
Journal of Geological Resource and Engineering 6 (2018) 177-193 
doi:10.17265/2328-2193/2018.05.001 

Alteration Processes of Paleoproterozoic Manganese 

Protores of the North Téra: Mineralogy and 

Geochemistry (West Africa) 

H. Garba Saley, A. Soumaila and M. Konaté 

Abdou Moumouni University of Niamey, Department of Geology, Faculty of Sciences and Technology, Groundwater and 

Georesources Laboratory, POBox 10662, Niamey, Niger 

 

Abstract: The manganese deposit of North Téra is located in the western side of the Diagorou-Darbani greenstone belt in the Niger 
Liptako Province (Northeastern part of Man Schield, West African Craton). Manganese mineralization bearing rocks are mainly 
gondites (a kind of garnet-rich quartzite of the spessartine type) whose borders consist of a high concentration of Mn oxide concretions. 
The methodological approach implemented consisted of a field study followed by a polarizing microscopic analysis in transmitted and 
reflected light and a geochimical analysis. North Téra gondites originate from Birimian manganese-rich sediments metamorphism in 
amphibolite facies. The supergene alteration, more or less important, has developed on the protore of gondites, a saprolitic profile 
whose setting up conditions were recently described in our previous work. The macroscopic analysis of the manganese deposits 
samples combined with the metallographic microscopic and geochemical analysis confirms that manganese mineralization originated 
from weathering processes. The first oxide that forms around the garnets is nsutite, while the mesostasis is invaded by pyrolusite with 
lenses of lithiophorite destabilizing in favor of pyrolusite. In the botryoidal concretions, the latter forms an alternation with the 
psilomelane rich in Ba (8,101ppm) in the uppermost levels. The abundance diagram shows that the normalize Rare Earths compared to 
PAAS derived from a plagioclase-rich quartzitic source. This observation is corroborated by a positive anomaly in Eu. Otherwise, the 
high levels of transition elements (Ni, V, Co and Cr) highlight the involvement of a basic source. The contents of major elements show 
a significant leaching, with an increase in those of Mn and Al during the increasing weathering. The CIA and PIA indices move in the 
same direction towards high values leading to the Al2O3 pole on the Al2O3-CaO * + Na2O-K2O diagram. This indicates an increasing 
alteration along the profile, according to an alteration path comprising plagioclase-smectite-kaolinite and illite to kaolinite. 
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1. Introduction 

Numerous studies have focused on the manganese 

mineralization of the West African Craton 

Paleoproterozoic formations. These mineralizations, 

wide spreading in greenstone belts, are described in 

Ghana [1, 2], Côte d'Ivoire [3], Burkina Faso [4, 5], 

Mali [6] and in Niger [7-10]. The protores of these 

low-grade manganese stratiform mineralizations are 

carbonates or silicates and originate from metamorphic 

recrystallization [11-15]. 

The origin of the primary mineralization has been 
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variously interpreted: 

(a) syngenetic chemical deposits in a 

volcano-sedimentary or sedimentary context at Nsuta 

in Ghana, Tambao, Kiéré to Houndé and Goren in 

Burkina Faso [4, 5, 16-18]; 

(b) deposits from a combination of sedimentary, 

volcanic, and exhalative processes [19]; 

(c) a chemical sedimentation from hydrothermal 

solutions [17]; 

(d) an emplacement resulting from reworking of 

manganese sediments in the setting up environment of 

Nsuta in Ghana [2]; or 

(e) an exhalativo-sedimentary deposits or exhalites 

[20], of the Ansongo lineament in Mali [6], as well as 
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in the North of Téra in the Niger Liptako province [10]. 

According to Ref. [21], geochemical signatures of 

trace elements are preserved in marine hydrothermal 

processes during the amphibolite facies metamorphism. 

All the studies show that the primary manganese 

mineralization of the Birimian formations is all 

supergene marine in origin (crusts, nodules or 

sediments) or hydrothermal (sedex) according to the 

classification of Ref. [22]. 

On carbonate protores and spessartine garnets 

quartzites or gondites, supergene alteration has 

favorized the formation of discontinuous saprolitic 

profiles. The latter are covered with encrusted 

manganese oxides and hydroxides-rich surfaces that 

give to the deposits variable economical interests. 

According to Ref. [14], this meteoric weathering is due 

to the superimposition of several processes, in 

particular: 

 a garnet hydrolysis; 

 a lithiophorite neoformation; 

 a chemical elements leaching; 

 and a cryptomelane epigenesis. 

This succession of processes depends on the nature 

of the parent rock (carbonates or gondites) and 

minerals (rhodochrosite and/or spessartine) that 

compose it [14, 23]. 

In the Niger Liptako province, an important 

manganese deposit resulting from the alteration of 

gondites was highlighted by Ref. [24] and described by 

Ref. [7-10]. However, no detailed study concerning the 

formation of manganese by the supergene weathering 

process has been undertaken. This study aims to fill 

this gap. Indeed, the characterization of weathering 

processes will specifically allow: 

 identifying the source of the rocks; 

 studying the geochemical characteristics of total 

rocks; 

 identifying different formed manganese minerals 

and the alteration processes during weathering. 

2. Geological Context and Location of the 
Study Area 

The North Téra manganese deposit is located in the 

Paleoproterozoic greenstones belt of 

Diagorou-Darbani, in the Niger Liptako province 

(Northeastern part of the Man Shield, West African 

Craton, Fig. 1). This greenstones belt is limited to the 

West by the pluton of Téra and to the East by that of 

Dargol. The  paleoproterozoic  formations of  the Niger 

Liptako province (2300 to 2000 Ma, [25, 27]) present a 
 

 
Fig. 1  (A) Simplified geological map of the Man’s Shield [16] and (B) location of the Niger Liptako province study area [9, 
modified].  
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“dome and basin” structuring, showing an alternation 

of greenstone belts and TTG granitoids (Tonalite, 

Trondjhemite Granodiorite). This structuring results 

from the diapirism linked to the implementation of 

TTG with the sagduction of greenstone belts. 

Following the preliminary geological work of 

Machens [7-9, 27], improving the knowledge of the 

geodynamic evolution of Niger Liptako province was 

made possible by subsequent research [10, 26, 28-36]. 

Two kinds of manganese mineralization have been 

identified by Ref. [10]: 

(1) the primary one (exhalativo-sedimentary) 

concomitant with the emplacement of Mn-rich 

sandstone pelites and basic rocks, which were  

affected by a regional metamorphism in the 

amphibolite facies. Metamorphism has transformed 

these rocks into manganese-rich quartzite, quartzite 

with garnet (gondite), micaschist bearing 

kyanite-staurolite-cordierite-sillimanite-garnet and 

amphibolite [25, 34]. 

(2) the other secondary (coming from supergene 

alteration of the gondites), with formation of 

paleosurfaces that cap the hilly links with NW-SE 

global orientation. In the vicinity of these hills are 

concretions of oxides/hydroxides of manganese (Fig. 2). 

3. Material and Methods 

The methodology implemented consisted in taking 

field samples following the weathering profile and then 

making thin sections and polished thin sections. The 

latter were prepared in thin sections workshop of the 

Ecole des Mines de l’Industrie et de la Géologie du 

Niger (EMIG). The microscopic descriptions were 

made using an optical microscope (LEICA 

MICROSYSTEMS (SCHWEIZ) AG, Model/DM 

750P/13613615 ) of the Department of Geology, 

Faculty of Science and Technology, University Abdou 

Moumouni of Niamey (Niger). This optical 

microscope allows observation in both transmitted and 

reflected light. 
 

 
Fig. 2  The Manganese deposit of the North Téra. A: Hill Investigated; B and C: concretions of the manganese oxide. 
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On each of the samples taken, after grinding, 30 g 

were sent to the Laboratory of Geochemical Analyzes 

(ACTLABS) in Canada. 

The analytical methods used are: Lithium 

Metaborate/Tetraborate Fusion FUS-ICP for major 

elements and FUS-MS for trace elements. 

For the ICP method, 1 g by sample was mixed with a 

flow of lithium metaborate and lithium tetraborate and 

then melted in an induction furnace. The melt is 

immediately poured into a 5% nitric acid solution 

containing an internal standard and mixed continuously 

until complete dissolution (~30 minutes). Assays are 

performed in a combination of simultaneous/sequential 

Thermo Jarrell-Ash ENVIRO II ICP or Varian Vista 

735 ICP. Calibration is performed using 7 USGS and 

CANMET prepared reference materials. Totals should 

be between 98.5% and 101%. 

The FUS-MS method consists in melting 1 g by 

sample with a Perkin Elmer Sciex ELAN 6000, 6100 or 

9000 ICP/MS and digesting it with aqua regia and 

diluted to 250 mL volumetrically. Appropriate 

international reference materials are digested at the 

same time. Samples and standards are analyzed on a 

Thermo Jarrell Ash ENVIRO II simultaneous and 

sequential ICP or on a Perkin Elmer Optima 3000 ICP. 

The detection limits range from 0.002 ppm (Lu) to 30 

ppm (Zn) for trace elements and from 0.001% (MnO 

and TiO2) to 0.1% for the other major elements. The 

analytical results are shown in the Table 1. 

4. Results 

4.1 Petrography 

4.1.1 Macroscopic Description of the Alteration Profile 

In the field, the outcrops of garnetites are in a less 

continuous layer of thickness ranging from 

multi-millimeter to decametric (Photo A1, Fig. 3). 

They are crossed by numerous injections of veins and 

veins of white-milky quartz. The structure is massive 

or finely foliated with alternating beds of garnets and 

quartz-rich beds. The slightly altered surfaces show a 

greenish gray (presence of epidote) or whitish 

(presence of feldspars). Macroscopically, two kinds of 

alteration can be distinguished: 

 A first type of alteration directly involving the 

garnet of the rock. At least three granulometric facies 

can be identified depending on the size of the crystals: 

a coarser facies with crystals ranging in size from 1 to 3 

mm, a medium facies with crystals of about 0.2 to 0.5 

mm and another finer whose crystal size is < 0.2 mm 

(sample TA). The garnet crystals, with rather rounded 

or corroded  contours, are  pinkish brown  in the  center 
 

Table 1  Chemical composition of samples.  

North Téra samples 

TA TB TC TD TE TCR 

SiO2 (wt.%) 45.58 25.09 37.86 23.83 19.98 12.86 

Al2O3 14.09 20.23 15.95 18.2 22.5 11.93 

Fe2O3(T) 8.69 10.48 12.22 11.37 10.31 12.04 

MnO 19.15 26.15 21.23 26.37 27.87 47.92 

MgO 3.83 0.06 0.43 0.09 0.05 0.07 

CaO 6.13 0.16 1.35 0.18 0.14 0.31 

Na2O 0.03 0.03 0.01 0.02 0.05 0.13 

K2O 0.03 0.5 0.12 0.22 0.48 2.31 

TiO2 0.95 0.767 0.707 1.468 0.652 0.575 

P2O5 0.24 0.09 0.24 0.41 0.28 0.21 

LOI 0.46 15.03 8.58 16.67 16.02 10.85 

Total 99.18 98.59 98.7 98.82 98.33 99.21 

CIA (mol) 56 96 86 97 96 79 

SiO2/Al2O3 3.23 1.24 2.37 1.31 0.89 1.08 
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(Table 1 continued) 

North Téra samples 

TA TB TC TD TE TCR 

Trace element (ppm)   

Sc 19 14 17 26 32 56 

Be < 1 3 3 5 3 5 

V 282 659 446 413 591 504 

Cr 170 110 120 90 50 100 

Co 256 164 281 194 391 332 

Ni 990 430 750 890 880 380 

Cu 30 30 70 140 80 220 

Zn 380 160 260 550 520 320 

Ga 28 43 34 36 53 47 

Ge 3.9 2.1 2.3 0.8 2.1 1.7 

As 16 9 11 17 11 16 

Rb 2 13 3 6 9 37 

Sr 87 437 157 195 320 974 

Y 33.5 17.8 19.1 32 50.6 52.2 

Zr 188 187 157 393 115 109 

Nb 10.4 7.3 6.8 15.1 1.9 3.6 

Mo 5 13 95 > 100 98 48 

Ag 0.6 0.6 0.6 1.3 < 0.5 0.6 

In < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 

Sn 3 2 3 4 2 2 

Sb < 0.2 < 0.2 0.5 < 0.2 < 0.2 0.6 

Cs 0.1 1.3 0.2 0.8 0.5 2.1 

Ba 66 195 280 69 1200 8101 

La 64.6 27.6 22.9 25.5 52.3 103 

Ce 103 44.2 69.2 81.7 142 275 

Pr 14.9 7.67 6.63 5.62 15 29.3 

Nd 56.9 31.1 27 23.6 63.1 116 

Sm 8.37 6.05 5.65 4.59 12.9 24.4 

Eu 2.26 1.81 1.52 1.54 3.33 6.03 

Gd 6.25 4.6 4.52 4.57 11.2 17.5 

Tb 0.8 0.61 0.64 0.65 1.53 2.49 

Dy 4.55 3.32 3.61 3.94 8.72 13.9 

Ho 0.88 0.62 0.67 0.78 1.68 2.38 

Er 2.42 1.41 1.79 2.12 4.36 6.59 

Tm 0.309 0.199 0.261 0.288 0.555 0.882 

Yb 1.86 1.45 1.65 1.98 3.43 6.05 

Lu 0.292 0.197 0.249 0.344 0.518 0.829 

Hf 4.2 4.3 3.7 8.7 2.3 2.5 

Ta 0.54 0.53 0.52 0.87 0.16 0.22 

W 8.9 5.1 6.9 7 12.6 23.5 

Tl < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 

Pb < 5 < 5 10 < 5 < 5 41 

Bi 0.6 0.9 2.8 4 1.9 0.5 

Th 6.79 2.53 3.97 7.01 1.67 2.5 

U 1.72 1.33 2.15 3.35 1.93 1.91 

Zr/Hf 44.76 43.49 42.43 45.17 50.00 43.60 
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and brownish on the margins. They are embedded in a 

blackish brown mesostasis or gangue (photo A2, Fig. 3) 

of Mn oxides and hydroxides. The garnet is then 

replaced by brownish oxides and/or manganese 

hydroxides. 

 A second type of alteration in which garnet 

crystals, although blackish, retain their automorphic 

habitus, with crystalline faces well preserved, without 

apparent alteration. They are embedded in a dark 

brown to blackish gangue, this characterizes an 

epigenesis (Photo B1, Fig. 3). 

The further alteration leads to a colorful rock 

(whitish-brownish-reddish) more or less powdery 

without apparent foliation (sample TB). Garnets are 

rarely identifiable, oxides/hydroxides of manganese 

form blackish “clastic” elements, of variable size 

(plurimillimetric to centimetric) embedded in a 

brownish to whitish kaolinic mass (Photo B2, Fig. 3) 

with rare crystals of quartz. 

When the leaching of the chemical elements is very 

important, the rock acquires a dark brown to black 

color where the garnets are epigenized by 

oxides/hyroxides of manganese: the crystals, of black 

color, appear welded with globular forms (sample TC). 

The exsudation silica forms numerous veinlets and 

quartz veins which get trough the rock (Photo C1, Fig. 

3). By raising the weathering profile, the rocks become 

black (sample TD). Quartz is not abundant, this 

suggests a strong leaching leading to the departure of 

the silica. The rock becomes more porous with a large 

amount of oxides/hydroxides of manganese (Photo C2, 

Fig. 3). Towards the top of the profile is formed a 

massive crust of oxides/hydroxides of manganese (TE 

sample), more or less thick boryoid structure (TCR 

sample) (Photos D1 and D2, Fig. 3). This crust is, in 

part, deeply scoured. As a result, some hills show only 

garnetites early alteration. 

4.1.2 Microscopic Description in Transmitted and 

Reflected Light 

The relatively healthy rock (TA) samples were 

studied under a transmitted light microscope (TA 

sample). They have a porphyroblastic texture with a 

mineral composition including: garnet, framboid 

crystals, quartz, epidote, sphene, amphibole (grunerite), 

microcline, plagioclase and tourmaline (Photos A1 and 

A2, Fig. 4). The alteration of garnets to manganese 

oxides/hydroxides is in the form of opaque black 

granules which gradually replace the mineral. This 

alteration begins at the edges and in the fractures and 

invades the garnet crystals (Photos B1, B2, C1, C2, D1 

and D2, Fig. 4). It is a centripetal alteration according 

to the classification of Ref. [14]. Mesostasis or gangue 

is also altered and is gradually replaced by a mass of 

small crystals of quartz, epidote, chlorite and sericite. 

Lenses of oxides/hydroxides of manganese are thus 

distinguished in this gangue. 

The strongly weathered samples were used to make 

thin polished sections and were studied in reflected 

light (Photos A1 to D2, Figs. 5 and 6). In thin polished 

sections, the alteration, directly involving the 

spessartine garnet crystals, begins on the borders areas 

of the grains and passes through the crystal (A1 and A2 

Fig. 5). The first oxide that forms around the garnets is 

nsutite, while the mesostasis is invaded by pyrolusite 

with destabilization of the lenses of lithiophorite 

(Photos B1 and B2, Fig. 5). The pyrolusite replaces the 

lithiophorite and the nsutite, which disappear rapidly. It 

penetrates the garnets and isolates relics that will 

continue the alteration. When the alteration is very 

advanced, the pyrolusite in cryptocrystals forms 

alternations of botryoidal layers with the psilomelam 

with botryoidal structure (Photos A1, A2 and C1, C2 

Fig. 5). This psilomelane can be considered as 

romanechite whose formula is 

Ba(Mn4+,Mn3+)5O10·1.3-4H2O, when considering the Ba 

content of the rock (8,101 ppm). The complete 

epigenization results in a replacement of garnet   

whose contours are clearly visible in analyzed light, 

with polycrystalline quartz ranges (sample TB, A1  

and A2, Fig. 6). In some cases pyrolusite forms  

poorly crystallized lenses (TC, Photos B1 and B2, Fig. 

6) and in others polycrystalline ranges associated with  
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Fig. 3  Macroscopic samples taken along the alteration profile. A1: (TA) the outcrops of garnet layers more or less healthy 
(F.qz: mean feldspath and quartz); A2: replacement of garnet by brownish oxides and or manganese hydroxides; B1: Garnet 
being epigenized in a dark brown to blackish gangue; B2: (TB) lateritized garnetite; C1: (TC) powdery manganese 
oxide/hydroxide ore; C2 (TD) and D1 (TE): Highly altered sample with exsudation silica; D2: (TCR) Concretion of manganese 
oxide with garnet constituting the heart of concentric layers. 
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Fig. 4  Observation in PLNA (A1, B1, B2, C1, D1) and in PLA (A2, C2, D2) of the samples TA and TB. A: healthy rock (TB) 
showing fresh garnets, B: (TB) deterioration of garnets on the border and in the fractures (arrow); B1: Opaque granules of Mn 
oxide occupying the edge areas of garnet crystals and the fractures; B2: Accentuation of the garnet alteration. C1 to D2: 
further alteration until total replacement of garnet relics by oxides of manganese. G: garnet; Sp: sphene; Pl: plagioclase; Q: 
quartz; Am: amphibole; To: tourmaline; Ox: oxide. 
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Fig. 5  Microscopic observation of the polished sections. The images are in unanalyzed polarized light (A1, B1 and C1) and in 
analyzed polarized light (A2, B2 and C2). A: pyrolusite and psylomelane forming concentric layers around an automorphic 
garnet core that transforms into Nsutite. B: destabilization of lithiophorite in favor of pyrolusite. C: a concretion formed of 
alternating layers of pyrolusites and psilomelane. Ps: psylomelane; P: pyrolusite; N: Nsutite; G: garnet; Q: quartz; L: 
Lithiophorite. 
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Fig. 6  Microscopic observation of the thin polished sections. Images A1, B1 and C1 are LPNA and A2, B2 and C2 are in LPA. 
A: (Tb) garnet crystals epigenized by pyrolusite; B: (Tc) mixture of poorly crystallized pyrolusite crystals and cryptomelane; C: 
Lithiophorite replacement by pyrolusite. Same legend as Fig. 5. 
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cryptomelane (TCR, Photos C1 and C2, Fig. 6). Two 

kinds of crusts can be distinguished during the 

alteration of the cuirasse that covers the profile: an 

encrustation without visible garnet relics (Photo D1, 

Fig. 3) and another with garnet relic more or less 

blackish (Photo D2, Fig. 3 ). 

4.2 Geochemical Characteristics 

Table 1 gives the geochemical elements assayed in 

the samples of the North Téra. 

4.2.1 The Major Elements 

The table analysis shows a steady decrease in SiO2 

levels (45.58 to 12.86 wt%), CaO (6.13 to 0.14 wt%) 

and MgO (3.83 to 0.05 wt%) when the alteration 

degree increases. On the contrary, this alteration results 

in an increase in the contents of Na2O (0.03 to 0.13 

wt%), K2O (0.03 to 2.31 wt%), Al2O3 (14.09 to 22.15 

wt%), Fe2O3 (T) (8.69 to 12.04 wt%) and especially 

MnO (19.15 to 47.92 wt%). This is corroborated by the 

fire-loss values: LOI = 0.46% the Ta sample: 8.58 to 

16.67% for other samples. The increase in the contents 

of Na2O, K2O, Al2O3, and MnO, is explained by the 

fact that these elements are part of the composition of 

many oxides/hydroxides of manganese. Increasing 

levels of Fe2O3(T) indicate an increasing degree of 

oxidation with increasing ferric iron amounts. With the 

exception of the TD sample (TiO2 = 1.48%) and TB 

(P2O5 = 0.09%), the TiO2 and P2O5 contents vary 

slightly: 0.56 to 0.95% and 0.21 to 0.41% respectively; 

not directly related to Fire Loss (LOI). 

In the log (Fe2O3/K2O)-log (SiO2/Al2O3) of the 

classification scheme of Ref. [37], all samples are 

classified as iron-rich shales (Fe-shale) with a regular 

decay of SiO2 as depending of the alteration degree 

(Fig. 7). 

The chemical index of the alteration (CIA) is used to 

measure the alteration degree according to the formula 

of Ref. [38]: Al2O3 / (Al2O3 + CaO + K2O + Na2O). It 

makes it possible to establish the alteration degree of 

the feldspars compared with the unaltered rocks. 

Healthy rocks have CIA close to 50, while the CIA 

value is 100 for residual clays with transformation of 

feldspar into clay minerals such as kaolinite and 

gibbsite (when the chemical weathering is very 

important [39]. 

The studied samples show that the CIA of the 

feldspath is about 56 for the low weathered rock 

sample (TA) and about 96 to 97 for the other three 

samples (TB, TD and TE). For the samples TC and 

TRC, this parameter is respectively 86 and 79. An 

index of PIA plagioclase alteration index [39], is given 

by the formula [(Al2O3-K2O) / (Al2O3 + CaO * + Na2O 

+ K2O)] / 100 where CaO * represents the total 

corrected CaO when there are carbonates. The absence 

of carbonate rocks in the studied sequence makes it 

possible to neglect the CaO bound to these rocks, thus 

the analytical contents are used in the calculation. 

Values in the order of 50 indicate unaltered plagioclase, 

whereas values close to 100 indicate a complete 

conversion  of plagioclase  into aluminous  secondary 
 

 
Fig. 7  Analytical points of the North Téra samples in the classification diagram [37].  



Alteration Processes of Paleoproterozoic Manganese Protores of the North Téra:  
Mineralogy and Geochemistry (West Africa) 

188

 

 
Fig. 8  Evolution of the alteration in the ternary diagram Al2O3-K2O- (CaO + Na2O) [40].  
 

minerals such as kaolinite, illite and gibbsite [39]. 

This parameter evolves in the same way as the first 

parameter for the rocks of North Téra, with PIA = 70 

(TA), 92 for TC and 96 to 99 for the other samples. The 

CIA and PIA indices define two evolutionary trends on 

the Al2O3-CaO * + Na2O-K2O diagram (Fig. 8): a trend 

parallel to Al2O3-CaO * + Na2O, indicates a leaching of 

Ca and a trend parallel to Al2O3-K2O shows the 

mobility of K. The significant alteration causes trends 

to evolve towards the Al2O3 pole. 

4.2.2 Trace Elements 

The high Th/U values reflect deep alteration 

conditions [41] or indicate a change in the oxidation 

state of the rock [42, 43]. For the samples from the 

North Téra, the slightly altered rock (TA) has a Th/U 

value = 3.9. Values are close to 2 for TB, TC and TD 

samples; 0.9 and 1.3 for TE and TRC respectively, thus 

reflecting various degrees of oxidation. 

The transition elements V, Cr, Co and Ni appear 

enriched in the North Téra rocks compared to PAAS (V 

= 150 ppm, Co = 23 ppm and Ni = 55 ppm), with Ni = 

380 to 990 ppm, V = 280 to 659 ppm, Co = 164 to 391 

ppm. The levels of Ba (66 to 280 ppm) remain lower 

than that of PAAS (650 ppm), excepted TE and TCR 

samples where the concentrations are very high: 1,200 

and 8,101 ppm respectively. Three samples show 

values of Sr (TB, 473 ppm, TE, 320 ppm and TCR, 974 

ppm) greater than that of PAAS (200 ppm). Other rocks 

are less rich in Sr than PAAS. 

The Rare Earths are known to be motionless during 

alteration processes and metamorphism, however, in 

some cases, a slight decrease or increase can be 

observed. Thus, the amount of the Rare Earths (301 

ppm) in the least altered rock (TA) is greater than the 

amount of Rare Earths in the samples TB, TC and TD, 

respectively 149, 165 and 189 ppm. TE samples (Mn 

encrustation) and TCR are distinguished from others 

with values of 371 and 657 ppm. 

The Rare Earths Spectra (Fig. 9) are parallel with a 

slight enrichment of the Light Rare Earths compared to 

the Heavy Rare Earths, this is expressed by the ratio 

LaN / YbN = 2.56 for TA and 1.02 to 1.40 for other. 

The TD sample is distinguished by a lower value (0.95). 

There is a relative enrichment in Y related to the 

presence of the garnet which absorbs this element. All 

samples show a positive Eu (Eu * = 2 * EuN / (Sm + Gd) 

N) anomaly that ranges from 1.29 to 1.45; unrelated to 

the degree of oxidation of the rocks (Fig. 9). 

Two samples (TA and TB) exhibit negative Ce 

anomalies (Ce * = 0.76 and 0.70). This anomaly is positive 
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Fig. 9  Abundance diagram of standardized rare earths elements relative to PAAS [44]. 
 

for the other samples (1.15 to 1.57). 

5. Discussion 

5.1 Petrography, Mineralogy and Alteration 

The manganese formations of North Téra exhibit a 

progressive alteration profile, characterized at the 

bottom by relatively healthy rocks, going upwards to 

more or less powdery rocks, then to compact crusting 

of Mn oxides/hydroxides on the slopes and at the top of 

the hills. These observations are in agreement with the 

variation in the same way, towards the high values of 

the CIA and PIA alteration indices [38, 39]. 

The main mineral source of Mn during this alteration 

is manganese garnet or spessartine. Two types of 

alteration have been distinguished: one centripetal and 

the other epigenic. 

The centripetal alteration [14] begins on the edges 

and fractures, and then progresses to complete 

replacement of the mineral. In North Téra, following 

the dismantling and dissolution of a first carapace, 

formed during a first alteration cycle, there appear 

blocks of garnetites at the top of the hills (Fig. 2). A 

new weathering cycle starts some blocks of these rocks, 

with a thin layer of oxides and hydroxides of Mn (< 10 

cm). Chronologically around the garnets are formed 

nsutite, then lithiophorite, the latter is itself replaced by 

the pyrolusite that invades the mesostasis (Photo B1 

and B2, Fig. 5). Similar observations have been made 

in other West African Mn deposits [14]. 

According to Refs. [45-47], in West Africa, the 

formation of manganese crusts (in Mn-rich rocks) 

would be concomitant with that of laterites (iron-rich 

rocks) and bauxites (aluminum-rich rocks), during the 

period Cretaceous-Tertiary (102-65 Ma). According to 

the same authors, these crusts are then intensely eroded 

during the Eocene to Miocene periods (55-23 Ma), 

leading to the formation and accumulation of a portion 

of the manganese in scree on the slopes of the hills. The 

other part undergoes a dissolution of the manganese to 

be transported in depth from the enrichment of the 

rocks in Mn. Fig. 10 Eh-pH [48] shows that this 

dissolution can occur especially when the conditions of 

Ph are slightly basic to acids (9 to 4). Under these 

conditions, insoluble Mn3+ and Mn4 + ions are reduced 

to more mobile Mn2+ ions. 

The new Mn oxide/hydroxide crusts, probably from 

post-Miocene ages, are formed on bare garnetite blocks 

at the top of the hills. The complete epigenesis results 

in a replacement of the garnet which retains its 

automorphic  habitus  (Photo B1, Fig. 3  and Photo A1, 
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Fig. 10  Eh-pH diagram of the Mn-C-S-O-H sytem at 25 ° 
and 1 bar.  
Mn = 10-6, C, S = 10-3 (modified from [48]). 
 

 
Fig. 11  Eh-pH diagrams for Cr-O-H (1).  
Activity of different species epecies estimated at Cr: 
Temperature: 26,815K; pressure: 105 Pa; metal ion activity : 
10-10 [49].  
 

A2, Fig. 6), while being entirely invaded by a mixture 

of pyrolusite, cryptomelane and sometimes 

psilomelane in concentric layers nippled (Photo C1 and 

C2, Fig. 5). 

5.2 Source and Environment of Emplacement of 

Manganese Rocks 

The transition elements (Cr, V, Ni, Co) are 

concentrated preferentially in mafic and ultramafic 

rocks and their alteration products. They are immobile 

during alteration processes and metamorphism. These 

elements reflect the chemistry of the source from which 

these sedimentary rocks originate [50, 51]. The high 

levels of these elements (higher than those of PAAS) 

suggest two hypotheses: 

(1) the loss of material by leaching (due to the 

immobility of these transition elements), can lead to the 

virtual increase of their concentrations in the altered 

rocks; 

(2) the enrichment at the source. 

The second hypothesis seems to apply to the TA 

sample which is slightly altered, thus indicating its 

origin from a basic to ultrabasic source. This is 

corroborated by the Cr/Th ratio = 25. According to 

Refs. [52, 53], the Cr/Th ratio distinguishes fine 

sediments from basic rocks from those derived from 

felsic rocks. The Cr/Th ratio ranges from 0 to 15 for 

felsic sediments, and from 22 to 500 for sediments of 

basic origin. The garnet of North Téra is considered to 

be derived from the metamorphism of basic source 

sediments. 

The first assumption applies to the other samples. 

Leaching played an important role in the 

concentrations of V (413-659 ppm), Co (164-391 ppm) 

and Ni (430-890 ppm). The contents of Cr decrease 

with increasing degree of oxidation of the rocks. This is 

confirmed on the Eh-Ph diagram [49] ( Fig. 11) where, 

for pH of 9 to 4 corresponding to the conditions of 

alteration, Cr forms cationic or anionic hydrated 

mobilizable complexes. 

5.3 Spectra of Rare Earths Samples 

The enrichment in light Rare Earths compared to 

heavy Rare Earths and the Eu positive anomaly are 

source characters. These characters reflect a rich source 

of plagioclase set up in a geodynamic environment of 



Alteration Processes of Paleoproterozoic Manganese Protores of the North Téra:  
Mineralogy and Geochemistry (West Africa) 

191

oceanic arc type. This is consistent with the setting 

context of the formations that gave the micaschists and 

amphibolites associated with these Mn rocks [25, 26, 

32]. 

The participation of basic rocks is corroborated by 

the relatively high levels of transition elements Ni, V, 

Co, Cr. These rocks were metamorphosed into 

amphibolite facies during the Eburnean metamorphic 

event. Similar observations have been made by Ref. 

[54] for the Mn deposits of Liptako-Gourma. 

According to this author, the Mn protores of this region 

are associated with rocks including volcanic rocks, 

tuffaceous and chemical sedimentary rocks, basalts, 

Mn-rich silty clays, Al-rich quartites, and black shales. 

These environments are conducive to sedex 

(exhalativo-sedimentary) mineralization in the 

Nigerian Liptako [8, 10, 24]. Negative or positive 

anomalies in Ce reflect various degrees of oxidation. In 

fact, Ce3+ oxidizes to insoluble Ce4+ which enters the 

secondary mineral phases [55, 56]. 

6. Conclusion 

The manganese protore of the North of Téra is a 

gondite (garnet) rich in spessartine (Garnet to A1et 

Mn). 

The first stage of the alteration is the transformation 

of garnet into nsutite (Mn4+
1-xMn2+

xO2-2x(OH)2x where 

x = 0.06-0.07, then the formation of lithiophorite 

(Al3+Mn3+O2(OH)2). This chronology between nsutite 

and lithiophorite is based on the degree of oxidation of 

the minerals: the first contains Mn2+ ions, the second is 

more hydrated, and the H2O contents (expressed as 

OH- ions) indicate the degree of oxidation. The other 

minerals are pyrolusite from the retromorphosis of 

lithiophorite, psilomelane and cryptomelane. 

The contents of major elements show a significant 

leaching, with an increase in those of Mn and Al during 

the increasing weathering, hence the formation of 

manganese crusts. The CIA and PIA indices move in 

the same direction towards high values leading to the 

Al2O3 pole on the Al2O3-CaO * + Na2O-K2O diagram. 

This indicates an increasing alteration along the profile. 

The study of elements and the normalized Rare 

Earths compared to the PAAS, brings out a slightly 

quartzic source. This source is rich in plagioclase 

(diorite or quartz diorite) with the addition of basic 

rocks as indicated by the contents of the transition 

elements. The geodynamic environment is of the 

oceanic arc type, an environment conducive to the 

emplacement of Sedex-type Mn mineralization, 

protores of the Mn deposits of the North Téra. 
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