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ABSTRACT

Beauvais, A. and Colin, F., 1993. Formation and transformation processes of iron duricrust systems in tropical humid
environment. Chem. Geol., 106: 77-101.
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Formation and transformation processes of iron duricrust developed under tropical humid conditions in the southeast-
ern part of the Central African Republic have been investigated in terms of geomorphological, petrological and geochem-
ical pathways. The study of five typical weathering profiles of the most extensive iron duricrust system now known in the
world indicates that saprolitization and ferruginization are sequentially involved in such processes, as reflected by kaolin-
ite—gibbsite and hematite-goethite replacements. Alkali earths, rare earths, metals and elements belonging to chemically
inert minerals segregate during saprolite and iron duricrust formation and degradation. Mass-balance calculations per-
formed on a typical weathering system enable us to quantify net mass element transfers deriving from lateritic weathering
processes. Volumetric change, collapse or dilation, as well as Al and Ti clearly discriminate between the saprolitization and
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" ferruginization processes. Saprolite development preserves the geochemical inheritance of parent rocks, whereas ferrugin-
’ ization depletes it and mostly reflects, through mineralogical pathways, pedoclimatic conditions and global climatic changes.
L The global iron duricrust system of the southern part of Central Africa derived from previous hematite-rich crust, and not

from ancient bauxites as it is generally believed for iron crusts, formed on West African shields.

climate conditions (Martin, 1966; Novikoff,
1974; Martin et al., 1981; D. Muller et al., 1981;
J.P. Muller and Bocquier, 1936; J.P. Muller,
1987; Colin et al., 1989). These authors have

A‘;;;“ 1. Introduction investigated the iron duricrust either in terms
of geomorphological distribution at a large

The global lateritic weathering mantle cov- scale, or in terms of petrological differentia-

ers one-third of the emerged continental areas tion at the scale of profiles and minerals, and

of the world (Nahon, 1986). In tropical areas, recently in terms of geochemical pathways at

the surficial part of this mantle consists of an the scale of the landscape (Davies and Blox-

iron duricrust reaching up to 10 m in thick-  ham, 1979; Matheis, 1981; Butt, 1987; Colin

. ness. Most of the studies performed in Africa et al., 1989; Freyssinet et al., 1989; Lecomte
’}h on lateritic systems addressed the iron duri- and Colin, 1989; Roquin et al., 1989; Colin and
;Ij crust formed either under tropical contrasted Vieillard, 1991). Considering that each inves-
o, climate (Maignien, 1958; Grandin, 1973; tigation method has to be applied together to
« Boulet, 1974; Nahon, 1976; Leprun, 1979; the whole system, we propose here to globally
[ Ambrosi, 1984) or under humid equatorial study the iron duricrust systems of the Central

Africa Republic (R.C.A.) which are the most
extensive iron duricrust known at present in the
world (Boulvert, 1976, 1983; Beauvais and
Magzaltarim, 1988). Our investigations were
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conducted in the Dembia—Zemio area. south-
eastern Central Africa, where iron duricrusts
evolve today under tropical humid conditions.

The purpose of this paper is to qualitatively
and quantitatively explain the weathering pro-
cesses leading to the formation and transfor-
mation of iron duricrust systems by combining
geomorphological and petrological observa-
tions. with calculation of net mass element
transfers and volume changes caused by these
processes.

2. Geographic and geologic setting
The Dembia-Zemio area 1s located in the

southeastern part of the R.C.A. (Fig. 1). This
area corresponds to a transitional climatic do-
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main between the humid equatorial zone of the
intracratonic Congolese basin and the tropical
contrasted climate of the intracratonic Tchad-
ian basin. The climate is humid tropical with a
dry season extending from December to Feb-
ruary. The mean annual rainfall is ~ 1600 mm.,
the mean annual temperature is 25°C and the
mean relative humidity is 80%.

The landscape consists of plateaus ranging
from 600 to 650 m above mean sea level (a.s.l.)
in elevation and of weakly inclinied slopes cut
out by straight and deep thalwegs. The vegeta-
tion consists of a patchwork of: (1) humid
(valleys) or semi-humid (slopes and pla-
teaus) forests; and (2) of savanna (slopes and
plateaus) accounting for (1) 10%. 10.6% and
(2) 79.4%, respectively (Fig. 1).
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Fig. 1. Geographical setting of the Dembia~Zemio area and spatial relationship between surficial layers.
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IRON DURICRUST SYSTEMS IN A TROPICAL HUMID ENVIRONMENT

The fresh rocks have been observed when
outcropping in rivers. Previous regional map-
pings report that the bedrock consists of a Bar-
rimian amphibolitic-pyroxenitic complex
(Mestraud, 1982; Poidevin, 1991). The few
collected fresh rocks are amphibolo-schists.

3. Methods

According to the ggomorphological study of
the area (250 km?), representative sequences
were selected (Fig. 1) and 44 pits were dug
from the surface to the water table, which how-
ever does not permit to observe the parent rock.
After careful macroscopic description of each
layer, five typical weathering profiles were
chosen as representative of the whole set (Fig.
2). Oriented samples were gathered within
each layer in order to study thin sections and
bulk samples by means of photonic and scan-
ning electron microscopic (SEM), X-ray dif-
fractometer (XRD), and inductively coupled
plasma spectrometer (ICP) chemical anal-
yses. ICP analysis was used to quantify major
elements (given in wt%) such as SiO, (detec-
tion limit at 5 ppm), Al,O; (20 ppm ), Fe,0,,
MgO (0.5 ppm), CaO (0.5 ppm), Na,O (100
ppm), K>O (100 ppm), MnO (0.5 ppm), TiO,
(5 ppm) and P,O5 (1000 ppm ), and trace ele-
ments (given in ppm) such as Sr (detection
limit at 0.5 ppm), Ba (0.5 ppm), V (1 ppm),
Ni (5 ppm), Co (2 ppm), Cr (2 ppm), Zn (2
ppm), Cu (1 ppm), Sc (0.2 ppm), Y (0.5
ppm), Zr (2 ppm), La (5 ppm), Ce (20 ppm),
Eu (2ppm), Yb (0.2 ppm), Lu (0.1 ppm) and
Nb (10 ppm). Elements for which concentra-
tions are below the detection limit (Ca, Na, K,
Eu) are not taken into account.

The mineralogical composition of the rocks
was quantified by the mathematical method
established by Mazaltarim (1989): semi-
quantitative XRD results are corrected by nor-
mative calculations based on chemical anal-
yses of SiO,, Al,Os;, Fe,O; and H,O (loss on
ignition at 1000°C), in order to evaluate the
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proportions of kaolinite, goethite, hematite,
gibbsite and quartz.

Factor analysis was carried out on mineral-
ogical and chemical data using the SAS (1985)
software package. The statistical analysis pro-
ceeds in four steps: (1) computation of the
correlation matrix for the variables, applica-
tion of the Bartlett test of sphericity to evalu-
ate the appropriateness of the factor model, and
measurement of sampling adequacy of vari-
ables; (2) extraction of eigenvectors and ei-
genvalues from the correlation matrix using the
maximum-likehood extraction technique (Le-
bart et al., 1979); (3) application of the Vari-
max-rotation procedure; (4) computation of
factor scores which give the load of each sam-
ple with respect to the extracted factors. The
aim of the statistical analysis is to identify
chemical and mineralogical associations. The
factor scores obtained allow the validity loca-
tion of the samples corresponding to a given
mineralogical-chemical relationship. The sys-
tematics of the data was then confirmed by pe-
trological study. Such statistical analysis has
recently been clearly demonstrated to be a use-
ful mathematical tool applied to soil and global
weathering system study (Litaor et al., 1989;
Boski and Herbosch, 1990; Roquin et al., 1990;
Donkin and Fey, 1991; De Carlo and Mc-
Murtry, 1992) after the well-documented dis-
cussion carried out by Joreskog et al. (1976)
on the subject of the statistical analysis of geo-
logical data.

Interpretation of mass transfer during
weathering requires the application of rigorous
means of calculating losses or gains based on
thorough petrological study (Colin et al.,
1992). Formal mass-balance equations in
which w and p subscripts refer to weathered
and parent rocks, respectively, as established
by Brimhall et al. (1988) are functional forms
of constitutive relationships between weath-
ered material chemical composition, bulk den-
sity, porosity and volume change in relation to
corresponding chemical and physical proper-
ties of fresh parent rocks. Measurements of
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Fig. 2. Sketch of weathering type-profiles corresponding to the & and b cross-sections in Fig. 1 (I=massive iron duricrust:
11, = purple-reddish nodular iron duricrust:; ITy=ochre-brownish or vermiform iron duricrust: 111, = purple-reddish indur-
ated mottled clay layer: I, =ochre-brownish indurated mottled clay layer: 1V =soft nodular layer: V =mottled clay layer:

VI=saprolite).

bulk density (p,.) were made on rock samples
after drying by weighing and coating them with
molten paraffin wax. followed by immersion in
water to measure their displaced volume. Bulk
density was measured with an accuracy of
~ *1%. Grain density (p,) was measured by
water picnometer with an accuracy of ~ % 1%.
Porosity was calculated from the following
equation:

(porosity) =¢=1-p./p, (1)
Volumetric change is defined by:
_f Cin (2)

€ n =
pw Ci.\\-

where the subscript / pertains to an element
considered to be immobile during weathering:
p is the bulk density in g cm~* and C is the
concentration in g/ 100 g.

Extraction or addition of a chemical mobile
clement ; either by solute migration or physi-
cal translocation is quantified by the open-sys-
tem mass-transport function (7;,,) defined by:

(ewt+1)—1 (3)
P Cro

T/.w =

Mass-balance equations were applied to a
typical weathering system (pit 11, see Fig. 2)
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IRON DURICRUST SYSTEMS IN A TROPICAL HUMID ENVIRONMENT

in order to quantify the net mass gains and
losses of elements during conversion of parent
rock into weathered materials through lateritic
weathering processes at present day and dur-
ing past periods. We chose this particular pro-
file because it was the most complete one in
terms of representative weathered rock sam-
ples and it was the only place where saprolite
was found. These facts enabled us to geneti-
cally link the weathered rocks to neighbouring
outcropping fresh greenschist formations.

SEM observations have shown that zircons
extracted from this profile are of crystalline
habits and not significantly affected by disso-
lution (in contrast to other heavy minerals such
as ilmenite), therefore we use Zr as the im-
mobile index i in our system.

4. Spatial distribution, petrographical and
mineralogical patterns of the lateritic
weathering systems

Three iron duricrust systems can be spatially
and petrologically distinguished on: high pla-
teaus (), slopes (2) and low plateaus (3)
(Figs. 1 and 2). This is in agreement with pre-
vious observations done at the 1000-km? re-
gional scale (Beauvais and Mazaltharim,
1988).

4.1. The high plateau system (1)

The ferruginous iron duricrust is 3 m thick
and exhibits a massive (I) or nodular (II;)
structure (Fig. 2). The massive iron duricrust
is purple reddish [10R 3/5, Munsell® (1954)
color chart]. It is composed of an indurated
ferruginous matrix which is rich in hematite
and kaolinite booklets of 100-200 ym in length.
Kaolinite derives from pseudomorphic weath-
ering of micas (Fig. 3-1). These booklets con-
sist of alternative ferruginous and non-ferru-
ginous sheets, without epigenetic replacement
of kaolinite by hematite.

The nodular iron duricrust (II,) consists of
purple-reddish centimeters-length nodules

—
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surrounded by a brown millimeters-thick rim.
The core of the nodule is hematitic, while the
outer part, centripetally developed at the ex-
pense of the core is goethitic as it has been al-
ready observed by Nahon (1976) in iron dur-
icrust profiles of Ndias (Senegal). This
microscopic transformation develops also at
the scale of the profile where goethite-rich
nodular iron duricrusts form from the hema-
tite-rich massive duricrust blocks.

The soft nodular layer (IV) is 5-7 m thick
and contains centimeters-long hematitic nod-
ules surrounded by a micro-aggregated ferru-
ginous clayey matrix. These nodules have an
elongated shape and they lay within the layer
with their great axis horizontal. They are pur-
ple reddish and have a fine-bedded structure,
which is inherited from the parental rock. They
are made of hematite coexisting with numer-
ous small kaolinite crystallites (Fig. 3-2 and
-3). A few polyhedric nodules, with irregular
and rough edges are scattered within the ma-
trix of the upper part of the nodular layer. A
goethitic rim develops at the expense of the he-
matitic core, reflecting the centripetal trans-
formation seen within the overlying iron duri-
crust. Clayey nodule-depleted domains occur
at the top of the layer. They are crossed by nu-
merous biological channels of centimetric size
(termites, roots, etc.). At the lower part, soft
purple-reddish mottled spots remain within the
microaggregated matrix and preserve the mi-
crobedded structure inherited from the parent
rock.

The mottled clay layer is differentiated from
7 m deep into an upper indurated compart-
ment located above the water table and a lower
one under the water table. It consists of coal-
escent ferruginous nodules which constitute
coherent volumes similar to the purple-red-
dish indurated mottled clay called elsewhere by
Herbillon and Nahon (1988) “soft iron duri-
crust”. Both coherent volumes and surround-
ing matrix are crosscut by a brown goethitic
network. Furthermore, at the level of water ta-
ble fluctuation, lithiophorite with cerianite co-
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Fig. 3. SEM micrographs of iron duricrust and soft nodular layers. 7=massive iron duricrust of high-platcau profile
( H=hematite. K=Kkaolinite booklet): 2. 3=sofl nodular layer of high-plateau profile { H =hematite. A=Kkaolinite ¢rys-
tallite ): 4=nodular iron duricrust of forested slope profile ( (i =gibbsite crystal. //=hematite ): F=nodular iron duricrust
of' the bare slope protile (7 =cortex of goethite. M =hematitic nodule ): 6 =lithiophorite in indurated mottled clay layer
of the bare slope profile.
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Fig. 4. SEM micrographs of mottled clay layer and saprolite of forested slope profile. I, 2=biological figure of pedotur-
bation and gibbsite formation in the upper part of the mottled clay layer; 3, 4, 5, 6=upper part of the saprolite (g=goethite,
Gi=gibbsite crystals, #=hematite, i =relict mica, ha=halloysite).
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Intensity

Fig. 5. SEM micrographs of saprolite and indurated mot-
tled clay layer. /=Ilower part of the saprolite (g=goethite.
K =Kkaolinite booklet): 2=details of Kaolinite booklets
which derives from pseudomorphic weathering of parent
minerals as micas and amphiboles: 3. 4=indurated mot-
tled clay layer at the base of the high-plateau profile
( Ce=cerianite micropisolite. Li=lithiophorite);
S=Tracor® semi-quantitative analysts of cerianite-lith-
iophorite habitus.

precipitation is observed under the SEM (see
Fig. 5-3, -4 and -5).

4.2. The slope system (2)

The slope of the high plateau varies in ele-
vation from 645 to 600 m a.s.l. The slope sys-
tem is divided into an upslope forested subsys-
tem and a downslope bare one. separated by a
meters-large scarp. The forested part is con-
cave and inclines 10°. whereas the bare part
inclines 5°.

According to this differentiation. two pro-
tiles were considered (Fig. 2). These weather-
ing profiles consist of a nodular iron duricrust
which presents a purple-reddish (11, ) or ochre-
brownish (I[,) color, a soft nodular layer (IV),
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an indurated mottled clay layer (III,), a mot-
tled clay layer (V) and a saprolite (VI). The
profile of the forested part evolves under the
influence of high biological activity (roots, ter-
mites, burrowing animals, etc.).

The purple-reddish nodular iron duricrust
(II,) is 2—-3 m thick and has a nodular struc-
ture with a few millimeters-large vacuoles. It
consists of numerous centimeters-long hema-
titic gibbsitic purple-reddish nodules (Fig. 3-
4) outlined by a fine goethitic cortex (Fig. 3-
5) and, at the macroscopic scale, a few mas-
sive blocks as remnants of the plateau iron
duricrust. Under the photonic microscope, the
ilmenite shows partial dissolution features.

The ochre-brownish nodular iron duricrust
(II,) is 0.7 m thick and is located between the
soft nodular layer and the indurated mottled
clay layer in the downslope profile. It consists
of a few centimeters-length diffuse hematitic
nodules scattered within an ochre-brown
goethitic matrix, Both these iron duricrust
types contain a few quartz grains of a few mil-
limeters in diameter. This iron duricrust is
petrographically similar to the vermiform la-
terite observed by McFarlane (1976) in
weathering profiles of Uganda.

The soft nodular layer (IV) is 2-3 m thick
in the forested part and 1 m thick in the bare
one. It consists mainly of a red-yellow sandy-
clayey matrix containing hematitic centime-
ter-long nodules. These nodules are petro-
graphically similar to those observed in the soft
nodular layer of the high plateau system, but
they contain numerous gibbsite crystals.
Therefore, the polyhedric nodules are here
more numerous than the elongated ones.

The indurated mottled clay layer (IIL,) is 8
m thick and occurs only in the downslope sub-
system. It consists of ochre or brown (7.5 YR
7/6) centimeters-thick ferruginous domains,
crosscut by centimeter-thick vertically ori-
ented tubules in which lithiophorite precipi-
tates as a secondary phase (Fig. 3-6). These
tubules originate from disferruginization pro-
cesses and are filled with a kaolinitic white ma-
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trix containing small residual quartz crystals.

The mottled clay layer (V) is 4 m thick
within the upslope profile and occurs as scat-
tered decimeter-elongated lenses within the in-
durated mottled clay layer of the downslope
profile. Upslope, this layer consists of a ferru-
ginous clay matrix and of a clay matrix spotted
by white-yellow to red-orange centimeter-thick
domains. Intense bio-pedoturbation processes
affect the matrices (Fig. 4-1) and lead to in-
creasing pore-size development and gibbsite
formation (Fig. 4-2). The upper part of the
layer was derived from ferruginization of the
clay matrix, and thus it appears more ferrugi-
nous than the base of layer. Within the lower
part of the downslope profile, kaolinite and
goethite form a white-yellow mottled clay
matrix. _

The saprolite (VI) occurs at a depth of 10 m
in the upslope profile (Fig. 2) and exhibits a
fine-bedded structure which reflects the initial
structure of the parent rock. The upper part
consists of an ochre gibbsitic matrix (Fig. 4-
3), exhibiting numerous bio-pedoturbation
outlines, and which contains millimeters-thick
gocthitic or hematitic spots (Fig. 4-4) devel-
oping on relict micas (Fig. 4-5). The gibbsite
often crystallizes within large pores (> 10 um)
from halloysite-rich domains (Fig. 4-6). The
tubular needles of halloysite have grown per-
pendicular to kaolinite weathered-mica sheets
(Fig. 4-6).

The lower part bears yellow kaolinitic ma-
trix including millimeters-thick diffuse goeth-
itic domains (Fig. 5-1). Kaolinite forms book-
lets which result from the pseudomorphic
replacement of the parent minerals (Fig. 5-2).
A network of millimeters-thick cracks filled
with kaolinite crosscut the matrix. Some su-
pergene heavy minerals such as anatase are
precipitated within the pores.

4.3. The low plateau system (3)

The low plateaus are flat or convex and cul-
minate at 600 m a.s.l. They are connected to
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the high plateaus by thalwegs and slopes (Fig.
).

Two weathering profiles are representative
of this system (Fig. 2). They consist from the
top to the base of an iron duricrust (II, and
11,), an indurated mottled clay layer (III.), a
soft nodular layer (I1V), a mottled clay layer
{V) and a saprolite (VI).

The iron duricrust is ~5 m thick and con-
sists of a purple-reddish nodular formation
(I1,) and an ochre-brownish (7.5 YR 5/5)
nodular formation (II,). both tightly over-
lapped and similar to the duricrusts of the bare
slope profile (Fig. 2). The ochre-brownish
nodular duricrust is the most goethite—kaolin-
ite—quartz-rich duricrust of the three systems.

The indurated mottled clay layer (II1.) is 3
m thick and its constituents are mineralogi-
cally similar to those which form the indurated
mottled clay layer of the bare slope profile.

The soft nodular layer (1V) is 0.5-3 m thick
{Fig. 2). Within this layer, centimeter-long he-
matitic and goethitic polyhedric nodules are
spread out all over through a ferruginous clayey
matrix spotted by millimeter-thick kaolinitic
white-yellow domains.

The mottled clay layer (V) is 0.5-1.5 m thick
and is composed of a kaolinitic and goethitic
matrix including centimeter-long hematitic soft
elongated nodules which have a fine-bedded
structure and are obliquely oriented.

The saprolite (V1) occurs at a depth of 7m
and consists of a yellow sandy-clayey kaolin-
itic—goethitic matrix with disseminated centi-
meter-thick kaolinite—quartz-rich domains.
This saprolite is Fe-depleted and quartz-rich
compared to the saprolite of the other system.

These significant observations allow us to
draw partial conclusions concerning the verti-
cal and lateral relationships between the three
systems.

A given system is characterized by petro-
graphical features which qualify material in-
herited from another system or specific mate-
rial formed in situ. This is illustrated by:

(1) The occurrence of an indurated goethit-
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ic mottled clay layer at the base of the soft nod-
ular layer within the high-plateau profile. which
predates the iron duricrust of the slope system.

(2) The remnants of massive iron duricrust
within the slope nodular iron duricrust de-
rived from the high plateau system.

(3) The presence of a thick indurated goeth-
itic mottled clay layer within the bare slope
profile similar to the iron duricrust of the low
plateaus.

(4) The soft nodular layers contain two
populations of nodules: the elongated nodules
preserving the parental fine-bedded structure
called lithomorphous by Beauvais (1989) and
the polyhedric ones with a pedogenetic struc-
ture called argillomorphous in Senegalese iron
duricrust by Nahon (1976). Goethitic cortex
developing from hematitic cores results from
hydratation processes of hematitic nodules
either derived from overlying nodular iron
duricrust or formed in situ. The base of soft
nodular layer of the high-plateau profile is in-
durated, and a paragenesis of lithiophorite and
cerianite was observed. This well indicates an
oxidizing microenvironment, which promotes
the actual development of a goethite-rich iron
duricrust.

(5) Kaolinitic domains in the saprolite pre-
serve the initial structure of the parent rock. In
contrast, gibbsitic domains have pedoturbated
structure which has been also observed in other
areas ( Boulangé. 1983: J.P. Muller. 1987: Lu-
cas. 1989). Bocquier et al. (1983) described
the pseudomorphic weathering of micas in hal-
loysite. followed by kaolinite in the latest stage.
Here. halloysite develops by hydratation of ka-
olinite. and grows perpendicularly to larges
pores. Furthermore, gibbsite crystallizes from
halloysite in a final stage. and anatase second-
ary forms in these sites.

Vertical and lateral evolution of the three
systems transform the parent rock into iron
duricrust through the intermediate and transi-
tional processes of kaolinitization—gibbsitiza-
tion (saprolite) and hematitization-goethiti-
zation (upper lavers) processes.
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5. Saprolitization and ferruginization
development .

5.1. Quantitative relationships between
mineralogy and bulk chemistry

5.1.1. Within the saprolite. The saprolite of the
forested and low-plateau profiles is strongly
differentiated in terms of mineralogy and bulk
chemistry (Table 1; Fig. 6).

The saprolite of the forested slope is richest
in gibbsite (23.5 g/100 cm?®) and in Fe,O;
(44.8 g/100 cm?), which manifests goethite
occurrences (51.5 g/100 cm?).

The saprolite of the low plateau is richest in
silica (61.5 g/100 cm?) and in alumina (43 g/
100 cm?), which reflects quartz (11.6 g/100
cm?) and kaolinite (113 g/100 cm?) contents.

The trace-element signatures clearly identify
the saprolite layers. Transition elements such
as Mn, V, Ni, Co, Cr and Cu have high con-
tents in the forested slope saprolite, whereas the
alkaline earths such as Sr, Ba and the rare-earth
elements such as La, Ce, and also Y and Zr

concentrate in the low-plateau saprolite (Fig.
6).

5.1.2. Within the indurated mottled clay layers.
The mottled clay layers are mineralogically and
chemically transitional between the underly-
ing saprolites and the overlying soft nodular
layers.

The high-plateau indurated mottled clay
layer is richest in Fe (161.6 g/100 cm?) and

TABLE 1
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goethite (156 g/100 cm?) (Table 2). The bare
slope layer is characterized by high silica and
alumina contents (52.4 and 46.2 g/100 cm?,
respectively), reflected in the amount of ka-
olinite (117.2 g/100 cm?). The low-plateau
layer is the richest in quartz (11.5 g/100 cm?)
and in hematite (20.7 g/100 cm?).

5.1.3. Within the soft nodular layers. In con-
trast to saprolite, the soft nodular layers are not
clearly characterized by their mineralogy and
bulk chemistry. Only slight differences can be
noticed (Table 3).

The high-plateau layer is, on average, the
richest in Fe (116.4 g/100 cm?) as well as he-
matite (70.9 g/100 cm?) and kaolinite (116
g/100 cm?) (Table 3). In its upper part, it is
further characterized by an Fe-depleted layer
(77.3 g/100 cm?) rich in kaolinite (148 g/100
cm?) (Table 4). On the other hand, the base
of the high-plateau profile is made up of an Fe-
rich (161.6 g/100 cm?) goethiticlayer (156 g/

100 cm?). In comparison with the iron duri-

crusts (Table 5), this layer is the most ferrugi-
nous and richest in goethite.

The forested slope layer is the richest in goe-
thite (74 g/100 cm?), whereas the bare slope
layer has the highest content of alumina with
56.5 g/100 cm?, reflecting gibbsite (46.4 g/100
cm?) occurrence (Table 3).

The low-plateau layer is the richest in silica
with 51.4 g/100 cm?, reflecting the amount of
quartz (15.4 g/cm?).

Bulk chemical and mineralogical average composition of saprolites of each system expressed in gram per 100 cm? of sample

System n d SiO, ALO; Fe,O; Mn;O, MgO K,O TiO, P,O; H,O Total Q K G H Gi Total

1 7 1.47 32 423 448 0.2
3 5 145 61.5 431 183 0.14

009 0
0.06 0.1

47 04 216 1461 O
53 03 156 1444 116 113 174 3 0 145

72 51.5 0 235 147

I =forested slope profile; 3=low-plateau profile; n=number of samples; d=bulk density; Q =quartz; K =kaolinite; G =goethite;

H =hematite; Gi =gibbsite.
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TABLE 2

Bulk chemical and mineralogical average composition of indurated
100 cm? of sample

mottled clay layer (111) of each system expressed in gram per

System n d Si0, ALO; Fe,O; Mn;0; MgO KO TiO, P.0Os; H.O Total Q K G H Gi Total
! 2265 278 363 1616 0.1 0.1 0 49 24 32 2652 5 §7.5 156 106 0O 259.1
2 8§ 2.02 524 46.2 71.2 0.22 012 0 6.1 097 246 201.8 6 117.2 68.7 10.1 0 202
3 6 23 402 405 1144 Q.16 0.09 016 41 1 27.2 2279 11.5 989 989 207 0 230

] =high-plateau profile; 2=bare slope profile: 3=low-plateau profile: n=number of samples: d=bulk density; Q=quartz: K=

kaolinite; G =goethite; H=hematite: Gi=gibbsite.

5.1.4. Within the iron duricrust. The mineral-
ogical composition of the varied iron duricrust
is a more efficient signature than the bulk
chemistry (Table 5; Fig. 6).

The high kaolinite and goethite contents

(97.5 and 115 g/100 cm?, respectively) char-
acterize the low-plateau ochre-brownish nod-
ular duricrust, whereas gibbsite (57 g/100
cm?) and hematite (106 g/100 cm?) are the
main components of the purple-reddish nodu-
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TABLE 3
Bulk chemical and mineralogical average composition of soft nodular layer (IV) of each system expressed in gram per 100 cm?®

‘r - of sample
l,, System #n d Si0, AlLO; Fe,O; Mn;O0s MgO K,0 TiO, P,Os H,0 Total Q K G H Gi Total

Ia 3 243 48.1 47 116.4 0.22 0.09 0 56 076 253 2435 1 116 549 709 0 2428
' Ib 32 35.8 43.8 89.4 0.18 0.06 0 41 052 248 1194 0 78 74 24 22 198

2 3 2.11 46.4 56.5 73 034 01 0 6.7 055 26.1 209.7 15 69.5 44.3 34 46.4 209.3

3 6 2.2 514 46.7 88.7 0.2 0.13 0 5.6 057 249 2182 154 81.4 59.4 39.6 24.2 220

1=high-plateau profile; /b=forested slope profile; 2=bare slope profile; 3=1ow-plateau profile; n=number of samples; d=bulk
density; Q=quartz; K=kaolinite; G =goethite; H=hematite; Gi=gibbsite.

TABLE 4

Bulk chemical and mineralogical average composition of the layers within the weathering profile of the high plateau expressed in
gram per 100 cm® of sample

N Depth n d  SiO, ALO; Fe;0O; Mn;O, MgO K,0 TiO, P,0s H,O Total Q K G H Gi Total

(m)

9-8 2 2.65 27.8 363 161.6 0.1 0.1 0 49 24 32 26525 875156 106 0 259.1
6-4 2 247 395 412 136 025 01 O 56 077 247 2481 0 100 60 875 0 2475
3-4 1 235653 587 773 016 0.07 0 56 075 264 2433 2 148 446 37.6 0 2322
3-0 5 275 404 506 146 0.2 005 0 58 11 277 271.83 85 52 1045 30 2745

n=number of samples; d=bulk density; Q=quartz; K =kaolinite; G=goethite; H=hematite; Gi=gibbsite.
" TABLE 5

e Bulk chemical and mineralogical average composition of massive (I) and nodular (II) iron duricrusts of each system expressed
in gram per 100 cm? of sample

System n d Si0, ALO; Fe,0; MnyO4 MgO K,0 TiO, P,0s H,O Total Q K G H Gi Total

Ia 5 275 404 50.6 146 0.2 005 0 58 1.1 277 2718 3 85 52 1045 30 2745
Ib 9 2.66 28.1 47.6 150.7 0.18 0.1 O 47 092 29.2 2615 25 58 735 84 394 2574
2 5 2.55 285 515 1406 015 008 O 62 1.1 277 2558 10 39 44 106 57 256
Ja 5 245 38.7 472 1272 015 005 O 3.7 071 267 2444 73 71 46.5 88.2 31.8 244.8
3b 11 25 409 434 126 017 0.07 0 39 1.5 294 248 7.5 97.5 115 25 7.5 252.5

la=high-plateau profile; /b =forested slope profile; 2=bare slope profile; 3a, 3b=Ilow-plateau profiles (3a=purple reddish nod-
ular iron duricrust, 3b=ochre brownish nodular or vermiform iron duricrust); »=number of samples; d=bulk density; Q=quartz;
K =kaolinite; G=goethite; H=hematite; Gi= gibbsite.

lar duricrust slope. As illustrated in Fig. 6, the tures of the saprolite layers are not preserved

- iron duricrusts are not well differentiated by in the upperlying layers at the scale of bulk
- their trace-element compositions either for samples, revealing the partial loss of the geo-
' transition elements or alkali-earth and rare- chemical inheritance of the parent rock during
A earth elements. increasing ferruginization processes. As this
From the saprolite to the iron duricrust, the partial loss can result from averaging calcula-

layers have a specific mineralogical signature tions, a complementary statistical study will

pointing out the lateral and vertical evolution give more detailed information about the re-

of saprolitization and ferruginization devel- lationships between elements and minerals

opments. In contrast, the trace-element signa- during weathering.
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5.2. Statistical relationships between minerals
and chemical elements

Factor analysis has been carried out on mi-
neralogical and chemical data (32 variables)
for a whole of 100 samples collected within the
weathering layers of each profile.

Varimax rotated factor analysis reveals 6
factors scores accounting for 94% of the total
sample variance (Fig. 7). These factors high-
light the opposite pathways between saproliti-
zation and ferruginization processes.

The first factor opposes “hematite with Fe—
V> (negative correlation) which pertains to
ferruginization, and “kaolinite with Si—~Al-Ti—
Y-Yb” (positive correlation) which charac-
terizes saprolitization (Fig. 7).

The second factor reveals the antagonism
between hematite (positive correlation) and
“goethite-P-Zn-Cu-Sc-Y™ clustering (nega-

tive correlation), reflecting two ferruginiza-
tion pathways. The first expressed the hema-
tite-rich massive or nodular iron duricrusts and
the second the goethite-rich nodular iron dur-
icrust or indurated mottled clay layer devel-
opment (Fig. 7).

The third factor groups together P, Ba, Sr,
La and Ce (positive correlation ), which man-
ifests either the inheritance of monazite (Ma-
zaltarim, 1989) or the supergene formation of
gorcexite or florencite within the indurated
mottled clay layers (Braun et al., 1990), or still
the neoformation of cerianite at the lower part
of the soft nodular layer in the high-plateau
profile (Fig. 5-4 and -5).

The three former factors highlight a similar
geochemical pathway between the base of the
high-plateau profile, where an iron duricrust is
forming, and the top of the forested slope pro-
file where a nodular iron duricrust developed.
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TABLE 6

Results of mass-transfer analysis applied on the pit 17

. BEAUVAIS AND F. COLIN

Depth  Type Pa P Porosity ¢ Ts; Ty Tre T Thn Tp Ty Ter
{m) (%)
0.20 1 2500 3100 19.35 —0.58 —=0.92 —-0.53 0.57 ~0.30 —0.81 —0.61 1.06 0.24
0.50 1 275 315 1270 —0.61 =093 —0.61 0.72 —0.33 —0.88 —=0.64 1.12 0.55
1.0 1 260 3.05 1475 —0.47 —0.88 —0.38 0.98 —0.27 =085 —0.59 1.34 -0.20
1.50 1 2700 323 164l —0.56 =091 =056 0.87 —=0.34 —0.89 —-0.58 1.30 0.21
200 1 280 325 1385 —0.68 —0.94 —-0.67 042 051 =084 —=0.63 0.59 0.23
250 1 255 307 1694 —0.48 —=0.89 —0.54 1.06 —0.34 —0.86 —~0.50 1.35 0.10
3000 1 2.65 322 1370 —0.69 =095 —0.69 0,29 -Q532 =093 —0.59 029 ~0.14
350 1 260 316 1772 —0.59 =093 —0.03 071 —044 —=0.85 =046 0.72 0.21
4.00 1 220 3.07 2834 —0.46 —0.90 =053 0,77 =038 —0.87 =040 (.82 0.01
500 10 .90 2.81  32.38 —0.38 —0.83 042 0.30 =012 —0.81 —=0.66 091 —0.37
5.50 11 210 2790 2227 —0.30 =081 —0.33 0.80 0.03 =079 —-047 1.76 —0.24
6.00 11 1.8 2490 3910 —0.36 —0.88 =048 049 ~0.04 =081 =070 1.24 0.06
6.50  Ila (.80 272 33.82 —0.52 —0.89 =057 =006 =008 —0.81 —-0.69 0.03 —0.78
6.70  IMa .90 2,75 30.91 -39 —0.91 =064 =008 =027 —=0.83 —=0.60 0.12 —0.54
7.00  Iib Led 270 40.74 —0.15 =082 —0.22 0.26 0.23 =071 —=0.70 095 =015
7.50 b L37 270 41.85 —0.02 —0.78 =0.25 0.60 0.33 =070 —-0.64 1.61 —=0.28
§.00 b 1.60 250 36.00 —0.10 =074 —=0.22 0.20 0.28 —=0.69 =075 0.87 —=0.63
8.50 b ILI§ 260 5402 0.10 =030 —0.31 0.22 0.51 —0.70 =071 092  —0.34
9.00  HIb 1.34 237 4346 —-0.08 —0.80 =0.35 0.16 043 =073 —=0.67 0.78 —=0.42
9.50  IIb 1.30 225 4222 0.15 —-0.70 —-0.18 0.135 0.34 =073 =0.75 080 —0.40
.70 1V 1.37 230 4043 0.34 —0.90 0.56 0.28 N0.60 —0.67 050 0.9 —=0.21
10.00 1V .36 2,19 37.90 0.01 —094 -~0.01 0.35 0.74 =06 =039 111  =0.02
10.50 1V 1.e0 232 31.03 —0.18 —=0.75 —=0.26 0.05 0.54 —0.60 —0.65 0.73 =0.35
11.60 1V 1.36  2.28  40.35 0.06 —0.78 —0.30 0.53 036 =059 —=0.56 1.25 .08
11.50 IV 1.700 226 2478 —0.07 —0.66 =0.07 0.07 0.37 —0.52 -0.54 1.22 -0.28
1200 IV 1.50 234 3590 —0.14 —0.72 =028 —=0.09 0.24 —0.70 -—0.62 033 —~0.42
12.50 IV 140 245 4286 0.09 —0.71 —=0.21 0.29 0.37 —-0.62 =046 089 =012
15.00  parentrock 2.94  3.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The fourth factor draws together quartz. Zr
and Nb (positive correlation ). Quartz as relict
phase and zircon as weathering-resistant min-
eral characterizes the mineralogical inherit-
ance of the parent rock. which is better marked
in the slopes and the low-plateau profiles.

The fifth factor correlates Mn, Ba, Ni, Co
and Zn (positive correlation ), which are com-
ponents of Mn-oxyhydroxides or asbolanes re-
sulting from supergene precipitation within the
weathering profiles under specific geochemi-
cal conditions (Parc et al.. 1989). Lithiophor-
ite was observed at the base of the high-plateau
profile (Fig. 5-3, -4 and -5). However., this
cluster does not discriminate the layers.

The sixth factor associates the gibbsite and
alumina (positive correlation ), reflecting the
gibbsitization processes which substitutes for
kaolinitization within the saprolite and iron
duricrusts of the slope profiles.

5.3. Muss element transfers during
saprolitization and ferruginization processes

Mass-balance calculations have been carried
out from Pit 11 samples, in order to quantify
net mass element transfers during weathering
processes.

The bulk porosity globally increases from 2%
in the parent rock to 40% at the base of the
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Tco i Tcu Tzn Tse Tsr Ty b TBa TLa Tce Ty T
—0.89 -0.80 0.09 —0.73 —-0.78 —0.72 -0.83 0.62 —0.60 1.98 0.65 —1.00 —1.00
-0.89 —0.78 033 -0.74 —-073 —-0.95 —0.88 0.88 —0.91 0.03 —-0.08 -—-1.00 ~—1.00
—-0.83 —-0.76 1.38 —-0.59 —0.57 -—098 —0.83 1.29 —-0.95 —-0.14 —-0.01 -1.00 —1.00
—-0.92 -0.83 030 -0.71 —-0.67 -097 —-0.87 0.72 —0.92 -0.08 0.89 —1.00 —1.00
-091 -089 -0.18 -0.78 -0.77 ~—-093 —-0.88 1.22 —0.87 -—-0.22 —0.17 =100 -1.00
—0.82 —0.67 1.00 —-0.65 —-0.58 —093 -—-0.78 0.78 —0.86 1.01 0.51 —1.00 —1.00
-0.89 —-0.85 -0.16 —-0.83 —-0.75 ~—-097 —-0.85 0.92 —-094 —-0.15 025 -1.00 -—1.00
—-0.87 —0.83 0.38 —0.75 —0.68 —-0.97 —0.85 1.39 —-0.94 —-0.28 —-0.12 -1.00 -1.00
—-0.90 —0.381 095 -070 —-0.65 098 —-0.82 1.09 —-098 —-0.63 ~—0.13 —1.00 —1.00
-0.93 —0.80 1.14 —-0.69 068 —0.99 —0.76 1.65 —-099 —-0.82 —-0.17 —-067 —1.00
—-0.85 —0.73 1.61 —-054 —-056 -—0.99 —-0.72 0.97 -0.99 —0.77 0.08 ~0.79 —1.00
—~0.95 —0.85 0.89 —-059 —-068 —-0.99 -—-0.77 1.27 —0.99 -0.68 —-0.14 ~—0.84 =021
—-0.90 —-0.86 0.60 —0.69 —-071 —0.99 —-0.80 1.69 —-0.99 —-038 —-0.47 -0.63 -0.11
-0.96 —0.84 094 —-073 —-069 —-099 —071 0.85 —-0.99 —-0.56 —0.60 —0.56 —0.20
—-0.92 -0.78 0.63 -0.55 —-0.55 -=0.99 -—-0.71 1.09 —-0.99 —-0.54 0.10 —0.62 —0.31
—-0.86 —0.68 140 —-0.57 —-049 —-099 —0.63 1.53 —0.99 —0.62 0.47 —0.56 0.31
—-0.90 ~0.62 099 -057 -—-058 —0.99 —-0.67 1.37 —-099 —0.69 -0.12 =059 —-0.02
—-0.94 —-0.74 0.83 —-0.65 —058 ~—1.00 -—0.74 1.27 -0.99 —-0.72 -0.28 -0.82 0.10
—0.90 —0.67 0.66 —-072 —-060 —1.00 —0.69 1.17 —-0.99 —-0.62 —-0.17 -=0.65 -—0.37
—-0.89 —-0.54 0.46 —-0.54 058 ~—1.00 -—-0.59 1.16 —0.99 -—-0.72 038 -0.79 0.02
—0.93 —0.63 0.53 —-034 —-0.55 =099 072 1.09 —0.98 0.14 -0.13 -0.74 —-1.00
-092 —-083 -003 -—-076 —-0.52 —1.00 -0.86 1.12 —0.98 —0.87 1.75 —1.00 —0.53
—-0.80 —0.48 0.18 —-063 —-053 —1.00 —0.74 0.89 —-098 —-0.84 —-0.18 -0.63 —1.00
—0.81 —-046 -—0.11 —-0.60 045 —100 -0.76 0.19 —0.95 -—-0.87 0.20 -0.80 -—0.27
—-0.73 —-0.41 045 —-0.29 —038 ~1.00 —0.68 0.47 —0.91 —0.75 1.18 —-0.78 —1.00
-0.95 —-0.70 027 -0.61 —-056 —1.00 —-0.53 0.86 —-0.97 —0.80 0.25 —=0.09 -0.12
—0.94 —0.46 0.94 —-0.66 —043 —-1.00 -—-0.75 0.88 -097 —-086 —-0.22 -0.89 —1.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

I=iron duricrust; [I=soft nodular layer; IIl =mottled clay layer (a=upper part, b=lower part); IV =saprolite; p,,=bulk density;
Pe=grain density; e=volume change ( — =collapse, + =dilation); r=mass transport factor ( + =gain, — =loss); Ca, Mg, Na, K
and Eu are not taken in account because they are entirely leached (t=—1).

mottled clay layer, and then decreases progres-
sively toward the surface to reach ~ 15% within
the iron duricrust layer (Fig. 8).

Volumetric changes calculated with Zr as
immobile element well differentiate two parts
within the profile (Fig. 8):

(1) The base, that is the parent rock, the
saprolite and the lower part of the mottled clay
layer where the weathering is isovolumetric
except for the dilational gibbsite-richest
saprolite.

(2) The top, that is the upper part of the
mottled clay layer, the soft nodular layer and
the iron duricrust where the weathering is col-
lapse-controlled with a volumetric change

ranging from —0.68 to —0.3. The transition
between the two parts (upper part of mottled
clay layer noted 3 in Fig. 8) is strongly marked,
compared to the isovolumetric saprolite, by a
collapse of 55% with respect to the parent rock.
Results of mass-transport function calcula-
tions are reported in Table 6, and allow us to
differentiate three groups of elements from
their behaviour within the whole weathering
profile:
— Group 1: Fe, V, Cu and Nb: all these ele-
ments are imported during weathering pro-
cesses from external sources. The amount of
imported Fe increases clearly toward the
surface.
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— Group 2: Si. Mn, Co. Ni, Zn, Sc, Sr. Y. Ba,
Yb and Lu: these elements are stronghly
leached out of the global weathering system,
with a higher rate in the soft nodular and iron
duricrust layers than in the mottled clay layer
and saprolite.

— Group 3: Al Ti. P, Cr, La and Ce: these ele-
ments have a global irregular behaviour in
terms of gains and losses. which can only be
explained by local environmental conditions at
the scale of the weathering layers. For exam-
ple, a net gain in Ce is recorded in the sapro-
lite, due to downward Ce solute translocation
from the nodular layer and the base of the iron
duricrust (depletive values of the transport
function). leading to cerianite formation
within the saprolite, as it was already observed
in a similar weathering system (Braun et al..
1990). At the top of the weathering system. the
nodular iron duricrust is Ce-enriched com-
pared to the parent rock. This geochemical be-
haviour of Ce corroborates the petrological and
the statistical analysis investigations which had
respectively shown: (1) the preciptitation of
cerianite in a forming iron duricrust at the base
of the high-plateau profile: and (2) the geo-

chemical relationship between the latter and
the nodular iron duricrust of the forested slope
profile.

Some of these elements, such as Al and Ti.
are good pathfinders to trace saprolitization
and ferruginization processes. This is shown by
representing the weathering pathways as func-
tions of volumetric changes and Al or Ti net
mass transfers (Fig. 9).

As saprolite differentiates from fresh parent
rock, and into basal mottled clay layer. Al is
weakly leached out during quite 1sovolumetric
changes: this is the domain where kaolinite de-
velops with a gain in Ti. i.e. the saprolitization
domain. Gibbsite formation is obviously char-
acterized by a net gain in Al and Ti, and a pos-
itive volumetric change (Fig. 9).

From the upper part of the mottled clay layer
to the iron duricrust, the amount of both
leached Al and Ti increases as well as col-
lapses. This is the domain of goethite and he-
matite formation. i.e. the ferruginization
domain.

Quantification of the overall mass transfer
during both saprolitization and ferruginiza-
tion processes can be approached by estimat-
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ing the transfers of the main chemical compo-
nents which are Si. Al. Fe and Ti.

The total mass of any mobile element j
transferred through a weathering system w can
be calculated from:

C
’nj.w = (T&pp l'p )t/}‘w ( 4 )

This equation gives the transferred mass for a
single volume F,. To calculate the total mass
transferred through a weathering system (de-
fined by a cross-sectional area, and expressed
in kilograms) to an investigated depth Z,, it is
necessary to integrate the 7, as a function of
depth:

v (S
;‘1,-_“ —(]()Opp

Results are graphically representated in Fig.
10. The net mass transfers of Si, Al. Fe and Ti
are a function of both saprolitization and fer-
ruginization processes. The saprolitization de-
velopment for 5.5-m thickness corresponds to
a leaching of 5905 kg Si and 499 kg Al, and to
an accumulation of 495 kg Fe and 72 kg Ti.
The development of 7 m of ferruginous profile
including the upper part of the mottled clay
layer, the soft nodular layer and the iron duri-
crust. involves net losses of 8688 kg Si, 1734
kg Al and 61 kg Ti on the one hand. and a net
gain of 1538 kg Fe, on the other. The mass-bal-
ance transfer of Ti is globally positive (+11
kg) according to anatase precipitation within
the fine porosity structure crossing the
saprolite.
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6. Discussion and conclusions

The three iron duricrust systems have been
distinguished by their geomorphological out-
lines as well as by the petrographical, petro-
logical and geochemical features of the constit-
uent layers.

Geochemical differentiation of the sapro-
lites reflects either the variety of parent rocks
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{Leprun, 1979; Pion, 1979; Ambrosi and Na-
hon. 1986, Nahon. 1986) or the variation in
morpho-pedological paths (Bocquier, 1971:
Boulet, 1974: Nahon. 1976; Boulet et al., 1977:
Bocquier et al., 1983). In fact, from a similar
parent rock and under similar climatic condi-
tions, both saprolitization and ferruginization
processes are more advanced on the highest
and best drained parts of the landscape than
on the lowest parts. In addition, erosion is
stronger on the slopes and low plateaus near
the thalwegs (Grandin. 1973), leading to the
rejuvenation of weathering layers, and some-
times favouring their outcropping ( Tardy et al.,
1988c: Mazaltarim. 1989). In this case, the
saprolite of the low-plateau profile is younger
and less mature than the saprolite of the for-
ested slope profile.

Secondary ferruginization processes involve
the development of successive layers from the
bottom to the top of profiles for each system
such as mottled clay layer. indurated motiled
clay laver. soft nodular layer and iron duri-
crust. These layers are subjected to hematiti-
zation and goethitization processes which take
place with morpho-pedoclimatic changes.

Within the soft nodular layer. two popula-
tions of nodules with various origins have been
studied. The lithomorphous nodules result
from ferruginization of saprolite domains.
whereas the argillomorphous nodules origi-
nate from the ferruginization of mottled clay
layer domains.

In the case of saprolite. primary ferrugini-
zation is goethitic and derives from weather-
ing of Fe-bearing primary minerals and it be-
comes progressively hematitic within the
mottled clay layer and within the soft nodular
layer during oxidation processes. In the latest
stage. goethite develops as cortex or a brown
network around or within hematitic nodules.

Goethite formation affects the iron duri-
crusts as well as nodules of the soft nodular
layers or the indurated mottled clay layers. In
this way. goethite content increases at the ex-
pense of hematite. This mineralogical trans-
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formation can be accompanied by gibbsite
crystallization in the nodules. Gibbsite de-
rived either from in situ kaolinite hydrolysis or
from inheritance of past more humid climatic
conditions, according to its occurrence in the
nodular iron duricrust of the slope profiles. The
nodules of the soft nodular layer, containing
inherited gibbsite crystallites may result from
the geochemical degradation of a former gibb-
site-rich nodular iron duricrust. This interpre-
tation is confirmed by the occurrence of an Fe-
depleted clayey layer in the upper part of the
soft nodular layer, and by the presence of an
Fe-enriched layer at the base of the soft nodu-
lar layer in the high-plateau profile.

As previously demonstrated, the equilib-
rium reactions between hematite and goethite,
and between kaolinite and gibbsite are con-

trolled by changes in temperature, pore size,

water and silica activities and also oxygen and
carbon dioxide fugacities (Didier et al., 1985;
Tardy and Nahon, 1985; Trolard and Tardy,
1987; Tardy and Novikoff, 1988; Tardy et al.,
1988b; Ambrosi, 1990). These physico-chem-
ical parameters characterize the pedo-biocli-
matic environment of mineral formation.
Hematite and kaolinite are tightly associ-
ated within the iron duricrusts of the high-pla-
teau profiles, where the clayey material poros-
ity is fine (< 10 um) and the water activity is
less than 1. Such a mineralogical association
gives way to goethite and gibbsite wherever
porosity, water activity and carbon dioxide fu-
gacity increase and in the same time silica ac-
tivity and oxygen fugacity decrease. This is the
case within the high-plateau and the forested
slope profiles. The transformation of the ka-
olinite into gibbsite through halloysite is effi-
cient in the saprolite layer of the forested slope
profile, according to the physico-chemical fea-
tures changes of the microenvironment (Tro-
lard et al.; 1990). The transformation of he-
matite into goethite under more humid
conditions is observed within the indurated
mottled clay layer in the high-plateau profile.
Moreover, the coprecipitation of lithiophorite
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and cerianite (Fig. 5-3, -4 and -5) in this layer
indicates oxidizing conditions, leading to the
development of a recent iron duricrust. This
mineral assemblage is in good agreement with
the thermodynamic stability of lithiophorite
(Parc, 1989) and cerianite (Braun et al.,
1990).

The massive and nodular iron duricrusts are
sequentially formed in space and time under
the effect of Fe-aggradation and -degradation
processes. In fact, the hematite-rich massive
iron duricrust of the high plateau results from
Fe-aggradation processes, whereas the nodular
iron duricrust of the slope generate from Fe-
degradation processes. In contrast, the goe-
thite-rich indurated mottled clay layers result
from both Fe-aggradation and -degradation
processes in more humid and less oxidizing
conditions.

Thus, the formation and transformation of
the iron duricrust systems are functions of dis-
criminating saprolitization and ferruginiza-
tion processes. Both lead to aggraded and de-
graded ferrruginous layer formation in
agreement with morpho-pedoclimatic changes.
Stability of minerals varies from the upper
parts of the landscape to the lower ones, or
from the top to the base of weathering profiles.
Therefore, goethite-rich layers succeed to he-
matitic-rich ones. Kaolinite is the dominant
clay in the unattacked layers but it transforms
into gibbsite under more humid and better
drainage conditions.

The Varimax rotated factor analysis shows
that the relationships between the secondary
minerals and the trace elements are a function
of saprolitization and ferruginization process
intensity.

The saprolite of the low-plateau profile is rich
in alkali earths (Sr, Ba), rare-earth elements
(La, Ce) and also Y and Zr contents. The sap-
rolite of the forested slope profile is more ma-
ture because it is the richest in Fe and particu-
larly in goethite with higher contents of
transition elements such as Mn, V, Ni, Co, Cr,
Zn and Cu. Manceau and Calas (1986), Cor-
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nell and Giovanoli {1987), Nunez and Gilkes
(1987), Cornell (1988), and Schwertmann et
al. (1989) demonstrated that transition ele-
ments substitute in tetrahedral or octahedral
sites of Fe-oxyhydroxides or clays.

In addition to the fact that Ti, Zr and Nb are
the main components of the residual mineral
phases. the geochemical signature of parent
rocks attenuates with increased ferruginiza-
tion processes. Saprolitization process par-

tially preserves the geochemical inheritance of

parent rocks, whereas ferruginization process
depletes it.

Mass-transfer analysis points out the geo-
chemical systematics of a typical weathering
system. It shows that the volume change (col-
lapse and dilation) and the respective behav-
iours of Al and Ti accurrately emphasize the
saprolitization and ferruginization pathways.

During the ferruginization process, transi-
tion elements segregate between hematite and
goethite, The behaviour of Mn, Ni, Co. Zn, Sc
and Cu is controlled by goethite development,
whereas V and Cr behave like Fe with a weak
affinity for hematite. Nevertheless, V and Cu
are the only trace elements imported during
weathering processes. The alkali earths and
rare-earth elements also segregate during fer-
ruginization. Ba and Ce are commonly linked
to Mn-oxyhydroxides (Fortin, 1989: Braun et
al., 1990) which can precipitate in ferruginous
layers under moderate oxidizing conditions,
whereas Sr, La, Eu, Yb and Lu are generally
strongly released into solution. In our report,
La accumulates in iron crust, while Ce behaves
irregularly during the weathering processes,
being either weakly leached or concentrated at
the upper part of the weathering system (iron
duricrust), or much strongly accumulated at
the lower part (saprolite). The Ce enrichment
can be explained by downward translocation
during regolith reduction which has taken place
during conversion of massive iron duricrust
{similar to the existing high-plateau massive
iron duricrust) into nodular iron duricrust
most developed on the slopes.
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Apart from the behaviour of trace elements,
the mass-transfer analysis shows, during fer-
ruginization development, the exportation of
major elements such as Si. Al and Ti. Goethite
and hematite are little Al-substituted. accord-
ing to crystallochemical study coupled with
microprobe analysis (Beauvais, 1991 ). Within
saprolite, Fe and Ti are correlated because they
accumulate with respect: (1) to relict un-
weathered ilmenite; (2) to geochemical verti-
cal transport; and (3) to precipitation of ana-
tase. In the same way. saprolite may be locally
enriched with Al as a result of both kaoliniza-
tion and vertical transport.

The behaviour of Al and Ti as well as the
volume change accurately track the saproliti-
zation and ferruginization processes (Figs. 8-
10).

The study of chemical element behaviour in
lateritic environment, either major elements
{Al, Ti, etc.) or trace elements (Ce, etc.), is
thus very efficient for a better understanding
of the lateritic weathering system evolution.
Furthermore, it shows that the trace element-
bearing secondary minerals reflect the pedocli-
matic conditions of their formation, and there-
fore, better the global climatic changes than
some geochemical relationships with the par-
ent rock. Thus, it cnables us to propose a likely
pattern of lateritic landscape development .

It is generally believed that the global lateri-
tic systems formed from the West African
shield derive from ancient massive bauxitic
formations (Grandin, 1973: Boulangé, 1983:
Boulangé and Millot, 1988). By contrast. our
petrological and geochemical investigations
show that the actual goethite- and gibbsite-rich
lateritic systems mostly derive from previous
hematite- and kaolinite-rich iron duricrusis
similar to those still present on the high pla-
teaus, rather than from an ancient bauxitic
system. Although some light vestiges of pisolit-
ic bauxite were discovered in the northern
R.C.A. (Boulvert, 1990). this study found nei-
ther physical nor chemical evidence for the ex-
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istence of such structures in the southern part
of Central Africa.

However, this proposition implicates that a
more tropical contrasted climate promoting the
hematite-rich system prevailed before the
present tropical humid episode, which is more
favourable to goethite and gibbsite develop-
ment. This conclusion is in good agreement
with recent paleoclimatic reconstructions
based on the mineralogical facies distribution
of lateritic formations in Africa and Brazil
(Tardyetal., 1988a, b, 1991; Beauvais, 1991).
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