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Sources of Substance and Genetic Relation
of Soil and Bauxite-Bearing Horizons
in the Laterite Profile of the Weathering Crust
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Abstract—For the first time, a granulometric analysis of lateritic soils was carried out and the sources of the sub-
stance involved in the formation of the degradation zone in the bauxite-bearing laterite profile of the bauxite-
bearing province of Futa Jallon-Mandingo were identified. Throughout the province, on the stony rocks of the
lateritic covers, the soil horizon occurs everywhere—the uppermost element of the vertical profile of the weath-
ering crust. In the soil horizon, most of the components become mobile, leaching processes predominate, and
laterites are mobilized and redistributed. The study of these continental formations made it possible to establish
the genetic relationship between the soil horizon of the weathering crust and the underlying bauxite ores, and to
determine the degree of influence of soil composition on the processes of bauxite formation.
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INTRODUCTION

In tropical zones, with a high average annual tem-
perature, a high amount of precipitation, and seasonal
wet climate promote the migration of weathering
products, their accumulation, and the formation of a
thick weathering crust. A soil loose layer of the lateritic
weathering crust is the uppermost zone of a classical
lateritic profile. It is termed a degradation zone or a
degradation horizon [1, 2]. Various hypotheses
explain the formation of the upper horizon of the lat-
eritic bauxite-bearing profile. It is considered that it is
a result of the degradation of the underlying material
of cuirrase (autochthonous origin), colluviation, and
reworking of the material from landscape slopes
(allochthonous origin), and a mixed origin together
with material from deeper horizons of the same profile
due to gain of small mineral particles after the activity
of termites [1].

It is suggested that termites make a significant con-
tribution to the formation of laterites [3]. The soil layer
and underlying rocks are penetrated by a network of
their channels increasing the penetration of the weath-
ering profile and promoting bauxitization [4]. Ter-
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mites tunnel deeply for water that is often used as evi-
dence of their upward transportation of mineral parti-
cles [5]. The higher SiO, content of the soil layer is
explained by the upward removal of clay and sandy-
clay material by termites for their mounds from the
lithomarge of the weathering crust [6].

The Fouta Djallon—Mandingo (FDM) province is
confined to wet savannah and forest savannah. The
climate on this territory is tropical, seasonally wet,
with alternating wet (June—October) and dry
(November—May) seasons of the annual cycle. The
average annual temperature varies from 24 to 30°C [7, 8].
From the end of November to the middle of March,
the territory undergoes the very dry and dusty, hot and
draining northeastern Harmattan [9]. Because the
wind passes a desert, it picks up and transfers numer-
ous dust particles 0.5—10 um in size. The climate con-
ditions promote an increase in temperature of soil
solutions leading to hydrolysis of minerals in the soil
horizon, their disintegration, the formation of cavities,
and fragmentation as a result of collapse. The soils also
host secondary minerals: kaolinite, goethite, gibbsite,
etc. [10].

Scientists who applied the mass balance equation
to the chemical analysis of the weathering profile of
the West Australian bauxites showed that the enrich-
ment of bauxite ore in Al could be caused by the accu-
mulation of acolian dust from chemically mature soils
of other regions. Due to the high porosity of bauxites,
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Fig. 1. Maps of plant cover (a) and thicknesses of soil cover (b) on the Vuasso beauval.

their structure is favorable for the transportation of
mineral grains. Aeolian dust penetrates through the
soil to the underlying layers by the root channels of
plants, thereby enriching the ore in Al and Fe [11]. The
aeolian contribution also explains a higher amount of
quartz and alumosilicates in soils [12, 13].

The FDM bauxite-bearing province is the largest
in the world. The study of the soil horizon, which is
the uppermost element of the vertical section of its
weathering crust, allows the determination of the
degree of influence of the composition of soils on pro-
cesses of bauxite formation. The horizon is composed
of gray loams and lateritic and bauxitic clasts and is
saturated with roots and relics of plants. The solid lat-
eritic rocks inside and below the soil undergo disinte-
gration, dissolution, and redistribution of matter along
the fractures [14].

The high amount of organic plant substance and
microbiota under conditions of seasonal saturation
with rain water and dry periods between rains is
responsible for the chemical and biochemical mobili-
zation of the matter of lateritic covers and its redistri-
bution.

The loose formations of the soil layer are a zone of
physical mobilization of the material, which affects
the redeposition and accumulation of various genetic
types of continental formations, and manage the pos-
sible localization of mechanically sedimentary baux-
ites [15].

In our study, we analyzed samples collected in
areas of the provinces where cuirrase was eroded and
bauxites were under the soils. We conducted for the
first time granulometric analysis of lateritic soils and
identified the sources of matter for the formation of
the upper horizon of the bauxite-bearing lateritic pro-
file.
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MATERIALS AND METHODS

The FDM bauxite-bearing province is located in
the westernmost part of Africa. The territory is a step
plateau with deep river and creek valleys [16, 17]. The
flat, gently wavy, and gently step summits of remnants
and individual watershed arrays (beauvales) of the
northwestern spurs of the Fouta Djallon Plateau on
rocks of lateritic covers are ubiquitously covered by
present-day soils of variable thickness and intercala-
tion of areas of grass, bushes, and forests.

The maximum (up to 1.5 m) thickness of the soil
horizon is observed in forests, especially on flat slopes
and benches of the beauval surfaces. This is especially
evident from the example of the Vuasso deposit
(Figs. 1a, 1b). On a flattened beauval surface, the
thickness is typically 0.1—0.3 m reaching 0.5—1.0 m in
local pockets and holes. There are also local linear
zones (confined to fracture zones), where the thick-
ness of the soil horizon on the slopes of beauvales
increases and reaches 1 m or more.

The upper part of the soil horizon is formed by a
dark gray to black sandy—clayey mass, which contains
small angular grus clasts (10—15%) of unaltered or fer-
ruginous small-gravel bauxites. A subsurface part to a
depth of 10—15 cm is penetrated by a fine root system
of grass and rare trees; the amount of roots can reach
30—40% and even 50% near the surface. Down
through the depths, the soil gradually becomes brown-
ish gray without a sharp boundary. The amount of grus
clasts of pebble and, to a lesser extent, boulder size
increases and can reach 50—60%. The size and
amount of clasts increase to deep levels. They also
include a significant amount of concentrically zoned
concretions: soil ferruginous pisolites with the size
ranging from a few millimeters to 1 cm (rarely, 2.0—
2.5 cm). The basement of the soil horizon exhibits a
Vol. 511
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conditional zone, which is strongly enriched in coarse
clastic material: from 20—40 to 70—80 vol % is com-
posed of round ferruginous clasts and angular boul-
ders of bauxites and laterites up to 10—15 (rarely 40—
50) cm in diameter. Small fractions (matrix) consist of
a gray or brownish loamy—sandy mass similar to the
matrix of the middle zone. The lower boundary of
loose formations is extremely uneven, depends on the
hilly surface of the lateritic cover, and is complicated
by fractures, pockets, and inliers.

For the study of the soil horizon, we used the
results of field work and laboratory analyses of rocks of
aloose cap from some bauxite deposits in the basins of
the Kogon and Tingilinta rivers of the FDM bauxite-
bearing province in the northwestern part of the
Republic of Guinea.

For detailed study of the composition and physi-
cal-mechanical properties of the loose cap rocks and
underlying bauxites, we analyzed (i) the volumetric
mass, the coefficient of disintegration, and the natural
moisture (the moisture of rocks was analyzed in the
second half of the dry season and in the first half of the
rainy season) and (ii) the granulometric composition
using dry sieving through sieves of fractions of (mm)
+100, +50...—100, +25...—50, +10...—25, +5...—10,
+2...—5, +1...=-2, +0.5...—1, +0.25...—0.5, and
0...—0.25. The fractions of +0.1...—0.25, +0.04...—0.1,
and —0.04 mm were selected using laser diffraction on
a “FRITSCH” ANALYSETTE 22 sizer (Germany).

The laboratory studies included X-ray diffractom-
etry (XRD) on an Ultima-IV diffractometer (Rigaku,
Japan) and analysis of the chemical composition on an
AxiosAx “RANalytical” X-ray fluorescent spectrome-
ter (the Netherlands).

In total, we studied 18 soil samples collected at
seven deposits of the FDM province: NDangara (P-1,
P-2, P-4, P-6, P-8), Tiapikoure (P-18), Bourore (P-17,
P-18), Vuasso (P-20, P-21), Bunde-Vaade (P-11—
P14), Paravi (P-9, P-10), and Koobi (P-15, P-16).

RESULTS

Loose formations always contain particles of different
fractions and size classes: from boulders (>100 mm) to
silty and clayey fractions. The proportion between dif-
ferent fractions in the studied samples varies widely
depending on landscape types. Two sample groups are
distinguished:

(i) Samples (11) of group 1 were collected in the
marginal parts of the beauval or on the slopes of the
local hills. Their granulometric composition is charac-
terized by a significant role (12—45%) of small
(<1 mm) fractions.

(ii) Samples (7) of group 2 were collected on the
flattened beauval surface. Their granulometric com-
position is strongly dominated by particles of >8 mm
(53—90%). The sandy and smaller fractions (<1 mm)
are subordinate (2—5%).
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Table 1. Granolumetric composition of different fractions
of present-day loose formations (%)

Flattened
surface
of beauval

Margins
and slopes
of beauval

All
landscapes

Fractions,
mm

Coarse-gravel, pebble, and boulder fractions

>100 8.2 5.8 7.3
50—100 6.9 10.8 8.4
25-50 10.4 16.3 12.7
12-25 12.5 25.5 24.4

8§—12 10.7 16.8 13.4
Total 48.8 75.1 66.2
Coarse-sandy, small- and medium-gravel fractions

5-8 8.9 8.3 13.1

2-5 10.6 7.5 9.6

1-2 3.4 2.0 2.9
Total 22.9 17.8 25.6

Small- and medium-sandy fractions
0.5—1 10.0 0.5 6.9
0.25-0.5 6.9 0.8 4.9

<0.25 7.7 2.2 5.9

Total 24.6 3.6 17.7

The landscapes cannot adequately be classified
into two groups; thus, these sample groups should be
considered the endmembers of a series, which
includes the intermediate variants of proportion of
fractions with a more even distribution of particles of
different sizes and predominance of the medium frac-
tions from 2 to 8§ mm.

The chemical composition of samples of the soil
cover, as well as its comparison with that of underlying
bauxites, is shown in Table 2. The soil horizon is char-
acterized by an increase in the SiO, content and a cor-
responding decrease in the Al,O; content. Note the
accumulation of Fe in the soil cover, as well as a minor
but constant decrease in the Ti content.

These features are typical of almost all samples
irrespective of the landscape types and characterize
the soil cover in general. There are, however, signifi-
cant differences in the chemical composition of frac-
tions of the loose cap of different sizes (Table 2).

The XRD showed that gibbsite, goethite, hematite,
quartz, boehmite, anatase, kaolinite, feldspar, chlo-
rite, montmorillonite, ilmenite, rutile, and hydromica
are the major minerals of soils. The most important
and typical interplanar distances for the minerals
include 4.82 and 4.34 A for gibbsite; 4.18, 2.69, and
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Table 2. Chemical composition (wt %) of material of various fractions of the soil cover (average for all deposits) and under-

lying bauxites

Fragli;’“s’ Landscape Si0, | ALO; | Fe,05 | TiO, | LOI | RO | RO | POs | %
Bauxite Slope (7 samples) 1.06 51.75 15.97 3.52 26.90
Top (11 samples) 1.25 | 48.62 | 20.47 3.34 25.54
Coarse-gravel, pebble, and boulder fractions
>8 Slope 1.35 | 52.55 17.39 3.34 24.54 0.02 0.02 0.18 99.39
Top 1.16 | 50.42 | 21.15 2.81 23.62 0.02 0.02 0.23 99.42
Coarse-sandy, small-, and medium-gravel fractions
5-8 Slope 1.53 | 48.73 | 24.80 2.45 21.58 0.02 0.02 0.23 99.35
Top 1.83 | 45.30 | 33.63 2.45 16.81 0.02 0.01 0.31 99.35
2-5 Slope 8.23 | 44.00 | 23.98 2.77 19.98 0.05 0.06 0.25 99.32
Top 2.73 37.32 | 40.64 2.43 15.81 0.04 0.04 0.35 99.37
1-2 Slope 29.89 | 32.10 17.57 2.56 16.65 0.17 0.22 0.22 99.38
Top 7.11 37.18 35.10 2.39 17.17 0.08 0.07 0.32 99.40
Small- and medium-sandy fractions
0.5—1 Slope 38.75 | 28.11 12.04 2.41 17.39 0.19 0.28 0.20 99.36
Top 24.82 | 27.43 | 22.20 2.12 22.31 0.15 0.23 0.25 99.51
0.25-0.5 Slope 40.20 | 27.48 10.84 2.38 17.80 0.19 0.29 0.20 99.36
Top 35.76 | 26.8 13.3 2.31 20.4 0.45 0.34 0.241 | 99.60
Silty and clayey fractions

0.1-0.25 Slope 42.99 | 2540 9.56 2.28 13.17 0.39 0.29 0.23 94.31
Top 42.11 16.60 6.90 1.92 0.28 1.13 0.44 0.47 69.85
0.04—0.1 Slope 42.38 | 24.89 9.29 2.41 18.41 1.20 0.36 0.34 99.27
Top 47.53 15.81 5.58 1.66 26.84 1.03 0.41 0.41 99.28
<0.04 Slope 50.13 21.72 7.68 2.17 15.66 1.06 0.31 0.40 99.13
Top 51.40 14.57 4.99 1.66 24.84 0.87 0.45 0.41 99.19

RO = CaO + MgO, R,0 = K,0 + Na,0.

2.45 A for goethite; 2.69, 1.69, and 2.51 A for hematite;
3.34,4.25, and 1.81 A for quartz; 3.51, 1.89, and 2.37 A
for anatase; 2.34, 1.3, and 1.85 A for boehmite; 7.13,
1.49, and 3.56 A for kaolinite; 3.18, 3.80, and 4.0 A for
orthoclase; 6.9, 4.6, and 3.5 A for chlorite; 11.5, 1.49,
and 4.45 A for montmorillonite; 2.74, 2.53, and 1.72 A
for ilmenite; 1.68, 3.24, and 2.48 A for rutile; and 1.48,
2.54, and 4.41 A for hydromica.

In the mineral composition, the coarse and
medium fractions correspond to underlying bauxites:
54.2—61.4 wt % of gibbsite, 3.7—7.5 wt % of boehmiite,
2—4.3 wt % of hematite, 3.5—8.2 wt % of goethite,
2.3—4.2 wt % of kaolinite, 1.5—2.0 wt % of quartz,
1—2 wt % of anatase, and 1—2 wt % of rutile.

DOKLADY EARTH SCIENCES

An important feature of the mineral composition of
small fractions is related to the presence of minerals
atypical of the underlying bauxites and unstable in the
weathering profile: chlorite and K-feldspars (Table 3).
Clay minerals (kaolinite and montmorillonite) make
up a noticeable amount (>5%), which is also atypical
of the upper part of the lateritic cover.

Boehmite is dominant over gibbsite in contrast to
the more abundant gibbsite in primary rocks. This is
explained by the higher solubility of gibbsite, as well as
the influence of fires [ 18]. The fine fraction contains a
significant amount of the X-ray amorphous phase (up
to 55 wt % in some analyses) and OM (3.3—4.7 wt %).
The termite mounds on the surface are made up of lay-
Vol. 511
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Table 3. Mineral composition of fractions of the soil horizon (wt %)
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0.1-0.25 | 19.8 5 3 2 53 4.3 3 1.6 <5 2 N 2 2 55.6
N means not found.
ered gray and dirty gray material up to 15 cm thick, DISCUSSION

which consists of kaolinite and traces of humus.

Small and fine fractions of the soil layer can be
transported to the bauxite horizon along the fractures,
often to a significant depth (to a few meters). The
clayey material with roots from caverns at a depth of
4.5—5.0 m contains 29.5-36.6 wt % Al,0;, 10.9—
151wt % Fe,O;, and 32.5-36.5 wt % SiO,. This
material corresponds to a medium sandy fraction.

The granulometric composition of soils varies
widely and depends on the landscape types. In the
marginal parts of the beauval, the small fractions
(<1 mm) play a significant role, reaching 25% in total,
whereas their total content on the flattened surface is
<5% (Fig. 2). The content of the fraction of 12—
25 mm (21-24%) (mostly, soil pisolites) is consistent
in all samples.

%
26
24
22
20
18
16
14
12+
10

P-1

9.9

Irrespective of the landscape types, the soil cover
exhibits increasing contents of Si, Fe, P, and K. Signif-
icant differences are observed only between fractions
of different sizes (Fig. 3).

The coarse clastic fractions (>8 mm) contain
>47 wt % Al,O5 (Fig. 3a), 15—31 wt % Fe,O; (Fig. 3b),
and <1.5 wt % SiO, (Fig. 3c¢). In composition, they
generally correspond to underlying rocks of the later-
itic cover (Table 2). It is evident that the large clasts in
loose mass are local in origin and they formed mainly
as a result of the formation of residual deposits without
their significant transportation.

The main feature of the medium- to small-gravel
and coarse—sandy fractions (1—8 mm) is related to the
higher Fe,O; content (up to 45 wt %) and the maxi-
mum content is typical of samples taken from the tops
of beauvales (Fig. 3b, Table 2). The composition of
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Fig. 2. Differences in the granulometric composition of samples of soil cover of various landscape types on example of the Dan-
gara deposit. P-1, P-4, and P-8, samples taken on the slopes of the beauval; P-2 and P-6, samples taken on the flattened surface

of the beauval.
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Fig. 3. Chemical composition of the soil horizon of different size fractions of the bauxite horizon with samples from the soil (cir-

cles) and bauxite (triangles) horizons.

these fractions is significantly affected by ferruginous
pisolites, the size of which, as a rule, corresponds to
small- and medium-gravel fractions.

The coarse-gravel and small-gravel fractions also
have a decreasing Al,O; content (to 40 wt % and
lower); therefore, they dilute the ore, being trans-
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ported to the bauxite along fractures. The same frac-
tions also contain a higher amount of SiO,, especially
in slope samples (to 30 wt %).

The medium- and small-sandy (0.25—1 mm) frac-
tions are characterized by a strongly variable chemical
composition, which is mainly expressed in the
Vol. 511
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Fig. 4. Distribution of chemical elements by various fractions. Elements related to processes of laterite formation (a), aeolian gain
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increasing content of SiO, (to 42—49 wt %), as well as
—0.05t0 0.19—0.36 wt %
mostly in chlorite) and R,O (from 0.04—0.05 to

the content of RO (from 0.02

DOKLADY EARTH SCIENCES

0.2—0.4 wt % mostly in the form of K-feldspar). The
Al,O; content decreases to 23—30 wt %. The Fe con-
tent also decreases (7—19 wt %, on average).

Vol. 511 Part2 2023
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The elements and compounds atypical of rocks of
the lateritic cover (first, SiO,) thus play a significant
(often dominant) role in sandy fractions. It is evident
that the sandy fractions accumulate with a significant
role of aeolian gain of the material.

The small and fine fractions (<0.25 mm) exhibit
similar features: the SiO, content increases to 40—
43 wt % (to 53 wt % in fine fractions), as do the RO (to
0.9—-1.2 wt %) and R,0 (to 0.3—0.4 wt %) contents.
The Al,O; content decreases to 21—23 wt % (to 16 wt %
in the finest fractions) and the Fe content also
decreases to 6—8 wt %.

The components of loose formations can condi-
tionally be subdivided into three groups of different
genesis and affinity to certain size classes (Fig. 4).
Group 1 includes Al,O;, Fe,0;, and TiO, typical of
underlying bauxites (autochtonous material, residue)
(Fig. 4a). Their higher contents are observed in the
coarse fractions composed of rocky clasts. Group 2
includes elements and compounds atypical of the lat-
eritic cover: first of all, SiO,, as well as CaO, MgO,
and K,O (Fig. 4b). They accumulate in small fractions
in the form of chlorite, K-feldspar, kaolinite, and
montmorillonite. Their accumulation is related to
aeolian activity. Group 3 (Fig. 4c) includes that part of
Fe that accumulates in soil pisolites and is focused in
small-gravel fractions (2—10 mm). This group also
includes V. In addition to newly formed organic clayey
X-ray amorphous phases, they should be ascribed to
authigenic mineralization related to soil processes.

Our studies thus showed that the soil horizon of the
lateritic bauxite-bearing profile of the FDM province
is of continental origin of the residual and talus genetic
type, which form at the expense of physical destruc-
tion and chemical leaching of the underlying rocky
bauxites and laterites, as well as by aeolian gain.

CONCLUSIONS

The soil horizon is studied in various geomorpho-
logical conditions during field and laboratory analyti-
cal work. Our studies support the following conclu-
sions.

(1) The present-day loose formations occur almost
ubiquitously on bauxite deposits of the FDM prov-
ince. The soil horizon has a variable thickness (from a
few centimeters to 1—2 m) and a complex morphol-
ogy, first of all, an uneven lower boundary with under-
lying bauxites.

(2) The present-day soils are polygenic character-
ized by four main constituents: Fe—Al residual and
residual-talus material, which forms due to destruc-
tion of underlying rocks of the lateritic cover; alloch-
tonous aeolian material atypical of the underlying lat-
erites; authigenic mineralization: ferruginous pisolites
and ferruginous envelopes on bauxitic and lateritic
clasts; newly formed and soil regeneration of clayey
material related to the decomposition of the plant

MAKAROVA et al.

mass, as well as mobilization of Al and Si upon weath-
ering of aeolian material; and organic matter, which
occurs as organic acids and organic compounds, as
well as the fragments of plant root systems.

(3) The soil horizon occurs directly on bauxites and
laterites and represents the rear zone of a supergene
metasomatic column, which is the lateritic weathering
crust. The soil horizon exhibits mobility of most com-
ponents, dominant leaching processes, and mobiliza-
tion and redistribution of the material. The loose for-
mations are first to interact with atmospheric precipi-
tation, which results in their downward transportation
together with an infiltration front of rain water of lat-
erites.

(4) Due to their composition, first of all, the higher
SiO, content and organic matter, the soil horizon
partly dilutes the underlying bauxite ore. The greater
part of SiO, in bauxites is evidently due to the soil
horizon, which penetrated the ore body along frac-
tures.

(5) Our studies allowed us to reveal a genetic link
between the soil horizon of the weathering crust and
the underlying bauxite ores and to determine the
degree of influence of the composition of soils on pro-
cesses of bauxite formation. Granulometric analysis of
the lateritic soils was conducted for the first time. It
was found that the material involved in the formation
of the degradation zone of the bauxite-bearing lateritic
profile was sourced from rocks that are related to the
processes of formation of laterites, acolian elements,
and those involved in the formation of new soil miner-
alization.
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