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FERRUGINOUS BAUXITE FROM NAZARE PAULISTA (SAO
PAULO, BRAZIL) : GEOCHEMICAL EVOLUTION

Maria L. M. de Carvalho e Silva", Sonia M. B. de Oliveira

* Universida de de Sao Paulo, Instituto de Geociencias, Cam pines/ S tio Paulo,
Brazil

The bau xite deposi ts of Naza re Paul ista a re the la teritiza t ion result of me ta­
basi c (a mphibo litic) rocks. In th is paper the a lteratio ns of major . trace , a nd ra­
re eart h clements during thai process were traced up . It was found tha t th e we­
a the ring led to the forma tion of an a lterat ion blanket on the mountai no us
s lopes of the region, with iro n rich bauxites on tops and upper s lopes . and clav
a t the lower levels. The dis tribut ion of the various clemen ts was inves tiga ted .
and is presen ted by tab les and figures .

" "

ZE U EZOVITI BOKSITI PODRUCJA NAZARE. PAULISTA - GEOKE MIJS KA
EVOLUCIJA .

Boks itna nalazista podrucja Narare Pau lista rezultat su la te ri tizacije me ta­
bazicnih (a mfibo lits kih) s tijena. U ovo rn su radu proucavane promjen e koj irna
su za vrijerne tog procesa bili podvrgnut i vodeci elernerui. cle menti u tragovirna
te e lemen ti r ije tkih zemalja. Nadeno je da je proces raspa da nja prouzrokovao
tvo rbu pro mjenljivog po krova na brdovit im pad inarn a podrucj a , sa zeljezovi­
tim boks it ima po vr hovima i gornji m pad inarn a i glinom na donjim nivo irna .
Raspodjcla razlicit ih eleme na ta isp itana je i prikazan a tabelama i s lika ma .

(R . /1'[ .)

INTRODUCTION

Th e Naza re Paulista bauxi te deposit is located in south eas te rn Brazil, S tate of
Sao Paulo , 45 km northeast of the city of Sao Paulo (Fig. 1).

Th e morphology of the region consists of ridges up to 130 m above sea level , di s­
secated by a hi gh density dra inage network . The climat e is tropical , with no dry se­
ason . Mean a nnua l temperatu re is about 20 °C and an nu al rainfall oscilla tes bet­
ween 1400 and 1500 mm.

At It aberaba Ridge . where th e deposit is situa ted , th e Itaberaba Group out­
crops . It is a Prote rozoic volca no-sed imen ta ry sequence comprised of metabas ic
rocks (meta igneous a nd met a tuffaceous rocks of basic to inte rmediate compositi­
on) , ca lc-silica te ro cks (metamarls and metadolomites) and metapelitic rocks (se­
ricite sch is ts). A granitic intrusion cutting the sequence transformed the nearby
lithologies into hornfels [2,3 ,4].
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Fig. 1. Geologic map of Nazare Paulist a regio n. After JULIANI ct al. [4]

The bauxite deposit was formed by the lateritization of the metabasi c ro ck s (am­
phibolites) in top and slope topographic positions. First prospection work of th e
ore deposit was carried out by the Institute of Technological Research of Sao Pau­
lo OPT). Detailed information about the main features of the deposit was given by
Bcljavskis et al [I]. Estimated reserves amont 5.6 106 tons distributed in seve ra l
ore bodies, with mean contents of 34,8 % of AbOJ, 28,8 % of Fe,O J and 7,7 % o f reac­
tive SiO,. The mean thickness of the bauxite layer is 2.6 m.

This paper is concerned with the behavior of major, trace and rare ea r th ele­
ments during the amphibolite bauxitization.

MATERIALS AND METHODS

Forty four samples of bauxite and related products (clay) were taken from five
pits dug in the ore body. Table 1 shows the depth, topographic position and num­
ber of samples for each pit. The alteration profile in top and upper slope positions
consists essentially of bauxite (pits A and B). Towards lower slope positions (pits
C. D and E) clay predominates over bauxite. Three samples of bauxite were taken
from outcrops near pits Band C. The mineral phases, gibbsite, goethite and kaoli­
nite and minor amounts of quartz, litiophorite, anatase and hematite, present in
47 samples, were ascertained by X-ray diffraction.

The fresh rock was sampled in three outcrops. Microscopical examination reve­
als hornblende and plagioclase as main constituents, and quartz, chlorite and tita­
nite as accessory minerals.
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Table 1. Distribution of samples in each pit

PIT DEPTH (m)

A 8.3
B 2.0
C 3.5
D 8.9
E 5.0

TOPOGRAPHIC
POSI TION

top
upper slope

slope
slope
slope

' UM BER OF
SAMPL ES

9
6

10
12
7

The major a nd trace elements (AI, B, Ba , Be, Ca, Co, Cr , Cu , Fe , K, Li , Mg, Mn,
Mo , P, Pb , S i, Sn , S r , Ti , V, Y, Zn and Zr) were det ermined by ICP fo r fif ty sam ples.
Loss o n ign iti on was es tima ted by dif ference. Samples from pits A, B, a nd C, a nd
the three sam p les of fres h rock summing up 28, were ana lysed for rare ear th e le­
ments by ICP .

RES ULTS

Class ification of th e sam ples

According to their contents in AhO), FezO) and SiOz, the samples were plotted in
a triangular diagram (Fig. 2). Bauxites are considered here samples which conten­
ts in AhO) a re greater than 30 % and contents in SiOz are less than 16 %. Otherwise
th ey a re ca lled clays . The lateritization of the amphibol ites fo rming clays and bau-
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xites is characterized by a strong loss of silica . Th e ratio Fe20J/ Aha) is ge ne ra lly
grea te r in fresh rock than in cla ys and bauxites, thus indicat ing that iron is deple­
ted in relation to a lum inum during weathering.

Behavior of m aj or and trace elements

The average composition for fresh rock and its weathering product s is show n in
Tabl e 2. Lat erit ic product s have mu ch higher con ten ts in Fe , AI, Ti , LOI , Cr, Pb , V
and Zr, and lower co nte nts in Si, Mn , Li, Y and Zn th an fresh ro ck ; they arc to ta lly
deplet ed in Ca. Mg and Sr.

lsovolumctric calculations for major elemen t (Table 3) show th at in bauxites Ca
and Mg are totally leached , Si is almost to ta lly leach ed , Fe is slightly leached a nd
Al rem ain s nearly constant. In clays th e tenden cies are th e same, the loss of silica
bein g less int en se . Such ca lcu la tions demonstrate th at th e observed Fe c nric­
hment in bauxites and clays is relative, that is , iron is just less depl eted th an o the r
elem ents (Si , Mg and Ca).

Pearson 's co rrela tion coefficien ts were ca lcula ted for 47 samples (weathering
products) and 22 varia bles (Mo, K and Sr have been exclude d be ca use th eir con-

Table 2. Aw rage contents in maj or and trace clements [or 50 sam ples

FRESH ROCK BAUXITE CLAY
n = 3 n = 17 n = 30

Major eleme n ts in % weight
S i02 48,8 8,1 27,0
TiO, 1,4 1,9 1,7
Al263 14,0 37,4 27,1
FC203 16,4 29,3 25 ,6
CaO 9,52 0,03 0 ,03
K20 0,06 0,06 0 ,07
MgO 11,77 0,09 0 ,08
Mn02 0,24 0,09 0,24
P20 - 0,14 0,20 0,12
LOI 22,8 18,0

Trace ele me n ts in pp m
B 5 7 17
Ba 30 19 54
Be 2 3 3
Co 60 72 88
CI" 74 558 255
eu 164 295 182
Li 22 8 14
Mo 5 5 5
Pb 56 117 88
Sn 56 67 63
S r 95 3 3
V 419 673 532
Y 28 4 10
Zn 121 58 101
Zr 70 126 96
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Table 3. l sovolumetric geochem ical balance (% of gains and losses)

SAMPLE Si AI Fe Ca Mg DENSITY

Clay - 85 - 9 -37 -100 - 100 1.2

Bauxite - 94 jO -20 - 100 - 100 1.1

Bauxite - 94 + 17 -28 -100 - 99 1.3.

Bauxite -94 + 7 - 36 - 100 - 99 1.2

Fresh Rock g/ IOO cc 66,82 22,82 36,45 18,87 20,35 3.01

Table 4. Pearson 's correlatio n coefficien ts > 0.5 (47 Samples, 22 Variables)

Cr
Fe
M g
Mn
Mn
Mn
P
P
Pb
Si
Si
Ti
Ti
Ti
V
V
V
V
Zn
Zn
Zn
Zr
Zr
Zr
Zr
Zr'
LOI

Pairs or
clements

AI
Be
Ca
Ba
Co
Li
Be
Fe
Al
Ba
Mn
Be
Fe
P
Be
Fe
P
Ti
Mn
Si
y
Be
Fe
P
Ti
V
Al

Positive correla­
tion coefficients

0,554
0,554
0,675
0,552
0,714
0,561
0,602
0,606
0,606
0,723
0,6 11
0,757
0,744
0.538
0.903
0,860
0,590
0,762
0.610
0,573
0,695
0.676
0.716
0.805
0,738
0,640
0,719

Sa
Mn
Si
Si
Si
Si
Y
Zn
LOI
LOI
LOI
LOI

Pairs or
elemen ts

AI
Al
AI
Cu
P
Pb
Al
Al
Sa
Mn
Si
y

Negative correla­
tion coefficients

0,528
0,545
0,811
0,640
0.582
0.584
0.547
0,636
0,559
0,527
0,782
0,610

tents do n o t va ry) . Table 4 shows the positive and negative co r re la tio ns grea te r
th an 0.50 . Three groups of clemen ts can be d istinguished : a) ele ments of the iron
grou p: Fe , Be , P, Ti , V, Zr; b) elements of the aluminium group: AI, LOI , Pb a nd Cr ;
c) e lemen ts of the silicon group: Si. Mn , Ba, Li, Co, Zn a nd Y. In each group the
e lements have h igh po sitive correla tion coe fficie n ts amon g th em ; elements of di f­
fere nt groups a re negatively correla ted . The elements of the Fe and AI groups are
in ave rage mo re enriche d in bauxite than in clays . revea lin g their mar ked res idual
behavio r d u ring wea thering. Th e elements of the Si group a rc in average deple te d
in la te r itic p roduct as a consequence of their high solubility. However, except fo r
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Si , they can be eve ntually enriche d in so me sa mples of clays and bauxites , more
often in the firs t than in the latter .

Pr incipa l co mponen t ana lysis (Rvmode) has been made for 47 samples a nd 22
va riab les . Th ree princi pal compo ne nts account for 62,8 % of th e to tal variance.
Their main loading fac tors are di splayed in Fig . 3, wh ere the co m pone nts are rep­
resented by rectangles whose widths a re proportiona l to the fra ctions of the tot al
va ria nce exp la ined. Onl y absolute va lues of the loadings superior to 0.20 have been
incl uded . The firs t PC is a linea r co m bina tion with po sitive coefficien ts for c le men­
ts of residua l behavio r (iron an d a lumin ium gro up) and nega tive coefficien ts for
more soluble elements. This PC explains 3 1.1 % of the to ta l variance. Th e seco nd
PC (20.4 % of the tot al variance) is domina ted by clements of the iron group with
high positive loadings, and th e elements of th e a lumi num group with high nega ti­
ve loadin gs . PC 3 (1 1.3 % of th e to tal va riance) is domina ted by th e more sol u ble
elements . The rest of the PC's are more di fficult to in terpret and up on preli m in a ry
ins pectio n do no t revea l sign ificance in terms of geoc he mica l processes . Fig. 4 is a
sca tte r d iagram of scores for PCI x PC2 and PCI x PC3; the sam ples of clay and ba­
uxi te are shown by different symbols. PCI , re presenti ng the e lements of residual
behavior, makes very we ll the d istinction between bauxites and clays . Because ba­
uxites concentra te as well the elements of the a lumi num group as the elements of
the iron group, they are not dis tingui shed from clays by PC2 (Fig. 4A). PC 3 presen­
ts high negative loading values for Co, Mg, Ca, Cu , Mn and Li , tha t is, sam p les with
high co nte nts in suc h elements will be plott ed in th e lower part of PCI x PC3 diag­
ram. PC3 va lues fo r bauxites range in a larger interval th an for clays. Thus, al tho­
ugh values of Mn, Co and Li are in average higher for clays than for bauxites , th e
sam p les which have th e highest conte nts of th ese eleme n ts arc bauxi tes, es pe cially
those of Pit B.

B eh a vior of the rare earth elements

REE contents in fresh rock hav e becn normalized to chondrite. Figure 5 s hows
a flat pattern with REE abundances about ten times ove r those of chondrites. It 's
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typica l of ocean floo r tholeii tic basalts . fro m which th e a rnp hi bolites see m to ha ve
been derived [3].

In o rder to in vestiga te th e REE fracti onation duri ng wea th erin g, th e RE E con­
te n ts of wea thered product s have been normali zed to average va lues in fresh rock.
Figures 6, 7 a nd 8 re presen t th e REE pattern for sa m ples from pits A, B and C, res­
pect ive ly.

In pit A th e su m of REE co nten ts in weathered product is less than in fres h rock
(Ta b le 5). Ce a nd La are less deplet ed th an th e o ther REE. S o m e sam ples present
Ce pos it ive a nomalies. All th e heavy RE E a re deple ted , but they s ho w a rising ten­
dency accord ing to the increas ing atomic number (F ig. 6). In pit B, the su m of
RE E in wea thered pro d uc ts is greate r than in fres h rock (Ta ble 5), but the o n ly e le­
men ts w hich are actua lly enriche d a re La a nd Ce , th e latter s howi ng very s trong
pos it ive anoma lies (F ig. 7). In pit C, th e sum of REE in weathe red products is s lig­
htly les s th an in fres h rock (Ta ble 5). In thi s pit . 3 sam ples are un typical , being
s trongly deple ted in REE. In gene ra l, La is somewha t deple ted a n Ce is enriched ,
show ing posi tive a nomalies . Eu , a lt ho ug h deplet ed , sho ws a lso positive anomali es .
The hea vy REE s ho w th e sa me tendency as in pit A: th e heavier arc less deplet ed
(Fig. 8) .
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Fig. 8. REE pattern fOI" samples from pit C
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In all pits there are posi tive Ce anomalies which are stronger in more REE en­
richcd samples (Fig. 9). REE have a general behavior during weathering similar to
the elements of in termedia te solubility - Mn, Co, Y - being genera lly dep leted in
bauxite and clays . bu t occuring locally in higher a mounts (Ta ble 5).

Table 5. AI'~'rngc contents ill Mn, Co. Y. Cc and r REE (ppm) for weathered products and
Ircsh rock in pits A, E, and C

PITS Mn Co Y Ce rREE

A 400 16 3 7 21
B 1300 195 10 91 115
C 1000 56 7 24 36

Fresh 1700 60 28 11 43
rock

r REE- Ce (pp ml

32

26

24

20

16 ,
12

6

4

o 2 4 6 6 10 12
c e anomalie 5 (ppml

Fig. 9. Ce anomalies x r REE - Ce
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CONCLUDING RE MARKS

The lateritic weatherin g of th e amphibo lites of the It ab eraba Ridge led to the
formation of a n al teration blan ket ma de up of iron rich bauxit es on tops a nd u p­
per s lopes , a nd clay at th e lower topographic levels , wh ere th e was less in te nse .

The clements of the Fe-group (Be, P, Ti, V, Zr) and the Al-group (LOI, Pb, Cr) are
m ore concen tra ted in clays and bau xites than in fresh rock . Ca , Mg and Sr are to­
tall y leached fro m the weathering pro files . Mn , Co, Y, Zn, Ba and Li have during
la teritization an intermedi a te beh avior between th e residual a nd th e soluble cle­
ments. Althou gh genera lly depl et ed in weathered products, th ey ca n be found co n­
ce n tra ted in samples con ta ini ng Iithiophori te concre tions.

Si m ila r behavi or for tra ce eleme n ts in iron-rich bauxites have been describ ed by
Lopes [5] for gra nulite derived bau xites from Mira i (Brazil) .

REE p resen ts strong fractionat ion during lateritization . Except for Ce, they a re
deple ted in wea the red product s reach ing higher values on ly in sa mples enriche d
in Mn . Th is co r re lation indicates that litiophor ite conc retions concen tra te REE.
Posit ive a no m alies have been found for Ce and Eu. Sigala et a l. [7] have al so fou nd
Ce positive a no malies in bauxites and related products from Passa Quatro (Bra ­
zil), as well as Schorin an Puchelt [6] for ferrugin ou s bauxites from Ven ezuela.
This fea ture is ge nerally interp ret ed as a consequence of th e oxidation of Ce3+ to
Ce4+ in lateritic environment [8]. As for Eu positive a noma ly, th e re is no eviden t
expla na tion . Regarding the heavy REE, the depl eti on is pro gressively less in te nse
fro m Gd to Lu , as it has been already described by Sigala e t a l. [7] and Schorin &
Puchelt [6].

Anal ysi s of fresh rock su ggest a primary associa tion of Fe, Ti, V and REE which
wa s partially p reserved du r ing laterit ization. On th e other hand, the associa tion
Mn - Co - Y - Zn - Ba - Li - REE was formed during weathering, correspon­
di ng to th e lithiophorite ne ogenes is.
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