
~~~©~~-~ 

~ti~ ~~~.~~iri;ra~v Kelso Gaeta Tassinari, Káticr Maria Mellito and Marly Babinski 

.L `'< cy 

~ ~ 
~~~ ~~~ ~t~~~~ ~~ 

/ ~~- ~ ~ ~~~~ ~ _ °~ ~~ 

~~" tube ~n ~A~u-1VIo-A~) Salobo 3A ore 
~; l~~inerai Province, Amazonian 

. 
~..~ a~~~~~ ;~~or~~err~ ~razï~ 

Centro de P~s~luisas GeocronG~icas, Instituto de Geociências, Universidade de São Paulo, Rua do Lago 562, São Paulo, Brazil CEP 05588-080, 
E-mail: cc~rssiC~s~usp.br 

%'lac Salobo -i~l polvruetallic• Cu (Au-IL1u-Ag) deposit, 
loccrtecl irr the southeustc rn port ~f'the Anzn~orricrn Cru-

tcin, n~rtlrcrn Bt•a~il, is hosted by nn Archean metavol-
cct~to-se~clintc~ntnr_l~ scgttence of Scdoóo Grottp. The c•op-
I~~et- nzinerali~utiott cortsis7s of bvrrtite-clralcocite and 
burrtirn-clrcr/coln•rrte dtssetturtnted kith rncrgnetite. 

In t/cis paper tt~e uttc mpt to date the nrirterali~ation 
elrisocles and to chcrrncter-i~e dte fluid sources. The step-
trise Pb Iccrc•lring techrticltte applied to chulcocite, tottr-
ruul<,re, ~hrrlcot~~~rite urtd nutgiretite yïelded'o~Pb-'06Pb 
ages of 2705 ±Y? Ìvlu, ?Sá7 t 1 SO Ma, 2427 + 130 Ma, 
urtcl X112 _+_ .l2 tï~1n, respectively. The older age is inter-
prered cts the tinting of pr-irnnry rnirternli~cttion. Ages of 
2.5<~' Gtr and ?.42 Ga crre c•onsider~d to be related to tec•-
tortic ;-cnctiratiotr vf• tíze Ltucait.ínas Belt, and the 
yiJdtn~Pr use, obtained on Ictte magnetite crystals, sug-
gests the. presence of Pctleoprotero~oic hydrothernrul 
c~pisocl~-. Snt-Ncl ctttd Rh-Sr rages aí•2.4 and 2.1 Gct tivere 
obtirirrec~l for s~chists from the Salobo Croup and chlor•i-

ti~ed ~neisses of the Xingtí Comple:r, respectively. 

7•he strung rudiogenic Pb isotopic compositions of 
all ututiv~ed ntinerctls suggest n corrtinentctl environment 
fol' the Irl[nel"C(It~ntloltJ'. 

four geoc•hrortulogicul r~stalts ore in agreement 
trirlr ct prinrur~t~ syngenetic origin for the Salobo trtiner-
ctli~atintt, frith late rerrtobili~cttiorr into brittle-ductile 
structures cltu-ing cr policyclic evolution of•tl~e Carajcís-
Cin~ento strike-slip system. Low-grade rnetcunorp/~isrn. 

and androgenic gr~unitic plrttonisrrt. afféc•ted the crren at 

en. 7.1 crud 1.8 Get, respec•tively. 

~nÍ;ï iì~llt'.t~~Y'ii 

The Salobo 3A ore deposit is located in the southern part of the Anut-
umi:ut Craton, within the Cenu~al Amazonian Province (Tassinari 
and l~4acambiru, 1999) in the Serra dos Carajás area, and it is repre-
sen~ed by an clunated nuxuttain near ehe coordinates 5°32'S and 
50' i I '~+d. It constitutes part ul' the Carajás Mineral Province, which 
is the ntu,t i,npurtant metailogenetic province of South American 
PlarFdnu. `fhc reserves uF the ores of the Salobo 3A polymetallic 
deposit cue tuound 1.4 billion rouues for copper with average grades 

of 0.8%, and 530 tonnes for gold with concentrations of 0.48 g/ton 
(Alves and Marques, 1994j. This ore deposit was studied by several 
authors, like Farias and Sauressig (1982), Tassinari et al. (1982), 
Guintarães (1987), Lindeamayer (1990), Siyueira (1990), Machado 
et al. (1991 ), Lindenm.~yer et al. (1994), Réyuia et al. (1997), 
Fi~ueitedo et al. (199-i), Siyueira (1996), and Pinheiro and 
Holdsworth (1997), with retèrence to their petrographic aspects, too- 
tonic structures, geochronology, metamorphism and geological set-
ting. 

In this paper we attempt to (a) detìne the range of the Pb iso-
topic compositions oi' ore and gangue minerals from the Salobo 3A 
polyntetalic deposit and use the Pb isotopic characteristics as cons-
trains on mineralization modelling, (b) identify the nawre of the 
sources, and (c) date the different mineralization episodes and super-
imposed metamorphic events using also Rb-Sr and Sm-Nd systemat-
ics. The isotopic analyses were undertaken in order to investigate the 
chronological evolution of the ores and their respective relationship 
with the regional geological history. 

The dating of sulphides and gangue minerals by Pb-Pb leaching 
stepwise tedmiyue is potentially one of the most useful methods 
developed for directly dating Archean and Paleoproterozoic ore 
deposition (Bjorlykee et al. 1990, Frei and Kamber, 1995; Frei and 
Pettke, 1996). 

Regional geologic setting 

The Carajás area is part of the E-W trending ltacaitínas Belt, which 
is bounded to the east by the Neoproterozoic Araguaia—Tocantins 
Belt, to the west by Mesoproterozoic volcanic and sedimentary cov-
ers, to the south by Archean granite-greenstone terrain, and Pale~-
zoic to Cenozoic sedime,as of the Amazon Basin occur to the north 
(Figure I ). 

According to Pinheiro and Holdsworth (1997), the stratigraphy 
of the Itacaiúnas Belt comprises an Archean basement assemblage, 
dominated by orthogneisses with granite-tonalitic composition 
named Piwn Complex, syn-tectonic granitoids (Plaquê Suite), 
amphibolite, gneisses and migmatites (Xingít Complex) and au 
younger metavolcano-sedimentary sequence, affected by medium-
tohigh-glade metamorphism, the so-called Salobo Group. The base-
ment is unconformably overlain by a cover assemblage composed of 
low- to very low-grade volcanic and sedimentary rocks. This assem-
blage comprises the lgarapé Pojuca Group, Grão Park Group and the 
Águas Cla,as Formation. The Estrela orthogneiss is intrusive into 
both the basement and Igarapé Pojuca Group. Paleoproterozuic 
intrusive androgenic granitoids are widespread in the area. ~'he sed- 
imentary Gorotire Formation overlay all older lithological units. 

The evolution of the ltacaiúnas Belt is complex and believed to 
have started shortly ai'ter the crystallization of the basement rocks in 
the region. A zircon U-Pb age of 2.86 Ga was determined For the 
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Figure 1 Simplified goologieal.Ylap of Carajrís Area, southeastern Amazonian Craton 
Ore Deposit location (modified after Costa et al. 1995). 

tun;ditir ~~nzisses, and is interpreted as crock-formation ale 
(ï\'larhadu et al. 199 t ). 

"I'he de~elupmeut of transpressional deformational regime in 
[he ltacaiúnas Belt, possibly, can be runelated with the deposition of 
thr voleunu-sedimentary seyuence of the Po)ucxl and Grão 
Par:íGruups in :ut extensional basin. The time of the bey°inning of 
sedimentation remains uncertain, nevertheless, ;t zitrun [J-Pb age of 
3.761 ± ~ Nla from foliated amphibolite of the Salobo Group was 
interpreted us dating the amphibolite facies metamorphism in the 
area (Machado et al. 1991), suvgestin~ an older aQe for the Salubu 
Group deposition. In addition, the zircon U-Pb age of 2,759 ± 2 Ma 
determined un ntetarhyulites and metarhyudacites of the Grão Pará 
Group was interpreted as the time of the bimodal volcanism 
(~lachadu ct al. 1991 ). Subsequent movements resulted in the for-
mation of the C:uajás-Cinzento strike-slip system, the Carajás fault 
and the basin inversion (Pinheiro and Holdsworth, 1997). These 
events took place between 2.6 and 2.5 Ga, as observed on the Estrela 
*nri~~ (3,53? ± 3-1 Ma, whole-ruck Rb-Sr isochron, Barros et :tl. 
I~)~l3), un the ~rneisses of Xingú Cuntplex and Rio Maria granitc»d 

1-'.-t5U ± 30 Ma and 2,660 ±-f0 Ma, respectively, whole-rock Rb-Sr 
isuehrun. Monrdvãu et ul. 1984). Those ales were interpreted as 
re,~ttin,_ a~~es of a low-grade metamorphic event. Moreover, a zircon 
U-Pb age of i,ã7 3 ± 2 Nln obtained on the Old Salobo Granite was 
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interpreted as crock-formation a}e 
(Machado et al- 1991). 

The younger important event in 
the Carajás Mineral Province was the 
inn-usion of several anorogenic ~~rani-
toids between L92 and 1.88 Ga 
(Macambira and Lafon, 1995). 

The geulo~ical evolution of the 
Carajás area, close the Salubu Ore 
Deposit, can he summarized as lírl-
lows: 

3.1-2.9 Ga—Rock-formation ut the 
Tonalitic-Gncisses of Xingú Com-
plex from mantle-derived mater-
ial; 

2.85-2.7 Ga—Volcanism and deposi-
tion of the metavolcanu-sedimcn-
tary seyuences of Salubu Group. 
followed by hi~_h- to medium-
,rade metuntorphic events; 

2.6-? ~ Ga—Tectonic reactivation 
process related to Caraj:í~-
Cinzento Shear lone, together 
with emplacement of the granitic 
intrusions, like Old Salubu Graui-
toid; 

1.92 and 1.88 Ga—Emplacement of 
anorogenic órutitoids. 

Salobo 3A ore deposit 

The mineralization is hosted by a 
metavulc:rno-sedimentary seyuence 
called Salobo Group. I[ is composed, 
from base to top, ui• lenses of iron For-
mation, amphibolites, politic 
metassediments :utd quartzites. lu 
thickness varies between 300 and 600 
m. A seyuence of weathered rocks 
with thickness between 30 and l0U m 
covers the deposit (Figure 2). 

The Salobo Group is cut by the 
2.57 Ga I-type Old Salobo Granite, by 
L92-1.88 Ga anorogenic Yuun 

Salobo Granite and by Neoproterozoic diabase dykes related to NI.-SW 
and NW-SE faults, as repotted by Pinheiro and Holdsworth, (1997). 

Both [he metavolcano-sedimentary seyuence and the Old 
Salobo Cranite show a strong foliation. The seyuences follow a gen-
eral WNW-ESSE wend which is detìned by a sn•aight lineament 
developed under ductile conditions to the south of the deposit. Lin-
eaments follow NW-SE, NNE-SSW and NE-SW directions, which 
converge in a curved structure to the north of the deposit (Pinheiru 
and Huldsworth, 1997). Those lineaments together constitute a side-
wall rigout structure (Pinheiro and Holdswurth, 1997) or the S;dubu-
Mirim duplex (Siyueira, 1990)-

Reyuia et al. (1997) repotted two metamorphic events on the 
Salobo 3A deposit. The tìrst one was associated with progressive 
amphibolite facies metamorphism developed under ductile c~ndi-
tions of high temperature (650"C), low pressw-e (2 to 3 kbur) and f0~ 
between -20 and -I 8. The second one was reu-u«rade and dove loped 
under greenschist facies, with an average temperature of 3-tU"C, pro-
ducing chloritization as hydtrothernutl alteration. 

The copper mineralization is hosted by iron formation ;old it 
consists of bornite-chalcocite and bornite-chalcupyrite díssrmina-
tions in magnetite rich zones. The ore occur:~ in pressw-c shadows ol~ 
the minerals, 1ì11s microfi-actures of olivine, magnetite, garnet 1u 
encloses them, 1ì11s fractures of the iron formations, quartzites anJ 
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schists, and exists as inclusions as well. The tectonometamorphic 
processes were responsible For the copper redistribution into brittle 
structures. The copper content is > 0.8°Ic in magnetite-schist and iron 
formation, while in ~,neiss~s and schists it is <0.8%. Moreover, there 
is a positive correlation between the copper and uranium contents in 
[his deposit (Nuclebrás, 1985). 

llitterent kinds of ;enetic models have been discussed in the lit-
etzuure ut explain the ~*enesis of the Cu-Au Salobo Ore Deposit. Lin-
dcnmayer et al. (199-1) proposed a mixing origin to the ores, includ-
ing a vulauwgenic exhalative source to the primary Cu mineraliza-
tiou and epigenetic eenesis, related ro 1.9 Ga Young Salobo Inu-u-
siou fur the Au and Mo mineralization. Réquia et al. (1997) consid-
ered the Salobo mineralization related either to hydrothermal meta-
nwrphic tluids ur to the 2.5 Ga Old Salobo granitic intrusion. Lin-
denmayer (1099) proposed a porphyry copper model for the ore 
dc-posit. Hunh and Nascimento (1997) admitted for all Cu-Au ore 
deposits of the Carajás area an origin similar to that of the Fe-Cu-Au-
l)-ETR nutdel of Hitzman e[ al. (1992), where the ore tluids are 
derive) from flrchean Uraniwids. 

Sampling 

All analyzed samples were collected tl-um drillholes. 
The iron formation of sample F143/542.89m from the Salobo 

Group is cuntpused of recrystallized quartz and magnetite, associ-
ated with bornite and rhalrueite. and it is cut by sulphide (chalcopy-
ritc) veins. The brecciated iron formation of sample F50/90.1Om 
comes front the same unit and is composed of quartz and magnetite 
with bornite, chala>cite, ~~uld and hydrothenna] alteration minerals 
as accessories. In general nut,netite is ,ranoblastic, although in pol-
ished section it also appears in a continuous mass in which it is diffi-
cult to distinguish individual crystals. 
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Figure 2 Simp[i,/ied Geological Map of 
the Salobo area (after Pinheiro, ]997). 

The tourmaline quartzites of samples F143/450.Om and 
F143/278.8m belong to the quartzitic unit of the Salobo Group. The 
tourmaline does not have stretched feature, as observed on yuwtz, 
and it is typically euhedral with regular edges; commonly has optical 
zoning characterized by lighter cores enriched in Mg, and darker 
rims richer in iron. The sample F154l58.47m represents a tourmaline 
vein which cuts the ton~ilitic gneiss of the Xingú Complex. 

The tonalitic gneisses samples (Fl2/493.3ro, F24/251-4m, 
Fl9/259.06m, F147/32.7 and F147/59.75m) are from the 
XingítComplex. All samples occurs within the mineralized area and 
they ore affected by hydrothermal alteration. They have a penetrative 
foliation and consist of chlorite, plagioclase, quartz, biotite, ma;-
netite, bornite and opayues. Tourmaline occurs in metasomatir-ed 
zones. Plagioclase is partially or totally replaced by chlorite and 
sericite depending on the intensity of the chloritization and/or seric-
itization. Biotite also is almost always replaced by chlorite, which 
characterize the sample as hydrothermal altered one-

The schist samples (F23/310.6m and F59/204.35m) belon~~ to 
the Salobo Group, which is the host of the Cu(Au-Mo-Ag) mineral-
ization. The fi rst one is agarnet-quartz-grunerite schist, and the sec-
ond sample is abiotite-quartz-garnet schist. 

Analytical techniques 

A total of 53 isotopic analyses on tourmaline, chalcocite, chalcopy-
rite, magnetite, calcites, brecciated iron formation, chloritized 
tonalitic gneisses, and schists were carried out at the Geochronolug-
ical Research Center (CPGeo) of the University of São Paulo. The 
samples were cut and prepared for petrographic analyses and were 
described in terms of rock type, texture, mineral association, occur-
rence, and mineralization style. 
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The samples fur whole-rock analysis were crushed and pow-
dered in n ball-mill, while the samples for mineral isotopic analyses 
were sieved to _rain size between 80 and 200 mesh. Mineral sepura-
tiun was dune with ektromagnetic separator, hand-picked under a 
binocular microscope, and the unaltered grains were selected. The 
minerals at. 500 to 600 ntg ul chalcocite, chalcopyrite, tourmaline 
earl nstgnetite, and ca. 50 m~ of calcite, amphibole and garnet were 
uln-asunically washed in triple distilled water, before the chemical 
attack. 

For the Pb isotopic analyses a series of leaching h•eatments was 
parried out for tournudine, chalcopyrite, magnetite and chalcocite, 
wimp a technique which was slightly modified after Frei and Kamber 
(]~19ã) and Bjorlykee et aJ. (1990). After each step of leaching, the 
,inure was reruvered and the residue was washed 3 times with triple 
distilled water. The solutes were evaporated to ch•yness, converted to 
chloride form with I ml of 6N HCI and Pb was separated by the con-
ventional HCI-HBr anion exchange technique. Pb separated were 
loaded un Re tìlaments together with 4µI of silica gel and phosphoric 
acül earl analyzed statically by a VG 354 nud[ieollector mass spec-
u~umeter. 

A bulk sample of brecciated iron formation was totally dis-
solved with a mixture of HF and HNO3 in a proportion of 2:1, then 
converted to chloride form. Total procedural blanks were 210 pg fur 
both tourmaline and sulfides and 400 pg for magnetite and iron for-
mation whole-ruck. lsotupic values were corrected for mass fractio-
nation of 0.12% a.m.u~', using multiple analyses of Common Pb 
NBS 98I standard. Isorhron ages were calculated using ISOPLOT 
program of Ludwi; (1998). The age errors are quoted at 95% confi-
dentiallevel. 

Rb-Sr isotopic analysis followed the standard procedures of the 
CPGeo laboratory. The whole-rock gneisses and tourmalines sam-
ples were totally digested with HF plus HNO; in a proportion of 2:1. 
'Che solutions were evaporated to dryness; converted to chloride 
form with 2.62N HCI and Sr was separated in AG SOW-X8, 200-400 
mesh cationic resin. The Sr samples were loaded on Ta tìlaments 
to~Tether with 3µI H3POa and analyzed in the 354 VG mass spec-
u~ometer. The Rb concentrations were measured by X-ray Huores-
cence technique. The reproducibility was conn•olled by [he NBS 987 
standard analyses, averaging a value of H~Sr/s6Sr = 0.71024 ± 
0.00002. Total procedw-e blank Por Sr was 5 ng. The age was calcu-
latetl using ISOPLOT program of Ludwig (1998). 

Sr isutupic analyses were. performed on calcite. The calcite was 
totally dissolved with 0.1 N HCL• the solutes were evaporated to dry-
ness and converted to chloride form by 2.62N HCI; Sr was separated 
un ion exchange columns in the same way as described above. 

Samples for Sm-Nd analyses were dissolved using the same 
pruredure described fur Rb-Sr analyses, after adding 15uNd-rn`~Sm 
,pike. The solutes were evaporated, converted with 0.2 ml 2.SN HCI 
and the rare eanh elements (REE) were separated with 6.2N HCI in 
a AG 50W-X8, 20U-400 mesh cationic exchange resin. Afterwards, 
the solutions were dried and diluted with 0.26N HCl and loaded 
du-ough ion exchange columns. Sm and Nd were eluted with 0.26N 
HCI :tad 0.55N HCL Both elements were loaded as phosphates on Re 
filaments. Measurements of r~-tNd/tn~Nd were normalized ro
'~bNd/r~~Nd = 0.719. Repetitive analysis of the La Jolla standard 
was used to calculate reproducibility. The isochron ages were calcu-
lated using ISOPLOT software of Ludwig (1998). 

Results and discussion 

Pb isutupic analyses were carried out on chalcocites, chalcopyrites, 
tuurnutlines and magnetites using the stepwise leaching technique. 

1_eachate and residue data obtained on chalcocites presented 
very rudio_enic Pb isotopic ratios with '-06Pb/'~Pb values between 
_'74.6 and 366.4. ' 07P6/''-n-rPb from 62.82 to 80.08, and '-OsPb/''-O~Pb 
ti~um 87.9 to 107.5, as reported in Table 1. All measured isotopic 
ratios are strongly aidiugenic, possibly due to the high content of U 
and Th in the mineralizing fl uid and/or the presence of U and Th-
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bearing minerals as solid inclusion in the chalcocite. In this way, :u3 
internal report of Nuclebrús (1985) showed anomalous UaOs and 
ThO~ concentrations in the host iron formation, which could he the 
U and Th-enriched source. 

It all analytical points are plotted in the -'07Pb/-"~Pb vs. 
'-o~Pb/''-O;Pb diagram, they show some dispersion, and the points are 
located around [he line with a slope that con•esponds to an age of 
2,762 ± 180 Ma. The scattering of some analytical points reflects 
post-mineralization disturbance produced by superimposed brittle 
tectonic reactivation, which could produce a mixing of ore fl uids, 
considering that the sulfides have relatively high solubility in inter-
granular water. 

Nevertheless, taking into account the leachates LI, L3, L4 and 
[he residue for the chalcocite, i[ is possible to calculate a Pb-Pb 
isochron age ot• 2,705 ±42 Ma (Figure 3), which could be interpreted 
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Figure 3 Pb-Pb isochron diagram for chalcocite (leachates + 
residue) from Salubu Deposit. 

as the age of the primary mineralization, reflecting the approximate 
timing of the syngenetic episode. This age is compatible with th.; Pb-
Pb age of 2764 ± 22 Ma obtained on chalcopyrite and gold from the 
Igarapè Bahia gold deposit (Galarza 2002). Late Archean Pb-Pb ages 
interpreted as the time of the primary Cu, Au and U mineralization 
(Mougeout et al., 1996), were also determined on sulfide minerals of 
the Igarapé Pojuca Group. 

The Pb stepwise leaching technique was also applied to sec-
ondary (remobilized) chalcopyrite, which occurs mainly tilling 
microfractures. The chalcopyrite and their leachates yielded radi-
ogenic Pb isotopic compositions with '-0c'Pb/''-mPb varying from 
231.4 to 246.7, '-07Pb/'-mPb from 65.42 to 67.66, and '-OKPb/''-O~Pb 
from 49.7 to 50.8 (Table J ). Three of the five analyzed products (the 
leachates 1 and 3 and the residue) defined a Gne with a slope axre-
sponding to a Pb-Pb age of 2,427 ± 130 Ma (Figure 4). Despite of the 
high error, the age could be related to the time of the Carajás -
Cinzento Shear Zone, which would be responsible for the sulfide 
remobilization episode. 

Tourmaline samples belonging to the tourmaline-quartzite of 
the Salobo Group and to vein-type tourmaline which occuss cross-
cutting the gneisses of the Xingú Complex were also analyzed. 
Leachates from tourmaline yielded highly radiogenic Pb isotopic 
compositions with '-06Pb/'o`tPb ranging from 1,409 to 224.5, 
'-07Pb/'~Pb from 234.37 to 37.76 and '-OsPb/-'t~Pb from 3, I I 0 to 
139.3. According to Nuclebrás (1985) there is a positive correlation 
between the MgO and U3Os content in schists, quartzites and 
gneisses around the Salobo 3A Deposit. As the tourmalines belong 
to the schorlite-dravite series, and most of them have a Mg-bearing 
cure, this could explain the very high Pb isotopic compositions in 
this mineral. In the '-tt7Pb/''-tuPb vs. '-o6Pb/-'OaPb diagram (Figwr 5) 
the leachates and the residue from the two types of tourmalines were 
plotted together. The analytical data which presented evidence of 
isotopic disequilibrium were omitted, and the calculated age, using 
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Table 1 Pb isotopic data determined by stepwise leaching technique. 

Leachate Material 2ospb/zoapb 2o~pp/2oapb 2oapy/zoapb 

Sample F1431542.89 (Alterated Iron Formation) 

L1 Chalcocite 274.552 (0.13) 62.867 (0.13) 87.851 (0.13) 
L2 347.969 (0.66) 77.705 (0.56) 104.504 (0.54) 

~ L3 320.603 (0.30) 71.392 (0.30) 97.651 (0.30) 
L4 279.268 (0.28) 63.757 (0.28) 89.118 (0.28) 
R 366.639 (0.90) 80.085 (0.90) 107.477 (0.90) 

SampleF46/417.10 (Iron Formation) 

L1 Chalcopyrite 231.440 (0.03) 65.417 (0.02) 50.763 (0.03) 

L2 240.807 (0.26) 66.122 (0.26) 49.669 (0.26) 

L3 

L4 

246.668 (0.42) 67.655 (0.42 50.511 (0.42) 

239.235 (0.14) ~ 66.346 (0.14) 50.344 (0.14) __ 

R 236.048 (0.08) 66.162 (0.08) 50.611 (0.08) 

Sample F154/58.47 (Vein-type Tourmaline) 

Lt Turmaline 694.395 (0.48) 105.839 (0.48) 3109.789 (0.48) 

L2 901.390 (1.25) 134.701 (1.25) 2788.332(1.25) 

L3 550.030 (0.74) 93.500 (0.74) 1113.926(0.74) 

L4 719.886 (0.55) 123.169 (0.55) 892.987(0.55) 

R 619.214(3.74) 110.482(3.72) 372.289(3.76) 

Sample F143/250.0 (Tourmaline Quartzite) 

Lt Turmaline 537.007 (0.06) 94.308 (0.06) 169.470 (0.06) 

L3 1408.977 (1.30) 224.376 (1.30) 89.875 (1.30) 
L4 1135.970 (0.50) 183.814 (0.50) 94.840 (0.50) 

R 714.511 (0.64) 147.632 (0.63) 238.731 (0.63) 

Sample F143/278.8 (Tourmaline Quartzite) 

Lt Turmaline 484.94 (0.12) 88.188 (0.07) 248.262 (0.07) 

L2 617.616 (0.28) 106.792 (0.28) 745.442 (0.28) 

L3 320.069 (0.76) 57.017 (0.76) 139.272 (0.76) 

L4 

R 

224.541 (0.80) 37.764 (0.80) 133.377 (0.80) 

522.150 (5.60) 136.472 (5.40) 196.932 (5.40) 

Sample F50/90.10 (Banded Iron Formation) 

L1 Magnetite 135.879 (0.19) 31.094 (0.19) 79.965 (0.19) 

L2 223.028 (0.09) 42.665 (0.09) 105.405 (0.11) 

L3 29.401 (0.04) 17.641 (0.04) 42.231 (0.04) 

L4 81.699 (0.07) 26.993 (0.06) 61.500 (0.06) 

LS 22.528 (0.27) 16.442 (0.21) 38.959 (0.32) 

LG 29.864 (1.00) 17.469 (1.00) 40.918 (1.40) 

R 87.516 (0.11) 29.466 (0.12) 60.393 (0.11) 

T WR 138.706 (0.22) 33.939 (0.22) 74.982 (0.22) 

40 BIF 163.791 (0.09) 36.843 (0.09) 89.275 (0.09) 

Notes: All the isutupic ratios were corrected for mass fractionation 
Numbers in parenthesis represent 1-sigma errors (%); L =Leachates; 
R = residue; T =total dissolution; WR =whole-rock. 

four leachates and the residue was 2,587 ± 150 Ma. Considering the 
analytical error, the agc obtained for the tourmalines is in agreement 
with the chalcopyrite Pb-Pb age. Furthermore, these ages can be cor-
related with a regional reactivato❑ period, which promoted the 
development of the Carajás-Cinzento strike-Slip System (2,573 -
2,479 Ma; Pinheiro and Holdsworth, 1997). The same age interval 
was detected by the Rb-Sr age of 2,497 ± 62 Ma determined on 
metarhyolites from Pojuca Group (Olszewski et al., 1989). This 
event could have produced a fl uid flow and subsequent formation of 
tourmalines in the quartzites. 

Leachate-residue and bulk analyses of euhedral younger mag-
netite (Table 1) and the brecciated iron formation whole rock also 
yielded very radiogenic Pb isotopic compositions and the release 
pattern of Pb was not systematic. '-06Pb/'°aPb range from 22.52 to 
223.0, '-07Pb/'-04Pb from 16.44 to 42.67 and'-08Pb/'04Pb from 40.9 to 
10 .4. in the-07Pb/'-04Pb vs. ' 06Pb/'-t14Pb diagram (Figure 6) the data 
do nut detìne a linear tttray due to the presence of uraninite inclu-
sions in the may*petite (Réquia et aL, 1997), which could produce Pb 
isutupic evolution with different µ values for several analyzed 
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leachates. Nevertheless the leachates 1, 2, 5 and 6 define an isochron 
a;e of ? 1 1? ± 12 Ma. This age suggests a close relationship between 
the later magnetite formation and [he Paleoproterozoic Transama-
lORIC L'Vell[. L

According to Réquia et al. (1997) the banded iron formations 
were affected by K-hydrothermal alteration (650-550°C) followed 
by a sn•ung propylitization event (350-270°C), characterized by the 
develupnlent of chlorites. In order to confirm these hypothesis, 
whole-rock Rb-Sr analyses were performed on seven hydrothermal 
altered tonalitic gneisses affected by this propylitízation event. The 
analytical results are reported in Table 2, and plotted in a Rb-Sr 

Table ? Kb - Sr analytical data. 

~! Sample Host-Rock 

', F142/58.57 

~ F147/32.7 

I, F12/493.3 

F 19/259.06 
r F19/258.0 I 
~ F24/251.4 

F147/59.75 

F66í422.3 FF 

F154/4666.54 FF 

F41 /327.7 FF 

~F 147/260.68 A-Schist 

F143/245.25 Vein-T 

F154/58.47 Vein-T 
r F143/250.0 T-qz 

F142/233.45 T-qz 

F1431278.8 T-qz 

Rock type Rb 
(PPm) 

Sr 
(PPm) 

87Rb186Sr Error (87SrIe6Sr)* Error (87Sr186Sr)** 

Gneiss 10.0 43.2 0.673 0.006 0.74792 0.00010 

Gneiss 39.9 26.7 4.385 0.037 0.85995 0.00009 

Gneiss 17~ 5 X 81.4 0.624 0.069 0.74353 0.00006 
Gneiss 54.0 163.8 0.958 0.009 0.75940 0.00008 

Gneiss 79.9 102.1 2.286 0.064 0.79791 0.00080 

Gneiss 81.1 130.2 1.817 0.051 0.78467 0.00010 

Gneiss 72.3 29.3 7.344 0.061 0.97358 0.00009 

Calcite ND 113.5 0.74126 0.00006 

Calcite ND 132.4 0.73924 0.00006 

Calcite 2.4 100.2 0.74631 0.00010 

Calcite ND 50.0 0.75757 0.00010 
Tour. 18.0 34.9 0.77197 0.00008 0.73963 

Tour. 19.4 69.3 0.77717 0.00007 0.75961 
Tour. ~ 0.5 562 0.71696 0.00008 0.71641 
Tour. 6.2 84.6 0.72449 0.00008 0.71992 
Tour. 2.9 75.2 0.71499 0.00008 0.71209 

Notes: FF =Iron Formation; Vein-T = Tounnalinites (veins] T-qz =Tourmaline quartzite; Tour = tour-
maline. A-Schist = Amphibole-Schist; ND =Concentrations below the detection limit (< 0.1 ppm). 
Errors are 1 -sigma. '~ measured isotopic ratios. ~~^~ Isotopic ratios calculated back to 2.5 Ga. 
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Figure 7 Rb-Sr isochron diagram for hydrothermal altered gneiss 
of'Xingu Complex. 

Table 3 Sm-Nd analytical data from schists of the Salobo Group. 

Sample 

Biotite-quartz-garnet 
F59í204.35 

F59/204.35 

Material Sm 
(PPm) 

Nd 
(PPm) 

147Sm/144Nd Error t~Nd/1~Nd Error 

garnet-quartz-grunerite schist 

=23/310.6 f WR 14.43 90.22 0.097290 0.000560 0.510931 0.000019 
=231310.6 grunerite 8.291 48.76 0.103474 0.000060 0.511004 0.000026 

=23!310.6 garnet 2.398 1.748 0.829660 0.002843 0.522636 0.000041 

schist 
WR ~ 6.099 43.61 0.085099 0.000047 0.510739 0.000029 

~ biotite ~ 0.205 1.387 0.090056 0.000103 0.510713 0.000058 

Note,: WR =whole-rock; En-ors are 1-sigma. 
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Figure 8 Sm-Nd isochron diagram for schist of Salobo Group. 

isochron diagram (Figure 7). The data defined an errorchron with a 
slope corresponding to an age of 2,IOl ± 130 Ma, with an initial 
s7Sr/sóSr ratio of 0.7281 ± 0.0043. Despite the possible partial iso-
topic disequilibrium, this age is interpreted as dating the chloritiza-
tion process, showing a chronocorrelatíon between this• hydrother-
mal event and the later magnetite formation. In addition, these ages 
are compatible with other Paleoproterozoic ages like that of 2,029 ± 
21 Ma (Rb-Sr whole-rock, Gomes et al., 1975) and 1,987 ± 77 Ma 
(K-Ar on amphiboles, Gomes et al., 1975) determined on gneisses 
fran the northeast of the Salobo Deposit area. 

One garnet-quartz-grunerite schist and one biotite-quartz-gur-
net schist from the Salobo Group were chosen for Sm-Nd isotope 

analyses on mineral separates. 
The geochronological data arc in 
Table 3 and plotted in Figure 8. 
The analytical data defines a 
mineral isochron age of 2,430 ± 
37 Ma, with a (1-4-tNd/I~~Nd)i of 
0.509346 ±0.000085 (MSWD = 
4.4) and £Nd value of -2.7, cal-
culated for 2.4 Ga. As the schist 
samples present evidence of 
retrometamorphism on biotite 
and genet, involving tempel•a-
ture around 350°C associated 
with metamorphic fluid Howl, it 
is probable that the garnet 
geochronometer was reset dur-
ing this event, at ca. 2.-4 Ga, ut 
the same period of the chalcupy-
rite and tourmaline remobiliza-
tions. 

Nine s7Sr/sc'Sr analyses 
were performed on calcites and 

SALOBO GROUP 

Age = 2424 # 13 Ma 
Initial'°'Nd/1°°Nd = 0.509377 t 0.000020 

MSWD = 0.025 

0.8 10 

tourmalines to define the possible fl uid sources. Results are reported 
in Table 2. 

Because calcites have negligible Rb contents and high Sr con-
tents, their s7Sr/s6Sr isotopic compositions may reflect the Sr iso-
topic ratio of fl uid from which the mineralization was formed. The 
total range of 87Sr/xóSr ratios for calcites, which occur as hydrother-
mal alteration products, associated with iron formations and amphi-
bole schists of Salobo Group, is from 0.73924 to 0.75757. The very 
radiogenic Sr isotopic compositions are typical for Sr with a pro-
longed crustal history befa•e fl uid interaction and/or for Sr ina-o-
duced by hydrothermal fluids mixed with the Sr released during fluid 
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interartie»t with the host rocks. In this way, it is important to observe 
that the highest `~Sr/`~Sr ratio (0.75767) was measured in hydrother-
nutl calcite from the amphibole-schist, which is radiogenic Sr-
enrichcd. 

The initial s~Sr/s~Sr ratios of the tourmalines, calculated for an 
estimated a_re of 2.5 Ga showed touch larger variation (0.71209 to 
0.75961)- The uxunrdines From the quartzites have less radiogenic 
Sr isotopic compositions (0.71209 to 0.71992) compared to the tour-
nralines from the tourmalinites and to the; gneissic complex rucks 
(0.73963 to 0.75961). Considering the Sr isotopic compositions 
from the calcites and unu-nrdines, it is reasonable to assume that the 
fl uids avolved ~~ithin continental environment. 

Final consïderation 

The multi-isuwpic systems applied to minerals front different para-
c~enctie sequences uF mineralization and bust-rocks of the Salobo 3A 
ore deposit revealed a geulo~~icully complex merdloeenetic model, 
which developed ai the insult of, at least, three-stage, be,innin~ with 
vulctnisul and ilepusition of flee S;ilubo Group at ct. 2.7 Ga. Sumo 
re-equilibration and ore renwbilizutiva occurred around 26 Ga, 
related to the üevek~pment of the Carajás-Cinzento stril.e-slip sys-
tem and the later stu~~e, toak pl;tce at ca. 2.1 Ga, which is associated 
with reuo~rade greenschist fades metamorphic episode, with an 
avera ~e tempct-anue of 34U`C producing chla-itization as hydrother-
mal alreratiuu. 

The ~*eodynamic setting, in whidr the Carajás Basin developed, 
was interpreted us an exteusiun:d continental rift by 1-indenmayer 
(199U~ :aid Yinheiru (1997) ur described as a pall apart basin by 
Siyueir:t (1990). Araújo and Maia (1991) anti Costa et al. (1994). 
Afterwards, the Cary;ís basin suffered tectonic reactivations with 

the Qu-aj:ís-Cinzenur sn-ikc-slip development followed by basin 
inversiva Anil formation oC the pull apart basin. Those events could 

be related nr the rewurkín~ and reprecipitatiun of sulfides into frac-
tured umes. Dm•in« the Palzopruterozuic low-grade reu-ometamor-
phism cursed the precipitation of the younger magnetite, and the 
hydrothennal alteration of the older rocks as well. 

"I'he Pb and Sr isotopic cunrpositious determined on the gangue 
and uu the ore minerals pn>vìde geoehemird evidence fora conti-
nental crust envinnrmeat as source fur some metals in the Salobo ore 
deposit. 

Based un available ~euehronolouical data and on our new iso-
topic resoles the geoluvical evolution of the area of the Salobo ~A 
deposit can be sununarized as follow;: 

Cu. 3,000 Ma N'l:urde-crust differentiation and crystallization of the 
tonalite-gneissic basement (Xingú Complex) 

2,85(1 — 2,7~U lVla Vulcauism and depusitiun of the Salobo, Pojuca 
:urd Grão Puri iJruups in a euntinental setting. Development of 
the primary copper mineralization, mainly syngenetic, with U 
and Th-bearing fl uids associated. 

Ca. 2,tiUU IVIu Teetunic reactivation processes with development of 
the Carajás-Cinzentu su•ikc-slip system and Old Salobo Granite 
intrusion. Mctasomatic activities with boron, U and Th-rich flu-
id,- tourmaline crystallization and chalcupyríte and tnolybdenite 
reprcripitatiun (epigenetic mineralization). 

Ca. 2,1()0 141:1 Hyrirunc~rmal alteration associated with low-grade 
mct~.unuïphism whidr promoted the coal petite precipitation 

1,920-1,8511 Ma Androgenic granitic activities. 

lu cunrlusion, our isotopic results are in accordance with ;t syn-
~,enetic nwilel tìrr the depusitiun of the primary cooper mineraliza-
tion, with subsequent mobilization and reprecipitation of ore miner-
als (chalcopyritc and nxrlybtienite) ;tkrng shear zones, together with 
some possible magnlittie activity daring this túme until at least 2,450 
Ma u~u_ Lahr ma_nc[i[e _rain; are related to the 2.1 Gu chloritiza-

tion hych-othernutl went. The very radiogenic Pb isotopic composi-
tions o£ all analyzed minerah support the genetic models invoking 

hydrothermal activities percolating U-Th-enriched continental 
rocks. 
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