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ABSTRA CT: Thc lpuncma Mufic/U ltramnfic Complex , Minas Ge rais State (Brazil), co rnpriscs mctamorphosed und dcforrncd bod ies
otPa lco pro tcrozo ic age . Th c couru ry rocks are orthognc isscs , aluminous pa ragnci sses anel quart zit os tha r are part o tt he A rc hcan Juiz
de Fora Co m plcx . T hc bodies typificd by thc mai n occ urrc ncc 0 1' Santa Cruz cons tituto a diffcr cntiu tcd sc quc ncc cncorupussing
mctuduuirc. mctupcridourcs. mcta pyroxcnitcs, metagabb ros anel mcta-anort hosi tcs. The first two lithotypcs are strongly sc rpcntinized,
and wc.uhcring has rcsulicd in lhe formuti on of nickel ore e1 eposit s. Thc wcuthcring profil c is eonstituted 01' fiv c hor izons: altercd rock,
grecn saprolitc, orungc suprolitc, silicificd rcd luterirc und fcrruginous concrctions. The rn uximu m nickcl content occurs within thc grcc n
saprulite. Thc ore is composcd muinly ofn ickelifcrous serpcntinc, smcctites, Ni-chlorites and Ni-talc, Mcasurcd reserves in lpancmu
district huve hccn cst imatcd lo be 9. 10" tonncs grading 1.2% Ni.
Keywnrds: i\ la lic -ultramalic complcx; lutcritic nickcl; Araçuai Iold bclt; scrpcntinites.

RESlJi\I O: ,\'. :/I/ge/i: . /. Choudhurí: S.M./J. ele Olivei ra; E.G. ele Olive ira - Geo logia do distrito de lpanema e o deposi to de niq uel
lateritlco de Santo Cruz. SI/deste do Brasil. O Co mplexo M úfico/U ltrumá fico de lpancma, Minas Ge rais (Bras il), co mpreende vários
corpus dcto rmados c mcuunorfi zados, de idade Palcoprotcroz óica, encaixados no Co mplexo Juiz dc Fora . A principal oco rrência, o
corpo de Sautu Cruz, (: constituída por uma seqüência di fere nciada compos ta por mctadunit o, mctuperidotitos, mctap iroxcn itos,
mctugubros c mctunortos itos. As duas primeiras unidades lirol ógicus encontram-se intensamente se rpcntinizudas c II intcmpcrismo íui
rcspons úv1.'\ pela conccntraçú o c Iormação dos depósitos tle níquel. O perfi l de alteração é composto por cinco hor izontes: rocha
alterada, suprolito verde, saprolito alaranjado, latcriia verme lha silicificu da e concrcçõcs ferruginosas. O maior conte údo em niqucl
encontra-se 11 0 saproliio verde . O minério é composto principalm ente por se rpentina, csmcc titn, clorira e talco niqu cl iferos. A rese rva
medida no distrito til' lpuncma correspondc a cerca til' 9 milhões de tonelatlas de min ério com teor médio de I,2'Y.. Ni.
l' alavrus-chuvc: Complexo m úfico-ultram áfico; niqucl latcrltico; fai xa de dobramentos Araçuai; serpcntinitos.

INTRODUCTION

T ro p ica l rcg i o u s 0 1' h íg h an n ua l ra infa ll a re c ha ­

racrerized by their deep weathering profiles. As a conse­
guencc, frcsh rock rarely outcrops, making bedrock
mapping a difficult task for gcologists. Improveel remote
scnsing tcchniqucs havc, ho\\'cver, helpccl to allcviate
problcms rclatcel to mapping anel mineral exploration in
sllch rcgions (e.g., Crosta, 1990). On the other hanel ,
lhe advanlagc 01' latcritic weathering is lhe dissollltion
01' cerrain clemcnts and the preferential concentration
01' olhers, Ieael ing to form ccono mic ore elcposits ofN i,
Co, AI, fVl n etc. (Esson, 1 9~3 ; Schellmann, 1 9 ~3 ; Bernar­
delli ct aI., 1 9 ~ 3 , Colin et al., 1990; Costa, 1997).

In lhc Southcast I3 razil, severaI ultramafic boelies
exposed to weathering have given rise to nickeliferous
laterilic deposits similar to those that have bcen exploitecl
in New Caledonia (Trescases, 1975; Besset, 19RO). In
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the lpanern a c1 istric t , seven u lt rarna fi c bod ie s ho s tc d

by gneisses have been evaluated. The gneisscs wcrc
affected by evcnts of mctamorphi sm anel deformation
(Angcli et al., 1992, 1993), causing parti al OI' tota l
scrpcntinizat ion of the ultramafic roeks. Subscquently,
weathering has concentrateel N i from the nickel-rich
silicates, olivine anel orthopyroxene (mainly bronzite).
Herc, onc suc h example w ill bc foc use d on by
stuelying the mineralogical anel geochcmical evolulioll
01' a weathering profile locateel at Santa Cruz Massif
in this elistrict.

The Ipancma Distric t, straeldles in Mantiqueira
Structllral Province anel is locateel in eastern portion 01'
Minas Gerais state . The geo logica l results to be
presenteei are part 01' systematic cxploration program
carried on 19RO's, encompassing, geological mapping,
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sampling, soil und strcarn sediment gcochcmistry. As a
result severa ! gcochcm ical anoma lies were derected anel

a direcr cxpioration program through augcr c1rilling,

trenchcs and underground developmen t anel shafts, were
performcd, Drilling anel trenching indicated for thc Santa

Cruzdeposirreserves of 4. }06 ronnes grading 1.24%, Ni.

METHODOLOGY

Thc mincraiogicu]cvolution ofthe altc rcd profi lc
was depictcd bascd on pctrogruphy ofthin anelpolishcd
sc c t io us, a nel X- ray di ff ructi on. For th e X- ray
diffractiou wus urilizcd the Rigaku Dcnki dilfraromerer
with co balt tubc und 3" to 60" 01' sca nning angico The
sarnplcs wh ich prcscnred pcuk 01' 14 A was submittcd
to hcatiu g (55 ()"Cl anel aft er th is wus trcated by
ct hilenc- g lyco l. T hus it was possi blc to sc para tc
smcc titc and chlor ite. The mincralogy was dctermincd
by X-ray di ffractio n, and thc textura] re lat ionships
bct wcc n pr imar)' a nd se co nda ry ph ascs wcre
cstablishcd in thin scc tion studics. Thc mincra logy aud
structures 01' sc rpcn tin ircs was baseei in Wick s &
O ' Hanlcy ( 19X~ ) and Tard y (199 3) . Aftcrwards thc
unalyzcd samplcs wcrc submitted to mas s ba lance for

the estab lishme nt ofn ickc l-rich minera l phascs.
Thc hum idity was dctcrmincd by thc relati on 01'

the we ighting o f natural and dri ed sumpl cs ( 100 to
IIO "C). T he den s ity was ca lculutcd by puru ífin
impermeabilizat ion of the sa mplcs and subsequcnt
weight y on air anel in lhe watc r,

Th e ch cmica l cv o luti on was dctcrrnin cd by
interpretation ofthc chcrn ica l ana lyses ofS i0
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, CaO, MgO, M nO and C r
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0 \ by

spcctrop hoto met ry, Na
20

a nel K/) by Ila rnc­
photomctry, and Ni and Co by atornic absortion . Thc
gcoc hcmical balanc e was obtained by the isovolumctric
proccdure (Millot & Baniras, llJ55) rÓI' thc transition
frcsh rock- grecn sapro lite anel iso iron for lhe Ircsh

rock -orange saprolite.

GEOLOGY

Thc Prcca rnbr ian Iold be lts ofsourhcastcrn Brazil
bclon g lo thc Mantiqueira Structura l Provinc e (Figure
I) (Almeida ct ul., 1 9 ~ 1l. This region is furth er subdi­
vidcd into north crn anti southcrn part s know n as the
Paraíba do Sul anti Ribeira fold belts, resp ect ively. Thc
northcrn scg rucnt, which contuins thc ultramafic bod ics
0 1' thi s s tudy, cx tcncls frorn Rio ele Janeiro Statc,
through Espíri to Santo anti !'vIinas Gerais srates to south
Bahia State (Ange li & Choudhuri, 1985). In this bel t, a
regional grav imeLric sur"ey. per l'onn ed by l'laraly i &
I lasLli ( 1l) ~2 ) , indicatcd rework ing of the Archean rocks

c1uri ng the Prolerozoic , es pec ially the gne iss terrain
along the l11argin 01' lhe São Francisco craton. During
thi s proccss, these rcrrains \Ve re subjectecl to large

scale migmati zation anti Lhru st tecto nics.
Thc 111a lic/llllrall1a lic cOll1 plcxes ofthc eastem pan

01' rhc Minas Gerais State OCC Ll r near lhe sOllthern anel
sO Ll theastern bordeI'of the Siio Francisco craton, \Vhich
actctl as a I(.) reland dllring the Brasi liano (Pana1i'ican)
orngeny. Although these cO ll1p lexes may have been
teetonically ell1placed, their l11etamorphic grade (mineral
paragenesis) corresponds to that 01' the cOllntry rocks
(Angeli et aI., 1( 93), At Icast t\Vo mctamorphie events
appcar to have a lTecteel these rocks during the Brasiliano
orogeny (Late Prukruzoic).

Th e ul tram afic roc ks und er stllely occ ur near
Ipanema city wirhin the At lanlic Belt, which has been
mapped and stlldiccl by Angeli (1988). These roeles l'orm
lenticular bodies concordant with the fóliation 01' the
sLl rrollnding lilho logies, and Ange li et aI. (200 Ib) havc
tleterm ined an age of their lemnation arollntl 1,09 ±70
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Ma (Sm-NeI age for wholc rock) anel 63()±3 Ma (U­
Pb zircon age in meta-anorthositc) ror the regiona l high
grade metamorphi sm ( coproterozoic tectono-thermal
overprint) .

The ultrarnafic bodics are locat ed in a region having
a variet y ofgneissic rodes, and follow thc N-S to N30E
regional trend 01' the surround ing gneisses. Some 01'
these roc ks possibl y belong to an olde r basement,
whereas others are sllprac rLls ta l or intrllsive lInities.
Grey tona litic gnei sses presu mably belo ng to the
basem ent 01' infraerllsta ls abovc wh ich there are
para gneiss seq Ll ences consist ing 01' biotite gne isscs ,
garnct-biotite gncisses, sillimanite-garnet l]uartzites, and
suborel inate calc-silicatc anel amph ibolitic rocks (Juiz
ele Fora Complcx). Granitic and granoel ioritic inlrusivc
boelies, of Early Proterozoic age am l groupeel by Angeli
(19 88) anel Ange li ct aI. ( 1999) into the Santa Rita do
Mutum Intrusive Suite (Figure 2) , are also present.

Thc most CO l11mon country rocles to the m,ilic ­
ultral11afie l11assifs are the gray tonalitic gneisses. The y
are ge ne ra lly eOal'se to mceliul11 grained, IClIco- to
ll1csocrat ic anel well foliat ed . Plagioclases ranging in
compos ition fi'om 01igoclase to anc\csinc, an el ljuart z,
are the major minerais, often with prescrveel re lic t
igneo us te x tllre s , ll1 icroc linc is s llbo rdi nate a nd
intcr stitial, and m,dic minerais arc pa le-green horn­
blende (up to 30%), minor biotite anti diopside. Variation
in the rclati ve amounts ofplagioclas e and microcline in
this unity led to the forl11ation of ll1i nor rock types such
as granitic, granoelioritic and dioritic gneisses assoc iateel
with the to nalites . A li of thesc orthog ne isses ar e
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FIGURE 1-vMautiqucira Structural Province. I. Older basemcnt rcworkcd eluring Late Precambri un (a - Pelotas Massif, b -Joinvilc
Massif, c - Purt of lhe Guaxup é Massi f); 2. Bras iliano fold bclts (A - Tij ucas beli , B - Apiai belt, C - São Roque bell, D - Araçuaí
bclt); 3. Mctnscdimcntury arca rclatcd to lhe Ara çuaí belt (Rio Pardo group); 4. Me lasse dcposirs; 5. Phanerozoic sedimentury covers .
llcavy lincs rcprcsent major faults , Aftcr Almeida et aI. ( 198 1).

considcrcd to constitute the infra-crustals in the lpane­
ma district and surrounding regions, whereas some
granitic rocks are clearly intru sive anel belong to a
late intrusive suite.

The most widely distribu tedunits in the region are
garnet-biotite gneisses, aluminous gneiss, which consist
01' quartz -I- plagioclase + garnet + biotite + mi cro cli ne
+ sillim an ite ± cordicrite; w ith increas ing quartz anel
decreasing feldspar contents, they grade into quartzites.
Generally, the garner-biotire gneisses have a bandeei
structure, with compositional gradation from one band
to the othcr, which might represent original beelding of
the sedimentary protolith. Locally, evidences ofi ncipient
anatexis and forrnation ofsmall amounts ofmelts made
up 01' quart z and felds pa r can also be observeel . Within
this gneiss unir, calc-silicate and amphibolitic rocks
occur as small boel ies, lenses or bands.

The polycyclic charucte r of the basemen t roeks ,
as ev idc nced fo r Transamazoni an anel Bras iliano
orogenies ofPaleoproterozoic anel Neoproterozoic ages
respectively (Trornpett e, 1994), suggests this to be an
Archean-Paleoprotcrozo ic terrain reworked eluring
Neopro terozo ic .

Seio Paulo, UNES/'. Geo ciên cius, \'. 19. 11. 2, 1'. 223-233. 2111111

Structural contour lines show a non homogeneous
pattern, and the foliation elrawing alternate folds with
non continuous axial traces, definin g lenses of less
deformed rocks (co mpetent lenses) surrouncled by
anas tomosed more shea red porti on s. Locally, the
orthogneisses exhibit isoc1inal folds that indicate intense
deforrnation anel conel itions of high pl asti c ity , In the
paragneisscs, mu scovite is absent , and titaniferous biotitc
is found associateel with antiperthitic plagioclase. These
rocks anel thcir quart zit o intercal at ion contain K­
felc\spar, sillimanite, garnet (a lmandine), and small
quan titi es of co rd ier ite , associa teci w ith th e
disappcarance of muscovite. These conel itions cha­
racterize a zone with high temperarure ancl médium
pr essure 01' met amo rphi sm (upper arnphibol ite to
granulite facies).

The mafic-ultrarnafic intrusions were submitted
to same conelitions anel in pla ces there are isoclinal folds
in the m etapcridotites. A nthophy llite is a cornmon

amphibole in these rocks, green spinel (hercynite) is
found frequently in metapyro xenites, and titaniferous
magnetite is associatcc\ to hematit e exsolutions in
metagabb ros and mcta-anorthos ites. Similar featu res
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FIGURE 2 - Gcological map of Ipanema District, Minas Gerais State. Past/prcsent mining aetivity: Ni - nickel; TA - rale schist; Au ­
go ld; AM - uquuma rine . A ftcr A nge li ( 1988).
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are present in other ultramafic bodies to the north anel
south ofthe lpanema district (Angeli et aI., 1993).

Subscq uc ntly, rctrogr ad e gree nsc hist fac ies
metamorph ism affected the region. As a resu lt the
gueisses contain sillimanite changing to sericite, as well
as biotitc alte ring to ser icitc anel to ehlor ite, anel
plagioclase transforming to epielote. Regiona lly, the
alteration 01' plagioclase and biotite to museovite is
common. Rctrograde metarnorphism has resulteel in
ultramafic rocks serpentinization, which is representeel
mainly by olivine alteration to serpentine.

The custem portion 01' the stuely arca is unelerlain
by the Santa Rita do Mutum Intrusivo Suíte, whieh is

associateel into a low-grade metamorphic event. Thc
contact with gneisses is commonly marked by prominent
faults . This suite is composed mainly of granites,
granoel iorites and tonalites, and corresponds to syn- to
late-tectonie magmatism. These granitoids represent an
expaneleel series with calc-alkaline composition. Angeli
(1988) found an age of 547±69 Ma (IR=0.713) for this
unit (Rb-Sr method). Conversely, the Tabajara lntrusive
Granite consists oI' post-tectonic biotite granites and
pegmatites oeeur associated to this unit.

Finally,in the lpanema district small eliabase elykes
124±4 Ma (K-Ar method) olel are present, related to
reactivation of the South American Platform.

MAFIC-ULTRAMAFIC BüDIES

Themainoccurrencesofrnafic-ultramafic rocks within
the lpanema district are the Santa Cruz anel Santa Maria
massifs, which are I to 1.5 km long anel about 0.5 to 0.6
km wide. Thcre are also scatterecl, smaller occurrcnces,
which may have bcen a part of the main boely prior to

regional c1eformation. The Santa Cruz massif consists oI'
metaeluni tes, metaharzb urgi tes, metapyroxeni tes,
metagabbros anel meta-anorthosites, which sugges ts
magmatic differentiation before the rockswere subjecteel
to mctamorphism anel clefonn ation (Figure 3).
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The metael unitcs anel metaharzburgites make up
abo ut 75% 01' the massif. These rocks are olivine-rich
(5 to 40/%), with lesser amounts 01' orthopyroxe ne
(around 5 1%) anel opaques (5%), but presents serpen­
tine, tremolire-uctino lite anelchlorite in high quantit ies
(more than 5m-;I) . Variable amounts of these minera is
impart a banel eel appearance in outcrop scal e, the ban­
eling being overprinted by a later oblique metamorphic
fol iati on mark ed by long and prismati c tremolite­
acti no litc anel trail s 01' gra nular magnetite . Post­
metamorphic serpenti nization has resulted in an overa ll
mesh tcxture where olivine predominates, whereas tale
and chloritc replacement is more co mmon in the
orthopyroxcne-rich portions. Despite serpentinizatio n,
occas ionally rel icts of cumulus tcxturc cncompass ing
olivine, ortho pyroxene or scrpen tine (pare nta] olivinc)
anel chro mium spinel can st ill be observed. Most of
the olivine is therefore probably prima ry. Only in those
parts of the boely where the effects of meta rnorphism
and accompanying eleformation were more intense,
olivine is clcarly 01' metamorphic origin, as well as
tremolite anel rare orthoarn phibolc, whereas traces of
relict , possibl y pargasitic hornblende in portions with
cumulus texture may also be ofprimary origin o

Three thin layers of chromitite over lie the meta­
pcridotites, anel the largest one is 1.50 m thick cxhibiting
high concentration 01' Ru ( 17 to 242 ppb) anel Au ( 1.9
to I~W ppb) in whole rock (Ange li, 1996). This layer
eonstitutes the main chrorn itite levei, which contai ns
60-65% of chromite dispersed in a serp ent ine anel
ehlorite matri x. The chromite crystals were affectcel
by metarnorphism , wh ich is rep rcscnt eel by an
impre ssive zoning rcpresenteel by a ehromite core anel
an Al-chrorn itc/fe rritchromite rim. REE e1istributi on in
this luyer is simi lar to that of the Mcrcnsky Reef in
Bushveld Complex, South Africa (Angeli et al., 2001a).

At the northeastern and eastern part of the main

boely metapyroxenite veins crossc ut the el unite anel
perielotite. Their original minera logy can still be locally
obscrved, despite intcnse shearing anel serpentinization,
anel mainly comprises sub hedral crys tals 01' or thopy­
roxene anel clinopyroxene with minor amounts ofolivine
and pargasit e. In addition, green alumi nous spinel
oeeurs associated with pargasitic homblende, wherea s
tremol ite is a later amphibole. Orthopyroxe ne and
trcmolite are pscudom orphicall y substitutcel by tale anel
chlorite, inelieating that these minerais belong to a st ill
later metamorphic episoele. The minera logica l com­
position indicares that these rocks are metamorphic
equ ivalents ofwebste rite and oliv ine websterite. Some
of them are strongly sheareel near fault zones, being
totally transformed into trcmolite-actinolite schist and
amphibo lites. The main minerais 01' the metagabbros
are hornb lende and plagioclasc, which in places preser­
ve their original gra nular texture; ep ieloteanel chlorite
are secondary minerais in these rocks. With increa sing
plagioc lase content, the mctagabbros grades into meta­
anorthos ites, with >90% plagioclase anel up to 10%
hornblende. A lthoug h most 01' these rocks have
granob lastie textures, locally gran ular hypidiomorphic
textures are still preserved.

The Santa Maria mafic-u ltramafic boely is very
similar to Santa Cruz anel co nsists of metadu nite,
metaharzburgite anel metapyroxenites. The other diffe­
rentiated members appear to be missing, anel possibly
due to tectonic disruptionofthis boely (Angeli et al., 1992).

Both bodies seem to be metarnorphosed at granulite
facies, as indicated by the paragencsis ofthc ultramufic

rocks: olivine + orthopyroxene + pargasitic hornblende
+ aluminous spinel, Further retrograele metamorphism
caused the replacement 01' these minerais by tale and
chlorite with subsequent pervasive scrpcntinization. The
metamorphic effeets and the parage nesis in elifferent

rocks are summari zed in Table I.
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P I'i Ill""Y Metn m o r-p h lc purugencsl s
p urugeu esis Mernmorp hlsm 1 lVlcta lllOl'p hislll 2

Ass ocia tion A Associa tion B
rccr, O I

S rp 11
O I

reer.Opx S rp I
C hl ll

Se rpe nlinized
Opx

recr, Cpx C hl t
T lc

metadunites ano Prg llbl and/or Prg Bustit e
mct uperidotitcs

Opx
Cr-S pl T r-Aet

Mgs
C r-S p l

A I-Spl Mag
re cr, Tr-Act

TABU': 1- Mcuun orphic stugcs and
Ti-Mag

Mng
paragcnesis Iound in Sa nta Cruz and

rcer.Opx Ch l l
C hl ll Santa Mar ia Mafic/Ultramafic bo -

Serpentinized
O px recr, Cpx Srp l

T le die s (Ipancma Laycre d Complex ).
metup yro xcnites

Cpx
Hb l and/o r Prg Tr-Act

Srp 11
A ftcr Angcli ( 1988).

O I rccr, T r -Ae t
A I-Spl Ma g

Mu g

1'1
rccr. Opx Ep

Mc tugabbros ano Opx
reer. Cpx C hl l C hl ll
recr . PI rccr, Hb l Tlc

meta-auorthosites Cpx
llbl M ug Mug

11m
Ti-Mag an o 11m T r-Aet

Note: Mineral abbrcvia tions afier Kretz (I9X3). The symbols for roek -torming minerais
fiJllow cd by rCCf. indicatc that are rccrystallizcd .
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THE LATE RITIC NICKEL DEPOSIT

Two kincls a fore can bc distinguishcd in thc later itic
nickel dcposit: oxide und silica te. The first is rich in Fe
anel the latter in S iO~ and l'vI gO. Silicate ores are common
ovcr sevcral bodies in lhe caste rn part of Minas Gerais
State. At Ii'fll1ema d istric t, there are severa l sma ll
deposits contain ing a total 01' 9.106 tons of ore at 1.2(%
Ni(Angeli, 1999). The most important of the rn, the Santa
Cruzmassif, is a small hill (0.55 krrr') formed mainly by
mctapcridotires. On its top an undisturbcd weathering
profi lc was selcctcd for dctai lcd study (Figure 4, Table
2). lt compriscs live layers frorn bottom to top (Figure 5):
• Alrered rock (g m thick) - s lighlly weat hered
ultrarna licrock ofgray colour, cut by garnieritic veins;

• Grccn saprolitc ( 12 m thic k) - greenish ye llow

material, which preserves the structure ofthe parenta!
rock anel consists ofan argi llaceous matrix containing
weath cred rock cores, lcss abundant upwards;

• O range sapro lite (4 m thi ck) - brownish ye llow
loosc material o f' silty-clayey granulometry in whi ch
lhe structure of the parcnt rock is no longcr visible;

• Red laterit e (2 rn thick) - brown to purple Ierrali tic
so il ofsandy-clayey granulornetry, with ferruginous
concretions anel abunelant quartz;

• Fc rruginous concretions (cen tirn c te rs thick) ­
fragments on top;

• Unweathered bedroc k, ma inly m etadun itc and
metaharzburgites werc collected from elri 11 cores
(F igure 4) ,

Main
body

o so 100 m
~

e Pctrographic analyses
li Chemical analyses
.. Weathering profil e (SC-OO to SC-1 6)

+ Geochronological samplc point
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1- Mctaultramafic rocks.ç. Drill hole
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FIGURE -I - Geologicul map 01' Santa Cruz Massif with locution of the studied sumplcs. Alter Angcli ( I<JX X).
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FIGUHE 5 .Weathcring profilc
ofsouth cxtcnsionot'SanraCruz
Ma ss if with geochcm ica l distri ­
bution of clcmcnts (locurion of
profil e shown in Figure 4 ). Â [ter
A ngcl i ( j lJXX).
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MINERALS 2 3 4
olivine+serpentine +++ +
tale + chlorite + + +
amphibolcs + + +

TA BLE 2 -- M inc rulog icul corn position magnetitc ++ +
0 1': (2) grccn sa pru litc. (3) oran gc ehromitc ++
saprolite, (4) silicificd rcd latent e (+ H- magncsite +
dominan t, ++ prcscnt . + t race ), smectitcs ++
detcnuincd by X-ray diffraction.

goethite +++ +++
hematitc +
qu artz -1-i- i-i " ' -

The fresh roek eo ns ists of a network of mesh
serpentinc (scrpentine I) fí lled up by reliets of olivine
OI' by a second gc ncra tion 01' a poorl y crystallized
scrpcnti nc (se rpcnrine li ). Tre mo lite , ac t ino li te ,
anthophyllitc, tale anel chlorite are present in lesser
amo unts, anel chromite anel magnetite are the opaque
accessory minera is.

Wcathering was init iateel by graelual elissol ution of
olivines, which is replaccd by smectites. Serpentine I
remains unaltered, but serpentine ]] becomes yellowish
duc to the absorption of iron anel nickel corn pounds

cleriveel from the elisso lution of olivine . In the cracks of
the weathered rock , supergene garnierites (se rpentinc,
tale anel chlorite-rich varie ties) anelquartz crysta llize.

As the we at he ring pro ceeels wi thin the grcc n
saprolite, olivine is totally altereel, smectitization is intenso
anel serpentinc I becomes also ye llow ish and richer in
nickel (es tablishecl by mass balance proced ure). This
layer, together with the weat hered rock, constitutcs thc
silicate nickel ore.

Thc further step is the weat her ing o f scrpcnrinc
I. It slow ly breaks down, leaving behind a Ni-gocthitic
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residue (orang e sapro lite). The garnierites becorne

unstable, provoking a new e1istribution ofNi, leaving in
their place a mixture 01' Mn, Co anel Ni oxides anel
hydroxides (asbolanes ), The uccumulation of quart z
derivcd from the crystallization ofsilica releaseel from
the hydrolysis 01' the silicates increases . The incon-

grucnt el issolution 01' olivine leaels to the formation of
amorpho us silica, ferric hyclroxielcs anel gocthite. The
resulting ferruginous material is the oxielizeel ore. Finally,
thcre is an incipient transformation of goethite into
hematit e with loss ofnickel (silicificd rcd lateritc), Thc
mineral resistant phases concentrate on top ofthe profilc.

CHEMISTRY O F THE LATERITIC PROFILE

The cheruical compo sition of each horizon of't he
laterite profilc is shown in Table 3 (representat ive
samples), S iO~, the main constituent, concentrares at
the bottom 01' thc profile, where it Iorrns a boxwork
structure anel MgO concentrates as magnesite. Bot h
components are prcsent in the lower portion 01' the
green suprolitc layer, Fe, Ti anel Cr are less mobi le anel
the fi rst onc fonns a ferrug iuous horizon on 10pof the
latcritic profile. Co, Mn anel Ni present a relativo
mobility which results in their concentration in the
orange saprolite (Co, Mn) anel green sapro litc (Ni).

From the fr esh rock to the orange saprolite, there
is a slight rclative incrcase in Si0

2
anel a strong

increase in Fe.O , MnO anel CoO co ntents. This
_ J

corresponds to a significant elecr eas e in MgO due
lo lhe hyelrolysis of thc main Mg-si licates, that results
in the almos t comple te leach ing of tvI g, partial
leaching 01' s ilica anel residua l accumulation of the
remain ing eleme nts as oxides. The hig her AI

2
0

J
,

CaO anel Cr20J
conrcnts in lhe orangc sapro lite

reflects the resistance to weather ing of chro mi te,
amp hibo les anel chlorite .

Thc nickel content is greatest (up to 2.5%) in lhe
green saprolite. lt is released from olivine anel serpentine
as initially retaineel by the neoformed si licate phases
such as garnierites anel smcctitcs at lhe bottom 01' lhe
wcathcring profil e. As the weathering proceecls these
silicates are fu rther altereel to oxides in lhe orangc clays,
retaining a part ofNi. Some Ni is leacheel downwards
anel is incorporateel in the incipicntly altered serpentine
anel in the silicate phases. This aclclition ofnicke l from
the upper leveis makes the altcred rock anel the green
saprolite the zoncs of'maximum supergene enrichment.
Manganese anel cobalt, less soluble than nicke l, are
concentrateel further up in the profile , in the orange
saprolite (Figure 5). Figure 6 shows the nicke l ore
compo sition at Santa Cruz depo sit, wherc it was used
ali ana lyzed samples (34 in tota l).

MgO

Oxides O 2 3 4

SiO, 36.62 41. 1li 43.20 46 .7 1 79.Rg

1\1,0, 0.93 1.53 0.74 1.R5 0.39

1'<:,0 , 8.79 6.32 10.34 26.4 0 12.94

MgO 39.06 37.75 27.62 14.14 1.28

CaO 1.76 0.12 1.49 1.90 0.06
50 , ' 50

Na,O 0.03 0.01 0.02 0.06 0.01 o

K,O n.39 0.04 0.02 0.01 0.01 6~~
TiO, 0.03 0.04 0.02 0.01 0.07

Â
'À 'Ó

6 6
t\lnO 0. 16 0.11 0. 15 0.38 0.16 ÂÂ 6Â

ÂÂ

CrcO, 0.24 0.47 0.26 0.79 0.25 Â 6

NiO 0.24 2.96 2.17 0.R7 0.48
Fe l ." Si O:

C(lO 0.0 10 0.010 0.049 0.445 0.0 17 50

LOI 11.72 IO.RI 13.90 6.40 4.44 O Fresh rock (not mineralized)

Sum 99 .% 101.35 99.9R 99 .97 99 .99 O Altered rock

6 Green saprolite
n 4 5 Â Orange saprolite

• Ferralitic concretion (not minerahzed)

• Silcrete

TA BLl~ 3 . - Chcm ical co mpos itio n (w eight %) of fresh rock (O),
altered rock ( I) , (2) grccn sapro lite , ora ngc sapro lite (3) , silicificd
rcd kucri ie (4 ) ( rc prcscntuti ve sam plcs ).
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FIGURE 6 - Fe tolal-!VIg0 -Si0 2 diagram showing lhe nickel ore
composition, Santa Cruz Mass if (Ipancma Mafic /U ltrumafi c
Complcx), Minas Ge ra is Sta lc.
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FINAL REMAR KS

The metamafic/ultrarnafic massifs in the Ipanema
District oecur in high-grade metamorphi c terrain anel
they eo rres pond to alloe tonous lower crus t bloek
tcetonically upli fted. They are emplaced in Archean­
Paleoprotero zo ic country rocks that are eompose d
predom inant ly by orthog neiss TTG types with narrow
anel lenticu lar metasscdim enr interealations. These
merasedimentary rocks are also highly metamorphosed.
The mafic-ultramafi c boelies secm to be relateel to a
co lisional belt aecreteel to an Archean or Paleopro­
terozoic continental margin.

At the Ipanema deposits the trends in the chemieal
evolution of the weathcring profile Irem the fresh roek
to the orunge saprolite are similar to those described
for other lateritic niekel deposits elsewhere in the worlel
(Golightly, 1981). The strongly silicifi ed red lateritc,
observed on lhe top of the Santa Cruz massifprofile, is
a eharae terist ie feature 01' many Brazilian nicke l
deposits (Oliveira cral., 1992). Withabout 80% ofquartz

(Table 3), this material can not be c1erived from the
evolution of the prcsent day underlying horizons. It
probably represents a dismantled silcrete for rned in a
previ ous wearhering cyc le under dri er e lima tie
conditions. The SiO/AI

2
0 ), Fe

2
0 ) or Cr

2
0 ) ratio, is

higher in the silieifiecl laterite than in the parent roek OI'

in the green saprolite, seems to confi rm this hypothesis.
For industrial profit, at the lpanema distriet, only

the silica te ore may be mined . The thin layers 01'
ox idized ore, wi th less than I IYu Ni, are generally not
suitable fo r explotation anel conce ntration. T he
measurecl ore reserve 01' Santa Cruz dcposit is 4. 101>
tons ( 1.24% Ni). Nevertheless ali the region may
contain a inferrecl reserve around 12. 101> tons 01' ore
with 1.25% Ni. Cons idering their proximit y to other
small to m édium nickel dcposits anel to the Ipatinga
siderurgical pole, roughly 150 krn away, these mineral
eleposits can be considcred very interesting from an
econorn ic point of view.
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