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ABSTRACT

Geochemical, mineralogical and micromorphological analysis were carried out on samples

of bau xitic alteration of basic and alkaline roc ks from the regions of Curucutu and
Lavrinhas, both situated in Sao Paulo State, Brazil. The analysis of the different
alteration facies showed out the importance of the mineralogical type and the chemical
system of alteration in the evolution of the prim~ry minerals .

The three different microsystem of alteration, as defined by Proust (1976) and Meunier

(1977), were recognized in the studied material: contact, fissured and plasmic
microsystem. These systems are characterized by different physico-chemical conditions

with direct influence in the alteration evolution within each system. Thus, it was

possible to observe and analyse the mineralogical filiation s and the mechanisms of
bau xitization processes in the studied material.

INTRODUCTION

The present study was carried out on bau xitic materials occurring in two different

regions of Sao Paulo State: a ferrug inous bau xite from Serra de Cubatao in Curucutu and

a bau xite are from Serra da Mantiqueira in Lavrinhas (Fig. 1) .
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Quaternary-Shore sediments, sand,
gravel and c l ay .

Tertiary-Sao Paulo Formation-Sao
Paulo and Taubate basin-sandstone
and c l ays.

Cretaceous-Alkaline massive-Passa
Quatro and Itatiaia.

Upper Carboniferous-Tubarao Group,
fine clastics sediments with
sandstone lenses .
Pre-Cambrian-Crystalline basement­
schi sts gnaisses and granites.

FIG. 1. Regional Geological Map of the Northern of Sao Paulo State.
(cf. Geological Map of the St a t e of Sao Paulo IGG, 1963).
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The region of Curucutu is formed by schists and gneisses of the precambrian basement,

cut by a large amount of basic and ultrabasic rocks, most of which have evolved into

ba uxitic mater ia l (Fel icissimo & Franco, 1956 and Go mes, 1956 ). In the st udy area the

baux it ic pa r e nt r ock is a diaba se , desc ribe d as a n oli vin e - gabb r o by Gom es ( 1 9 5 6~ .

I n t he area of Lavrinhas the ba uxite is formed on a coll uvial materia l originated from
the alkaline massive of Passa Quatro, constituted mainly of nefeline-s ienite. A large

number of economic bau xitic deposits are in exploration in this region (Penalva, 1967

and Sigo l o , 1979 ). In the col luvial material nefeline-sien ite, foyaites and t ing uaites

a re f ound. The s am pl ed materia l was a ne f el i ne - s i en i t e a nd its weat her i ng pr odu c t s

which o~ cu r as bl ocks of di f f e r en t sizes mixed with a gibb s itic -kao l i nitic matri x . The

materia l whi ch f orms the bau xite i n the region is all octhonous but the alteration has

started after the stabilization of the talus (Gro ke, 1981).

The regional rocks in Lavrinhas are mainly biotite-gneisses and granites together with
smal l outcr ops of quartz ite and pegmatites with muscovite an d to urma line .

Conce r ni ng t he c l i mate, the region is su btropica l with a n a nnua l ra i nfa ll of 1300 mm ,

wit h maximum temperature average of 2SoC and mini mum of 140C.

In Figure 2 it is shown the typical profile of the different deposit s.

Y~II"", humic soil

Concr~tionary level

Cl ay~y matr ix with high AIZ~

Bloc ks of otkotine rock (crn-rn)
Completely chang~ mto bau xit e
01" hav ing a fresh cere (nefeli­
ne sienite

Weath~r~d ~I~ I~vel JQuartz1brecc re
Basement gneiss-quOl"tz it eFresh rock - dicboseSCol V V v

Clayey soil
=.,,=.........-=""

Top horizon with remobi lizations
'=-=:"'~","" '''' and structure deform ations

Weathered rock with preserved str uct ure and
mat~ri al tr onspoetot icn

~"""'~ W~athered rock wi th pr eser ved struct ure
Cru st of alterotion

CUR UCUT U LAVR INHAS

FIG. 2. Typical prof i les.

The pur pose of thi s research was to study t he ge ochem ica l, mi ner alo gi cal and
micromorpho logical aspects of the evolution of bau xitic materia ls starting fr om
fresh rock . Another aim was to study the role of the alteration microsystems.
was possib le.through the study of the material microstructure organization and

occu r r ed mineral tra nsformation, duri ng the weatheri ng proce ss.

t he
This

t he

Havi ng t he se obj e c ti ves i n mi nd t he sampling ma t e r i al was se lecte d acco rd in g t o t he
na t ur e of the de pos i t : in Curucutu the materia l was co l lected i n pr ofi les i n side pits
and trenches, while in Lavrinhas it was collected from basaltic blocks having a fresh
core enveloped by bau xite at different stage s of evolution .
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For the study of the evolution the profiles were divided into alteration facies, each

one characterized by its structure, chemical composition and different properties such

as colour, cohesion and density. These facies have been studied by geochemical,

mineralogical and micromorphological methods. The geochemical characterization has

been performed only on samples having an isovolumetric alteration, i.e., with the
structure preserved.

Geochemical Characterization

The selected samples were submitted to total chemical analysis for determination of the

major elements and some of the minor elements (Table 1). The content of the major

TA BLE 1. AVERAGE CHEMICAL COMPOSITI ON (% IN WEIGHT) OF DIABASE AND ITS ALTERATION PRODUCTS (A) AND

NEFELINE- S IENITE AND ITS ALTERATION PRODUCTS (B),

5i0 2 A1 203 Fe 203 CaD Na 20 MgO K20 Ti0 2 H2O

(A)
Diabase 5C-1 50.94 11.90 9 .81 12.96 1. 65 9 .62 0.15 1. 00 1.04

SC-2 15 .86 27.97 23 .11 0.11 0.08 0.30 0 2 .25 29.46

Bauxite 5C-3 12 .84 31.90 22.25 0 .23 0.03 0 .14 0.01 1. 64 29.81

(B)

Nefeline-5ienite 5-1 55.87 19 .92 1. 86 1. 07 13.65 0.13 6 .63 0 .45 1.75

5-2 14 .21 37 .61 6 .85 0 .29 1. 83 0.08 3 .59 0 .74 29 .55
Bauxite 5-3 9.19 44.47 7.71 0 .06 1.19 0.07 2 .76 1. 11 31.65

elements, expressed in percentage of oxides in weight, were recalculated in percentage

of volume allowing the calculation of the geochemical balance (Table 2). It was then

possible to evaluate the gains and losses of the elements during the alteration, which
' ca n be better visualized in Figures 3 and 4 that show the variation of absolute content
of various oxides as a function of the bulk density, considered as an alteration index.

Mineralogical and micromorphological characterization

A. Region of C~rucutu - basic rock

Fresh Rock

The parent rock of bau xite at Curucutu is a metadiabase formed mainly of plagioclase,
diopside and hornblende. Secondarily it occurs augite, hypersthene, enstatite,
tremolite and olivine, and more rarely (less than 1%) magnetite, chlorite and biotite .

The olivine g~ains show frequently a py . ~ x e n e reaction border when included in the
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FIG. 3. Variation of the absolute content of several oxides (g/lOO cc) as function of

the bulk density (glee) for nefeline sienite and its alteration products.
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TABLE 2. GEOC HEMICAL BALANCE

241

a ,. GE OCHE MICAL BALANCE FOR NEFELI NE-SIE NI TE ALTERATlON

SA MPLE SiOZ A1Z03 Fe Z03
CaO NaZO KZO M90 TiOZ HZO

S-Z -tzi . 4 +6. 7 +5 . 7 - Z. 30 - 3Z. 1 -O . Z - 11. 9 - 0 .1 +40 .9

S-3 -1 32. 8 +2. 0 +3.9 - 2 .67 - 33 . 6 - 0 .2 -14 .0 0 +31 . 0

LOSSES Si 0 2 CaO Na 20 H90 K20 TiOZ

S- l ~ S-Z 85. 0% 83 .9% 92 . 0% 66 . H 70 .0 % ZO. O%
S- l ~ S- 3 93 .0 % 97 . 4% 96 .3 % 66 . H 8Z.4% °

GAINS A1Z03 Fe Z03 HZO

S- l ~ S-Z o. n 118 .8 % 908 . 9%
S- l ~ S-3 0 .1 % 81 .3 % 688 .9 %

b ) GEO CH EM I CA L 8ALA NCE FO R DIABAS E ALTE RATION

SA r~PLE SiOZ A1203 FeZ03 CaO Na ZO KZO M9 0 Ti0 2 HZO

SC-Z - 135 . 3 +0 .7 +0 .6 - 39.7 - 5 . 0 - 0 . 5 -Z 9 .1 -0 .1 +36.0
SC-3 - 141 . 4 +0 . 8 - 4 . 1 - 39.5 - 5 .1 - 0 . 5 - 29 . 3 -1.Z +31 .7

LOSSES Si OZ FeZ03 CaO lla ZO H90 KZO Ti OZ

SC- 1 ~ SC -Z 86 .5 % (GA IN) 98 . 0% 98.0% 98 .6 % 100 % 3 . Z%
SC- l SC-3 90 . 4% 13 .6 % 99 . 3% 99 . 2% 99 . 3% 100 % 38 .7 %

GAINS A1Z03 Fe Z03 HZ O

SC- l ~ SC -Z 1 . 9 ~ 2. 0% 1.1 25%
SC- l ~ SC -3 2 .2% (LOSS) 990 .6 %

pl agioc l ase or pyro xe ne grai ns.

Cr ust of Alteration

The t r a ns i t i on from fresh ro c k to a lteration cor t e x is abr upt; 1 to 2 cm far from the
fresh rock the materi a l is a lre ady compl ete ly al tered, but the s t r uct ure is stil l
pr es e rved .

The pl agioclase is comple t el y tra nsformed in t o gibbsi te . This gibbsite preserves the
desco nt i nuity ne two r k t hat is ol at es plag ioc lase f ra gment s, nor mally leac hed,
contr ib ut i ng t o i ncrease t he poro s ity a nd de c re a s e th e bul k de ns ity , as compared t o the

fresh r ock ( P ~~t o mic r ogr a ph 1) .

The a lt e r a t i on of pyr oxe nes a nd amphi bo l e s fo l low s the s ame pat ter n as t he plagioclas e,
wit h goet hit e f ormin g in s t ead of gibbs ite.

The ol i vi ne a lt e rat i on a l so f or ms . go e thi te in t he whole sp ace previously occupied by
<,

t he primary minera l . Thi s goe th i te has a be t ter cryst al li zation t ha n t he one originated
fro m py r 0 xe nes an d am phi bol es (s h0 \~ S s i mu1ta ne 0 us tot a le xtin t ion i n th e whole cry s ta l ).
Magnetite fo rmed prev i ously in the c ry s t a l f iss ures i s pre serv ed du ring t he a lteratio n .
Th e react ion corte x of t he o l ivine s , formed of pyr oxe ne i s a ltered the sa me way as th e
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py r oxen e (Pho t o mi c r ogr a ph 2) . Clay mi ne r a l of 2/1 type (ver miculite) has been
rarely observed coat ing the pore wa lls, forming geodes and arg i lla ns.

Wea thered Rock with Preserved St r uc t ur e

The material cor responding t o th is al ter ation facies i s similar to alteration crust.

It can be observed, in the mic roscope, a gibbsiti c s keleton, replacing the previous

pla gioc lases, a ferruginous and more porous one s Ubstituting t he pyro xenes a nd
amp hib ol es and a lso olivi ne re licts .

The verm ic ulite for med in the pre vio us s t age does not e xist i n th is a lterat ion facies,
being rep laced by gib bsite an d iron oxide.

Weathered Rock with Preserved Struct ur e a nd Transport of Ma te r i a l

The main di f f e r e nce as compared to the previous fa cies is the nearly complete

des t r uc tio n of the opaq ue mi nera ls and t he importation of gi bbs it ic materia l. This
ma t e ri a l comes from t he higher prof i le leve ls an d fi l l in the por e s of bot h ferr ugi nous

a nd gi bbs i tic ske leton . I n t his case a n absolute a lumi num acc umulat ion occ urs ,
de cr eas ing t he porosity and increa sing t he bul k densi ty ( Pho t o mi c r ogr a ph 3) .

The s t r uc tu r e of the ferromagnesiam minera1s , under line d by the iron oxides and
hydro xides, is fo rmed by the gibbs i t e crystalli zation in their in terior (Photo
micrograph 4).

Remobi liz ed Horiz ons

In this alterat i on f aci es t he pr i m? ry st r uc t ure i s st i l l vis i ble in so me par t s of t he

samp l e , but as a whole, t hi s str ucture i s co mp lete ly destroyed by the re mobi lizatio n,
partic ularl y of t he gibbsite. The gibb site l ea vi ng the previous places destroys the
traces of the plagioclase and accumulates in th e form of geode s o r gibbs ans. These
accumulations are identi fied in the mic roscope as t hi n crusts (1 - 2 mm th ick) coating
fi s su re s walls (Photo mi crog raph 5) .

In some places hema t i t e i s observed in the pores of the goe thite ske let on, suggesting

tra nsfor mation of goeth ite i nto hema t i t e proceeded or no t of re mobili zat io n. Some
ferri-g ib bsa ns ca n occ ur f ormed by i r on oxide (goethite or hemati t e) in t he i nterior
a nd gibbsi t e i n t he ou t e r ba nd or vi ce - ve r s a . Reli c t s of olivine are a lso present ...
Remobi l i zatio n of iro n i s l oca ll y observed by the defo rmation of the ferr uginous

s ke leton.

B. Region of Lavrinhas - a lk a l i ne r ock

Fresh Rock

The main min e r al s pre sent in t he nefe li ne -s ienite are ne f e l i ne , l eu cite , pl agi ocl as e
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and orthose;and as acce s sory titanite, green hornblende and opaque minerals (magnetite
and ilmenite).

Tha plagioclase (mainly albite) show single twinning and inc lusions of nefeline and

hornblende. The hornblende crystals are a lso incl uded in the leucite or i n the contact
leucite and plagio clase . The opaque minera ls can be found inc luded in any of t he other
minerals.

Crust of Alteration

The feldspathoids are the first minerals to be attacked in the alteration, start ing
from the discontinuities and mineral contour . This alteration gives origin to a

gibbsitic network with high porosity , preserving the c l eavage and fissure traces and
the crystal limits. The nefe line and l e uc i t e fragments iso lated withi n the gibbsite

suffer e ither dissolution and total leaching or are transformed into a si lico -aluminous
amorphous material, and further into gibbsite by l os s of si lica .

In this case some fresh plagioc lase fragments st i ll exist (Photo micrograph 6). But

most of t hem are almost complete ly a ltered , resulting in a porous gibbsitic s ke l e t on
(Photo micrograph 7) . It is possible to di stinguish between the gibbs itic network
formed from the feldspathoids and the one originated from the plagioclases, on the
basis of its discont inuity patterns (Photo micrograph 8 ) .

The hor nb lende is a ltered leaving a ferruginous residue of goeth ite or hema t i t e.

Vermic ulite can also be observed in the crystal outer band .

Weathered Rock with Preserved Structure

In thi s facies, the feldspathoids and the plagioc lases are complete ly altered,

resulting i n a gibbsitic skeleton. The same happens to the amphiboles, that form

ferruginous (goethite or hematite) ske leton . When the a lteration of the horneblendes
gives origin to goethite, the structure is better preserved.

The tita nites are rather resistant a nd some fresh fragments are sti l l fo und. Thei~

alteration produces a leu co xene amorphous or c r y pt oc r ys t a l l i ne phase that after

leachi ng evolve to gibbsite.

At this stage, there are evidences of intense iron remobilization, that fills in the

s ke l e t on pores (previou s primary minerals) forming ferrans staining the gibbsitic. .
portion s . In both the remobilization iron and the skeleton iron the hematite

predominates on gibbsite.

In this facies most of the opaque minerals stil l sub sist .

C. Evolution of the Microsy stem

The microsco~ic and micromo rphologica l ch ar acteri zation of the studied materia l allowed

to confirm the punctual character of the alteration . In this case the microsyste m
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plays a fundamental role in the evolution of the phenomena of dissolution and
recrystallization of the primary and secondary mine rals (Proust, 1977 and Meunier, .
1977).

In Figure 5 it is shown t he evolution of the two types of roc ks, through the
characterization of the microsystem in four stages.

--+

-

PIosmic Microsyslem
Pr imary Secondary

--+

-

Fi ssurol
microsyslem

--+

-

contoct
microsyslem

M - Magnetite
A - Anfibolite

Pi - Pyroxene
o - Olivine

P - Plagioclase
N - Nefeline

T - Ti tanite
H - Hornblende

Fe - Secondary iron oxides
F - Fissural medium

Pl - Pl asma
C - Cutans

(0) - Olivine relicts

FIG. 5. Evolution of the alteration microsystem.

In the first stage, corresponding to the fresh rock, it can be observed that the
primary minerals are still fresh and interlocked. In this phase, the alteration

solut ion percolates slowly through small sized spaces. The solutions are concentrated and
typical of closed medium. These spaces correspond to the contact microsystem and are
the original rqck poros ity and discont inuities. It is exac tly in these spaces that
t he alteration process sta rts.

The continuous attack of the percolating solution opens progressively the contact
microsystem 'promoting a faster percolation. The solution is then more diluted and
this transformat ion characte ri zes the evolution from t~e con tact microsystem to the
fissural microsystem. Through this fissural system the intense percolation leads to
the lateritic alteration of the studied material: silica and soluble elements are
removed and gibbsite and iron oxides are formed. This secondary material constitutes
the plasmic microsystem. Considering t hes e ma terials to be formed inside the rock
discontinuities, the original roc k struc ture is initially preserved. Micrographs 1,
2, 7 and 8 show the plasmic microsystem.

Under the continuous action of the weathering process i n this system, changes can occur
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with dissolution, reprecipitation or simply recrystallization. These changes destroy

the traces of the original structure. A secondary plasmic system is then formed,
containing the remobilized plasma with no relationship with the primary structure and
the cutans type of deposits.

DISCUSSION

The mineralogical and micromorphological studies together with the geochemical

characterization of the studied materials brought out some aspects concerning the

processes of bauxite formation .

In both cases, Curucutu and Lavrinhas, the hydrolytic process has removed most of the

elements from the structure of the parent rock leaving behind a skeleton of aluminum
and iron oxides and hydro xides .

The aluminum as well as the iron content show an increase per unit of volume. This
allows to admit that, even with no perturbation of the original structure, both

relative and absolute accumulation have happen. Nevertheless, it is not possible to
precise how much Al or Fe was accumulated in situ and how much was imported. It must

be noticed that the difference between the Al/Fe in the alteration product and the

Al/Fe in the fresh rock is not necessarily the gain in these elements, since part of
them can be lost in the hydrolytic process.

In any case, it seems clear that the bau xitization of the studied deposits occurred
following two different processes. The first one, acting at the beginning of the
weathering, was the relative Al (Fe) accumulation, through the loss of all other
elements. In this case, the bauxite is an in situ residue of the superficial

alteration of the rocks, and the mechanism involved was the desilicification. The loss
of silica can be observed by the low values of the molecular ratio Si02/A1203 (Ki) of

the final product (0.1 - 0.2). The process in this case corresponds to the alitization

or more precisely the ferralitization since iron has a similar behaviour of aluminum.
Nevertheless, the bisialitization is present in the initial alteration of hornblendes,

when vermiculite is formed. The presence of vermiculite in such an agressive medium
put in evidence the importance of the microsystems which can present very peculiar

conditions completely different from the global conditions of the medium. Also the
local presence of silico-alumina amorphous material in alkaline rocks alteration is an
evidence of the presence of punctual conditions different from the global one. The
bisialitization, despite its small quantity and short duration, is an intermediate
phase to ferralitization (Maignien, 1961 and Chatelin, 1974).

The bauxite formed in this process is an isovolumetric alteration product, having a
network either gibbsitic, very porous, pseudomorphous on plagioclases and feldspathoids
or goethitic (or hematite) also very porous and pseudomorphous on ferruginous primary
minerals.

Another existing process is the absolute accumulation affec ting the more- developed
profile leve+s. The remobilization is facilitated by the high porosity. It consists



PHOTO MICROGRAPHS OF BAUXITE FORMED ON META-DIABASE

Photo .l. Relicts of plagioclase transformed into
gibbsite.

Photo 2. Relicts of olivine showing reaction outer
band.

Photo 3. Gibbsitic cutans in the ferromagnesian
relicts.

Photo 4. Deformation of the ferromagnesi~n relicts
by the deposition of gibbsite.

Photo 5. Gibbsitic deposit.

PHOTO MICROGRAPHS OF BAUXITE FORMED ON NEFELINE-SIENITE

Photo 6. Weathered feldspar.

Photo' 7. Gibbsite preserving the discontinuities of
the previous feldspar.

Photo 8. Different forms of gibbsite occurrence:

on the left - primary gibbsite formed from
feldspar;

on the right - primary gibbsite formed from
feldspathoids;

on the left and right corner - secondary
remobilized gibbsite.
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of aluminum and iron migration either in suspension or as true solution. It seems
that the organic matter plays an important role in this process as it can be observed
in Lavrinhas. The abundance of organic matter in the top soil lowers down the pH to

levels which can promote the solubilization of the aluminum that migrates and is
deposited in the subsoil due to higher pH .

During this process, the primary plasma (secondary material neoformed in situ and

corresponding to the relative accumulation) loose its stability and is recrystallized

forming a secondary plasma where the characteristics inherited from the rocks exist
no more. In this case the il1uviation is an important phenomena and gibbsitic or

ferruginous cutans are formed. This process of aluminum and iron oxide deposit,
involving transport in solution, corresponds to the aluminification and ferrification

(Erhart, 1973).

Concerning the bauxitization process, the high gibbsite content in the alteration
corte x is an evidence of the intense leaching process during a relative short time.
This brings out the important role of the high p1uviosity, or of the climate as a

whole, which is very aggressive. On the other hand it is noticeable the role of the
topographic position of the deposits as well as the structure and texture of the
parent tock, conditioning the water dynamics, favouring the quick flow of the drainage
water.

The mineralogical composition of the nefeline-sienite is highly favourable to the
bau xitization. This factor, together with the good drainage and topographic conditions
explains the fastness and efficiency of the bauxitization process occurring in these

rocks.

Concerning the diabase, the alteration is also quite fast. Nevertheless, due to the

great abundance of iron in the primary rock the final product was a highly ferruginous

bauxite.

Comparing the alteration of the two different rocks minerals the plagioclase seems to

be slightly more resistant than the feldspathoids.

Finally it is worth to notice that in none of the two cases a slowness of the process
have been observed and even the kaolinitic intermediate stage, always refered to in

literature, was absent.
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