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Abstract

Uncertainties remain as to the ability of certain carbonate rocks to form the
red soils covering them. These doubts, which have been the subject of debate
for several decades, become real when carbonate rocks are pure and low in
insoluble residues. In the carbonate rocks of the Taoudeni basin in Burkina
Faso, brown-red to red soils develop, at the top of hillsides and in karstic cav-
ities. No study in the region has yet shown the existence in these carbonate
rocks of sufficient insolubles to form soils after decalcification. The objective
of this study was therefore to identify and quantify the minerals of carbonate
rocks in order to identify the origin of red soils. Petrographic, chemical (XRF)
and mineralogical (XRD) investigations on dominant carbonate rocks fea-
tures in the study area show that the rocks studied are mainly magnesian do-
lomites (Dolomite > 50% of carbonate minerals and Ca/Mg ratio < 1.5).
Non-carbonate residues from detrital and hydrothermal origin, negligible in
certain pure dolomites (<2%), are on the other hand significant (>12%) in
other dolomitic features. These insoluble silicates formed of quartz, potas-
sium feldspar (orthoclase), clays (talc, phlogopite and kaolinite) and iron
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oxides constitute the main original material of reddened soils in karstic cavi-
ties.

Keywords

Dolostone, Mineralogy, Parent Material, Alteration, Rubification

1. Introduction

Across the world, many studies have been carried out on the mechanism of for-
mation of red soils on carbonate rocks. These studies are more widespread in the
Mediterranean and temperate regions [1] [2]. In the tropics, studies of the for-
mation of these soils are limited and recent [3] [4]. The debates on these soils
focus on their mechanism of formation. Indeed, some authors doubt the ability
of pure carbonate rocks to provide enough insoluble residues to develop soils
[5]. Others, on the other hand, have found residues in certain carbonate rocks in
sufficient quantity to form soils [6] [7]. On the carbonate rocks of Burkina Faso,
in tropical regions, authors had already been mentioned the presence of rubified
soils [8] [9], without specifying the mechanism of their establishment. In addi-
tion, no study in these carbonate rocks has yet proven the existence of insolubles
in sufficient quantity to form soils after the carbonates have dissolved. The vari-
ous analyses carried out on these carbonates are essentially chemical analysis to
determine the potential of the rock in the cement industry and in the amend-
ment of acidic soils [10]. However, this chemical analysis remains limited in the
identification of the minerals facies that make up carbonate rocks due to the
mixture of sediments [11]. A mineralogical study of carbonate rocks is therefore
necessary to identify and quantify the insoluble phases contained in these car-
bonates. The mineralogical studies already carried out on these rocks relate
mainly to the description under an optical microscope [9]. Even though this
technique is effective, it is difficult to accurately detect certain residues (clays),
very small sizes of the micron order, trapped in carbonate rock [11]. The present
study, which uses modern methods of chemical composition (XRF) and mine-
ralogical (DRX), aims to determine and quantify the minerals of these carbonate
rocks in order to understand the mechanism of formation of red soils after de-

calcification.

General Framework of the Study Area

The study was carried out in the Western Region of Burkina Faso (Figure 1).
The existence of carbonate rocks in this South-Eastern edge of the Taoudeni ba-
sin had already been reported by [8] [12]. The climate encountered is Sudanese,
characterized by a long dry season and a short rainy season. The average annual
rainfall is over 900 mm. The average temperature is 19°C for the minimum and
35°C for the maximum. The vegetation found on the hills of carbonate rock is

mainly formed by relics of clear forests consisting of Terminalia macroptera
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Figure 1. Geographic location, geology and sampling points of carbonate rocks.

Guill. and Perr., Mitragyna inermis (Willd.) Kuntze, Berlinia grandiflora (Vahl)
Hutch. and Dalziel, Parkia biglobosa (Jacq.) R.Br. ex G.Don, Guiera senegalensis
J. F. Gmel., Lannea microcarpa (Engl. and K. Krause) etc. Surrounding carbo-
nate hills, two main soil classes (Leptosols and Lixisols) were identified [13]. The
geomorphology of this region is formed by lateritic plateau, broad valleys (plains
and peripheral depressions) and a few mounds and hills. The hydrographic net-
work is formed by the country’s largest river (Mouhoun) and its tributaries.

The geology of the study area is made up of sedimentary rocks marked by in-
trusions of plutons. The two stratigraphic formations containing carbonate
rocks are Guéna-Souroukoudinga (SAC1) and Samendéni-Kiéba (SAC2)
(Figure 1). These two formations do not show significant differences, but rather
constitute a vast series separated by an episode of temporarily coarser sandstone
sedimentation [14].

The most widespread carbonate rock features are of two large groups: very
dominant stromatolite carbonate rocks and granular, oolitic to pisolithic carbo-
nate rocks [8] [9]. Alongside these two main features, bedded carbonate rocks,
silicified carbonate rocks and very few marls are identified. This study aims on
the one hand to determine and quantify the different carbonate and non-carbonate
minerals of dominant carbonate rock features in the region. On the other hand,
it seeks to show the role of insoluble residues resulting from the dissolution of
hard and compact carbonates in the formation of red soils trapped in karst cavi-
ties. For this purpose, only the hard and compact carbonate formations com-
posed of the two dominant features (stromatolites carbonate rocks and granular
carbonate rocks) were collected. Indeed, the few thin and soft layers of marl ob-
served could not control the pedogenesis on these large layers of hard and com-

pact carbonate rocks. Thus, the marls which are very much in the minority
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compared to the two carbonate rock features mentioned above were not sampled
[12].

2. Methodology
2.1. Sampling of Carbonate Rocks

For microscopic, chemical and mineralogical analysis, five samples of the most
widespread carbonate rocks were obtained. These are three samples of stromato-
lite carbonate rocks, one sample of granular carbonate rock (oolitic) and one
sample of finely bedded carbonate rock that is relatively poorly represented.
Samples were taken from hills of carbonate rocks (Figure 1).

2.2. Sampling of Soils from Carbonate Rocks Weathering

Two types of soils of different colors were sampled in a cavity adjacent to the
place where the SAMA sample was taken (Figure 1). This cavity was recently
laid bare in Samendéni’s new carbonate quarry. In this dissolution structure, the
soil is red above and brown to yellowish below (Munsell Soil color charts). Hy-
drochloric acid (HCI 10%) was used to test the presence of active calcareous in
both soils.

2.3. Laboratory Analysis

The collected rock samples were subjected to a macroscopic description in thin
sections using a polarizing microscope. A slice of each sample was then ground
into fine particles of 75 microns for chemical fluorescence-ray (XRF) and mine-
ralogical X-ray diffraction (XRD) analysis. Mass composition of carbonate rocks
minerals was determined by calculation method using data from mineralogical
(XRD) and chemical (XRF) analysis [15].

The two soil samples taken were dried and separated into three fractions (250
microns, 500 microns and 2 mm). The 250 micron fraction was used for total
geochemistry using the XRF device [16] [17]. The 500 micron fraction was used
for the determination of cation exchange capacity (CEC) after extraction using a
solution of 0.01 M silver thiourea. Finally, the 2 mm batch was used for particle
size analysis by the hydrometer method and for the determination of the organic
matter (OM) by the Walkley and Black method [18].

2.4. Creation of Maps, Figures and Tables

The maps were produced using ArcGIS 10.2 software. ArcGis is a software
package for operating a Geographic Information System (GIS). This software al-
lows the acquisition, storage, updating, manipulation, and processing of geo-
graphic data. In addition, it intervenes in the cartography and the spatial analysis
in a precise way according to the desired scale. Tables and figures were generat-
ed using Microsoft Excel 2010 spreadsheet. The images were edited using Co-
relDRAWXS software. CorelDRAW X5 is a very useful graphics editor for de-

signing illustrations.
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3. Presentation of the Results

3.1. Petrographic Study of Carbonate Rocks

Sample (COV): hard, compact and white-pinkish carbonate rock. In contact
with dilute acid, this rock shows a weak effervescent. This dolostone consists of
fine stromatolitic laminations with a wavy appearance. Under the polarizing mi-
croscope (Al and A2) in Figure 2, the rock is formed of fine grains (dolomi-
crite). This Dolomicrite rock is weakly affected by hydrothermal alteration. The
dolostone is affected by two phases of brittle deformation highlighted by a cut
infra-millimeter joints which are occupied by phenocrystals of recrystallized
carbonates. Certain joints are to run parallel with bedding and the others are run
perpendicular Cvl and Cv2. Small opaque’s minerals are in relation with calcite

Sample DE56: Rock is gray, hard, and compact with fine corrugated stroma-
tolite laminations identical to rock (COV). This carbonate rock shows very slight
effervescence on contact with dilute acid. Microscopic study of the sample re-
veals a fine-grained dolomite (dolomicrite). Hydrothermal alteration induces the
recrystallization of most coarse grains of calcite to subgrains. It is locally ac-
companied by magnetite crystallization.

Sample (DE61): compact, hard, and, gray carbonate rock with stromatolite
laminations in the shape of a saucer stack. It shows a strong localized efferves-
cence on contact with diluted HClL. Under the microscope (D1 and D2) in Fig-
ure 2, the rock consists of fine to medium (subhedral) dolomitic grains partially
recrystallized. The rock is affected by ductile to brittle deformations. The ductile
deformation zones are partially silicified and marked by the crystallization of the
albite. It locally contains numerous recrystallized coarse grains of calcite and the

hydrothermal fluids are accompanied by crystallization of magnetite.

Do: dolomite; Ca: calcite; Qz: quartz; Op: opaque; Fp: feldspar;
Si: silica; Ab: albite; Mt: Magnetite; Cv1: carbonate vein 1;
Cv2: carbonate vein; Vqc: quartz and carbonate vein

Figure 2. Microscopic description of carbonate rocks.
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Sample DKN: Rock is whitish, hard and formed of oolites. The diluted HCI
test shows a strong generalized effervescence. A thin whitish layer of weathering
lines the surface of the sample. Under the microscope (E1 and E2) in Figure 2,
the oolites united locally by calcite sparite cement are completely dolomitized
and represent the primary dolomite. Secondary dolomite corresponds to authi-
genic dolomite. These dolomitic grains have a wide range of characteristics in-
cluding variations in grain-size. Their grain shapes are planar (eudhral) to irre-
gular edges and having crystallized within the detrital matter. Detrital quartz
arenite and recrystallized carbonate formed the matrix of the rock. Late carbo-
nate and quartz filling joints owing to brittle deformation affect the rock locally.

SAMA sample: Grayish carbonate rock, hard and bedded. It deteriorates in
the form of a thin whitish to yellowish layer. On contact with diluted HCI, a
strong effervescence occurs locally. The microscope study (F1 and F2) in Figure
2 shows this dolomicrite is composed of an alternation of dark beds of dolomite
and clear beds of calcite. Grains of quartz and potassium feldspar are scattered

throughout the dolomicrite.

3.1.1. Geochemical Composition (XRF)

The levels of CaO and MgO are respectively between (25.87 to 31.00%) and
(13.80 to 20.90%) indicate that they are dolomites. The silica (SiO,) content
which varies from 1.32 to 8.91 reveals the presence of silicate minerals of varia-
ble content (Table 1).

Manganese (MnO,) and iron (Fe,O;) are ubiquitous in these dolomites. The
levels of (Fe,O,) are between 0.75% and 2.57% and those of MnO, are between
0.02% and 0.06%. Aluminium (Al,O,) and potassium (K,O) which enters the
network of certain silicate minerals are sometimes below the detection limit. The
Ca/Mg ratio of carbonates is between 1 and 1.5. Strontium (Sr) remains the
predominant trace element in these carbonates, but its content is <500 ppm.

Losses on ignition generally > 40% correspond to CO, losses from dolomites.

3.1.2. Mineralogical Characterization (XRD) of Rock Samples

Carbonate minerals are the main constituents of rocks. Dolomite is the most
common mineral in these carbonates; its main peak appears at 2.89 A (Figure
3).

Table 1. Geochemistry of carbonate rocks.

Samples CaO (%) MgO (%) SiO, (%) TiO, (%) Fe,O; (%) ALO; (%) SO, (%) MnO, (%) P,0s5 (%) K,O (%) Sr (ppm) LOI (%) Ca/Mg

DE61
cov
DE56
SAM
DKN

29.50

28.67

30.62

25.87

31.00

14.48

19.09

20.90

13.80

15.76

0.05 0.91 <DL <DL 0.03 0.80 0.34 283.99 49.33 1.5
0.08 1.31 0.99 0.02 0.02 0.80 1.15 241.85 42.43 1.1
0.03 0.75 <DL 0.03 0.02 0.76 0.19 327.73 44.38 1.1
0.14 2.57 1.88 0.04 0.05 0.95 1.70 84.65 42.63 1.4
<DL 2.50 <DL 0.03 0.06 0.77 <DL 203.95 45.14 1.3

LOI: Losses on ignition; <DL: Less than detection limit.
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Figure 3. XRD of carbonate rocks.

Calcite is weakly represented in these carbonate rocks. The samples (DNK and
DE61) in which the calcite content is significant, the main peak of the mineral
clearly appears at 3.03 A (Figure 3). Quartz and orthoclase (potassium feldspar)
are silicate minerals, prevalent in these rocks. Quartz’s main peak appears at 3.34
A. The main peak of orthoclase in these carbonates remains confused with that
of quartz at 3.34 A. The silicate clay minerals identified are: Phlogopite whose
main peak occurs at 10.14 A, halloysite-7 A or hydrokaolinite whose main peak
appears at 7.13 A and talc whose main peaks at 9.35 A.

The contents of carbonate minerals (dolomite and calcite) in the rocks range
from 60% to 75%. Dolomite still constitutes more than 60% of the carbonates in
the rock. Calcite does not make more than 30% of carbonates (Table 2).

As for non-carbonate minerals, their contents vary from 1% in pure features
(low in residue) to around 12% in features rich in insoluble. These insoluble re-
sidues are released more or less quickly depending on the dominant mode of al-
teration which is dependent on the hardness of the dolomitic rock.
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Table 2. Mass composition of carbonate rocks minerals from calculation method.

Carbonate minerals Non-carbonate minerals
Samples Total Feldspar Clay Total
Ca Do Qz
(%) Orth  Tal Pl Hal (%)
DE56 3.25 72.06 75.31 0.60 1.11 - - - 1.71
DE61 19.23  46.83 66.06 - - - 3.1 4.70 7.8
Cov 4.76 65.82 70.58 1.01 5.40 - - - 6.41
DKN 21.21 47.80 69.01 - - 5.95 - - 5.95
SAMA 12.62  47.58 60.00 2.41 10.26 - - - 12.67

Ca: Calcite (%); Do: Dolomite (%); Qz: Quartz (%); Tal: Talc (%); Phl: Phlogopite (%); Hal: Halloysite (%);
Orth: orthoclase (%).

3.1.3. Pellicular Alteration of Dolostones and Soils Rubification in Cavity
The process of red soils formation from these dolomites can be split into two
stages: dolomitic rock to yellowish brown soil and yellowish-brown soil to red
soil above (Figure 4).

The weathering of dolostone into yellowish brown soil is accompanied by a
significant loss of carbonates (MgO and CaO) against a concentration of SiO,,
Fe,0,, AL,O;, K,0O (Table 1 and Figure 5). Changing from yellowish brown soil
to red soil is followed by the losses of MgO, SiO,, Fe,0, and K,O. In the
mean-time AL O, content increases (Figure 5).

Some of the clay is still found as silty pseudo-particles in yellowish brown soil.
The sand content remains invariable and the organic matter content is low
(<1%) in to the two soil types (Table 3).

The chemical analysis indicates the silica/alumina (SiO,/Al,O;) ratio is close
to 2 for the red soil and greater than 2 for the yellowish-brown soil. In these soils

come from dolostone weathering, iron is the most important element after silica.

4. Discussion

Petrographic, chemical and mineralogical analysis of the rocks shows that they
are all dolomites. The Ca/Mg ratio of these dolomites is between 1 and 1.5, they
are magnesian dolomites [19]. The levels of iron and manganese are relatively
high in these carbonate rocks. This supposes that their formation took place in a
reducing environment, particularly, in the Precambrian [20]. Indeed, marine
waters at that time were rich in Fe and Mn due to the oxygen poverty, responsi-
ble for reducing conditions [21] [22]. The numerous stromatolithic laminations
and oolitic features encountered suggest a warm, shallow sea, agitated at times,
in which the algae Cyanophyceae (stromatolites) proliferated. The presence of
bedded features indicates rhythmic deposits linked to variations in the chemical
composition of the water and to significant terrigenous inputs [23]. The level of
Sr is lower than those obtained in the carbonates formed in hypersaline envi-
ronment [21]. That supposes sea water salinity was variable [9]. The lower value

of Sr observed in the SAMA sample would mean a relatively important
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Fe, K
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Rubification

Figure 4. Stages of red soil formation in a karstic cavity. (a): Dolomitic pellicular altera-
tion; (b): Yellowish brown soil; (c): Red soil.
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Figure 5. Oxide contents in the two types of decalcification soils.

Table 3. Comparison of some morphological, physical and chemical characteristics of the

two soils.
Samples Yellowish brown soil  Yellowish red soil
P (1b) (1.0)
5YR5/6
Dry 10YR?7/8 (yellow) ) /
Color (Munsell (yellowish red)
Morpholo.gif:al Soil color charts) ) 10YR4/6 5YR4/6
Characteristics Moist . )
(yellowish brown) (yellowish red)
Acid (HCI) test No Reaction No Reaction
Clay (%) 19.61 25.49
Silt (%) 33.33 27.45
Particle Size
Sand (%) 47.06 47.06
Texture Silt Silty-Clay
OM (%) 0.940 0.641
Chemical CEC (cmol (+) Kg™) 12.85 10.48
$i0,/ALO, 236 1.81

CEC: Cation Exchange Capacity; OM: Organic Matter.
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alteration in this rock. In principle, old carbonates such as those studied are
formed mainly of calcites, dolomites and few terrigenous elements [21]. Howev-
er, the tectonic phenomena linked to the intrusion of dolerites in the form of
veins, dykes and lacoliths caused a significant circulation of hydrothermal fluids
in the dolomite. These fluids enriched in silica would have favored the crystalli-
zation of new silicate minerals (quartz, feldspars, talc, phlogopite, hydrated kao-
linite) and iron oxides etc. [20] [21] [24]. In the veins, quartz crystals are asso-
ciated with recrystallized calcite phenocrystals. In pure dolomitic features, the
residue content (silicate minerals) remains negligible. However, the level of in-
soluble residues can be higher in other dolomites rich in impurities. The accu-
mulation of these non-carbonate residues is sufficient to form soils and provide
them with almost all of the chemical elements they contain [7]. The release of
residues trapped in these carbonates takes place during dolomite rocks weather-
ing.

In these predominantly hard carbonate rocks, pellicular alteration predomi-
nates. This type of alteration is favorable to the development of karstic relief [1]
[25]. In the wet season, rainwater loaded with CO, dissolves carbonates. It then
forms thin alteration layer corresponding to the thin whitish to yellowish layer
on the surface of the carbonates (Figure 4). The scarcity of major karst networks
such as identified in other regions, responsible for residue losses by deep en-
trainment [1] [25], the residues from these dolostones gradually accumulate in
minor forms of dissolution (cavities). These insoluble residues first form a loose,
silty, yellowish-brown soil. The negative test for diluted hydrochloric acid (HCI)
in this soil indicates the evacuation of active calcareous and almost all decalcifi-
cation [1]. The soil gradually loses silica and alkaline earths from top to bottom
by leaching. The elimination of these cations in the upper level of the soil would
promote the crystallization of hematite, iron oxide responsible for the red tint
[5] [26]. In the lower part of the cavity, on the other hand, the soil is poorly
drained, thus creating a temporary hydromorphy favorable to the dissolution of
a large quantity of carbonates and to the appearance of the brown tint with a
yellowish background of goethite, hydroxide of iron [26]. Soil rubefaction would
result in an alteration of goethite into hematite when it is well drained [2]. Iron,
the second most important element in these soils, plays a major role in the de-
velopment of the red tint [5]. Red soil is therefore an evolved form of yello-
wish-brown soil. This is confirmed by the invariable sand content, attesting to
the same origin of these two soils. The pedogenetic phenomenon that allows the
formation of red soils in these dolostone is rubification [2] [4]. Certain clays, still
in the form of silty pseudo-particles in the yellowish-brown soil are gradually
released into the red soil, causing an increase in the clay content in the latter.
The SiO,/Al,O; ratio and the average CEC despite the low organic matter con-
tent suggest the coexistence of type 2/1 clays alongside non-swelling type 1/1
clays in soils. However, the losses of silica and alkaline earth, while the alumina
level increases could explain the drop in the SiO,/Al,O, ratio from yello-
wish-brown soil to red soil. Lowering the SiO,/Al,O, ratio and the CEC assumes
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a gradual transformation of type 2/1 clays into 1/1 type clay such as kaolinite [7]
[27]. The evolution of soils resulting from the alteration of these dolostones is
comparable to that of tropical red soils of the fersialitic soils subclass, in which

type 2/1 clays gradually degrade into type 1/1 kaolinite [1].

5. Conclusion

The carbonate rocks of Western Burkina Faso are mainly magnesian dolomites.
The non-carbonate minerals identified in these dolomitic rocks are mainly
quartz, feldspars and clays. These silicate residues are of both hydrothermal and
detrital origin. The circulation of hydrothermal fluids due to the intrusion of
dolerites in the Quaternary would be at the origin of the many silicifications in
these rocks. The residue content, negligible in pure dolomitic features, is howev-
er high in dolomite and rich in impurities. These insoluble matters form most of
the original material of the red soils identified at the top of the slope and in the
karstic cavities of the dolomitic hills. The formation of red soils favored by heavy
rainfall and good drainage occurs gradually. Pedogenesis in these dolostones is
characterized by high losses of calcium and magnesium from the first moments
of weathering. The rubification of soils is also accompanied by a loss of silica
against an increase in alumina. The high CEC, K,O and SiO,/Al,O; ratio in yel-
lowish-brown soil decreases as reddening continues in red soil, thus recalling a
gradual transformation of type 2/1 clays into type clay 1/1. The evolution of
these studied soils is similar to that of tropical red soils resulting from fersialitic

pedogenesis.
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