presented Fig. 5. Our data are consistent with the 
pattern reported for the Amazon river by Goldstein 
and Jacobsen (1988a). All patterns display a more or 
less pronounced upward convexity centred on the 
HREE, except the Rio Trombetas, which has a flat 
pattern. The Rio Solimoes, Madeira and Tapajos 
patterns show the strongest LREE depletions. The 
Rio Trombetas and Negro tributary are slightly de- 
pleted in the HREE. The pattern of the Amazon 
mainstream at Santarem confirms the major influ- 
ence of the Solimoes and Madeira rivers, already 
observed using major elements. Other dissolved REE 
patterns from large rivers (Goldstein and Jacobsen, 
1988b) are shown for comparison in Fig. 5 (Missis- 
sippi, Ohio, Amazon and Indus). We also reported 
the mean patterns of the Congo Basin rivers (Dupr6 
et al., 1996). It appears that an increasing LREE 
depletion exists from the Congo rivers or the Trom- 
betas and Urucara rivers [normalized La /Yb  ratio: 
(La/Yb)N = 1] to the Indus River [(La/Yb) N = 0.1]. 
These variations are shown in Fig. 6, in which 
interesting correlations of (La/Yb)  N with pH and 
absolute dissolved La concentration are observed for 
the rivers of this study, the rivers of the Congo Basin 
and the set of rivers from Goldstein and Jacobsen 
(1988a). These relations need to be more docu- 
mented, but tend to indicate that river pH has a 
major control on the shape of the dissolved REE 
patterns and thus REE fractionation in the dissolved 
load. 

4.2.3. Other elements 

The other elements measured in the dissolved 
phase (Tables 4 and 5) are Li, B, AI, Mn, Fe, Co, Ni, 
Cu, Zn, Ga, Rb, Sr, Ba, Pb, Th and U. Previous 
dissolved concentration values have been reported 
for the Rio Negro and Solimoes by Konhauser et al. 

(1994). Our data are generally in good agreement 
with these data with a few exceptions. Zn concentra- 
tions reported here are 10 times lower than those 
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reported by Konhauser et al. (1994) for the Rio 
Negro above Manaus, and 3 times lower than that 
reported for the Rio Solimoes above Manaus. In the 
Rio Solimoes, our data for Mn, Fe and Pb are 
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between 2 and 4 times lower than that reported by 
Konhauser et al. (1994). 

In order to search for the relationships between 
these elements and the major and rare earth ele- 
ments, the correlation coefficients between each pair 
of elements have been calculated. This leads to the 
following conclusions: 

- Rb, Sr, Ba and U concentrations are strongly 
correlated with those of the major elements (Ca, Na, 
Mg, and alkalinity) and E+. These correlations indi- 
cate that the abundance of these elements is con- 
trolled by the same processes that control the major 
ion chemistry (see Section 6). This is in agreement 
with the observation of Palmer and Edmond (1993) 
on U geochemistry in rivers. 

- All other elements are decoupled from major 
ion chemistry. Among them, only Th and Co are 
well correlated with the REE. The correlations be- 
tween Th and Ce, Co and Th, Co and Fe are shown 
in Fig. 7. The Congo data (Dupr4 et al., 1996) for the 
dissolved load have also been plotted for compari- 
son. It is striking to note that rivers of both the 
Amazon and Congo basins follow the same trends. 

Because Th has a very low solubility in natural 
waters (Langmuir and Herman, 1980; Dupr4 et al., 
1996), the computation of the UC-normalized X/Th 
ratios allows a classification of the elements accord- 
ing to their mobility. For the set of rivers described 
here, Na, Ca, K, Ba, U, Sr, Rb, Li and B have 
Th-normalized ratios much higher than the corre- 
sponding crustal ratios, indicating that these elements 
are the most mobile. The elements Mn, Ni, Cu, Zn 
appear to have Th-normalized ratios about 10 times 
greater than the corresponding crustal ratios, indicat- 
ing their low mobility. By contrast, A1, Fe, Ga, Pb 
and Co have Th-normalized ratios either close to the 
crustal value or lower. For example, the mean 
A1/Th-normalized ratio is close to 0.1, pointing out 
an observation already noted for the Congo rivers 

Fig. 8. Transport of the elements in three rivers from the Amazon 
Basin. For each element, for one litre of river water, the mass 
proportions of transport in the dissolved load and in the suspended 
phase are given. In order to calculate the suspended transport, the 
amount of suspended sediments (TSS) measured during the cruise 
(Table 1) is used. The main conclusion from this figure is the 
increase of suspended transport for the most insoluble elements 
from the Rio Solimoes to the Rio Negro. 
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(Dupr6 et al., 1996) that the dissolved phase is 
depleted in A1 with respect to the continental crust. 

4.3. Transport 

An interesting aspect of the data presented in this 
paper is that the amount of each element transported 
by the dissolved and suspended loads can be com- 
pared. We calculated the mass of each element in 
one litre of river water as particles, by using the 
amount of suspended sediments measured during the 
sampling cruise (TSS, Tables 1 and 2). As we will 
see later, these concentrations are much lower than 
the values averaged over several years for the 
Solimoes, Madeira and Amazon mainstream. Results 
for the Rio Solimoes, Rio Negro and Rio Trombetas 
are shown in Fig. 8. 

- Both suspended and dissolved phases contribute 
to the transport of Rb, Ba, K, Na, Sr, Ca and in a 
lesser extent U. This result is not surprising because 
these elements, as we already emphasized, are the 
most soluble elements and therefore the most mobile 
in the weathering processes. 

- By contrast, the other elements, classically con- 
sidered as non-mobile elements during weathering, 
are transported mainly in a suspended form in the 
Rio Solimoes, Rio Madeira, Rio Tapajos and in the 
Amazon mainstream. However, the proportion of 

these elements transported by the dissolved load is 
higher in the Rio Negro, Urucara and Rio Trombe- 
tas. For example, in the Rio Negro, the proportion of 
the HREE transported in dissolved form accounts for 
by 60% of the total flux. This feature is a result of 
the high dissolved concentrations measured in these 
rivers as well as of their low TSS concentrations. 
These results are similar to  that observed in the 
organic-rich rivers of the Congo Basin, characterized 
by low amounts of suspended solids and high dis- 
solved concentrations for the most insoluble ele- 
ments. 

5. Partition coeffidents between dissolved and 
suspended loads 

The data for the suspended and dissolved phases 
of each river presented above allow the calculation 
of 'partition coefficients' between soluble and sus- 
pended phases. This concept has been used in river 
chemistry for example by Whitfield and Turner 
(1979) and Martin and Whitfield (1983). We first 
focus on the REE and then compare the Cw/Cp 
patterns of the rivers of this study with those of 
Dupr6 et al. (1996) for the Congo rivers and those of 
Goldstein and Jacobsen (1988b) for other large river 
systems. 
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Fig. 9. Dissolved REE concentrations normalized to suspended concentrations for each river of this study, for the Congo river (Dupr6 et al., 
1996) and for some other large rivers (Goldstein and Jacobsen, 1988b). Cw is expressed in ppb, Cp in ppm. A large range of REE 
fractionation is observed among these rivers with an increased LREE depletion from the Isua or Likouala River to the Indus. In terms of 
LREE depletion, Amazonian rivers have an intermediate feature between the rivers of the Congo and the rivers having lower concentrations. 
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5.1. Rare earth elements 

The dissolved REE concentrations are normalized 
to the suspended ones in Fig. 9 (Cw/Cp diagram 
where Cw and Cp are the concentrations in the 
dissolved and suspended phase respectively). None 
of the Cw/Cp patterns is flat, pointing out the 
existence of slight REE fractionations during weath- 
ering and transport by rivers. All patterns are more 
or less LREE-depleted, particularly the Amazon 
mainstream and Madeira River. The dissolved La /Yb  
ratio normalized to that of suspended sediments 
( K L a / Y  b = L a / Y b ~ o | u t i o n / L a / Y b s o l i d )  range from 0.4 
(Amazon mainstream, Rio Madeira) to 0.8 (Rio Ne- 
gro). This feature is in agreement with the observa- 
tions of Dupr6 et al. (1996) for the Congo rivers 
(mean KLa/Y b = 0 .7 )  and with a number of rivers 
studied by Goldstein and Jacobsen (1988a). Among 
these latter rivers, only the Great Whale is character- 
ized by KLa/Y b = 1. The Amazon River pattern re- 
ported by Goldstein and Jacobsen is more LREE-de- 
pleted ( K L a / Y  b = 0 . 1 5 )  than any pattern reported in 
this study. At a global scale, a trend of increasing 
depletion of dissolved HREE relative to suspended 
sediments (of decreasing KLa/Y b value) with in- 
creasing pH (or decreasing absolute REE abundance) 
is therefore apparent in rivers. This trend is similar to 
the one reported in Fig. 6, but it has a larger degree 
of scatter. Such relationships need to be confirmed 
by more data on world rivers, but strongly suggest 
that pH controls the fractionation of REE in rivers. 
At least two mechanisms can be proposed to explain 
such a control: adsorption processes, whose impor- 
tance increases with pH (Schindler and Stumm, 
1987), and the existence of organo-mineral colloids 
which exist in a dispersed form at low pH and tend 
to agglomerate and coagulate with increasing pH. 
Ultrafiltration experiments carried out by Sholkovitz 
(1992, Sholkovitz, 1995) demonstrated the evidence 
of such a phase in North American rivers, and 
showed that this phase has a shale-like REE pattern. 
By contrast, the true dissolved patterns for REE 
displays an important LREE depletion ( K L a / Y  b = 

0.01 to 0.05), similar to that observed in the rivers of 
high pH values (Indus River). 

A crude approach is therefore to consider that the 
dissolved REE concentrations in the Amazon rivers 
of this study consist of a mixing between a true 

dissolved pool (KLa/V b = 0 . 0 5 )  and a colloidal pool 
(KLa/Y b = 1). This type of calculation has been ap- 
plied to the Congo rivers (Dupr6 et al., 1996) and 
allows the proportion of colloidal Yb (with respect to 
the total dissolved Yb) for the Amazon rivers to be 
calculated. Proportions ranging from 30 to 40% in 
the Rio Madeira and Amazon mainstream (the most 
HREE-depleted rivers) to 80% in the Rio Negro are 
then necessary to account for the Cw/Cp patterns 
reported in this study. In the future, we hope to carry 
out ultrafiltration experiments, using different pore 
size filters, to confirm these proportions and to un- 
derstand the way REE are transported in big rivers. 
Finally, if such large proportions of REE are trans- 
ported in the so-called colloidal phase, then the 
concept of a partition coefficient appears inappropri- 
ate, as it depends on the filtration pore size. 

5.2. Other elements 

In Fig. 10, the normalisation of dissolved concen- 
trations to suspended ones has been extended to the 
other elements. This figure only shows the average 
of the Amazon river systems. This diagram is similar 
to that reported by Dupr6 et al. (1996) for the Congo 
river system. This diagram points out the enrichment 
of the most mobile elements (Ca, Na, Sr, Ba, K, U, 
Rb) in the dissolved phase with respect to the sus- 
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Fig. 10. Averaged dissolved concentrations normalized to average 
suspended concentrations for the whole set of rivers from this 
study. This diagram points out the enrichment of the most soluble 
elements. The other elements display fiat or slightly enriched 
patterns. A Fe depletion is observed, consistent with previous 
observations in the Congo Basin. 
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pended phase. The abundances of these elements are 
controlled by atmospheric and rock dissolution in- 
puts as will be shown in Section 6. The other 
elements show a gradual increase of Cw/Cp  from 
Th and Pb to Ni. :['his enrichment can not be fully 
explained using the data reported here and further 
studies would require ultrafiltration experiments. 
Nevertheless, the above conclusions inferred from 
the REE patterns can be extended to the other ele- 
ments. Thorium, in particular, has a very limited 
solubility and its presence in the dissolved load at 
concentrations close to 10-100 ppb in the rivers of 
this study strongly supports the existence of a col- 
loidal phase. The enrichment of Ni and Cr in the 
dissolved phase with respect to Th is therefore either 
due to their enrichment in colloids, or to the contri- 
bution of a true dissolved pool for these elements (as 
for HREE). This dissolved pool may include Ni 
associated with dissolved organic material. 

Iron appears to be depleted in the dissolved phase 
with respect to the suspended phase (Fig. 10). The 
same feature has been reported in the Congo Basin 
by Dupr6 et al. (19o6) and points out an Fe depletion 
of the colloidal phase. 

Again, the concept of 'partition coefficients' is 
inappropriate to describe the behaviour of the above 
elements in rivers such as the Congo and Amazon. 

6. Source control on the dissolved load. chemical 
weathering rates of silicates 

In this section, we discuss the relationships ob- 
served in the Amazon rivers between the most solu- 
ble elements in terms of atmospheric inputs and rock 
sources. Our approach is close to a previous one, 
already applied in Nrgrel et al. (1993) to the Congo 
Basin. The key point of this approach is the search 
for mixing relationships in river waters in various 
diagrams using elemental ratios and Sr isotopes. 

The pioneering work of Stallard (1980) and Stal- 
lard and Edmond (1983, 1987) has highlighted the 
importance of atmospheric inputs (cyclic salts) and 
lithology to the dissolved load of rivers in the Ama- 
zon Basin. This conclusion is also reached by Palmer 
and Edmond (1992) in their study of Sr isotope 
systematics of Amazon waters. We propose in the 
following, an inversion method that combines the 

information provided by major ion geochemistry and 
that provided by Sr isotopic composition. This tech- 
nique will allow us to quantify the mixing of atmo- 
spheric and rock-derived materials in the rivers of 
the Amazon Basin. 

6.1. Atmospheric inputs to river chemistry 

As previously shown by numerous authors (Stal- 
lard, 1980; Meybeck, 1983), CI, whose concentration 
in rocks is very low, is the most useful reference to 
evaluate atmospheric inputs to rivers. Difficulties 
arise when evaporites are present in the river 
drainage, which is evident for the Andean rivers 
(Stallard, 1980). As shown by Stallard and Edmond 
(1987) in South America, Meybeck (1986) in West- 
ern Europe and Nrgrel et al. (1993) in Central 
Africa, C1, originating from the dissolution of atmo- 
spheric seasalt particles by rainwaters, shows con- 
centrations decreasing with increasing distance from 
the coast. In the Amazon River Basin, as determined 
by Stallard and Edmond (1983), the average CI 
concentration in rainfall is 10 p~mol 1-1, 1500 km 
inland. In order to determine the atmospheric C1 
inputs to rivers of the Amazon Basin, two comple- 
mentary ways can be used. The CI concentration of 
rain at a given point in the basin can be multiplied 
by the evapotranspiration factor to evaluate the con- 
centration in the river. In the Amazon Basin, this 
factor is close to 2.2 (Salati and Marques, 1984). The 
C1 content of rainwaters in the Amazon River Basin 
has been measured by numerous authors (Stallard, 
1980; Furch, 1984; Galloway et al., 1982; Andrae et 
al., 1990; Forti and Moreira-Nordemann, 1991; Le- 
sack and Melack, 1991), and based on 260 rain 
samples, the mean values for each element are listed 
in Table 6. The mean C1 concentration is 8.3 Ixmol 
1-1 and leads then to a mean atmospheric input in 
rivers of 18 I~mol 1 - l .  

The other method to determine the atmospheric 
input of C1 in rivers is simply to consider rivers that 
do not drain saline formations. This requires knowl- 
edge of the drainage basin lithology, which is not 
trivial. Fortunately, such rivers exist in the Amazon 
Basin, as shown by Stallard (1980). The Coari, Tefe, 
Rio Negro and Branco, Xingu, Trombetas and nu- 
merous small rivers in the Andes exhibit Cl concen- 
trations ranging from 20 ixmol l-1 to 6 Ixmol 1- 
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from west to east, consistent with the concentrations 
estimated from rainwater data. 

In this study, when C1 river concentration does 
not exceed 20 i~mol 1 - l  (C lc r i t ) ,  C1 will be consid- 
ered as totally derived from marine aerosols. For C1 
river concentrations greater than 20 p~mol 1 -~ , evap- 
orite rock dissolution is invoked to supply C1 to the 
river. 

The rainwater contribution can be constrained 
using the mean values calculated in Table 6 for the 
rainwaters of the Amazon Basin. The typical ratios 
are C1/Na = 1.24 + 0.1, C a / N a  = 0.25 ___ 0.03, 
M g / N a  = 0.13 + 0.01. Strontium concentrations in 
Amazon Basin rainwaters have been reported by 
Furch (1984) and lead to S r /Na  molar ratios close to 
0.003 ___ 0.001. Compared to the corresponding ma- 
rine ratios (C1/Na = 1.16, C a / N a  = 0.023, M g / N a  
= 0.11, S r /Na  = 0.00019), the Amazon rainwaters 
appear to be enriched in Ca, Mg and Sr. This 
observation confirms the conclusions of Nrgrel et al. 
(1993) in the Congo Basin and reflects the contribu- 
tion of carbonate-rich aerosols to rainwaters. 

One important concern of atmospheric correction 
to the dissolved load of rivers is to know whether the 
dissolved load of rivers must be corrected for atmo- 
spheric inputs using local rainwater composition (by 
the use of Cl-normalized rainwater ion ratios) or 
from its oceanic part (by the use of Cl-normalized 
seawater ratios). Applying a marine correction to the 
dissolved river load means that the surpluses of Ca, 
Mg, K, Sr and other trace elements in rainwater 
originate from the drainage basin itself and that these 

elements are part of the continental weathering flux. 
For these reasons, a marine correction is attempted in 
this paper. The present day marine Na-normalized 
and Sr isotopic ratios (0.70917) have been used to 
correct the atmospheric contribution to river dis- 
solved load. 

6.2. Rock weathering inputs 

In a global approach (Garrels and MacKenzie, 
1971) the three main lithologies undergoing chemi- 
cal weathering are silicates, limestones and evapor- 
ites. The waters draining each of these rock types are 
characterized by their own chemical and Sr isotopic 
signature. This signature depends on both the chemi- 
cal composition of the bedrock and on the rate at 
which it is eroded. Carbonate rocks and evaporites 
are weathered 12 times and 40 to 80 times, respec- 
tively, more rapidly than granites or gneisses, ac- 
cording to the estimations of Meybeck (1987). As a 
consequence, evaporites have a major influence on 
river chemistry even if their outcrops are rather rare 
and concentrated in mountains. 

The Sr isotopic ratio, Ca/Na,  HCO3/Na and 
M g / N a  ratios are particularly well suited to distin- 
guish between carbonate, silicate or rain and have 
the very important property of being independent of 
water fluxes and then dilution of evaporation effects. 
Following the technique initiated in Nrgrel et al. 
(1993), in Fig. 11 we present the relationships be- 
tween Sr isotopic composition and Ca/Sr ,  and be- 
tween Ca/Na ,  HCO3/Na and M g / N a  ion ratios for 

Table 6 

Chemical  composit ion of rainwaters in the Amazon Basin (p, mol /1 )  

Origin of data n Stage CI Ca Na Mg Sr 

Lacaux et al. (1992) 
Lesack and Melack (1991) 

Lesack and Melack (1991) 
Stallard and Edmond (1980) 
Galloway et al. (1982) 
Forti and Moreira-Nordemann ( 1991 ) 
Forti and Moreira-Nordemann (1991) 
Forti and Moreira-Nordemann ( 1991) 

Forti and Moreira-Nordemann ( 1991) 

Furch (1984) 

35 total 4.7 2 4 - - 
89 wet  4 0.95 1.9 0.65 - 

34 dry 8.2 1.45 5. t 1.05 - 

32 total 13.7 1.1 12.4 1.2 - 
14 total 2.5 0.15 1.8 0.25 - 

16 wet 15.3 3.33 29.5 1.61 - 
10 dry 36.5 6.46 20.4 2.22 - 
18 wet  7.73 2.4 3.13 0.31 - 
11 dry 11.8 3.07 9.57 0.76 - 

25 total - 1.8 5.2 0.88 0.008 

Weighted average excluding Furch (1984) 259 8.31 1.68 6.73 0.88 - 
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the rivers of  the Amazon Basin studied by Stallard 
(1980) for major :ion chemistry, and Palmer and 
Edmond (1992) for Sr isotopic composition (43 river 
samples) together with our data (11 samples). In 
such diagrams (Fig. l ib,c),  mixing between two 
endmembers is represented by a straight line as the 
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same element (Na) is used as a normalization. The 
most probable range of  rock weathering endmembers 
for silicates, carbonates and evaporites has been 
estimated combining the mixing trends of  Fig. 11 
and literature data based on simple or well con- 
strained lithologies. These data include the Andean 
streams from Stallard (1980) and Stallard and Ed- 
mond (1983), the data from rivers draining the 
Guayana Shied (silicates only) from Edmond et al. 
(1995), the small rivers from remote areas in France 
reported by Meybeck (1986), and the data on small 
rivers draining carbonates and silicates in the Congo 
Basin (N4grel et ai., 1993). When corrected for 
atmospheric inputs, the data from monolithological 
streams allow us to estimate the variability of  the 
Na-normalized ratios and Sr isotopic ratios for each 
type of  lithology. Salt springs and streams with C1 
concentrations greater than 1000 ~mol  1-1 are re- 
ported by Stallard (1980) in the Ucallayi and Mara- 
non Andean drainages. Both their ion content and Sr 
isotopic ratios (Palmer and Edmond) allow the evap- 
orite endmember to be estimated (Fig. 11). This 
endmember is characterized by C a / N a = 0 . 1 7 +  
0.09, M g / N a = 0 . 0 2  + 0 . 0 1 ,  S r / N a = 3 _ + 2  X 
10 -3, H C O 3 / N a  = 0.3 _-t- 0.3 and 87Sr/86Sr -- 

0.7081 + 0.0005. In the same way, the carbonate 
endmember can be evaluated as having the following 
typical ratios: C a / N a  = 45 _+ 25, M g / N a  = 15 + 10, 
S r / N a  = 40 + 20 X 10 -3, H C O 3 / N a  = 90 _ 40 
and 87Sr /86Sr=0.7075  +0.0005.  The shield sili- 
cate endmember is characterized by C a / N a  = 0.35 
-t- 0.25, M g / N a  = 0.24 _ 0,16, S r / N a  = 3 _ 1 X 
10 -3, H C O 3 / N a  = 1 -I- 1 and 87Sr/86Sr = 0.730-I- 
0.01. The silicate-draining water endmember for the 

Fig. 11. Mixing diagrams of the dissolved load comparing the data 
from the present study to the data from Stallard (1980) and Palmer 
and Edmond (1992) in the Amazon River Basin. Mixing endmem- 
bers are constrained using the data from Meybeck (1986) on small 
western Europe catchments, and the data from Edmond et al. 
(1995) in rivers draining the Guayana Shield (silicates). These two 
sets of data are corrected from atmospheric inputs using C1 as a 
reference. (a) Sr isotopic ratio versus molar Ca/Sr The silicate 
endmember represents the shield silicate endmembers. The sili- 
cates from the Andes (young volcanics and plutonics) are ex- 
pected to deliver less radiogenic Sr to the rivers, close to 0.706 -I- 3 
(see text). (b, c) Mg/Na vs. Ca/Na and HCO 3/Na vs. Ca/Na 
molar ratios. 
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Solimoes and Amazon mainstream is expected to be 
different, because both the source rocks (Andean 
calc-alkaline volcanics and plutonics) and weather- 
ing conditions of these drainages are different. The 
chemical or Sr isotopic studies of waters flowing 
over recent volcanics (Meybeck, 1986; Goldstein and 
Jacobsen, 1987; Gislason et al., 1996; Louvat and 
Allbgre, 1997) show that their Sr isotopic composi- 
tion is very close to that of the bedrock and that their 
Na-normalized ratios, independently of climate and 
relief, are slightly elevated compared to those of the 
shields. For example, typical Ca /Na  ratios for the 
waters draining volcanics range between 0.3 and 0.8 
(Louvat and All~gre, 1997). Based on these consid- 
erations, and the fact that the Andes constitute only a 
small part of the Solimoes and Amazon drainages, 
the endmember parameters for the Solimoes and 
Amazon 6 are taken as Ca /Na  = 0.5 + 0.3, Mg /Na  
-- 0.5 _+ 0.2, Sr /Na  = 5 +_ 2 × 10 -3, HCO3/Na = 2 
± 1 and 87Sr/86Sr = 0.706 _ 0.003. 

Finally, slightly different silicate endmember ra- 
tios for the Rio Negro drainage have been chosen 
from those of the shield rivers. At least two argu- 
ments can be invoked for that. On the one hand, the 
Rio Negro drains mostly intensely weathered areas 
composed of Tertiary sediments depleted in cations 
(more depleted in Na, than Ca, due to their respec- 
tive mobilities) and on the other hand dissolved 
organic matter is abundant within the drainage and 
probably increases mineral weathering. Similar or- 
ganic-driven weathering regimes have been de- 
scribed in Africa by Viers et al. (1997). The results 
of this study show that the Na-normalized ratios of 
solutes are elevated compared to less-organic domi- 
nated environments. According to these considera- 
tions, the Na-normalized ratios are chosen as Ca /Na  
--1_+0.5, M g / N a =  0.6 _+ 0.3, S r / N a = 5 + _ 2 ×  
10 -3, HCO3/Na = 3 +_ 1. 

6.3. Model equation and resolution 

Mass budget equations can be written to calculate 
the amount of each element originating from the 
different reservoirs: rainwater, silicate weathering, 
limestone weathering and evaporite weathering. We 
simply state that the amount (per litre of water) of a 
solute in riverwater is the sum of the contribution for 
each reservoir. If the subscripts riv, rw, sil, carb, and 
ev denote the river, rainwater, silicate, carbonates 

and evaporites, respectively, then X~i v = Xrw + X~v + 
Xsi I -}-Xcarb, for any element X = Na, CI, Ca, Mg, 
HCO 3 and Sr. 

If the river C1 concentration is greater than Clcrit 
then Clnv = Clrw + Cl~v, if the river C1 concentration 
is < Clcrit then Clri v = Clrw- 

The last equation describes the mass budget of Sr 
isotopic ratios: 

t Srnv 
Sr ] riv 

[87Sr [87Sr 
= ~868--"r)rwSrrw+ 1 86s'-"~)evSrev 

+ 865-"'~)silSrsil "1- 8-~r]ca~bSrcarb 
In the following, this equation is solved by an 

inversion procedure using elemental ratios instead of 
absolute concentrations, as presented in N6grel et al., 
1993. This technique, now widely used in geochem- 
istry (All~gre et al., 1983; All~gre and Lewin, 1989), 
is particularly well suited for such a resolution be- 
cause, as we saw earlier, the endmembers are not 
completely determined. In such an approach, there 
are no data and unknowns. All variables are parame- 
ters for which we have more or less information. The 
only reasonably well known parameters are the river 
parameters. By contrast, the ion ratios and isotopic 
ratios of the endmembers estimated in the previous 
section are poorly known and thus the size of the 
error reflecting the possible range of variation will 
be large. The aim of the inversion procedure is to 
make all budget equations compatible and to im- 
prove our knowledge of the poorly known parame- 
ters. The so calculated parameters and their errors 
are named a-posteriori parameters and errors. 

6.4. Results 

For each river, the inversion procedure makes it 
possible to find a solution to the different mixing 
equations. The proportions of Na, Ca, HCO 3, Mg 
and Sr originating from the different reservoirs for 
the rivers of this study are given in Table 7. Several 
observations arise from this table. 

- The dissolution of evaporites plays an impor- 
tant role in the Solimoes River and in the Amazon 
mainstream. The Madeira River does not appear to 
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be influenced by evaporite dissolution. In the Ama- 
zon River at Santarem, it is found that 12 ± 8% of 
the Sr originates from the Andean saline formations. 
In the shield, the Sr derived from saline rocks is not 
significant. 

- The dissolution of carbonates influences the 
dissolved load of each river reported here. The rivers 
of the Subandean zone and Andean Cordillera have 
the greatest proportions of Ca, Mg, Sr derived from 
carbonates, in agreement with the lithology. In the 
shield areas, the major part of Ca appears to derive 
from carbonate weathering. 

- Silicate weathering contributes to the dissolved 

Sr concentration from 50% in the Solimoes to 85-  
87% in the Tapajos and Trombetas rivers. The iso- 
topic composition of the silicate endmember can be 
constrained by the inversion scheme. Isotopic com- 
positions greater than 0.720-0.735, consistent with 
the values calculated in the Congo Basin are ob- 
tained for the shield rivers and Madeira River. By 
contrast, lower 87Sr/86Sr isotopic ratios are calcu- 
lated for the Solimoes River and for the Amazon (ca. 
0.711). These isotopic contrasts highlight the influ- 
ence of the recent eruptive activity in the Amazon 
Basin. This result shows the contribution to the 
dissolved load of Sr derived from the Andean erup- 

Table 7 
Proportions of each element derived from the atmosphere and from silicate, carbonate and evaporite weathering deduced 
model (Section 6) 

from the mixing 

River Na Ca HCO 3 Mg Sr 

Nevo atm 5 4 ± 9  2 ± 1  2 2 ± 5  3 ± 1  
carb 0 2 4 ± 2 0  15±10  4 ± 4  
sil 4 6 ± 9  7 5 ± 3 0  6 3 ± 2 7  9 3 ± 1 0  

Solimoes 

Amazon 6 

Rio Madeira 

Urucara 

Rio Trombetas 

Rio Tapajos 

Amazon 20 

~m 16±3  0 0 4 ± 1  0 
ev 3 8 ± 6  3 ± 2  3 ± 2  2 ± 1  2 0 ± 1 3  
carb 3 ± 1  8 6 ± 5  7 2 ± 8  5 4 ± 1 9  3 0 ± 6  
sil 2 5 ± 8  1 1 ± 4  2 5 ± 8  4 1 ± 1 9  4 9 ± 1 4  

atm 1 8 ± 3  0 0 4 ± 1  1 ± 1  
ev 2 9 ± 5  3 ± 2  2 ± 2  1 ± 1  1 6 ± 6  
carb 3 ± 1  8 5 ± 6  6 1 ± 8  4 9 ± 2 0  2 2 ± 4  
sil 5 0 ± 6  1 2 ± 6  3 6 ± 8  4 6 ± 2 0  6 1 ± 8  

atm 1 7 ± 3  0 0 3 ± 1  1 ± 1  
carb 3 ± 1  8 4 ± 1 0  4 9 ± 8  6 9 ± 1 5  2 4 ± 6  
sil 8 0 ± 4  16±10  5 2 ± 8  28±15  7 5 ± 6  

atm 3 8 ± 6  1 ± 1  0 1 0 ± 2  2±0 ,5  
carb 2 ± 1  8 8 ± 7  5 6 ± 8  6 2 ± 1 8  2 9 ± 5  
sil 5 5 ± 6  1 1 ± 7  ~ ± 8  2 9 ± 1 8  6 6 ± 7  

atm 5 0 ± 6  3 ± 1  0 2 1 ± 5  4 ± 1  
c a  1 ± 1  6 9 ± 2 5  4 1 ± 1 7  35±21  9 ± 4  
sil 4 9 ± 6  2 8 ± 2 5  5 9 ± 1 7  4 5 ± 2 2  8 7 ± 5  

atm 3 0 ± 4  0 0 7 ± 1  1 ± 1  
carb 1 ± 1  7 1 ± 2 2  7 2 ± 2 4  5 1 ± 1 9  14±5  
sil 6 9 ± 5  2 8 ± 2 2  2 7 ± 2 0  4 2 ± 1 5  8 5 ± 5  

~m 2 7 ± 4  0 0 7 ± 2  1 ± 1  
ev 1 9 ± 4  2 ± 1  1 ± 1  1 ± 1  1 2 ± 8  
carb 2 ± 1  8 4 ± 4  7 9 ± 9  6 1 ± 2 2  2 5 ± 5  
sil 5 1 ± 6  1 4 ± 4  2 0 ± 9  3 1 ± 2 2  6 3 ± 1 0  
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tive rocks having Sr isotopic ratios close to 0.705 
(Soler and Rotach-Toulhoat, 1990). As shown by 
Goldstein and Jacobsen (1987, 1988a) or Louvat and 
All~gre (1997), the soluble (and particulate) isotopic 
composition of Sr draining volcanic rocks is similar 
to that of the bedrock. 

- For the Rio Negro, CI and Na concentrations 
are very low and very similar. As a consequence, 
and once corrected from the marine inputs, Na con- 
centration is close to zero, while Ca is not affected. 
As a result the Ca/Na  ratio is high, and can be 
interpreted as indicating the importance of carbonate 
weathering, which is not consistent with what we 
know about the Negro drainage lithology. If a rain 
correction is applied (using the concentrations in 
rainwaters from Table 6), the corrected Ca /Na  ratio 
decreases (0.97) significantly because of the contri- 
bution of Ca-bearing aerosols to Amazon rainwaters, 
but is still higher than the estimated Ca /Na  ratio of 
waters draining silicates. The proportions given in 
Table 7 have therefore major uncertainties, due to 
the extreme sensitivity of the Rio Negro waters to 
the correction of atmospheric inputs. Clearly for 
organic-dominated and very dilute rivers such as the 
Rio Negro (or Likouala and Sangha rivers in the 
Congo Basin), additional studies are necessary. In 
particular, one well-posed challenge is to better esti- 
mate the range of variation of the silicate endmem- 
ber in such highly weathered and organic-rich envi- 
ronments. 

Finally, the influence of the seasonal variability of 
dissolved concentrations has been tested on the 
above-calculated proportions. Devol et al. (1995) 
have reported the results on dissolved depth-in- 
tegrated concentrations of a multi-year time series 
(1983-1993) study of the Solimoes near Manaus. 
This data base allowed us to show that the Na-nor- 
malized ratios in the Solimoes differs by less than 
10% from the ratios calculated using our data, indi- 
cating that the seasonal variability does not modify 
drastically the above calculations. 

6.5. Weathering rates and inorganic CO 2 consump- 
tion 

The proportions calculated above allow the total 
dissolved ions (TDS) derived from each lithology to 
be calculated. The weathering rates are denoted 

ZOSsi I (for silicates), TDScarb (for carbonates) and 
TDSev (for evaporites) and are expressed in mg/ l ,  in 
t / y  or in t km -2 yr -~. The silicate and carbonate 
weathering rates are shown in Table 8 and Fig. 12. 
TDSsi 1 ranges from 1 to 5.  l06  t / y r  (6 t km -2 
yr -~) in the lowland rivers to 43. 106 t / y r  (20 t 
km-2 yr-  1) in the Solimoes. The value correspond- 
ing to the Amazon at Santarem is 70- l06  t / y r  (15 t 
km- 2 yr-  1). These rates for the silicate part of the 
drainage basin are consistent with those determined 
by Edmond et al. (1995) in the rivers of the Guayana 
Shield after correction from atmospheric inputs. They 
are also in agreement with those calculated in the 
rivers of the Congo Basin (Gaillardet et al., 1995). 
The TDScarb fluxes are systematically lower than the 
TDSsi I except for the Solimoes River where TDSca,b 
= 1.4 × TDS~. Finally TDSev are significant only 
for the Solimoes and Amazon mainstream but are at 
least one order of magnitude lower than the flux due 
to silicates. 

The inorganic consumption of CO 2 by rock 
weathering can be calculated using the proportions 
of H C O  3 derived from silicates and carbonates cal- 
culated above. Following the reaction 

( C a , M g ) C O  3 + C O  2 + H 2 0  

--, (Ca 2+,Mg 2+ ) + 2HCO 3 

the dissolution of carbonates produces two moles of 
HCO 3 for one mole of Ca 2+ + Mg 2+, but only one 
is derived from the atmosphere. By contrast all the 
alkalinity derived from silicates originates from the 
atmosphere. The calculated fluxes are given Table 8 
and Fig. 12. The total flux of CO 2 derived from rock 
weathering ranges from 6 to 30. 10 9 mol /y r  in the 
lowland rivers to about 1000. 10 9 mol /y r  for the 
Solimoes. The flux consumed by silicate weathering 
only ranges from 4.5 • 10 9 mol /y r  for the Trombetas 
to 670. 10 9 mol /y r  for the Amazon 6. As the 
precipitation of calcite in the oceans balances the 
riverine input of HCO 3 (and Ca) derived from car- 
bonates, the flux of CO 2 removed from the atmo- 
sphere by silicate weathering must be considered as 
the net CO 2 consumption flux by the weathering of 
continents (Berner, 1994). According to our results, 
for the entire Amazon Basin, the weathering of 
silicates consumes about 320- 10 9 mol/yr .  This flux 

i s  dominated by the inputs of the Solimoes and 
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t 

Fig. 12. Map of the Amazon Basin showing for each drainage basin (a) the chemical weathering fluxes derived from silicates, and (b) the 
consequent CO 2 consumption. These fluxes are calculated using the water discharge and drainage area values in Table 8. Total weathering 
and CO 2 consumption fluxes are given in Table 8. 
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Madeira tributaries, pointing out the importance of 
the Andes for CO 2 consumption. For comparison, 
the consumption in the Congo Basin is estimated to 
be 106. 10 9 mol /y r  (Gaillardet et al., 1995), 3 times 
lower than the CO z consumption for the Amazon 
Basin. The estimations are similar to those from 
Probst et al. (1994) based on lithologic models for 
carbonate weathering. For silicate weathering, the 
rate of CO 2 consumption is about half that of Probst 
et al. (1994), but in the same order of magnitude. 

Finally, in Table 8 and Fig. 12, the specific 
weathering and CO:, consumption fluxes are given. 
Due to our lack of knowledge of the carbonate and 
silicate outcrop areas, these rates are simply calcu- 
lated using the total basin area (Table 8). They are 
therefore under-estimated. To bypass this difficulty, 
we divided the CO 2 consumption flux by the silicate 
weathering flux. This parameter (denoted S in Table 
8) does not depend upon the silicate area. The S 
index ranges from 3% for the Tapajos River to 16% 
for the Amazon 6, and is 2 to 3 times higher in the 
Andean basins compared to lowland basins, high- 
lighting the importance of the Andes in the CO 2 

consumption by silicate weathering. 

7. Physical weathering rates--steady-state ero- 
sion 

7.1. Measured suspended sediment yields 

The Amazon is probably one the most extensively 
documented rivers in the world for suspended sedi- 
ment transport. Quantitative assessments of the trans- 
port of suspended sediments transport at different 
hydrological stages have been carried out for many 
years, in particular by the CAMREX project (e.g. 
Richey et al., 1986). These data provide an accurate 
estimate of the modem physical denudation over the 
drainage basin (Table 9). For the Rio Negro, 
Solimoes, Madeira and Amazon mainstream, the 
measured values are multi-year averages (1982- 
1984) reported by IVleade (1985). The other multi- 
year time series (1983-1993) from Devol et al. 
(1995) for the Solimoes near Manaus and that 
(1982-1984) from Richey et al. (1986) for Solimoes, 
Negro, Amazon 6, Madeira and Amazon 20 are in 
excellent agreement with these values. All these 

suspended sediment concentration values have been 
measured for each cross-section on depth-integrated 
river water samples and are therefore believed by 
Richey et al. (1986) to be reliable estimates (to 
10-20%, at the 95% confidence level) of the sus- 
pended sediments fluxes. For the other rivers 
(Trombetas, Tapajos and Urucara), the TSS values in 
Table 9 are the concentrations determined during the 
sampling cruise. Like the rivers of the Congo Basin 
(Dupr6 et al., 1996), these rivers are characterized by 
relatively small sediment yield variations during the 
hydrological cycle. The values measured during the 
sampling cruise are therefore reasonable estimates of 
mechanical denudation for these rivers. 

These estimated mechanical denudation rates 
range from about 10 t km -2 yr -~ in the lowland 
rivers to 400 t km -2 yr -1 for the Rio Madeira Basin 
and lead to mechanical to chemical erosion rate 
ratios (mec/chem, Table 9) from 1-2 in the low- 
lands to 45 in the Andean basins. They point out the 
much larger increase of mechanical erosion com- 
pared to chemical erosion between mountains and 
lowlands. 

The total denudation rates of silicates (rsi 1) are 
obtained by summing mechanical erosion rates and 
chemical erosion rates for silicates (Table 9). Ex- 
pressed in mm/ka,  they lead to a continental de- 
nudation close to 6 mm/ka  for the lowlands rivers 
and between 20 and 50 mm/ka  for the Andean 
rivers. 

However, an important feature of the Andean 
rivers has been revealed by the PHICAB ~ program 
(Guyot, 1993), based on the survey of 400 streams 
within the Rio Madeira Basin. More than 60% of the 
material eroded in the Andes is deposited in the 
Andean piedmont (Llanos) and never leaves the 
drainage basin. This process is sustained by active 
subsidence of the Andean foreland basin. The same 
mechanism is most probably active for the Solimoes 
Basin. It has also been proposed for the Brahmaputra 
River (Goswani, 1985). The consequence is that the 
above denudation rates and mec/chem ratios (Table 
9) are clearly under-estimated by a factor of 2.5 for 
the rivers draining the Andes. 

t Programme Hydrologique et Climatologique du Bassin Ama- 
zonien de Bolivie (ORSTOM-SENAMHI-UMSA). 
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7.2. Predicted suspended sediment yields according 
to a steady-state model 

In the following, we propose a complementary 
approach, based on a mass budget model, to calcu- 
late physical erosion rates. This mass budget has 
been initiated in the Congo Basin by Gaillardet et al. 
(1995). Solutes are used to calculate steady-state 
solid yields. In essence, the processes supplying 
solutes and suspended solids to the rivers (chemical 
and physical erosion respectively) are different. 
While the former acts continuously leaching the 
bedrock, the latter is more episodic, triggered by 
major flood events or mass wasting. In addition, 
suspended sediment,; are easily stored as alluvium in 
the river system, whereas solutes (with the exception 
of accumulation in saline soils) have a more conser- 
vative behaviour in ~ahe river system. 

Our main purpose is to test the following mass 
budget for the silicm:e part of the continental crust: 

silicate bedrocks = suspended sediments 

+ dissolved silicated load 
which states the steady state of weathering processes, 
over a given period of time. For any element X, it 
can then be written as M c C c ( X ) = M p C p ( X ) +  
M w f w s i l ( x ) ,  where'. Mc, Mp and Mw refer to the 
mass of continental ,crust weathered during the con- 
sidered period of time, the mass of suspended sedi- 
ments transported and the water discharge. Cc(X), 
Cp(X) and CwSil(x) are the concentrations of X in 
the continental crust, the suspended sediments and in 
the dissolved load derived from silicates, respec- 
tively. Dividing by the water discharge, Eq. l be- 
comes ~'sitCc(X) = PCp(X) + Cwsil(x), where P, in 
mg/1, is the model suspended solids concentration 
(mechanical erosion rate) and ~'~ix is the mass of 
eroded silicate continental crust per litre of water 
(the model total erosion rate). The mechanical and 
total erosion rates are related to each other by the 
equation "/'sil = P + 0.1P + TDSsil, where the term 
0.1P accounts for the transport of continental mate- 
rial by the bedload sands. We assume, following 
previous authors (e.g. Nordin, 1985), that the trans- 
port of sediments a~L the bottom of the riverbeds 
represents 10% of the suspended transport. The pa- 
rameter TDSsi t (total dissolved solids derived from 
silicates) is the chemical denudation rate (see previ- 
ous section). 

Practically, the model is resolved using elemental 
ratios normalized to Sr. The steady state is repre- 
sented by a series of equations: 

in which c, w and p denotes the continental crust, the 
dissolved load (originating from silicates) and the 
suspended sediments, respectively. By definition, 

CwSi l (Sr )  
o~= 

"rsilCC(Sr ) 

and 

( P  C p ( S r ) ) _ _ .  

(1 -- Or) =" Tsi I Cc(Sr) 

Note that a = 1 means that the erosion products are 
entirely in dissolved form, i.e. that weathering is 
dominated only by chemical weathering. Contrast- 
ingly, a = 0 means a physically controlled weather- 
ing regime. 

Formally, it is noteworthy that t~ is the same 
weathering index as those defined by Martin and 
Meybeck, 1979 (DTI: dissolved transport index, de- 
fined for any element with respect to A1) and Mur- 
nane and Stallard, 1990 and Stallard et al., 1991 (W, 
chemical leaching intensity, defined with respect to 
Si and Ge or Na, respectively). 

The budget equation applies to X = Na, Ca, Rb, 
Ba, U and K, which are partitioned between sus- 
pended sediments and dissolved load. For the insolu- 
ble elements (Th, Ta, REE, Sc, Fe, Co, Cr, Ni), the 
budget equation becomes more simple: 

A set of several equations is then to be solved. In 
the following, this set of equations is resolved by an 
inversion scheme similar to that developed by Gall- 
lardet et al. (1995). In such a formalism, there are no 
unknowns and no data. All the equation parameters 
are more or less well known, the size of the error 
quantifying the information we have on any parame- 
ter. The parameter a and the crustal ratios are poorly 
known. We only know that a is a priori 0.5 + 0.5 
and particular attention has to be paid to the estima- 
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tion of the source rock element ratios. Because of the 
size of the drainage basins studied in this work, we 
initially assume that the continental rocks within the 
drainage have globally a composition close to that of 
the upper crust (UC) model in Taylor and McLennan 
(1985). If we call Cp*(Sr), the Sr concentration that 
suspended sediments would have if no solubilisation 
of this element had occurred, assuming that the local 
continental crust is similar to that of Taylor and 
McLennan's UC, then the ratio of Cp* (Sr) over 
Cp(Nd) is very close to the Sr /Nd ratio in the UC. 
In the same way, Cp*(Na), Cp*(Ca), Cp*(Ba), 
Cp* (K), Cp* (U), Cp*(Rb) are calculated by refer- 
ence to Sm, Sc, La and Th, respectively. Graphically 
(Fig. 3) Cp(Sr)/Cp * (Sr) characterizes the amplitude 
of the negative anomaly with respect to the continen- 
tal crust. 

The inversion scheme has been performed for 
each river of this study. A-posteriori parameters are 
calculated. The model physical denudation rates are 
calculated using a and the following equation: 

1 - a CwS"(Sr) 
p = - -  

Cp(Sr) 

The results (a-posteriori values of a ,  P, %il) are 
given in Table 9. The values of a range from 0.69 
(Rio Solimoes) to 0.89 (Trombetas). The values of a 
for the lowlands rivers are remarkably close to the 
values found for the Congo rivers, indicating the 
similarity of their weathering regimes. By contrast, 
the rivers draining the Andes (Rio Solimoes, Rio 
Madeira and Amazon mainstream) have lower values 
of a. 

The values of P are compared to the measured 
values in Table 9 and Fig. 13. Clearly, there is a 
discrepancy between P derived from the mass budget 
model and P measured in the field (TSS) for the 
rivers draining the Andes: Rio Solimoes, Madeira 
and the Amazon mainstream. The model predicted P 
values are 55 +_ 30 mg / l  and 60 + 30 m g / l  for the 
Solimoes and Madeira rivers respectively, while the 
observed values are 226 mg / l  and 520 m g / l  respec- 
tively. These Andean rivers thus seem to export 
more material than what is produced by chemical 
weathering in the Andes. If we take into account the 
accumulation of material eroded from the Andes into 
the Andean foreland basins, then the amplitude of 

T 2 o ~ - - ~  (0 Amazon rivers 
-- 1 / L " Congo rivers ) 

100  

8 0  = i 

0 1 O0 200 300 400 SO0 600 700 

Measured P (TSS) rng/I 
Fig. 13. Comparison between the measured values of the river 
suspended sediment concentration (TSS) and those calculated by 
the steady-state model of erosion presented in Section 7. For the 
rivers Solimoes, Madeira, Negro and the Amazon mainstream, the 
measured sediment concentrations are multiyear averages from 
Meade (1985) and Devol et al. (1995). For the other lowland 
rivers, the concentrations measured during the sampling cruise 
have been used. The results from the rivers of the Congo Basin 
have been included for comparison. What appears clearly is the 
discrepancy between, on the one hand, the lowland rivers of the 
Amazon Basin and the Congo rivers, characterized by a general 
agreement between predicted and observed values, and on the 
other hand, the rivers draining the Andes, showing observed 
sediment yields greater than the predicted ones. In these rivers 
sediment export exceeds sediment production. 

the disequilibrium is even larger. By contrast, a good 
agreement within the uncertainties appears for the 
lowland rivers between Pmodel and Pmeasured" The same 
consistency is observed in the Congo Basin rivers 
(Fig. 13), and indicates that mechanical and physical 
weathering are, at the scale of the drainage basin, in 
steady state. The mechanical denudation is close to 
10 t km -2 yr -1, and the mechanical erosion to 
chemical erosion ratio is close to 1. For these rivers, 
the rate at which chemical weathering creates soil 
particles is roughly the rate at which mechanical 
erosion destroys the soil cover. Contrastingly, for the 
rivers draining the Andes, calculated mechanical de- 
nudation rates range between 50 and 110 t km -2 
yr-1 and lead to mec/chem ratios close to 5. The 
two types of rivers highlighted by the results of this 
mass budget model correspond remarkably to the 
two types of weathering regimes recognized in the 
Amazon Basin by Stallard and Edmond (1987). The 
'transport limited' regime characterizes the lowlands 
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rivers which have reached a steady state, while the 
'weathering limited' regime characterizes the An- 
dean rivers, which have sediment yields larger than 
those predicted by the steady state. The reasons for 
this disequilibrium are now discussed following two 
main directions. 

7.2.1. Soil destabilization: soils equilibrium break- 
down ? 

The result that, for the Solimoes and Madeira 
rivers, the predicted sediment yields are much smaller 
than the observed ones indicates that sediments are 
transported at a higher rate than the rate at which 
they are produced within the drainage basin. On a 
global scale, this means that soils are being de- 
stroyed and more precisely the soils of the Andean 
Cordillera, as the vast majority of suspended sedi- 
ments is derived from the Andes (All~gre et al., 
1996). The reason why soils in the Andean drainage 
basins should be in disequilibrium could be due to a 
recent epirogenic uplift. This process modifies the 
river base level. If  we suppose that soils have a mean 
thickness close to 1 m, then at the present rate of soil 
destruction, 10,000 years are necessary to destroy 
completely the soil cover. This simple calculation is 
in favour of a very recently induced change. 
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Fig. 14, Madeira River. Sensitivity test of the steady-state model 
described in Section 7. Using the budget equation of Sr between 
continental crust and river materials, these diagram describe the 
evolution of the predicted river sediment yield (in m g / l )  and Sr 
concentration in the source rocks of the drainage as a function of 
Cp * /Cp .  Cp * denotes the concentration that Sr would have if no 
solubilisation of this element had occurred. Cp * / C p  is therefore 
an index of the amplitude of the Sr depletion in river suspended 
sediment. For the Madeira River, the multiyear average of sus- 
pended sediments is 519 m g / l  (Meade, 1985). Steady-state ero- 
sion requires that C p / C p  * = 0.65 and therefore a source-rock Sr 
concentration of 150 ppm. If we consider that TSS are minimum 
values because of sediment storage in the Llanos plains, then 
C p / C p  * slightly increases while Cc(Sr) slightly decreases. 

7.2.2. Preferential erosion of sedimentary rocks 
There exists an alternative explanation for the 

results of the above steady-state model. The disequi- 
librium that we observe could be due to an incorrect 
estimate of the composition of the rocks undergoing 
weathering. In solving the model, we assumed that 
the a-priori crustal ratios were similar to that of the 
UC of Taylor and McLennan. This estimation may 
be erroneous because some source rocks in the 
drainage basin may have already experienced one or 
several previous erosion cycles. If  so, the real crustal 
ratios lie somewhere between those of Taylor and 
McLennan and those of the sedimentary rocks (re- 
dbeds, shales, schist,;) from which the suspended 
sediments are derived. It is moreover evident that 
these sedimentary rocks are more sensitive to me- 
chanical denudation titan igneous rocks. 

The sensitivity of the model to the composition of 
the rocks undergoing weathering can be tested using, 

for example, Sr. The mass budget equation applied 
to Sr gives: 

7silCc(Sr ) = PCp(Sr) + C~1(Sr) = PCp* (Sr) (1) 

and 

~'sil = P + 0.1S + TDSsi I (2) 

where Cp * (Sr) refers to the Sr concentration that the 
suspended load would have if no solubilisation of Sr 
had occurred. The variation of suspended solid con- 
centrations P with C p / C p  * as well as the Sr concen- 
tration of the pristine source rocks Cc(Sr) can be 
then predicted. Using the TDS~i s and the proportions 
of Sr originating from silicates (Tables 7 and 8), 
these variations are shown Fig. 14 for the Madeira 
Basin. The ratio Cp(Sr) /Cp * (Sr) = 1 means that the 
pristine rocks resemble chemically the suspended 
sediments. The lower limit for Cp(Sr)/Cp* (Sr) is 
given using the UC of Taylor and McLennan 
(Cp(Sr)/Cp * (Sr) ~- 0.2 for the Madeira River). This 
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figure shows that it is possible to reconcile the 
measured and calculated suspended sediment con- 
centrations in the Rio Madeira Basin, if Cp /Cp*  = 
0,6, which corresponds to Cc(Sr) = 150 ppm. If we 
take into account the accumulation of suspended 
material in the Andean piedmont, then Cp /Cp*  is 
greater (for example 0.7 corresponds to TSS = 1000 
rag/l) ,  and Cc(Sr) slightly decreases (130 ppm Sr). 

This calculation has been performed for all the 
rivers showing a discrepancy between the measured 
and calculated erosion rates. For the Rio Solimoes, 
steady-state erosion (using measured TSS) requires 
that Cc(Sr) = 280 ppm. For the Amazon 6 and Ama- 
zon 20, 250 ppm and 130 ppm are calculated to 
account for the steady state. These low concentra- 
tions compared to the Sr concentration in the granitic 
UC (350 ppm Sr) are consistent with the presence of 
a large amount of recycled source rocks having 
undergone previous weathering processes. 

Furthermore, if we state that the above concentra- 
tions result from the mixing of pristine continental 
rocks close to Taylor and McLennan's UC (350 ppm 
Sr) and sedimentary rocks, we can then calculate the 
proportions of pristine continental crust and sedimen- 
tary rocks being eroded within the drainage basin. In 
other words, we can calculate the proportions of 
sedimentary recycling. For example, using the S m / S r  
ratio: 

tSm) 

where the determination of 31 leads to the estimation 
of the mass proportion of the pristine continental 
crust within the drainage basin. The Sr and Sm upper 
crustal concentrations are determined using the above 
Eqs. (1) and (2). The chemical ratios of the sedimen- 
tary rocks are assumed to be those we measured in 
the suspended sediments of the river. Although this 
is quite unrealistic, it allows the calculation of the 
maximum percentage of pristine continental crust 
(and the minimum percentage of sedimentary rocks). 

The results of this calculation indicate that for the 
Solimoes and Madeira rivers, respectively 51% and 
18% of the drainage is constituted of pristine conti- 
nental crust. In turn, it means that at least 56% and 
18% of the mass of these drainage basin is consti- 
tuted of recycled material. For the Amazon main- 

stream we find that 45 and 25% for Amazon 6 and 
Amazon 20 of the drainage basin are composed of 
recycled components, respectively. Finally, as the 
true TSS values are greater than those used in this 
calculation, because of the deposition of material in 
the foreland basin, the proportions of recycling given 
above are minimum values (Fig. 14). 

7.3. Conclusion 

This study presents a coupled geochemical inves- 
tigation of major and trace elements in both sus- 
pended and dissolved materials of the Amazon River 
and its tributaries. The comparison of these products 
of physical and chemical weathering provides impor- 
tant constraints on the erosion and transport pro- 
cesses that occur at the scale of a large drainage 
basin as well as the fluxes of material delivered to 
the ocean. In particular: 

- For a number of elements (e.g. REE), abnormal 
concentrations with regard to theoretical solubilities 
are observed in the dissolved phase (0.2 Ixm). The 
absolute and relative abundance (with respect to 
suspended load) of these elements are controlled by 
river pH, suggesting that colloids and (or) adsorption 
processes play an important role in the control of 
these elements. 

- Conversely, the most soluble elements, such as 
the alkalis and alkaline-earths, are controlled by the 
mixing of waters from different origins: rain water, 
silicate weathering, carbonate and evaporite weather- 
ing. The proportions of each element derived from 
each source are calculated. Weathering rates of sili- 
cates are greater in the Andes compared to the 
lowland basins. 

- Steady-state mechanical erosion rates can be 
calculated using a model that couples mechanical 
and chemical erosion. These rates can be compared 
to long-term measurements. In such an approach, the 
composition of the rock source is of critical impor- 
tance. The lowland rivers correspond to the steady 
state, whereas the rivers of the Andes export more 
sediments than the amount predicted by the steady- 
state model. Two interpretations are then possible. 
Either, the rivers derived from the Andes are not in 
erosional steady state, and soils are being destroyed, 
or the disequilibrium is an artefact due to an erro- 
neous continental crust composition being used to 
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solve the model. If we consider that most of the rock 
sources have suffered pre-depositional weathering 
processes (i.e. that they are recycled sediments), then 
it is possible to reconcile the predicted and observed 
mechanical erosion rates. If good estimates of the 
present mechanical denudation rate are available (and 
corrected for possible redeposition within the basin), 
then we can show that it is possible to calculate the 
proportions of pristine and recycled crust within each 
drainage basin. Our results show the greater impor- 
tance of sedimentary recycling in young orogenic 
belts (Andes) compared to old cratonized shields. 
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