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ABSTRACT

The Fazenda Brasileiro gold mineralization is hosted by a gabbroic sill, intrusive into metavolcanic-

metasedimentary rocks of the Rio Itapicuru Greenstone Belt, São Francisco Craton. The 2.05 Ga old miner-

alization is associated with intense shearing and hydrothermal alteration, and the host gabbro is altered to a

series of rocks rich in sericite, chlorite, actinolite, carbonate and quartz.

Twelve whole-rock samples of the gold mineralization, representing varied degrees of alteration, from rocks

with preserved igneous textures to the ore (quartz-carbonate-sulfide-chlorite), were studied by the Sm-Nd

method. All analytical points resulted in an isochron (MSWD = 1.9) indicating the age of 2142 +/– 47 Ma

(1s) and Epsilon Nd (T) of +1.2. Chlorite-sericite-carbonate rich hydrothermal rocks indicate the age of 2148

+/– 57 Ma and Epsilon Nd (T) of +1.1. The positive Epsilon Nd (T) suggest limited or no contamination

with older continental crust, compatible with an oceanic setting for the tholeiites.

Combined with REE data, the Sm-Nd isotopic results reveal that the hydrothermal alteration, although intense,

was unable to alter significantly the Sm/Nd ratios of the original igneous rocks and did not cause important

scatter of the analytical points, providing a rare example of robust behavior of the isotopic system, even under

intense hydrothermal alteration.

Key words: Rio Itapicuru greenstone belt, Fazenda Brasileiro, Paleoproterozoic, gold mineralization, Sm-

Nd, hydrothermal alteration.

INTRODUCTION

During the last two decades, the Sm-Nd isotopic

systematics has been applied to investigate the most

varied aspects of crustal evolution, such as the petro-

genesis of granite batholiths , continental crust for-

mation and growth, sediment provenance, origin of

*Member of Academia Brasileira de Ciências
Correspondence to: Márcio M. Pimentel
E-mail: marcio@unb.br / mmp1103@terra.com.br
E-mail: gloria@ufba.br

ore deposits, age of metamorphic events, among oth-

ers (e.g. De Paolo and Wasserburg 1976, DePaolo

1981, Dickin and McNutt 1989, Murphy and Nance

2002, Pimentel et al. 2001, Stern 2002, Thorogood

1990).

The systematics is based on the alpha decay

of 147Sm to143Nd (λ 147Sm of 6.54 × 10-12/year).

Both parent and daughter elements are light rare-

earth elements with similar ionic radii and valencies.
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Contrasting with other natural decay systems, the

geochemical properties and behavior of the parent-

daughter pair are very similar and the Sm/Nd ratio is

normally considered to be resistant to changes due

to intracrustal processes. This enables the calcula-

tion of TDM model ages which are able to provide

information on the age of regional crustal formation

events, although it has been demonstrated that model

ages not always equate to crust formation ages, and

that they may only be used with caution. It is gen-

erally believed, however, that some processes such

as the fractionation of LREE-bearing phases (mon-

azite or allanite) or intense hydrothermal alteration

can indeed modify substantially the Sm/Nd ratio of a

rock (e.g. Pimentel and Charnley 1990) and, there-

fore, interfere with Sm-Nd model and isochron age

calculations.

The Sm-Nd system has often been used to date

mafic and ultramafic complexes. During crystalliza-

tion of mafic magmas, Nd is slightly more incom-

patible than Sm, becoming relatively more enriched

in the residual liquids. Therefore, the most differ-

entiated melts have lower Sm/Nd ratios, enabling

the construction of whole-rock Sm-Nd isochrons.

For a group of whole-rock samples from the same

magma source, which has not been substantially af-

fected by subsequent alteration events, the isochron

diagram yields the crystallization age of the com-

plex. However due to the natural limited varia-

tion in Sm/Nd ratios, the Sm-Nd isochron age data

are always less precise than those obtained with

other methods such as U-Pb in zircon and badel-

leyite or the Ar-Ar method. The advantage is that

the isochron also indicates the initial isotopic com-

position of the system, converted toεNd value, which

has significance to the petrogenesis of the original

magma and to tectonic interpretations.

The calculation of reliable Sm-Nd whole-rock

isochron ages for igneous rocks depend on the as-

sumption that Sm/Nd ratios of the samples used have

not been substantially modified by metamorphism,

hydrothermal alteration or weathering. Different

degrees of alteration in the rock samples investi-

gated may variably alter their Sm/Nd ratios, and,

in such cases, significant scatter in the isochron dia-

gram should be expected, preventing construction

of the isochron. In this study we report Sm-Nd

isotopic data for whole-rock samples of extremely

and variably hydrothermally altered and metamor-

phosed mafic complex, transformed mostly into mi-

caschists, which hosts the Paleoproterozoic Fazenda

Brasileiro gold mineralization, Itapicuru greenstone

belt, Bahia. Samples representing varied degrees

of hydrothermal alteration were analyzed and the

resulting data represents an example of robust be-

havior of the Sm-Nd system even after extreme hy-

drothermal alteration.

GEOLOGICAL SETTING

The Rio Itapicuru Paleoproterozoic

Greenstone Belt

The Rio Itapicuru greenstone belt is located in the

northeastern part of the São Francisco Craton (Fig-

ure 1).

The Itapicuru volcano-sedimentary sequence

and associated granite-gneiss terrains underlie an

area of ca. 8400 km2 consisting mostly of strips of

supracrustal rocks extending in the NNW direction.

Only in the southern part of the belt the foliation has

an EW regional trend. These supracrustals are as-

sociated with tonalitic-granodioritic gneissic units

forming the gneissic basement, and are intruded by

large N-S elongated granitoid domes (Figure 2). A

complete review of the Rio Itapicuru sequence and

its gold mineralization was presented by Silva et al.

(2001a, b).

The supracrustal sequence of the Rio Itapicuru

greenstone belt was initially compared to Archean

greenstone belt sequences during the pioneer geo-

logical studies carried out in the 70’s (Mascaren-

has 1973, Kishida and Riccio 1980) when the Rio

Itapicuru Greenstone Belt was characterized. Later

geochronological studies have revealed the Paleo-

proterozoic age of the Rio Itapicuru volcanic rocks

and associated granitoid domes (Brito Neves et al.

1980, Silva 1992, 1996, Mello 2000).

The volcano-sedimentary pile can be divided

An Acad Bras Cienc (2003)75 (3)
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into the following units.

1. Basal mafic volcanic unit formed by meta-

basalts displaying abundant primary volcanic

features such as pillows, flow breccias, and

vesicular textures. Thin layers of pelitic

(graphite schist) and chemical (metachert, iron

and manganese formation) sediments are com-

mon; small mafic intrusions similar in compo-

sition to the volcanics are also found within the

volcanic pile;

2. Felsic-intermediate volcanic unit formed by

lavas and pyroclastic deposits of andesitic to

dacitic composition, and also by small coeval

subvolcanic intrusions;

3. Upper sedimentary unit comprising conglom-

erates, sandstones, siltstones, and shales.

The basal mafic volcanics and associated small

gabbroic intrusions are equivalent to Fe-rich tholei-

ites, and have general chemical characteristics of en-

riched MORB’s, while felsic to intermediate meta-

volcanics are calc-alkaline (Silva 1987). Whole-

rock Rb-Sr and Pb-Pb isochrons for meta-andesites

and metabasalts indicated ages of ca. 2.09 and 2.21

Ga, respectively (Brito Neves et al. 1980, Silva

1992, 1996). Sm-Nd TDM model ages between 2.1

and 2.2 Ga for the mafic and intermediate rocks,

positive values forεNd, as well as the low initial
87Sr/86Sr ratio for meta-andesites, indicate the prim-

itive, oceanic, character of the igneous protoliths

(Silva 1996).

The supracrustal and regional gneissic terrains

were intruded by a number of granitoid bodies form-

ing dome-like structures, elongated in the N-S di-

rection (Figure 2). The intrusions vary in compo-

sition from calk-alkaline rocks to alkali-rich and

shoshonitic granitoids. SHRIMP and conventional

U-Pb ages for the domes are within the interval be-

tween ca. 2.15 and 2.08 Ga (Batista et al. 1998,

Alves da Silva 1994, Chauvet et al. 1997, Mello

2000). Archean inheritance is observed in some of

the northern intrusions, such as the Ambrósio dome

(Mello 2000).

Metamorphic mineral assemblages in the

supracrustal rocks indicate an early low-grade,

ocean floor alteration event originating spilites, fol-

lowed by a regional metamorphic event at the green-

schist facies conditions in the central part of the

volcano-sedimentary belts and amphibolite facies

conditions near the contacts with the granitoid

domes. The regional metamorphic event was dated

by the Ar-Ar method on hornblende at ca. 2.08 Ga

(Mello 2000).

THE FAZENDA BRASILEIRO Au MINERALIZATION

The Fazenda Brasileiro gold mineralization is lo-

cated in an EW section of the supracrustal sequence,

in the southern part or the Rio Itapicuru greenstone

belt and is mainly hosted by a differentiated gabbroic

sill, emplaced along the contact of mafic and felsic

metavolcanic rocks (Kishida et al. 1991). It is the

most important deposit of the volcano-sedimentary

sequence, having producedca. 53 t of gold since

1984. The mineralization is associated with an EW

shear zone and intense quartz veining and hydro-

thermal alteration, which have transformed the host

gabbro into a series of hydrothermal rocks such as:

(i) quartz-chlorite-actinolite schist with variable

amounts of magnetite, known as CLX, which repre-

sents the main direct host of the mineralization, (ii)

sericite-chorite-actinolite-carbonate schist (CAX),

and (iii) albite+carbonate+sulfide rock cut by quartz

veins with gold, known as SUF, which represents

the main ore zone. Hydrothermal muscovite was

dated with the Ar-Ar method and revealed the ages

of 2050± 4 Ma and 2054± 2 Ma, representing the

best estimate available for the age of hydrothermal

alteration (Mello 2000).

The work by Silva et al. (2001b), based on trace

element data, reveals very similar REE patterns for

the metagabbros, CLX, CAX and SUF (see Figure

30 in Silva et al. 2001b). REE patterns are gen-

erally flat, with a small but noticeable enrichment

in the LREE. However, different REE contents are

observed for these lithologies, with the metagabbros

showing the lowest�REE. REE contents increase
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towards CAX and CLX and are the highest in the

SUF rock. This has been interpreted as an original

igneous feature, resulting from magmatic differenti-

ation of the gabbroic sill. Negative Eu anomalies are

common in the most hydrothermally altered rocks,

and have been explained by the complete substitu-

tion of Ca-rich plagioclase by alteration products

such as albite, carbonate and white mica (Silva et al.

2001b). This means that the hydrothermal alteration

affecting the gabbroic sill was unable to significantly

modify the REE patterns, a feature which is relevant

to Sm-Nd geochronology.

SAMPLES AND ANALYTICAL PROCEDURES

All samples used in this study come from two drill

cores in the Fazenda Brasileiro gold mine. They rep-

resent fresh, unweathered, examples of rocks which

suffered varied degrees of hydrothermal alteration,

ranging from metagabbros to micaschists (hydro-

thermalites). Samples MGB (metagabbro) show

preserved igneous sub-ophitic textures, while sam-

ples CAX and CLX are direct products of transfor-

mation of the gabbro. Sample SUF represents the

sulfide- and quartz vein-rich ore zone.

Sm-Nd isotopic analyses followed the method

described Gioia and Pimentel (2000) and were car-

ried out at the Geochronology Laboratory of the Uni-

versity of Brasília. Whole rock powders (ca. 50 mg)

were mixed with149Sm-150Nd spike solution and

dissolved in Savillex capsules or in sealed Teflon

bombs. Sm and Nd extraction of whole-rock sam-

ples followed conventional cation exchange tech-

niques, using teflon columns containing LN-Spec

resin (HDEHP - di-ethylhexil phosphoric acid sup-

ported on PTFE powder). Sm and Nd samples were

loaded on Re evaporation filaments of double fil-

ament assemblies and the isotopic measurements

were carried out on a multi-collector Finnigan MAT

262 mass spectrometer in static mode. Uncertain-

ties for Sm/Nd and143Nd/144Nd ratios are better

than± 0.2% (2σ) and± 0.005%(2σ) respectively,

based on repeated analyses of international rock

standards BHVO-1 and BCR-1.143Nd/144Nd ratios

were normalized to146Nd/144Nd of 0.7219 and the

decay constant(σ ) used was 6.54× 10-12. Isochron

age was calculated using Isoplot/Ex v.2.47 (Ludwig

2001).

RESULTS

Sm-Nd isotopic results are listed in Table I. Twelve

samples of the several petrographic types associated

with the gold mineralization (MGB, CLX, CAX,

SUF) were studied. Samples analyzed have147Sm/
144Nd ratios varying between ca. 0.14 and 0.22 and

their REE concentrations, roughly agrees with the

observed by Silva et al. (2001a, b): metagabbro

samples have low LREE contents (Sm between 1.0

and 1.6 ppm and Nd between 3.2 to 4.6 ppm), while

CLX and SUF hydrothermal rocks have higher con-

centrations of LREE. Nd concentrations in the CLX

are between 3.3 and 27.5 ppm and is 23.7 ppm in the

SUF sample. This increase in REE concentrations

is not accompanied, however, by a change in the

Sm/Nd ratio, with all petrographic types presenting

wide variations in147Sm/144Nd values.

A regression line with all twelve analytical

points resulted in a reasonably well defined isochron

(MSWD = 1.9) indicating the age of 2142± 47 Ma

(1σ) andεNd (T) of +1.2. The age is similar to those

Pb-Pb and Rb-Sr isochron ages available in the liter-

ature for these rocks (Silva 1996, Brito Neves et al.

1980). The positiveεNd (T) value is also compatible

with the preliminary data from Silva (1996), which

foundεNd (T) values between +2 and +4 for mafic

metavolcanics of the Fazenda Brasileiro region. Re-

gression calculated only with the hydrothermalites

CLX and CAX yield an identical isochron age of

2148± 57 Ma(1σ), with εNd (T) of +1.2, and three

samples of fairly preserved metagabbro define a line

with a slope indicating the age of ca. 2.18 andεNd

(T) of +1.1. Therefore, despite intense hydrother-

mal alteration, important scatter of analytical points

in the Sm-Nd isochron diagram is not observed, and

the Sm-Nd isotopic system indicates the age of the

original igneous rock.

The positive value for theεNd (T) suggests lit-
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Silva et al. 2001b). MVU – mafic volcanic unit, CCX – carbonate chlorite schist, CAX – carbonate albite schist, GRX – garnet schist,

CLX – chlorite schist, FVU – felsic volcanic unit.

tle or no contamination with older crustal material.

The fact that the ore rich zone (SUF) also aligns,

within uncertainties, along the same regression line,

suggests that the ore metals and the mafic magmas

are cogenetic.

CONCLUSIONS

The Sm-Nd isotopic results presented in this study,

associated with previous REE studies on the same

rocks samples (Silva et al. 2001b), allow the fol-

lowing conclusions:
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TABLE I

Sm-Nd isotopic data for the Fazenda Brasileiro gabbro and associated hydrothermal rocks.

Sample Sm(ppm) Nd(ppm) 147Sm/144Nd 143Nd/144Nd ± 2σ error

935-18 (CLX) 1.220 3.381 0.218 0.513034 08

1468-08 (CLX) 3.195 9.862 0.196 0.512694 11

1468-19 (CLX) 1.853 5.499 0.205 0.512777 11

935-02 (CLX) 4.154 12.887 0.195 0.512694 08

1468-02 (CLX) 6.441 27.544 0.141 0.511920 09

935-10 (cax) 2.249 8.067 0.170 0.512313 09

1468-24 (CAX) 0.239 2.663 0.212 0.512933 09

1468-25 (CAX) 0.926 2.724 0.206 0.512769 06

935-22 (MGB) 1.155 3.204 0.218 0.512976 08

935-24 (MGB) 0.965 3.658 0.159 0.512160 08

935-26 (MGB) 1.647 4.647 0.216 0.512987 07

1468-11(suf) 7.259 23.769 0.185 0.512555 07

1. Samples of metagabbro and its hydrothermal

alteration products, associated with the Fazen-

da Brasileiro gold mine, yielded a well defined

Sm-Nd isochron indicating the age of ca. 2.14

Ga andεNd (T) value of +1.2. This agrees with

previously published ages for the metavolcanic

rocks associated with the gabbro sill, and is

here interpreted as the crystallization age of the

original mafic magma;

2. Positive value forεNd (T) (+1.2) is compatible

with little or no crustal contamination of the

original magma, which is compatible with an

oceanic setting for the sequence, in accordance

with the model put forward by Silva (1987), in

which the basal metabasalts in southern part of

the Rio Itapicuru sequence have oceanic geo-

chemical nature and were probably extruded in

a back arc setting;

3. Concentrations of LREE seem to increase with

increasing hydrothermal alteration. Sm/Nd ra-

tios however do not show any clear trend, sug-

gesting that if the increase in REE concen-

trations results from the hydrothermal event,

this was not capable of modifying substantially

the Sm/Nd ratio, allowing the calculation of a

meaningful Sm-Nd isochron; an alternative in-

terpretation for the increase in REE concentra-

tions is that suggested by Silva et al. (2001b),

which interprets this trend also as a primary ig-

neous feature, indicative of the fractionation of

the gabbroic sill;

4. Extreme hydrothermal alteration did not sub-

stantially affect the Sm-Nd isotopic sys-

tem. Hydrothermal rocks with chlorite, actino-

lite, sericite, carbonate and quartz, representing

products of varied intensity of hydrothermal al-

teration of the original gabbro, still yielded a

Sm-Nd isochron with the age at ca. 2.14 Ga,

when one should have expected considerable

scatter in the isochron diagram. The ore rich

zone (SUF) also plots on the regression line,

suggesting that ore metals and original mafic

magma are cogenetic;

5. The Sm-Nd isotopic composition of the Fazen-

da Brasileiro hydrothermal rocks represent a

case in which the whole-rock Sm-Nd isotopic

An Acad Bras Cienc (2003)75 (3)
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system was not substantially disturbed, behav-

ing in a robust manner, and preserving the orig-

inal age of the mafic rock.
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RESUMO

A mineralização de ouro de Fazenda Brasileiro é hospe-

dada por um sill gabróico intrusivo em rochas metavul-

cânicas/metassedimentares do Greenstone Belt do Rio

Itapicuru, Craton do São Francisco. A mineralização,

com idade de ca. 2.05 Ga, está associada com forte ciza-

lhamento e alteração hidrotermal, e o gabro hospedeiro

está alterado para rochas ricas em clorita, actinolita, car-

bonato e quartzo. Doze amostras de rocha total repre-

sentando graus variados de alteração hidrotermal, desde

rochas com texturas ígneas reliquiares até o minério

(quartzo-carbonato-sulfeto-clorita), foram estudadas pelo

método Sm-Nd. Os pontos analíticos formaram uma isó-

crona (MSWD = 1.9) indicando a idade de 2142± 47Ma

(1s) e Epsilon Nd (T) de +1.2. Hidrotermalitos ricos em

clorita, sericita, actinolita, carbonato e quartzo indicam

uma idade de 2148± 57 Ma (1s) com Epsilon Nd (T)

of +1.1. O Epsilon Nd (T) positivo sugere pouca ou ne-

nhuma contaminação com crosta mais antiga, compatível

com um ambiente oceânico para os toleitos.

Combinados com os dados de ETR, os dados isotópi-

cos Sm-Nd revelam que a alteração hidrotermal, apesar

de intensa, foi incapaz de modificar substancialmente as

razões Sm/Nd das rochas ígneas originais, não causou de-

salinhamento dos pontos, fornecendo um raro exemplo de

comportamento robusto do sistema isotópico Sm-Nd em

condições extremas de alteração hidrotermal.

Palavras-chave: greenstone belt Rio Itapicuru, Fazen-

da Brasileiro, Paleoproterozóico, mineralização aurífera,

Sm-Nd, alteração hidrotermal.
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