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ABSTRACT
The paper concerns the geochemical trends (loss and accumulation) of trace elements studied in the lateritic weathering profile of Futa Jallon-Mandingo Province and related to weathering of silty mudstones and dolerites.

Whatever their composition, structure, texture, strike, and dip the bauxite-bearing weathering mantles usually show a zoned profile consisting of two generic horizons. The lower horizon mainly consists of clays grading in the mineralogical composition from polymineralic, with fragments of slightly weathered parent rocks, in the lower part (the saprolite) to essentially kaolinitic, with increasing iron, in the upper part (the lithomarge).  The upper horizon is mainly composed of iron and aluminum oxides and hydroxides and includes the laterites of transition zone, the bauxite horizon, and the cuirass. This horizon can be considered as the properly lateritic mantle. 

The zoning of lateritic weathering profile has originated from the infiltration metasomatism and the physicochemical environment varying over the profile. Therefore, each subjacent horizon should be considered as the protolith of each superjacent horizon. Samples of each horizon have been analyzed for trace elements by inductively coupled plasma mass spectrometry (ICP-MS). The analyses were made by a device ELEMENT 2 produced by Thermo Finnigan, at laboratories of the Lomonosov Moscow State University. Comparison between the weathering profile zones in the trace element composition calculated on isovolumetric base (as absolute abundances) allows better understanding the behavior of trace elements, their loss and accumulation from zone to zone. Such a comparative analysis was made with each of the 55 trace elements measured, using its concentration ratio (Rc) calculated as its absolute abundance ratio of superjacent to subjacent horizon. Rc > 1 is a case of the element absolute accumulation, whereas Rc < 1 is a case of the element loss.  Absolute value of Rc is a function of loss/accumulation intensity in the horizon.
Keywords: bauxite, lateritic weathering profile, migration, trace elements, concentration factor. 
INTRODUCTION
The Sangaredi area conditionally distinguished by us occurs in the northwestern Guinea, partly occupying the left bank area of middle and upper Cogon River. It is confined to the axial zone of Bove Syncline formed of Ordovician, Silurian, and Devonian sedimentary deposits and Mesozoic igneous rocks of trappean complex [1].
Within the area under consideration there are only Devonian sedimentary deposits and Mesozoic dolerites outcropped. The Devonian sedimentary deposits belong to Faro Formation (Dfr) mainly composed of silty mudstones and mudstones with interbeds of fine-grained sandstone. The essentially clayey Devonian deposits are intruded by sills and subordinate dikes of dolerite and konga-diabase. There are three to four sill horizons with thickness 2-4 to 10-20 m mapped in the area. At the surface all the parent rocks are intensely lateritized.
The laterites form mantles practically continuously covering hills and their gentle slopes. Only steep slopes and floors of modern valleys are free of the lateritic mantles.
Whatever their bedrock the lateritic weathering mantles usually show a two-horizon profile [2]. The lower horizon mainly consists of clays grading in the mineralogical composition from polymineralic in the lower part to essentially kaolinitic in the upper part. The upper horizon is mainly composed of iron and aluminum oxides and hydroxides and includes the laterites of transition zone, the bauxite horizon, and the cuirass. This horizon can be considered as the properly lateritic mantle.
The lithologically and geochemically zoned weathering profile corresponds strictly to groundwater and ground air regimes (Fig. 1). 

The lateritic weathering profile can be considered as a stably zoned association of supergene products formed with infiltration of meteoric waters and their dissolved CO2 and organic acids through parent aluminosilicate rocks. A number of factors are needed for the profile formation, particularly a warm and wet climate, the presence of organics and products of their decomposition (high and low molecular weight acids and gases), and a favorable tectonic regime conductive for development of a partitioned relief and actively drained territory.
As is shown in Fig. 1, zones of the weathering profile differ in physicochemical conditions and geochemical environments, in accordance with their different infiltration and watering conditions and with changing ground area regime.
In response to changes in the conditions, supergene zones (horizons) different mineralogically and geochemically are formed in the lateritic weathering profile. This process develops from the surface to depth, with infiltration of meteoric waters and interstitial solutions.
Therefore, the lateritic weathering profile should be considered as a result of the supergene infiltration metasomatism under the conditions of wet and hot equatorial climate, and each subjacent horizon should be considered as the protolith of each superjacent horizon.
Such an approach to study of the substance redistribution over weathering profile corresponds to the research procedure for the formation order of infiltration-metasomatic zoning [4] and allows understanding geochemical trends in metasomatic substitutions. Comparison of the weathering profile zones in the trace element composition calculated on isovolumetric base (as absolute abundances) allows better understanding the behaviour of trace elements, their loss or accumulation from zone to zone. Such a comparative analysis was made with each of the 55 trace elements measured, using its concentration ratio (Rc) calculated as its absolute abundance ratio of superjacent to subjacent horizon. As a result, rows of relative mobility of trace elements can be studied, showing both tendencies of their behavior and intensity of these processes.
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Fig. 1. Profile of a bauxite-bearing lateritic mantle: lithological column, hydrological zoning, composition of ground air, and trends and intensities (Rc) of matter input and output with respect to subjacent zones-horizons [3].

The lower horizon of weathering profile mainly consists of clays grading in the mineralogical composition from polymineralic, with fragments of slightly weathered parent rocks, in the lower part (the saprolite) to essentially kaolinitic, with increasing iron, in the upper part (the lithomarge). Its thickness varies widely, from five to 20 m on the surface and can be more in fractured zones. In the wet season this horizon occurs below the ground water table, i.e., in the watered zone. In the dry season the ground water table gradually descends to the zone of bedrock disintegration.
On consideration of the combination of processes the zone of polymineralic clays is the zone of initial decomposition of parent rocks with dominant loss of the matter.
The zone of kaolinitic clays is mainly composed of kaolinite. Fairly intense loss of silica is kept in its lower part, whereas some accumulation of aluminum and iron occurs in its upper part.
As is evident from our computation results (Fig. 2) the forward zone, where polymineralic clays (saprolite) are formed after parent rocks, is characterized by decomposition of primary aluminosilicates, by loss of silica and alkaline and alkaline earth components, and by essential increase of bound water (hydrating). Intensity of this process increases upsection, with formation of kaolinitic clay, and is accompanied by some accumulation of Fe2O3 and Al2O3.
[image: image2.emf]
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Fig. 2. Absolute concentrations of major petrogenic elements in horizons (zones) of the lateritic weathering profile formed on (A) dolerites and (B) silty mudstones.
In the horizon of kaolinitic clays, the process of parent rock alteration is completed, and initial rock-forming minerals are replaced by kaolinite.
Although the rock volume remains constant its volume weight decreases essentially, mainly due to considerable loss of matter and increase of porosity (Table 1). Physical state of the rock also varies, from rocky to friable-soft.
Table 1. Volume weight variations over lateritic weathering profiles formed on different parent rocks
	Zone of weathering profile
	Volume weight, kg/m3
	Zone of weathering profile
	Volume weight, kg/m3

	ferruginous cuirass
	2800
	ferruginous cuirass
	2350

	bauxites
	2145
	bauxites
	2020

	laterites of transition zone
	2080
	laterites of transition zone
	2100

	ferriplantites
	2720
	ferriplantites
	2680

	kaolinitic clays
	1500
	kaolinitic clays
	1620

	polymineralic clays
	1814
	polymineralic clays
	1810

	dolerites
	2700
	silty mudstones
	2510


Both profiles show generally similar geochemical trends with formation of their polymineralic clay horizons after parent rocks. In addition to major elements the great majority of trace elements are leached out (Fig. 3). Hence, the loss of chemical elements is the main geochemical trend of polymineralic clay formation in the weathering profile.
Note however, that some of trace elements accumulate with the formation of polymineralic clays. In the profile on silty mudstone such elements are Cd, Te, Sn, Co, and Sc, whereas much more elements accumulate in the profile on dolerites, namely Cd, Te, Sn, Nb, Sb, Bi, W, Tl, Cs, La, Ce, Pr, Nd, Th, and Ga. Moreover, the compared profiles differ in the behavior of some of trace elements, which shows their specific weathering conditions due to their differences in mineralogical and chemical compositions of parent rocks. Сo and Sc are intensely leached out from the profile on dolerites, whereas they accumulate in the profile on silty mudstones. On the contrary, W, Th, Ga, U, La, Ce, Pr, and Nd accumulate in the polymineralic clay after dolerites, whereas they are leached out from the polymineralic clay after silty mudstones.
[image: image3.emf]
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Profile on dolerites Profile on silty mudstone

Fig. 3. Element concentration ratios of polymineralic clay to parent rock.
The quantitative and qualitative geochemical characteristics of the horizon show that (1) the loss of so much matter occurred with a rather active water exchange and (2) chemical and mineralogical compositions of parent rocks essentially affected on the physicochemical conditions of polymineralic clay formation.
Formation of kaolinitic clays is accompanied by further loss of matter and the related decrease of rock volume weight. The difference between trends of silica (loss) and aluminum and iron (accumulation, while slightly developed yet) starts performance, indicating the main rock-forming process of lateritic weathering. When compared with polymineralic clays, kaolinitic clays show a wider spectrum of accumulated trace elements (Fig. 4). However, the kaolinitic clay on silty mudstones differs from that on dolerites in the association of accumulated trace elements.
Only W, Sn, and Bi accumulate in both profiles. Kaolinitic clay on the silty mudstones of Faro Formation shows accumulation of V, Cr, Mo, Cu, Sc, and Ga, whereas kaolinitic clay on dolerites is characterized by accumulation of Ag, Sb, Tl, Rb, and Cs. Such a difference in the behavior of trace elements can be explained by difference of the parent rocks in porosity and by related differences in hydrodynamic (washing) regime and water exchange rate of the weathering profile. A lower infiltration rate through silty mudstones (higher volume weight) allows a longer interaction between the solution and rock, and hence, more trace elements can be accumulated as adsorbed on the kaolinite surface.
[image: image4.emf]
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Fig. 4. Element concentration ratios of kaolinitic clay to polymineralic clay.
Co, Ni, Sr, Tl, Rb, Cs, and Li are almost completely leached out from above the clay zone (Fig. 5). Further consideration of their behavior in the weathering profile is scarcely informative.
Note REE trends of the clay zone. Accumulation of light REE is generally typical of the clay horizon as a whole, whereas heavy REE accumulate in ferriplantites. This REE differentiation is especially pronounced in the weathering profile on dolerites [5].

The upper horizon of lateritic weathering mantle is mainly composed of iron and aluminum oxides and hydroxides and can be considered as the properly lateritic mantle. It is the ore-bearing unit, where bauxites usually form a major part of the profile or are mapped as separate lenses and horizons laterally grading to ferruginous laterites (Al2O3 < 40%). 

It is typical that ferruginous laterites are mapped as a horizon separating bauxites from subjacent clays of lithomarge. Data of hydrologic regime monitoring at several bauxite deposits of the area show that this zone of weathering profile is confined to the hydrological zone of groundwater table fluctuations in rainy season. Within this zone the groundwater table ascends and descends from rain to rain, with its statistically dominant position in the zone center.
With formation of the ferruginous laterites after subjacent kaolinitic clays there occur a very intense accumulation of iron and a notable accumulation of aluminum in the zone of groundwater table fluctuations (Fig. 2). The intense iron metasomatism, as well as the aluminum metasomatism, develop on the background of practically complete upsection loss of SiO2.
[image: image5.emf]


91



172



129



90



52



87



66



dolerite



polymineralic 
clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



Ce, g/m3



0,32



0,49



0,62



0,03



0,16



0,07



0,10



dolerite



polymineralic 
clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of 
cuirass



Tl, g/m3



2,8



3,5



5,3



0,3



0,9



0,5



0,8



dolerite



polymineralic 
clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



Cs, g/m3



295



279



98



22



10



5



11



silty mudstone



polymineralic clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



B Rb, g/m3



232



123



89



66



56



89



40



silty mudstone



polymineralic clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



Sr, g/m3



70



91



21



17



15



5



22



silty mudstone



polymineralic 
clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



Co, g/m3



196



145



134



78



131



139



76



silty mudstone



polymineralic 
clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



Ce, g/m3



169



110



41



38



54



31



22



dolerite



polymineralic clay



kaolinitic clay



laterite of 
transition zone



ferriplantite



bauxite



laterite of cuirass



А Ni, g/m3










91

172

129

90

52

87

66

dolerite

polymineralic 

clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

Ce, g/m3

0,32

0,49

0,62

0,03

0,16

0,07

0,10

dolerite

polymineralic 

clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of 

cuirass

Tl, g/m3

2,8

3,5

5,3

0,3

0,9

0,5

0,8

dolerite

polymineralic 

clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

Cs, g/m3

295

279

98

22

10

5

11

silty mudstone

polymineralic clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

B

Rb, g/m3

232

123

89

66

56

89

40

silty mudstone

polymineralic clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

Sr, g/m3

70

91

21

17

15

5

22

silty mudstone

polymineralic 

clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

Co, g/m3

196

145

134

78

131

139

76

silty mudstone

polymineralic 

clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

Ce, g/m3

169

110

41

38

54

31

22

dolerite

polymineralic clay

kaolinitic clay

laterite of 

transition zone

ferriplantite

bauxite

laterite of cuirass

А

Ni, g/m3


Fig. 5. Absolute concentrations of trace elements leached our from above the clay horizon of lateritic weathering profile formed on (A) dolerites and (B) silty mudstones.
Spectrum of accumulated trace elements is wider (Fig. 6). In general, the matter accumulation in the horizon dominates over its loss, which is evident from the increased volume weight of ferruginous laterites on comparison with that of kaolinitic clays.

The horizon of ferruginous laterites is characterized both by a very intense absolute iron accumulation and by Al2O3, Sb, Ag, Bi, W, and Sn accumulations. V, Cr, Mo, Hf, Th, Cd, Zn, Ta, Nb, Ga, Zr, and U accumulate in the profile on silty mudstones. The similarity in the behavior of naturally so different elements is explained by the presence of such a strong sorbent (coprecipitant) as ferric iron hydroxyl that determines coprecipitation features.[image: image6.emf]
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Fig. 6. Element concentration ratios of laterite of transition zone to kaolinitic clay.
Zr, Nb, Ta, Ga, Hf, V, Sc, Th, Bi, U, Zn, Mo, Ag, Cr, Cd, Sb, and Te are leached out from the clay horizon or their concentrations remain close to those of parent rocks. Their concentrations start growing only in the laterites of transition zone, with the accumulation intensity similar to that of aluminum and iron (Fig. 7).
[image: image7.emf]
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Fig. 7. Absolute concentrations of trace elements accumulating above the clay horizon of lateritic weathering profile formed on (A) dolerites and (B) silty mudstones.
Lateritic rocks of this zone vary in composition from the clayey-ferruginous with alumina, in the lower part, to the alumina-ferruginous, in the upper part. Iron-rich firm rock called ferriplantite [1] is very often found in the zone, forming plates and lenses.
Mass balance studied on the isovolumetric base shows a very essential absolute iron accumulation (5 to 8 times) in ferriplantites. It is apparent that the oxidizing geochemical barrier is confined to the zone of groundwater table fluctuations, at which Fe3+ is precipitated as goethite and subordinate hematite. In addition, Mo, Sb, Ge, Zn, REE, Cd, Ta, Th, Cr, Hf, Bi, U, Nb, Zr, Te, V, Pb, Be, Ga, and Sc accumulate there (Fig. 8). Subsequently, Be and Ge are leached out from the weathering profile.
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Fig. 8. Element concentration ratios of ferriplantite to kaolinitic clay.
Only Sn trends of the weathering profiles are different from each other as depending on the parent rock. For the profile on silty mudstones, maximum Sn concentration is typical of ferriplantites, whereas for the profile on dolerites its minimum and maximum concentrations are typical of ferriplantites and ferruginous cuirass, respectively. Ferriplantites after dolerites show an inconsiderable loss of copper. Generally however, Cu positively correlates with Fe, i.e., its concentrations are maximum in ferriplantites and ferruginous cuirass. Maximum concentrations in ferriplantites and ferruginous cuirass are also shown by V, Sc, Cr, U, Mo, Te, Sb, Ge, and Be (Figs. 9 and 12).
Bauxite horizon is superjacent for ferruginous laterites and ferriplantites. In the rainy season it occurs in the hydrological zone of infiltration, free of constant watering. Only after very heavy rains the groundwater table can ascend almost up to the earth surface, and as a rule it descends to the zone of groundwater table fluctuations in an hour.
It is also significant that the ground air is compositionally zoned in the infiltration zone of weathering profile (Fig. 1). A special study [6] provided reliable determinations of the ground air composition in different parts of the zone.
[image: image9.emf]
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Fig. 9. Absolute concentrations of trace elements accumulating in ferriplantites and ferruginous cuirass formed on (A) dolerites and (B) silty mudstones.

After rains carbon dioxide accumulates in the lowest zone (above the groundwater table), where its concentration can reach 12 to 14%. As a consequence, oxygen concentration descends there to 5-6%, and the local reducing geochemical environment appears in the supergene zone.
In case of unfractured bauxites their grade is higher in the lower horizon, where less ferruginous light-colored bauxites occur. As is evident from Fig. 2, there is a very intense iron loss and alumina accumulation in light-colored bauxites, under reducing conditions, which represents the aluminum metasomatism.
When compared with subjacent ferruginous laterites, the bauxite horizon is characterized by accumulation of Al2O3 together with Zr, Ba, Y, Ga, REE, Nb, Hf, Sn, Pb, Bi, U, and Ag (Figs. 10 and 11), i.e., the elements with pronounced hydrolyzing properties and strong affinity to aluminum.
Zn, Ge, and Be trends of bauxites on silty mudstones are opposite to those of bauxites on dolerites (Figs 11, 12, and 7). Zn and Be accumulate in bauxites on dolerites and are leached out from bauxites on silty mudstones, whereas Ge shows the opposite regularity. Note however, that the mentioned trends are weakly developed and intense accumulation of these elements is typical of ferriplantites.

Since both profiles are very similar in the mineralogical composition of subjacent zone (laterites of transition zone), their parent rocks occurring at a considerable depth cannot touch upon the geochemical environment of bauxite zone. In addition, their meteoric waters and soil processes are also similar. Therefore, the studied differences in element concentrations must relate to some other factors.
[image: image10.emf]
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Fig. 10. Element concentration ratios of bauxite to laterite of transition zone.
Upsection, CO2 concentration in the ground air descends statistically, whereas О2 concentration ascends up to that of standard atmosphere at the earth surface. As a consequence, bauxites become richer red-colored and can give place to ferruginous cuirass. Hence, this is the ferruginous metasomatism again.
[image: image11.emf]
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Fig. 11. Absolute concentrations of trace elements accumulating in bauxites formed on (A) dolerites and (B) silty mudstones.
Ferruginous cuirass is characterized by an increase of rock volume weight. Fe2O3, Mo, Cd, Sb, Te, U, Sc, V, Cr, Cu, Li, Be, Th, Te, Ge, and REE accumulate in this zone (Fig. 13).
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Fig. 12. Absolute concentrations of Ge and Be in lateritic weathering profiles on silty mudstones and dolerites.
Ferruginous cuirass is characterized by an increase of rock volume weight. Fe2O3, Mo, Cd, Sb, Te, U, Sc, V, Cr, Cu, Li, Be, Th, Te, Ge, and REE accumulate in this zone (Fig. 13).
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Fig. 13. Element concentration ratios of cuirass to bauxite.
Soil is considered as the back zone of metasomatic column, where all minerals and elements are metastable, and where the lateritic mantle dissolves downsection from the earth surface. Therefore, the lateritic profile develops downsection, and this natural upbuilding and destruction process allows a long existence of lateritic mantles in the tropical supergenesis. Biology-and-soil processes play the major role in the mobilization and accumulation of many trace elements in the cuirass and bauxites. Soil serves as the transition reservoir for considerable volumes of the trace elements removed from the migration. It is rich in organics, which are potential transporters of trace elements, and hence, their redistribution with migration streams starts there [7].

CONCLUSION
Behavior (loss/accumulation) of major petrogenic elements and its dynamics are functions of the geochemical environment of weathering profile.

Based on the values of element concentrations obtained for each zone of lateritic weathering profile, all the elements can be classified to (1) those to be leached out with the lateritic weathering and (2) those to accumulate in the lateritic profile (2A) in general and (2B) with maximum concentrations in (2B-1) ferriplantites and (2B-2) bauxites.
Whatever the parent rock, the absolute loss with the lateritic weathering is typical of Co, Ni, Sr, Tl, Rb, Cs, and Li.
Most of trace elements accumulate in the lateritic weathering profile. Zr, Nb, Ta, Ga, Hf, V, Sc, Th, Bi, U, Zn, Mo, Ag, Cr, Cd, Sb, and Te starts accumulating in laterites of the transition zone, with the process similar in intensity to the aluminum and iron accumulation.
The profile on dolerites is characterized by accumulation of Zr, Nb, V, Cr, Ga, Zn, Cd, Ta, Sc, Ge, U, Cu, Mo, Sb, and Te, with pronounced V, Cr, Zn, Cd, Ta, Sc, Ge, U, Cu, Mo, Sb, and Te maximums of in ferriplantites and Zr, Nb, and Ga maximums in bauxites.
The profile on silty mudstones is characterized by accumulation of Bi, Th, Cd, Sb, Sn, Hf, W, Zr, Nb, Ta, Ga, Ag, V, Cr, Ge, U, Zn, Be, Mo, and Te, with Bi, Th, Cd, Sb, Sn, Hf, and W maximums in ferriplantites and Zr, Nb, Ta, Ga, Ag, V, Cr, Ge, U, Zn, Be, Mo, and Te maximums in bauxites.
V, Sc, Cr, U, Mo, Te, Sb, Ge, Be, and Cu trends in ferriplantites are very similar to those in ferruginous cuirass: these elements accumulate there, directly correlating with iron minerals. In addition, heavy REE accumulation is typical of ferriplantites, whereas light REE accumulate in clays. The REE differentiation is more obvious in the weathering profile on dolerites.
In addition to the expected accumulation of hydrolyzing elements in the bauxite zone (the zone of infiltration and oxygen depletion), sorbing gels considerably operate on trace elements in case of bulk accumulation of aluminum and iron, i.e., factors of trace element concentration in the weathering profile are much more complex.
Variations in the physicochemical environment of weathering profile, and bulk redistribution of petrogenic elements are accompanied by the redistribution of trace elements often with opposite trends. Therefore, all trace elements are mobile in a varying degree, and they are unfitted for the calculation of matter balance based on assumption of an existent inert component whose absolute abundance could be considered as a constant of all horizons of the weathering profile.
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