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Abstract

Using the data of the CAMREX project (1982—1984) on the water geochemistry of the Amazon river and its main
tributaries, it was possible to assess the silicate rock weathering processes and the associated consumption of atmospheric/soil
CO,, taking into account seasonal and spatial variations. This study confirms the important role of the Andes in the fluvial
transport of dissolved and particulate material by the Amazon, and it shows for the first time that the silicate weathering rate and
atmospheric/soil CO, consumption are higher in the Andes than in the rest of the Amazon basin.

The seasonal variations exhibit the significant role of runoff as a major factor controlling silicate weathering processes and
show that the chemical erosion rates vary greatly from low discharge to high discharge. The average weathering rate estimated
for the whole Amazon basin (15 m/My) is comparable to other estimations made for other tropical —equatorial environments. A
comparison between physical and chemical weathering rates of silicate rocks for the Amazon basin and for each tributary basin
show that in the Andes and in the Amazon trough, the soil thicknesses are decreasing whereas in the Shield the soil profiles are
deepening.
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1. Introduction number of interactions involving climatic, hydrolog-

ical, physico-chemical and biological aspects. The

The riverine transport of dissolved and particulate
materials to the oceans is generally related to a large
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mechanical erosion process, basically related to the
particulate river transport, tends to promote a reduc-
tion of the soil thickness. Whereas chemical erosion,
related to the dissolved river transport, tends to a
deepening of the soil weathering profile. In other
words, mechanical erosion is related to soil loss, while
chemical erosion could be associated with soil for-
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mation. Consequently, a soil equilibrium approach
must consider both processes (Probst, 1992; Gaillardet
et al., 1997; Boeglin and Probst, 1998).

The chemical erosion of inorganic materials,
which consists of dissolving or hydrolyzing primary
minerals of rocks and soils, requires CO, and pro-
duces alkalinity. The flux of CO, consumed by
weathering processes is mainly produced by oxida-
tion of soil organic matter. Nevertheless, on a geo-
logical time scale, the flux of CO, consumed by
carbonate dissolution on the continents is balanced
by the CO, flux released to the atmosphere by
carbonate precipitation in the oceans. Consequently,
with regard to the global carbon cycle and partic-
ularly to the CO, content in the atmosphere, it is
only the fluxes of CO, consumed by silicate rock
weathering which represent a net sink of CO, and
which is naturally equilibrated by CO, release from
volcanism and metamorphism processes.

Since the last decades, several researchers tried to
explain the variations of the Earth surface temperature
during the geological times. Walker et al. (1981) and
Berner et al. (1983) have proposed that the temper-
ature is controlled on a global scale by a feedback
mechanism between the atmospheric CO, and the
silicate rock weathering. This mechanism has been
used in different models to reconstruct the CO,
content in the atmosphere during the geological times
(Berner, 1994; Berner and Kothavala, 2001; Frangois
and Walker, 1992; Goddéris and Francois, 1995;
Wallmann, 2001). Raymo and Ruddimann (1992)
and Edmond (1992) made also the hypothesis that
the formation of mountains could play a major role in
the Earth climate evolution. This hypothesis is based
on the idea that mechanical erosion of rocks increases
the reactive surface of the minerals with water and,
finally, increases their chemical weathering rates
(Stallard and Edmond, 1981; Gaillardet et al., 1995)
and consequently the associated CO, consumption.
Recent works have shown that there is a good
relationship between mechanical erosion and chemical
weathering for large river basins (Gaillardet et al.,
1999a) as well as for small rivers (Millot et al., 2002),
strengthening also the major role of the mountains on
the CO, content in the atmosphere.

Since the last 10 years, several studies on weath-
ering processes have been also focused on silicate
rocks to determine the major factors (temperature,

precipitation, runoff, lithology) controlling their
weathering rates (White and Blum, 1995; Gislason
et al., 1996; Gaillardet et al., 1999a,b; Dessert et al.,
2001; Millot et al., 2002).

The Amazon river and its tributaries drain the
largest river basin of the world (4.6 x 10° km?® at
Obidos) and the Amazon discharge at Obidos
(160000 m® s~ ' on average for the 20th century) is
the highest in the world. The contribution of the
Amazon river to the global riverine fluxes of dis-
solved and suspended materials to the oceans repre-
sents, respectively, 6% and 8—10%. Moreover, in the
Amazon basin, silicate rocks occupy 96% of the total
drainage area (Amiotte Suchet, 1995; Amiotte Suchet
et al., in press) and, consequently, the contribution of
the Amazon basin to the global CO, uptake by silicate
rock weathering is very significant (5—15% according
to the estimations: Amiotte Suchet, 1995; Amiotte
Suchet et al., in press). Most of the studies (Gibbs,
1967; Stallard, 1980; Stallard and Edmond, 1983;
Tardy et al., 1993a,b; Amiotte Suchet and Probst,
1993b; Probst et al., 1994; Gaillardet et al., 1997;
Mortatti et al., 1997) devoted to the Amazon river
transports and to the chemical erosion have not been
focused on silicate weathering and no study has
looked at the seasonal variations.

The main objective of this paper is to focus the
study on the silicate weathering processes using the
data of the Carbon in the AMazon River EXperiment
(CAMREX) project (Richey and Salati, 1985;
Richey et al., 1986, 1989, 1990, 1991) on major
dissolved elements transported by the Amazon river
and its main tributaries. The CAMREX was a
cooperative research project of the University of
Washington (Seattle, WA, USA), the Instituto Nacio-
nal de Pesquisas da Amazonia (Manaus, Brazil) and
the Centro de Energia Nuclear na Agricultura (Pira-
cicaba, Brazil). The objective of the CAMREX pro-
ject was to study the distributions and dynamics of
water flow, sediment and nutrients in the Amazon
main channel.

The main scientific questions that this paper tries to
answer using the CAMREX data are the following:

— What is the soil equilibrium, i.e. physical erosion
versus chemical weathering, in the different
morphostructural regions of the Amazon (the
Andes, the Shield and the Amazon trough)?



— Is the silicate rock weathering and the associated
CO, uptake more important in the Andes than in
the rest of the Amazon basin?

— What are the seasonal variations of silicate weath-
ering rate and CO, uptake in the different
Amazonian regions?

2. Hydrological and geological characteristics of
the Amazon river basin

The Amazon basin, located mainly in the equato-
rial belt, drains an area of 4619000 km” at Obidos
station (Brasil, 1987). The mean annual precipitation
is variable from 1500 to 3000 mm, according to the
station. It has been estimated that about 50% of the
rainfall returns to the atmosphere by evapotranspira-
tion and the rest discharges into the ocean (Salati,
1985).

The discharge of the Amazon is greatly variable
according to the season and according to the year. The
monthly discharge data for the Amazon at Obidos
station indicate that for the period 1902—1998, the
maximum and minimum monthly value occur, respec-
tively, in June (219000 m® s~ ') and in November
(104000 m® s~ '), showing that the ratio between high
and low waters averages 2.1. For the same period, the
maximum and minimum mean annual discharge was
respectively observed in 1993—1994 (192000 m®> s~ ')
and in 1925—1926 (112000 m® s~ '). Notwithstanding
the spatial variation of precipitation over the whole
basin, the Amazon river shows a remarkable regularity
in discharge during the different seasons (high waters
from May to August and low waters from September
to December).

The hydrological characteristics of the Amazon
river can be summarized as a mixing of three major
hydrological regimes: equatorial and tropical regimes
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Fig. 1. Morphostructural zones, main tributaries and sampling points of the Amazon basin. 1—Solimdes river at Vargem Grande (drainage basin
area: 1134540 km?®); 2—Ica (148000 km?); 3—IJutai (74000 km?); 4—Jurua (217000 km?); 5—Japura (289000 km?); 6—Purus (372000
km?); 7—Negro (755000 km?); 8—Madeira (1380000 km?); 9—Amazon river at Obidos (4619000 km?).



in the North and in the South concerning, respectively,
the left and right side tributaries and snowmelting
regimes in the East, near the Andes Mountain. The
important contributions of two main tributaries can be
noted: Madeira and Negro rivers are responsible for
16 and 18%, respectively, of the total runoff at Obidos
(Mortatti, 1995). The upper Solimdes river drains
about 65% of the Andean part of the Amazon basin
while the upper Madeira river drains 35% of the total
basin area (Fig. 1). The total water volume discharged
by the Amazon river to the ocean is estimated at
5.0 x 10° km>/year, roughly 15% of the total global
runoff. The Amazon river in South America and the
Congo river in Africa, together, are responsible for
about 60% of the total fresh water input to the Atlantic
Ocean (Probst et al., 1994).

The drainage basin of the Amazon river is charac-
terized by a diversity of geological formations, dis-
tributed in three major morphostructural zones
(Stallard and Edmond, 1983): (i) the Precambrian
Shields with metamorphic and igneous rocks; (ii)
the Andean Cordillera with carbonate rocks and

evaporites; and (iii) the Amazon Trough with Tertiary
sediments and Pleistocene fluvial deposits. The north-
ern tributaries drain the Guyana Shield and part of the
sub-Andean region. The southern tributaries drain part
of the Brazilian Shield and part of the Bolivian and
Peruvian Andean Cordillera (Fig. 1).

The difference between the lithological distribution
of this region is responsible for the difference of water
quality observed in the basin. The surface water
chemistry and the dissolved and particulate river
transports are strongly influenced by the geology, as
shown by Stallard and Edmond (1983), but also take
into account the influence of the atmospheric inputs
by precipitation (Gibbs, 1967; Stallard and Edmond,
1981). As mentioned previously, the Amazon basin is
dominated by silicate terrains that occupy 96.1% of
the total area. In detail, the contribution of each main
lithology is the following: 16.7% of sands and sand-
stones, 50.7% of shales, 26.8% of plutonic and
metamorphic rocks, 1.9% of volcanic acid rocks and
3.9% of carbonate rocks (Amiotte Suchet et al., in
press).
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Fig. 2. Solimdes/Amazon river discharge variations at Vargem Grande and Obidos sampling stations during the CAMREX cruises: 1 (April—
May 1982), 2 (August—September 1982), 3 (November—December 1982), 4 (March—April 1983) 5 (June—July 1983), 6 (October—November

1983), 7 (February—March 1984) and 8 (July—August 1984).



3. Solute river transport and chemical erosion

The solute transport of the Amazon river main-
stream and major tributaries have been estimated by
Mortatti (1995) from the average values of the
dissolved load obtained during the eight cruises
(Fig. 2) of the CAMREX project (1982—1984) and
reported in the literature (Richey et al., 1986, 1989,
1990; Devol et al., 1987; Martinelli et al., 1989).
Some original data for SO ~ concentrations were
corrected when the ionic balance of the solution was
not equilibrated, taking into account the spatial and
temporal variations of their concentrations in relation
to the river discharge (see Mortatti et al., 1997).
Table 1 shows the concentrations of the major
chemical species for the Amazon rivers during the
low and high river water stages. The average values
are weighted by the respective discharges as deter-
mined from eight cruises along the Amazon main-
stream and tributaries. The concentrations of the
major anions (see Fig. 3 for HCO;3) and cations
(see Fig. 4 for Ca’") are greatly variable from one

station to another but also for the same station, from
one cruise to another. The rivers draining the shield
(Negro) and the Amazon trough (Jutai, Iga, Japura)
present the lowest concentrations (1—10% pM 1~ 1),
whereas the rivers draining the Andes (Solimoes,
Madeira, Jurua, Purus) and the Amazon at Obidos
have the highest concentrations (10—10° uM 171
When comparing the concentrations (Figs. 3 and 4)
with the chemical compositions (Fig. 5), it appears
that the more concentrated waters are mainly com-
posed of bicarbonate ions and calcium, whereas the
chemical composition of dilute waters tends to
chloride and sodium poles. The respective contribu-
tion of magnesium and sulfate to the cationic and
anionic charge is very low (20% maximum). The
contribution of potassium to the cationic charge does
not exceed 30%.

Among the chemical species transported by the
Amazon river to the ocean, HCO3, SiO, and Ca®”*
exhibit the most important annual fluxes with
131.5 x 10°, 38.1 x 10° and 33.9 x 10° tons, respec-
tively. The contributions of each tributary to the

Table 1

Concentrations (in pM 1~ ") of the major chemical species for the Amazon river and its main tributaries during the low and high river water
stages

Cations Ca Mg Na K

Water level Low High Average Low High Average Low High Average Low High Average
(1) VGr 374 413 457 77 78 80 241 217 218 26 31 32

(2) Rlga 32 35 35 13 17 14 37 43 44 7 12 13

(3) RJut 17 53 59 8 2 11 62 30 46 15 16 16

(4) RJur 497 231 257 70 59 60 261 137 123 39 32 33

(5) RJap 33 27 48 11 12 14 53 44 56 13 10 12

(6) RPur 157 93 84 56 31 28 173 80 69 30 25 26

(7) RNeg 7 9 9 4 6 5 52 54 39 6 13 11

(8) RMad 200 120 133 107 76 79 253 100 95 30 35 38

(9) OBi 178 140 171 47 39 47 183 109 107 20 23 26
Anions and SiO, HCO;, Cl SOy4 SiO,

Water level Low High  Average Low  High Average Low High Average Low  High  Average
(1) VGr 850 910 988 188 130 128 73 80 87 183 166 162

(2) Rlca 119 83 100 3 45 33 1 8 5 111 107 109

(3) RJut 85 60 61 11 28 52 3 8 16 156 134 131

(4) RJur 1000 566 632 200 50 56 50 15 14 204 184 184

(5) Rlap 95 94 128 28 17 25 7 4 6 104 87 95

(6) RPur 565 278 266 34 22 24 3 7 7 202 150 160

(7) RNeg 24 30 18 14 16 18 3 4 4 73 70 66

(8) RMad 550 374 378 81 22 27 130 51 56 135 142 141

(9) OBi 423 387 435 80 41 51 35 14 32 137 120 128
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Fig. 3. Distribution of bicarbonate concentrations pM 1~ ! along the Solimdes/Amazon river and main tributaries during the eight CAMREX
cruises of the period 1982—1984.

dissolved load transported by the Amazon river to the upper part of the basin (station 1, Vargem Grande,
ocean are reported in Table 2. It can be noted the see Fig. 1), where the HCOj3 river transport is very
influence of the carbonate rock dissolution in the important.

Ca (uM)

CRUISE

Fig. 4. Distribution of calcium concentrations pM 1~' along the Solimdes/Amazon river and main tributaries during the eight CAMREX cruises
of the period 1982—-1984.
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Fig. 5. Cationic (above) and anionic (below) chemical compositions
of the different river waters (Solimdes at Vargem Grande, Amazon
at Obidos, main tributaries) draining the Amazon basin during the
period 1982—1984. Each point represents the chemical composi-
tion of a river water sample collected during each CAMREX
cruise.

The calculated mean value for the total dissolved
solids (TDS =cations + anions +silica) carried out to
the ocean is estimated to be 250.6 X 10° tons/year, of
which about 80% originate from the Andes, which
includes the Solimdes (162.1 x 10° tons/year) and the
Madeira (39.2 x 10° tons/year) river contributions.
The remaining 20% is supplied by the rivers which
drains the shield (Negro: 7.2 x 10° tons/year) and the
Amazon trough (Tga, Jutai, Jurua, Japura and Purus:
respectively 4, 2.1, 8.1, 9.5 and 12.9 X 10° tons/year).
During the low water stage, the TDS transport is

approximately 65% of the mean value, in spite of
higher concentrations of the chemical species.

The black waters, such as the Negro river water
from the Guyana shield, are very dilute, explaining its
very small contribution (smaller than 3.0%) to the
total dissolved load of the Amazon river.

If one compares the mean Amazon dissolved load
with some other major world rivers, one can observe
that the total dissolved river transport (in tons) is
higher for the Amazon than for the Ganges—Brama-
putra (134.8 x 10° tons/year according to Meybeck,
1979) and for the Yangtze (167.7 x 10° tons/year
according Wei-Bin, 1985) rivers, due to higher mean
discharge values, while the specific dissolved loads
(in tons/km?) are lower due to larger drainage basin
area and to lower carbonate rock abundance according
to the data of Amiotte Suchet et al. (in press) (3.9% in
the Amazon basin, 33.8% in the Ganges—Bramaputra
and 44% in the Yangtze river).

According to Mortatti (1995), the relationships
between the concentration of the major dissolved
elements and the river discharge for the lower Amazon
show decreasing patterns, similar to theoretical dilution
curves defined by Probst (1992) as the dilution of the
highest concentration measured during low water
period by increasing water discharge with a constant
concentration close to zero, except for potassium,
which is greatly involved in the biological cycles. In
the upper basin, Ca®*, K and HCOj5 concentrations,
increase with the discharge, showing superficial origins
as already pointed out by Probst et al. (1994). This
means that these elements are stored in the soils and
washed out during the high water periods. On the
contrary, C1~, SO3 ~ and Na" follow the theoretical
dilution curves.

4. Correction for atmospheric inputs

In order to determine the origins of the major
element fluxes transported by the Amazon river and
to calculate the chemical erosion rate in the basin, it
was necessary to determine first the contribution of
the atmospheric inputs (ions and CO,) to the total
river loads and to correct the river transport for these
atmospheric inputs.

For the Amazon basin, the chemistry of the precip-
itation was investigated previously by Stallard and



Table 2

Transport of the major chemical species (in 10° tons/year) by the Amazon river and its main tributaries during low and high river water periods

Flux (X 10° tons/year) — Ca Mg Na K

Water level Low  High Average Low  High  Average Low  High  Average Low  High  Average
(1) VGr 125 250 27.1 1.6 2.9 2.9 4.6 7.6 7.4 0.9 1.8 1.9
(2) Rlga 0.2 0.4 0.3 0.1 0.1 0.1 0.2 0.3 0.2 0.1 0.1 0.1
(3) Rjut 0.0 0.2 0.3 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.1 0.1
(4) Rlur 0.6 1.4 1.2 0.0 0.2 0.2 0.2 0.5 0.3 0.0 0.2 0.2
(5) RJap 0.6 0.6 1.0 0.1 0.2 0.2 0.6 0.5 0.6 0.2 0.2 0.2
(6) RPur 0.6 1.9 1.3 0.1 0.4 0.3 0.4 0.9 0.6 0.1 0.5 0.4
(7) RNeg 0.1 0.5 0.3 0.0 0.2 0.1 0.5 1.8 0.8 0.1 0.7 0.4
(8) RMad 1.7 2.9 43 0.6 1.1 1.5 1.2 1.4 1.8 0.3 0.8 1.2
(9) OBi 20.6 359 33.9 33 6.1 5.7 12.2 16.0 12.2 2.3 5.8 5.0
Flux (X 10° tons/year) ~ HCOj Cl SO, SiO,

Water level Low  High Average Low  High  Average Low  High Average Low  High  Average
(1) VGr 43.5 84.0 89.3 5.6 7.0 6.7 5.9 11.6 12.4 9.2 15.1 14.4
(2) Rlga 1.3 1.3 14 0.0 0.4 0.3 0.0 0.2 0.1 1.2 1.7 1.5
(3) Rjut 0.2 0.4 0.4 0.0 0.1 0.2 0.0 0.1 0.2 0.4 0.8 0.8
(4) RJur 1.7 52 4.5 0.2 0.3 0.2 0.1 0.2 0.2 0.3 1.7 1.3
(5) RJap 2.7 3.0 39 0.5 0.3 0.4 0.3 0.2 0.3 2.9 2.7 2.9
(6) RPur 3.0 8.7 6.1 0.1 0.4 0.3 0.0 0.3 0.3 1.1 4.6 3.6
(7) RNeg 0.6 2.7 1.0 0.2 0.8 0.6 0.1 0.6 0.4 1.7 6.1 3.6
(8) RMad 7.2 13.9 18.5 0.6 0.5 0.8 2.7 3.0 43 1.7 5.2 6.8
(9) OBi 74.6 151.1 131.5 8.2 9.3 9.0 9.7 8.6 15.2 23.8  46.1 38.1

Edmond (1981), sampling only the event water of local
precipitation along a longitudinal transect of the river
on two separate cruises (May—June 1976 and May
1977).

Recent chemical analysis of precipitation from
Mortatti (1995) was based on a sampling network of
eight stations distributed all over the basin, during the
year 1989. A composite sample was collected and
analysed every 15 days. For each major element, there
is a decreasing concentration gradient going from the
Atlantic ocean to the continent comparable to those
previously calculated by Stallard and Edmond (1981).
The chemical composition of the precipitation over the
different major tributary basins was estimated using
these gradients on the basis of their average distance
from the ocean. Results are shown in Table 3, ex-
pressed in pM 17! concentration, and the mean values
are weighted by the total annual rainfall (WPM).

To check on the validity of basin-wide calculations,
the mean values obtained for each tributary were
compared with average concentration obtained for
the whole basin at Obidos. When summing the differ-
ent tributary rainfall concentration, weighted by their
respective amount of precipitation, one recovers 93%

Table 3

Average chemical composition (in pM 17 ") of the atmospheric
precipitation calculated for the year 1989 in each Amazon sub-
basin, using the measurements made by Mortatti (1995) on a
sampling network of eight stations and on the concentration
gradients from the coast to the interior of the continent (see text for
the method of calculation)

Basin SO, Cl Ca Mg Na K Rainfall

(1) VGr 7.83  3.05 4.55 0.03 4.63 3.57 2238
(2) Rlca 816 390 470 038 557 3.78 3000
(3) RJut 858 532 488 0.83 7.00 4.04 2500
(4) RJur 833 442 477 056 6.10 3.88 2400
(5) RJap 825 415 473 0.47 5.83 3.83 3000
(6) RPur  8.67 5.66 491 092 7.33 4.09 2280
(7) RNeg 892 6.82 5.02 1.18 841 424 2533
(8) RMad 8.79 6.21 497 1.05 7.85 4.17 1859

WPM 842 488 481 0.66 6.53 3.94 2261
(9) OBi 858 532 4838 083 700 4.17 2200
d% 1.9 86 1.4 228 69 57 2.7

Rainfall is the corresponding amount of annual precipitation (in
mm/year). WPM is the mean chemical composition calculated for
the whole Amazon basin by weighting the values obtained for each
sub-basin by the annual rainfall height. WPM is compared with the
average concentration obtained directly for the whole Amazon basin
at Obidos (station 9). d% is the difference in % between WPM and
Obidos.



of the total rainfall inputs over the whole basin at
Obidos.

The contribution of the atmospheric inputs to the
dissolved load transported by the Amazon river to the
ocean was estimated for each chemical species to
56.9% for SO; ~, 21.9% for Cl~, 6.0% for Ca’",
3.7% for Mg” ", 13.8% for Na™ and 32.3% for K. The
atmospheric inputs of Na', Ca’™, Mg2 * 803~ and
ClI™ are related to the cyclic salts and those of K to
terrestrial emissions derived inside the basin.

After corrections for atmospheric input (including
CO,), the mean riverine transport of dissolved mate-
rial by the Amazon was calculated as 148.9 x 10°
tons/year, i.e. 32.2 tons/km”/year. This weathering
flux represents 59% of the total dissolved river load
carried out to the ocean.

5. CO, consumption by rock weathering

The natural weathering pathway derived from the
reaction of the carbonic acid on minerals to produce
dissolved inorganic carbon (mainly HCO3) is largely
reported in the literature (Garrels and Mackenzie,
1971; Holland, 1978; Gac, 1980; Berner et al.,
1983; Tardy, 1986; Meybeck, 1987; Probst, 1992;
Probst et al., 1994, 1997; Amiotte Suchet and Probst,
1995; Mortatti et al., 1997; Ludwig et al., 1999). The
classical weathering reactions of silicate mineral
hydrolysis (Egs. (1)-(4)) and carbonate mineral dis-
solution (Eq. (5)) are related to the alkalinity produc-
tion during this process:

— albite into kaolinite:

2NaAlSi;Og + 2CO; + 11H,0
. ALSi,O5(OH), + 2HCO; + 2Na*

— K-feldspar into montmorillonite:

2KAIS13;0g5 + 2CO, + 6H,O
— Alei4O]o(OH)2 + ZHCO; + 2K+
+ 2H,Si0,4 (2)

— Ca-plagioclase into kaolinite:

CaAl;Si,0g + 2CO, + 3H,0

— AL Si,Os(OH), + 2HCO; + Ca** (3)

— Olivine weathering:

MgZSIO4 4+ 4CO, + 4H,0

— 2Mg*" 4+ 4HCO; + H4SiOy4 (4)

— calcite dissolution:

CaCO; + CO, + H,0 — Ca?" + 2HCO; (5)

The flux of CO, consumed by weathering pro-
cesses is mainly produced by soil organic matter
oxydation which releases carbonic acid:

CH,0 + O, — CO, + H,O — H,CO;4 (6)

All HCO;3 produced by silicate weathering (Egs.
(1)—(4)) is from the atmospheric/soil origin via
organic matter oxidation (Eq. (6)), whereas for carbo-
nate dissolution (Eq. (5)), only half of HCO3 released
are from the atmospheric/soil CO,.

For the Amazon basin at ()bidos, the contribution
of atmospheric/soil CO, to the total HCO3 river
fluxes can be estimated in four ways:

(1) based on partial budgets of input—output HCO3
fluxes from the different tributaries to the main
channel of Solimdes/Amazon river;

(2) based on a global budget of the fluxes of dissolved
chemical species at Obidos (Stallard, 1980; Probst
et al., 1994; Mortatti, 1995);

(3) based on geochemical modeling (MEGA), using
weathering reactions of the principal minerals
(Amiotte Suchet, 1995; Amiotte Suchet and
Probst, 1996);

(4) based on mathematical inversion of chemical data
(Gaillardet et al., 1997).

The calculation procedure used for the Amazon
basin follows the same assumptions made by Stallard



(1980) and Probst et al. (1994). After cyclic salt
correction, one makes the following hypotheses (all
element fluxes are expressed in mol/year):

— all chloride (F¢) is from the halite dissolution;

— after subtraction of the NaCl component, all sodium
is derived from silicate rock weathering ( Fy;, sil);

— all potassium ( Fx) is derived from silicate weath-
ering (Fy sil);

— calcium and magnesium are derived from carbonate
(F'ca carb and Fy, carb) and evaporite dissolution,
and from silicate hydrolysis (Fc, sil and Fy sil).

Following these assumptions, the total atmos-
pheric/soil CO, (Fco,) consumed by the rock weath-
ering (carbonate plus silicate) was calculated by the
following equation:

Fco, = Fa sil + Fx sil + 2Fyg sil 4 Fyg carb

+ 2F ¢, sil + Fc, carb (7)

In this equation, the factors 1 (for Na and K
released by silicate weathering and for Ca and Mg
released by carbonate dissolution) or 2 (Ca and Mg
released by silicate weathering) affected to each flux F
are derived from the stoichiometric coefficients (cat-
ions released versus alkalinity produced from atmos-
pheric CO,) of weathering reactions (Egs. (1)—(4) for
silicate and Eq. (5) for carbonate).

The main difficulty in such an approach is to
distinguish between Ca and Mg contribution of sili-
cate weathering and carbonate dissolution to the total
Ca and Mg riverine fluxes. The contribution of silicate
weathering to the fluxes of Ca+ Mg can be calculated
by using the ionic ratio (Na+K)/(Ca+Mg) in stream
water draining only silicate rocks (Probst et al., 1994;
Amiotte Suchet, 1995; Amiotte Suchet and Probst,
1996) or by using the average ratio Ca/Na and Mg/Na
of fresh water draining shield basements (Négrel et al.,
1993; Mortatti et al., 1997; Boeglin et al., 1997). In
this study, we used the ionic ratios Ca/Na=0.575 and
Mg/Na=0.304 as calculated by Boeglin et al. (1997)
on the basis of literature data (Feth et al., 1964; Tardy,
1969, 1971; Drever, 1997).

The results obtained concerning the atmospheric/
soil CO, consumed by carbonate dissolution (Fco,
carbonate), by silicate weathering (Fco, silicate) and

by the total rock weathering (silicate plus carbonate:
Fco, total) are reported in Table 4 for the low and high
river water periods. As seen in Fig. 6, the riverine
alkalinity concentrations that can be calculated using
the geochemical modeling are close to the concentra-
tions measured in the different rivers. Also shown in
Table 4 are the contribution (%) of atmospheric/soil
CO, consumption (carbonate plus silicate) to the total
alkalinity river fluxes in the Amazon basin and the
mean specific fluxes of CO, uptake (Fco, silicate) and
dissolved elements (CE silicate) released by chemical
erosion of silicates into the river water, with their
respective values for low and high river water periods.
CE silicate (in tons/km?/year) is calculated as follows:

CE silicate = TDS silicate/S (8)

where TDS (in tons/year) is the sum of cation, silica
and alkalinity fluxes (tons/year) calculated using the
geochemical modeling (particularly for Ca, Mg and
alkalinity produced by silicate weathering) and S is the
drainage basin area (km?).

Considering only the silicate rocks, the specific
fluxes (in mol/km?/year or tons/km?/year) of dis-
solved elements (CE silicate) and of CO, consump-
tion (Fco, silicate) can be calculated by simplification
by dividing the flux by the total basin area rather than
by the silicate rock area because the silicate rocks
occupy 94—100% of the total basin area according to
the river basin (96.1% for the Amazon basin at
Obidos). This means that we underestimate some %
of the CO, flux and the chemical erosion of silicates
when dividing the fluxes by the total drainage basin
area, except for the Negro river which is associated
with silicate weathering only, because its basin drains
mainly shield terrains.

These results show that at Obidos, the average
contribution of the atmospheric/soil CO, to the total
alkalinity river flux is around 68%, which corresponds
to a total atmospheric/soil CO, (Fco, total) consumed
by rock weathering of 331 x 10° mol/km?*/year.

This specific CO, flux is higher than that calcu-
lated by Amiotte Suchet and Probst (1995), who
used a modeling approach GEM-CO, (271 x 10°
mol/km?/year) based on empirical relationships
between weathering CO, flux and river discharge
determined for each rock type (Amiotte Suchet and
Probst, 1993a,b, 1995). The difference between the
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Flico, total is calculated from the modeling.

*

Fco, carbonate and Fco, silicate are atmospheric/soil CO, fluxes consumed respectively by carbonate dissolution silicate and by weathering only. CE is the chemical denudation rates

of silicates (CE silicate) for the Amazon river and its main tributaries. Mean values are given for the average year and for low and high river water periods.

Total alkalinity river fluxes (Fyco, total) and atmospheric/soil CO, fluxes (Fco, atm total) consumed by the rock weathering (silicate plus carbonate) with their respective

contribution (%) to Fyco, total

Table 4
River basin
Water level
(1) VGr
(2) Rlga
(3) RJut
(4) RJur
(5) Rlap
(6) RPur
(7) RNeg
(8) RMav
(9) OBi
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Fig. 6. Relationship between the bicarbonate concentrations (in uM
1™ ) calculated for the Amazon river and its main tributaries using the
geochemical modeling and the bicarbonate concentrations measured
in the river waters during low, high and average water stages.

GEM-CO, simulation and our results can be ex-
plained by some simplifications of the geological
map that Amiotte Suchet and Probst (1995) used.
However, the contribution of the atmospheric CO, to
the alkalinity river flux calculated by GEM-CO, (68%)
remains the same.

During the low water stage, the total Fco, con-
sumed by the rock weathering, at Obidos station,
was 247 x 10° mol/km*/year, while during the high
water period, this value was around 425 x 10° mol/
km?/year. The same pattern can be observed in the
upper stream, at Vargem Grande station, with 368
and 812 x 10° mol/kmz/year, respectively, for low
and high water periods. Significant contributions of
Madeira, Jurua and Purus rivers can be observed,
while the Negro river contribution (shield) is of little
importance. The value obtained for the Madeira river
basin, during high water period (139 x 10°> mol/km?/
year), is very close to the value (141 x 10° mol/km?/
year) given by Gaillardet et al. (1997) for the high
water stage of May 1989. These CO, flux variations
that can be observed between the upper part of the
Amazon basin and the lower part have already been
simulated by Amiotte Suchet and Probst (1995)
using GEM-CO, on a grid resolution of 50 X 50
km latitude/longitude over the whole Amazon basin

(Fig. 7).
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Fig. 7. Spatial distribution of atmospheric CO, consumed by chemical erosion in the Amazon basin (extracted from Amiotte Suchet and Probst,

1995).

Compared to the world continental averages
(161 x 10> mol/km?/year for the total land area,
800 x 10° mol/km?/year for carbonates and 34 x 10°
mol/km?/year for silicate rocks) that can be calculated
from Meybeck’s (1987) data, the Amazon CO, fluxes
appear higher mainly because of the runoff intensity
(mm/a) which is on average three times more impor-
tant for the Amazon basin than for the whole con-
tinental areas. The results verified for the Amazon
basin are very close to the values obtained previously
by Stallard (1980), Amiotte Suchet and Probst (1993b)
and Probst et al. (1994).

The riverine specific transport of dissolved ele-
ments released by silicate weathering (CE silicate) for
the whole Amazon basin was estimated at Obidos
(station 9) to 22.6 tons/km*/year (Table 4), while in
the upper part of the basin, at Vargem Grande (station
1), the silicate specific transport is higher and reaches
40.9 tons/km?/year. During the low water period, the
silicate specific transports were lower than that
observed during the high river water stage, 17.6 and
41.7 tons/km?*/year, respectively, for Vargem Grande,
and 19.6 and 32 tons/km?/year, respectively, for
Obidos. At Santarém, near Obidos, the result obtained

by Gaillardet et al. (1997) for this specific transport
was only about 15 tons/km?*/year.

Fig. 8A shows that there is a good relationship
between the mean specific flux of atmospheric/soil
CO, consumed by silicate weathering (Fco, silicate)
and the amount of major elements released by
silicate weathering (CE silicate). It can be observed
that the Amazon at Obidos results in a mixing
between the shield and Amazon trough tributaries,
which present low silicate riverine transport and low
CO, fluxes, and the Andean tributaries which exhibit
higher fluxes. The same behavior cannot be observed
if one distinguishes low and high river water stages
(Fig. 8B), but it appears a significant linear correla-
tion between Fco, silicate (10° mol/km?/year) and
CE silicate (tons/km?/year):

Fco, sil = 8.398 CE silicate — 22.852
with » = 0.9355 and p = 0.01% 9)

The specific Fco, silicate flux shows also a good
logarithmic correlation with the discharge values (Q
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silicate erosion (CE) for the Amazon basin. (A) Annual average values. (B) Values for the low and high river water periods. 1-—Solimdes river
at Vargem Grande; 2—I¢a; 3—Jutai; 4—Jurua; 5—Japura; 6—Purus; 7—Negro; 8—Madeira; 9—Amazon river at Obidos.

in m>/s) of the Amazon and main tributaries, consid-
ering low and high river water periods together (Fig.
9):

Feo, sil = 48.46InQ — 328.43
with 7 = 0.7465 and p = 0.1% (10)

6. Weathering rates of silicate rocks

In order to determine the main weathering types
occurring in the Amazon basin from the geochemistry

of river waters, we used a modified version (Boeglin
et al., 1997; Boeglin and Probst, 1998) of the weath-
ering index Ry proposed initially by Tardy (1968,
1971). This is based on the molecular ratio between
dissolved silica and cations resulting from silicate
rock weathering, including Mg to take into account
of Mg-silicate minerals such as amphiboles:

RE — 3K + 3Na + 2Ca + 1.25Mg — SiO,
~ 0.5K +0.5Na+ Ca+0.75Mg

(11)

The different coefficients used in the above
formula depend on the major primary minerals of
the bedrock and corresponds here to an average
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granitic composition with feldspars and micas (see
Tardy, 1971). Rg is also equivalent to the molar
ratio SiO,/Al,O5 of silica and aluminium oxides
remaining in the weathering profile (Pedro, 1966).
When Ry value decreases, more silica is evacuated
and the chemical weathering stage of the minerals
increases: Rp=4, 2 and 0 correspond, respectively,
to smectite, kaolinite and gibbsite genesis. The
mean Ry value obtained for the Amazon basin
was 2.1, which represents the monosiallitization
weathering process corresponding to kaolinite for-
mation in the soil profile. In the upper Solimdes
basin, near Vargem Grande, the mean Rg is slightly
higher (2.4) than at Obidos, indicating a tendency to
bisiallitization process (formation of smectites),
whereas for the Negro river basin, the monosialliti-
zation weathering processes appear to be dominant
(Rg=1.0), indicating the kaolinite neoformation in
the alteration profiles and gibbsite at the top of the
soil profile. These results are in accordance with the
mineralogical investigation of the riverine sediments
deposited in the Amazon ‘“varzea” as reported by
Irion (1983), Franzinelli and Potter (1993) and
Martinelli et al. (1993).

The mean annual dissolved SiO, carried out by the
Amazon river to the ocean is calculated to be
38.1 x 10° tons, corresponding to a specific riverine
transport of 8.25 tons/km?*/year.

The chemical weathering rate of silicate rocks
(WRp) can be calculated from the flux of dissolved
silica in the river waters ( Fsio,), knowing the chem-
ical composition of the parent rock (Sy;) and of the
saprolite (Ss, alteration facies found at the bottom of
lateritic profiles, mainly composed of neoformed
kaolinite and residual quartz), and considering isovo-
lumetric rock weathering, as described by Boeglin and
Probst (1998):

WRe = Fsio,/(So — Ss) (12)

For the Amazon basin, the silica content in the
parent rock and in the mean soil profile is 56.3 and
50.5%, respectively, given by Stallard (1980). With a
density of 2.65 tons/m>, the amount of silica in the
unweathered mean parent rock (Sp) is 1490 kg/m?,
while for the mean soil profile, with a density of 1.8
tons/m’, the amount of silica (Ss) is about 909 kg/m”>.
Following the above method, one can calculate the
mean chemical weathering rate of silicate rocks for the
Amazon basin to 14.8 m/My on average, taking into
account the occurrence of this rock type in the basin
(96%, as estimated by Amiotte Suchet, 1995). The
results reported in Table 5 show that this weathering
rate varies in time and in space. For low and high river
water stages, the values calculated for Obidos station
range between 9.4 and 18 m/My, respectively. For the



Table 5

Erosion balance of the Amazon basin and major tributary sub-basins, estimated during the period 1982—1984, using the particulate (TSS) and

dissolved (TDS) loads transported by river water (in 10° tons/year)

River TSS TDS ME CE WRp WR,

basin (10° tons/year) (10° tons/year) (tons/kmz/year) (tons/kmz/year) (m/My) (m/My)

Water level ~ Average Average Average Average Low  High  Average Low High Average
(1) VGr 579.4 103.2 510.7 91.0 102.0 215.0 255.0 150 247 237
(2) Rlga 19.8 2.8 133.8 25.7 74.0 64.0 67.0 139 198 177
(3) Rlut 2.0 1.6 27.0 21.6 7.0 1.0 14.0 93 18.6 198
(4) RJur 21.1 5.0 97.2 23.0 4.0 45.0 49.0 24 134 108
(5) RJap 25.2 5.9 87.2 20.4 59.0 39.0 44.0 172 160 173
(6) RPur 28.6 7.5 76.9 20.2 6.0 12.0 38.0 52 213 170
(7) RNeg 6.2 6.4 8.2 8.5 1.0 8.0 4.0 40 14.0 8.3
(8) RMad 311.8 22.8 2259 16.5 7.0 14.0 113.0 2.3 7.1 8.8
(9) Obi 1140.0 148.9 246.9 322 29.0 135.0 123.0 94 18.0 148

ME and CE correspond respectively to the mechanical and chemical erosion calculated for the whole basins. WRy,;, and WR¢, are respectively
the physical and chemical weathering rates calculated only for the silicate rock areas.

different stations, the values vary from 8 m/My in the
Amazon shield to 24 m/My in the Andes. These rates
are comparable to those calculated by Nkounkou and
Probst (1987) and Probst (1992) for the Congo basin
(8.5 m/My for crystalline rocks and 12.6 m/My for
sandstone), by Freyssinet and Farah (2000) for the
Yaou basin in French Guyana (8 m/My), and by
Brauscher et al. (2000) for the Cameroon and Gabon
using '°Be (12 m/My). However, they are higher than
the rates calculated by Boeglin and Probst (1998) in
an African tropical environment for the Niger river
basin (4.7—-6.1 m/My).

7. Chemical erosion versus physical erosion

Fig. 10 illustrates the relationship between the
mean chemical weathering rates (WR,) as calculated
previously and the mean mechanical erosion (WRy,).
WR,,;, is estimated using the CAMREX data on river
suspended sediment concentrations by dividing the
total riverine flux of suspended sediments by the
drainage basin area and by the average soil density
(d=2):

WR,;, (m/My) = TSS (tons/year)/(S(km?)

x d (tons/m?)) (13)

The lithologic basement associated with the me-
chanical and chemical erosions can be observed. For

the Andean part of the Amazon basin (Solimdes and
Madeira), and consequently for Obidos, and to a
lesser extend for the Amazon trough (Iga, Jurua,
Japura, and Purus), WR,,;, is largely superior to WR,
showing that the soil equilibrium is broken. On the
contrary, for the shield tributaries (Jutai and Negro),
the WR., and WR,,, are close to the equilibrium but
indicating that WR, is slightly superior to WR,,.

The erosion balance (mechanical versus chemical)
calculated for the Amazon basin at Obidos, and for the
major tributary sub-basins, can be summarized in
Table 5. This table presents the main results obtained
for silicate rocks in terms of particulate and dissolved
loads transported by river water, specific riverine
transports and mechanical and chemical weathering
rates.

The mean results obtained for the whole Amazon
basin illustrate the importance of specific solid trans-
ports (246.9 tons/km?/year), being eight times higher
than the specific dissolved transports (32.2 tons/km?/
year). On average, the particulate riverine transports
represent about 88% of the total riverine transport in
the basin, showing the great influence of the Andean
complex in upstream part of the drainage basin. This
becomes more evident if one compares the mean
physical denudation rate of silicate rocks at the top
of the soil profile (WR,,) with the mean chemical
weathering rate at the bottom of the soil profile
(WRg,) (Table 5).

For the whole Amazon basin, the mean soil denu-
dation rate was calculated as being 123 m/My (ranged
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Obidos.

between 29 and 135 m/My), higher than the chemical
weathering rate, 14.8 m/My (ranged between 9.4 and
18 m/My), corresponding to soil breakdown. This
means that the soils of the Amazon basin are not in
equilibrium and their thickness tend to be reduced on
average in present-day conditions as shown by Gail-
lardet et al. (1997). On the contrary, for the Negro
river, draining mainly the shield complex, this behav-
ior is opposite, showing a disequilibrium between
mechanical and chemical erosion rates in favour of
the chemical weathering, corresponding to a soil
deepening.

Nevertheless, some uncertainties on these WR,/
WR,,, ratio calculations remain. Indeed, WRy, is
calculated using the river sediment loads and is
probably underestimated, particularly for the station
located at the exutory of the Amazon basin, because
part of the sediments eroded in the Andes can be
stored in the Amazon floodplain along the river
valley. According to Dunne et al. (1998), the net
balance of the two main processes (bank erosion
and floodplain sedimentation) of sediment exchange
between the channel and the floodplain is estimated to
be 500 x 10° tons/year of sediments deposited in the
Amazon floodplain until Obidos station. This means
that 30% of the sediments which are eroded in the
Andes and transported by the Amazon river and its

tributaries could be deposited in the Amazon flood-
plain. Consequently, our WR,;, calculations could be
underestimated of 30% maximum, particularly for the
Amazon basin at Obidos, but less for the upper parts
of the basin. Concerning WRg,, the calculation is
based on the riverine silica flux and on the silica mass
balance between the soil profile and the bedrock.
Nevertheless, the validity of this method of calcula-
tion is limited by several conditions (isovolumetric
weathering, all primary minerals are transformed into
kaolinite, riverine silica is conservative, all riverine
silica is produced by rock weathering) as already
mentioned by Boeglin and Probst (1998). Moreover,
this calculation is sensitive to the chemical and
mineralogical composition of the bedrock that could
not be considered in detail at the scale of the Amazon
basin. Indeed the percentage of silica is different from
one silicate rock to another and the difference between
the silica content in the bedrock (Sy in Eq. (12)) and in
the saprolite (Ss) could vary according to the parent
rock. If the parent rock is a recycled sediment like the
sediments deposited in the Amazon trough near the
Andes, Sy— Ss might be lower and, consequently,
WR, might be also underestimated. Moreover, as
shown by Boeglin and Probst (1998), the percentage
of quartz remaining in the soil profile plays an
important role in the WR, calculation. Considering



a 15% dissolution ratio of the bedrock quartz, they
show that WR, could be 1.7 time higher than if a
complete quartz dissolution is considered (i.e. no
quartz remaining in the saprolite). Finally, the under-
estimation of WR;, due to sediment deposition in the
floodplain could be partly compensated by the under-
estimation of WR, due to different mineralogical
compositions of the parent rocks and to residual
quartz in the soil profiles.

Nevertheless, taking these uncertainties into ac-
count, the influence of the Amazon plains on the
mean erosion balance shows an important reduction of
the mechanical erosion around 48%, which confirms
the significant chemical erosion occurring in this area.
This predominance of chemical weathering confirms
the previous study of Stallard and Edmond (1983),
who already showed that the lithologic basement
associated with the erosion mechanisms exert a major
control on the river water chemistry in the drainage
basin, in spite of the influences of the atmospheric
inputs, particularly important for some elements.

8. Conclusion

The silicate rock weathering processes and the
associated consumption of atmospheric/soil CO,
could be assessed in the Amazon basin using the river
water geochemistry of the Amazon river and of its
main tributaries. A geochemical modeling based on
the stoichiometry of different mineral weathering
reactions estimates the contribution of the atmos-
pheric/soil CO, at 68% of the total riverine alkalinity
for the Amazon at Obidos. This contribution varies
from 53% for the Jutai to 100% for the Negro, as a
function of the silicate outcrop abundance. The main
results obtained in this study show that the weathering
rates and the CO, fluxes vary greatly in time and in
space.

The seasonal variations show that the silicate
weathering processes are highly controlled by the
runoff fluctuations: high water periods correspond to
high weathering rates and to high CO, fluxes, as
already shown by Amiotte Suchet and Probst
(1993a,b, 1995) and White and Blum (1995) for small
monolithologic watersheds. The ratio between high
and low flows vary from 1 to 6 for both weathering
rates and CO, fluxes according to the lithology of the

drainage basin (highest values for sand and sandstone)
and to the amplitude of the hydroclimatic seasonal
variations. These results suggest also that the fluctua-
tion amplitude could vary over the same range
between humid and dry years. Consequently, some
differences observed in the literature for previous
studies on the Amazon basin may be due to these
seasonal and interannual fluctuations.

The spatial variations exhibit the important role of
the Andes in the global biogeodynamic of the Ama-
zon basin, showing for the first time that the silicate
weathering rate and the atmospheric/soil CO, con-
sumption are higher in the Andes than in the rest of
the Amazon basin. Indeed, 80-90% of the total
dissolved solids (of which the alkalinity represents
52%) transported by the Amazon river at Obidos
originate from the Andes. In the same way, the CO,
uptake by silicate rock weathering in the Andes
represents 78% of the total flux of CO, consumed
by silicate rock weathering over the whole Amazon
basin. This result confirms the hypothesis that the
formation of mountains could play a major role in the
CO, content in the atmosphere and in the Earth
climate evolution (Raymo and Ruddimann, 1992;
Edmond, 1992).

The chemical weathering rates of silicate rocks
(rate of bedrock transformation into saprolite) calcu-
lated for the Amazon basin (8§ m/My in the Shield to
24 m/My in the Andes, 15 m/My on average for the
whole basin) is comparable to other estimations made
for other humid tropical—equatorial river basins in
Guyana and in Africa, but they are higher than
weathering rates estimated for dry tropical environ-
ments like for the Niger river basin. A comparison
between physical and chemical weathering rates of
silicate rocks for the Amazon basin and for each
tributary basin allows to determine on average if the
soil thickness is increasing or decreasing even if it
remains some uncertainties on the calculation of the
weathering rates. The results show that in the Andes
and in the Amazon trough, the soil thicknesses are
decreasing whereas in the Shield the soil profiles are
deepening like in the Congo and in the Niger river
basins. Nevertheless, there is no clear relationship
between chemical weathering rates and mechanical
denudation rates contrary to what has been observed
by Gaillardet et al. (1999b) for major world river
basins.
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