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In this study, eight organic-rich rivers that flow through the Brazilian craton in the southwestern Amazon
rainforest are investigated. This investigation is the first of its type in this area and focuses on the effects
of lithology, long-term weathering, thick soils, forest cover and hydrological period on the dissolved load
compositions in rivers draining cratonic terrain. The major dissolved ion concentrations, alkalinity (TAIk),
Si0O,, trace element concentrations, and Sr isotope contents in the water were determined between April
2009 and January 2010. In addition, the isotopic values of oxygen and hydrogen were determined be-
tween 2011 and 2013. Overall, the river water is highly dilute and dominated by the major dissolved
elements TAIk, SiO, and K* and the major dissolved trace elements Al, Fe, Ba, Mn, P, Zn and Sr, which
exhibit large temporal and spatial variability and are closely correlated with the silicatic bedrock and
hydrology. Additionally, rainwater and recycled water vapor and the size of the basin contribute to the
geochemistry of the waters. The total weathering flux estimated from our results is 2—4 t km~2yr ',
which is one of the lowest fluxes in the world. The CO, consumption rate is approximately 21
—6110% mol km 2 yr~ !, which is higher than expected given the stability of the felsic to basic igneous and
metamorphic to siliciclastic basement rocks and the thick tropical soil cover. Thus, weathering of the

cratonic terrain under intertropical humid conditions is still an important consumer of CO5.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Weathering of stable, cratonic terrain results in thick weath-
ering profiles that isolate the parent rock from weathering, espe-
cially under intertropical humid conditions (e.g., Bardossy and
Aleva, 1990; Tardy and Roquin, 1998 and references therein). The
rivers that drain these regions are considered silicatic, with low
weathering flux and low CO, consumption (Gaillardet et al., 1997;
Millot et al., 2002; Oliva et al., 2003; Zakarova et al., 2007 and
references within) relative to the rivers that flow through (Xu and
Liu, 2010) or originate in (Edmond et al., 1996; Boeglin and
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Probst, 1998; Gaillardet et al., 1999; Moquet et al., 2014) tectoni-
cally unstable mountainous regions where intense mechanical
erosion occurs and high concentrations of dissolved and suspended
matter are observed. To understand the roles of cratonic terrain in
the chemical cycle, it is important to quantify the dissolved load
exported from cratonic terrain, understand how the terrain
weathers, determine the CO, consumption rates of the terrain, and
identify the main parameters that control the river water chemis-
try. Studying these topics is particularly important in Amazonia
because this region supplies approximately 20% of the water
(Callede et al., 2004), 10% of the dissolved load (Gaillardet et al.,
2007) and 3% of the suspended load (Milliman and Syvitski, 1992)
to the global ocean.

In Amazonia, the geochemistries of the Solimoes-Amazon River
and their larger tributaries have been well documented (e.g.,
Stallard and Edmond, 1983, 1987; Allégre et al., 1996; Edmond et al.,
1996; Gaillardet et al., 1997; Mortatti et al., Probst, 2003; Moquet
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et al., 2011). However, information regarding mid-to small-scale
cratonic tributary basins remains scarce. The most thorough
geochemical studies were conducted by Hieronymus et al. (1993),
Edmond et al. (1996) and Sondag et al. (2010). Although these
studies did not characterize the relationship between water
chemistry and bedrock composition, they highlighted the following
main characteristics of the rivers draining the cratonic terrain in
Amazonia: i) low suspended material concentrations; ii) elevated
dissolved SiOy, K™, Al and Fe concentrations; iii) a pH of less than 7;
and iv) weathering rates between 3.5 and 5 m Ma~ . However, the
diversity of the mineral paragenesis of the Brazilian craton, the
length of time over which weathering occurred, the thick inter-
tropical soils, the forest cover and the regional seasonality all in-
fluence the chemistry of the rivers. Thus, the main goal of our paper
was to ascertain how these various factors regulate the chemical
composition of river water, the weathering flux, migration of the
weathering front and the CO, consumption rate. To explore this
problem, we determined the water chemistry in two mid-to small-
scale rivers hosted in cratonic environments in southwestern
Amazonia, Brazil. Our results are helpful for understanding the
spatial and temporal tropical weathering processes in the silicate
cratonic terrain of Amazonia. Specifically, our results demonstrate
how the geochemistry of medium-to-small drainage basins and the
chemistry of the river water in these basins reflect the local envi-
ronment and influence the main river.

2. Study area

The study area is located in the southwestern region of the
Amazon basin between 6 and 13°S and 59—62°W (Fig. 1). The
sampled rivers generally flow from south to north and belong to the
Aripuana basin in the west and the Sucunduri basin in the east
(Fig. 1). The Aripuana and Sucunduri Rivers in these two drainage
basins drain into the Madeira River, which is one of the main
tributaries of the Amazon River. These rivers drain lateritic terrain
covered by rainforest, have very low suspended material concen-
trations and are classified as either organic rich or black waters
according to the biochemical classification of rivers presented by
Sioli (1968).

The Aripuana drainage basin covers an area of 109,000 km?
and extends for approximately 900 km in a north-south direction
(Fig. 1). The mean discharge of the Aripuana River, which
empties the Aripuani basin, is 2164 m® s~! at the gauging sta-
tion. At the gauging station, the Aripuana River (Fig. 1, site 1) is
nearly 400 m wide. The Aripuana River mainly drains the
western part of the study area. The Acari River, which is nearly
100 m wide at the sampling site (Fig. 1, site 6), the Jatuarana and
Juma Rivers (sites 2 and 5, respectively), which are less than
30 m wide, and Ig1 and Ig2 (sites 3 and 4, respectively), which
are less than 10 m wide at the sampling site, are all tributaries to
the Aripuana River.

The Sucunduri basin covers an area of 12 700 km? and is
approximately 500 km long from south to north. The Sucunduri
River has a mean discharge of 193 m? s~! at the gauging station,
where it is approximately 200 m wide (Fig. 1, site 8). The main
tributary of the Sucunduri River is the Camaia River (Fig. 1 site 7),
which is 70 m wide at the sampling site.

The geology of the two basins is characterized by a variety of
Proterozoic and Paleozoic silicate rocks (CPRM, 2013; Reis, 2006
and Fig. 1). In the study area, siliciclastic sedimentary rocks are
located in the upper reaches of the Aripuana drainage basin; felsic
volcano-sedimentary rocks and intrusive felsic intrusive rocks
(tonalite, granodiorite, and granite) with minor basic rocks (char-
nockite, amphibolite, and gneiss) are located in the middle of the
basin; and siliciclastic sedimentary rocks are located near the

sampling sites. The small tributaries (samples 2, 3, 4, and 5) and the
Camait River (sample 7) flow entirely over siliciclastic sedimentary
rocks, while the Acari River (sample 6) flows over felsic volcanic
rocks (Fig. 1). The Sucunduri drainage basin is almost entirely
composed of siliciclastic sedimentary rocks (siltstone, sandstone,
claystone, siliceous breaches and minor dark grey limestone) and
felsic volcano-sedimentary rocks (Fig. 1). All of these rocks have
undergone long-term weathering, and have developed a residual
lateritic crust composed of hematite, goethite, kaolinite, gibbsite
and, occasionally, Mn minerals covered by oxisols and spodosols
(Silva et al., 2012).

The climate is hot and humid and is slightly drier from May to
September. The mean annual temperature ranges from 25 to 27 °C,
the relative humidity is approximately 85%, and the yearly rainfall
is 2336 mm year ! (data from the Brazilian Water National
Agency's pluviometric station in the city of Humaitd, near the
study area, from 1998 to 2007). Based on this 10-year record of
rainfall, we have identified four main seasons: a wet season
(during April, October, November, December and January with a
mean rainfall of 265 mm month™!), a receding water season
(during May, with a mean rainfall of 156 mm™'), a dry season
(June, July and August, with a mean rainfall of 54 mm month™1)
and a rising water season (during September, with a mean rainfall
of 163 mm month~!). The wet and dry seasons correspond to
higher and lower river discharge. Human pollution does not
significantly affect the region due to the very low population
density (<5 individuals km~2). However, some anthropogenic
impacts may occur in the town of Apui and along the road and in
deforested areas.

3. Materials and methods

River water samples were collected monthly from April 2009
to January 2010 along the Transamazonica highway near the town
of Apui in southwestern Amazonia, Brazil (Fig. 1). In addition, a
spring was sampled to evaluate the geochemical characteristics of
the local groundwater and to determine its influence on the river
water (Fig. 1). Samples were collected from the middle of each
river. The Aripuana and Sucunduri Rivers were sampled from a
canoe, and the other rivers were sampled from bridges. Each
water sample was collected in a plastic bag, from which a sub-
sample of water was collected using a 20 ml syringe. Next, the
sample was passed through a 0.45-pm Millex filter before storing
in a polyethylene flask. Each flask was prepared by soaking in a
10% HNOs solution for 24 h, rinsing three times with ultrapure
water and then rinsing again three times with the sampled water.
Two flasks were used for each sample. In the first flask, 0.02 g of
thymol was added to prevent bacterial action. The sample in the
first flask was analyzed for major ions, total alkalinity and SiO,. In
the second sample flask, which was used for trace element
analysis, two drops of bi-distillated HNO3; were added to prevent
precipitation.

Electrical conductivity, pH, total alkalinity (TAlk; samples at
pH > 4.3 were titrated with sulfuric acid), SiO, (by spectropho-
tometry), cations (Na*, K*, Mg+, and Ca®*) and anions (Cl~, NO3,
and SO3 ) were determined for all samples with a reproducibility of
+5%. lons were analyzed using a DIONEX ICS 900 ion chromato-
graph calibrated with a DIONEX standard-compliant solution. Trace
elements (Ag, Al, As, Au, Ba, B, Be, Bi, Cd, Co, Cr, Cu, Fe, Ga, Ge, Hf, Hg,
In, Mn, Mo, Ni, Nb, P, Pb, Pt, Rb, Re, Rh, Ru, Sb, Sc, Se, Sn, Sr, Ta, Te, T,
V, Zn, Zr, and Y) and rare earth elements (REEs) were determined
for samples collected in December (high water), May (receding
water), July (low water) and September (rising water) using
inductively coupled plasma mass spectrometry (ICP-MS) at
ACMELAB in Vancouver, Canada. TMDA-70 was used as a standard.
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Fig. 1. Map of the locations of the Aripuana and Sucunduri drainage basins showing a simplified geologic setting and the locations where the river samples were collected. The
white points indicate the sampling locations: 1. Aripuana, 2. Jatuarana, 3. Ig1, 4. Ig2, 5. Juma, 6. Acari, 7. Camaii and 8. Sucunduri. The white square indicates the spring sample.

Strontium isotopes were separated and purified by chromato-
graphic column separation (resin AG 50W-X8) before loading onto
a tungsten filament with a TaF-solution and onto double rhenium
filaments with silica gel and H3PO4 (0.1 M). The Sr isotope ratios
were measured using a Thermal Ionization Mass Spectrometer
(Finningan MAT-262 Thermo Scientific, Bremen, Germany) at the
GET Laboratory in Toulouse, France, and the NBS 987 standard was
measured alongside the samples. Oxygen and hydrogen isotopes
were measured over nine months (in July, September and
December of 2012, May, August and November of 2012 and March,

April and June of 2013). The analyses were performed at the Uni-
versidade de Brasilia in Brazil by using Thermo Finnigan Delta V
and CRDS-Picarro mass spectrometers. The analytical procedure
was described previously by Gupta et al. (2009).

Statistical analyses were conducted using Statistica 9.0 software
and the single linkage Euclidian distance to determine the simi-
larities among the samples. The averages of each major dissolved
element and the trace elements were weighted by the amount of
monthly rainwater.

The atmospheric contribution was corrected using the following
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equation (Meybeck, 1983):
C = CXyiver — ((Cx / ccr)Sea x cc1;ver)

where Cx represents the elemental concentration and CCl™ repre-
sents the chloride concentration. The Cx/CCI~ value of the seawater
was obtained from Berner and Berner (1987). This correction,
which is one of three possible atmospheric corrections (Gaillardet
et al,, 1997, 1999; Moquet et al., 2011), was used because no salt-
bearing rocks were present in the study area (CPRM, 2013, Reis,
2006) and because the Cl~ concentration was less than
760 pg L1 (or 20 pmol L™1).

Because the studied basins have silicate lithology, the remaining
dissolved solids can be considered as resulting from silicate
weathering. Thus, the chemical weathering rates calculated here-
after correspond to the silicate chemical weathering rates.

The chemical weathering rate (CWR) and CO, consumption rate
were calculated using the following equations:

CWR = Qmean/S x CWC and CO, rate = Qmean/S x CO,

where the CWR and CO;, consumption rate are presented in t
km~2 yr~!, Q (mean annual discharge) and m® yr~?, and S (drainage
area) is presented in km2. The CWC is the chemical weathering
concentration and was determined from the total
Na® + Kt + Ca®t + Mg?* + SiO, in mg L™\, The CO, term (theo-
retical concentration of CO, consumed from silicate weathering)
was calculated from Nat + K™ + Ca?" + Mg?* in umol L' after
correcting for atmospheric inputs (Table 2).

The migration of the weathering front (Table 3) was calculated
from Nat + K* 4 Ca®* + Mg?* + SiO, in mg L~! after correcting for
atmospheric contributions (Table 2) and the average silicate rock
density (2.7 g cm~3, Xu and Lui, 2010).

River discharge data were obtained from the ORE-HYBAM web
site (www.ore-hybam.org) for the Aripuana (gauging station Prai-
nha Velha), Acari (gauging station BR 230) and Sucunduri (gauging
station Sucunduri) Rivers. For the other rivers without gauging
stations, we estimated the discharge based on the relative size of
the river. Thus, the discharge of the Jatuarana River was estimated
to equal one quarter of the discharge of the Acari River and the
discharge of the Juma and Camaiu Rivers was estimated equal half
the discharge of the Acari River.

4. Results
4.1. Major dissolved elements

The river waters are acid to neutral (pH = 3.7 to 7.2) and have
very low conductivities (8.2—28 uS cm™') (Table in Supplementary

Table 1
Geographical and hydrological characteristics of the studied rivers.

data files). The water in the Aripuana and Acari Rivers is less acidic
(4.7—7.2) than the water in the other rivers. Overall, the conduc-
tivity of the spring water is higher (14.3—64.6 uS cm™!) than the
conductivity of the river water. Following the normalized inorganic
charge balance (NICB), which considers the charges of the major
dissolved elements, the sampled waters are imbalanced and usu-
ally exhibit excess anions due to the undosage of organic acids
(NICB = —0.4 to —11.7) (Supplementary data files).

On a cation ternary diagram, the samples are clustered at the
Na® + K' apex, which accounts for nearly 65—95% of the total
cation composition in most of the samples (Fig. 2A). In addition, the
K* concentrations are up to eight times higher than the Na™ con-
centrations (Table 1 and Supplementary data files). In the
SiO,+TAIk + anion ternary diagrams, most of the samples are
clustered towards the TAlk apex (Fig. 2B), which accounts for up to
80% of the anion and SiO, content. For the samples where TAIk was
not analyzed (pH < 4.3), SiO, accounted for at least 20% of the anion
and SiO, content. This river chemistry is similar to the chemistry of
the rivers flowing through cratonic terrain and forested regions,
such as the Congo-Zaire, Niger, Tocantins and Negro Rivers
(Gaillardet et al., 1999) and several tributaries of the Orinoco River
(Edmond et al., 1996) (Fig. 2).

Fig. 3 shows large monthly chemical fluctuations between the
rivers, especially when compared with the spring water. The H"
content and pH are lower from June to November, which is the
seasons of low and rising water. This result indicates a positive
correlation (r = 0.7) with discharge (the discharge values were
calculated by averaging the monthly discharges of the Aripuana,
Acari and Sucunduri Rivers from 2001 to 2009). The low pH (<4.3)
and consequential absence of TAlk measurements in the samples
from November to May, especially in the Igl, Ig2, Juma and
Sucunduri Rivers, indicate that a dilution effect also influences the
total dissolved solids (TDS). The concentration of SiO, remains
nearly constant for 10 months, which indicates that the leaching
rates of SiO, do not depend on the hydrological cycle. Between June
and November (the seasons of low and rising water), the concen-
trations of Ca>*+Mg?* are lower in the Ig1, Ig2 and Camaiti Rivers
and in the spring waters. The Aripuana and Acari Rivers have
greater TDS concentrations and lower TDS variability, while the
smaller rivers (Ig1, Ig2 and Juma) have the most variable TDS
(Fig. 3). The spring water has the highest H" and NO3 concentra-
tions, the lowest SiO; concentrations and the most variable
Na*+K™*, Cl-, and SO~ concentrations.

4.2. Dissolved trace elements
Al and Fe are the most concentrated trace elements. Together,

Ba, Mn, P, Zn, Sr, Al and Fe represent nearly 100% of the dissolved
trace element load (Supplementary data files). Most of the river

Sample number River name Latitude Longitude Large Litology % (CPRM, 2013)
S " m Siliciclastic Volcano-sedimentary,
sedimentary rocks felsic and minor basic and
limestone rocks

1 Aripuana 07°31'24" 60°40'13" 400 30 70

2 Jatuarana 07°27'48" 60°30'20” 30 100 —

3 Ig1 07°20'34" 60°14/32" 10 100 -

4 Ig2 07°16'45" 60°03'24" 10 100 -

5 Juma 07°12'43" 59°55'20"” 30 100 -

6 Acari 07°06'10" 59°41'26" 100 5 95

7 Camaid 06°56'00" 59°19'45" 70 95 5

8 Sucunduri 06°47'41" 59°02'34" 200 90 10

Spring water 07°18'05" 60°04'57" - 100
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Average geochemical composition of the river water and groundwater weighted by the amount of the rainwater in pg L™, in pmol L™, after atmospheric contributions, % of the

ions amount provided by the atmosphere, Mg/Na and Ca/Na ratios in umol L™,

Ions Aripuana Jatuarana Ig1 Ig 2 Juma Acari Camaid Sucunduri  Average Spring water
pgL! H* 9 28 115 110 43 11 33 53 51 139
Na* 1142 137 152 547 569 1147 248 268 527 872
K* 1485 1279 686 1267 1582 3066 2102 2220 1711 682
ca%* 1043 1236 157 620 919 823 122 1136 757 422
Mg 487 437 141 117 398 382 173 661 350 102
SiO, 4395 3266 2416 2764 3161 5568 2717 3495 3473 1428
TAlk 13429 5647 2637 2512 3062 9847 6204 5671 6126 1042
cr 325 293 248 1732 50 298 308 226 300 580
NO3; 1019 630 469 41 999 796 1794 1584 1128 4786
Norm 181 200 91 141 237 150 128 147 159 279
TDS 23517 13155 7112 10137 11345 22090 13829 15460 14581 10331
Cation + SiO, 8553 6356 3552 5315 6629 10987 5362 7780 6817 -
Cation + SiOy*y 9287 4888 3694 4488 5921 9891 6164 6644 6372 -
Cation + SiOo*. 11618 8083 5153 5198 8622 13940 6616 8824 8507 -
pmol L~! H* 8.80 27.55 114.73 110.03 42.58 11.96 33.31 52.72 50.21 139.09
Na* 49.68 5.98 6.63 23.81 24.74 49.91 10.79 11.67 22.90 37.94
K* 37.98 32.72 17.54 3241 4047 78.43 53.76 56.78 43.76 17.44
ca%* 26.03 30.85 3.92 15.46 22.94 20.54 3.04 28.35 18.89 10.52
Mg?*+ 20.04 17.99 5.82 4.80 16.37 15.72 7.12 27.20 14.38 4.19
SiO, 73.15 54.35 40.20 46.00 52.61 92.68 45.22 58.17 57.80 23.77
TAIk 220.09 92.55 43.21 41.17 50.19 161.37 101.68 92.93 100.40 17.07
cr 9.18 8.27 6.99 9.21 10.56 8.40 8.67 6.39 8.46 16.36
NO3 16.45 10.16 7.57 27.94 16.12 12.84 28.94 25.55 18.19 77.18
o7y 2.92 433 2.09 2.98 3.59 3.01 2.07 2.78 297 451
TDS 464.33 284.76 248.70 313.81 280.16 454.85 294.60 362.53 337.97 348.08
Ions amount after Na* 41.80 -1.12 0.62 15.90 15.67 42.70 3.34 6.19 18.50 23.90
atmospheric K* 37.81 32.57 17.41 32.24 40.27 78.27 53.60 56.66 32.06 17.13
contribution in ca* 25.86 30.70 3.79 15.29 22.74 20.38 2.87 28.23 19.68 10.21
umol L~! Mg?* 19.15 17.19 5.14 3.90 15.34 14.90 6.28 26.58 12.14 2.60
SiO, 73.15 54.35 40.20 46.00 52.60 92.67 45.21 58.17 53.26 23.77
TAIk 220.05 92.52 43.18 41.13 50.15 161.34 101.65 92.91 0.00 17.01
cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 89.41 0.00
NO3 16.45 10.16 7.57 27.94 16.12 12.84 28.94 25.55 15.65 77.18
o7y 2.44 3.90 1.73 2.50 3.05 2.57 1.62 2.45 2.7 3.66
TDS 436.72 241.39 119.64 184.92 215.94 425.68 243.52 296.73 239.72 175.46
Cations 124.62 80.45 26.96 67.34 94.03 156.26 66.10 117.65 8238 —
Cations*y 127.38 50.79 30.46 55.40 83.59 136.54 78.11 86.97 81.16 —
Cations™, 140.72 94.68 41.24 33.24 86.32 126.96 73.35 114.66 8890 —
pgL! Cation + SiO, 8336 6187 3387 5098 6380 10789 5157 7630 5878 -
Cation + SiOy*y 9066 4734 3530 4294 5701 9692 5920 6476 6177 -
Cation + SiOx*. 11397 7978 5043 5061 8486 13854 6520 8752 8386 -
Provided by the Na* 16 100 91 33 37 14 69 47 59
atmosphere in %  K* 0 0 1 1 0 0 0 0 1
Ca*t 1 1 3 1 1 1 5 0 1
Mg+ 4 4 12 19 6 5 12 2 9
Si0, 0 0 0 0 0 0 0 0 0
HCO3 0 0 0 0 0 0 0 0 0
cr 100 100 100 100 100 100 100 100 100
NO3 0 0 0 0 0 0 0 0 0
Norg 25 21 38 32 22 28 34 22 28
TDS 4 6 11 9 9 4 7 4 8
Ca/Na 062 — 6.10 0.96 1.45 0.48 0.86 4.56 2.3 0.43
Mg/Na 046 — 8.26 0.25 0.98 035 1.88 4.29 25 0.11

TAlk-total alkalinity; H- for the high water season; L-for the low water season.

waters have lower concentrations in May (except the Aripuana
River) during the receding season (Supplementary data files),
which indicates that dilution occurs with increasing discharge. In
the Sucunduri River and in the spring water, higher concentrations
were observed in July (during low water season). In contrast, higher
concentrations were observed in September (during rising water
season) in the smallest rivers (Ig1 and Ig2) and in December (during
high water season) in the other rivers. During at least three seasons,
the Ig1 and Juma Rivers have the highest Fe and Mn concentrations,
the Jatuarana and Juma Rivers have the highest Al concentrations,
the Ig1 River has the highest Zn concentration, and the Aripuana,
Acari and Sucunduri Rivers have the highest Ba concentrations. The
highest REE concentrations occurred in September (during the
rising water season) and December (during the high water season).

The most concentrated elements are La and Ce (Supplementary
data files). The La and Ce concentrations vary in phase with Mn,
with higher concentrations in September (Supplementary data
files).

To compare the water chemistry to the local bedrock composi-
tion, the trace elements were normalized to the estimated average
composition of the upper continental crust (Taylor and McLennan,
1985). The results showed a positive Zn anomaly and a negative Zr
anomaly, despite variations in their absolute concentrations (Fig. 4).
The positive Zn anomaly was observed in all river waters, higher
Mn concentrations were observed in the Ig1 and Juma Rivers, and
higher Cu concentrations were observed in the Acari River, which
indicate that these trace element concentrations were probably
related to the occurrence of sulfide and manganese in the region
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Table 3
Weathering chemical rates, denudation chemical rates and CO, consumption.
Mean Drainage area  Annual discharge” Runoff mm  Chemical weathering rate t km~2 Chemical denudation rate m Total CO, rate 10°> mol km~2
km? m3s! yr! yr! Ma™! yr-

Aripuana

1 year 140648 2164 486 4.15 1.50 60.51

High water 140648 4195 941 8.74 3.16 119.90
season

Low water 140648 1134 254 2.96 1.07 35.81
season

Jatuarana

1 year 2019 30 469 2.98 1.07 37.72

High water 2019 55 856 4.18 1.50 43.46
season

Low water 2019 10 152 1.23 0.45 14.43
season

Juma

1 year 5652 60 335 2.22 0.79 31.50

High water 5652 110 611 3.62 1.29 51.10
season

Low water 5652 20 109 0.94 0.34 9.40
season

Acari

1 year 13421 120 282 3.10 1.13 44.09

High water 13421 219 515 5.09 1.24 70.31
season

Low water 13421 39 92 1.28 0.47 11.64
season

Camaii

1 year 5810 60 326 1.75 0.62 21.54

High water 5810 110 595 3.67 1.30 46.45
season

Low water 5810 20 106 0.70 0.26 7.77
season

Sucunduri

1 year 17059 193 357 2.78 1.01 42.01

High water 17059 450 832 5.53 2.00 72.40
season

Low water 17059 91 168 1.49 0.55 19.30
season

Annual mean 3.76 137 54.60

* water discharge for 10 year-term averages (2000—2009) are from www.ore-hybam.org, station Prainha Velha for Aripuana river, station BR 230 for Acari river and station
Sucunduri for Sucunduri river. For the Jatuarana River was used one quarter of the discharge of the Acari River and for Juma and Camaiu Rivers were used the half discharge of
the Acarf river. Total craton area 2.5.10° km? total Amazon basin area 6.10° km?2.

80
: 100 .\ 100
Na'lke ¥ % ® B e 2 CI+SOHNO
® Aripuand olgl ®Juma @ Camaiu _ Spring water
@ Jatuarana @lg?2 ® Acari Sucunduri

Fig. 2. Ternary diagrams showing the compositions of the cations (A) (ug L~!) and anions + SiO2 (ug L~') (B). Comparison of the rivers flowing through the cratonic terrain (red
points): the Congo and Zaire Rivers (C—Z), Tocantins River (T), Niger River (Ni), Negro River (N), and Amazonas River (A) (Gaillardet et al., 1999) and tributaries of the Orinoco River
(OR) from Edmond et al. (1996). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(CPRM, 2013; Reis, 2006 and Silva et al., 2012). The probable sulfide when the Zn concentration was also the highest (Supplementary
source for Zn is indicated by the higher SO~ during December, data files). Thus, although further investigations are needed to
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Fig. 3. Monthly major dissolved elements (ug L~?). The discharge values were calculated using the average monthly discharge from the Aripuana, Acari and Sucunduri Rivers from
2001 to 2009.
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Fig. 4. Trace element concentrations normalized to the estimated average composition of the upper crust (UCC, Taylor and McLennan, 1985).

confirm this hypothesis, the abundances of these elements indicate
the influence of the bedrock and suggest that river water chemistry
can be used as an exploration tool for Mn and sulfide deposits in the
region.

The REEs were also normalized to the estimated average
composition of the upper continental crust (Taylor and McLennan,
1985). The results showed a flat pattern, except for a positive Ce
anomaly in December in the Jatuarana River, positive La anomalies
in May and September in most of the rivers and a positive Eu
anomaly in the Juma River in May (Fig. 5). The REE fractionation
patterns have some similarities with the fractionation pattern of
the Negro River, which is also an organic river, and with the Sol-
imoes-Amazonas River and the rivers of Central Africa (Dupré et al.,
1996; Gaillardet et al., 1997; Viers et al., 2000; Barroux et al., 2006).

4.3. Srisotopes

The lowest 87Sr/86Sr ratio was observed in the Aripuana River,
and the highest ratio was observed in the Sucunduri River (Fig. 6).
In addition, the 87Sr/®Sr ratios were slightly greater in September
(rising water season) in the Aripuana and Acari Rivers, which
indicated some hydrological influence.

The 87Sr/80sr ratios of the studied rivers are among the highest
recorded in Amazonia (Gaillardet et al., 1997; Santos et al., 2014)
and worldwide (Gaillardet et al., 1999) (Fig. 6) and exceed 0.735,
which is the average for the Amazon craton (Allegre et al., 1996).
The low 87Sr/26Sr ratios of the Aripuana River resemble those of the
Trombetas River, which flows through the eastern portion of the
granitic-gneissic and volcanic Brazilian craton (Hieronymus et al.,
1993).

4.4. 60 and 6D values

The river waters have higher isotopic values in September and
November (S/11 and N/12) and lower isotopic values in March and

April (M/13, A/13, Fig. 7A and Supplementary Data Files). Fig. 7B
compares the isotopic compositions of the studied rivers and
meteoric waters from Amazonia (stations of Benjamin Constant,
Sao Gabriel, Manicoré, Manaus, Santarém, Maraba and Porto Velho)
that were retrieved from the GNIP dataset (IAEA, 2014) to identify
evaporative processes in the rivers. The Amazon meteoric water
line (AMWL) has a slope of 7.8 and an intercept of 11.3, which is
very similar to the local (Apui) meteoric water line (ApMWL,
Hondrio et al., 2010), with a slope of 8.28 and an intercept of 10.69.
Higher 880 and 3D values in the local rainwater were observed
during the dry season (July and September) (Hondrio et al., 2010).

The isotopic values observed in the river waters covered a much
narrower range than those in the meteoric water, and most of these
values were plotted to the right of the AMWL and ApMWL. The
slopes of the rivers range between 3.02 and 5.81, which are lower
than those of the MWLs. Thus, evaporation influenced some of the
samples collected during September and November (Fig. 7B and
Supplementary Data Files), when higher temperatures occurred in
the Amazon region. This slight evaporative effect is more intense in
the Jatuarana, Ig1, Acari and Sucunduri Rivers, which indicates no
relationships with the size/discharge of the rivers. However, a
strong link is observed with the climatic cycle. For instance, the
highest 3’80 and 3D values occur in September and November,
which mark the end of the dry season, whereas the lowest values
occur in March and April, which mark the end of the high water
season. Additionally, the small Ig1 River has 3'80 and 3D values that
are similar to those in the large Sucunduri River. Fig. 7A shows that
the curve of isotopic values is out of phase with the meteoric water
curves by two to three months. Throughout the year, the constant
isotopic composition of the groundwater (3'%0 = —5% and
dD = —36%o, Table 3) indicates the groundwater has a minimal
influence on the §'%0 and 3D values of the river water compared
with the meteoric water.

In Fig. 7 B, the samples with higher 8D values and higher
d excess values (from 19 to 23) are plotted above AMWL and LMWL.
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1993; Gaillardet et al., 1997, 1999 and Santos et al., 2014).

These samples define a river water line for the period of higher
discharge that has a slope of 7.54 and an intercept of 17.4 (Fig. 7B).
The increase in the dD values is likely related to water vapor
recycling, which plays a major role in the Amazon water cycle (Gat
and Matsui, 1991; Victoria et al,, 1991; Martinelli et al., 1996).
Available estimates indicate that 25%—40% of Amazon rainfall
returns to the atmosphere by evapotranspiration (Gat and Matsui,
1991; Leopoldo et al., 1982). This water vapor has high d excess
values.

5. Discussion
5.1. Environmental influences

To determine the geology influence were calculate the atmo-
spheric contribution. From the total major dissolved elements

weighted by rainwater, on average, 14% of the Na™ in the Acari River
and 100% of the Na™ in the Jatuarana River originate from the at-
mosphere (Table 1). This atmospheric influence is strongest during
the high water season (from October to April), when 100% of the
Na' in the Camaid River originates from the atmosphere. In addi-
tion, atmospheric Na™ inputs account for 21—38% of the SOj~
concentration and 2—19% of the Mg?* concentration in the rivers.
The atmospheric contributions of the other dissolved ions (H, KT,
Ca?*, TAlk and NO3) and SiO, were negligible.

The average of each major dissolved element and TDS weighted
by the monthly rainwater amount after correcting for atmospheric
contributions and using cluster analysis, shows there are two
groups of river waters (Fig. 8A): i) the Aripuana and Acari Rivers,
which drain a large area with a variable bedrock composition
(including siliciclastic sedimentary rocks, felsic volcano-
sedimentary rocks and intrusive felsic rocks with minor basic
rocks) and have the most concentrated waters, and ii) the other
rivers, which mostly drain areas with siliciclastic sedimentary
bedrock. In the second cluster, two secondary clusters are identi-
fied, one including Ig1 and Ig2, which are the smallest rivers with
the most dilute water and highest variability, and one including the
Jatuarana, Juma, Camaiu and Sucunduri Rivers.

The cluster analysis of the trace element compositions using the
same conditions as those of the major dissolved element and TDS,
determined that Al, Fe, Mn and Zn identifies nearly the same
clusters of river water (Fig. 8B), although the Jatuarana River is
more similar to the Aripuana and Acari Rivers. Less abundant trace
elements, such as Sr, Rb, Y, and Ba, also identify the same two
groups. The Acari and Aripuana Rivers have higher Sr, Rb and Ba
concentrations (the Sucunduri River also has high Ba) than most of
the other sampled rivers (Fig. 9). Compared with large organic-rich
rivers from Amazonia and central Africa, which also flow over
cratonic terrain and through forested regions, and other turbid
rivers from Amazonia (Hieronymous et al., 1993; Allegre et al.,
1996; Gaillardet et al., 1997, 1999; Viers et al., 2000; Sondag et al.,
2010; Sanchez et al., 2015), the trace elements as well as the
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major dissolved elements and TDS indicates the studied rivers flow
through areas with geochemistry that is unique to the local Bra-
zilian craton. The weathering of this local silicate Proterozoic and
Paleozoic felsic volcano-sedimentary rocks and intrusive felsic
rocks with minor basic rocks and siliciclastic sedimentary rocks of
the Brazilian craton, exerts large spatial variability in the studied
river waters composition and in the high K* content, as well as in
the abundance of Sr, Rb, Y, Ba, Mn, Cu and Zn and the radiogenic Sr
isotopic ratios. Thus, the dominance of K* result from the local
bedrock, which is rich in K-bearing minerals, such as feldspar and
mica that have higher K;O contents than Na,O contents (CPRM,
2013), but the inland positions of these rivers may also exerts
some chemical control. The Aripuana River Basin, which probably
have few 87Rb-rich silicate minerals, may explain the low 87Sr/6sr
ratios (0.734115—0.743457) in this river relative to the other stud-
ied rivers (0.763901—0.79225). However, some process of dilution
may also control the Sr isotopes as indicate Santos et al. (2014) for
the Amazon basin.

The local bedrock influence is also highlighted when compared
with the 60 largest rivers around the world (Gaillardet et al., 1999)
as is exemplified by the Na-normalized molar data (Mg/Na from
0.25 to 8.26 and Ca/Na from 0.48 to 6.1, Table 1 and Fig. 10). The
local felsic volcano-sedimentary rocks and intrusive felsic rocks
with minor basic rocks contain minerals were more prone to
weathering and cause the higher TDS in the Aripuana and Acari
River relative to the siliciclastic sedimentary environments of the
other rivers. The higher Na-normalized molar data in the Ig1 and
Sucunduri Rivers (Fig. 10), although may indicate some carbonate
influence, also highlight the role of atmospheric Na* contributions
in these rivers (Table 2), which increases the Mg/Na and Ca/Na

ratios after atmospheric correction.

The dominance of TAIk relative the sum of cations (Fig. 11) is
another important characteristic of rivers that drain forests areas
like the studied rivers, relative to most highly turbid rivers in
Amazonia, where a close correlation is observed between the sum
of cations and TAlk (e.g., Mortatti and Probst, 2003 and Moquet
et al., 2011) or the cation concentrations are high (Sondag et al.,
2010). Higher TAlk in the spring water, especially in August and
September (Supplementary data files), indicates that the soil is rich
in dissolved organic compounds derived from the oxidation of
vegetation and that these compounds enter the hydrosphere via
groundwater. In addition, the higher acidity and NO3 concentra-
tions in the spring water likely result from the influences of the soil
and the siliciclastic sedimentary rocks.

The climate of the studied region, which dictates greater
discharge during the high water season, exerts temporal control
over the river water chemistry and over the amount of recycled
water vapor, besides the significant atmospheric Na*, SOF~, and
Mg?* contributions (up to 100% of the Na* in the Jatuarana and
Camaid River). The recycled water vapor result in isotopic values
plotted above the MWL (Fig. 7A) at the end of the high-water
season. The size of the basin is also important for controlling the
chemical composition because the small Ig1 and Ig2 rivers have
lower chemical loads than the Jatuarana, Juma, Camaiu and
Sucunduri Rivers, as all of them drain the same sedimentary rock.

5.2. . Weathering rates

The local weathering profiles, which isolate the bedrock and
produce kaolinite and gibbsite (Silva et al., 2012), correspond with
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calculated weathering indexes of between 1.7 and 3.8
((3Na™+3K*+1.25Mg?*+2Ca’*-Si0,)/

(0.5Na*+0.5K"+0.75Mg>*+Ca®") of Boeglin and Probst (1998)).
These indexes correspond with the highly leached oxisols and
spodosols that cover large areas of the cratonic terrain in Amazonia
(Bravard and Righi, 1989; Dubroeucq and Volkoff, 1998 and Horbe
et al,, 2004). This environment and the high amounts of organic
acid derived from the forested catchments produce water with a
high concentration of dissolved SiO, and TAlk. However, the con-
centration of dissolved SiO, (which averages 6.1 mg L™, Table 1) is
lower than the average concentration in rivers worldwide
(10.8 mg L~ Meybeck et al., 1996), indicating that the studied river
waters are very dilute. This dilution results in low annual CWRs of
between 1.75 and 4.15 t km~2 yr~! and in a low weathering front in
the local bedrock of between 0.62 and 1.5 m Ma~. The slightly
higher CWRs observed during the high water season and the higher
weathering rate in the Aripuana River (of 8.74 t km~2 yr~! and
316 m Ma, respectively) reinforce the influences of local

siliciclastic rock weathering on the chemical compositions of river
waters.

The calculated CWR values are among the lowest in the world,
as shown in Fig. 12A, and correspond with the CWR values of rivers
from colder regions with lower runoff, such as the Canadian and
Siberian cratons, as reported by Millot et al. (2002) and Zakharova
et al. (2007). This fact supports the minimal influence of temper-
ature on river water chemistry in the study area.

The CO, consumption rates, which were calculated using the
sum of cations after atmospheric contributions, vary between 21.54
and 60.51 10°> mol km~2 yr—'. Similar to the CWF values, the CO,
consumption rates are higher in the Aripuana River (Table 3). This
indicates that the CO, consumption rates are sensitive to the
drainage of felsic to basic igneous and metamorphic bedrock rela-
tive to siliciclastic sedimentary bedrock (Tables 1 and 3), which
corresponds with previous results at a global scale (Dessert et al.,
2003). The high discharge/runoff during the high water season is
also correlated with a much higher CO, consumption rate relative
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to the low water season (Table 3), which agrees with the results of
Mortatti and Probst (2003) and with results from other rivers
around the world (Hartmann et al., 2014). The CO, consumption
rates observed in this study are lower than those in the larger and
more turbid Solimoes and Amazonas Rivers but higher than those
in other organic rivers in Amazonia (Fig. 12B). The rates are also
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Fig. 11. Plot of the sum of cations and total alkalinity (TAIK) (both in pg L") after
correcting for atmospheric contributions.

similar to those of the Madeira River, which contains more turbid
water (Gaillardet et al.,, 1997). The CO, consumption rates in the
study area also resemble the rates in the Niger, Congo and Zaire
Rivers, which flow through a similar lateritic cratonic terrain in
Africa (Gaillardet et al., 1999) (Fig. 12).

Here, we present a first-order estimate of the CWF value and
CO, consumption rate for the entire craton by extrapolating our
results to the craton surface of the Amazon Basin (the total craton
area is 2.5106 km2, and the total Amazon Basin area is 6106 km?).
We compare these results with the flux of the Amazon River at
Obidos station. The craton terrain would contribute approximately
13% of the CWR transported by the Amazon River if we only
consider cations + SiOy as described by Gaillardet et al. (1997).
However, the craton terrain would contribute up to 15% of the CWR
if we consider cations + SiO»+TAlk as described by Mortatti and
Probst (2003). The CO, consumption from weathering of the
craton region would represent between 9% and 11% of the total CO,
consumption (associated with carbonate and silicate weathering)
in the Amazon Basin at Obidos station (Gaillardet et al., 1997,
Mortatti and Probst, 2003) and could reach 17%—24% if we only
consider the CO, consumption flux that is associated only with
silicate weathering. Although the CWR rate strengthens the steady
state erosion model for the Amazon craton, the CO, consumption
rate indicates that weathering of the cratonic terrain, which pro-
duces leached oxisols and spodosols, remains an important con-
sumer of CO,.

6. Conclusions

Based on new time series of river water chemistry, we provide
an accurate estimate of the chemical composition of small and
medium organic-rich river waters flowing over cratonic substratum
covered by lateritic soils in Amazonia. The environmental condi-
tions in Amazonia, which can be extrapolated to other tropical
areas, generate acidic and dilute waters dominated by TAlk, SiO;
and K*. Several factors control the chemical compositions of the
rivers: 1) the hydrologic regime controls the H" and TAlk; 2) the
meteoric water contributions, including some evaporative effects,
control the 8'80 and 3D values and most of the Na* concentration;
3) the abundances of K**, Sr, Rb, Y, Ba, Mn, Cu and Zn and the
radiogenic Sr isotopic ratios illustrate the contributions of bedrock,
which varies from felsic to basic igneous and metamorphic to sili-
ciclastic sedimentary rocks; 4) the size of the basin control the low
chemical loads in the small rivers; and 5) the minimal influence of
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groundwater on the river water chemistry relative to rain water,
explains the highly dilute composition relative to most of the rivers
of the world. The low export of dissolved ions and the low
weathering rate support a steady state erosion model for the
Amazon craton. However, the CO, consumption by weathering is
higher than expected and indicates bedrock control.
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