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Abstract—The upper 15-20 m of a 200 m thick lateritic weathering profile on Precambrian itabirites of
Capanema, Brazil, reveals a genetic pathway for the formation of hematitic and goethitic nodules in the
ferruginous crust through a very fine grain Al-hematite and Al-goethite mixture, called here the brick-
red-material (brm). This evolution develops between the soft saprolite and a 10 m thick indurated ferru-
ginous crust. The soft saprolite retains the original structures of the itabirite and is characterized by almost
complete dissolution of quartz, the development of goethite septa, and the partial dissolution of primary
hematite. Near the contact with the overlying ferruginous crust, the brm is gradually filling voids as well
as replacing primary hematite and goethite in the saprolite. In the upper indurated crust, the brm trans-
forms into coarse structureless ferruginous nodules (aluminous hematites and goethites) and is the pre-
cursor of the hematito-goethitic nodules of the crusts. Crystallization of newly-formed Al-goethite and
Al-hematite within the brm occurs without detectable amounts of amorphous iron oxides of ferrihydrite

precursors.
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INTRODUCTION

The lateritic weathering of iron-bearing “‘itabirites”
or banded iron formations at Capanema mine (Minas
Gerais, Brazil) has led to the development of iron ore
(Ramanaidou 1989). The iron and silica rich parent
rock typically have a marked bedding at a high angle
to the ground surface which has allowed deep pene-
tration of weathering fluids particularly in humid trop-
ical climates. Few studies have examined these types
of deposits, most of which were restricted to the lower
part of the weathering profile (Eichler 1968; Melfi et
al. 1976; de Campos 1980, Morris 1983). This study
examines the genesis of the ferruginized zone of the
15 to 20 meters upper portion of the weathering pro-
file. Observations similar to those at Capanema were
previously made in West Africa (Nahon 1970) and in
Brazil (Melfi et al. 1976), but were not subjected to
crystallochemical studies as detailed in the present
case. These earlier studies are useful to confirm the
generalization of the more detailed results presented
here. We examined complete weathering profiles ex-
posed in active quarry faces and drill cores at Capa-
nema, in the Quadrilatero Ferrifero of Brazil whose
surface of about 7,000 km? is located in the center of
the state of Minas Gerais, 450 km north of Rio de
Janeiro (Dorr 1969). The first part of this paper details
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the petrology and the physico-chemistry of the upper
part of the weathering profile, especially the nature of
the Fe oxy-hydroxides. The second part describes pro-
cesses for the genesis of indurated iron-bearing crust
often called ‘“‘canga.”

ANALYTICAL TECHNIQUES

The weathered profiles were sampled during several
field studies between 1984 and 1986.

Petrographic studies were completed on polished
thin sections. Mineral identifications were based on X-
ray diffraction techniques recorded at 1/8° 2 6/min
with Philips PW 1729-1730 diffractometers equipped
with a Co tube with Fe filter. Quartz was added as an
internal standard. Some X-ray measurements were per-
formed on microsampled powders (handpicked under
binoculars) as well as on thin sections using a linear
detector (Elphyse) according to the method described
by Rassineux et al. (1988). Unit cell parameters of
goethite and hematite were computed using the unit
cell program proposed by Tournarie (1969) from 020,
110, 120, 130, 021, 040, 111, 121, 140 and 221 (hkl)
for peaks for goethite and 021, 104, 110, 113, 024,
116, 214 and 300 peaks for hematite. The mean crystal
dimensions (MCD,,;) of hematite and goethite were
evaluated from widths at half height after using War-
ren’s correction for instrumental broadening (Klug and
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Figure 1. Alternating layers of quartz (Qt) and iron oxides
(Hm: hematite). Reflected light.

Alexander 1962). This approach, rather simple, does
not take into account strain broadening (Klug and Al-
exander 1974) but gives useful relative MCD values.

The quantification of Al substitution in iron oxides
can be estimated from unit cell parameters, but is often
difficult to estimate because other parameters, like
crystallinity, influence the measurements (Schwert-
mann 1988a). For goethite, Al substitution was esti-
mated from the C parameters using the method of
Schulze (1982), because this unit cell parameter is es-
sentially independant of crystallinity. For hematite, nu-
merous data exist showing evolution of unit cell pa-
rameters with both Al substitutions, crystallinity, and
structural OH (Stanjek and Schwertmann 1992). In the
more recent and accurate study of this problem Stanjek
and Schwertmann (1992) give multiple regression
equations for hematite cell parameters as a function of
Al and loss of ignition (LOT). This approach was used
in this paper for hematite pure sample. For samples in
which hematite is mixed with goethites or other iron
hydroxides, the measured LOI cannot be used and the
method of Stanjek and Schwertmann cannot operate.
Regression functions given by Perinet and Lafont
(1972) and Schwertmann and Kampf (1985) can be
used for mixed samples. The functions give slightly
different Al substitution values but are consistent,
showing the same trends (Table 2).

Chemical data were obtained from thin sections
with a Camebax electron probe. Bulk density was
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Figure 2. Relict magnetite (M) replaced by hematite (Hm).
Reflected light.

measured on dried rock samples by weighting and
coating them with parafin wax prior to analysis by
means of Atomic Absorption Spectroscopy (AAS)
with a Perkin Elmer 2380 apparatus after fusion of
sample using sodium metaborate.

Organic carbon was measured as CO, after firing
samples at 1000°C under oxygen atmosphere using a
Wosthoff carmograph apparatus.

Mossbauer spectra were recorded in 512 channels
of an Elscint AME 30 spectrometer in triangular mode.
A 3'Co source in a rhodium matrix of nominal strength
25 m Cl was used with Nal scintillator as the vy ray
detector. Velocity calibration was made using a high-
grade Fe lamina. The Mossbauer spectra were record-
ed at room temperature and at 77°K. All data were
computer-fitted with Lorentian components by a least
square program.

STAGES OF WEATHERING

The fresh parent rock observed in cores is a highly
indurated and microfolded itabirite with an average
schistosity dipping 45-55°. The itabirite consists of al-
ternating from centimeter to micrometer scale micro-
layers of white quartz (interlocked grains 40 to 60 pm
in size with wavy extinction and recrystallization in
microfolds) and of black microlayers (Figure 1) con-
sisting of tabular to ellipsoidal grains of hematite (40
to 50 wm in size) with scattered irregularly-shaped
grains of partly oxidized magnetite (Figure 2). About
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Table 1. Average chemical composition of minerals of ““fresh itabirite” of Capanema.
Microprobe Analyses
Si0, Fe,0; ALO,  MgO MnO CaO K,0 Na,0 P,0; TiO, Total

% —
Hematite 0.51 98.40 005 001 004 007 007 014 0.09 — 99.02
Magpetite 1.11  103.32* 001 004 004 003 0.02 003 001 003 10464
Celadonite 51.35 26.37 268 556 003 010 973 0.16 — 0.02 96.00
Goethite

(and traces of kaolinite) 3.53 81.02 086 011 011 007 010 029 048 0.01 86.58

* All Fe is expressed as Fe,0;.

5% of the volume of the parent rock consists of small
grains (5 to 60 wm) of celadonite some of which were
replaced by fibrous goethite associated with traces of
kaolinite.

Chemical microanalyses of the different minerals of
the parent rock, with the exception of quartz, are
shown in Table 1. Crystallographic data of hematite
and goethite are shown in Table 2.

The parent rock is intersected by veins of quartz and
more rarely of dolerite. The major patterns of weath-
ering can be outlined from bottom to top of the profile
by means of microscopic, mineralogical, and geo-
chemical characteristics as follows.

Weathering of the itabirite begins with crumbling of
the quartz microlayers. Under the microscope, this in-
volves marginal corrosion and partial separation of the
quartz grains along their boundaries together with the
appearance of goethite septa in the intervening spaces
(Figure 3). Similar observations have been made in
Australian examples (Morris 1985). Microprobe anal-
ysis showed that this goethite is aluminous-poor, but
contains traces of phosphorus and titanium (Table 3)
and is well crystallized (Table 2). As soon as the first
stages of weathering occur, celadonite no longer exists.
It is entirely pseudomorphosed by goethite associated
with traces of kaolinite (Table 1). Hematite and relicts
of magnetite are not yet affected. The original struc-
ture of the rock, including microfolds and veins, is
perfectly preserved.

Higher in the weathering profile, quartz microlayers
become hollowed whereas, remaining quartz grains are
deeply corroded and seem to ““float” between goethite
septa (Figure 3). The dissolution of the bulk of the
quartz increased the porosity although the original
structure of the rock is preserved. Septa of goethite
begin to develop in the intervening spaces between
individual hematite crystals. The goethite gradually in-
creases, at the expense of hematite, into spots in a
centripetal manner until hematite is completely trans-
formed. Isolated areas of magnetite within hematite
remain unaltered.

In the upper part of weathering profiles, grains of
hematite are separated from each other and even high-
ly cut out into several patches, each one keeping the
crystallographic orientation of the original grain, for
example same extinction under crossed nichols. Goe-
thite in septa strongly increased but does not occupy
all the space left by hematite. Magnetite no longer ex-
ists. The original structure of the rock is still intact,
but it is now fragile and in places, powdery. Fine tu-
bules and millimetre size alveoles sharply intersect he-
matite microlayers.

At about 10 meters below the topographic surface,
the profile grades the transition into a very indurated
ferruginous crust of several tenths of centimetres thick
(Figure 4). A brick-red, very fine-grained plastic ma-
terial (called in this paper brm) fills all tubules and
alveoles. Under the microscope, brm infiltrates grain

Table 2. Crystallographic characteristics of hematites and goethites of Capanema.

aA bA cA VA MCD110A MCD111A % molAl
Hematite of Fresh Itabirite 5.036 — 13.761 302.21 424 — 0!
Goethite of Fresh Itabirite 4.605 9.959 3.029 138.91 477 440 0
Goethite in septa 4.611 9.939 3.029 138.81 535 367 0
Hematite after brm (patches) 5.036 — 13.79 302.90 329 — 0!
Goethite after brm (spots) 4.606 9.945 3.018 138.25 315 198 4
Hematite brm-head sample 5.031 —_ 13.764 301.65 244 —_ 32 443
Hematite brm-head sample 5.024 — 13.78 301.33 314 — 72,9
Hematite brm-fraction finer than 0.45 um 5.025 —_ 13.75 300.56 219 — 6.6, 83
Goethite brm-head sample 4.597 9.925 3.008 137.24 210 184 7
Goethite brm-head sample 4.593 9.93 3.009 137.20 262 259 8
Goethite brm-fraction finer than 0.45 pm 4.594 9.959 3.019 138.1 127 200 3

! After Stanjek & Schwertmann 1992.
2 After Perinet & Lafont 1972.
3 After Schwertmann & Kéampf 1985.
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Figure 3.

Goethite (Go) septa surrounding voids created by
the dissolution of the quartz crystals. Reflected light.

contacts and voids and gradually develops between the
different minerals forming the weathered itabirite (Fig-
ure 5). It replaces the different minerals to form ovoid,
centimeter to decimeter size concentrations, elongated
parallel to the topographic slope. With the naked eye,
one can see these concentrations sharply cross-cutting
fragile structures of the weathered itabirite without de-
forming them. However, no original structure is rec-
ognizable within these concentrations of brm.

Further up the profile within the highly indurated
ferruginous crust (canga), the brm becomes more
abundant and indurated, changing from red to violet-
red, then ochre-yellow. Ferruginous nodules devoid of

Hematite and goethite in duricrusts
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Figure 4. Sketch of evolution of the weathering profile de-
veloped on itabirites. I. Indurated ferruginous crust with
coarse hematitic and goethitic nodules (a). IL. Transitional ho-
rizon with disjunction of hematite + goethite septa microlay-
ers (c) and with volumes of brick*red material (b). III. Sap-
rolite with strongly dissolved quartz microlayers (d). IV. Par-
ent rock with alternating microlayers of quartz (¢) and of
hematite + partly oxidized magnetite (f).

Table 3. Average chemical compositions of oxides and oxyhydroxides of itabirite alteration horizons—~Microprobe analyses.

$i0, Fe,0, ALO, MgO MnO Ca0O K,O Na,0O P,0, TiO, Total
Goethite in septas 1.33 83.30 0.20 0.11 0.08 0.03 0.02 0.04 0.06 0.01 85.18
Brick-red
material (brm) a) 0.08 70.68 1.80 0.04 0.05 0.06 0.01 0.05 0.51 0.51 73.79
brm a) 043 70.30 4,72 0.14 0.04 0.07 0.05 0.35 0.88 0.38 77.36
brm b) 0.14 69.19 6.99 0.03 0.02 0.11 0.05 0.07 0.80 0.73 78.13
Hematite after
brm (a) (patches) 0.16 89.27 2.37 0.01 0.03 0.09 0.05 0.08 0.68 0.86 93.60
Goethite after
brm (b) spots 1.05 71.70 5.81 0.12 — 0.09 0.15 0.42 0.54 0.08 79.96
Goethite after
brm (b) (spots) 0.20 73.12 7.38 0.02 0.03 0.02 0.06 0.08 0.54 0.20 81.65

2 Bottom of transition.
® Upper part of transition (bottom of ferruginous crust).
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Figure 5. The brick red material (brm) replaces a hematite
grain (Hm). Note the characteristic triangular patterns of he-
matite after magnetite (Scanning electron microscope).

any recognizable original structure also develop. From
the petrographic examination, the evolution of the brm
into an indurated ferruginous facies occurs along two
different paths:

1. Goethite in spots (about 8 wm of average size)
develops within the brm. If desiccation cracks occur
within the brm, their traces persist in the goethite but
they are larger expressing a very localized volume de-
crease (Figure 6). This evolution continues until al-
most complete disappearance of the brm, which re-
mains only as relicts within the spots of goethite.

2. Hematite, in 20 to 100 wm patches, develops
within the brm. These patches coalesce, isolating re-
mains of the brm (Figure 7). This path is often only
an intermediate process at the base of the transition
because hematite patches are rapidly replaced in turn
by the above-mentioned goethite in spots.

Fissures crossing hematite patches and spots of goe-
thite show along their margins very minute crystals of
gibbsite. Microchemical characteristics of the brm as

R 1

A% s ﬁ
Goethite (Go-brm) developing within the brm.
Note the desiccation cracks (Dc). Transmitted light.

Figure 6.
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Figure 7. Hematite (Hm-brm) developing in patches within
the brm. Transmitted light.

well as those of hematite patches and goethite spots
are shown in Table 3. The crystallochemical charac-
teristics of hematite and goethite are recorded in Table
2. This brm was the object of a detailed investigation
whose major results are given below.

THE BRICK-RED MATERIAL

Particle size analysis with a sedigraphe showed that
83 weight percent of the brm consisted of particles
smaller than 0.2 pm with the remainder as large as 10
pm. Several size fractions were prepared by filtering
a suspension of the brm under pressure. The head sam-
ple and two fractions (0.8-0.45 pm, and <0.45 pm)
were investigated in detail.

Chemical Analyses

Chemical analyses by AAS (Table 4) are consistent
with the 110 microprobe analyses (Table 3) of the brm
from the top of the transition horizon. It indicates that
this essentially ferruginous brm is increasingly alu-
mina enriched within the ferruginous crust. This brm
is very hydrated and contains small amounts of tita-
nium and organic carbon.

Analyses by Chemical Extractions

No dissolution of <0.45 pm fraction of the brm
occured during either oxalate at pH3 or citrate bicar-
bonate dithionite (CBD). This indicates the absence of
amorphous or poorly-crystallized material such as fer-
rihydrite.

Table 4. Average chemical composition of brick-red material
AAS analyses.

Total

100.20

Sio, MnO

0.03 047

Fe,0, % org-CO,

040 7570 7.50

ALO, Tio,  H,0*

14.80

1.23
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X-ray Diffraction Analyses

The brm approximately consists of 75% goethite
and 25% hematite. Crystallographic parameters for he-
matite and goethite of the head sample and the <0.45
pm fraction are given in Table 2. The mean crystal
dimension (MCD) of hematite is generally higher than
those of associated goethite while calculated substitu-
tion rates range between 3 and 9% moles Al,O, for
hematite and between 3 and 8% moles AIOOH for
goethite.

Analyses by Mossbauer Spectrometry

Five samples were studied by Mdssbauer spectrom-
etry: primary hematite (from fresh itabirite), goethite
from septa, and three different size fractions of the
brm (head sample, 0.8-0.45 pm fraction, and <0.45
pm fraction). Mdossbaver spectra were recorded at
298°K for the five samples and a spectrum at 77°K
was also recorded for the brm finest fraction.

PRIMARY HEMATITE. The 298°K Mossbauer spectrum of
the primary hematite can be well fitted with only one
sextet (Figure 8-1 and Table 5). The value of the hy-
perfine field (51.8 T) matches that for well-crystallized
pure hematite (Fysh and Clark 1982; Murad and
Schwertmann 1986). This indicates that the mineral
does not contain detectable amounts of Al. Janot et al.
(1973) made use of the lowered magnetic ordering
temperatures to set up particle size groups for super-
paramagnetic Fe-oxides. The lack of a superparamag-
netic component in the Mdssbauer spectrum at 298°K
of the primary hematite is indicative of a mean crystal
dimension (MCD) greater than 400 A. This result is
in good agreement with XRD data.

GOETHITE FROM SEPTA. The Mdssbauer spectrum at
298°K of this goethite shows resonant lines with a
lower asymetrical broadening and a magnetic hyper-
fine field of about 37.8 T (Table 5). According to Mu-
rad (1982) these data characterize a goethite with good
crystallinity, MCD above 300 A and without Al-sub-
stitution.

THE BRICK-RED MATERIAL. All Méssbauer spectra of the
brm recorded at 298°K include both magnetic and par-
amagnetic contributions (Figure 8-2 to 8-4). Spectra
were fitted using sextets for the magnetic part. The
superparamagnetic part of the spectra was fitted by a
sum of a doublet and three sextets with decreasing and
low internal magnetic fields, and high line width. Sim-
ilar approaches were previously used in order to fit
Mbossbauer spectra with paramagnetic relaxation (Fysh
et al. 1983a and b; Murad and Wagner 1991). For the
three size fractions of brm (Figure 8-2, 8-3, and 8-4),
the Mossbauer parameters of the lines corresponding
to the paramagnetic function are quite the same, show-
ing that this approach presents an internal consistency.
In the spectrum of the brm head sample (Table 5, Fig-
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ure 6-2), sextets 1 and 2 have Mdssbauer parameters
very close to those of the primary hematite and the
goethite from septa. The paramagnetic phase contains
about 70% of iron atoms. In the finer fractions of the
brm sample (Figure 8-4), only a sextet with an internal
magnetic field near 50.3 T is present and can be at-
tributed to an hematite phase, while the sextet corre-
sponding to the goethite phase is absent. The hematite
sextet has a low internal magnetic field and broad line
widths. The first feature suggests an hematite phase
slightly Al-substituted and/or having a low crystallin-
ity. The line broadening suggests a nonhomogeneous
phase with a distribution of Mdssbauer parameters. As
the particle size of brm decreases, the amount of the
paramagnetic phase increases from about 70 to 85%.

A Mossbauer spectrum of the finest fraction (parti-
cles <0.45 wm) was also recorded at 77°K, because it
is in this fraction size that amorphous or very poorly-
crystallized iron oxides, like ferrihydrite, can occur
The experimental spectrum (Figure 8-5) shows only
magnetic contributions and can be well fitted using
three sextets. According to Murad and Schwertmann
(1986), the sextet with a high hyperfine field at 77°K
(52.8 T) could be attributed to an hematite phase in
the weak ferromagnetic (wfm) state (Murad 1987)
with low Al-substitution and similar to the primary
hematite. The sextet with the lower internal magnetic
field (47.0 T) can be unambiguously attributed to goe-
thite (Murad 1982). Because the measured internal
magnetic field is lower than that determined for crys-
tallized and Al-free goethite (Murad 1987), this goe-
thite is Al-substituted and/or has a low crystallinity.
Golden et al. (1979) gave a dependence law of the
magnetic field of goethite at 77°K related to Al-sub-
stitution and crystallinity. Though the study was crit-
icized by Fysh and Clark (1982), it is used here qual-
itatively as follows.

If, as a first approach, the effect of crystallinity is
neglected, then using the relation given by Golden et
al. (1979) the Al-substitution rate found for this goe-
thite is near 20%. Alternatively, if the reduction of the
magnetic field is only related to a crystallinity effect,
the mean MCD values for this goethite could be ex-
pected to be in the range of 80 to 150 A (Janot et al.
1973). From XRD data, goethite in this size fraction
of the brm has MCD values in the range of 130 to 200
A, and the Al by Fe substitution rate is near 3 mole
%. Therefore according to both Mdssbauer and XRD
data, this goethite phase has relatively low crystallinity
(MCD below 200 A) and moderate Al substitution.

The hyperfine field of the last sextet is 49.4 T. This
is the value classically observed for goethite (at 77°K)
in the case of absence of particle size effects and Al-
substitution (Murad 1987). Because an equivalent
component is not observed in the 298°K Mossbauer
spectrum of this sample, this last sextet cannot be at-
tributed to goethite. According to XRD data, this size
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Figure 8. Modssbauer spectra of: 1. hematite from fresh itabirite (298°K). 2. brm, head material (298°K). 3. brm, 0.45-0.8
fraction (298°K). 4. brm, less than 0.45 pm fraction (298°K). 5. brm, less than 0.45 pm fraction (77°K). Broken line =
experimental; continuous lines = fit.

fraction of brm contains an Al-substituted hematite
phase, having a low crystallinity. The mineralogical
complexity of the sample (mixing of two hematite
phases) limits more precise conclusions.

In summary, the Mdssbauer data indicate that the
brm does not contain amorphous iron phase or ferrihy-
drite and that the main components are of two kinds:

1) inherited hematite and goethite, the latter being
more abundant in the coarser fractions and absent in
the <0.45 pm fraction; and

2) new hematite and goethite phases, both charac-
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terized by Fe with Al substitutions and small MCD
values. In the <0.45 pm fraction (which represents
more than 85% of the brm) the authigenic Al-goethite
contains 34% and the authigenic Al-hematite 42% of
iron atoms within the sample (Table 5).

DISCUSSION AND CONCLUSIONS

Most of the thick weathering profile (~ 200 meters)
developed on the itabirites of Capanema is character-
ized by:

1) Gradual and almost total loss of quartz.
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Table 5. Mossbauer parameters of studied samples.

Temperature Mbossbauer H Q.S. LS. T Relative area

Sample (K) line Tesla mm/s mm/s mm/s (%)

Hematite of fresh 298 Sex. 51.8 -0.17 0.35 0.34 100
itabirite

Goethite from septa 298 Sex. 37.8 —0.38 0.35 0.40 100

Brick-red material: 298 Sex. 1 50.8 -0.19 0.33 0.60 21

(head sample) Sex. 2 37.8 -0.2 0.34 0.70 11

Sex. 3 31 -0.2 0.34 1.00 15

Sex. 4 19 -0.2 0.34 2.00 27

Sex. 5 4 -0.2 0.34 1.00 16

Doublet — 0.55 0.34 0.35 10

Brick-red material: 298 Sex. 1 50.3 -0.19 0.34 0.60 20

(0.45 to 0.8 pm Sex. 2 31.2 —-0.23 0.34 1.25 13

fraction) Sex. 3 17.0 0 0.34 2.50 37

Sex. 4 4.3 0 0.39 1.00 16

Doublet — 0.55 0.34 041 14

Brick-red material: 298 Sex. 1 50.3 —-0.215 0.35 0.70 15

fraction finer Sex. 2 31.2 -0.2 0.35 2.20 26

than 0.45 pm Sex. 3 17 0 0.35 2.10 25

Sex. 4 4.3 0 0.36 0.90 15

Doublet — 0.56 0.35 043 19

77 Sex. 1 49.4 -0.24 0.45 0.40 42

Sex. 2 52.8 -0.17 0.45 0.38 24

Sex. 3 47.0 -0.24 0.46 0.60 34

Sex. = Sextet; H = internal magnetic field; Q.S. = Quadrupole Splitting; 1.S. =

maximum line width.

2) Appearance of goethite in septa, which in the pre-
vious microlayers of quartz plays the role of pillars
maintaining the original structures without collapse
of dissolved beds.

3) Disjunction of primary hematite and its very lo-
calized replacement by goethite within the septa.

Macroscopic and microscopic data indicate that the
original structures of the parent rock, that is the orig-
inal volume, were preserved during weathering. Ra-
manaidou (1989, p.111) clearly showed that most of
the observed voids had a size essentially identical to
that of the remaining fresh quartz grains and that dis-
solved quartz corresponded very closely to the poros-
ity percentage. As a whole, the disjunction of primary
hematite is compensated by precipitation of goethite
within the septa. All these data fully justify the iso-
volume reasoning of Millot and Bonifas (1955) for the
calculation of geochemical budgets. This weathering
profile with preserved structure is a saprolite (Figure
4). In the upper part of the saprolite over a thickness
of several centimeters to a few meters, the transition
to the indurated ferruginous crust occurs. This crust

Table 6. Specific gravity and porosity of the brm, the sap-
rolite, and the nodules.

Specific gravity Porosity (%)

brm 1.7 59
Indurated nodules 2.9 39
Powdery saprolite 2.5 45

isomer shift (v.s. Fe metal): I' = half

(canga) is about 10 meters thick and comprises coarse
nodules in which the original structure is erased. In
this transition horizon (Figure 4), the brm plays a fun-
damental role in the genesis of the ferruginous duri-
crust. The brm develops within the upper part of the
powdery saprolite and replaces primary hematite and
goethite in the septa. This replacement is gradual and
occurs without apparent deformation of the fragile
structures of the powdery saprolite. Therefore, this re-
placement is pseudomorphic and occurs at constant
volume. This situation recalls previous observations of
ferruginous concentrations in laterites of tropical Af-
rica (Nahon 1976, 1991) whose physico-chemical
mechanisms and limitations were recently established
(Merino et al. 1993). Isovolumetric geochemical bud-
gets with respect to the powdery saprolite in which the
brm develops indicates loss of iron (—45% Fe,0,) but
increase in alumina (+84% Al,0;) (Tables 1, 3, 4 and
6).

The brm is a highly hydrated material and is today
a functional medium in which previous hematite and
goethite appear unstable. They are progressively re-
placed by Al substituted new goethite (predominant)
and hematite phases. The brm contains detectable
amounts of organic carbon. Downward percolating so-
lutions through the upper ten meters of the profile con-
tained organic complexants that could play a role in
the transfer of iron and aluminum. As noted previously
by Kampf and Schwertmann (1982), organics favor
the hematite-goethite transformation. Nevertheless in
the present study, the occurrence of organic matter has
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no inhibitory effect on the crystallization of iron ox-
ides (Schwertmann 1966). No amorphous hydrous fer-
ric oxide and/or ferrihydrite are observed.

The appearance of new Al substituted goethite and
hematite phases in the brm suggests that aluminum
activity of solutions, in the upper part of the profile,
appears as the motor of the geochemical system. Nu-
merous papers dealing with the influence of aluminum
on the formation of iron oxides were published from
experimental data, thermodynamic approach, and nat-
ural observations, leading to conflicting results on the
favored phase (Lewis and Schwertmann 1979; Tardy
and Nahon 1985; Schwertmann and Kidmpf 1985; and
a review in Schwertmann 1988b).

The origin of the discrepancy between the different
approaches is probably, as discussed by Schwertmann
(1988Db), due to the role of other parameters that influ-
ence the chemical reactions such as water activity, pH,
and temperature, etc. In the present study, Al substi-
tuted goethite and hematite appears simultaneously,
but with a dominant goethite phase.

The rate of dissolution-precipitation of minerals can
also play a great role in the hematite/goethite ratio
observed in weathering profiles. Within the brm, relic-
tual goethite from septa are absent in finer fractions
and is preserved only in the coarser fractions, while
relictual hematite survives in all fractions. This indi-
cates a greater weatherability of relict goethite versus
relict hematite.

The process of hematite and goethite formation in
the Felll system has been often discussed (Schwert-
mann 1988b). If goethite forms directly from solution,
possibly after dissolution of a precursor phase like fer-
rihydrite, hematite seems to form within ferrihydrite
aggregates. Recently Combes et al. (1990) detailed the
mechanisms by which freshly precipitated hydrous gel
transformed into hematite through a transient phase
similar to ferrihydrite. In the brm where hematite
grows, no detectable amounts of amorphous iron ox-
ides or ferrihydrite were detected. So if a ferrihydrite-
like phase is a necessary precursor of hematite, its
transient character should be extremely pronounced in
lateritic profiles because similar observations were of-
ten noticed in studies of tropical weathering (Nahon
et al. 1977; Ambrosi and Nahon 1986). In the work
of Combes et al. (1990), the transient phase disap-
peared completely after aging during 130 h at 92°C of
anhydrous gel. The high rate of transformation of the
precursor into hematite can explain the lack of obser-
vation of such a phase in lateritic weathering profiles.
Ferrihydrite should be more often described in soil
profiles developed under temperate climates where
low-rate reactions are favored. Another interpretation
can be the direct formation of hematite from the so-
lution without a precursor. The present data are con-
sistent with such a mechanism.

Macroscopic and microscopic observations show
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that the brm evolves toward ferruginous nodules,
which form most of the indurated ferruginous crust.
The brm is less aluminous at the base of the transition
horizon than at the top. This is true for goethite and
hematite replacing the brm during induration in the
form of nodules.

All the previous data indicate an evolution of the
brm into indurated ferruginous nodules in which no
structure of the saprolite subsists. Furthermore, aver-
age geochemical budgets between brm and indurated
nodules, calculated from Tables 3 and 6 by the iso-
volumetric method (Millot and Bonifas 1955) show
aluminum maintained and Fe,O; increased by 40% in
indurated nodules.

If indurated nodules are mainly hematitic at the top
of the transition horizon, aluminous goethite becomes
rapidly predominant starting from the bottom of the
indurated ferruginous crust (canga). Consequently,
goethitization becomes generalized at the top of the
weathering of itabirites. A question remains, the
source of aluminum. It may be assumed that the deep-
ly-weathered dolerite veins in the upper part of the
profile can provide this aluminum. The Al-Ti geo-
chemical signature of the brick-red material and of the
aluminous hematite and goethite of the top of the pro-
file seems to support this assumption.
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