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Abstract

This paper investigates the denudation rates in the Quadrilátero Ferrı́fero, Minas Gerais State (Brazil). The aim is to compare

chemical weathering rates from measurements of solute fluxes in rivers and long-term mean erosion rates deduced from in situ-

produced cosmogenic 10Be concentrations measured in fluvial sediments. Both water samples and sediments were collected in

fifteen stations (checkpoints) located in four hydrographic basins with low anthropogenic perturbations.

Depending of the type of substratum, three degrees of chemical denudation rates from water samples are observed: (i) high rates

in marbles; (ii) medium rates in schists, phyllites, granites, gneisses and migmatites; (iii) low rates in quartzites and itabirites.

Preliminary results of long-term erosion rates deduced from in situ-produced 10Be are comparable with those of chemical rates.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction and site description

Weathering has been a key subject to the under-

standing of landscape and soil formation in tropical

zones. In the Quadrilátero Ferrı́fero, one of the most
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important Brazilian mineral provinces, a semi-humid

tropical climate predominates over an area of ca. 7200

km2. This area is constituted of four geological groups

(Alkmim and Marshak, 1998): (i) the Crystalline Com-

plex, composed of Archean granites, gneisses and mig-

matites; (ii) the Rio das Velhas Supergroup, composed

of quartzites, schists and phyllites which constitute an

Archean greenstone belt sequence; (iii) the Minas Su-

pergroup, a Proterozoic metasedimentary sequence; and

(iv) the Itacolomi Group formed by Proterozoic quart-

zites (Fig. 1).

Soils in the Quadrilátero Ferrı́fero vary according to

the type of substratum. Soils are thin on quartzites and
ation 88 (2006) 313–317



Fig. 1. Localization of the studied basins and geology of Quadrilátero Ferrı́fero by Alkmim and Marshak (1998).
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itabirites (bedrock is usually exposed), whereas on

other rock types soils are very thick. The regional

vegetation varies with the altitude and with the rock

substratum: from grass, in the highest parts, to savanna

(bcerradoQ) to semideciduous forest in the lowest areas

(Behling and Lichte, 1997).

The landscape of the Quadrilátero Ferrı́fero has

been interpreted as the result of differential erosion

processes where quartzites and itabirites are encoun-

tered in the high lands; schists and phyllites in the half-
altitude lands, whereas granites, gneisses and migma-

tites constitute the substratum low lands (Hader and

Chamberlin, 1915; King, 1956; Tricart, 1961; Barbosa

and Rodrigues, 1967; Varajão, 1991). These studies are

only based on field observations and are not supported

by quantitative data. In this study, we intend to quan-

tify both chemical weathering rates from measurements

of solute fluxes in rivers and long-term mean erosion

rates deduced from in situ-produced cosmogenic 10Be

concentrations measured in fluvial sediments for dif-
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ferent types of rocks that compose the investigated

area.

2. Methods

2.1. Water samples

To determine the chemical denudation rates in the

Quadrilátero Ferrı́fero, fifteen checkpoints (three in

river basins affected by a low anthropogenic activity

(High Fechos; Cata Branca/Esperança and High Mar-

acuja), and one pristine environment (Caraça river

basin)) were used to collect both water samples

and fluvial sediments for cosmogenic analyses (Fig.

1). To perform chemical analyses (Mn, Fe, Mg, Al,

Si, Ca, Na and K), water samples were collected, in

the middle of the stream in 250-ml polyethylene

bottles after being filtered at 0.45 Am. Sampling

was done in summer 2003 (humid period) and in

winter 2003 (dry period). At the same time, river’s

discharge was monitored and total dissolved solids

(TDS) were measured with a Myron multi-parameter

equipment. Chemical analyses were carried out in the

Geochemical Laboratory of Geology Department

(UFOP), with an ICP–AES Spectro Cirus CCD.

Analyses were calibrated directly against the National

Institute of Standards and Technology (NIST) stan-

dard reference (1643d Trace Elements in Water). The

annual chemical denudation was calculated using the

equation TD /DS�A where TD is the total TDS

denudation (humid period+dry period), DS, the

rock density and A the Basin’s Area, determined
Table 1

Chemical weathering and long-term erosion rates

Basin Geologya Position in the basin TDS

(ton year�1

Fechos M and D Middle (1300 m) 65.76

M and D Tributary (1200 m) 71.75

S, P, M, I, Q Outlet (958 m) 55.69

Cata Branca I, Q Headwater (1307 m) 7.68

S, P Tributary (866 m) 10.65

S, P, I and Q Middle (866 m) 12.26

S, P, I and Q Outlet (850 m) 11.37

Maracuja S, P Headwater (1332 m) 24.77

S, P Tributary (1175 m) 27.64

S, P Middle (1146 m) 22.51

Gr and Gn Tributary (1072 m) 14.04

Gr, Gn, I, S, P Outlet (1072 m) 14.90

Caraça Q Headwater (1281 m) 9.65

Q and MD Tributary (1280 m) 4.03

Q and M D Outlet (1254 m) 3.34

**=not yet available.
a M, D, Q, Gr, Gn, S, P, I, MD refers to marbles, dolomite, quartzite, gr
using a digital elevation model obtained with Micro-

Station software.

2.2. Fluvial sediments

Long-term mean denudation rates were quantified

by measurements of in situ-produced 10Be in fluvial

sediments. It has been established that cosmogenic 10Be

in river-borne quartz sand records a time-integrated

erosion rate representative of an entire drainage basin

(Brown et al., 1995, 1998).

Quartz was isolated from crushed and sieved sedi-

ment samples by dissolving all other minerals with

mixtures of HCl and H2SiF6. Atmospheric 10Be was

then eliminated by successive HF sequential dissolu-

tions. This purified quartz was dissolved in Suprapur

HF and the resulting solution was spiked with 0.3 mg of
9Be carrier. Beryllium was separated from these solu-

tions by successive solvent extractions and precipita-

tions. All 10Be measurements were performed by

accelerator mass spectrometry at the Tandétron AMS

facility, Gif-sur-Yvette. Measured 10Be/9Be ratios were

calibrated directly against the National Institute of Stan-

dards and Technology (NIST) standard reference mate-

rial SRM 4325 using its certified 10Be/9Be ratio of

(26.8F1.4)�10�12. 10Be uncertainties (1r) include
a 3% contribution conservatively estimated from ob-

served standard variations during the runs, a 1r statis-

tical error in the number of 10Be events counted,

uncertainty on the blank correction, and a 6% uncer-

tainty on in situ 10Be production rate within quartz

(Stone, 2000).
km�2)

Area

(km2)

Chemical weathering

(m Myr�1)

10Be erosion rate

(quartz) (m Myr�1)

10.17 19.52F5.85 **

6.41 25.35F7.60 **

26.29 17.18F5.15 **

1.24 2.37F0.71 **

3.99 3.53F1.06 **

11.47 3.91F1.17 **

15.46 3.69F1.11 **

0.15 8.71F2.61 **

0.88 9.84F2.95 10.01F2.46

4.98 8.01F2.40 14.70F5.48

1.15 5.14F1.54 15.41F2.33

15.37 5.48F1.64 4.32F1.53

3.06 3.75F1.12 1.07F0.13

4.20 1.57F0.47 2.23F0.17

20.29 1.3F0.39 3.18F0.31

anite, gneiss, schiste, phyllite, itabirite and mafic dikes, respectively.
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3. Results and discussion

From Table 1, one can observe that, from the solute

fluxes in river waters, marbles, granites, gneisses,

schistes and phyllites constitute the most fragile rocks

when exposed to denudation, whereas quartzites and

itabirites are the most resistant. However, marbles,

granites, gneisses, schistes and phyllites are also pres-

ent in the highest parts of the studied area. This can be

explained by Cenozoic uplifts (Lipski, 2002), as well

as by the Precambrian framework, today represented

by itabirite and quartzite crests that protect the most

fragile rocks from complete denudation, sustaining

them in the higher parts of the landscape (Tricart,

1961; Barbosa and Rodrigues, 1967). The most intense

chemical denudation takes place in small basins, and

the denudation processes tend to be more intense close

to the headwaters than in the regional base levels

(Summerfield, 1991). A similar high intensity of the

denudation processes in tributary basins has been ob-

served in other areas of the globe (Leeder, 1991;

Stallard et al., 1991; Milliman and Syvitski, 1992;

Edmond et al., 1995).

In Table 1, the long-term erosion rates inferred by in

situ-produced 10Be are similar to those of previous

studies performed on cratonic environments (Braucher

et al., 1998). When compared to the chemical weather-

ing rates deduced from the water samples, and because

the Caraça basin, a state natural park, and the Maracuja

basin are preserved from anthropogenic activities, one

can observe that these long-term denudation rates are in

good agreement. This may suggest that denudation is

mainly due to chemical weathering. However, one sam-

ple from the tributary of the Maracuja basin shows a

long-term erosion rate (15.41F2.33 m/My) significant-

ly higher than that given by the water river (5.14F1.54

m/My). This may be explained by an ancient defores-

tation that took place to allow an agricultural activity

(extensive cow breeding). In that case, physical erosion

is more intense and does not permit to a surficial

disturbed quartz to accumulate as much 10Be as an

undisturbed bedrock sample.

4. Conclusion

This preliminary study is, to our knowledge, the first

that intends to compare chemical weathering rates eval-

uated in river waters and long-term erosion rates cal-

culated from cosmogenic analyses.

Both approaches demonstrate differential denudation

processes controlled by (i) the substrate and (ii) the size

of the basin.
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Cláudio Lana, who helped collecting the water samples;

to the Geochemical Laboratory of the Geology Depart-

ment (UFOP); and special thanks to Janice Cardoso
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