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Abstract—In a lateritic bauxite formed by weathering of nepheline syenite at Passa Quatro, Minas Gerais
State, Brazil, bauxites on the hill-tops directly develop from the syenite bed-rock, while downslope, a
kaolinitic layer occurs between bauxite and syenite. A petrological investigation was performed on
undisturbed weathered rock samples collected from a representative upslope pit. The undisturbed
weathered rocks were chemically analysed for major and trace elements including REE and Zr. Mass
balance calculations were applied, and the behaviour of the REE in the Passa Quatro weathering system
was established compared to REE reference chondrite and to REE reference parent rock. In the lateritic

bauxite, the results suggest that the first stages of weathering induce a volumetric change of 50%, i.e. .

collapse, with respect to the parent rock, and remove REE with a slightly larger loss of the LREE, except
Ce, compared to the HREE. In the upper layers, where bauxite is more mature, a net mass gainin REE is
observed relative to the underlying layers. This gain takes place during the reductlon of the upper layer
during the downward progression of the weathering front. Very significant REE losses occurs during the
bauxitization processes throughout the upslope profile. In addition, the downslope kaolinitic system is
demonstrated to be depleted in REE in the same proportions as the upslope bauxite. We propose that the
REE exported in solution from the whole weathering mantle have enrlched nelghbourmg watershed

sedlments

INTRODUCTION

IN A review of rare earth elements (REE) in sedimen-
tary rocks, MCLENNAN (1989) writes: “The nature of
REE distribution during mineralogical reactions
associated with weathering is very poorly under-
stood”. Several field-based studles have suggested
that the REE are mobile during weathering but there
is little agreement regarding the overall maghnitude or
the potential for their fractionation. BALASHOV et al.

(1964), in a study of sediments from the Russian
Platform, were probably the first to have shown that

. the REE are mobilized during intense chemical

HIIWII\

weathering under warm and humid conditions and
they suggested that the heavy REE are preferentially

transported in' solution. In contrast, RoNov et al. '
(1967) from studies of weathering profiles on various '

rock types from Russia, and Duppy (1980) from
profiles on Australian volcanogenic sandstone,
emphasized that REE were not mobile during weath-
ering. The REE are also believed to accumulate
within iron crusts developed from Senegalese sand-
stone (STEINBERG and. Courrols, 1976). In many

cases, weathering results in the formation of authige-

nic clay minerals and REE are easily adsorbed at the
surface of clay-minerals, such as'smectite or kaolinite
(ROALDSET, 1973; AAGARD, 1974; DECARREAU et al.,
1979; LAUFER et al., 1984). ALDERTON et al. (1980)
concluded that granite weathering provokes a strong
loss of light REE (LREE) (La, Ce, Nd, Sm, Eu) and
only a-slight loss of heavy REE (HREE) (Gd, Dy,
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Er, Yb, Lu). The behaviour of REE in bauxitic
lateritic profiles has been rarely studied and only
karstic bauxite deposits have been examined (Maxsi-
movic and ROALDSET, 1976; MAksIMovic and PANTO,

‘1985) These authors have restricted their study to

the determination of a Nd-rich synchlslte (fluoro-
carbonate of bastnaesite group) and Nd-rich goyazite
(aluminium phosphate of crandallite . group) in
boehmlte-rlch bauxite.

REE analyses are usually normalized to chondritic
REE composition. As MCLENNAN (1989) notes that
“because of significant volume changes. associated
with weathering, it is especially difficult to interpret
differences in absolute abundances”. Such studies
could ‘be greatly improved by carrying out mass
balance calculations on REE-bearing weathered
rock compared-to parental fresh rocks. Attempts
have been made to account for volume changeé
(Dupby, 1980) or assumptions made based on the
immobility of elements other than REE (NEgsBITT,
1979; MIDDELBURG et al., 1988). A good account on
the mobility of the REE during weathering of conti-
nental rocks is given by NesBrT (1979) who system-
atically studied the gains and losses of REE through
weathering of a granodiorite in Torrongo,;Australia.
Assummg Tiis immobile during’ weathermg, NESBITT
(1979) demonstrated that HREE are more enriched
than LREE, and he postulated that the REE have
been added to the weathering system in association
with ‘residual clay minerals, filling the fractures.
These have acted as avenues of transport to down-
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Fi6. 1. Geographic setting of the Passa Quatro deposit and cross-section showing the location of pits and
the distribution of weathering layers. Particularly the PQA profile and partially P132 were studied for
REE distribution. The complete sequence was studied by SicoLo (1988).

ward translocate the residual material from the upper

part of the profile.

Our paper addresses the behaviour of REE within
the lateritic bauxite profile developed from weather-
ing of nepheline syenite. Mass balance calculations
are applied on weathered rock petrographically stud-
ied. A quantitative study of REE behaviour within
this weathering environment should contribute to a
more complete understanding of REE mobility, and
have implications in the interpretation of sedimen-
tary REE patterns, and could be useful in determin-
ing landscape palaeoevolution. '

SAMPLING AND EXPERIMENTAL METHODS

The  syenitic massif, located at Passa Quatro, Minas
Gerais State, Brazil, is one of several alkaline late Creta-
ceous intrusions (nepheline syenites, microsyenites,
tinguaites and phonolites) within the Precambrian base-
ment. The minimum age recorded for the alkaline rocks is
70 Ma (UrricH and Goumes, 1981). Several test pits were
dug at Alto das Posses (Fig. 1), a locality within the Passa
Quatro massif, to study the weathering mantle. Detailed
REE analyses were performed on one typical bauxitic
profile (PQA) located at the top of the hill. The samples of
fresh and weathered rocks were collected after macroscopic
description in the field. Undisturbed samples were collected
for petrographic study, mineral determinations, chemical
microanalyses and density measurements. Sample locations
are shown in Fig. 2. The distribution of samples by type of
layer within the bauxite profile is from the base to the top:
(1) a sample of the fresh nepheline syenite; (2) a sample of
the friable saprolite; (3) three samples of the massive
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FiG. 2. Sketch of the PQA weathering profile and sample

location. The number indicates the sample, the index indi-

cates the matrix—a, the bauxite or bauxitic fragments—b,
and the syenite—c.
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Table 1. Physical properties of the PQA samples for the matrices
(a), the bauxitic fragments (b) and the nepheline syenite (c): bulk
density (p,,), grain density (p,), porosity (¢) and volumetric change -

£7r,
* Depth P Py (0] Zr
Sample*  (m)  (gow?) (gowd) (%) (om)  em
2b —0.50 1.77 245 28 2083.26 -—0.52
2a —0.60 2.10 2.58 19 2816.36 —0.70
5b -1.10 1.62 2.44 34 2288.92 -0.53
Sa -1.20 2.13 2.57 17 2509.10 -0.67
8b -2.50 1.64 2.53 35 2463.41 -0.52
8a ~2.60 2.02 252 21 224148 -—0.65
13b —4.50 1.93 2.55 24 277792 -0.57
13a —4.60 2.05 2.58 21 2102.54 ~-0.69
14b —5.50 1.49 2.57 42 234499 -—-0.43
l4a —5.60 2.00 2.59 23 2056.55 -—0.53
16b —7.50 1.43 252 43 2539.69 -0.52
17b —8.20 1.46 258 43 2641.26 -0.54
17¢c —9.00 2.57 2.70 1 684.31 0.00

*Sample numbers are keyed to numbers in Fig. 2.

saprolite; (4) four samples of the blocky saprolite; and ‘(5)

four samples of the nodular crust. Oriented samples were
studied by optical microscopy, and scanning electron micro-
scope (SEM) with an energy dispersive capability spec-
trometer. Back - scattered electron imaging was used.
Mineralogical composition was determined by X-ray dif-

fraction (XRD) (SicoLo and Bourancg, 1987; SicoLo,

1988).

The REE contents of rock samples were determined
using the method of Govinparatu and MEVELLE (1987).
Crushed rock samples were decomposed by fusion with
LiBO,. The fusion products were dissolved in a complexing
acid solution which was passed through a cation-exchange
column in which only REE are held. The resins were then
washed with 2 N HNO; to remove all elements but the
REE. Then the REE were eluted with 7.25 N HNQ; and

analysed by ICP (AES). Major elements (Si, Al, Fe, Ti, Ca,.

Mg, Na, K, Mn) and trace elements (Y, Zr, Nb) of com-
pletely dissolved rock samples were also analysed by ICP
(AES).

Buik density measurements were made on rock samples,
with an approximate volume of 10 cm®; p,, and pp refer,
respectively, to bulk densities of weathered and parent
rock. Samples-were dried, welghed coated in molten paraf-
fin wax, and then 1mmersed in’ water to measure their

g displaced volume. Bulk densities were éstimated by mass

per unit volume with errors of about 1%. Grain densities
(p;) were measured by water picnometer with errors of
about 1%. Porosity (¢) was calculated from py and 1p, (Eqn

I
¢ =1—pwlp,. ¢y

The interpretation of REE mobility in weathering systems is
based on the calculation of losses or gains (in relation to
parent rock) and on thorough petrological study. Formal
mass balance equations as functional forms of constitutive
relationships between weathered material chemical compo-
sition, bulk density, porosity and volume change in relation
to the corresponding chemical and physical properties of
fresh parent rocks are used in our work. Volumetric change
(& w) is defined by Eqn (2) (BRIMHALL and D1etRICH, 1987):

&
n pW Cl w

in which pis the bulk density in g/lem®, Cis the concentration
in g/100g and the subscript “i” pertains to an element

considered as immobile during weathering, the subscripts
“p” and “w”, respectively, pertain to parent rock and to
weathered rock. ‘

Loss or gain of a chemically mobile element “j”, either by
solute chemical migration or physical transfer, is quantified
by the open-system mass transport function (3, W) defined by
Eqn (3):

Tiw = %(Ei,w + 1) -1 (3)

Pp“ip

In order to calculate both volumetric changes (&,w) and
net gain or losses (z;,,) of any element, it is necessary to
identify an immobile element relevant w1th the physical and
chemical paths of the studied weathering system. '

Heavy minerals were separated by magnetic separator
and heavy liquids on both weathered rocks and fresh sye-
nite. The resultant fraction principally consists of euhedral,
zircons with a size smaller than 50 ym, minor amounts of
partly weathered sphene, and ‘secondary anatase.
Zirconium-mapping and microprobe analyses on polished
thin sections of fresh and weathered rocks show that all of
the Zr is mineralogically linked to zircons. Euliedral zircons
are clearly unweathered and so the chemjcal immobility of
zirconium is demonstrated. However, CoLiN ef al. (1992)
have demonstrated that within the upper part of the
Archean gneiss-derived Dondo Mobi (Gabon) weathering
profiles, i.e. bio-pedoturbated non-isostructural related to
the parent rock, the translocation of Proterozoic schist-
derived zircons through connected macropores and root
pathways is effective. The gneiss profiles are located down-
slope and the Proteroic schist series are located upslope.
Within the weathering profile at Passa Quatro, the
extracted zircons have similar size and morphology. There-
fore, it is not possible to distinguish between autochthonous
and potentially translocated zircons in the non-isostructural
part of the weathering system. However, it is reasonable to
neglect the possibility of translocation because the studied
weathering profile is located at the top of the morphological
sequence (the Dondo Mobi weathering profile is located
downslope), and because no root zone has been observed
(the vegetation consists of scarce grass). In addition, the
total Zr content profiles do not exhibit a strong and pro-
gressive increase in the upper meters, as is the case for
translocated zircon-rich zones (see BRIMHALL ef al., 1988;
CoLIN et al., 1992), our Zr content is constant throughoit -
the saprolite in all the weathering layers toward the surface
(see Table 1). Hence, at Alto das Posses Zr was used as an
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FiG. 3. Variation in bulk density (g/cm®), grain density (g/cm®), bulk porosity (%) and volumetric change
with depth. Black circles are for matrices, white circles are for bauxitic fragments and the white square is
for parent rock.

immobile index to calculate volumetric change and net gain
or loss of any elements including REE.

WEATHERING PATTERNS

The studied bauxitic weathering profile (PQA) is
located at the top of a hill, whose elevation is 2190 m
(Fig. 1). The average present-day precipitation is
1600 mm. The profile is 9 m deep and consists from
the fresh rock to the surface of four weathering
horizons, as shown in Fig. 2. Density, porosity and
volumetric change are given with sample location in
Table 1.

The parent rock is a nepheline syenite. Its norma-
tive composition established from chemical and
petrographic analyses of five samples consists of K-
feldspar (58%), nepheline (31%), ferromagnesian
minerals (biotite, 1.9%, hornblende, 0.9%, &gerine-
augite, 5.1%), and zircon (008%), sphene (0.74%),
magnetite (1%), apatite (0.56%), and pyrochlore as
accessory minerals. The bulk density (2.57), less than
the measured grain density (2.70), indicates a slight
porosity (=5%) of the rock relative to the early
stages of weathering.

Friable saprolite

The saprolite is up to 40 cm-thick, and surrounds
rounded blocks (about 1 m®) of fresh syenite. The
transition between fresh syenite and friable saprolite
is sharp. The white saprolite is friable and the de-
crease of the bulk density (1.46) vs grain density
(2.58) (Table 1) reflects an increase of porosity up to
43%, linked to strong dissolutional weathering.
Nepheline and feldspar crystals are replaced by gibb-
site, whereas pyroxene and amphibole crystals have

" been dissolved and partly replaced by geethite along
their cleavages and the grain surfaces. Gibbsite and

geethite form a very porous network of supergene
minerals, and X-ray diffraction patterns demonstrate
that they are well crystallized. In the friable saprolite,
the volumetric changes reach —54%, and remain
quite constant in the course of the weathering upward
to the surface (Fig. 3).

Massive saprolite

This saprolite is up to 2 m thick. Gibbsite is the
main component of the rock (90%) while kaolinite,
geethite and anatase account for the remaining 10%.
The bulk density (1.43) vs grain density (2.52) re-
flects a constancy of the porosity (43%). With the
exception of zircon, the parent rock is totally trans-

formed into supergene minerals, with either pseudo-,

morphic texture after primary minerals or soil
texture. This layer is cross-cut by narrow cracks (1-5

cm width), preferential paths for meteoric. water .

partially filled with a cryptocrystalline matrix of gibb-
site, geethite and rare kaolinite.

Blocky saprolite

The blocky saprolite is up to 4 m thick and cross-cut
by wide cracks (>3 c¢m). The infilling products form a
matrix around relicts of bauxitic blocks which are 40—
80 cm wide. These blocks have friable cores with hard
rims. Their bulk density increases from 1.49 to 1.90,
the grain density is constant about 2.55, and then
porosity decreases from 42 to 25% . The mineralogi-

cal components are gibbsite (90%), hematite (6%),

geethite (1%), kaolinite (2%) and anatase (1%). In
the matrix the bulk density reaches the value of 2 and
the porosity is 20%. It consists of gibbsite (86%),
kaolinite and geethite (6% each phase), and anatase
(2%). In the lower part of this layer, dissolution voids
are coated by gibbsitic and/or geethitic cutans.
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Nodular crust

This crust is 1-2 m thick and consists of numerous
roughly indurated nodules up to 10 cm wide scattered
within a gibbsite-rich matrix. Within the nodules,
initial gibbsite pseudomorphs are partially replaced
by a second generation of gibbsite crystals which
obliterates the inherited textures. The hematite con-
tent decreases from 6 to 3%, and consequently the
grain density (2.45) is lower than in the underlying
layer, approaching the value of the specific gravity of
gibbsite (2.40). The lower part of the layer contains
numerous subhorizontal lithiophorite-rich veins.
Clear structural discontinuities between the blocky
saprolite and the nodular crust are defined by the
reduced size of nodules and the presence of sharply

limited lithiophorite-rich veins macroscopically de-

fine.

Chemical analyses of matrix and fragments from
‘the parent rock and the derived weathering layers, as
well as mass balance calculations according to Zr
constant, are given for the major elements in Table 2.
The main chemical changes take place during conver-
sion of fresh rock to friable saprolite and massive
saprolite. All major rock forming minerals are weath-
ered at this stage. Alkali, alkaline-earth elements and
silica are totally released from the weathering sys-
tem. Aluminium, Fe and Ti are partially lost, while

- what remains, precipitates in situ to form mainly

gibbsite, accessory geethite and anatase. The signifi-
cant losses of chemical elements is clearly linked to
collapse (negative volumetric change). Both these
chemical and physical patterns prevail within'the
upper weathering layers. However, the weaker losses
of Aland Ti and the slight net gain in Fe differentiate
the lower part of the blocky saprolite from the under-
lying massive saprolite. Such differentiation has to be
related to cutane infillings described previously. The
structural discontinuities observed at the macro-
scopic scale between the blocky saprolite and the
nodular crust is not expressed either chemically
(major elements) or mineralogically. ‘

REE DISTRIBUTION AND FRACTIONATION
REE contents and chondrite-normalized patterns

The REE analyses are listed in Tables 2 and 3, and
the REE chondrite-normalized patterns are shown in
Fig. 4.

In the nepheline syenite the ZREE content is 736
ppm. The chondrite-normalized pattern exhibits a
LREE enrichment relative to the HREE (ZLREE/
2HREE=19) and a negative Eu-anomaly (Fig. 4).
The REE contents and their distribution, with
(La/Lu)y, = 25 and Eu/Sm = 0.09 are in agreement
with the results obtained by CuLLERs and GRAAF
(1984) for the syenite granite group.

The REE chondrite-normalized pattern of weath-

AG 9-6-G

ered rocks show a fractionation for LREE with La,
Nd, Sm depletions, a positive Ce-anomaly (Ce/
Ce*>2.6) (Table 3), a preserved negative Eu-
anomaly and a weak fractionation of HREE. Gadoli-
nium is systematically higher and seems most likely
due to spectral interferences on Gd from Ce'**.
Consequently we have introduced a correction on the
Gd values in relation to Sm and Dy contents: Gd/Gd*
= (2Gd/Gd,)/(Sm/Sm, + Dy/Dyy,) and only the
Gd* values are considered in our results.

With respect to parental syenite, all REE contents .
decrease in the friable saprolite (440 ppm in the
sample 17b), and they are more abundant in the
massive saprolite (556 ppm in the sample 16b) due to
high Ce contents, as indicated by the positive Ce-
anomaly (Ce/Ce*=5.7). The REE increase in the
transition from massive saprolite to blocky saprolite
(from 842 to 1039 ppm). This increase is higher for
LREE then HREE, hence the SLREE/ZHREE
ratios slightly increase as well as the (La/Lu),, ratios
(from 9 to 12), while the positive Ce-anomalies are
rather constant (CE/CE* = from 4 to 6).

Compared to blocks matrices of blocky saprolite

‘have higher REE-contents (>1200 ppm), mainly due

to the significant positive Ce-anomaly. (Ce/Ce* =
from 7 to 9). The SLREE/SHREE ratios, as the
(La/Lu)gy, ratios, do not vary between blocks and
matrices. The highest Ce content (2171 ppm) of the
14a sample matrix, with a ratio Ce/Ce* = 18, is used
to define the transition between this layer and the
underlying massive saprolite.

In the nodular crust the REE ranges from 1239 to
1263 ppm for the nodules and from 1295 to 1376 ppm .
for the matrices. REE distributions of the nodules
and matrices are similar. This feature distinguishes
the discontinuity between the blocky saprolite and
this surficial layer. Nevertheless, there is a smooth
variation in the REE.

REE of some pit P-132 (Fig. 1) samples have also
been analysed. The weathering profile observed in -
this pit consists of a nodular bauxitic layer in its upper
part, similar to that observed upslope, and bauxitic

.blocks embedded in a kaolinitic matrix in its lower

part. The REE patterns, normalized to the chon-
drites-are shown Fig. 7. The REE contents of bauxitic
blocks range from 345 to 1003 ppm, and the REE
contents of the kaolinitic matrix vary from 702.to
1239 ppm. The fractionation between LREE and
HREE in this kaolinitic profile is similar to those
calculated for thie samples collected from the bauxitic
profile PQA, including a positive Ce anomaly of 3 in
the weathered blocks and 6-15 in the kaolinite.

'

REE mass balance normalized to parent rock

Mass balances calculated with respect to the parent
rock are reported in Table 2 and shown in Fig. 5. Itis-
clear that all the weathered rocks are strongly de-
pleted in REE. The only gain in REE was in the
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Major elements (wt%) are rare earth elements (ppm) of the samples from PQA profile. The grains (z > 0) and the

Table 2.
losses (z < 0) based on the Zr constant in relation to the syenite
Massive  Friable

Nodular crust Blocky saprolite saprolite saprolite Syenite
Sample 2b 2a 5b Sa 8b 8a 13b 13a 14b 14a 16b 17b 17¢
Si0, 178 176 167 3.02 19 476 112 178 051 0.53 0.52 0.64 54.20
AlLO;  59.86 59.00 57.50 56.10 59.13 55.65 60.00 57.00 59.00 58.20 59.00 58.00 - 21.00
Fe,03 48 590 560 822 559 6.69 567 751 814 7.84 7.60 585 2.06
MgO 0 0 0 0 0 0 0 0 0 0 0 0 0
CaO 003 005 035 014 0.06 001 037 021 017 009 0.04 0.01 1.61
Na,O 0 0 0 o 0 0 0 0 0 0 0 0 7.30
K,0 018 020 014 036 039 073 016 031 0 0 0.22 0.05 7.90
TiO, 0.83 1.18 1.07 149 - 121 1.29 0.97 1.66 1.30 1.87 2.09 1.37 0.62
MnO 019 024 020 030 010 020 013 022 022 020 0.22 279 013
H,0 31.50 31.42 3140 29.25 -31.20 29.12 31.65 30.61 3105 30.57 31.02 30.88  1.87
Total 99.17 99.75 97.93 98.88 99.64 98.45 100.07 99.30 100.39 99.30 100.71 99.59 97.03
La 125.57 113.32 105.68 88.28 96.46 75.29 121.27 10441 78.63 60.22 52.96 68.40 176.23
Ce 1033.32 1152.84 1051.00 1127.68 870.9 1146.59 843.12 1114 694.32 2048.21  461.90  310.92 368.30
Nd 50.71 65.60 63.58 46.25 43.83 33.62 55.03 43.28 41.06 3572 23.96 37.08 134.03
Sm 690 961 921 665 611 490 7.8 6.07 596 514 3.45 536 18.51
Eu 094 123 119 102 087 077 095 091 078 1.02 0.58 0.64 177
Gd 693 993 971 720 522 522 631 631 6.04 6.04 3.73 525 16.48
Dy 582 878 890 6.8 553 487 633 565 589 6.5 3.57 4.18 10.35
Er 3.60 597 579 469 3.83 3.26 4.52 3.79 3.98 3.73 2.66 3.55 5.40
Yb 441 801 7.13 571 475 385 542 473 450 422 3.54 423 427
Lu 08 134 119 102 08 -066 099 083 079 074 0.60 077 0.72
ZREE 1239.04 1376.63 1263.38 1295.39 1038.36 1279.03 1051.76 1289.98 841.95 2171.54  556.95  440.38 736.06
Tgi -0.99 -0.99 -099 -0.98 -0.99 -0.97 -0.99 -0.99 -10 -100 -1.00 -1.00 O
Tal -0.06 -0.31 -0.18 -0.27 -0.21 -0.19 -0.29¢ -0.11 -0.18 -0.07 -0.24 -028 O
TFe -0.23 -0.30 -0.19 0.09 -024 -0.01 -032 0.19 016 0.27 000 -026 0
T -0.56 —0.54 —-0.48 -0.34 -0.45 -036 -0.61 -0.12- —-0.38 004 -0.09 -042 O
Ta -0.77 -0.84 -0.82 -0.86 -0.85 ~-0.87 -0.83 -081 -0.87 -0.89 -—-0.92 —-090 O
Tce -0.08 -0.24 -0.15 -0.16 —0.34 -0.05 -0.44 -0.02 ~-045 08 —0.66 —078 O
TNd -0.88 -0.88 —0.86 -0.91 -0.91 -0.92 -090 -0.89 -091 -091 -—-095 -093 O
TSm -0.88 —0.87 -0.85 -0.90 —-0.91 -0.92 -0.90 -0.89 -0.91 -0.91 -0.95 -0.92 0
TEu -0.83 —-0.83 -0.80 -0.84 —0.86 —-0.87 -0.87 -0.83 -0.87 -0.81 -0.91 -0.91 0
TGd -0.86 —0.85 -0.82 -0.88 -0.89 -0.90 -0.88 -0.88 -0.89 -0.88 —-094 -092 0
Tpy -0.82 -0.79 -0.74 -0.82 -0.85 -0.86 -0.85 -0.82 -083 -079 —-091 —-090 O
TEr -0.78 -—-0.73 -0.68 -0.76 —0.80 -0.82 -0.79 -0.77 -0.78 -0.77 -0.87 —-0.83 0
Tyb -0.66 —-0.54 -0.50 -064 —-0.69 -0.72 -0.69 —-0.64 -0.69 -0.67 -—0.78 -0.74 0
TLu -0.62 -055 -0.51 -0.61 -0.67 —-0.72 -0.66 —-0.62 —-0.68 -0.66 —0.78 -072 O
Tz 0 0 0 0 0 0 0 0 0 0 0 0

0

Table 3. Total REE, LREE and HREE contents throughout the bauxitic profile PQA; normalized
chondrite LREE/HREE ratios except Ce, Ce/HREE ratios, La/Lu ratios; Ce anomaly = Ce/Ce* =
(3CelCey/(2LalLay, + Nd/Ndy); for samples numbers, a is related to matrices, b to bauxitic
fragments and ¢ to nepheline syenite

‘ (SLREE/SHREE),,

Sample SREE 3SLREE XHREE except Ce (Ce/SHREE), (La/Lu)y, CelCe*
2b 1239.04 1217.44  21.60 4,93 11.77 15 53
2a 1376.63  1342.60  34.03 3.11 8.23 9 5.6
5b 1263.38  1230.66 32.72 3.12 7.97 9 49"
Sa 1295.39 1269.88 25.51 3.14 10.74 9 7.5
8b 1039.43 1018.17 21.26 3.92 9.92 12 5.8
8a 1279.03 1261.17 17.86 3.73 15.87 12 9.7

13b 1051.76  1028.19  25.01 4.20 8.20 13 4.1

13a 1280.98 1268.67 21.31 4.18 12.77 13 6.7
14b 841.95 820.75 21.50 3.37 8.00 10 4.9
14a 2171.54 215031 21.23 2.82 24.36 9 18.5
16b 556.95 542.85 14.10 3.21 7.78 9 57
17b 440.38 42240 17.98 3.39 4.10 9 2.6
17c 736.06 . 698.84 37.22 5.55 2.78 25 1
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matrix 14a, which shows a net Ce mass gain, accord-
ing to the high ratio Ce/Ce*. However, detailed
examinations of REE ‘mass balance calculations by
layers gives information on the step by step gains and
losses of REE during weathering. This can be done
for each weathering layer by calculating the total
mass of transferred elements (mggg ) during the
conversion of a given layer to another given layer, for
example by considering that each layer(r) generates
by increasing weathering from the underlying layer
(n—1) as indicated by Eqn (4):

mgegw = (TREEw, TREE,w,,-x) CREE,p Pp C)

'

- with the following dimensional equation:

[g] m] ™ = [g] [t]™ [t] [m]~>.

The results are presented graphically depicted in
Fig. 6. ' ‘

Weathering of syenite to form the friablé saprolite
results in significant losses in all REE (Fig. 6A).
Concerning the LREE, the mass losses of Ce account
for 740 g/m® (—78%), the mass losses of La and Nd
account each for about 400 g/m>, whereas for Sm the
mass loss is about 30 g/m’; the mass loss of Eu
accounts for no more than 4 g/m?, in relation to the
primary negative anomaly of Eu in the fresh syenite.
Concerning the HREE, the mass losses range from
30 g/m® for Gd to 10 g/m® for Yb. The mass loss of Lu
is very weak. The difference between the depletive
transport function for LREE (—91%), except Ce,
and for HREE (—82%) with respect to the parent
rock indicates a slight fractionation of REE during
weathering.

The losses of REE increase from the friable sapro-
lite to the massive saprolite (Fig. 6B), while the alkali
and alkaline-earths are totally leached during the first
stages of weathering (Table 2). It appears that the
release of REE occurs later compared to the loss of
the major elements in the course of weathering.
Nevertheless the transport function for HREE (—~1
to —6%) is greater than those calculated for LREE
(—2'to —3%). Ce is enriched by 112 g/m®, while the
Eu mass loss is very weak and not significant.

~ From the massive saprolite to the blocky saprolite,
the calculations of the mass indicate weak gains,
more important for LREE than HREE, as shown in
the Fig. 6C. In the bauxitic blocks, the La and Nd
gains are, respectively, 40 and 20 g/m?, Ce is strongly
enriched (700 g/m®), and the Eu gain is not significa-
tive, These gains are always higher in the matrix than
in the blocks, reaching maximum values for sample
14a which correlates to the high Ce gain (4+85%
compared to the parent rock).

During conversion of the blocky saprolite into the
nodular crust (Fig. 6D), we note a REE gain of about
10 g/m® for the LREE and 1 g/m® for the HREE. In
contrast, there is a Ce loss of 79 g/m°.
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DISCUSSION

Occurrences of bauxite as a result of the weather-
ing of syenite are reported in Guinea (BONIFAS,
1959), Arkansas (GORDON et al., 1958) and Camer-
oon (BILONG, 1988). These bauxite deposits are
clearly considered as formed by “direct bauxitiza-
tion” processes, resulting from initial development of
gibbsite from the weathering of nepheline and feld-
spar, as well as geethite after ferromagnesian primary
minerals. In most cases, supergene minerals were
reported as pseudomorphs after primary minerals
and then the replacement was considered isovolu-
metric as defined by MiLLoT and Bowiras (1955). We
demonstrate that at Passa Quatro bauxitization pro-
cesses have generated volumetric changes approxi-
mately —50% (ez.), compared to the fresh syenite,
since the earliest stage of weathering. By taking into
account such strain, mass balance calculations dem-
onstrate that certain elements are strongly released
out of the weathering system. Aluminium, Fe and Ti
are the less mobile elements. By applying isovolu-
metric calculations on bauxites from Iles de Los,
Bontras (1959) found that Al was imported from
external sources with more than 40% added with
respect to the parent rock. In a similar weathering
profile, we conclude that there has been a net Al mass
loss of 20% with respect to the parent rock. This Al
loss from soils is in agreement with the results ob-
tained in a study of African bauxite deposits (Bou-
LANGE, 1984); spring and ground waters issued from
the bauxitic plateau contain from 0.20 to 0.60 mg/l of
Al,O; and that such amounts of Al are released from
soils at a rate of 20 mg/cm? 1000 a.

Animportant point to be noticed is the thickness of
the friable saprolite, which is a less than 50 cm thick
cortex. Within this weathered layer, the volumetric
change, still reaches —50% and net mass losses of
most of the elements are drastic during these first
stages' of weathering’ compared  to the remaining
upper weathering layers. Upward within the over-
lying layers, volumetric change ranges from —50 to
—70% typically with higher values for matrices than
for indurated blocks. The conversion from massive
saprolite to blocky saprolite produces a slight enrich-
ment in Fe (7f, ranging from +16 to +27%). This
downward movement of iron manifests itself as
geethite-rich cutans coating dissolution voids at the
top of the massive saprolite (BOULANGE et al., 1975;
BocqQuier et al., 1985). Such weathering, taking place
under prevailing strong dissolutional conditions,
causes a fractionation and leaching of the REE ele-
ments.

In a study of the REE distributions among miner-
als in a granodiorite (GROMET and SILVER, 1983) note
the high REE concentrations in primary minerals
such as sphene and apatite, and the low REE concen-
trations in the feldspars and biotite, with high HREE
concentration in zircon. The minerals being weath-
ered are chronologically: nepheline, K-feldspar, pyz-
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oxene, amphibole, biotite, apatite and sphene. Their
dissolution leads to a cumulative strong removal of all
the REE, weaker for Ce and HREE.

The slightly late REE release compared to the
release of major elements, from the friable to the
massive saprolite, is linked to the differential weath-
ering of the REE-bearing minerals, apatite and
sphene. Apatite weathers first simultaneously to
nepheline and feldspars, while sphene weathers later
within the massive saprolite. As a consequence, the
net mass losses of all REE, but Ce, increase from the
friable saprolite to the massive saprolite (Fig. 6B).
Cerium can partly reprecipitate as Ce** in secondary
florencite (La,CE)Al;(PO,),(OH)s, a phase which
has been observed under the SEM. We have also
noted that under high oxidation conditions, Ce**
could form, mineralogically expressed as cerianite
(BraUN. et al., 1990). However this mineral has not

. been found w1th1n the profile.

The Ce-anomaly is attnbuted to the weathering of
apatites and sphene, and also to the stability of
zircons. Zircons, whose size .is below 50 um, are
frequently associated with sphenes in the parent

materials. Such zircons have. their. original euhedral
. habit,"and do not exhibit any weathering features.

Typically high HREE contents and positive Ce
anomalies are found in zircons (MURALI et al., 1983;
Hinron and Upron, 1991). Hinton and Upron (1991)
have established that a syenite has an apparent Ce
zircon/melt partition coefficient of 1.1. These authors
have shown that the Ce-positive anomaly in zircon is
due to “the significant ability of Ce** to fit in the

~ zircon structure” because of the similar oxidation

state of Zr and Ce, and because of the comparable
ionic¢ radii. At Passa Quatro, the values of the ratio

~ (Ce/SHREE),, (Table 3) range from 3 for the fresh

syenite to approximately 8 for the bauxitic fragments
(16b to 8b). Within the bauxitic fragments, the con-
stancy. of this ratio demonstrates clearly a relation-
ship_ between the Ce-positive anomaly and. the
presence , of . weathering-resistant’ zircons. Con-
versely, the strong variation (10 to 24) of this ratio
within the matrices (14a to 8a) indicate that Ce is
(probably chemiically) mobile within such preferen-
tial circulation paths. '

. The mass balance calculations done with Zr as an
immobile index demonstrate that all the REE, but
particularly the LREE, are strongly leached during
weathering while Ce and HREE present in 21rcons
remain as residual elemenit. '

However to.be accurate such calculations have to
be carried out by considering the parental material
chemically homogeneous. To discuss the degree of
homogeneity, it is necessary to compare the distri-
bution of elements such as Al, Fe, and Ti.

If the Ti content of syenite (17c) was 0.32% rather
then 0.37%;, applying the same method of calculation
for the volumetric change corisidering Al, Fe and Ti
successively constant, the parameters g, [Eqn (2)]
would be very similar (respectively —0.36, —0.38,
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—0.31). These results suggest that relative to the
most abundant of these (Al and Fe), there is slight
inhomogeneity in Ti (approximately 15%). This is
reasonable considering that Ti is only a quarter as
abundant as the total Al residing primarily in feld-
spars and feldspathoids in the parent syenite and Fe
residing primarily in biotite. Titanium resides in
biotite and accessory phases (sphene). These miner-
als react with soil waters at different rates, conse-
quently a reasonable explanation for the similar
ratios is that, during formation of the friable sapro-
lite, they were all effectively conserved. Thus, con-
sidering Ti constant, with ¢, = —0.31, the Zr gain
(t7,=+0.50) in friable saprolite (17b) is very high
compared to Al and Fe gains (7,,=+0.08 and
7o ="0.11) and the most likely explanation is that Zr
could be inhomogeneously distributed in the parent

" rock.

Using Ti as a constant, the REE losses can be
calculated by the same method [Eqn (3)]. Percentage
REE losses(7) present a slight variation compared to
the values obtained with Zr (Table 2). The losses of
LREE, except Ce, are about 6% lower, and the
losses of HREE and Ce are abouit 15-20%. This high
difference obtained for Ce and HREE in these calcu-
lations confirms the relation between these elements
and zircon. In the massive saprolite, the volumetric
change calculated with Zr as the immobile index is
similar to the volumetric change calculated with Ti
and-accordingly the net mass REE losses are equal. .

Consequently, the mass balance calculations done
with either Zr (or Ti) as immobile index demonstrate
that all the REE are leached during the formation of
the friable saprolite but preferentially the light REE.
A most interesting aspect is that Ce and HREE (Dy,
Er and Lu) are less leached than other REE’s, due to
the fact that a part of these elements are 1ncluded
within the zircons.

© Considering that the REE contents are low, we ‘

‘have t6 be cautious in interpreting the results related

to'both the blocky saprohte and the nodular saprolite
and in this way only a tendency can be significantly
deduced. Compared to the base of the weathering
profile, REE losses are lower within the blocky
saprolite as well as within the surficiai nodular crust
(Table 2). This revealed a REE gain with respect to
the underlying layers (Fig. 6). In addition; Al and Fe
are enriched, correlating to the presence of geethitic
cutanes. This relationship points out the possiblerole .
of geethite as providing preferential adsorption sites
for the REE (FLEET, 1984). In the surficial nodular
crust, only Ce is strongly leached out of the surficial
layer (—79 g/m® with respect to the blocky saprolite).
Except.for Ce, REE distribution does not emphasize
the macroscopic discontinuity expressed at the scale
of the weathering profile by lithiophorite-rich veins
between the blocky saprolite and the nodular crust.
Dissolution processes during bauxitization pro-
voke strong REE leaching. This intense REE leach-
ing has also to be related to the lack of exchange sites
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or to the weak adsorption capacity of gibbsite crys-
tals. In similar acidic conditions, adsorption on the
surfaces of smectitic or kaolinitic minerals have been
reported (BALASHOV et al., 1964; RoALDSET, 1979;
DECARREAU et al., 1979) and the authors suggested
either a weak REE removal (AAGARD, 1974; NESBITT,
1979; DEcarreau et al., 1979; BoNNoT-COURTOIS,
1981), or simple REE immobility (P1pEr, 1974). In
the Passa Quatro bauxitic profile, the weathering
intensity induced the development of an important

porosity and the almost exhaustive formation of

gibbsite reducing the possibility for REE to stabilize
in situ.

In spite of the strong losses of REE due to weather-
ing of the nepheline syenite, REE distribution and
behaviour points out a geochemical discontinuity
between the lower part of the profile (friable and
massive saprolite) and the blocky saprolite. The
lower part defines a REE depletive compartment
which’ characterizes the in sifu chemical lowering
while the blocky saprolite differentiates a REE en-
riched compartment (with respect to the lower part)
which identify external input. Nevertheless, the stud-
ied weathering system is located at the hill top and
therefore we interpret the external input as a result of
downward chemical transfer having taken place dur-
ing reduction of the previous regolith. Sicoro (1988)
established that two periods of bauxitization
occurred in this area: the first is estimated as late
Cretaceous—Eocene age, and the second period Mio-
cene to present time. This demonstrates that, in this
region, the structural discontinuity between the
nodular crust and the blocky saprolite could be ref-
lecting these two bauxitic episodes. We propose that
imported REE in the upper part of the profile, with
respect to the lower part, reflect the previous bauxitic
episode. ]

‘We have demonstrated that the bauxitization pro-
cesses involved in the weathering of the Passa Quatro
-syenite caused significant losses in REE. In addition,
the chondrite normalized pattern of REE of down-
slope kaolinites (see pit 132, Figs 1 and 7) shows a
negative anomaly of all the REE but Ce, Yb and Lu,
linked to zircon. However, the lack of significant
REE gain demonstrates that these kaolinites are not
efficient traps of REE.

Consequently, on the regional scale, sediments
will probably be enriched in REE. Simultaneously to
the Eocene-Oligocene uplift of the “Serra do Mar”
(Passa Quatro massif is a part of the Serra do Mar),
the Paraiba graben opened inducing the develop-
ment of regional scale basins, such as for example the
Curitiba basin. Fortin (1989) established that the
Curitiba sediments are REE enriched with respect to
NASC shales. The author stressed that the absolute
mass gains in Nd, Sm, Eu, Gd and Er are higher than
the gainsin La, Ce, Yb and Lu and that such patterns
are in agreement with the REE-fractionation having
taken place during weathering. In addition, by study-
ing the parental rocks of these sediments, FORTIN

(1989) showed that the ¥Sr/Sr and *Nd/**Nd
ratios reflect the chemical signature of the Tunas
nepheline syenites of the southern part of the Serra
do Mar.

CONCLUSIONS

The resulis obtained in this study allow us to draw
five essential conclusions.

(1) During the conversion of the Passa Quatro
nepheline syenite into lateritic bauxite, the weather-
ing of apatites and sphenes induces the release of
most of the primary REE initially concentrated in
syenite.

(2) Bauxitization processes provoke a net mass loss
of all the REE, with a fractionation between LREE
and HREE, expressed by a lower rate of loss of the
HREE. This intense REE leaching has also to be
related to the lack of exchange sites according to the
weak adsorption capacity of gibbsite. '

(3) The positive correlation between Ce and the
HREE is consistent with the occurrence of a part of
these elements within zircons, which are resistant to
weathering and accumulate relative to major com-
ponents by collapse of the bauxitic regolith.

(4) Cerium exhibits a very strong positive anomaly
due to: (i) the Ce** precipitated in authigenic floren-
cite; (ii) the primary Ce** of residual zircons; and
(iit) probably the Ce** formed from the oxidation of
Ce>* and included within cerianite.

(5) The downslope kaolinitic-rich weathering sys-
tems are not efficient traps for the REE leached from
the upslope gibbsitic-rich systems. As a consequence,
sedimentary processes taking place in the continu-
ation of weathering processes might have led to the
enrichment in REE of the Paraiba basins.
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