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Introduction
La premiére partie de ce mémoire est constituédeds chapitres dont le premier
regroupe les themes relatifs a la carriere d'ureignant (enseignement, administration,
valorisation et transfert de technologie, et rechey et le second ressort les grandes lignes

du cadre naturel du Sud Cameroun et des méthoitie8ag au cours des différentes études.
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Chapitre 1. Enseignement - administration - valoriation et

transfert - recherche

Introduction
Ce chapitre regroupe les aspects fondamentaux dear@ére d'un enseignant-
chercheur a savoir les activités d'enseignemertninistration universitaire, la valorisation

et le transfert de technologie.

1. Activités d’enseignement

Elles se déroulent & I'Université de Yaoundé 1 (€amn) depuis 1995. A I'époque, il
s’agissait essentiellement d'encadrer des travanges et travaux pratiques dispensés aux
étudiants de premiére année de Licence. Mes adige sont poursuivies et eétendues au cycle
de Master aprés mon recrutement en qualité d'Asdisen septembre 1998. Apres ma
promotion au grade de Chargé de Cours en 2001.cgaimencé a dispenser les cours
magistraux dans les niveaux IV et V (UV ST 431,48B, ST 532, ST 536. STU 415, STU
438, STU 539, STU 545, STU 599) en plus des travhugés et travaux pratiques. Il faut
toutefois noter que les enseignements sont sulégdiwn trois niveaux dans le systeme LMD.
Les enseignements de Licence vont du niveau | @eaunilll. Les enseignements de Master
vont du niveau IV au niveau V. Les enseignementthese sont subdivisés en D1, D2 et D3.
En 2007, jai été nommeé Vice-président de jury deeau Il de la filiere Sciences de la Terre
en 2007 et en 2008, Président du jury du niveae ladméme filiere. Depuis 2008, je suis
coordonnateur des travaux pratiques de Géologiérgknau niveau |. Depuis ma promotion
au grade de Maitre de Conférences, jai été maintemme coordonnateur des travaux
pratiques de Géologie générale ou nous encadressdpr3500 étudiants par an.

Les enseignements de cartographie sont basés legtuee des cartes topographiques
et géologiques, sur la réalisation des profils ¢gwpphiques et des coupes géologiques mais
également sur la reconnaissance macroscopiqudétesrés constitutifs des grandes familles
de roches.

Les travaux dirigés de Geéologie générale portentlss notions élémentaires de
I'altération des roches, la classification des escBédimentaires, et enfin sur la minéralogie
des roches magmatiques.

Au niveau ll, le cours sur les systemes d’altératioclimatique est la continuité de

celui sur les altérations dispensé au niveau I.
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Au niveau II, on aborde la classification des s#fn la classification francaise, la
classification américaine (soil Taxonomy) ou lassléication de la FAO. On définit aussi de
maniere détaillée I'écologie des sols tropicauteetperés.

Mes enseignements en Master | sont axés sur ldggiecet également sur l'altération
et la morphogenése en zone tropicale, et en Mdktaur la géochimie appliquée a la
métallogénie et aussi sur la gitologie.

En géochimie de surface, les enseignements saaligés sur les notions de base de la
thermodynamique, le comportement des éléments gbesi dans les sols et l'eau, et
également sur les domaines de stabilité des mirécamndinaux des sols ferrallitiques
(gibbsite, kaolinite, hématite et goethite).

En géochimie appliqguée a la métallogénie, les gnsenents portent sur le
comportement des éléments du groupe du platineldangieu supergéne et sur la géochimie
des carbonates et des terres rares.

Je dispense un autre cours sur la gitologie dessteares et des éléments du groupe du
platine.

L’école de terrain dans les niveaux Ill et IV catsia amener les étudiants sur le
terrain a reconnaitre les différents types lith@ags mais également a décrire de maniére
détaillée les matériaux d'altération. Cette écdéehgve par une cartographie des types
lithologiques. Avec les collegues du Départemedtple aborde également les problemes liés

a la pollution de I'environnement, en particuliede des nappes.

2. Administration — valorisation et transfert de technologie
2.1. Administration
Je participe a I'administration universitaire ereegant le réle de Président ou vice-

président des jurys de niveaux.
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Tableau 1. Récapitulatif des enseignements dispensé

N° | Code UE Intitulé du cours Type d’enseignement
1 STU 105 Cartographie Travaux pratiques (TP)
STU 110 Géologie générale Travaux pratiques
3 STU 203 Altération bioclimatique en zop&ravaux dirigés (TD)
tropicale
4 STU 206 Paléontologie descriptive Travaux prasju
ST 309 Altération et pédogenése en zpmeavaux pratiques et dirigés
tropicale
6 ST 431, STU438, Géochimie de la surface Cours magistraux (CM) | et
STU 415 ou 407 travaux dirigés
7 STU 448 ou STU Altération et morphogenése en zgn€ours magistraux et travaux
418 tropicale dirigés
8 STU 532 Techniques de laboratoire Travaux pratqu
STU 536 Morphogenese en zone tropicale (l[) GV
10 | STU 539 Gitologie Cours magistraux et travaux
pratiques
11 | STU 545 Géochimie appliquée a I&ours magistraux et travaux
métallogénie pratiques
12 | STU 599 Compléments de pétrographie et @eurs magistraux et travaux
minéralogie dirigés
13 | STU400 Ecole de terrain Travaux pratiques
14 | STU 300 Ecole de terrain Travaux pratiques

2.2. Valorisation et transfert de technologie

En ce qui concerne les activités de valorisatian,lgs mene par le biais du

rayonnement scientifique a travers les colloqudsspublications scientifiques par lesquels

passent également les transferts de technologiealbaisation et le transfert sont développés

aussi au cours de nos enseignements théoriquasitigugs mais aussi par I'encadrement des

étudiants en cycle de recherche.

Un autre aspect de la valorisation et de transferisiste en la réalisation des

expertises.
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2.2.1. Expertises en entreprises

Les expertises ont été pratiquées au cours denfstreiction d’un oléoduc de 1300 km
de long du Tchad au Cameroun et suite a sa cotistrtupour la restauration des écosystemes
fragiles dans le Nord-Cameroun. La derniere exgeide rapporte a l'inspection des vannes

effectuée sur le méme oléoduc.

3. Activités de recherche

3.1. Masters et théses encadrés ou en cours deda@ction

3.1.1. Masters

3.1.1.1. Agro-pédologie

1) —Ngansop, C., 200&valuation pédo-climatique des sols sous les jashée deux ans de

la localité de Ngomedzap pour la culture du palrai@éuile (Elaeis guineen3$idDESS, Univ.

de Yaoundé I, 86 p.

3.1.1.2. Connaissance et fonctionnement des latést
1) — Nandjip Kamgue, P., 2010Contribution a I'étude pétrologique d’'une isaltérit
développée sur orthogneiss au SW de Yaoundé : na@heles indices de cérium dans les

matériaux ferruginisés. DEA, Univ. de Yaoundé 1,p70

2) — Badinane Bisseke, M., F., 200€@ontribution a I'étude pétrologique d’une isaltérit
développée sur orthogneiss au SW de Yaoundé : emseevidence des anomalies en

manganese et en cérium. DEA, Univ. de Yaoundé p.71

3.1.1.3. Métallogénie
1) — Nyobe, S. P. N., 201Xontribution a I'étude pétrologique des enclavesraehes
ultramafiques dans la chaine panafricaine au Camercecherche des indices des éléments

du groupe du platine. Master, Univ. de Yaound€& Ip5
2) — Aye Anehumbu Beyanu, 2010. Contribution a I'étyparologique des amphibolites de

la ceinture de roches vertes de I'unité du Nyorgcherche des indices d’or et des éléments

du groupe du platine. Master, Univ. de Yaoundélp9
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3) — Tessontsap Teutsong, 2010. Contribution ad@tpétrologique des latérites développées
sur amphibolites dans l'unité du Nyong : recherdbg indices d’or et des éléments du groupe

du platine. Master, Univ. de Yaounde I, 85 p.

4) — Sababa, E., 200&éochimie des enclaves de péridotites et de geadaes la région
volcanique de Nyos (NW Cameroun) : recherche ddgés des éléments du groupe du
platine. DEA, Univ. de Yaoundé I, 62 p.

5) — Tonje, J.-C., 200Tontribution a I'étude des dépobts alluvionnairesudiée de la riviere
Teba, secteur de Matomb (Plateau sud-cameroubdt#), Univ. de Yaoundé |, 84 p.

6) — Ebah Abeng, S. A., 2006es pyroxénites a grenat de l'unité du Bas-Nyongsdie
secteur de Lolodorf (Département de I'Océan, Pividu Sud) : pétrographie, géochimie et
prospection géochimique du platine, palladium &t DEA, Univ. de Yaoundé I, 65 p.

7) — Minyemeck, E. A., 2006. Les amphibolites dtdehistes du secteur de Pouth-Kellé
(Plaine cotiere du Cameroun) : pétrographie, milog@, géochimie et prospection
géochimique du Platine, Palladium et Or. DEA, Unie.Yaoundé I, 82 p.

8) — Essomba, Y., 200Recherche des indices de Ni, Co, Cr et Mn dansrateriaux
d’altération développés sur serpentinite a Madas@ilade Kongo-Nkamouna, Complexe
ultrabasique de Lomié, SE Cameroun). DEA, Univ¥deundé I, 47 p.

9) — Oumarou, M., 2006rospection géochimique du Pt, Pd et Au dans lakebaltérées de
talcschistes et d’amphibolites contenues dansredugs d’altération des gneiss a biotite de

la localité de Pouth-Kellé (Plaine c6tiére du Cawnel). DEA, Univ. de Yaoundé |, 97 p.
10) — Ayangma, C., 2006. Recherche des indicesoterhétaux nobles (Ni, Co, Cr) dans les

matériaux d’altération des serpentinites du masd&f Rapodjombo-Ouest (Lomié, SE-

Cameroun). DEA, Univ. de Yaoundé I, 65 p.
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3.1.1.4. Pétrologie des matériaux alluvionnaires
1) — Djenabou, S., 201LTaractérisation physique, minéralogique et chimides fractions
granulométriques d’'une argile alluviale de la Idéatle Ngaye (Arrondissement de Touboro,

Département du Mayo Rey). Master, Univ. de Yaounée p.

3.1.2. Theses

3.1.2.1. These finalisée (soutenance prévue en adQi2)

1) — Ebah Abeng, S.A., 2012. Prospection géochimidgi I'or et des éléments du groupe du
platine dans les matériaux d’altération des pyragéra Lolodorf (Département de I'Océan,
Région du Sud). Univ. de Yaoundé |, 147 p. Tauxcdstribution (50 %), en co-direction

avec Bilong Paul.

3.1.2.2. Theses en cours
1) - Sababa EliséPétrologie et métallogénie des matériaux d’'altératiéveloppés sur les
enclaves de roches ultrabasiques dans les regodcesmgues de Nyos (NW Cameroun) et de

Kumba (SW Cameroun). En co-direction avec profesBaul Bilong.

2) — Badinane Bisseke Mireille FrancinEomportement des éléments traces et terres rares
dans les produits d’altération des orthogneiss\&ud® Yaoundé (Centre-Cameroun). En co-

direction avec le professeur Paul Bilong.

3) - Djenabou Soureiyatou. Pétrologie et essaisgtils des matériaux alluvionnaires de

Ngaye (Arrondissement de Touboro, Nord-Cameroun).

4) - Aye Anehumbu Beyanu. Essai de caractérisadies minéraux porteurs de l'or et des
éléments du groupe du platine dans les amphibditei$eres riches en sulfures dans l'unité

du Nyong (Akom Il, Sud-Ouest Cameroun).

3.1.3. Que sont devenus certains de mes anciensiénts?

Comme tous les formateurs, j'ai le souci du devprofessionnel de mes anciens
étudiants.
- Ngansop Christophe, Ingénieur Agronome, est déédjArrondissement d'Agriculture a
Yaounde .
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- Ayangma Camille est géologue minier dans uneeprige d'exploration miniére.

- Oumarou Madi, Sababa Elisé et Aye A. Beyanu ed@rcomme professeurs de lycée sortis
des Ecoles Normales Supérieures. Sababa et Ayarpréparallelement leurs theses.

- Essomba Yves, Minyemeck Etienne Alain et Tonjand€amille ont été recrutés au
Ministere de la recherche scientifique comme Attaschde recherche. Tonje prépare
parallelement sa these.

- Badinane Bisseke Mireille Francine a été recrdgigs une compagnie pétroliére.

- Ebah Abeng Sandrine Appolonie a été recrutée cmmissistante a I'Ecole Normale
Supérieure de Yaoundé. Elle a achevé sa these.

- Tessontsap Teutsong est géologue minier dansaniété d'exploration miniére et prépare

parallelement sa these.

3.2. Participation a des jurys

3.2.1. Masters

a. Comme rapporteur

1) - Ngansop Christophe (2004).

2) - Ayangma Camille (2006).

3) - Oumarou Madi (2006).

4) — Essomba Yves (2006).

5) - Minyemeck Etienne Alain (2006).

6) — Ebah Abeng Sandrine Appolonie (2006).
7) - Tonje Jean Camille (2007).

8) — Sababa Elisé (2008).

9) — Badinane Bisseke Mireille Francine (2009).
10) — Nandjip Kamgue Prisca (2010).

11) — Tessontsap Teutsong (2010).

12) — Aye A. Beyanu (2010).

13) — Djenabou Soureiyatou (2011).

14)- Nyobe Nolas Simon Pierre (2011).

b. Comme examinateur
1) — Bayiga Elie Constantin (2003).
2) — Ndong Mawo Christian (2004).
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3) — Nguemhe Fils Salomon César (2006).
4) — Kouam Alain Cétel (2008).

5) — Linwa (2008).

6) — Temga Jean-Pierre (2008).

7) — Azalfack Jean Richard (2009).

8) — Banakeng Lucian Asone (2009).

9) — Bangoba Kaguina (2009).

10) — Saha Kodjo (2010).

11) — Ipan Antoinette (2010).

12) - Plusieurs fois en 2011 et 2012.

c. Comme président
1) - Une fois en 2011.
2) - Plusieurs fois en 2012.

3.2.2. Theses (soutenances programmees au mois de2012)
a. Comme co-rapporteur

1) - Ebah Abeng Sandrine Appolonie

b. Comme examinateur
1) - Bayiga Elie Constantin

2) - Azinwi Primus Tamfuh.

3.3. Rayonnement scientifique

Participation a plusieurs collogues internationarganises :

- au Cameroun (GSAF 12 (Yaoundé, 2001), Collogudes sols et le développement
durable en Afrique Intertropicale (Douala, 2007pll@que des Femmes en Géosciences
(Yaounde, 2012) ;

- au Maroc [8 colloque 3MA (2005), 4colloque 3MA (2007)] ;

- aux Etats-Unis (9th International Symposium aitidlum, 2003) ;

- en Finlande (10th International Symposium of iRlan, 2005) ;

- et au Canada (11th International Symposium dirRlen, 2010).
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La parution de plusieurs articles tant dans lesige localesGollection GEOCAM
Annales de la Faculté des Sciencdsurnal of the Cameroon Academy of Sciehces
gu’internationalesJournal of African Earth Sciences, Journal of Gesoical Exploration,
Chemie der Erde-Geochemistry, Clay Minerals, Comftendus Géosciences, Journal of
Geology and Minig Reseadrla aussi contribué a notre rayonnement scienéfide méme

gue la multitude de mémoires soutenus sous matidinec

3.4. Publications et communications

3.4.1. Publications
3.4.1.1. Publications parues
1) — Ebah Abeng, S.ANdjigui, P.-D., Aye A.B., Tessontsap Teutsong, Bilong, P., 2012.

Geochemistry of pyroxenites, amphibolites and teathered products in the Nyong unit,
SW Cameroon (NW border of Congo craton): implicagidor Au-PGE explorationlournal
of Geochemical Exploratioh14, 1-19.

2) — Bayiga, E.C., Bitom, D.L.,Ndjigui, P.-D., Bilong, P., 2011. Mineralogical and
geochemical characterization of weathering prodattmphibolites at SW Eséka (Northern
border of the Nyong unit, SW Cameroodhurnal of Geology and Mining Research, vol.
9/10, 281-293.

3) — Bilong P.,Ndjigui P.-D., Temdjim R., Sababa E., 2011. Geochemistry of pételand
granite xenoliths under the early stages of weathein the Nyos volcanic region (NW
Cameroon): Implications for PGE explorati@hemie der Erde-Geochemisity, 77-86.

4) — Ndjigui P.-D., Bilong P., 2010. Platinum-Group Elements in thgestinite lateritic
mantles of the Nkamouna ultramafic massif (Lomigior, South-East Cameroonjournal
of Geochemical Exploratioi07, 63-76

5) — Boaka a Koul M.L., Yongué-Fouateu Ridjigui P.-D., 2010. The alluvial sapphire

profiles of Mayo Kewol in the Adamawa region (Noefameroon): granulometric and

mineralogical featureslournal of African Earth Sciencés, 121-126

29

P.-D. Ndjigui/Mémoire d’Habilitation a Diriger defRecherches



6) — Yongué-Fouateu R., Yemefack M., Wouatong A.S\djigui P.-D., Bilong P., 2009.
Contrasted mineralogical composition of the lagebver on serpentinites of Nkamouna-
Kongo, southeast Cameroddlay Minerals44, 221-237.

7) — Ndjigui P.-D., Yongué-Fouateu R., Bilong P., Bayiga E.C., Oumahd., 2009.
Geochemical surveys of Pt, Pd and Au in talcsclasts hornblendites, and their weathered
equivalents at Pouth-Kellé, Southern Camerodournal of the Cameroon Academy of
Sciencesyol. 8, n° 23,115-128.

8) — Ndjigui P.-D., Bilong P., Bitom D., 2009. Negative cerium andiegin the saprolite
zone of the serpentinite lateritic profiles (Lonuikramafic complex, SE Cameroodpurnal
of African Earth Sciencess3, 1, 59-69

9) - Ndjigui P.-D., Bilong P., Bitom D., Dia A., 2008. Distributiomd remobilization of
major and trace elements in two weathering profilegeloped on serpentinites in the Lomié
Ultramafic Complex (South-East Camerooddurnal of African Earth Sciencé®, 5, 305-
328.

10) - Ndjigui P.-D., 2008. Behaviour of palladium in three lateritiofiles developed on
serpentinites in the Lomié Ultramafic Complex ($vktst Cameroon)Journal of the
Cameroon Academy of Scienced, 7, n° 3,173-190.

11) — Bitom D., Volkoff B., Beauvais A., Seyler Ndjigui P.-D., 2004. Réles des héritages
et du niveau des nappes dans I'évolution des medetiédes sols en zone intertropicale
forestiere humideComptes Rendus Géosciend8s, 1161-1170.

12) —Ndjigui P.-D., Bitom D., Bilong P., Hendratta Ntala, A., 2008fluence des oxydes
métalliques (F€s3, Cr,Os, NiO) sur le comportement du platine et du palladidans les
manteaux d’altération des roches ultrabasiquesestnisées en zone forestiere d’Afrique
Centrale. Annales de la Faculté des Scienddsijv. Ydé I. Série Sci. Nat. et Vie, v@5, n°
2,7-16
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13) - Temgoua E., Bitom D., Bilong PNdjigui P.-D., Eno Belinga S.-M., 1999. Les
accumulations ferrugineuses de bas de versantrenfpoestiere humide d’Afrique centrale:
morphologie, faciés et relation avec le mod&éologie et Environnements au Cameroun
Vicat J.-P. et Bilong P. éds, Collect. GEOCAM, H29229-241.

14) —Ndjigui P.-D., Bilong P., Nyeck B., Gérard M., Vicat J.-P., EBelinga S.-M., 1999.
Etude morphologique, minéralogique et géochimigeedeéux profils latéritigues dans la
plaine cotiere de Douala (CamerouBgologie et Environnements au Cameroditat J.-P.
et Bilong P. éds, Collect. GEOCAM, 2/1999, 189-201.

15) — Tueche R. BNdjigui P.-D., Essomba J.-M., Bilong P., 1999. Etude archéolagid
'abri sous roche de Kong (Plaine Tikar — Camerouoréridional). Géologie et
Environnements au Camerauviicat J.-P. et Bilong P. éds, Collect. GEOCAM]1 299, 11-
21.

16) —Ndjigui P.-D., Bilong P., Nyeck B., Eno Belinga S.-M., Gérard, 998. Présence des
chlorites et d'interstratifiés dans les produitaltration d’'un gneiss a biotite et amphibole
dans la plaine cétiere de Douakmnales de la Faculté des Scienddajv. Ydé I. Série Sci.
Nat. et Vie, Vol. 34, n° 2, 181-190.

17) — Vicat J.-P., Bilong PNdjigui P.-D., Nzolang Ch., 1998. Les grands thémes de la
recherche au Cameroun : Bilan de trois décennidsaslaux universitairesseosciences au
Cameroun Vicat J.-P. et Bilong P. éds., Collect. GEOCAM).\V1, Press. Univ. Yaoundé |,
427-436.

3.4.1.2. Publication en révision
1) — Ndjigui P.-D., Badinane B.F.M., Nyeck B., Nandjip K.H.P., Bilomy, €ditor’'s decision:
revisg. Mineralogical and geochemical features of tharse saprolite on orthogneiss in the SW of

Yaoundé (South-Cameroonjlournal of African Earth Sciences.
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3.4.1.3. Publications en préparation
1) — Ndjigui P.-D., Beauvais A., Djenabou-Fadil S., Ambrosi J.-P. Geogical contraints on
the origin and evolution of Ngaye river alluvialdgments, North Cameroordournal of

African Earth Sciences

2) - Tonje J.C.,Ndjigui P.-D., Nyeck B., Bilong P. Geochemical features of thetdvizh
alluvial rutile from the Neaproterozoic pan-Africdrelt, Southern Cameroo&hemie der

Erde-Geochemistry.

3) - Bitom, D., Zo'o Zame, PNdjigui, P.-D., Azinwi Tamfuh, P., Leumbe Leumbe, O.,
Mamdem, L., Banakeng, L., Keugne, R. Influenceltfuale on the petrological features of a
soil clinosequence in the humid tropical zone (Qame). Australian Journal of Soil

Research.

3.4.2. Collogues internationaux

3.4.2.1. Colloques internationaux (résumes)

1) — Ebah Abeng, S.ANdjigui P.-D., Nzenti J.P., 2012. Géochimie des éléments nmsjeur
traces et terres rares des granites de la régi®oliléCameroun). In recueil des résumés de la
"6° Conférence de I'Association Africaine des Femme&&osciences'Yaoundé, 23-27 avril
2012, p. 35.

2) — Mfonka, Z., Ndam Ngoupayou, J.-Rldjigui, P.-D., 2012. Influence de la lithologie et
des activités anthropiques sur la qualité des ehwbassin versant du Nchi a Foumban
(Ouest-Cameroun). In recueil des résumés dé°l&@dnférence de I'Association Africaine des

Femmes en Géoscienceyaounde, 23-27 avril 2012, p. 91.

3) — Boaka a Koul M.L., Yongué-Fouateu Rdjigui P.-D., 2007. Activité minieére et impact
sur 'environnement : cas de I'exploitation artigendu saphir alluvionnaire du Mayo Kewol
dans le site de Marma (Province de I’Adamaoua — &aum). In recueil des résumeés du
colloque ‘Sols et développement durable en Afrique inteitale”, Douala, 21-23
novembre 2007, S8-A1-06.

4) —Ndjigui P.-D., Bilong P., 2007. Teneurs élevées en cérium tasaprolite d’un profil

latéritique développé sur serpentinites a Napersssihultrabasique de Kongo-Nkamouna
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(Lomié, SE Cameroun). In recueil des résumés dioaqué “"Sols et développement durable
en Afrique intertropicale; Douala, 21-23 novembre 2007, S2-A4-09.

5) —Ndjigui P.-D., Bilong P., 2007. Les PGE dans les latérites afyales sur serpentinites
a Mada-Ouest, massif ultrabasique de Kongo-Nkamd@uomié, SE Cameroun). In recueil
des résumés du colloqu&ols et développement durable en Afrique inteitale”, Douala,
21-23 novembre 2007, S2-A3-09.

6) — Ebah Abeng A.SNdjigui P.-D., Minyem D., Yongué-Fouateu R., Bilong P., 2007s Le
PGE dans les pyrigarnites de la ceinture de rochess de I'unité du Bas-Nyong a Lolodorf
(Sud-Cameroun) : données préliminaires. In reales! résumés dif £olloque International
“Magmatisme, Métamorphisme et Minéralisations A$ses”, (Fes) Maroc, 10 au 12 mai
2007, 91-93.

7) — Boaka a Koul M.L., Yongué-Fouateu Rdjigui P.-D., 2007. Le saphir alluvionnaire du
Mayo Kewol dans I’Adamaoua (Cameroun) : donnéesinpirgaires. In recueil des résumés
du 5 Colloque InternationafMagmatisme, Métamorphisme et Minéralisations AsSes”,
(Fés) Maroc, 10 au 12 mai 2007, 66-68.

8) — Ayangma C.Ndjigui P.-D., Yongué-Fouateu R., 2007. Concentrations en hieke
cobalt dans un profil latéritique développé suipsatinites dans le massif de Rapodjombo-
Ouest (Lomié, SE Cameroun). In recueil des résumés5 Collogue International
“Magmatisme, Métamorphisme et Minéralisations A$ses”, (Fes) Maroc, 10 au 12 mai
2007, 43-46.

9) - Ndjigui P.-D., Temgoua E., Oumarou M., Nkoumbou C., Yonta Ngo@n, Etame J.,
2005. Anomalies en Cr et en Ni dans les sols faigales jaunes développés sur des
matériaux hétérogénes de Pouth-Kellé (Plaine @)tiém volume des résumés duGblloque
International’Magmatisme, Métamorphisme et Minéralisations AsSes”, (Agadir) Maroc,

5 au 7 mai 2005, 24-25.

10) —Ndjigui P.-D., Yonta Ngouné C., Nkoumbou C., Minyemeck A., Tenadi, Bilong

P., 2005. Teneurs anormales en Cr des masses liesraltrabasiques et basiques dans les
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gneiss a biotite et a amphibole de Pouth-Kelléifeladtiere du Cameroun). In volume des
résumés du 4Colloque International’Magmatisme, Métamorphisme et Minéralisations

Associées; (Agadir) Maroc, 5 au 7 mai 2005, p. 23.

11) —Ndjigui P.-D., Colin F., Bilong P., Eno Belinga S.-M., 2001. Gmrtement du platine
et du palladium dans un profil d’altération de ¢apentinite de Kondong | dans le Sud-Est du
Cameroun (Afrique Centrale): données préliminaites.volume des résumés de la®12
Conférence de la Société Geéologique d’Afriqu&atastrophes Géo-Environnementales en
Afrique», Yaoundé-Cameroun, 27 mars au 03 avril 200Lrnal de la Société Géosciences
du Cameroun86-87.

3.4.2.2. Colloques scientifiques avec comité detlee et résumés élargis

1) - Aye Anehumbu Beyanu, Tessontsap Teutsdldjigui P.-D., 2010. Behaviour of Au-
PGE in amphibolites and their weathered equivalentee NW border of the Congo craton
(South-Cameroon) Extended Abstracts of the "iinternational Platinum Symposium.
Sudbury, Canada, 21-24June 2010

2) — Oumarou M., Minyemeck ANdjigui P.-D., Temgoua E., Bilong P., Yongué-Fouateu
R., 2005. Geochemical survey of Pt, Pd and Au et#icschists and the amphibolites, and
their weathering products at Pouth-Kellé (Coastaln? Cameroon)in Térmanen T.O. and
Alapieti T.T. (eds): Extended Abstracts of the" l@ternational Platinum Symposiym
‘Platinum-Group Elements from Genesis to Benefioiatand Environmental Impact’, 8-11
August 2005, Oulu, Finland, 516-519.

3) — Ndjigui P.-D., Mungall J. E., Prichard H.M., 2005. Palladium &eébur in the

serpentinite weathering mantles in the Lomié ulaencomplex (South-East Cameroorih -
Toérmanen T.O. and Alapieti T.T. (eds): Extendedrabts of the 18 International Platinum

Symposium ‘Platinum-Group Elements from Genesis to Benafion and Environmental
Impact’, 8-11" August 2005, Oulu, Finland, 493-496.

4) - Ndjigui P.-D., Mungall J. E., Bilong P., 2004. Behaviour of P@Ethe Mang North
weathering profile on serpentinite in the Lomi&alllasic complex (South-East Cameroon). -
Proceedings of the IGCP 479 Hong Kong WorkshDgeember 2004, 129-134.
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5) — Ndjigui P.-D., Bitom D., Bilong P., 2002. Etude morphologiquenghéralogique des
argiles sédimentaires de la série de Loungahéngplhitorale du Cameroun) et de leurs
produits d’altération — Perspectives d'utilisatidans I'industrie céramiqudroceedings of

the First Conference on the Valorization of Claytétals in Cameroon104-112.

6) — Ndjigui P.-D., Bitom D., Bilong P., Colin F., Hendratta Ntal&,, 2002. Correlation
between metallic oxides (F@s3;, Cr,O3, NiO) and platinum and palladium in the lateritesn
South-East Cameroon (Central Africa): perspectigésplatinoids survey in weathering
mantles Extended Abstracts of thé thternational Platinum Symposium. Montana, USA, 21
25th july 2002, 500 p.

3.4.3. Ouvrage publié

Co-auteur du livre intitulé” Restauration durable des écosystémes forestiarss le cadre

de la réalisation du pipe-line Tchad-Cameroutthprimerie St Paul, 2003, 140 p.
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Chapitre 2. Cadre naturel du Sud Cameroun et méthoes

d’'études

Introduction

Ce chapitre se compose de deux grandes partepremiére partie donne un bref
apercu sur la géographie physique, la végétatida géologie des sites étudiés dans le Sud
Cameroun ; et la deuxieme partie ressort des méshadlisées au cours des différentes
études.

1. Présentation des sites : inventaire et cadre natl

L'étude des mécanismes de distribution des éléndengsoupe du platine (EGP) a été
menée dans le Sud Cameroun qui se situe entr@2det latitude Nord, et entre 8 et 16 ° de
longitude Est. Il est constitué de deux grandeséamjéomorphologiques : le plateau sud
camerounais dans la partie centrale et orientala,zne volcanique de 'Ouest Cameroun ou

hauts plateaux de I'Ouest (Fig. 1).

1.1. Inventaire des sites

Les sites ont été retenus en fonction des pringipghémes scientifiques retenus,
platinoides (theme 1), latérites (themes 1 et @)rea thématiques (theme 3) et appui au
développement (theme 4) (Fig. 1).
Pour les platinoides (theme 1), il s’agit des st@sants :

Site 1 : Région de Kondong | (Lomié, SE Camerqun)

Site 2 : Région de Kongo-Nkamouna (Lomié, SE Canney;

Site 3 : Région de Mang Nord (Lomié, SE Camerqun)

Site 4 : Région de Pouth-Kellé (Centre) ;

Site 5 : Région de Lolodorf (Sud) ;

Site 6 : Région de Nyos (Nord-Ouest) ;

Site 7 : Région d’Akom Il (Sud).

Pour les latérites (théme 2), il s'agit des detessuivants:
Site 8 : Région d’Edéa (Littoral) ;
Site 9 : Région de Yaoundé (Centre).
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Pour le theme 3,
Site 10 : Région de Ngomedzap (Centre) ;
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Figure 1. Localisation des sites d’études.

Site 11 : Région de Matomb (Centre) ;
Site 12 : Région de Ngaoundéré (Adamaoua) ;
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Site 13 : Région de Ngaye (Ouest de ’Adamaoua) ;
Site 14 : Région de Tibati (Plaine Tikar).
Pour le theme 4,
Site 15 : de Kribi (Sud Cameroun) a Touboro (NGedneroun).

Ces 15 sites sont regroupés dans quatre grandés geiomorphologiques : la plaine
cétiere, le plateau sud camerounais, les hauteaulatde I'Ouest Cameroun et 'Adamaoua.
La plaine cotiére regroupe les sites 8 et 14,déeplu sud camerounais proprement dit les sites
la7et9all.

1.2. Bref apercu sur la géologie du Cameroun

Cing grands ensembles lithologiques ont été irore¥g au Cameroun. Ainsi, on
distingue de l'océan atlantique vers le lac Tclvagl @) :

- au Sud-Ouest, les formations sédimentaires ¢alae cotiere datées du Crétacé a
I'Actuel ;

- au Sud, la bordure septentrionale du craton dng@ épargnée par la réactivation
panafricaine et stabilisée depuis 2,9 Ga (Tchamigali, 2004) ;

- au centre du pays, la chaine panafricaine nqudtériale mise en place il y a 600
millions d'années (Lasserre et Soba, 1976 ; Natati, 2001 ; Toteu &dl., 2006) ;

- du SW au NE, la ligne volcanique du Cameroun ;

- les formations de Mangbei-Hoye dans le Nord Gaome qui constituent des dépots
rattachés au Dévono-Ordovicien (Bessoles et LassEdi77 ; Ndjeng, 1992).

1.2.1. Bordure septentrionale du craton du Congo

Elle est représentée par le groupe du Ntem etosaecture protérozoique (Vicat,
1998). Le groupe du Ntem comprend, d'Ouest enl&stunités du Nyong, du Ntem et de
I'Ayina (Fig. 2). Des ceintures de roches vertelsé@ inventoriées dans les trois unités. Les
formations de couverture sont composees, d'EstuestOde la série du Dja supérieur, la série

du Dja inférieur, le complexe tillique et de lagide Lobéké.

1.2.2. Chaine panafricaine
La portion camerounaise de la chaine panafricagiesouvent qualifiée de “chaine

panafricaine Nord-équatoriale. Elle constitue laspgirande partie des affleurements au
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Figure 2. Esquisse géologique du Cameroun d'apozg {1998).

Cameroun et appartient a la chaine panafricaineQidsmnguides qui borde le craton du
Congo (Vicat, 1998). Le contexte géodynamiquecekti d’'une chaine de collision entre le

craton du Congo au Sud et le domaine cratoniqué, & I’Adamaoua-Yadé (Tchameni et
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al., 2006). Le craton se prolonge en profondeur &g @¢'une centaine de kilometres sous la
nappe de Yaoundé (Boukéké, 1994). La limite actuddl la nappe est une limite d’érosion et
au Panafricain, la nappe recouvrait largement &oaor vers le Sud (Maurizot at., 1986).
Deux grandes zones de cisaillements mylonitiquedrele la faille de la Sanaga (Dumont,
1986) et le cisaillement centre camerounais, tserdrle Cameroun du Nord-Est au Sud-
Ouest (Vicat, 1998). La chaine panafricaine esbenenal connue malgré I'ampleur des
travaux déja réalisés. On y rencontre des schigtes, micaschistes, des gneiss, des
migmatites et des granites. Les formations impkguéans la chaine sont des méta-volcano-
sédiments déposés au Neéoprotérozoique dans legdams des rifts intracontinentaux
ouverts au sein du socle antérieur stabilisé auri®en (Vicat, 1998). Quelques rares reliques
du socle éburnéen subsistent d’ailleurs dans l@méde Poli (Penaye, 1988) et au Nord-Est
de Yaoundé (Lasserre et Soba, 1979). La chaindrgaiae au Cameroun est subdivisée en
trois domaines : un domaine continental ancien omaine sud, un domaine continental
intermédiaire ou domaine centre-camerounais et zore d'accrétion ou domaine nord
(Nzenti, 1994 ; Nzenti &tl., 2001).

1.2.2.1. Domaine nord

C'est une vaste région qui va de Poli a I'Extr&ioed du Cameroun. Elle est
constituée de granites, métasédiments, métavadsanihétadiorites, métagranodiorites et
correspond a un important domaine d'accrétion mgrhen y signale la présence de reliques
d'age éburnéen (Toteu, 1988 ; Penaye, 1988). L dadtonique pourrait étre celui d’'un
domaine de convergence de plaques (Toteu, 1988, Ng88) localisé au Nord du domaine

cratonique de I’Adamaoua-Yadé (Vicat, 1998).

1.2.2.2. Domaine centre camerounais

Il apparait dans les régions de I'Adamaoua et darM(Nzenti, 1994 ; Nzenti el.,
1999). L'Adamaoua est un domaine complexe constiteésédiments métamorphiques
d'intensité variable et d'age panafricain, et denbreux granites panafricains mais aussi
d'anciennes granulites d'age protérozoique infer{@l Ga) (Lasserre et Soba, 1976 ;
Penaye, 1988 ; Nzenti el., 2001). On peut aussi y ajouter la série de Lameast un
ensemble de métasédiments épi- a mésozonaux c@ndtitschistes volcano-sédimentaires et

graphiteux, de quartzites et de micaschistes (\Vi©@a8).
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1.2.2.3. Domaine sud

Ce domaine correspond aux séries intermédiaireer(fN 1987 ; Nzenti, 1994 ; Vicat,
1998). On distingue ainsi les séries d’Ayos-Mbalm®gengbis, de Yokadouma et de
Yaoundeé.

* La série d’Ayos-Mbalmayo-Bengbis est composée sdhistes et de quartzites
recristallisés dans les conditions du facies sehistrt (Vicat, 1998). Le protolithe est une
série argilo-arénaceée, faiblement carbonatée, #&s@ un magmatisme alcalin de faible
importance volumétrique contemporain de la sédiatemt (Nzenti, 1987). Le cadre
géodynamique est celui d’'un bassin intracontingfMiiat, 1998).

* La série de Yokadouma est polymétamorphique etstitnée de granites,
d'orthogneiss, de paragneiss a amphibole et grendtamphibolites. La semelle de la série
comprend des mylonites et d'ultramylonites (Molat&kenguemba, 2002). Le cadre
géodynamique est celui d’'un rift continental. Cestégie constitue une écaille a la base de la
nappe de Yaoundeé.

* La série de Yaoundé comprend des micaschistesua chicas, grenat, disthéne,
staurotide, des quartzites micacés, des gneisaxandigas et des migmatites. Les migmatites
ne sont importantes qu’au Sud de la faille de laa8a. Les gneiss et les migmatites qui se
suivent depuis la région de Yaoundé jusqu’au Noam€&oun constituent I'essentiel des
formations. La série de Yaoundé a recristallisésdi@s conditions de température et de

pression du facies granulite et localement amphé@Vicat, 1998).

1.2.3. Ligne volcanique du Cameroun

Elle est définie par un alignement de complexesopiques (67-39 Ma) et d'édifices
volcaniques (42 Ma a I'Actuel) qui s'allongent selane direction N30°E depuis l'lle de
Pagalu dans l'océan Atlantique jusqu'au lac Tckaax€, 1941 ; Tchoua, 1974 ; Fitton, 1987 ;
Déruelle etal., 1991 ; Lee, 1994). Le seul volcan encore ervigetest le mont Cameroun
dont les récentes éruptions remontent a mars-B989 (Déruelle eal., 2000) et a juin 2000
(Bardintzeff etal., 2001).

1.2.4. Bassins sédimentaires

lls regroupent les dépbts paléozoiques et lesinsassétaces. Toutes les données

présentées ici sont issues de la synthese faiteéipatr (1998).
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1.2.4.1. Dépots paléozoiques

Dans le Nord Cameroun, la formation volcano-dgtrié de Mangbei-Hoye, de faible
extension, peu ou pas métamorphique, est locatiaés la région de Poli (formation de
Hoye) et vers la frontiere du Tchad (formation darngbei). Ces dépdbts azoiques sont

rattachés au Dévono-Ordovicen (Lasserre et Solyé)19

1.2.4.2. Bassins crétaces

L’histoire des bassins crétaces est celle de Eaduve d’'un systéeme de rift en Afrique
occidentale et centrale, en liaison avec l'ouveride I'océan Atlantique (Maurin et Guiraud,
1990 ; Guiraud et Maurin, 1991 ; Guiraudagt 1992).

Au Nord Cameroun, on a deux grands bassins :dseifb@e Logone-Birni au Nord et
le bassin de Djerem-Mbéré au Sud. Entre les deaxdgr bassins, se rencontrent une
multitude de petits bassins. Les dépdts sont asientent gréso-conglomératiques et
correspondent a un milieu continental fluvio-lacesh palustre (Brunet etl., 1997). Ces
bassins contemporains du rift de la Bénoué se niette place au Néocomien-Barrémien
inférieur (Brunet eal., 1997) en réponse a une extension nord-sud reaptende I'ouverture
de I'Atlantique sud (Guiraud et Maurin, 1992). Ddasbassin de Logone-Birni, les dépots
continentaux se poursuivent de I'’Aptien supérieurQuaternaire (Angoua Biouelé at,
1997).

A I'Ouest du pays, les bassins de Garoua et def®lagmi prolongent au Cameroun le
rift de la Bénoué, renferment des dépodts d'age elpsupérieur a Cénomano-Turonien
(Maurin et Guiraud, 1990).

Au Sud-Ouest, on distingue trois grands bassitisrsG Rio del Rey, Douala et Kribi-
Campo. Les bassins du Rio del Rey et de Doualassgarés par le horst du mont Cameroun
et de I'lle de Bioko. Plus au Sud, le bassin déiK@iampo se poursuit en Guinée Equatoriale.
Les dépbts d’age Néocomien a Actuel conservés ldansassins cotiers sont essentiellement

marins.

1.3. Cadre naturel des sites
1.3.1. Plaine cétiére

La plaine cotiere s’étend entre 2°00’ et 4°301atéude Nord et entre 9°30’ et 11°30’
de longitude Est (Fig. 3). Les altitudes s’échetmrinde 0 a 200 m, quelques crétes

subméridiennes s’élevent jusqu'a 400 m (Kuete, L9%est une région mollement

43

P.-D. Ndjigui/Mémoire d’Habilitation a Diriger defRecherches



moutonnée constituée de collines basses a pentegsld_e climat est de type équatorial de
mousson, caractérisé par une pluviosité annuelléodire de 2000 a 4000 mm, une saison
séche peu marquée et par une température moyenoellende 26,6°C (Suchel, 1987). La

végetation est constituée d’'une forét dense husedepervirente littorale de basse altitude en
cours de dégradation (Letouzey, 1985). Le subsirdithologique est constitué de roches

sédimentaires a I'Ouest et des gneiss a amphilhdletite a I'Est (Champetier de Ribes et

Reyre, 1959 ; Njike Ngaha, 1984) (Fig. 2).

n):

Douala

e Edéa ©
=

_____________ PLAINE COTIERE

Plateau
ud-Camerounais:

Guinée Equatoriale

Figure 3. Localisation de la plaine cotiere.

1.3.2. Plateau sud camerounais

La zone forestiere humide du Sud Cameroun ou plase@ camerounais est situé
entre 2° et 6° de latitude Nord et entre 11°3@ &t de longitude Est (Fig. 4). Le climat y est
de type équatorial a quatre saisons, influencél’ghitude dans la zone montagnarde. Le
couvert végeétal est de type forestier.

Le plateau sud camerounais est constitué d’'un moetoent de collines d’altitude
700 a 850 m relayées par de larges vallées géendatebien drainées. Cette monotonie
paysagique est rompue par la présence des insgllig mornes rocheux et des collines
hautes dont les altitudes avoisinent 1200 m. Lis®bes modelés dans un site représentatif
du plateau sud camerounais montre que la zonetifme®st caractérisée par d’'importants
héritages latéritiques cuirasses et par une dtabdiis niveaux de base. L’action de I'érosion y
est trés faible du fait de la lente dégradation alésasses ferrugineuses fortement indurées
(Bitom et al., 2004). Les formations sont essentiellement meétphiques (Fig. 2) et
appartiennent a I'orogenese panafricaine datédardllions d’années (Nzenti, 1987 ; Vicat,

1998 ; Toteu edl., 2006). Elles comportent localement des passeesadhes ultrabasiques et
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basiques. Dans le Sud-Est Cameroun, les formatigih@basiques sont constituées
essentiellement de serpentinites. De la cbte Viatérieur du pays, se rencontrent des noyaux
de pyroxénites, d'amphibolites et de talcschistesaiesés dans des gneiss rapportés a
I'orogenese panafricaine.

Les sols sont ferrallitiques sur interfluves etttoydorphes dans les bas-fonds drainés.

[.3.3. Hauts-plateaux de I'Ouest

Les hauts plateaux et massifs montagneux de [tOGesneroun, encore appelés
“hautes terres de I'Ouest”, sont localisés gressiment entre 4° et 7° de latitude Nord, et
entre 9° et 11° de longitude Est. lIs représeniaertvaste bande de terre, d’environ 150 a 200
km de large pour a peu pres 400 km de long, oeNE-SW (Figs. 2 et 4) et correspondant a
la partie sud de la ligne volcanique du Cameroug. (&). Les hauts plateaux de I'Ouest se
raccordent au plateau sud camerounais a I'Estgmesdcarpements, tandis qu’ils débouchent
au Sud sur l'océan Atlantique, ou qu’ils se prolemgau Nord jusqu’au Nigeria (Bitom,
2007).

Le climat des hautes terres de I'Ouest est de égpmtorial avec une forte influence
montagnarde (Suchel, 1987).

La végétation est constituée de savanes arbugtivis reliques de forét montagnarde,
soumise a une forte anthropisation.

Le substratum lithologique est constitué de rochasaniques (basaltes, trachytes,
phonolites, rhyolites, ignimbrites) associées a fdemations granito-gneissiques et a des
enclaves de péridotites (Fig. 2) (Vicat, 1998 ; dgm et al., 2004). Les enclaves
mantelliques remontées par les magmas basalticuksrdgion de Nyos sont constituées des
Iherzolites a spinelles, des harzburgites a sginadt des wesbtérites a olivine (Temdjim et
al., 2004). Dans la région volcanique, les sols somtalfdgiques ou andosoliques sur

interfluves, et hydromorphes dans les bas-fondsésa

[.3.4. Plateaux de ’'Adamaoua

L’Adamaoua est constituée d'un étagement de plateatour de la ligne volcanique
du Cameroun. Elle constitue une zone intermédiainee le Sud et le Nord du pays. Le
couvert végétal est constitué de savanes arbusiviesrbacées Raniella olivieri, Lophira
alata, Terminalia macrocarpa, Sryzigium guineen&epna senegalensis, Porkia silicoidea
(Letouzey, 1985).
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Figure 4. Localisation du plateau sud-camerourtaide® hauts plateaux de I'Ouest.

Sur le plan lithologique, I’Adamaoua est constitutese deux grands ensembles : le

socle et les formations de couverture.
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Le socle comprend le “complexe de base” trés mmétgphisé et constitué de
migmatites, de gneiss et de micaschistes, et lessifaaintrusifs constitués de granites
hétérogenes riches en enclaves, parfois myloni{isésameni etal., 2006). Trois faciés de
granitoides y sont différenciés : le facies a deuigas, le facies a biotite et le facies a
hornblende et biotite. L’ensemble des granitoidest snis en place vers 2,1 Ga. lls ont été
ensuite affectés par le métamorphisme panafricdapmtérozoique (615+2Ma) (Tchameni et
al., 2006). Le socle est recoupé a certains endpaitsin intense réseau de “storkwerks” et
de pegmatites, minéralisés en étain, en wolfraiayo Darlé) et en corindons (Boaka a
Koul, 2006).

Les formations de couverture comprennent :

- les formations sédimentaires de couverture, doBss de la série gréso-
conglomeératique du bassin du Djerem ou série iefiée de la Mbéré (Crétacé moyen) et de
la série conglomératique de la Mbéré ou série seymérde la Mbéré (Crétacé supérieur) ;

- et les formations volcaniques de couverture, tituées de la série basalto-
andeésitique ancienne en discordance sur la séféeieare gréseuse de la Mbére, la série
trachy-andésitique et phonolitigue moyenne dandassins de la Vina du Nord et du Sud, la
série basalto-andésitique récente dans la plainka d8na du Sud (Boaka a Koul, 2006).
L'altération des basaltes de plateaux a condaitfarination de deux importants gisements de

bauxite a Ngaoundal et a Minim-Martap.

2. Méthodes d’études
2.1. Prospection géologique

Le projet de recherche sur les mécanismes ddabdistm des platinoides dans les
manteaux d’altération a été réalisé a partir deréspection des manteaux d’altération. Cette
prospection consiste a rechercher et a échantdlodas affleurements de roches isolés au
sein des latérites et a creuser des puits dansfdesations altérées a des fins
d'échantillonnage et d'études. Les préléevementgténgéffectués dans tous les horizons. Afin
de mieux comprendre le comportement géochimique &éwents au cours des phases
d’altération, les éléments grossiers (nodules)anfois été séparés de la matrice enveloppant
ces nodules. Lorsqu'il y avait un fort contrastbdiogique entre les nodules, on procédait a

une nouvelle séparation de ces derniers.
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Pour I'étude du saphir, les échantillons ont ébdltés au niveau des flats et terrasses
des cours d’eau. Les minéraux lourds ont été emnsitraits a l'aide du bromoforme a

['Université de Yaoundé 1, Cameroun.

2.2. Méthodes analytiques

Les méthodes analytiques de routine ont été wgsis laboratoire des Sciences du
Sol de I'Université de Yaoundé 1, Cameroun. On péat la granulométrie, le titrage du sol,
le conditionnement des échantillons, la confecties lames minces de sols et de roches.

Les méthodes analytiques modernes comprennenty&mnahimique par fluorescence
de rayons X pour les éléments majeurs, I'lCP-MSr pesi éléments traces et la diffraction de
rayons X pour la minéralogie. Ces analyses onteéfiéctuées dans les laboratoires de

Géosciences de “I'Ontario Geological Survey” (®udy, Canada) et de I'Australie.

2.3. Bilan géochimique

Le bilan de matiéres est une méthode d'évaluat®riadmobilité des éléments au
cours de l'altération et de la pédogenese. Ellasgar estimation des gains ou des pertes.
Cette méthode, autrefois essentiellement isovolugu&t, était restreinte aux altérites (Millot
et Bonifas, 1955). Elle fut améliorée et élargi€easemble des matériaux d’altération en
prenant en compte d’autres parametres (Brimhabietrich, 1987 ; Brimhall eal., 1991).
Les éléments iso-variants couramment utilisés Eofitane (Loughan, 1969 ; Nesbitt, 1979 ;
Mungall et Martin, 1994 ; Cornu at., 1999 ; Ndjigui etl., 2009a), le zirconium (Freyssinet,
1990 ; Brimhall etal.,, 1991), et le thorium (Braun efl., 1993 ; Ndjigui etal., 2008 ;
Kamgang Kabeyene Beyalaadt, 2009). Le choix d'un élément iso-variant esivant sujet
a controverse. Cependant, quel que soit I'élémsowariant utilisé, la différence entre les
résultats obtenus est mineure. En effet, I'altérasupergéne des roches silicatées provoque
un important départ de matiéres en zone tropicateide. Dans nos travaux, le thorium et le
titane ont été utilisés comme éléments iso-varia@itda méthode simplifiée de Nesbitt
(1979) reprise par Moroni &tl. (2001) a été utilisée pour apprécier le compostgndes
éléments :

Taux de variation (%) = [(Xél.éc/Xiso.éc)/(Xél.rpsd.rp) — 1]* 100
Ou Xél.éc et XélLrp sont respectivement les comaéinohs d'un élément donné dans

I'échantillon (éc) et dans la roche parentale (tphdis que Xiso.éc et Xiso.rp désignent
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respectivement les concentrations de I'élémenvasiant dans I'échantillon (éc.) et dans la
roche parentale (rp).

49

P.-D. Ndjigui/Mémoire d’Habilitation a Diriger defRecherches



50

P.-D. Ndjigui/Mémoire d’Habilitation a Diriger defRecherches



Deuxieme partie :
Comportement des terres rares et des e€léments du
groupe du platine dans les roches basiques et
ultrabasiques et dans les latérites
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Introduction
Les terres rares et les éléments du groupe dunelatint des métaux stratégiques. Les

teneurs en terres rares et en EGP dépendent @auige nmafique-ultramafique ou acide des
roches. Les roches acides, particulierement lesitgehyperalcalins, sont riches en terres
rares. Par contre, les roches mafiques-ultramadigsent généralement porteuses des
minéralisations en EGP. La prospection des teapssret des EGP en milieu latéritique est
souvent difficle a mener a cause de la forte dgais des manteaux d'altération mais
eégalement de l'intense altération soustractiverdelses-méres. Le comportement des terres
rares en milieu latéritique est mieux connu sursgatum granito-gneissique (Steinberg et
Courtois, 1976 ; Duddy, 1980 ; Topp &t, 1984 ; Trescases at., 1986 ; Marker et De
Oliveira, 1990 ; Soubiés etl., 1990 ; Boulangé et Colin, 1994 ; Braunakt 1990, 1993,
1998) que mafique-ultramafique (Braun, 1991 ; Ndjigt al., 2008, 2009a). Les travaux
effectués sur syénite montrent que les concentiao terres rares atteignent 3000 ppm dans
une saprolite développée sur syenite au Sud du @amé¢Braun, 1991).Les fortes teneurs en
terres rares sur substratum granito-gneissique assuciées a de tres faibles concentrations
en éléments du groupe du platine. Les élémentsalipg du platine se concentrent dans les
roches basiques et ultrabasiques (Parks, 1998tsétgal998 ; Traoré, 2005) ainsi que dans
leurs produits d'altération (Gray at, 1995 ; Salpéteur etl., 1995 ; Hoatson, 1998 ; Traoré
etal., 2006).

Le projet de recherche sur les métaux stratégigugSameroun a débuté en 1998 par
I'entremise d’un projet Campus financé par la Coapeén francaise pour une durée de deux
ans. Ce projet intitulé “Métallogénie des rochesilques et ultrabasiques du Sud-Cameroun
et de leurs manteaux d’altération : platinoidesiétaux stratégiques” était parrainé par trois
universités : I'Université de Yaoundé |, Camerodiyniversité d’Aix-Marseille llI-
CEREGE et I'Université d'Orléans, France ainsi gpar le Bureau de Recherches
Géologiques et Minieres, France. On entendait pétanx stratégiques dans le cadre du
projet, les éléments du groupe du platine, legserares et I'or. Nous ne présenterons que les
travaux effectués sur les terres rares et les élsnakel groupe du platine. La premiére mission
de terrain a été effectuée dans le Sud-Ouest Camerocompagnie de spécialistes francais :
les professeurs André Pouclet, Max Vidal et Jean-F&at, et le docteur Thierry Augé du
BRGM. C’est au cours de celle-ci que je fus inéti&a prospection alluvionnaire par Thierry
Augé et que commenca mon intérét pour les métatégiques. Les sédiments furent
récoltés et les teneurs en EGP mesurées, ellen€iaiérieures a la limite de détection (< 5

ppb). En 1999, je fis des analyses des EGP databoratoire canadien sur trois échantillons
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de latérites du Sud de Lomié recouvrant des roaliembasiques serpentinisées. Les teneurs
obtenues varient entre 8 et 12 ppb (Ndjgui, 200d)igui etal., 2003).

En 2002, dans le cadre d'un projet personnel deereke, je repris les travaux dans
les massifs du Nord de Lomié (Nkamouna et Mang Natigrace a une rencontre fortuite
avec le professeur Mungall, je fus amené a padiciu projet “Programme International de
Corrélations Géologiques (PICG n° 479)”. Ainsiijpu bénéficier de son remarquable
soutien mais également de celui du Dr Hazel Prithlaes données géochimiques acquises
étaient intéressantes et me permirent de rédigaraejpublications (Ndjigui, 2008a ; Ndjigui
etal., 2008, 2009a ; Ndjigui et Bilong, 2010) et unesh de Doctorat (Ndjigui, 2008b).

Les dépbts de terres rares se développent beaptmidans les carbonatites (Sawaka
etal., 1990 ; Anonyme, 2012a). Les terres rares camstitun ensemble de 15 éléments rares,
de nombre atomique compris entre 57 (lanthane) let(lGtétium), qui présentent des
propriétés chimiques voisines. Parmi les terresstageul le prométhium est instable dans la
nature. Le scandium et I'yttrium sont souvent isctians la définition des terres rares. Les
terres rares sont utilisées dans plusieurs domanuksstriels : 35 % de la production est
destinée a la fabrication des catalyseurs, 30 % \fetrerie et a la céramique et 30 % a la
métallurgie. Dés les années 1990, l'utilisatiorissiante des terres rares va donc donner une
nouvelle impulsion a la recherche de nouveaux gisesnd'oxydes des terres rares a travers le
monde. La Chine possede la plus grande réserv@0@600 T d’oxydes de terres rares),
suivie des pays indépendants du Commonwealth (Q®00 T d’oxydes de terres rares), des
Etats-Unis (13 000 000 T), de l'Australie (5 40@00D) et de I'Inde (3 100 000 T). La Chine
est classée premier producteur mondial et conti@l@roduction mondiale depuis 1991
(Anonyme 2012b).

En 2004, l'intense utilisation du platine dans les difféeemlomaines industriels a
provoqué un déficit mondial annuel estimé a 71 ésnfiKendall, 2004), ce qui a entrainé une
hausse vertigineuse de son cours, atteignant 9&f¥slbonce. Une autre conséquence a été le
remplacement, dans l'industrie, du platine partiealEGP, dont le palladium et le rhodium.
Trois pays contrélent la production mondiale duipiaet du palladium : la République Sud-
Africaine, les Etats-Unis et la Russie. La Répudidud-Africaine est premiére productrice
mondiale du platine et la Russie, premiére protiectmondiale de palladium. Tous ces
facteurs économiques et technologiques ont provoge8 dernieres années, une
intensification de la prospection des EGP. Airaiprésence de roches ultrabasiques et

basiques dans le Sud Cameroun nous a conduit girélarprospection géochimique des
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platinoides, dans les roches ultrabasiques et Uesigt dans leurs manteaux d’altération.
Cette approche implique de connaitre la répartities EGP dans les formations basiques et
ultrabasiques issues du manteau ou de processusatiqges dans la crolte, mais aussi leur

devenir au cours de l'altération latéritique.

La répartition des éléments du groupe du platine@strolée dans les roches par le
soufre. On distingue (Fig. 5) :

1) - des gisements d'éléments du groupe du planeres en sulfures, dont les

concentrations en Pt sont de 3 a 4 ppm). Ce sost gieements magmatiques, la
minéralisation étant située a l'intérieur des sitvas (exemples : complexes rubanés du type

Bushveld, ophiolites et complexes alaskéens) ;

Pt+Pd PGE deposits

(pom)

PGE mineralization in Massive sulfide deposits
low S deposits

PGE are a by-product
Ophiolites
Alaskan-type complexes Norils’k
Sudbury
L ayered complexes (Bushveld)) | Duluth

Komatiites
10
&

__________ | ]

1 2 50 100
Proportion of sulfides
5345%so Magmatic to contaminated sulfur Contaminated sulfur
0.3<Pt/Pd<100 0.3<Pt/Pd

- Massive ore

~~— 1 km

Net-texture ore

Alaskan-type B Massive ore
: complexes 1m
Ophiolites E::—.:,Ts;d
D Gabbros ! Peridotites | . -
Pyroxenite -
O ey g 4 )

Figure 5. Schéma de répartition des concentragariSsGP en fonction de la teneur en soufre.
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2) - des gisements d'éléments du groupe du pjatord les concentrations moyennes
en Pt et Pd sont inférieures a 1 ppm. Ce sont@es@oduits des amas massifs de sulfures
situés a la périphérie d'intrusions, le plus soti@siques : complexes de Noril'sk, Russie,
Sudbury, Canada et Duluth, Etats-Unis.

Les minéraux porteurs des éléments du groupe ding@ldans les roches sont des
minéraux du groupe du platine situés dans les dteenet des sulfures disséminés ou
massifs. Les éléments du groupe du platine pelwagsti se rencontrer dans les sulfures des
métaux de base. Les premiers travaux sont ceuxoiddeB (1986) et de Salpéteur at
(1995) qui mettent en évidence la présence d'alidée-Pt dans les latérites. Les travaux
effectués en Républigue Dominicaine montrent que rfénéraux du groupe du platine
rencontrés dans la saprolite des latérites niekélif sont la laurite (Ru, Os, Is)Sles phases
non déterminées de type Ru-Fe, des alliages etesxgd type Ru-Fe-Ir-Os et Ru-Pt-Fe-Os-Ir
et des sulfures de type Rh-Ir (Proenzaalet 2008). Les minéraux hérités inclus dans les
résidus de chromite sont les phases non détermiRBds-S de formule (Rh, Isp, et la
laurite (Proenza eal., 2008). Plus tard, Suarez &t (2010) montrent que les minéraux
primaires du groupe du platine sont progressiverogpties et dispersés dans les interfaces
des oxydes de fer.

Les latérites sont constituées de trois grands nalnlss au sein desquels
laccumulation des meétaux comme le fer, l'alumini@in le manganese conduit a la
reconnaissance d'horizons distincts. Ces horizamg différenciés sur la base de leur
morphologie et de leur composition minéralogiqueckdtnique. Par exemple, les horizons
d'accumulation de fer sont généralement formés altulas emballés dans une matrice
meuble. Comprendre les mécanismes de distributes tdrres rares et des éléments du
groupe du platine dans les latérites revient aisalams quelle phase d'altération au sein d'un
horizon peuvent-ils se concentrer.

Dans cette deuxiéme partie, nous présentons lgratiba basique et ultrabasique
dans le Sud Cameroun, puis I'étude pétrologiquelatésites développées sur les grands
groupes lithologiques (ultrabasiques, basiquescailesa) avec un intérét particulier quant a la
distribution des terres rares dans les latérites. dernier chapitre sera focalisé sur le
comportement des éléments du groupe du platine ldanatérites. Ceci nous permettra de
discuter l'origine des anomalies porteuses de métatégiques, en particulier les terres

rares et les éléments du groupe du platine etaemeender des guides de prospection.
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Chapitre 1. Caractéeristiques peétrologiques des roas
ultrabasiques et basiques

Introduction

Le substratum lithologique du Sud Cameroun esttitagsessentiellement des roches
granito-gneissiques (Nzenti, 1987 ; Tchamerilgt2004 ; Shang etl., 2007). Ce substratum
acide constitue dans sa grande partie orientdb®rdure septentrionale du craton du Congo
(Lerouge etal., 2006). Le craton du Congo est représenté au foamepar le groupe du
Ntem au sein duquel s'individualisent trois unitégité du Nyong, unité du Ntem et unité de
I'Ayina (Vicat, 1998). L'unité du Nyong est travéespar une ceinture de roches vertes
transcontinentales (Fig. 6). Ces roches vertes smnistituées majoritairement des
pyroxénites, des amphibolites et des talcschisiésaf, 1998 ; Maurizot, 2000). Les
serpentinites se rencontrent un peu plus au Notid teite du craton (Fig. 6). Les xénolites
de péridotites apparaissent dans les formatiorauaues de la ligne du Cameroun (Figs. 2
et 6). Trois ensembles de formations basiques tedbalsiques répertoriés ont constitué,
d'aprés la méthode d'étude, le support recherchéligtude des mécanismes de distribution
des terres rares et éléments du groupe du plating lés latérites. Ce chapitre présente les
caractéristiques pétrologiques de ces trois ens=rdd formations ultrabasiques et basiques
du Sud Cameroun, tout en précisant la distributlerquelques métaux stratégiques (terres

rares et des éléments du groupe du platine).

1. Origine des trois ensembles de roches basiqudsabasiques du Cameroun

Les roches ultrabasiques et basiques du Sud Camenbuliverses origines :

Les serpentinites de Lomié résultent de I'altératigdrothermale de harzburgites. La
nature harzburgitique a été confirmée par la pesate quelques reliques d'olivine, de
chromite et d'orthopyroxénes (Seme Mouangué, 1988ngué-Fouateu edl., 2009). Les
harzburgites seraient d’origine mantellique (Senwdhgué, 1998).

Les talcschistes et amphibolites seraient issuenieures de roches vertes archéennes
appartenant a l'unité du Nyong, dont le faisceammgpal est constitué par I'alignement
Mamelles — Mewongo — Ngovayang — Eséka (Vicat, 1,988rouge etal., 2006). Les
talcschistes résulteraient progressivement deftianations rétromorphiques hydrothermales
des amphibolites (Minyemeck, 2006), ou encore ades ultrabasiques (Nkoumbouadt,
2006). L'aspect hydrothermal est notamment souliga€la présence de pyrite. On trouve
également des pyroxénites dans cette ceintureathesowertes (Vicat, 1998).
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Les péridotites de Nyos sont d'origine mantelliiLemdjim etal., 2004).

Lithologie

» Talcschistes (1)

* Amphibolites a
grenat ou non (1)

* Pyroxénites (grenat
grossier ou fin, sans
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* Serpentinites (2)

* Péridotites (3).
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Carte de localisation des sites d’étuldes leur contexte géologique.
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2. Serpentinites de Lomié (Thése Ndjigui, 2008)

Les serpentinites sont localisées dans la régionLaié. Elles constituent un
ensemble de cing massifs, situés entre les mésidle4b’ et 3°30’ de latitude Nord (Fig. 7).
Les serpentinites occupent prés de 246, lHes sont soumises, compte tenu des conditions
climatiques actuelles, a une intense altératioreigygme (Yongué-Fouateu, 1995 ; Lambiv
Dzemua etal., 2011). Les serpentinites dérivent de l'altératitydrothermale de péridotites
qui sont tectoniquement intercalées au sein dessgnet des chlorito-schistes (Seme
Mouangué, 1998). L’encaissant lithologique appattéela série de Mbalmayo-Bengbis (Fig.
8).
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T

———"——  Cours d’eau

Figure 7. Localisation du complexe ultrabasiquéol@ié.
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Deux échantillons (Nkamouna et Mada) ont été résottans le

massif de Kongo-

Nkamouna et un échantillon dans le massif de Mamgl tableau 2).
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Figure 8. Esquisse géologique du Sud-Est Camerapnéd Anonyme (1987).

Les serpentinites sont constituées de pres de %@tigbrite avec accessoirement des

reliques d’olivine, de chromite et de magnétites kerpentinites sont riches en magnésium et

ont un rapport SigqMgO proche de 1. Les teneurs en éléments tracesny faibles a

modérées (Ndjigui, 2008b ; Ndjigui at., 2008), excepté celles en nickel, cobalt et clerom

(tableau 2). Les concentrations en chrome varigtre 2459 et 2717 ppm, celles en nickel

entre 1707 et 2288 ppm et enfin celles en Co &itret 103 ppm. Les serpentinites possedent

de trés faibles concentrations en terres rareseéab3), dont la somme totale varie entre
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0,482 et 3,098 ppm. La normalisation des serpdesinipar rapport a la chondrite
(McDonough et Sun, 1995) indique de faibles anassatiégatives de cérium et d'europium
(tableau 3, fig. 9).

Tableau 2. Teneurs en Cr, Ni et Co (exprimées em) plans les serpentinites.

L.d. Nkamoung Mada | Mang Nord
Cr | 8,00 | 2717 2459 2580
Ni [0,80 | 1707 2238 | 2288
Co | 0,10 | 91 108 103

L.d.: limite de détection. Données tirées de Ndj{@008).

Tableau 3. Teneurs en terres rares (expriméesrajh ggms les serpentinites.

L.d. Nkamouna Mada | Mang Nord

La 0,004 1,124 0,14 0,097
Ce 0,014 | 0,937 0,34 0,128
Pr 0,001 0,153 0,05 0,018
Nd 0,006 0,550 0,27 0,076
Sm 0,002 | 0,078 0,07 0,018
Eu 0,001 0,016 0,008| 0,005
Gd 0,002 0,077 0,087 0,021
Tb 0,001 | 0,010 0,015| 0,004
Dy 0,002 0,060 0,112| 0,030
Ho 0,001 0,012 0,023| 0,008
Er 0,002 | 0,037 0,083| 0,028
Tm 0,001 | 0,005 0,015| 0,005
Yb 0,002 0,033 0,1 0,037
Lu 0,001 | 0,006 0,015/ 0,007
REE - 3,098 1,328 | 0,482
LREE | - 2,858 0,878 | 0,342
HREE | - 0,240 0,45 0,14

Cel/Ce*| - 0,547 0,954 | 0,744
Eu/Eu* 0,628 0,313 | 0,788
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Figure 9. Spectres des terres rares des rochesjubasiet ultrabasiques du Sud Cameroun.
Normalisation faite par rapport a la chondrite (MeclDugh et Sun, 1995). Serpentinites de Lomié (Ser
1, Ser 2 et Ser 3) ; Pyroxénites de Lolodorf :da@ grenat grossier (Pyr 1), facies a grenaffym 2)

et facies non grenatiferes (Pyr 3); Amphibolitéakdm Il : amphibolites & grenat (Amp 1) et
amphibolites non grenatiferes (Amp 2) ; Péridadde Nyos (Pér).

Les concentrations en Ir, Ru, Rh, Pt et Pd dansdeséchantillons varient entre 0,16
et 8,83 ppb. La somme des teneurs en EGP osniite &,51 et 22,17 ppb (tableau 4). Les
concentrations en EGP des serpentinites de Lonm&csnparables a celles des péridotites
(Crocket, 1981). Les rapports platine sur les auttéments du groupe analysés sont variables
d'un échantillon a l'autre (tableau 4). Ces rapporontrent que Ru, Rh, Pd et Ir sont plus
mobiles que Pt dans I'échantillon de Nkamouna. D'@&ckantillon de Mang Nord, seul le
ruthénium est moins mobile que le platine (tabldaulLa normalisation des éléments du
groupe du platine rapport a la chondrite (McDonoagsun, 1995) confirme qu’il s’agit des
formations trés lessivées en EGP (Fig. 10). Cestsgeprésentent des points de similitude

avec les autres formations basiques et ultrabasidué&ud Cameroun.

3. Talcschistes et amphibolites de Pouth-Kellé (Nigjui et al., 2005, 2009b)

Les talcschistes et amphibolites de Pouth-Kellét ssitués vers la bordure
septentrionale de l'unité du Nyong. L'unité du Ngohorde le groupe du Ntem a I'Ouest,
limite septentrionale du craton archéen du CongteQunité est orientée NE-SW et culmine
a plus de 1000 m au niveau de la chaine de Ngogayas études géochronologiques lui
donnent un age paléoprotérozoique malgré d’aboesdastiques archéennes et des signes de

rajeunissement néoprotérozoique. C’est la bordike dui craton archéen qui a été reprise
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dans les orogeneses ultérieures (Feybessé,e1986) avec un apport crustal important a
'Eburnéen (Toteu etl., 1994). L'unité du Nyong appartient a la ceintym®térozoique

ouest-centrafricaine qui se prolonge au Brésil avers la ceinture Transamazonienne

(Lerouge etl., 2006).

- O= Serl =-H-=Ser2 4— Ser 3 Pyr1 —e—Pyr2
<@ Pyr3 —@ -Amp 1% Amp 2 —&—Pér

1,00000

0,10000

0,01000

0,00100

Echantillon/chondrite

0,00010

0,00001 : : : . |
Ir Ru Rh Pt Pd

Figure 10. Spectres des éléments du groupe duneldis roches basiques et ultrabasiques du Sud
Cameroun. Normalisation faite par rapport a la chibe (McDonough et Sun, 1995). Serpentinites de
Lomié (Ser 1, Ser 2 et Ser 3) ; Pyroxénites de daib: facies a grenat grossier (Pyr 1), facies a
grenat fin (Pyr 2) et facies non grenatifére (Pyr Bmphibolites d’Akom Il : faciés a grenat (Amp 1

et faciés non grenatifere (Amp 2) ; PéridoditeNgles (Pér).

L'unité du Nyong comprend la ceinture de rochestegei(pyrigarnites, pyroxéno-
amphibolites, péridotites, grenatites, talcschjstpgrtzites et itabirites), la série feuilletée
(gneiss, TTG et amphibolites), les plutonites (gdiarites et syénites) et des filons
doléritigues (Champetier et Aubague, 1956 ; Vid®&98 ; Maurizot, 2000 ; Lerouge at,,
2006). Les talcschistes sont a pyrite ou non etalephibolites sont essentiellement des
hornblendites. Ces roches se rencontrent sous fafemlaves, orientées SW-NE dans
I'encaissant gneissique.

Les talcschistes sont denses et compacts, ver@atnésatres, a structure schisteuse, et
composes essentiellement de feuillets ou pailletidsnétriques. Ces paillettes nacrées sont

flexibles, onctueuses et rayables a l'ongle, ce lqur confére un aspect savonneux au

toucher.
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Tableau 4. Teneurs en EGP des serpentinites coagpare&elles de deux autres types de
roches. Toutes les concentrations sont expriméeppen La roche (1) est une péridotite
(Croket, 1981), la roche (2) est une komatiite (rnou-Eliopoulos et Parakevepoulos,
1992).

Nkamoung Mada | Mang | Péridotite| Komatiite
Nord (1) (2)
Ru 8,83 6,00 491 6,00 5,00
Rh 1,36 2,00 0,60 2,40 <0,5
Pd 1,97 <2 0,27 2,00 8,75
Ir 4,84 5,00 1,57 4,10 0,70
Pt 5,17 2,00 0,16 8,20 0,75
EGP 22,17 15,00 7,51 22,60 15,20
IPGE 13,67 11,00 6,48 10,10 8,50
PPGE 8,50 4,00 1,03 12,50 7,70
IPGE/PPGE 1,61 2,75 6,29 0,8 11
Pt/Ir 0,10 0,40 1,07 2,00 1,07
Pt/Rh 0,26 1,00 3,80 3,41 -

Pt/Ru 0,03 0,33 0,58 1,36 0,95
Pt/Pd 0,59 - 2,62 4,1 0,08

Les talcschistes a pyrite contiennent d’abondarigsacix cubiques ou losangiques de
pyrite. Ces cristaux possédent un éclat métallipnen dd a l'altération météorique. Les
talcschistes sont constitués essentiellement de (8 % de volume de la roche) et
accessoirement de chlorite, de muscovite, d’oxyoleasques, de feldspaths et parfois de
pyrite. Les données géochimiques montrent que d&sdhistes pyriteux possédent des
concentrations modérées en $iB4%) et en MgO (31%). Les talcschistes non pyxite
different des précédents par leurs faibles conatotrs en silice (~32%) et par leurs fortes
concentrations en E®; (~12,5%) et en AD; (~12%). Les talcschistes a pyrite possedent en
outre des teneurs élevées en chrome (parfois supésia 12 000 ppm) (Ndjigui &t, 2005)
et sont trés pauvres en terres rares. Elles sahtseenbre, et a structure en rosette. Les
amphibolites sont constituées de hornblende v&6&6], de pyroxenes (15%), de feldspaths
(3%), de quartz (3%), de minéraux opaques (~2%getircon (>1%). Sur le plan chimique,
les amphibolites sont constituées d’environ 52%id®, de 21% de MgO, de 10% de,Bs,
et de 10% de CaO. Les teneurs eKAILOs, P,Os, NgO et TiG, sont tres faibles.
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Le platine et le palladium ont été dosés et lesuensont faibles. Celles en platine
varient entre 1 et 2 ppb dans les deux types dRemocLes teneurs en palladium sont
globalement inférieures a la limite de détectiofh ppb) excepté pour un échantillon ou elle
est de 3 ppb (Ndjigui &tl., 2009b).

Notre contribution ressort en trois points : 1)ckractérisation pétrographique des
roches, 2) la mise en évidence des concentratiomsrales en chrome et 3) la précision de
I'inexistence des occurrences en platine et paltadians les talcschistes et amphibolites de
Pouth-Kellé.

4. Pyroxénites et amphibolites du Sud-Ouest CamerouEbah Abeng etal., 2012)

Les pyroxeénites se rencontrent dans le secteurottddrf, partie centrale de l'unité
du Nyong (Fig. 11). Deux faciés de pyroxeénites @gtinventoriés : les pyroxénites a grenat
et les pyroxénites non grenatiféeres. Les pyroxératgrenat sont constituées de deux faciés:
le faciés a grain grossier et le facies a grain ffies pyroxénites a grenat sont a texture
granoblastique hétérogranulaire. Elles se compadenthopyroxéne, du clinopyroxene, du
grenat, d’amphibole, de feldspaths et de minéragrssoires comme le zircon, I'épidote, les
minéraux opaques et le sphene. Les pyroxénitesgnematiferes montrent un assemblage
minéralogique similaire. D'une maniere généralg pigroxénites (Sie~50%) posseédent des
teneurs modérées en@; (~13%), en FO3 (~12%), CaO (~12%), et MgO (~10,50%). Les
pyroxénites a grenat fin possedent des teneurséedeven chrome, nickel et cobalt
comparativement aux autres facies (tableau 5). i©ingue deux faciés d’amphibolites : le
facies a grenat et le facies non grenatifiere. @& sles roches a texture granoblastique
hétérogranulaire. Les amphibolites a grenat sonstdoées d’amphibole (60%), de grenat
(20%), de biotite (10%), de plagioclase (> 5%)a@tessoirement de muscovite, de minéraux
opaques, d’épidote et de quartz. Le facies nonagiféne posseéde la méme organisation
microscopique que le précédent, excepté le grémat.deux faciés ont presque les mémes
teneurs en éléments majeurs (49% de,SIQ a 14% d’AlO3, 14 a 17% de K©; et 10% de
MgO). Il faut toutefois souligner que les teneunder sont maximales dans le facies a grenat.

Par contre, les concentrations en terres rarespostélevées dans les amphibolites
qgue dans les pyroxénites (tableau 5). Les ternes H@géres sont plus abondantes que les
terres rares lourdes dans les deux types de rochgesypes de roches, normalisés par rapport
a la chondrite (McDonough et Sun, 1995), présertteriaibles anomalies positives de cérium

et une anomalie modérée d'europium dans les anlpbgoon grenatiferes (Fig. 9).
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Figure 11. Carte géologique des sites étudiés tamise du Nyong (d’aprés Champetier et Aubague56L9
Vicat, 1998 ; Maurizot, 2000 ; Lerouge &kt, 2006): A. Carte géologique des sites étudiés dans l'urété d
Nyong (étoile), la zone grise représente les ceathnCongo et de S&o Francisco. Les lignes délititsfrique

et le NE du Brésil, Lolodorf et Nyabitande représen les secteurs d’étude (triangldd.; Carte géologique du
secteur de Lolodorf : 1. Gneiss alcalins, 2. Gyneds Chaine de Ngovayang (quartzites et gneés);einture
de roches vertes, 5. Formations indifférenciéesAphibolites, 7. Diorites, 8. Site d'étudeG. Carte
géologique du secteur de Nyabitande : 1. Granitpgraxéne. 2. Migmatites, 3. Diorites, 4. Amphibed, 5.
Gneiss, 6. Site d'étude.
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Tableau 5. Teneurs en Cr, Ni, Co, terres rares él@ments du groupe du platine dans les
pyroxénites et amphibolites. Cr, Ni, Co et terrases sont exprimés en ppm et les EGP en

ppb.

L.d. Pyr. gre.g.| Pyr.gre.fl, Pyr.ssgre. Am@.gAmp. ss g.
Cr 8 495 330 2140 200 203
Ni 0,8 161 148 964 132 134
Co 0,1 57 54 121 62 63
La 0,02 4,09 3,75 4,44 7,93 5,43
Ce 0,07 27,15 13,05 9,10 20,32 13,52
Pr 0,01 1,10 1,41 1,38 3,16 2,08
Nd 0,03 4,89 7,13 6,73 15,06 10,16
Sm 0,01 1,50 2,36 2,08 4,78 3,36
Eu 0,01 0,53 0,86 0,74 1,54 0,99
Gd 0,01 2,24 3,23 2,54 6,40 4,43
Tb 0,013 0,43 0,57 0,40 1,16 0,77
Dy 0,01 3,02 3,83 2,63 7,94 5,12
Ho 0,003 0,68 0,81 0,51 1,75 1,07
Er 0,01 2,10 2,36 1,42 5,44 3,20
Tm 0,003 0,31 0,34 0,20 0,80 0,47
Yb 0,01 2,11 2,38 1,19 5,10 3,03
Lu 0,013 0,32 0,35 0,18 0,77 0,45
REE - 50,48 42,35 33,52 82,75 54,09
TRL - 39,26 28,57 24,46 53,38 35,54
HREE | - 11,21 13,78 9,06 29,37 18,54
CelCe |- 3,10 1,37 2,53 1,06 1,22
EuEu |- 0,89 0,95 0,98 0,85 0,70
Ir 0,01 0,26 0,14 0,80 0,02 0,01
Ru 0,08 0,41 0,43 3,96 0,66 0,25
Rh 0,02 1,00 1,37 0,74 3,69 1,04
Pt 0,17 15,86 14,85 4,94 26,30 10,50
Pd 0,22 18,00 25,75 5,83 83,10 36,20
EGP - 35,53 42,54 16,27 113,77 48,00
IPGE - 0,87 0,57 4,76 0,68 0,36
PPGE | - 34,66 41,97 11,51 113,09 47,64
Pt/Ir - 61 106,07 6,18 1315 1050
Pt/Rh - 15,86 10,84 6,68 7,13 10,1
Pt/Ru - 45,27 34,53 1,25 39,85 42
Pt/Pd - 0,88 0,57 0,95 0,32 0,29

L.d. : Limite de détection; Pyr. gre. g. : Pyroxésia grenat grossier; Pyr. gre. f. : Pyroxénites
a grenat fin ; Pyr. ss gre. : Pyroxénites non gitmas ; Amp. gre. : Amphibolites a grenat ;
Amp. ss g. : Amphibolites non grenatiféres.
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Les spectres ressortent également un enrichissegnetgrres rares des pyroxéenitees et des
amphibolites par rapport a la chondrite et aussirggport aux serpentinites de Lomié (Fig.
9). Les spectres des roches basiques et ultralessiu Sud Cameroun sont sensiblement
plats (Fig. 9).

Les concentrations en EGP sont variables d'un daaid'autre (tableau 5). Les
pyroxénites a grenat fin sont les plus enrichiesEE&P (42,54 ppb) comparativement aux
autres faciés (tableau 5). Par rapport aux serpdj les concentrations en Ir, Ru et Rh sont
encore plus faibles. Ainsi, le palladium et le jplatsont mieux exprimés, Pd varie entre 5 et
26 ppb tandis que Pt oscille entre 4 et 16 ppb.fakdes concentrations en Ir et Ru illustrent
les faibles concentrations en IPGE (tableau 5).rapports Pt sur Ir, Ru ou Rh sont largement
supérieurs a 1, ce qui peut refléter la distribuiidtiale des EGP dans la roche ou témoigner
d'un lessivage de liridium, ruthénium et rhodiurar papport au platine. Par ailleurs, les
variations de Pd indiquent que cet élément estmplhisile que Pt (tableau 5).

Les amphibolites sont plus enrichies en EGP gseeoxénites et les serpentinites
(tableaux 4 et 5). Au sein des amphibolites, |e&efagrenatifére est plus riche en EGP (113,77
ppb) que le facies non grenatifere (48 ppb). D'omeniére générale, le mécanisme de
distribution des éléments du groupe du platine dessamphibolites est similaire celui des
mémes éléments dans les pyroxénites (tableau B%. shectres des éléments du groupe du
platine, normalisés par rapport a la chondrite (Mic@ugh et Sun, 1995), montrent que les
pyroxeénites et les amphibolites sont fortementivées comme les serpentinites (Fig. 10). Ce

lessivage est tres intense pour l'iridium, le rluodiet le ruthénium (Fig. 10).

Avant que nous n'abordions cette étude, il n""\asgee données sur les terres rares et
les éléments du groupe du platine. Ces travaupeimiis de montrer que les pyroxeénites et
les amphibolites possédent des teneurs modéréesres rares et qu'elles sont plus riches en
EGP comparativement aux serpentinites de I'Est @ame(Ndjigui, 2008b ; Ndjigui et
Bilong, 2010 ; Ebah Abeng etl., 2012). Une autre contribution majeure a été datrer
gu'elles contiennent plus de palladium que leseauEGP. Sur le plan minier, elles ne

présentent aucun intérét pour les terres rares&l€ments du groupe du platine.

5. Péridotites de Nyos (Bilong edl., 2011)
Les travaux ont été longtemps menés dans le butodgrendre la présence et la

nature des xénolites de péridotites et de grawites les formations volcaniques de Nyos
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(Fig. 12) (Temdjim etl., 2004). Les péridotites possedent une textureogranulaire et sont
constituées essentiellement d’olivine (65%), orgiogene (19%), spinelles (5%) et
accessoirement de hornblende verte (>2%). Les qiégd sont riches en MgO (42,28%),
avec un rapport SUIMgO proche de 1. Les concentrations en(ze Al,O3 et CaO sont
respectivement de 8,56 %, 2,26 % et 2,23 %. Le=utsren Cr, Ni et Co sont respectivement
de 2110 ppm, 2096 ppm et 103,7 ppm. La somme desentrations en terres rares est de
7,411 ppm avec une prédominance des terres ragese$ (6,223 ppm) sur les terres rares
lourdes (1,188 ppm). Les péridotites normaliséasrgaport a la chondrite (McDonough et
Sun, 1995) ne possédent pas d'anomalie de cériutemiopium (Fig. 9). La somme des
concentrations en éléments du groupe du platindee20,10 ppb, valeur proche de celle des
serpentinites de Lomié (tableau 2). Les élémertsnaurs élevées sont le ruthénium (6,26
ppb) et le platine (6,26 ppb). Les teneurs en IRGH proches de celles en PPGE (tableau 6).
Les rapports platine sur les autres éléments dupgreont proches de 1 sauf pour le rapport
Pt/Rh (tableau 6). La normalisation des EGP papogpa la chondrite (McDonough et Sun,
1995) montre que les péridotites de Nyos sont alesgment lessivées par rapport a la
chondrite et présentent un spectre plat par raportautres roches basiques et ultrabasiques
(Fig. 10). Malgré la rareté des affleurements,désdotites de Nyos ne constituent pas un
potentiel métallogénique pour les éléments du gealipplatine. Ces données contribuent de
tout de méme a la connaissance du mécanisme déutisin des EGP dans les roches

basiques et ultrabasiques.

Tableau 6. Teneurs en éléments du groupe du plginppb) dans les péridotites de Nyos.

Ir Ru | Rh | Pt Pd EGP IPGEPPGE| PVIr | Pt/Rh| Pt/Ru| Pt/Pd

3,29| 6,26| 1,04 5,53 3,98 20,19,55 | 10,55| 1,68 5,32 0,88 1,39

Notre contribution majeure a été plus métallogémique géochimique. Nous avons
montré que les xénolithes de péridotites contiendenres faibles concentrations en éléments

du groupe du platine.
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Figure 12. Esquisse géologique de la région votpsnde Nyos d'apres Temdjimatt (2004).
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6. Discussion et conclusion
Les roches étudiées possedent des concentratiesguer similaires en Cr, Ni et Co.
La différence fondamentale réside sur les conceoms en terres rares et en éléments du

groupe du platine (tableau 7, fig. 13).

Tableau 7. Récapitulatif des concentrations eningatpalladium et terres rares dans les
roches basiques et ultrabasiques du Sud Cameroun.

Total des| Platine Palladium Total des
TR (ppm) | (ppb) (ppb) EGP (ppb)
Serpentinites (Nkamouna) 3,098 5,17 1,97 22,17
Serpentinites (Mada) 1,233 2,0 <2 15,00
Serpentinites (Mang Nord) 0,878 0,16 0,27 7,51
Pyroxénites a grenat grossier 50,48 15,86 18,00 5335,
Pyroxénites a grenat fin 42,35 14,85 25,75 42,54
Pyroxénites non grenatiferes 37,52 4,94 5,83 16,27
Amphibolites a grenat 82,75 26,30 83,10 113,77
Amphibolites non grenatiferes 54,09 10,50 36,20 0as,
Péridotites 7,411 5,53 3,98 20,10
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Figure 13. Distribution de la somme des conceintraten terres rares (a) et en éléments du grawpe d
platine (b) dans les roches basiques et ultrabasigu Sud Cameroun. Serpentinites de Lomié (1.
Nkamouna, 2. Mada, 3. Mang Nord), Pyroxénites dedarf (4. Faciés a grenat grossier, 5. Faciés a
grenat fin, 6. Facies non grenatifére), AmphibslitéAkom Il (7. Faciés a grenat, 8. Facies non
grenatifere), 9. Péridotites de Nyos.
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Les teneurs en EGP sont faibles dans les serpestiet plus élevées dans les
pyroxénites de Lolodorf et les amphibolites d'Akdnftableau 7, fig. 13). Les serpentinites
résultent de l'altération hydrothermale d'harzlisegymantelliques (Seme Mouangué, 1998).
Les talcschistes et les amphibolites de Pouth-Kadlérraient représenter les témoins d'un
ancien assemblage ophiolitique repris par l'orogemanafricaine (Nkoumbou ak, 2006).
Les variations des concentrations dEGP au seinsdgsentinites formant une “ceinture”
assez étendue (240 Rnrésulteraient de la remobilisation des élémentgmupe du platine
durant les épisodes tectoniques et la serpeniimisdtes teneurs similaires en EGP dans les
serpentinites et les péridotites de Nyos confornter origine semblable pour les deux types
de roches a partir de péridotites mantelliques.teasurs élevées en platine et palladium dans
les pyroxénites de Lolodorf et les amphibolites kA Il seraient liées a une dérivation a
partir du fractionnement d’'un liquide basaltiquea lariation des concentrations en terres
rares et en éléments du groupe du platine dandiffésents ensembles lithologiques reste
toutefois a définir précisement de méme que l'apgopergéne résultant de l'altération

méteorique.
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Chapitre 2. Contribution a I'étude pétrologique des
latérites

Introduction

Les latérites sont largement répandues a traversotele, mais plus particulierement
dans les régions intertropicales d'Afrique, d'Aaigtt de I'Inde, du Sud-Est asiatique et
d'’Amérique du Sud (Fig. 14). Toutefois, la réepamitdes differentes zones dans les latérites
ne résulte pas forcément d’'un processus d’altérataiuel ou sub-actuel : en effet, certains
profils témoignent de paléo-altérations en zonerfrdpicale. Les latérites sont les produits
communs de l'altération des roches sous climagEdaox (Tardy, 1993). Elles représentent
pres de 85% du volume total des matériaux d’aitaramétéorique de la planete (Braun,
2005). L’altération météorique correspond d’'und paia dissolution chimique des minéraux
des roches, des sols et des sédiments et, d'aattedpla croissance de nouvelles phases
minérales (Braun, 2005). L'altération météoriqué resayée dans la partie sommitale des
manteaux d’altération par la pédogenese, un prosegs integre a la fois des mécanismes
physico-chimiques (dissolution-précipitation, lessgje, dispersion, floculation, induration ...)
et biologiques (bioturbation, transport, accumolati..). La pédogenése forme généralement
des minéraux finement divisés a haute réactivitésuléace propice au développement de
structures agrégatives sous l'effet conjugué deentag du pédoclimat (hydratation-
déshydratation), de la flore et de la faune (Brand5).

Les latérites possedent sensiblement la méme eag@m macroscopique quelle que
soit la nature de la roche parentale. Elles sonstitonées de la base au sommet : 1) d’'un
ensemble d'altération, 2) d’'un ensemble glébulare3) d'un ensemble argileux meuble
supérieur. L’ensemble d’altération se compose dsamolite grossiere montrant la structure
de la roche parentale parfaitement conservée eedsaprolite fine marquée par la présence
des lithoreliques de la roche parentale. Les siégsotonstituent des compartiments épais de
I'ordre d’'une a plusieurs dizaines de métres qat souvent le siege d’'une nappe phréatique
(Braun, 2005). L'ensemble glébulaire se composeéigdéement de trois horizons : deux
horizons nodulaires qui encadrent un horizon deasse. L'ensemble argileux supérieur se
compose des horizons argileux de structures eteomildifférentes. Plusieurs travaux ont
porté sur la caractérisation morphologique, mirgiglue et chimique des latérites du Sud
Cameroun (Bilong, 1988 ; Yongué-Fouateu, 1995 ; gi@naFouateu eal., 2006 ; Bitom,

2007). Ces derniers ne ressortaient pas l'acpechggique des terres rares. Les premiers
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travaux sur le comportement géochimique des temess dans les latérites développées sur
substratum syénitique ou granito-gneissique du Sadheroun sont ceux de Braun adt
(1990, 1993, 1998). Les latérites sur roches wsmjues étaient toujours considérées comme
étant moins intéressantes compte tenu des contensrjugées faibles. Le but est d'étudier
les caracteres minéralogiques et géochimiques atésgtés développées sur les formations
basiques et ultrabasiques. Nous insisterons surtelges rares a cause de leur intérét
doublement fondamental et métallogénique. Dangiaiére partie, le champ d'investigations

sera élargi aux latérites développées sur substratide dans la méme réegion (Fig. 15).

Figure 14. Carte de répartition des latérites éhisfle du globe.
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1. Latérites développées sur roches ultrabasiquesl@asiques
1.1. Latérites développées sur serpentinites (Thesédjigui, 2008 ; Ndjigui et al., 2008,
2009a)

Les latérites développées sur serpentinites sest épaisses (plusieurs dizaines de
metres), et constituées des trois ensembles déaldts haut : d'altération, glébulaire et
argileux meuble supérieur. Cinq profils d'altémationt été étudiés a Lomié : Nkamouna,
Mada-Est, Mada-Ouest, Napene et Mang Nord (Ndjiga08b). Quatre profils sont situés
dans le massif de Nkamouna et un seul a 'Ouest ldamassif de Mang Nord (Fig. 7). La
morphologie est celle des plateaux de basse atifud culmine autour de 700 m d'altitude
(Fig. 16). Les profils d'altération se composentadease au sommet de la saprolite grossiere,
la saprolite fine, I'horizon nodulaire inférieuhdrizon nodulaire a blocs de cuirasse, I'horizon
nodulaire supérieur et I'horizon argileux meublg(E7a-d). La caractérisation pétrologique
n'a pas été élargie a I'horizon humifére. Chaqa#él pfaltération présente ses particularités.

La saprolite grossiére apparait au-dessus de lpenppréatique. Elle est meuble,
limono-sableuse et constituée de bandes horizen&lenillimétriques de couleur variable
héritées de la structure microlitée observée dameitex d'altération des serpentinites. Cette
structure est interrompue par des plages noir werdéentimétriques et arrondies. Ces plages
sont lithorelictuelles. La saprolite grossiére empose de goethite, magnétite et de traces de
kaolinite. La maghémite, les smectites et le tgpa@aissent en plus des minéraux precités
dans la saprolite grossiere du profil de Mada-Bdjigui et al., 2009a). Les minéraux
résiduels sont la magnétite et le talc. Yongué-Eauatal. (2009) ont signalé la présence de
chromite a la base des profils d'altération. Synld@ chimique, la saprolite grossiere est riche
en fer (82 % a la base et 89 % au sommet). Lesutenen silice et alumine sont
respectivement de 6,67 et 5,45 % a la base et dentnde moitié au sommet. La teneur en
MnO est de 1,24 % a la base et de 0,47 % au sonumétneur en MgO est de 0,80 %. Les
teneurs en CaO, Ma, K;O et BOs sont tres faibles et parfois proches de la lintige
détection.

La saprolite fine est rouge violacé, argileuse, nleuinement poreuse et polyédrique.
Elle contient de nombreuses plages centimétriquiebs de la saprolite grossiere. La
saprolite fine se compose de goethite, kaoliniterig et de traces de magnétite. Sur le plan
chimique, la teneur en [@; passe a 62,11 % tandis qu'augmentent de prés @e Gélles en
silice et alumine (11,25 % et 12,08 % respectiveind@ concentration en MnO atteint 2,06

% et celle en MgO reste inférieure a 1 %.
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Figure. 16 Carte topographique et géologique de la régioKalego, localisation des profils étudiés
(Ndjigui et Bilong, 2010) : 1. Marécages, 2. Rautd. Courbe de niveau, 4. Riviéres, 5. Région de
Mada, 6. Riviere Edje, 7. Riviere Mada, 8. Mastiifalbasique serpentinisé de Kongo — Nkamouna, 9.
Formations encaissantes (micaschistes et quajtzitesProfil d’altération de Nkamouna, 11. Profil
d’'altération de Napéne, 12. Profil d’altération Mada-Ouest, 13. Profil d'altération de Mada-Est et
14a-b. Affleurements de serpentinites.

L'horizon nodulaire inférieur est constitué de rledwet d'une matrice meuble. Cette
matrice qui enveloppe les nodules est rouge violaakédrique et finement poreuse. Elle est
constituée de goethite, kaolinite, quartz et deesade magnétite. La teneur en@geest de
53,99 %. Les concentrations en silice et alumirggrantent (14,10 et 16,10 %) tandis que les
teneurs en MnO et MgO restent inférieures a 1. Dgp@s de nodules y sont distingués : les

nodules lithorelictuels a structure microlitéeext hodules argilomorphes bruns.
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Figure 17. Profils d’altération sur serpentinite&@ngo-Nkamouna : A). Profil de Nkamouna. 1. Sapeoyrossiere, 2. Saprolite fine, 3. Plages grides?lages relictuelles microlitées, 5.
Matrice argileuse, 6.Horizon nodulaire inférieur,Hbrizon nodulaire supérieur, 8. Horizon argilenguble, 9. Végétation, 10. Point d’échantillonnalfie, Nappe phréatique, 12. Profondeur
(m); B). Profil de Napéne : 1. Saprolite fine (base, 1b. médiane, 1c. sommet), 2. Horizon nodyl8ir Horizon a blocs de cuirasse pisolitique (easse, 3b. pisolites, 3c. matrice), 4.
Horizon argileux meuble, 5. Végétation, 6. Profamd@n), 7. Nappe phréatique, 8. Point d’échantillage; C). Profil de Mada-Ouest : 1. Saprolite geves 2. Plages jaunes avec des taches
noires, 3. Plages jaunes, 4. Matériaux rougedafeB noires, 6. Saprolite fine, 7. Horizon nodela8. Horizon nodulaire a blocs de cuirasse, 9iddo argileux meuble, 10. Nappe phréatique,
11. Profondeur (m), 12. Point d’échantillonnage, \t8gétation ; D). Profil de Mada-Est. 1. Saprotitessiéere, 2. Saprolite fine, 3. Horizon nodula#teHorizon argileux meuble, 5. Nappe

phréatique, 6. Profondeur (m), 7. Point d’échanriitlage, 8. Végétation.



Dans le profil de Mada-Ouest, les nodules argilgghes noirs apparaissent a coté des
nodules bruns. Les nodules noirs sont différencdés précédents par la présence de
I'hnématite. Les nodules lithorelictuels sont cestingues, avec une organisation interne
proche de celle des plages microlitées de la ssgarbdles nodules argilomorphes sont aussi
centimétriques et avec une minéralogie identiquel& de la matrice meuble. La teneur en
FeOs; y est de 56,63 %. Les teneurs en silice, alumite® et MgO sont pratiquement
identiques a celles de la matrice enveloppante.

L'horizon nodulaire supérieur est constitué de fexlenveloppés dans une matrice
meuble. La matrice est pratiguement identique gréaédente avec 51,05 % de fer, 12,57 %
de silice et 18,12 % d'alumine. Les nodules dewahrsphériqgues a sub-sphériques et a
surface rugueuse ou lisse. lls sont plurilobés awexcomposition minéralogique proche de
la matrice. La teneur en fer baisse (38,08 % dffjealors que les teneurs en silice et
alumine augmentent (20,34 et 24,22 %). Les teneardVinO et MgO sont largement
inférieures a 1.

L'horizon argileux meuble est polyédrique et rosgmbre. Il se compose d’hématite,
de kaolinite, de quartz et de traces de magnétite&oncentration en fer augmente (50,59 %)
tandis que baissent celles en alumine et silicé66l% d’ALO; et 13,20 % de Sif).

Plusieurs éléments traces ont été analysés, seahiportement de quelques-uns sera
présenté pour illustrer la mobilité des élémentssdas latérites. Dans le profil de Nkamouna,
trois catégories de comportement peuvent étrendiséies :

1) - les éléments dont les concentrations dimingenta base au sommet du profil,
c'est le cas de Cr, Ni et Co. Les concentrationSreilNi et Co sont respectivement de 17 257,
8472 et 1440 ppm. Elles diminuent progressivemesgy'a atteindre 8379 ppm pour Cr,
2286 ppm pour Ni et 450 ppm pour Co. D'autres eélésneomme Cu, Zn et Sc présentent un
comportement semblable a celui du Cr, Ni et Co idNdjetal., 2008) ;

2) - les éléments dont les concentrations augmedteta base au sommet des profils.
Par exemple, la concentration en tungsténe dapofié de Nkamouna est de 0,36 ppm dans
la saprolite grossiere et de 1,84 ppm dans I'horeagileux de surface. C'est aussi le cas de
Zr, Th, U, Be, Sb et Sn (Ndjigui at., 2008) ;

3) - les éléments dont les pics de concentratiositsent dans la partie médiane du
profil, c'est le cas des terres rares dans centaofids d'altération.

Le comportement géochimique des terres rares eauntdtéritique sur roches granito-
gneissiques est bien connu dans le monde (Steibe&Egurtois, 1976 ; Duddy, 1980 ; Topp
et al.,, 1984 ; Trescases at.,, 1986 ; Marker et De Oliveira, 1990 ; Soubiésakt 1990 ;



Boulangé et Colin, 1994). Au Cameroun, Braumale{1990, 1993, 1998) ont montré que les
terres rares s'accumulent a la base des profil®didon développés sur substratum granito-
gneissique. Les terres rares légeres sont largeplaat abondantes que les terres rares
lourdes. Dans les latérites développées sur sémpent deux types de répartition des terres
rares peuvent étre distingués dans les profilsédidion en fonction des concentrations en
terres rares dans les différentes horizons et ectitm de I'évolution des terres rares au sein
du profil d'altération (Ndjigui eél., 2008, 2009a). Dans chaque cas, les variationsnodss
peuvent étre mises en paralléle avec la litholdge matériaux d'altération.

a) - Profil de terres rares avec somme minimaleteless rares a la base : profil type
Nkamouna.

La somme des terres rares est de 80 a 721 ppmealprefil de Nkamouna (Fig. 18a).
Les concentrations minimales sont mesurées a la Hasprofil (37 ppm) et la valeur
maximale (721 ppm) dans les nodules argilomorpleeghadrizon nodulaire inférieur ou la

teneur en cérium est de 704 ppm (Fig. 18b).
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Figure 18. Variation de la somme des teneurs eederares (a) et en cérium (b) dans le profil
d’altération de Nkamouna. 1. Roche-mere, Saprglitssiere (2. Base, 3. Sommet), 4. Saprolite fine,
Horizon nodulaire inférieur (5. Matrice, 6. Nodylesiorizon nodulaire supérieur (7. Matrice, 8.

Nodules), 9. Horizon argileux meuble.

b) - Profil de terres rares avec somme maximalederares a la base : profil type
Mada-Est.

Les concentrations en terres rares sont moingétedans le profil de Mada Est (85 a
273 ppm). Elles diminuent de la base (273 ppm)aanset (85 ppm) du profil (Fig. 19a). Les
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pics anomaliques apparaissent dans la saprolitared I'horizon nodulaire. Ces pics sont
corrélables au cortege minéralogique des difféeepteases d’altération ou les smectites, le
talc et la magnétite coexistent avec les minéraaltédation couramment rencontrés dans les
latérites de Lomié (maghémite, goethite, hématitéamlinite) (Ndjigui etal., 2009a). La
distribution du cérium est completement opposéelle ce la somme des terres rares (Fig.
19b). Les pics de concentration du cérium serdién@ la libération de cet élément suite a la
dissolution ou & la transformation de*Cen C&*, C&'* étant plus stable dans les latérites. Les
terres rares présentent un comportement similagnes de profil de Napene a la seule
différence que la teneur maximale dans la saprelt de 1034 ppm avec 1026 ppm de Ce
(Ndjigui, 2008b). La normalisation des donnéesld&sites par rapport a la roche-meére ou a
la chondrite met en évidence des anomalies négativepositives de cérium et de faibles
anomalies positives d'europium. Les anomalies hé&ggaapparaissent a la base des profils de
Mada-Est (Fig. 20a). Les anomalies positives apgsmeat dans I'ensemble des matériaux
d’altération et dans les parties sommitales deSilpaialtération ou elles sont négatives a la
base du profil de Mada-Ouest (Fig. 2QNyjigui, 2008b).
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Figure 19. Variation de la somme des teneurs eagaares (a) et en cérium (b) dans le profil de
Mada-Est. 1. Roche-mére, saprolite grossiére @ction totale, 3. Matériau vert), saprolite fine (4
Base, 5. Sommet), horizon nodulaire (6. Matrice&\ddules), 8. Horizon argileux meuble.

Les anomalies positives peuvent sont aussi obserd@s la base du profil de Mang
Nord (Ndjigui etal., 2008). Les anomalies positives d'europium, olesedans les profils de

Mada, résulteraient des enrichissements supergenes.
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Figure 20. Exemples de spectres des terres raedatirites développées sur serpentinites : a.
Prédominance des anomalies positives de cériummalmation faite par rapport a I'échantillon de
serpentinites prélevé a Nkamouna (Ndjigualet 2008) ; b. Prédominance des anomalies négalives
cérium a la base des manteaux d’altération. Nogawidin faite rapport a I'échantillon de serpengigit
prélevé a Mada (Ndjigui etl., 2009a). Les acronymes sont les codes référentsisatérites étudiées
(Ndjigui etal., 2008, 2009a).

Le bilan géochimique indique :

- un intense lessivage des éléments majeurs extefeé, le manganése et le titane
dans la saprolite grossiére ;

- un intense lessivage des éléments traces, y tomegrterres rares, hormis Cr, Co,
Zn, Sc, Cu, Ba, Y, Ga, U et Nb dans la saprolitesgiere (Ndjigui eal., 2008) ;

- une accumulation des terres rares dans la segp(bldjigui etal., 2009a).
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Notre contribution a été de trois ordres : 1) tétwe la distribution des terres rares
dans les latérites développées sur serpentinitégrdénde tres faibles concentrations en terres
rares mesurées dans la roche-mere, 2) la miseidenée : a) des concentrations anormales
en cérium dans la saprolite et dans les nodul®$ ées anomalies négatives et positives de

cérium.

1.2. Latérites développées sur pyroxénites (Ebah &hg etal., 2012)

Les latérites sur pyroxénites possedent une migigafjui révele une préservation de
certains minéraux primaires comme les amphibolddspaths, quartz et la néoformation de
goethite, hématite, kaolinite et gibbsite. Ellemtségalement caractérisées par des teneurs
contrastées en Sp#6,96-69,37 %), F©; (15,04-51,30 %), Cr (27->4500 ppm), V (52->370
ppm), Ni (14,50-597,70 ppm), Zn (59-170 ppm), CA-{84 ppm), Zr (3-117 ppm), Sc (1-
>63 ppm). Les pyroxénites possédent de faiblesardrations en yttrium, strontium, lithium,
gallium, plomb, rubidium, niobium, hafnium, molybd& uranium, tantale et thorium. Les
latérites sont pauvres en terres rares (9,13 < RER17,83ppm) et montrent une
prédominance des terres rares légéres (LREE/HREBZ#a 22,62). Les terres rares y sont
faiblement a fortement fractionnées (0,59<La/Yb4B), Les spectres normalisés mettent en
évidence des anomalies positives ou négatives rilegéune homogénéité des matériaux et

un léger enrichissement en terres rares legergsZEa).

1.3. Latérites développées sur amphibolites a Akoth(Ebah Abeng etal., 2012)

Le profil étudié est moins épais (1 m), situé alques metres de l'affleurement des
amphibolites. Il se compose de la saprolite grossige I'horizon nodulaire et de I'horizon
argileux meuble.

La saprolite grossiere est épaisse de 0,5 m ebspase de blocs d'amphibolites a
grenat enveloppés dans une matrice meuble. Cetrcenast brun jaune, argilo-sableuse et
polyédrique. Les blocs posseédent un cortex frigpliedélimite la partie de la roche encore
saine. La composition minéralogique est presqudais dans les deux matériaux. Elle est
faite de minéraux relictuels : amphiboles, pyroxgnguartz et feldspaths, et de minéraux
secondaires : kaolinite, gibbsite et goethite.

L'horizon nodulaire est constitué des nodules etladenatrice. Cette matrice est
identique a celle décrite dans I'horizon précéedesg.nodules sont centimétriques et de forme

irréguliere. lls sont composés de quartz, goethiéeatite, kaolinite et de gibbsite.
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L'horizon argileux est brun jaune, argilo-sableuxceiffé par une fine pellicule
humifere.

Sur le plan chimique, seules les concentrationteersilice et alumine sont élevées.
Les teneurs en Cu, Ni, Cr, Co, Sc, Mo, Rb, Ba, Rlet Y augmentent de la saprolite aux
nodules. V, Zr, Nb, Hf, Ta, Ga, Th et U présent@mé¢ signature inverse. Les latérites sont
plus pauvres en terres rares que la roche-mersoimne des terres rares y varie de 37 a 48
ppm, avec une prédominance des terres rares lédeaenormalisation des latérites par
rapport a la roche-meéere montre des spectres platsde légers enrichissements en La et Ce
(Fig. 21b).

—<—MB1 ——NMB2 —S—MB4 —+—— MBS —@—NMB11 —&—NMB12 —<—DNMBS

(a)

1000

10,0 | 83
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(b) —8—NY1l —A—NY3I —S—NY2

10.0

1.0

Echantillon‘amphibolites

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 21. Spectres des terres rares normalisésapport aux pyroxénites (a) et par rapport aux
amphibolites (b). Les acronymes de MB1 a MB3 regméent les latérites sur pyroxénites. NY1 et

NY3 sont issus de la saprolite grossiéere, et NYésgnte les nodules dans I'horizon nodulaire (Ebah
Abeng efal., 2012)

1.4. Latérites de Pouth-Kellé (Ndjigui etal., 2009b)
Les latérites de Pouth-Kellé sont issues de l'alién météorique des talcschistes et
des amphibolites. Il s'agit des blocs disséminés dizs produits d’altération des gneiss. Sur

taclschistes, les matériaux sont bruns, friablesatjués parfois par la présence de fantbmes
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de pyrite. Leur cortége minéralogique est varieatstitué de minéraux relictuels : talc,
feldspaths, amphiboles, serpentine, apatites, nfimaste et muscovite), spinelles et quartz ;
et de minéraux secondaires : chlorites, smecttadjnite, goethite et interstratifiés chlorites-
smectites. L’étude géochimique montre que les naabérprélevés sont silico-magnésiens
(SiO, + MgO proches de 86%), avec de facon plus dé&ai8é€ de I'ordre de 55,79 %, MgO
de 29,70 %, F©; de 6,91 % et AD; de 1,56 %. lls sont aussi caractérisés par des
concentrations élevées en chrome (4230 ppm), eéréed en nickel (1161 ppm) et en cobalt
(91 ppm). Les amphibolites s’altérent en boulessguit soit sub-affleurantes ou noyées dans
les produits d’altération de I'encaissant gneissidilles sont de forme irréguliere, peu denses,
a surface rugueuse, sablo-limoneuses et friablassémblage minéralogique est constitué de
minéraux relictuels : amphiboles, serpentine, musep talc, apatites et quartz ; et de
minéraux secondaires : smectites, kaolinite, d'sitatifies chlorites-smectites et de traces de
chlorites et de gibbsite. Elles sont caractérigpggsles teneurs modérées epz611,96 %),
Al;,03; (9,55 %), MgO (18,14 %), CaO (6,14 %) et faibles 80, (45,27 %). Les
concentrations maximales en Cr atteignent 11733 ppriNi, 1370 ppm et en Co, 62 ppm.

Les conditions de mise en place des pyroxéniteghdnulites et talcschistes ne
permettent pas la formation d'un profil complet snigis résultats obtenus servent de socle

pour les travaux futurs.

2. Latérites développées sur roches acides
Les latérites développées sur roches acides @neig été étudiées a Edéa dans la
plaine cétiere et a Yaoundé dans le plateau sudymamais. Les latérites d'Edéa sont

développées sur gneiss a amphibole et celles dendaosur orthogneiss.

2.1. Latérites développées sur gneiss a amphibobedjigui et al., 1998)

Dans la plaine cétiéere, le site d’étude est loéatlans la région d’Edéa, proche de la
zone de contact socle-sédimentaire. Le socle esstiteé essentiellement de gneiss a
amphibole d’age néoprotérozoique (Njike Ngaha, 19Bé caractere commun des profils
d’altération est leur faible épaisseur (5 m). Lamgsation macroscopique du profil
d’altération sur gneiss est identique a celle dedilp sur serpentinites. Les latérites sur
gneiss sont caractérisées par la présence dessadgl type 2/1 et 2/1/1 dans la zone

saprolitique, et la prédominance de la kaolinitdesta gibbsite au sommet du profil (Ndjigui
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etal., 1998). Ce cortege minéralogique révele que fFblyde est d’abord bisiallitisante a la
racine du manteau avant de devenir monosiallitssantallitisante.

Les sols ferrallitiques étaient catalogués commestitnés uniquement de quatre
minéraux cardinaux (hématite, goethite, gibbsitekablinite) et des minéraux résiduels
récurrents comme la muscovite et le quartz, noosspu montrer que la morphologie et le
climat tres pluvieux de la région concourent a ahération d'abord bisiallitisante a la base

des profils.

2.2. Latérites développées sur orthogneiss a Yaoul@dNdjigui et al., soumis)

Les latérites développées sur orthogneiss poss&der@me organisation des horizons
gue sur roches ultrabasiques serpentinisées (EjgLas travaux ont porté uniquement sur la
caractérisation morphologique, minéralogique etchénique des principaux constituants
d'une saprolite grossiére développée sur gneisS\Vduwde Yaoundé. Les orthogneiss sont a
texture granolépidoblastique hétérogranulaire, cumsép de quartz, biotite, plagioclases,
orthose, de grenat et accessoirement de la musc&lles ont des teneurs élevées en,SiO
(~62%), Cr, Zr, Rb, Ba et Sr, et modérées en tgaess. La normalisation par rapport a la
chondrite (McDonough et Sun, 1995) révele une afienmigative d'europium (Eu/Eu* =
0,68). La saprolite grossiere est constituée ds types de constituants : les matériaux sablo-
argileux, les matériaux ferruginisés et les matdrimanganésiferes. Les matériaux argilo-
sableux sont les plus dominants, majoritairemenn jaune ou violets et dispersés dans
'ensemble de la saprolite grossiére. lls sont s essentiellement de quartz, kaolinite,
gibbsite et de goethite. L’analyse chimique réwgléls sont silico-alumineux (Badinane,
2009). Les matériaux ferruginisés sont rouges, riggjundividualisés en plaquettes séparant
la saprolite grossiere de la saprolite fine, oussfuume de masse fortement indurée noyée
dans la saprolite grossiere (Nandjip, 2010). lisggolent de fortes teneurs en fer et de tres
faibles concentrations en terres rares particutierdg en cérium. La normalisation des terres
rares par rapport a la roche parentale ressoradesialies négatives de cérium (Ce/Ce* =
0,66, fig. 23). Les matériaux manganésiferes soirsnconcentriques, indurés et dispersés

dans la saprolite grossiere. Leur minéralogie estidée par des minéraux manganeésiferes.
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Figure 22. Organisation macroscopique d’un proéltdration sur orthogneiss au SW de Yaoundé. 1.
Saprolite grossiére [(matériaux sablo-argileux324, 5, 8 et 9), matériaux ferruginisés (6 et 10),
matériaux manganésiferes (7), point d’échantillgeng11)], 2. Saprolite fine (2a. Plaquettes
ferrugineuses fortement indurées, 2b. Plages welies, 2c. Matrice argileuse rouge violacé), 3.
Horizon nodulaire inférieur (3a. Nodules, 3b majc4. Horizon a blocs de cuirasse (4a. Bloc de
cuirasse, 4b. Matrice, 4c. Nodules), 5. Horizon utaide supérieur (5a. Matrice, 5b. Nodules), 6.
Horizon argileux meuble, 7. Végétation, 8. Profamrden).

Dans ces matériaux, les concentrations en manggngset tres élevées (33,86% de
MnO). Les concentrations de plusieurs élémentgaiesition et des lanthanides y sont aussi
élevées par rapport aux autres constituants deapgeol#e grossiere, particulierement en

baryum (51 690 ppm), plomb (1315 ppm), cobalt (1f8n) et cérium (5200 ppm).
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Normalisées par rapport a la roche mére et a ladite, les concrétions manganésiferes
possédent une forte anomalie positive de cériuniQ€e 15,57) et une anomalie positive
d’europium (EU/Eu= 2).
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Figure 23. Spectres des terres rares des princiganstituants de la saprolite grossiére développée
orthogneiss. Normalisation faite par rapport 2olzhe-mere (A) et rapport a la chondrite (B). Nd&ez
persistance de l'anomalie négative d'europium tansatériau riche en manganése présentant aussi
une forte anomalie positive de cérium.

Les observations au microscope électronique a agiaygouplé a la microsonde des
matériaux manganésiferes révelent que Il'assemblagieéralogique est constitué
essentiellement des minéraux des groupes de laessite et du cryptomélane, et

accessoirement du quartz, de la kaolinite et dgodethite. Ces observations mettent en
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évidence la présence des oxydes de cérium situésreare des concrétions de manganéese
(Fig. 24). Les observations révélent la présenceldmb dans les concrétions et indiquent
gue la corandite serait le minéral porteur du plotr bilan géochimique confirme la forte

évacuation de la presque totalité des élémentsighés de tous les constituants de la

saprolite grossiere.
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Figure 24. Concrétion de manganese vue au micresétgrtronique a balayage : localisation des
oxydes de cérium en bordure de la concrétion (Ndggial., soumis).

Notre contribution a été d'abord minéralogiquenstiuite géochimique. Nous avons pu
montrer qu'un horizon est constitué d’'une multitude constituants aux caracteres

pétrophysiques et géochimiques différents.
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3. Discussion et conclusion

Bien que développées sur serpentinites, ancierod®es ultrabasiques, le cortege
minéralogique des latérites ccomporte du quartzd€reier résulterait de la dissolution du
quartz des horizons supérieurs, suivie d'une magrate la silice dans les parties basses ou
d'une néocristallisation de quartz a partir de issaution de l'antigorite. Les pics de
concentration en Cr seraient liés a la dissolutieia chromite résiduelle et ceux de Ni et Co
seraient corrélables a la dissolution de I'anttgotia minéralogie des latérites d'Edéa dégage
la coexistence de trois systemes d'hydrolyse :iddlifisation, la monosiallitisation et
I'allitisation. La bisiallitisation apparait fugaeeserait liée a la forte pluviosité de cette oégi
et a sa morphologie de plateaux confinés de bdsgele. L'hétérogénéité des constituants
observée dans la saprolite grossiere de Yaoundstrdl une rapide remobilisation des
éléments chimiques des la racine des profils etiause hétérogénéité de la roche parentale
déja signalée par Nzenti (1987). Le chrome, le alicke cobalt et les terres rares se
concentrent dans la saprolite et dans les nodwsspdofils d'altération. L'abondance du
nickel et du cobalt a la base des profils seréé h celle de la goethite. Ces métaux seraient
piegés dans les interfaces de la goethite. Lessteares s'accumulent dans la saprolite et dans
les nodules. Cette accumulation est calquée estalzlité des smectites ou de la goethite
(Singh etal., 2002 ; Davranche, 2008), ou méme a l'existemobables d'autres minéraux
porteurs des terres rares non décelées par difinadge rayons X. Cependant, I'observation au
MEB d'une concretion de manganése a teneur élevééraim a mis en évidence la présence
de la cérianite dans la saprolite grossiere dépélesur orthogneiss (Fig. 24). L'abondance
des terres rares dans les nodules est probabldide@t la présence d’'oxydes de terres rares.
Braun etal. (1998) mettent aussi en évidence la présence dérianite dans les latérites
développées sur syénite dans le Sud Cameroun.rniggsadies de cérium résulteraient de la
stabilité de C& ou Cé" dans les latérites (Braun &k, 1998 ; Ndjigui etal., 2009a) mais
aussi des accumulations suite a la dissolutionmdeéraux porteurs du cérium dans I'horizon
argileux meuble de surface. Les rares anomaligsiyassd'europium qui sont observées dans
les latérites seraient liées a un mécanisme d'adation non déterminé qui enrichit les
matériaux d'altération. Ce mécanisme d'accumulaéeulterait des réactions minérales liées
a l'altération supergéne.

Le bilan géochimique montre que tous les élémdritaiques sont évacués des profils
d'altération. L'intense lessivage des élément® a&ghlement signalé dans le Sud Cameroun

(Braun etal., 1998, 2005). Les roches subissent donc uneseataiération soustractive.
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Les caracteres minéralogiques et géochimiques da&sités du Sud Cameroun
different en fonction du substratum lithologiqueuks traits communs sont une minéralogie
qui devient identique dans la partie supérieuremiabilité des éléments chimiques, la
prédominance des terres rares légeres sur less tesres lourdes et lintense lessivage
chimique. L'intense lessivage chimique n'exclut fiascumulation de certains métaux
stratégiques dans les horizons a prédominanceitiqe¢h

Sur le plan métallogénique, les teneurs en temessrdans la saprolite et dans les
nodules sont intéressantes et méritent d'étre ik&ptoau méme titre que le cobalt, le nickel et

le manganése dans le complexe ultrabasique serjsentdie Lomié.
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Chapitre 3. Distribution des élements du groupe dplatine
dans les latérites

Introduction

Le comportement des éléments du groupe du platims tes latérites a été abordé
dans plusieurs régions : en Sierra Leone (Bowl8861 Bowles etal., 1994), en Ethiopie
(Guilloux et Méloux, 1987), en Australie (Grayadt, 1995), a Madagascar (Salpéteualet
1995), au Burundi (Bandyayera, 1997), en Républ@aminicaine (Proenza et., 2008), en
Nouvelle-Calédonie (Traoré etl., 2008a-b). Ces travaux montrent que les condénts
sont liées a la nature de la roche-mere. Ellesd®itibrdre de la dizaine a la centaine de ppb
dans la zone saprolitique, puis diminuent versaet ldu profil. Des pics de concentration du
platine (1500 ppb) et de palladium (550 ppb) onalément été observés dans la zone
ferrugineuse des latérites de I'Ouest de I'AugréBray efal., 1995). La distribution spatiale
desdits travaux montre qu'aucune étude n'avait edtéctuée en Afrique Centrale,
particulierement au Cameroun. Ce chapitre rapdesi@remiers résultats sur la distribution
des éléments du groupe du platine dans les ditEsecomposantes des latérites du Sud

Cameroun.

1. Distribution des éléments du groupe du platine ahs les latérites de Lomié (Ndjigui et
al., 2003 ; Ndjigui etal., 2008 ; Ndjigui et Bilong, 2010)

Les premiers travaux montrent que les concentratiem éléments du groupe du
platine sont de quelques ppb (20 ppb pour le @a¢n8 ppb pour le palladium) dans les
latérites développées sur roches ultrabasiquesrsansees a Kondong | (SE Cameroun).
Ces faibles concentrations orientent néanmoinsd&tdu comportement des EGP dans les
latérites par rapport aux éléments prédominantsxmeie fer, le silicium et 'aluminium. Les
EGP présentent des corrélations positives aveainsnnétaux comme le fer, le chrome et le
nickel (Ndjigui etal., 2003).

Dans les massifs ultrabasiques du Nord de la m&g®rr (Kongo-Nkamouna et
Mang Nord), la somme des concentrations en EGI egutre 24 et 210 ppb d’'un profil a un
autre (Ndjigui etal., 2008 ; Ndjigui et Bilong, 2010). Il est a notpre ces concentrations sont
10 fois supérieures a celles de la roche-mere éggilement a celles des latérites de Kondong
[, au Sud de Lomié. La somme des concentratiorts@&a varie entre 90 et 160 ppb (tableau
8). Tous les EGP, hormis le palladium, possédestcdacentrations élevées dans la saprolite
grossiere, ces concentrations diminuent vers ¥barargileux de surface (tableau 8, fig. 25).
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Au sein des horizons nodulaires, les concentratsmmg plus élevées dans les nodules que
dans la matrice enveloppante. Les éléments a $adlolecentrations sont l'iridium, le rhodium
et le ruthénium. Les rapports Pt/Ir, Pt/Rh, Pt/RWPEPd indiquent, a quelques exceptions
pres, que l'iridium, le rhodium, le ruthénium et palladium migrent plus que le platine
(Ndjigui et Bilong, 2010). Dans le profil de Napées pics de concentration des EGP sont
observés dans I'horizon nodulaire a blocs de aeéradNdjigui et Bilong, 2010). Les
corrélations établies entre les éléments du graolupplatine sont globalement positives (Fig.
26) mais également entre IPGE et PPGE (Fig. 27).

Tableau 8. Teneurs en EGP (exprimées en ppb) danatérites de Nkamouna.

L.d. NK6 | NK3 | NK9 NK1 NK5S NK2 NK7 | NK4 NK8
Ir 0,04 | 4,84 | 41,100 31,80 30,50 20,00 18,20 16,40625,| 16,30
Ru 0,13 | 8,83 | 52,00 37,60 4590 41,60 48,/0 29,90,7027 32,50

Rh 0,08 | 1,36 | 10,30 6,70 7,66 8,31 10,30 4,74 4,31,035

Pt 0,14 | 5,17 | 63,80 38,80 31,20 34,60 42,60 23,40,7041 24,10

Pd 0,11 | 1,97 | 1550 1250 1450 13,20 2040 10,604022 10,30

EGP | - 22,17\ 182,71 127,40128,76| 117,71| 140,20| 85,04 | 101,63 90,73
Pt/Pd | - 262 | 4,17 3,10 2,31 2,62 2,09 221 186 325
Pt/lr | - 1,07 | 1,55 | 1,22 1,02 1,73 2,34 1,43 75 01,6
Pt/Rh | - 3,80 | 6,19 | 5,79 4,07 4,16 4,13 494 9,67 951
Pt/Ru | - 0,58 | 1,23 | 1,08 0,68 0,83 0,871 0,7 1,50 90,/
IPGE | - 13,67 93,10 69,40 76,40 61,80 66,90 46,30,22833 49,30
PPGE| - 8,50 | 89,60 58,00 52,36 56,11 73,80 3§,744168,41,34

L.d.: Limite de détection, NK6. Serpentinites, NK&aprolite grossiére (base), NK9. Saprolite
grossiere (sommet), NK1. Saprolite fine, NK5. Kon nodulaire inférieur (matrice), NK2.
Horizon nodulaire inférieur (nodules), NK7. Horizawdulaire supérieur (matrice), NK4.
Horizon nodulaire supérieur (nodules), NK8. Horizawgileux meuble.
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Figure 25. Variation des teneurs en iridium (a), ruthénium (b), rhodium (c), platine (d), palladium (e)
et en EGP (f) dans le profil de Nkamouna. 1. Roche-mere, saprolite grossiére (2. Base, 3. Sommet), 4.
Saprolite fine, horizon nodulaire inférieur (5. Matrice, 6. Nodules), horizon nodulaire supérieur (7.
Matrice, 8. Nodules), 9. Horizon argileux meuble.
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Figure 26. Corrélations entre éléments du groupepldtine dans les latérites développées sur
serpentinites a Kongo-Nkamouna (Ndjigui et BiloR§10).

Les corrélations positives entre le fer et les E@Biquent que les hydroxydes de fer
seraient aussi des minéraux porteurs des EGP danstérites (Ndjigui et Bilong, 2010).
Cette hypothése se rapproche de celle développéBopdes (1986) et Singh al. (2002).
Elle n'exclut pas pour autant une probable néoftionades minéraux du groupe du platine
dans les interfaces des oxydes de fer stablesldanatérites (Sirez etal., 2010). Le bilan
géochimique révele que les seules accumulationEE@3 sont notées uniquement dans la
zone saprolitique de certains profils d’altératidous les éléments du groupe du platine sont
fortement évacués dans le reste du manteau didtéra
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Figure 27. Corrélations IPGE-PPGE dans les latédéveloppées sur serpentinites (Ndjigui et Bilong,
2010).

Les pics de concentration du palladium sont obseréssi bien dans la zone
saprolitique que dans I'ensemble glébulaire. Ldagaim forme des complexes de type
Pd(OH) qui faciliterait sa migration verticale vers laneosaprolitique. Celle-ci serait limitée
dans les horizons nodulaires ou le fer jouerait rake protecteur a travers la lente
dissolution/démantelement des cuirasses ferrugasewn zone intertropicale (Beauvais,
1991, Bitom efal., 2003). Ce double processus favoriserait I'acdatian du palladium dans
les nodules (Ndjigui, 2008b). Il faut toutefois eeoaitre que le processus d'accumulation
supergene des terres rares et des éléments dueglaygatine dans les latérites reste encore

mal connu.

2. Comportement des éléments du groupe du platineads les latérites de Lolodorf et
d’Akom Il (Sud-Ouest Cameroun) (Ebah Abeng etal., 2012)

Les teneurs en EGP sont contrastées, la somme ti#alconcentrations est inférieure
a 70 ppb. Ces données sont faibles par rappories ces matériaux développés sur roches
ultrabasiques serpentinisées malgré de fortes otmatens observées dans les roches-meres
(pyroxénites). Les teneurs en palladium et platestent cependant élevées par rapport aux
autres EGP (Ebah Abeng &k, 2012). Les rapports Pt/Ir, Pt/Rh et Pt/Ru maritigue
liridium, le rhodium et le ruthénium sont plus nil@s que le platine. Le bilan géochimique

indique une intense évacuation de tous les éléndengsoupe du platine.

97

P.-D. Ndjigui/Mémoire d’Habilitation a Diriger defRecherches



Dans les latérites développées sur amphibolites kbmA Il, la somme des
concentrations varient entre 29 et 59 ppb. Lesutsnen palladium et platine restent élevées
dans la zone saprolitique. Le bilan géochimiqueleune faible accumulation des éléments

du groupe du platine dans la saprolite grossiebaliiAbeng eal., 2012).

3. Distribution des éléments du groupe du platine ahs les latérites de Pouth-Kellé
(Ndjigui et al., 2009b)

La distribution des éléments du groupe du platilaas les latérites du Centre
Cameroun a été étudiée a travers quelques matédaltération des talcschistes et
amphibolites prélevés a Pouth-Kellé. La prospeag@ochimique n’a concerné que le platine
et le palladium. Les résultats montrent que leunscentrations sont trés faibles et parfois
proches de la limite de détection (2-4 ppb poyld¢ine, 1-2 ppb pour le palladiuniNdjigui
etal., 2009Db).

4. Discussion

L’altération supergene remobilise les élémentsgchupe du platine dans la zone
saprolitiqgue. Cette remobilisation est alimentég fdis par I'altération de la roche-mére et par
la dissolution des minéraux dans les latérites. dagentrations élevées en Pt et Pd dans la
zone saprolitigue résulteraient d’'une probable oroétion d’'alliages dans la zone de
battement de la nappe phréatique (Salpéteal.,e1995) ou de la stabilité des oxydes de fer
(Davranche, 2008), ce qui suppose que les conditiedox seraient oxydantes a la base des
profils d'altération. Cette oxydation serait engéedpar l'infiltration des eaux de pluies
chargées de gaz carbonique. Les oxydes de fer npeéeune trées grande capacité
d'adsorption des métaux ou éléments traces (ForstWgittmann, 1979 ; Dzombak et Morel,
1990) et ont la possibilité de piéger dans lewrcstire d'autres €léments par coprécipitation
(Trolard et Tardy, 1987). L'accumulation de Pt etléssivage de Pd confirment que le
palladium est plus mobile que le platine (Traorélet 2008a). Cette hypothése n'est pas
vérifiable dans les latérites développées sur @mags dans le Sud-Ouest Cameroun ou I'on
observe un intense lessivage des éléments du gchuplkatine. Les faibles concentrations en
EGP dans les horizons de surface seraient liéeslgdolution réductrice des oxyhydroxydes
de fer et de manganése. Cette dissolution provizgselubilisation des éléments adsorbés en
surface, mais aussi le piégeage des éléments csntdans la structure des solides
(Davranche, 2008).
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5. Application a la prospection

La prospection géochimique des éléments du graupelatine exige d'importants
moyens financiers relatifs au colt élevé des aralyPans les zones latéritiques recouvrant
des massifs mafiques-ultramfiques anciens et regmiss des orogeneses plus récentes,
l'origine de ces complexes mafiques-ultramafiqussseuvent inconnue, ou mal contrainte,
de telle sorte que les zones potentiellement riehedSGP, sont difficiles a identifier. De plus,
la forte épaisseur des latérites peut aussi caestiin handicap majeur pour la prospection
des EGP dans la roche-mére.

Les études envisagées au cours des travaux présémdgrmontré que les formations
mafiques-ultramafiques pouvaient étre rattachédssaormations du manteau, dont certaines
peuvent étre rapportées a des massifs ophiolitiqgesein de ces derniers, on sait que les
concentrations particulieres en Pt et Pd, sont extinées dans la zone de transition entre
manteau et cumulats, en étant associées aux citesmithes en sulfures ou non ou a des
ultramafites, le plus souvent riches en sulfures.

Dans tous les cas, les données de la littératurelles acquises au cours des travaux
au Cameroun ont montré que la prospection des EHBPR les latérites devrait étre orientée
vers la zone saprolitique (saprolite grossiereprade fine) et dans les nodules de I'ensemble
glébulaire. L'enrichissement dans ces zones caatragec les matrices des nodules et

I'ensemble meuble supérieur qui apparait ainsiesem EGP.

Conclusion

Les concentrations en EGP varient en fonctionadedture de la roche-meére et de
celle des phases d'altération. Les teneurs en BGRekevées dans la zone saprolitique, elles
baissent par la suite le long du profil d’altérati€ertains profils n'obéissent pas a cette regle.
Les concentrations en Ir, Ru et Rh sont élevées lanlatérites sur serpentinites. Les teneurs
en EGP sont faibles dans les latérites sur talsta)i amphibolites et pyroxénites. La lente
mobilité du platine accroit son accumulation dagss latérites. La faible concentration est
corrélable aux propriétés cristallographiques d@s€raux secondaires abondants dans les
latérites (goethite, hématite, kaolinite et gibdksitLe bilan géochimique révéle encore un
intense lessivage chimique lié a la solubilité deséraux secondaires. Il serait souhaitable
gu’une étude soit menée sur les conditions thermanhjques a l'origine de I'accumulation de

I'iridium, le ruthénium et le rhodium dans les k@tes de Lomié.
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Troisieme partie : Appui au déeveloppement local
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Introduction

Au-dela de I'étude du mécanisme de distribution@éments du groupe du platine,
j'ai pu étre impliqué dans d'autres études d'ibt@igier, portant essentiellement sur le saphir
et le rutile alluvionnaires. Dans ce cadre, l'études caracteres morphologiques,
minéralogiques et chimiques du saphir et du ratilevionnaires a été abordée d'un point de
vue scientifique mais aussi dans le but de valofeséissu minier camerounais. Ces travaux

sont regroupés dans ce chapitre déedié a I'appdéeeioppement local.

1. Appui au développement local par des expertises

Pendant la derniere décennie, un grand projetvdigare internationale a été
simultanément initié au Cameroun et au Tchad. itgiosur la construction de I'oléoduc
Tchad-Cameroun sur prés de 1300 km, de la zonard&ion, a 'Est du Tchad, vers le port
de Kribi (océan Atlantique). Cet oléoduc travergetés les zones écologiques allant de la
forét atlantique aux steppes du Tchad en passatd feErge bande de savane. C’est au cours
de la méme décennie que les bailleurs de fondpas& comme condition a tout financement,
la préservation de I'environnement au cours deédédisation de grands projets. Comme bien
d’autres, nous avons été contactés pour la mis@lare d'une procédure d’inventaire
floristiqgue dans leur environnement pédologiqueréspa construction, nous étions tenus de
restaurer toute la zone forestiere perturbée partreevaux de construction. Nous avons
effectué ce travail qui a été suivi par la resthonade certaines parcelles a écologie fragile

dans le Nord Cameroun.

1.1. Préservation des ressources en sols et végétalors de la construction de I'oléoduc
Tchad-Cameroun

Nous avions été sollicités a cet effet pour propose stratégie pour le maintien des
ressources en sols et en plantes d’origine, le ttenge gigantesque chantier. Apres d’intenses
auditions a Douala, nous avons été retenus solabéé "GEOCONSULT”. Ce projet était
en adéquation avec les enseignements que nousisicpe au sein de la Faculté des Sciences
de I'Université de Yaoundé 1 (relation sols-végétgtet notre thématique de recherche sur
les latérites. Ce chantier a duré deux ans et cafpiusieurs phases qui ont été auditées
régulierement par la Banque Mondiale. Ce travaiéaréalisé en deux phases.
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1.1.1. Premiere phase

La premiére phase a consisté en la conception deéllode de restauration de
I'environnement pour les sols et la végétation. héthode que nous avons congue a été
approuvee. Il s’agissait d'une méthode de I'ouvwertdes tranchées du pipeline permettant la
conservation de la polarité des matériaux excaidsnoment du remplissage de la tranchée
aprés le passage des tuyaux, la méthode de remgblaj@a la tranchée que nous avons
proposeée permettait la restauration de la constityghysique des sols, les horizons minéraux

étant enfouis les premiers et les horizons org&sgiéposés vers la surface.

1.1.2. Deuxieme phase

La seconde phase a été I'élaboration d’une méthiedeonservation des essences
végeétales. Pour ce, nous avons proposé d’éduqupémniere des plantules et des graines
des essences présentes le long de I'emprise dlingiadin de les replanter apres la pose de
I'oléoduc. Ce travall, tres technigue, a nécessit@réalable I'inventaire de toutes les espéces
floristiques présentes sur I'emprise du pipelinesitte, il a fallu élaborer une méthode
réaliste de régénération desdites essences, etiofode la typologie des sols et dans le strict
respect de la densité statistique de départ aficateserver la biodiversité originelle. I
convient de préciser que certaines essences nfayjarmais fait I'objet d’'une régénération en
pépiniere. Nous avons d0 procéder a un inventdiméstique des essences présentes sur
I'emprise du pipeline de Kribi & Belabo. Nous avaasistruit 11 (onze) pépinieres géantes
d’'une capacité de 100 000 plants le long du pipetle Kribi a Belabo. Le personnel local

évoluant sous notre responsabilité avoisinait l&8gnnes.

Notre grande satisfaction est notre contributiota aéalisation de I'un des grands
chantiers du Cameroun de la derniere décennie, l@ganadre de notre compétence dans
I'ingénierie de I'environnement.

A la fin du chantier en décembre 2001, nous avouBli¢p un ouvrage sur la

méthodologie de reconstitution des ressources lsresaégétation.

1.2. Mise au point d’'une méthode de restauration déenvironnement en zone semi-aride
Cette consultation a été réalisée aupres de @t60COTCO, dans les zones semi-

arides traversées par le pipeline, entre Meigarigazane dite des trois frontieres (République

centrafricaine-Tchad-Cameroun). La période conaeafi@it de 2005 a 2010.
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En effet, aprés la construction I'oléoduc Tchad-€eoun, la Banque Mondiale avait
émis des réserves que d'importants secteurs dprigardu pipeline restaient dénudés, dans la
partie septentrionale. Ceci exposait les sols aaues d’érosion qui entraineraient la cassure
du “pipe” , sans compter I'impact sur ces environnementsitdessdu fait des changements
climatiques.

La consultation nous avait été accordée et noussagtaboré un protocole qui avait
éte approuvé par COTCO et par le Comité de pilotegepipelines.

La procédure adoptée était basée sur l'utilisatiea intrants organiques comme la
bouse de vaches et la paille, ensuite les grairasné enfouies dans les pochettes contenant
les intrants. Aprés semis, toute la parcelle éeibuverte d’intrants afin de reconstituer
I’horizon organo-minéral. Le premier avantage depget est I'utilisation saisonniere d’'une
abondante main d'ceuvre locale et également lesnitstr étaient achetés aupres de la
population riveraine. Le second avantage est glagissait d'une reconstitution des sols sans
utilisation des engrais chimiques.

Nous avons réalisé la re-végétation d’'un premiatese de 2005 a 2006 et les
résultats étaient tres satisfaisants. Ills nougpmyosé de re-végéter de nouvelles parcelles de
prés de 100 hectares pendant quatre années camsgcaliant de 2006 a 2010.

Ainsi, comme pendant la période biennale 2000-20@dys avons fourni notre
expertise en ingénierie de I'environnement soum&de consultation d’abord, ensuite nous
avons participé effectivement a la mise en ceuvrprdjet de développement. Ce dernier était
en étroite relation avec le profil de nos rechesche

A chaque campagne de re-végétation, nous aviorieydégur le terrain une équipe de
géologues et de botanistes qui encadraient unainentl’ouvriers pendant deux mois de

campagne.

1.3. Inspection des vannes

En septembre 2008, nous avons été a nouveau aggrpar la méme entreprise dans
le cadre de l'inspection des vannes de I'oléodugadleCameroun. Les données internes de
I'entreprise avaient signalé une baisse de pressioniveau de certaines vannes, synonymes
de probables fuites du brut. Nous avons travagiédant trois semaines et avant de déceler la
vanne défectueuse. Par la suite, nous avons ingtal§ ‘pipes’ de contréle permanent au

niveau de toutes les vannes inspectées.
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Conclusion

Ces travaux montrent qu'il est possible de restdienvironnement dans les pays du
Sud au cours des grands travaux en appliquant emgpit des méthodologies liées au
contexte géographique. Les différentes expertises ont permis de nous frotter aux réalités
des entreprises bien distantes de notre cadresgiofeel. lIs ont permis en outre de revoir
nos enseignements en les rendant plus attractifadeptés aux exigences du monde
professionnel. C’est d'ailleurs I'un des objectlfs systeme LMD qui posséde comme slogan

“ un étudiant, un emploi”.

2. Appui au développement local a travers la prosgiion miniere
2.1. Caracteres morphologiques et minéralogiques dsaphir (Boaka a Koul etal., 2010)

La prospection alluvionnaire a été conduite daAddimaoua dans 'optique de définir
le contexte géologique des minéralisations de sagdnis la région et d’étudier I'impact de
I'exploitation du saphir sur I'environnement (Boakdoul, 2006). L'origine de ce saphir était
mal connue. La zone d’étude est constituée de tgemhitérogenes, tectonisés et quelquefois
mylonitisés, recoupés par des filons de quartzegimatites. Au-dessus de ces roches, le
bassin versant du Mayo Kewol présente des alluviensganiées par des cycles successifs
d’érosion et organisées en terrasses étagéesflaterils sont caractérisés par une séquence
de dépbts typique de la sédimentation fluviatileles matériaux bien classés. Les premiers
résultats montrent que plusieurs variétés de congaoexistent dans les fractions alluviales.
Le saphir de I’Adamaoua est issus de magmas sy@ed;j il serait remonté sous forme de
xénocristaux dans un magma basaltique (Boaka a étaiil 2010).

2.2. Caracteres morphologiques, minéralogiques ehigniques du rutile (Ndjigui et al., en
préparation)

L'étude du rutile a été menée dans la bourgadéatemb, prés de Yaoundé avec pour
but de comprendre la distribution des éléments ichies au sein de ce minéral. Le rutile de
Matomb possede une origine autochtone (Stendal,e2006), il se rencontre aussi bien dans
les latérites que dans les alluvions. Il se sengten place par suite de I'altération météorique
des roches porteuses qui ne sont autres que dss gleda chaine panafricaine du groupe de
Yaoundé (Centre Cameroun). Cette idée de l'autodhtest appuyée par la morphoscopie
des grains qui sont anguleux ou subanguleux (T@®j@7). Les travaux en cours (Ndjigui et

al., en préparation) montrent que les teneurs en 300t élevées dans les phases concentrées
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de rutile (>94%). Elles sont associées a de faitesentrations de fer, d’alumine et de silice.
Les teneurs en éléments traces sont variablescdme=entrations en zirconium sont élevées
dans les fractions totales. Par contre, certaiém@&hts comme le chrome, le vanadium, le
niobium, le tantale et le tungsténe possedent & fortes teneurs dans les concentrés de
rutile. Les concentrations en terres rares sonfeggmt modérées dans les fractions totales
des sédiments mais tres faibles dans les concetdragile. La normalisation des terres rares
par rapport au PAAS (McLennan, 1989) et a la chitemd@McDonough et Sun, 1995) dégage
(Figs. 28-29) :
- un regroupement des spectres ;

- un enrichissement en terres rares par rapportidadrite ;
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Figure 28. Spectres des terres rares des fradttaiss (a) et des concentrés de rutile (b) noséeat
par rapport au PAAS (McLennan, 1989).

- un fort enrichissement en terres rares légerespg@ort aux terres rares lourdes ;

- de faibles anomalies négatives d'europium dansdesons totales ;
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- et des anomalies positives ou négatives de céritnd'europium dans les

concentrés de rutile.
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Figure 29. Spectres des terres rares des fradtitaies (a) et des concentrés de rutile (b) nosées
par rapport a la chondrite (McDonough et Sun, 1995)

Conclusion

Le saphir de ’'Adamaoua est constitué de plusieargtés. Leur morphologie indique
la proximité de la source. Il a une origine sy@nié.

Le rutile de Matomb est caractérisé par des tanélevées en certains éléments traces.
Il est d'origine métamorphique.
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Conclusions et prospectives

1. Conclusions

Avant le lancement de ce vaste projet de rechetebaares données sur les latérites
dataient de la période coloniale ou postcoloniBlepuis 1998, la prospection des Eléments
du Groupe du Platine (EGP) a été élargie a la gotdité des enclaves de roches basiques et
ultrabasiques reconnues dans le Sud Cameroun lesanitiles outils analytiques appropriés
(ICP-MS, FRX, MEB, ...). Les roches ultrabasiquedasiques se rencontrent sous forme
d'intrusions ou d'enclaves dans les formationsfpaaaes ou volcaniques. Leur composition
minéralogique et chimique difféere en fonction derleature. Le trait commun est la teneur
moyenne en Cr, Ni et Co. Ce sont des roches pa@mrdsrres rares. Quant aux EGP, les
teneurs en ces éléments sont trés variables djpm Itthologique a un autre, mais restent
faibles, de l'ordre de quelques dizaines de ppmaximum. Les pyroxénites de Lolodorf et
les amphibolites d’Akom Il sont plus riches en gdilim qu’en platine, en accord avec une
dérivation a partir d'un liquide basaltique se fimmant. Par contre, Ru et Ir sont mieux
exprimés dans les serpentinites, en accord avegihe mantellique de la roche-mére:
harzburgite.

Les latérites du Sud Cameroun, que le substratitnuls@basique, basique ou acide,
possédent des caracteres morphologiques, minégaksgyet chimiques communs aux latérites
développées sur le méme substratum dans la zoerapticale. Les différences majeures
entre les latérites développées sur roche-mére aoabique ou ultrabasique résident sur les
concentrations en chrome, nickel, manganese, guoaiealt, terres rares ou en EGP. Les
latérites possedent aussi localement des teneeveed en terres rares. Ces teneurs sont
maximales dans la saprolite et dans les nodules.chacentrations anormales en EGP sont
observées uniqguement dans la saprolite et dansolides. Ces concentrations sont faibles,
mais indiquent I'existence d'un mécanisme d'accaiounl des terres rares et des €léments du
groupe du platine dans les latérites par rapptatrache-mére. Le bilan géochimique révele

un intense lessivage de la quasi-totalité des él&mhimiques des profils d’altération.

2. Prospectives : Recherche des phases porteusesrigaux stratégiques (terres rares et
EGP) dans les latérites.
Trés peu de travaux existent sur les phases peddales terres rares. Ainsi, dans la
zone tropicale, Braun edl. (1998) ont mis en exergue la présence de cériatans la
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saprolite. Quelles seraient alors, dans le Sud @ameles phases porteuses des terres rares
dans la saprolite ou dans les nodules, ou on obss pics anomaliques atteignant 1033
ppm. C'est un objectif que I'on envisage d'att&ndr

La recherche des phases porteuses des élémentsughe glu platine dans les latérites
a fait I'objet de plusieurs travaux (Bowles, 198Bowles etal., 1994 ; Augé et Legendre,
1994 ; Salpéteur eal., 1995 ; McDonald etl. 1999 ; Oberthur et Melcher, 2005). Les
éléments du groupe du platine se rencontrent desidalérites sous forme de minéraux
relictuels : sperrylite (PtA$, cooperite (PtS), braggite (Pt,Pd)S, alliagesH®t et de
minéraux néoformés, alliages ou oxydes. Il va deqgee l'origine des minéraux porteurs de
platinoides est trés discutée selon qu'ils soniduéks et/ou néoformés. Il existe peu
d'ambiguité quant a l'origine secondaire des mineémde basse température, comme les
smectites et les oxyhydroxydes de fer qui peuvieet les EGP aux interfaces (Oberthur et
Melcher, 2005).

Les latérites développées sur les serpentinites Baisud Cameroun posseédent des
concentrations en EGP de I'ordre de 210 ppb dasageolite grossiere (Ndjigui, 2008b). I
est évident que ces faibles concentrations coestitun handicap a la recherche de phases
porteuses (minéraux ou oxydes) des EGP, mais lds &fudes ont déja été menées sur des
roches a faibles teneurs (15-25 ppb) dans les gi#gd, notamment en Corse (Ohnenstetter,
1992) et plus réecemment par Lorand (2010). Lesgerares et les EGP peuvent-ils étre
contenus dans des phases porteuses voisines ddmntdexides? Il serait important en effet
de connaitre quelles sont les phases porteuseedanétaux dans les latérites du Sud
Cameroun afin de déterminer les conditions de piggele ces métaux.

La recherche des phases porteuses des terresetales EGP peut se faire a petite
échelle pour obtenir des fractions denses sustéeptde renfermer quelques grains. Dans
I'idéal, la recherche pourrait se faire a plus deaéchelle, a partir d'une centaine de kilos de
latérites. Une usine pilote comme le laboratoirev8t (GeoRessources, Université de
Lorraine) a été contactée pour développer une rdéthgie séparant les phases argileuses
des phases associées susceptibles de porter caaxnsttatégiques. Un tel projet exige
d'importants moyens techniques et financiers ques resperons obtenir par le biais d'une
collaboration avec I'Université de Lorraine dansddre de GeoRessources.

Les travaux sur la répartition des TR et des EGRsdas profils latéritiques ont
permis de mettre en évidence que, comme dans dbraoses zones latéritiques, les teneurs

élevées en TR et en EGP sont dans la zone a sapmlet dans les nodules. Cela permettra
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de guider I'échantillonnage sur le terrain pouheecher les phases porteuses des TR et EGP.
Par ailleurs, I'axe de recherche initié sur lesrfates latérites - sédiments, en collaboration
avec Anicet Beauvais (IRD, Marseille), va étre phasté sur le comportement des éléments

traces ainsi que la recherche leurs phases posteuse

La réussite de tout projet de recherche dépenglusieurs facteurs comme les
moyens financiers, analytiques et humains. Les gwerniers aspects sont indispensables
compte tenu du contexte géographique et économigu€ameroun. A coté des projets
développés plus haut, jessaierai de répondre allicitations locales pour aider a la
prospection de différents métaux, comme |'exemplsaphir et du rutile I'a montré au cours
de cette étude. Dans le domaine de I'enseigneraengirche, je vais poursuivre I'encadrement

de mes étudiants inscrits en master et en thése.
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Abstract

The behaviour of major and trace elements have been studied along two serpentinite weathering profiles located in the Kongo-
Nkamouna and Mang North sites of the Lomié¢ ultramafic complex.

The serpentinites are characterized by high SiO, and MgO contents, very low trace, rare earth and platinum-group element contents.
Lanthanide and PGE contents are higher in the Nkamouna sample than in Mang North. Normalized REE patterns according to the CI
chondrites reveal that: (i) all REE are below chondrites abundances in the Mang North sample; (ii) the (La/Yb)y ratio value is higher in
the Nkamouna sample (23.72) than in the Mang one (1.78), this confirms the slightly more weathered nature of the Nkamouna sample.
Normalized PGE patterns according to the same CI chondrites reveal a negative Pt anomaly in the Mang sample. The Nkamouna sample
is characterized by a flat normalized PGE pattern.

All element contents increase highly from the parent rock to the coarse saprolite.

In the weathering profiles, Fe,O3; contents decrease from the bottom to the top contrarily to Al,O3, SiO, and TiO,. The contents of
alkali and alkaline oxides are under detection limit.

Concerning trace elements, Cr, Ni, Co, Cu, Zn and Sc decrease considerably from the bottom to the top while Zr, Th, U, Be, Sb, Sn,
W, Ta, Sr, Rb, Hf, Y, Li, Ga, Nb and Pb increase towards the clayey surface soil. Chromium, Ni and Co contents are high in the weath-
ered materials in particular in the saprolite zone and in the nodules.

REE contents are high in the weathered materials, particularly in Nkamouna. Their concentrations decrease along both profiles. Light
REE are more abundant than heavy REE. Normalized REE patterns according to the parent rock reveal positive Ce anomalies in all the
weathered materials and negative Eu anomalies only at the bottom of the coarse saprolite (Nkamouna site). Positive Ce anomalies are
higher in the nodular horizon of both profiles. An additional calculation method of lanthanide anomalies, using NASC data, confirms
positive Ce anomalies ([Ce/Ce*yasc = 1.15 to 60.68) in several weathered materials except in nodules ([Ce/Ce*lwasc = 0.76) of the
upper nodular horizon (Nkamouna profile). The (La/Yb)y ratios values are lower in the Nkamouna profile than in Mang site.

PGE are more abundant in the weathered materials than in the parent rock. The highest contents are obtained in the coarse saprolite
and in the nodules. The elements with high contents along both profiles are Pt (63—70 ppb), Ru (49-52 ppb) and Ir (41 ppb). Normalized
PGE patterns show positive Pt anomalies and negative Ru anomalies.

The mass balance evaluation, using thorium as immobile element, reveals that:

— major elements have been depleted along the weathering profile, except for Fe, Mn and Ti that have been enriched even only in the
coarse saprolite;

— all the trace elements have been depleted along both profiles, except for Cr, Co, Zn, Sc, Cu, Ba, Y, Ga, U and Nb that have been
enriched in the coarse saprolite;

* Corresponding author. Tel.: +237 99 54 37 74; fax: +237 22 22 62 62.
E-mail address: Indjiguni@yahoo.fr (P.-D. Ndjigui).
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— rare earth elements have been abundantly accumulated in the coarse saprolite, before their depletion towards the top of the

profiles;

— platinum-group elements have been abundantly accumulated in the coarse saprolite but have been depleted towards the clayey surface

soil.

Moreover, from a pedogenetical point of view, this study shows that the weathering profiles are autochtonous, except in the upper
part of the soils where some allochtonous materials are revealed by the presence of zircon grains.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The southern Cameroon basement is essentially made
up of rocks belonging to the Congo Craton and the Pan-
African metamorphic belt (Lasserre and Soba, 1976). This
part of the Pan-African metamorphic belt has been sub-
jected to various weathering processes that have controlled
the distribution of major and trace elements (Temgoua
et al., 2002; Bitom et al., 2003).

The weathering of serpentinites (in the South-East part
of the basement) has led to secondary mineralization dom-
inated by chlorites, smectites, talc, goethite, maghemite,
hematite, kaolinite and gibbsite (Yongué-Fouateu et al.,
2006). This weathering has also liberated some chemical
elements that show various types of behaviour in the
weathering profile.

For example, Yongué-Fouateu et al. (2006) showed that
highest concentrations of nickel and cobalt are located in
the saprolite zone. In contrast, weathering mobilises ura-
nium through dissolution of primary minerals from the
coarse saprolite whereas thorium precipitates in situ
(Moreira-Nordemann and Sieffermann, 1979). Muller and
Calas (1989) showed that U and Th concentrations
increase slightly from the bottom to the top of a profile
on gneiss at the forest-savanna boundary in Cameroon.

The REE studies have proved their redistribution along
the weathering profile instead of being carried away in
solutions (Middelburg et al., 1988; McLennan, 1989).
REE were leached from the top and accumulated at the
bottom of the profile. They were adsorbed at the interfaces
of the new formed clay minerals, Fe-oxides and residual
minerals (Decarreau et al., 1979; Laufer et al., 1984).
Under hot-humid climatic conditions, enrichment of light
REE upon heavy REE is observed (Balashov et al., 1964).

Very few studies have documented the behaviour of
REE, Th and U in tropical weathering profiles (Muller
and Calas, 1989; Braun et al., 1990; Marker and de Oli-
veira, 1990; Boulangé and Colin, 1994; Braun et al.,
1998). In South Cameroon particularly, the study of these
elements in soils remain limited to investigations of lateritic
profiles on syenite in the rainforest environment (Braun
et al., 1990; Braun et al., 1993) and of soil sequence hosted
in gneiss at the forest-savanna boundary zone (Braun et al.,
1998). The geochemistry of PGE in ultramafic rocks is well
understood as compared to that of PGE in weathered

materials from these ultramafic rocks (Bowles et al.,
1994; Salpéteur et al., 1995; Tashko et al., 1996; Traoré
et al., 2006). No previous investigations have been carried
out on the behaviour of trace, rare earth and platinum-
group elements in laterites related to ultramafic rocks in
the Central African rainforest. The aim of this study is to
document and explain the mobilization and redistribution
of major and trace elements in relation with the different
stages of serpentinite weathering along lateritic profiles of
two separate bodies of the Lomié ultramafic complex in
the South-East of Cameroon.

2. Geographical and geological setting

The Lomié ultramafic complex is located in South-East
Cameroon (Fig. 1), with a rainfall of about 1650 mm per
year and an average temperature of 23.5°C, typical of
dense humid forests (Letouzey, 1985). Such climatic condi-
tions are suitable for supergene weathering leading to the
formation of red ferrallitic soils (Yongué-Fouateu et al.,
2006). The ultramafic complex is part of the South Camer-
oon plateau, with a moderate hilly geomorphology (750 m)
and large swampy valleys.

The Lomié ultramafic complex is composed of serpenti-
nites (among which the Kongo-Nkamouna and the Mang
North site are found; Figs. 2 and 3) embedded in metamor-
phic rocks of Mbalmayo and Y okadouma series (micaschists,
schists, quartzites and gneiss) after Seme Mouangué (1998).

The Kongo-Nkamouna body covers a surface area of
90 km? in the northern part of the Lomié ultramafic com-
plex, between latitudes 3 °15-3°23'N and longitudes
13°40-13°55’E. This body is surrounded by micaschists
and quartzites (Fig. 2).

The 63 km? ultramafic body of Mang North is located in
the North East to that of the Kongo-Nkamouna, between
latitudes 3°19'-3°21" N and longitudes 14°7-14°11'E
(Fig. 3). It is surrounded by schists and the profile sampled
for this study is on the eastern side of the Boumba river
interfluve (Fig. 3).

3. Sampling and analytical procedures
Two rock samples were collected, one (NK6) in the

Kongo-Nkamouna ultramafic body (Fig. 2) and the second
(MAG6) in the Mang North site (Fig. 3).
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Fig. 1. Location map of the Lomié ultramafic complex (SE Cameroon): 1.
Yaoundé; 2. Abong-Mbang; 3. Sangmélima; 4. Lomié; 5. Moloundou; 6.
Nigeria; 7. Chad; 8. RCA; 9. Equatorial Guinea; 10. Gabon; 11. Congo
D.R.; Atlantic ocean; A. Kongo-Nkamouna ultramafic body; B. Mang
North ultramafic body; C. Mang South ultramafic body; D. Messea
ultramafic body; E. Lomié; F. Kongo; G. Nemeyong; H. Dja river; 1.
Boumba river; J: roads; K and L: study areas.

Fourteen samples (eight from Kongo-Nkamouna and
six from Mang North) were collected from two pits. In gen-
eral, one sample per horizon was used for mineralogical

and chemical analyses. However, in the nodular horizons,
separate samples of matrix and nodules were collected,
and two samples were collected from the coarse saprolite
of the Nkamouna site (bottom and top).

Samples were analysed for a suite of major and trace ele-
ments at the Geoscience Laboratories of the Ontario Geo-
logical Survey in Sudbury Ontario (Canada). Samples were
crushed using a jaw crusher with steel plates and pulverized
in a planetary ball mill made of 99.8% Al,O;. A two-step
loss on ignition (LOI) determination was employed. Pow-
ders were first heated to 105 °C under nitrogen to drive
off adsorbed H,O, before being ignited at 1000 °C under
oxygen to drive off remaining volatiles and oxidize Fe.

Major element concentrations were determined by X-
ray fluorescence after sample ignition. Sample powders
were ignited and then melted with a lithium tetraborate flux
before analysis using a Rigaku RIX-3000 wavelength-dis-
persive X-ray fluorescence spectrometer. International
standards BIR-1-0949, SDU-1-0295 and SDU-1-0296 as
well as in-house standards were run with the unknowns;
comparisons of measured and reference values are avail-
able from James E. Mungall (University of Toronto, Can-
ada) upon request.

Rock powders were prepared for inductively coupled
plasma mass spectrometric analysis (ICP-MS) for litho-
phile trace element concentrations by acid digestion in
closed beakers. Powders were treated in a mixture of HCI
and HCI1O, acids at 120 °C in sealed teflon containers for
one week, after which they were rinsed out of their contain-
ers with dilute HNOj; and boiled to dryness. The residue
was redissolved in HCl and HCIO4 and evaporated to dry-
ness a second time, before being redissolved in a mixture of
HNO;, HCI and HF at 100 °C.

Sample solutions were analysed in a Perkin—Elmer 5000
ICP-MS instrument. At first the analysis was performed
using the IM100 analytical package, in which a weighted
average of instrument responses for three certified reference
materials prepared in the same manner as the unknown was
compared with the instrument response of the unknown
solution for each element. The nominal zero concentration
was assumed to be equal to the measured response from an
acid blank. Standard solutions were run between each batch
of 30 samples along with a check sample for every ten sam-
ples. Data are reported for a wide range of transition metals.
Because of uncertainties in the element concentrations in the
certified reference materials at the lowest concentrations, the
detection limits for the IM100 package are higher than the
limits of the instrument capabilitics. When some data for this
study were found to be below the detection limit for the
IM100 analytical package, the solutions were re-analysed
using a second set of four synthetic calibrating solutions con-
taining 14 rare earth elements, Y, U, Th, Hf, Zr, Nb, Ta, Rb
and Sr. The resulting detection limits were much lower, but
this package does not report results for as many elements as
were measured using the IM100 package.

Trace platinum group element (PGE) concentrations
were determined by a NiS fire assay with ICP-MS finish
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Fig. 2. Sketch of geological and topographic map of Kongo area and location of the studied pit: 1. Nkamouna; 2. Mada; 3. Ndu; 4. Edje river; 5. Missoun
Missoun; 6. marshes; 7. contour line; 8. studied pit; 9. serpentinite outcrop; 10. Kongo-Nkamouna ultramafic body (serpentinites); 11. surrounding rocks

(micaschists and quartzites); 12. rivers; 13. roads; 14. pit.

(Richardson and Burnham, 2002). Fifteen gram samples
were fused with sodium carbonate and sodium tetraborate
in the presence of a NiS melt. After quenching of each sam-
ple, a bead of NiS was broken out of the crucible and

digested in Teflon vessels using concentrated HCI. Tellu-
rium coprecipitation were used to ensure that the insoluble
residue to acid digestion retained all of the PGE. Solutions
were vacuum-filtered, after which the precipitate was redis-
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Fig. 3. Sketch of geological and topographic map of Mang North area and location of the studied pit: 1. Mang-kaka; 2. rivers; 3. contour line; 4. studied
pit; 5. serpentinite outcrop; 6. Mang North ultramafic body (serpentinites); 7. surrounding rocks (schists); 8. roads; 9. Boumba river; 10. marshes; 11. pit.

solved in aqua regia and deionized water. The resulting
solutions were analysed by ICP-MS using a Perkin Elmer
ELAN 500 instrument.

X-ray diffraction analysis (XRD) was carried out in the
Geology Department of the University of Toronto (Can-
ada). Samples were pulverized with an agate mortar
and pistle; the resulting powder was picked up on a piece
of tape before being irradiated with Cu Ko radiation in
a diffractometer. The resulting diffraction spectra were
compared with a computerized database of common min-
erals, whose automatic mineral-matching function was
assisted by operator identification of phases consistent with
the known compositions of the materials. Phase propor-
tions were estimated by the peak-matching program with-

out calibration to synthetic mixtures of known phase
proportions.

Soil and rock samples were impregnated and mounted in
epoxy for examination with the optically and also using
electron microscopes to examine textures and perform
qualitative energy-dispersive X-ray (EDS) analysis of
selected mineral grains. The electron microscope is a JEOL
840.

4. Petrology of serpentinites
Serpentinites are greenish and massive rocks, containing

rare inclusions of ore minerals. Under optical microscope,
the serpentinites are seen to be made up of close to 90%
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antigorite as tabular crystals and 10% of opaque minerals
(magnetite, olivine and chromite) (Table 1), with a “mesh”
structure. The opaque minerals form plates of few millime-
+4+ 9 tres in length.
| Ti1g Under the electron microscope, the details of the meta-
T morphic texture are visible (Fig. 4), with bright grains of
TI11g Cr-rich magnetite occupying interstitial spaces between
n the dark grey antigorite crystals. The studied sample con-
I 4 +§ tains a considerable amount of open pore space which
Tt ta appears as black areas, partially occupied by Ni-rich crusts
T 3 probably of an oxide mineral. The presence of these voids
T It and crust provides clear textural evidence for incipient
alteration on this sample by percolating groundwater.
n The major element composition of the serpentinites is
T .= consistent with its ultramafic character, with a SiO,/MgO
1+ +& ratio =~ 1; 88% of the bulk composition are represented
by SiO,, MgO and Fe,0; (Table 2).
n Except Cr, Ni, Co and Zn, other trace elements have low
T 4.8 concentrations (Table 3).
+ 1 ++ REE contents are very low in Mang North sample
(MAG6) compared to Nkamouna sample (Table 4). The
(La/Yb)y ratio values are 1.78 (Nkamouna sample) and
23.72 (Mang North sample). They may be compared to
T I~ those of CI chondrites (McDonough and Sun, 1995). In
| i i i < the Nkamouna sample, some light REE (La, Ce, Pr and
< Nd) enrichment process have occurred (Fig. 5). In the same
i - 2 3&5: sample, Sm, Eu and heavy REE are below CI chondrites.
+ 1+ +8 § In the Mang site, all REE are considerably below CI chon-
N - é drites (Fig. 5).. . .
T ‘ Tt ; T The serpentinites of the Lomié ultramafic complex are
I characterized by their very low contents in PGE. In the
i © % Mang North sample (MA®6), only Ir and Ru have contents
I § hy higher than 1 ppb. The most abundant elements are Ru, Pt
4 el and Ir. Values of 4.9-8.8 ppb for Ru, 0.2-5.2 ppb for Pt
T 4 § E and 1.6-4.8 ppb for Ir were obtained from two sites (Table
Tt ta g 5). The total PGE content is 7 ppb in Mang North sample
2 (MAG6) and 22 ppb in Nkamouna sample (NK6). The (Pt/
T o ”g Ir), (Pt/Ru), (Pt/Rh) and (Pt/Pd) ratios values are very
T ‘ T g f’g low in the MA6 sample. In the NK6 sample, these ratios
n o + increase and show that Ir, Rh and Pd are more mobile than
T S Pt. The PGE contents have been normalized with respect to
+ = 3 CI chondrites according to McDonough and Sun (1995).
T g % The spectrum shows that MA6 sample possesses a negative
T, .. & : Pt anomaly (Fig. 6).
+
& g 5. Petrology and major element geochemistry of weathered
P & g materials
o |=®
o ; i % 5.1. Nkamouna weathering profile
+ 5
E gé The profile is located on the eastern flank of the Edje
E g g river interfluve (Fig. 2). It is 18.70 m thick above the water
; g :: table and presents from the base to the top, according to
g 2| 5= Tardy (1993), a coarse saprolite, a fine saprolite, a lower
2 22,58 i &, nodular horizon, an upper nodular horizon and a loose
B g § g Tg § i 13 clayey horizon (Fig. 7). The Nkamouna weathering profile
O ¥ OF [+ & is dominated by Fe-oxides (magnetite, goethite and hema-
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Fig. 4. Back scattered electron image of serpentinite (NK6): 1. Cr-rich magnetite; 2. antigorite crystals; 3. void.

tite) with high Fe,Os contents (up to 40%) corresponding
to the decrease of SiO, and Al,Os contents. Mn behaves
in the same way as Fe in this profile. TiO, content increases
from the coarse saprolite to the clayey surface soil.

The coarse saprolite is an 8.7 m thick sequence consisting
of loose sandy silts with a layered structure. This arrange-
ment in a microbedded structure is interrupted by greenish
black patches. These patches are centimetric, rounded and
harder than the millimetric layers.

The transition zone between the unweathered rock and
coarse saprolite contains more goethite than antigorite
(rich in Fe,O3, and poor in MgO and SiO,) (Table 2).
Kaolinite exists in this coarse saprolite alongside Fe-oxides
such as goethite and small amounts of magnetite (Table 1).

The fine saprolite (2 m) is characterized by a purple red col-
our and a clayey texture. It shows numerous grey loose centi-
metric layers arranged in a microbedded structure that can be
compared to the one observed in the coarse saprolite. Goe-
thite and kaolinite are the dominant minerals with accessory
quartz and magnetite (Table 1). SiO, and Al,O3 contents
increase whereas Fe,O; content decreases (Table 2).

The lower nodular horizon (3 m) is made up of nodules
included in a loose purple red matrix. This matrix presents
the same mineralogical composition with fine saprolite
(Table 1) and different chemical behaviour (slight increase
in SiO, and Al,O3 contents as well as the decrease in
Fe,03 and MnO contents, in Table 2).

The nodules are brown, centimetric, round bodies with
tabular voids. They represent 70% of the nodular horizon.
The nodules contain high proportion of goethite, and
minor quantities of kaolinite and quartz (Table 1). We

observe moreover a slight increase in Fe,O3; and MnO con-
tents (Table 2).

The upper nodular horizon (4 m) comprises nodules mak-
ing up 80% by volume embedded in a matrix with the same
morphological characteristics as the matrix of the lower
nodular horizon. It contains goethite, kaolinite, quartz
and minor magnetite (Table 1). Here, we observe an
increase in Al,O; content and a minor decrease of SiO,
and Fe,03 contents relative to the matrix below (Table 2).

The nodules are very hard with each typically made up
of four or five fusiform and brown lobes. The multilobed
nodules contain goethite, quartz and kaolinite (Table 1).
Fe,O5 content decreases while SiO, and Al,O; contents
increase (Table 2). The back-scattered electron image of
nodular material (NK4 sample) shows that most of the
material in this image is extremely fine-grained inter-
growths of kaolinite and goethite (Fig. 8a). The lighter por-
tions are dominated by goethite, and progressively darker
regions are increasingly dominated by kaolinite, as deter-
mined qualitatively by EDS analysis and confirmed by
XRD of the bulk sample. The spot labelled 1 contains a
Ti- and Cr- rich Fe-oxides, probably magnetite (Fig. 8b —
plots 1, 2, and 3). The back-scatter-bright grain labelled 5
is an Hf-rich zircon crystal of uncertain origin (this was
the only such grain observed in all samples) (Fig. 8b — plot
5). The presence of angular domains within the nodules
(e.g., near top of image) indicates that the material has a
complex history of fracture, mingling and recementation
by percolating fluids.

The loose clayey horizon (1 m) comprises friable, angular
and fine porous dark red material due to intensive biolog-
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Table 2

Major elements contents (in wt%) in the parent rock and weathered materials

Mang North weathering materials

Nkamouna weathering materials

Parent rock

D.L

Loose clayey

horizon

Nodular horizon

Coarse Fine

Loose clayey

horizon

Upper nodular

horizon

Lower nodular

Fine
horizon

Coarse saprolite

saprolite

saprolite

saprolite

Matrix p.i.d.
MAI1

—4.50

Base

Matrix Nodules Matrix Nodules

Top

Base

MA6 NK3

MA4

—0.50

MA3

—4.50

MA7

MA2
—8.50

MAS

NKI1 NKS5 NK2 NK7 NK4 NKS8

NK9

NK6

Symbols:
Depth

(m):

—10.50

—15.00

—11.50 —-9.00 —-5.60 —5.60 —-1.50 —1.50 —0.50

—18.00

16.22
22.87

14.33
26.18

12.48
19.48

47.10

10.48
18.68
53.40

12.86
12.03

62.71

9.49
9.55
67.22

13.20
17.66

50.59

20.34

12.57
18.12
51.05
0.42
0.32

14.10
<0.01

14.10

11.25
12.08

62.11

3.04
3.13
89.04

6.67
5.45
82.07
1.24
0.80

<0.01

37.33

39.67

0.01
0.0

SiO,

24.22
38.08

14.39
56.63

16.11

2.27
7.34
0.08

1.42
6.66
0.06
39.66 38.2

<0.01

1

A1203
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39.24  44.63

0.07
0.06

<0.01

53.99

0.01
0.01
0.01
0.01
0.01

0.0

FeZO3
MnO
MgO
CaO

0.18
0.22

<0.01

0.19
0.12

<0.01

1.07
0.23

<0.01

1.20
0.29

<0.01

1.17

0.33
<0.01

0.48
0.32

<0.01

0.06
0.06

<0.01

0.57
0.32

<0.01

0.50
0.33

<0.01

2.06
0.60

<0.01

0.47
0.45
<0.01

0.61
0.03

<0.01

<0.01 <0.01

0.01
0.02
1.74
0.01

14.19

<0.01 <0.01

0.02
<0.01

0.01
0.03

<0.01

0.02
0.03

0.01
<0.01

0.02
0.02
1.05
0.07

10.81

0.02

0.02 <0.01
<0.01

<0.01

0.02
<0.01

Na,O
K,0

0.05

<0.01

0.02
0.81
0.05

12.2

<0.01

0.02
1.14
0.06
13.38
95.62

<0.01

1

1.61
0.12
13.55
99.43

1.81
0.06
15.69
97.47

0.22
<0.01

0.15
<0.01

1.38
0.11
12.49
96.19

1.41
0.10
12.44

96.73

0.31
0.03
10.20

96.45

0.41
0.

0.08
<0.01

0.08
<0.01

0.02
<0.01

0.01
<0.01

TiO, 0.01

P>0s
LOI

04

81

1

05

0.0

8.87
98.09

9.36
97.19

6.68 8.

100.31

6.29
102.52

13.11

11.80

0.

95.34

96.58

96.96

97.28

99.80  98.99

D.1.: Detection limit.

Total

ical activity. The horizon is made up of hematite, kaolinite,
quartz and a minor quantity of magnetite (Table 1). A
slight increase of Fe,O3 content and variable concentration
of SiO, and Al,03 has been established (Table 2).

5.2. Mang weathering profile

The profile is 18.70 m thick and is made up of a coarse
saprolite, a fine saprolite, a nodular horizon and a loose
clayey horizon (Fig. 9).

The coarse saprolite has a thickness of 5.70 m above the
water table. The material is dark to brownish red, sandy-
silt to silty-clay and loose. It is subdivided into greenish yel-
low, microbedded and dark domains. The greenish yellow
domain is characterized by a sandy texture with a colour
similar to that of the parent rock. The microbedded
domain shows a sequence of alternating millimetric layers,
whereas round silty fragments are specific for the dark
domains.

Goethite, kaolinite and quartz are essential minerals of
the coarse saprolite (Table 1) where Fe,O; and MnO con-
centrations exceed 69%; Al,O3 (9.5%) and low SiO,
(9.49%) (Table 2).

The fine saprolite (4 m) is reddish, loose with clayey to
sandy texture. Two domains are distinguished: the banded
domain and the dark hardened millimetric silty domain.
The mineralogical composition is the same as that of the
coarse saprolite in spite of a different organization of mate-
rials (Table 1). Chemical data show a minor decrease in
Fe,O3 content and a corresponding minor increase in
Si0,, Al,O; and MnO contents (Table 2). Back-scattered
electron image of the fine saprolite shows that the bright
areas are the grains of Cr-magnetite (Fig. 10). The large
ovoid patch of light grey material in Fig. 10 is goethite
and other iron oxides including sections rich in Mn, Co
and Ni. The mottled light and dark grey areas are com-
posed of fine intergrowth (lighter) and kaolinite (darker).

The nodular horizon (8 m) comprises nodules and blocks
of iron duricrust embedded in a loose, purple red to yellow-
brown matrix. The bulk sample from the base of the hori-
zon is essentially goethitic despite the presence of minor
quartz, kaolinite and magnetite (Table 1). The progressive
decrease in Fe,O5; content is accompanied by a drop in
Si0O, and an increase in Al,O5 (Table 2).

The matrix that occupies about 20% of the horizon is
loose, purple-red to yellowish brown, and polyhedral.
The matrix contains goethite, quartz and kaolinite (Table
1). The mineralogical composition shows a progressive
decrease of Fe,O; content and a minor increase in SiO,
and Al,O; contents (Table 2).

Nodules are centimetric (3-4 cm) with flattened and
rough surfaces.

The iron duricrust blocks are very abundant and occupy
65% of soil volume. The pisolitic facies constitutes the most
abundant and is made up of yellowish brown ferruginous
cement that coats the pisolites. The occurrence of goethite,
hematite, kaolinite and quartz (Table 1), high SiO, and



Table 3

Trace elements contents (in ppm) in the parent rock and weathered materials

D.I.  Parent rock Nkamouna weathering materials Mang North weathering materials
Coarse saprolite Fine Lower nodular Upper nodular Loose Coarse Fine Nodular horizon Loose
saprolite  horizon horizon clayey saprolite  saprolite clayey

Base Top Matrix  Nodules Matrix  Nodules horizon Base Matrix  p.i.d. horizon
Symbols: NK6 MAG6 NK3 NK9 NKI1 NKS5 NK2 NK7 NK4 NKS8 MAS MA2 MA7 MALI MA3 MA4
Depth - - —18.00 —11.50 -9.00 —5.60 —5.60 —1.50 —1.50 —0.50 —15.00 —10.50 —8.50 —4.50 —4.50 —0.50
(m):
Cr 8.000 2717 2580 17,257 16,966 12,716 8414 9054 8912 15,935 8379 17,103 13,195 16,131 8843 16,509 9022
Ni 0.800 1707 2288 8472 5059 5179 3514 3473 2528 549.10 2287 5488 4353 2709 1351 873.000 1317
Co 0.100  91.300 103.530 1440 327.35 2549 371.980 298.470 378.840 38.970  450.400 1467 1322 835.300  84.970 58.530  101.260
Zn 3.000  36.000 37.520 222.280 212.500 211.310  86.640  78.000 105.240 71.700  97.910 167.730 137.780 135.540  78.380 77.230 135.540
Sc 0.600 6.000 6.520 60.650 58.440 55.280 42230  44.530  42.590 39.220  39.460 87.930 69.360 56.210  48.200 55.890  56.210
Cu 0.700 7.700 6.030 48.430 45.120 109.380  45.190 50910  46.180 60.140  43.090 72.010 74.720 86.740  51.280 91.810  34.390
Ba 0.160 1.987 1.850 69.400 12.810 257.710  93.700 118.840  28.970 12.200  37.060 80.870 48.890 594.420  16.870 8.020  18.300
Pb 0.400 <0.40 <0.40 0.500 3.500 71.370  53.150  78.590  32.80 34.700  35.700 12.800 25.300 52.080  23.400 23.000  52.080
Y 0.004 0.543 0.228 1.190 4.990 6.560 9.620 4.190 9.910 10.360  10.710 9.620 7.440 7.930  11.950 4.110 9.830
Ga 0.100 0.880 1.320 5.250 4.610 12.500  18.960  10.730  25.940 44.000  23.760 6.420 7.890 22.870  32.130 46.860  26.600
Th 0.012 0.014 0.015 0.080 0.380 4260  10.300 5730  15.160 29.800  15.510 0.350 0.640 9.960  16.360 16.820 15920
U 0.001 0.007 0.027 1.174 1.619 1.597 1.889 1.916 3.230 3.915 3.016 2.093 1.413 2.184 3.251 4.161 3.034
Zr 0.800  <0.80 1.070 <0.80 7.000 75.200  200.10 74.800  254.600 337.800 257.200 8.200 17.800 172.900  313.600 461.800 294.800
Li 0.500  <0.50 <0.50 6.220 2.290 24.520 7.350 3720  11.830 5.150  11.220 8.440 7.660 11.430 8.550 3.680 8.680
Sb 0.050 0.940 1.220 0.730 0.380 1.000 2.180 1.860 2.130 3.450 1.990 3.550 0.920 3.180 3.210 4.710 3.180
Nb 0.040  <0.04 0.045 <0.04 0.800 8.600  21.300 6.200  29.400 24200  28.900 1.700 2.200 16.000  31.200 30.800  33.700
Hf 0.020 0.012 0.028 <0.02 0.200 2.000 5.100 1.900 6.500 8.900 6.700 0.200 0.500 4.300 8.300 12.100 7.600
Be 0.300 <0.30 <0.30 0.690 0.780 0.580 0.480 0.520 0.490 1.160 0.440 0.730 0.850 0.730 0.580 0.950 0.420
Cd 0.030  <0.03 <0.03 0.033 <0.03 0.065 0.067 0.036 0.071 0.095 0.067 0.039 0.033 0.110 0.094 0.122 0.075
Mo 0.070 0.350 0.350 0.240 0.360 1.970 2.200 1.330 6.130 4.120 4.330 0.290 0.500 2.550 4.740 5.630 4.600
Sn 0.070  <0.70 0.080 <0.07 <0.07 0.390 0.700 0.730 1.180 2.500 1.610 0.110 0.170 0.860 2.720 3.890 0.860
Tl 0.010  <0.01 <0.01 0.480 0.100 1.260 0.360 0.460 0.170 0.140 0.190 0.300 0.330 1.020 0.080 0.040 1.020
w 0.040 0.07 <0.04 0.360 0.120 0.590 1.400 1.470 1.840 2.290 1.840 1.550 1.510 2.320 2.450 2.950 2.320
Cs 0.001 0.06 0.063 0.065 0.074 0.228 0.291 0.060 0.641 0.214 0.640 0.073 0.082 0.252 0.452 0.094 0.802
Rb 0.010 0.083 0.075 0.220 0.320 0.960 1.450 0.400 2.630 1.300 2.600 0.500 0.420 1.180 1.660 0.620 2.960
Sr 0.010 0.239  11.246 0.800 0.600 3.700 7.200 2.300 8.800 9.700 8.900 1.100 1.000 5.000 8.700 4.300 9.100
Ta 0.030 0.045 0.041 <0.03 <0.30 0.580 1.360 0.420 1.880 1.560 1.820 <0.03 0.180 1.000 2.020 2.110 2.080

D.L: Detection limit.
p.i.d.: pisolitic iron duricrust.
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Table 4

REE contents (in ppm) in the parent rock and weathered materials

D.1.  Parent rock Nkamouna weathering materials Mang North weathering materials
Coarse saprolite  Fine Lower nodular Upper nodular Loose clayey  Coarse Fine Nodular horizon Loose clayey
saprolite  horizon horizon horizon saprolite saprolite horizon
Base Top Matrix  Nodules Matrix Nodules Base Matrix  p.i.d.

Symbols: NK6 MA6 NK3 NK9 NK1 NKS5 NK2 NK7 NK4 NKS8 MAS MA2 MA7 MALI MA3 MA4
Depth (m): — - - —18.00 —11.50 —9.00 —5.60  —5.60 -1.50 —1.50 —0.50 —15.00 —10.50 -850 —4.50 —4.50 —0.50
La 0.004 1.124 0.097 14.550  6.080 10.090 9.830 5.830 8.400 19.400 8.300 15.660 9.130 11.660 12.150  3.230 8.970
Ce 0.014 0937 0.128 36.030 16.81 161.700  453.17  704.650 115.84  25.470 179.300 51.790 67.050  283.19  190.71 9.520 115.31
Pr 0.001  0.153 0.018  4.050 1.635 2.543 2.055 1.335 1.859  2.704 1.699 5.055 2.726 2.849 2470  0.546 1.946
Nd 0.006  0.550 0.076 15.660  6.470 9.460 7.010 4.890 6.840  8.480 6.100 19.650 10.860 9.940 8910 1.930 7.240
Sm 0.002  0.078 0.018  3.670 1.560 2.130 1.530 1.170 1.510  1.680 1.360 5.140 2.880 2.240 2.030  0.430 1.600
Eu 0.001  0.016 0.005 0.254  0.339 0.429 0.338 0.250 0.335  0.353 0.296 1.071 0.632 0.502 0.441  0.105 0.358
Gd 0.002  0.077 0.021  2.695 1.294 1.497 1.353 0.964 1.335  1.540 1.284 3.594 2.286 1.763 1.853  0.471 1.379
Tb 0.001  0.010 0.004 0.438 0.211 0.271 0.299 0.234 0.271  0.289 0.270 0.635 0.429 0.338 0.365  0.098 0.278
Dy 0.002  0.060 0.030 2.424 1.175 1.553 1.672 0.995 1.752 1.934 1.794 3.477 2.421 1.878 2315 0.732 1.811
Ho 0.001  0.012 0.008 0.443  0.227 0.296 0.371 0.194 0.385  0.438 0.408 0.621 0.432 0.372 0.496  0.170 0.395
Er 0.002  0.037 0.028 1.208  0.682 0.883 1.168 0.590 1.237 1417 1.277 1.728 1.251 1.109 1.586  0.598 1.272
Tm 0.001  0.005 0.005 0.183  0.104 0.137 0.181 0.095 0.194  0.234 0.203 0.273 0.207 0.183 0.254  0.112 0.208
Yb 0.002  0.033 0.037 0.670  0.740 0.960 1.260 0.670 1.400  1.660 1.420 1.820 1.490 1.340 1.760  0.910 1.510
Lu 0.001  0.006 0.007 0.161 0.111 0.143 0.198 0.102 0.223  0.261 0.227 0.267 0.215 0.207 0.282  0.153 0.238
>"REE - 3.098 0.482 82.436 37.438 192.092  480.435 721.969 141.581 65.86 203.938 110.781 102.009  317.571 225.622 19.005 142.519
> LREE - 2.858 0.342 74214 32.894 186.352 473933 718.125 134.784 58.087 197.055 98.366 93.278 310.381 216.711 15.761 135.424
>"HREE - 0.240 0.140 8.222  4.544 5.740 6.502 3.844 6.797  7.773 6.883 12.415 8.731 7.190 8911 3244 7.091
a. - 11.908 2442  9.020  7.240  32.460 72.890 186.820 19.830  7.470 28.630 7.920 10.680 43170 24320 4.860  19.100
Ce/Ce™ (1) - 0.550 0.740 2.080  2.360 14.130 44.620 111.790 12970  1.560 21.130 1.900 4.390 16.040  11.360  2.340 9.010
Ce/Ce" (2) - - - 1.150 1.290 7.790 24.140  60.680 7.000  0.760 11.230 1.460 3.300 12.140 8.160  1.610 6.620
Eu/Eu™ (1) - 0.630 0.790  0.390 1.160 1.160 1.140 1.140 1.140  1.060 1.080 0.970 0.960 0.980 0.980 0910 0.940
(La/Yb)y - 23.720 1.780  0.640  0.240 0.310 0.230 0.260 0.180  0.340 0.170 3.280 2.340 3.320 2.630  1.350 2.270

D.1.: Detection limit.
p-i.d.: pisolitic iron duricrust.

a =Y LREE/Y HREE.
Ce 7an0maly:[ce/ce*] (l)z(cesnil sample/ Ceserpentinites)/[(Lasoil sumple/ Laserpeminiles)l/z (Prsoil sﬂmple/ Prserpeminiles)l/z]'

Eu 7an0maly:[Eu/Eu*] (I)Z(Eusoil sample/ Euserpentinites)/[(Smsoil samle Snlserpeminites)]/2 (Gdsoil sample/ Gdserpentiniles)l/z]-
Ce —anomaly (NASC data)=[Ce/Ce"] (2)=(Cesoit sampte/ Cenasc)/[(Lasoit sample/ Lanasc)”” (Ndgoi sample/NdNASCs)l/3]~
For Sample I‘OCkS; (La/Yb)N:(Laserpeminites/ Lachondri1e)/(Ybserpeminiles/Ybchondrile)-

For Sample weathered materials; (La/Yb)N:(Lasoil sample/ Laserpentinites)/(Ybsoil sample/Ybserpentinites)‘
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Fig. 5. REE chondrites normalized patterns for the serpentinites. Chon-
drites normalization according to McDonough and Sun (1995).

Al,Os3, and low Fe,03 are particular to pisolitic iron duri-
crust (Table 2).

The loose clayey horizon (1 m) is crumbly and loose with
a purple red colour. Hematite and kaolinite are the major
minerals corresponding to high Fe,O3 and SiO, and low
Al,O3 contents (Tables 1 and 2). The back-scattered elec-
tron image of clayey surface soil shows that the bright
patches are chromium-rich Fe-oxide crystals, probably
magnetite. The matrix is composed of hematite and kaoli-
nite. The flattened light grey grain near the centre of the
image is a grain of detrital quartz (Fig. 11).

5.3. Comparison of the weathering profiles

The Nkamouna and Mang North profiles are similar in
terms of mineralogical composition, but the difference lies
on the proportion of these minerals (more goethite, kaoli-
nite and quartz for the Mang profile). Iron concentration
(Fe,0O3) is most pronounced in the saprolite with less
Al,O3. The concentration of TiO, varies antithetically to
that of Fe,O3; and SiO, along the profile.

Under the electron microscope, in both profiles, rare,
well-rounded grains of quartz (and in one instance a single
grain of zircon) are found as far down in the profile as the
base of the saprolite zone. These textures indicate that
some vertical transport of material has occurred within
the soil column, possibly due to the presence of voids left
by decaying root matter.

6. Distribution of trace elements

Two groups of trace elements can be distinguished on
the basis of their behaviour along the lateritic profile:

— chromium, Ni, Co, Zn, Cu and Sc are more concen-
trated at the bottom of the coarse saprolite and strongly
decrease towards the clayey surface soil (Table 3);

— yttrium, Ga, Pb, Th and U progressively increase
throughout the weathering profile with a highest value
in nodular horizons (Table 3). Zirconium, Sb, Nb, Hf,

Cd, Mo, Sn, W, Cs, Rb, Sr and Ta show a similar behav-
iour to that of the elements above (Table 3). Beryllium
exhibits high concentrations in the coarse saprolite
(Nkamouna site) and in the fine saprolite (Mang pro-
file). Lithium and Tl are abundant in the fine saprolite
of Nkamouna site.

7. Distribution, fractionation and normalization of REE

7.1. REE distribution and fractionation during weathering
processes

Rare earth elements are globally less concentrated in
Mang North than in Nkamouna. They increase drastically
from the parent rock to the upper horizons (Table 4). In
the Nkamouna site, REE are relatively enriched in the nod-
ules (lower nodular horizon) whereas a similar phenome-
non is instead shown at the bottom of nodular horizon
(Table 4) of the Mang site. Light REE are more abundant
than heavy REE in all weathered materials, and reveal
maximum concentrations at the bottom of nodular hori-
zons (Table 4).

As shown by the ratio > LREE/ > HREE in the mate-
rials of the two lateritic profiles, there is a moderate enrich-
ment in light REE in all weathered materials (Table 4).

7.2. REE normalization

The REE patterns of Nkamouna and Mang North
weathering were normalized according to the parent rock
of each locality are remarkably constant for most of the
data (Figs. 12a and b). The REE pattern for the pisolitic
iron duricrust (Mang North profile) is abundant than the
rest. Cerium is particularly dominant in laterites compared
to the parent rock.

In the Nkamouna site, positive Ce anomalies are
observed ([Ce/Ce*]=2.08-111.79). These ratio values are
very low in the coarse saprolite (2.08-2.36). The ratio
(Ce/Ce™) is crucial for the differentiation of fine saprolite
([Ce/Ce*]=14.13) to lower mnodular horizon ([Ce/
Ce*]=44.62) and brown nodules ([Ce/Ce"]=111.79).
The matrix of the upper nodular horizon ([Ce/
Ce*]=12.97) and multilobed nodules ([Ce/Ce*]=1.56)
have the lowest values. The loose clayey horizon is charac-
terized by (Ce/Ce™) ratio up to 21.13 (Table 4). In Mang
profile, (Ce/Ce™) ratio values varies between 2.34 and
16.04 (Table 4) with less pronounced positive Ce
anomalies.

The main difference between Nkamouna and Mang
North lateritic profiles is shown by (Eu/Eu”) ratio values
as indicator of REE fractionation along both profiles
(Table 4). In Nkamouna, (Eu/Eu”) ratio values range
between 0.39 (bottom of the coarse saprolite) and 1.16
(top of the same horizon). In Mang profile, the ratio values
vary between 0.91 and 0.98 (Table 4). Another calculation
method of lanthanide anomalies, using NASC (North



Table 5

PGE contents (in ppb) in the parent rock and weathered materials

D.l. Parent rock Nkamouna weathering materials

Mang North weathering materials

Coarse Fine Lower nodular ~ Upper nodular  Loose clayey Coarse Fine Nodular horizon Loose clayey

saprolite saprolite horizon horizon horizon saprolite saprolite horizon

Base  Top Matrix Nodules Matrix Nodules Base Matrix p.i.d.
Symbols: NK6 MA6 NK3 NK9 NKI NK5 NK2 NK7 NK4 NKS8 MAS MA2 MA7 MAl1 MA3 MA4
Depth - - - —18.00 —11.50 —9.00 -5.60 -560 —1.50 -1.50 —0.50 —15.00 —10.50 -850 —4.50 —4.50 —0.50
(m):
Ir 0.04 4.84 1.57 41.10 31.80 30.50 20.00 18.20 16.40 5.52 16.30 41.50 29.60 18.40 15.40 9.69 14.00
Ru 0.13 883 491 52.00 37.60 4590 41.60 4870 2990  27.70  32.90 49.00 46.60 35.10 31.90 20.60 25.50
Rh 0.08 1.36 0.60  10.30 6.70 7.66 8.31 10.30 4.74 4.31 5.03 10.90 7.06 5.84 528 401 3.78
Pt 0.14 517 0.16 63.80 3880 31.20 34.60 42.60 2340  41.70 26.10 70.00 47.00 27.40 32.60 35.30 17.50
Pd 0.11 197 027 1550 12.50 13.50 13.20 2040 10.60  22.40 10.30 40.50 28.50 17.20 17.76  33.10 13.80
>"PGE - 22.17 7.51 182.70 127.40 128.76 117.71 140.20 85.04 101.63  90.73 211.90 158.76 103.94 105.94 102.70 74.58
Pt/Pd - 2.62 0.59 4.17 3.10 2.31 2.62 2.09 2.21 1.86 2.53 1.73 1.65 1.59  1.83 1.07 1.27
Pt/Ir - 1.07 0.10 1.55 1.22 1.02 1.73 2.34 1.43 7.55 1.60 1.69 1.59 1.49 211 3.64 1.25
Pt/Rh - 3.80 0.27 6.19 5.79 4.07 416  4.13 4.94 9.67 5.19 6.42 6.66 469 617 8.80 4.63
Pt/Ru - 0.58 0.03 1.23 1.03 0.68 0.83 0.87 0.78 1.50 0.79 1.43 1.01 0.78  1.02 1.71  0.69
Pt/Pt" - - - 1.60 1.34 0.97 1.05 0.93 1.05 1.34 1.15 8.38 8.33 6.88  8.47 7.71  6.09
Ru/Ru” - - - 0.73 0.75 0.87 0.94 1.03 0.99 1.65 1.06 0.45 0.64 0.67 070  0.65 0.69

D.1.: Detection limit.
p-i.d.: pisolitic iron duricrust.

Pt/Pt*:(Ptsample/Ptserpenliniles)/ [(Pdsumple/Pdserpenliniles) 1/2] /(ZRhsample/Rhserpeminiles) 1/2]]'/2
Ru/Ru :(Rusample/Ruserpeminites)/ [(Irsample/lrserpeminites) (Rh sample/Rhserpeminites) ]
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Fig. 6. PGE chondrites normalized patterns for the serpentinites. Chon-
drites normalization according to McDonough and Sun (1995).

America Shale Composite) data, confirms positive Ce
anomalies ([Ce/Ce*|nyasc = 1.15-60.68) in several weath-
ered materials except in nodules ([Ce/Ce*Jnasc = 0.76) of
the upper nodular horizon in Nkamouna profile (Table 4).

(La/Yb)y ratio values of Nkamouna weathering profile
are low (0.21-0.64 in Table 4). The highest values are
obtained at the bottom of the coarse saprolite.

In the Mang site, (La/Yb)y ratio values fluctuate
between 1.35 and 3.32 (Table 4) and the maximum value
is found at the bottom of the nodular horizon (bulk frac-
tion). The iron pisolitic duricrust is marked by the lowest
value.

8. Distribution and normalization of PGE
8.1. PGE distribution

In the weathering profiles, element contents increase
greatly and vary between 3 and 70 ppb (Table 5). The ele-
vated contents in Pt, Rh, Ir and Ru are obtained in the
coarse saprolite particularly in Mang site. The highest
PGE values are related to the coarse saprolite where Pt
reaches 70 ppb (Mang North) and 63.8 ppb (Nkamouna).
In the fine saprolite, Pt drops to 47 ppb (Mang North)
and 31.2 ppb (Nkamouna) but increases afresh in the
matrix of nodular horizons with an average value
(35 ppb). The loose clayey horizon is characterized by the
lowest Pt values equal to 13.8 ppb (Mang) and 26.1 ppb
(Nkamouna).

The distribution of Ir along both profiles shows a peak
in the coarse saprolite (41.1 ppb in Nkamouna) and
(41.5 ppb in Mang North). From the fine saprolite to the
nodular horizons, the Ir concentration continuously drops
up to 9.69 and 5.52 ppb, respectively, in Mang North and
Nkamouna. This Ir concentration increases again in the
clayey horizon with an average value of 15.5 ppb.

Palladium distribution is similar to that of Pt, with a
concentration in the coarse saprolite 15.5 ppb (Nkamouna
profile) and 40.5 ppb (Mang site), and a decrease in the fine

O < @
e

Fig. 7. Nkamouna weathering profile: 1. coarse saprolite; 2. fine saprolite;
3. grey patches; 4. patches with microbedded structure; 5. clayey matrix; 6.
lower nodular horizon; 7. upper nodular horizon; 8. loose clayey horizon;
9. vegetation; 10. sample locations; 11. water table; 12. depth (m).

saprolite, nodular horizons and clayey surface soil. How-
ever, the concentration of Pd in Mang North is almost
two times more than in Nkamouna, and the pisolitic iron
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Fig. 8a. Back-scattered electron image of a portion of a typical multilobed nodule: plots 1-3, kaolinite and Fe-oxides; plot 4, kaolinite; plot 5, zircon grain;

6, void.

duricrust of the nodular horizon is marked by a high (up to
33.1 ppb) concentration of Pd.

Ruthenium contents vary between 20 and 52 ppb. The
elevated contents are obtained in the coarse saprolite.
These contents drop from the coarse saprolite to the clayey
surface soil.

The Rh contents are very low (4-11 ppb), the elevated
contents are obtained in the coarse saprolite and in the
nodules (Nkamouna profile).

In the Mang North weathering materials, the total PGE
contents vary between 70 and 212 ppb (Table 5). The total
PGE content is slightly elevated as in the Nkamouna
weathering materials particularly in the coarse saprolite.
The contents decrease from the coarse saprolite to the
clayey surface soil (Table 5).

The (Pt/Pd), (Pt/Ir), (Pt/Rh) ratios values show that Ir,
Rh and Pd have a high and apparent mobility with respect
to Pt (Table 5). This mobility is more intense in the
Nkamouna profile. Ruthenium is sometimes more mobile
than Pt in some weathered materials.

8.2. PGE normalization

The PGE contents in the weathered materials have been
normalized with respect to the parent rock of each locality.
The spectra bring out positive Pt anomalies (Table 5 and
Figs. 13a and b). The (Pt/Pt") ratio values are low in the
Nkamouna profile (1.05-1.60); they are higher than 6 in
the Mang profile. The Pt anomalies are more pronounced

in the Mang site as compared to that of Nkamouna (Table
5). The (Ru/Ru”) ratio values are low (0.45-1.65), and
decrease along both profiles. The Ru anomalies are more
pronounced in the Nkamouna profile than in that of Mang
North.

9. Mass balance evaluation

It is concerned with the evaluation of element distribu-
tion during supergene weathering. Several methods have
been applied on supergene weathering. In extreme weather-
ing conditions, the mobility of refractory elements such as
Al, Ti, Zr and even Th was demonstrated (Mungall and
Martin, 1994; Nahon and Merino, 1997; Cornu et al.,
1999; Kurtz et al., 2000). Braun et al. (2005) showed that
the mobility of refractory elements can also depend on
the presence of organic ligands in the soil solution.

In the evaluation of gains and losses during supergene
weathering at Lomié complex, we did not try to estimate
volume changes due to the large thickness of nodular hori-
zons (8 m). We choose the immobile-element approach
which was applied successfully by several authors on
weathered rocks (Kronberg et al., 1987; Braun and Pagel,
1990; Moroni et al., 2001). The percentage gain or loss in
the concentration of each element in weathered samples
was compared with its concentration in the parent rock
according to following equation:

% change = [(Xa/1.)/(Xu/I.) — 1)] * 100 (1)
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Fig. 8b. Chemical microanalyses in a multilobed nodule: plots 1-5.

where X, and X, are the element concentration in the
weathered sample and in the parent rock, respectively. I,
and I, are the concentration of the immobile element in
the weathered sample and in the parent rock, respectively.

In cases of extreme chemical weathering, such as the for-
mation of laterites, it can be impossible to identify any one
element that has been truly immobile, since all components
of the rock have been removed to varying degrees. In this
study, the choice of an immobile element is further compli-
cated because several of the trace elements analysed are
present at concentrations very near to their detection limits
in the parent material. If an element present at its detection

limit in the parent material is used in Eq. (1), a difference in
its concentration in the last decimal place can lead to wide
changes in the calculated% change. We seek an element
with relatively high concentration in the parent material,
and from which we calculate negative’ changes for most
other elements, implying that the element chosen has been
less mobile than the others. Using these criteria and
according to Nesbitt and Wilson (1992), thorium is the bet-
ter immobile element compared to TiO, or Zr. The local
serpentinite have used for the mass balance calculation.
Application of Eq. (1) shows that, relative to thorium,
most major and trace elements have been removed in
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Fig. 9. Mang North weathering profile: 1. coarse saprolite; 2. fine
saprolite; 3. patches with microbedded structure; 4. black patches; 5.
nodular horizon; 6. matrix; 7. nodules; 8. blocks of iron duricrust; 9. loose
clayey horizon; 10. vegetation; 11. sample locations; 12. water table; 13.
depth (m).

amounts exceeding 90% of the originally present over most
of the depth of the weathering profile, despite the fact that
their bulk concentrations have increased (Tables 24, 6
and 7). This is because most of the mass of the rock formerly
resided in MgO and SiO,, which have both been reduced by
more than 99% of their original concentrations. In the coarse
saprolite, only Fe, Mn and Ti become enriched. In the
Nkamouna profile, only Cr, Co, Zn, Sc, Cu, Ba, Ga and U
have been enriched at the bottom of the coarse saprolite.
In the Mang profile, the enrichment concerns only Ba, Y,
U and Nb in the saprolite. Several trace elements have been
depleted along both profiles. REE have been abundantly
accumulated in the coarse saprolite of both profiles (Table
8). Only cerium has been accumulated in the nodules of
the upper nodular horizon (Nkamouna profile) and in the
nodular horizon of Mang site. Meanwhile, other lanthanides
have been abundantly depleted along both profiles (Table 8).
The geochemical balance calculation reveals a high PGE
accumulation in the coarse saprolite (Nkamouna profile),
while only Pt, Pd and Ir which contrarily to Ruand Rh have
been accumulated in the saprolite zone of Mang North
(Table 9). Platinum-group elements have been leached from
the fine saprolite to the clayey surface soil.

10. Discussion
10.1. Petrology of serpentinites

The serpentinites are characterized by high SiO, and
MgO contents, very low trace, rare earth and platinum-
group element contents. These characters confirm the alter-
ation of ultramafic rocks, origin of the Lomié serpentinites
(Seme Mouangué, 1998). Lanthanides and PGE contents
are higher in Nkamouna than in Mang North. The higher
contents in these elements could be due to a new mobiliza-
tion during the first stages of the weathering processes in
Nkamouna. The Mang sample seems less affected by
weathering processes. The (La/Yb)y ratio value is higher
in the Nkamouna sample than in the Mang North. The
(La/Yb)y ratio value in the Mang North is similar to those
of serpentinites ([La/Yb]y = 1.3-2.6) in the Gadwal Green-
stone Belt of India (Manikyamba and Khanna, 2007). The
high (La/Yb)y ratio value in the Nkamouna sample con-
firms their slightly more weathered nature.

10.2. Petrology and major element geochemistry

From the serpentinite rocks to the weathered materials,
the remobilization of Fe is observed at the base of both
profiles contrary to Si, Mg, Al and Na. The broken nodules
could have originated from a two-stage process: (i) nodules
originated by precipitation of Fe-oxides and kaolinite
along with several phases within the matrix of weathered
serpentinite (Tripathi and Rajamani, 2007) or by in situ
weathering of a former massive iron duricrust (Bitom
et al., 2003); (i) nodules having an allochtonous origin
are confirmed here by the presence of zircon grains. The
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Fig. 11. Back-scattered electron image of clayey surface soil: 1. Cr-rich Fe-oxide crystals; 2. detrital quartz; 3. kaolinite and hematite; 4. void.
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Fig. 12a. REE parent rock (NK6) normalized patterns for the Nkamouna
weathering materials (for symbols, see Table 1).
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Fig. 12b. REE parent rock (MA6) normalized patterns for the Mang
North weathering materials (for symbols, see Table 1).

increase of SiO, contents along the profiles and the pres-
ence of well-rounded grains of quartz may result from
downward transport of superficial material along fractures
induced by shrinkage during weathering or leaching, or
they may have formed in situ from silica-rich solutions.

10.3. Behaviour of trace elements

High concentrations of Cr, Ni and Co generally origi-
nate from weathering of ultramafic rocks (Trescases,
1975). These high concentrations are observed in the sapro-
lite zone and could result from hydrothermal alteration of
olivine and pyroxene or from the confined environment
(Yongué-Fouateu et al., 2006). Abundances of Cr in asso-
ciation with Fe-oxides (Singh et al., 2002) in nodular hori-
zons equally testify this hypothesis.
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Fig. 13a. PGE parent rock (NK6) normalized patterns for the Nkamouna
weathering materials (for symbols, see Table 1).

|+MA5 —— MA2? —k— MAT7 —— MAI —%— MA3J —8— MA4

1000
)
é 100 1
o
g
:
%I -
% 10
4

1

Ir Ru Rh Pt Pd

Fig. 13b. PGE parent rock (MA6) normalized patterns for the Mang
North weathering materials (for symbols, see Table 1).

Low Zr, Cd, Pb, W, Th, Nb, Li, Sb, Hf, Be, U, Sn, As, Ta,
Sr, Rb, Y and Ga concentrations observed in the parent rock
and the saprolite zone increase considerably in the upper
horizons. This might have been caused by their passive accu-
mulation as other rock constituents that were transported
into percolating groundwater, probably enhanced by the
high oxygen fugacity of the soil in the low saturated zone
nearest to the atmosphere. However the subsurface enrich-
ment could also result from intense biological activity
(Kabata-Pendias, 2001; Lucas, 2001). In fact, recycling pro-
cess of Cu, Zn, Cd, Pb, Cs, Th, Sb, Be, Sn, Pt, U, As and Ni
by certain plants could also cause the accumulation of these
elements in the upper horizons under favourable oxidizing
conditions (Kabata-Pendias, 2001).

10.4. Fractionation and normalization of REE

According to Ottonello et al. (1979), serpentinization
mobilises light REE than heavy REE. The high concentra-
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tions of light REE in the weathered materials may result
from the parent rock. This is also illustrated by low (La/
Yb)y ratio values and intensive REE fractionation in the
saprolite zone (Moroni et al., 2001).

The normalization of REE with respect to the parent
rock shows strong positive Ce anomalies in laterites and
a high negative Eu anomalies from the bottom of the
coarse saprolite (Nkamouna profile). The positive Ce
anomalies may be linked to the oxidation of Ce*" to
Ce*t (Laufer et al., 1984; Manceau et al., 2000), or to pri-
mary Ce*" in the residual zircon minerals (Boulangé and
Colin, 1994).

10.5. Behaviour of PGE

Platinum group-elements in Nkamouna and Mang sites
have generally accumulated at the bottom (saprolite and
less in nodular horizon) of the weathering profiles. This
accumulation confirms the hypothesis of Bowles (1986)
and Salpéteur et al. (1995) showed that better oxidizing
conditions favour the enrichment of all siderophile
elements.

The high (Pt/Pd) ratio reveals that Pd presents a greater
mobility compared to Pt. This mobility is less important in
Mang weathering materials than in Nkamouna (except the
saprolite). High (Pt/Pd) ratio values were registered in the
nodular horizon (Nkamouna profile) and at the bottom of
the coarse saprolite (Mang North profile); they confirm a
complex distribution of Pd along the profiles. The (Pt/
Pd) ratio exhibits very low values along both profiles. This
systematic low trend may attribute to discrete mineralogi-
cal control of Pd distribution, independent of Pt (Lee,
1983). The (Pt/Ir) and (Pt/Rh) ratio values which are
greater than 1 show that Pt is less mobile than Ir and
Rh. The (Pt/Ru) ratio values are lower than 1 in most of
the weathered materials; this confirms that Pt is more
mobile than Ru.

The normalized values of PGE with respect to the par-
ent rock indicate supergene Pt enrichment; this could be
the result of weathering of the immense mass of serpenti-
nites and high solubility of Ru in acid ferrallitic soils (Bow-
les et al., 1994).

10.6. Mass balance evaluation

The mass balance evaluation reveals that the behaviour
of major, trace, rare earth, platinum-group elements is clo-
sely related to the oxidizing conditions on each profile.
Despite the strong depletion of major and several trace ele-
ments in both profiles, Fe, Mn, Ti, Cr, Co, Zn, Cu, Ba, Y,
Ga, U, Nb and REE have considerably accumulated in the
coarse saprolite. Further, through weathering action, Cr,
Zn, Ba, Cu, U, Y and some REE were removed from goe-
thite, hematite (Manceau et al., 2000; Singh et al., 2000;
Singh et al., 2002) and residual minerals such as magnetite
(Moreira-Nordemann and Sieffermann, 1979; Lowson
et al., 1986), due to ideal oxidizing conditions at the bottom



Table 7

Mass balance evaluation (in %) of trace elements

Nkamouna weathering materials

Mang North weathering materials

Coarse saprolite

Fine saprolite

Lower nodular

Upper nodular

Loose clayey horizon

Coarse saprolite Fine saprolite

Nodular horizon

Loose clayey horizon

horizon horizon
Base Top Matrix Nodules Matrix Nodules Base Matrix p.i.d.

Symbols: NK3 NK9 NK1 NKS5 NK2 NK7 NK4 NKS8 MAS5 MA2 MA7 MAI1 MA3 MA4
Depth (m): —18.00 —11.50 —9.00 —-5.60 —5.60 —1.50 —1.50 —0.50 —15.00 —10.50 -850 —450 —4.50 —0.50
Cr 11.15 —-76.99 —98.49 —-99.58 —99.19 —99.70 —-99.72 —-99.72 —71.59 —88.01 —99.06 —99.69 —-99.43 —99.67
Ni —13.15 —89.08 —99.00 —-99.72 —-99.50 —99.86 —84.89 —99.88 —89.72 —95.54 —99.82 —99.95 -99.97 -99.95
Co 176.01 —86.79 —90.82 —-99.45 -99.20 —-99.62 -99.98 —99.55 —-99.94 -99.97 —98.78 —99.92 —-99.95 -99.91
Zn 8.05 -78.25 -98.07 -99.67 —-99.47 —-99.73 -9991 —-99.75 —80.84 -91.39 —-99.46 —99.81 -99.82 —99.66
Sc 76.90 —-64.12 -96.97 —-99.04 -98.19 —-99.34 -99.69 —-99.41 —42.20 —75.07 —98.70 —-99.32 —-99.24 —-99.19
Cu 10.07 -78.41 —-95.33 —-99.20 —-98.38 —99.45 -99.63 —99.49 —48.82 —70.96 —97.83 —99.22 -98.64 —99.46
Ba 511.22 —-76.25 —57.38 —-93.59 —-85.39 —-98.65 -99.71 —98.32 87.34 —38.06 —-51.61 -99.16 —-99.61 —99.07
Pb nd nd nd nd nd nd nd nd nd nd nd nd nd nd

Y —61.65 —66.14 —-96.03 —-97.59 -98.11 —-98.31 -99.10 —98.22 80.83 —23.52 —94.76 —-95.19 -98.39 —-95.94
Ga 440 —-80.70 —95.33 -97.07 -97.02 -97.28 -97.65 —97.56 -79.16 —85.99 -97.39 -97.77 -96.83 —98.10
Th 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
U 2835.0  752.11 -25.02 —63.32 —-33.12 5739 -7372 —6l1.11 232.22 22.66 —87.82 —88.96 -—86.26 —89.41
Zr nd nd nd nd nd nd nd nd —67.16 —61.01 —75.66 —73.13 —61.51 -—74.04
Sb —86.41 —98.51 —99.65 —-99.68 —99.52 —99.79 -—-99.83 —99.81 —87.53 —98.23 —-99.61 -99.76 —-99.66 —99.75
Nb nd nd nd nd nd nd nd nd 61.90 14.58 —-46.45 —-3643 -38.96 -29.44
Hf nd —38.60 —4523 —42.23 —61.31 —49.98 -65.16 —49.60 —69.39 —58.15 —76.87 —72.82 —61.46 —74.43
Mo —88.00 —96.21 -98.15 —-99.15 —-99.07 —98.38 -—99.45 —98.88 —96.45 —96.65 —98.90 —-98.76 —98.57 —98.76
Sn nd nd nd nd nd nd nd nd -94.11 —95.02 —98.38 —96.88 —95.66 —98.99
Tl nd nd nd nd nd nd nd nd nd nd nd nd nd nd

w —10.00 —-93.68 -97.23 —-97.28 —9487 —97.57 -98.46 —97.63 nd nd nd nd nd nd

Cs —81.04 —95.46 -98.75 —-99.34 -99.76 —99.01 -99.83 —99.04 —95.03 -96.95 —-99.40 —-99.34 —99.87 —98.80
Rb —53.61 —85.80 -96.20 -97.63 —-9882 —97.07 -99.26 —97.17 —71.43 —86.88 —-97.63 —-9797 -99.26 —96.28
Sr —41.42 —-90.75 -94.91 -9591 -97.65 —96.60 —98.09 —96.64 —99.58 -99.79 —-99.93 —-99.93 -99.97 -99.92
Ta nd nd -95.76 -95.89 —-97.72 -96.14 -98.37 —-96.35 nd —89.71 —-96.33 —-9548 -9541 -9522

nd: not determined.

yce
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Table 8

Mass balance evaluation (in %) of REE

Nkamouna weathering materials

Mang North weathering materials

Coarse saprolite

Fine saprolite

Lower nodular

Upper nodular

Loose clayey horizon

Coarse saprolite

Fine saprolite Nodular horizon

Loose clayey horizon

horizon horizon

Base Top Matrix Nodules Matrix Nodules Base Matrix p.i.d.
Symbols: NK3 NKO9 NKI1 NKS5 NK2 NK?7 NK4 NK38 MAS5 MA2 MA7 MAI1 MA3 MA4
Depth (m): —18.00 —11.50 —9.00 -5.60 —5.60 —-1.50 —1.50 —0.50 —15.00 —10.50 —-8.50 —4.50 —-4.50 -0.50
La 126.53 —80.07 —97.05 —-98.81 —-98.73  —99.31 -99.19 —99.33 591.90 120.60 —81.90 —88.52 —97.03 -91.29
Ce 57292 —33.90 —43.29 —34.26 83.74  —88.58 —98.72  —82.73 1634.04 1127.72 233.20 36.61 —93.37 -—15.12
Pr 363.24 —60.63 —94.54 -98.17 —-97.87 —98.88 —99.17  —99.00 1103.57 254.95 -76.16 —87.42 —-97.29 —89.81
Nd 398.27 —56.66 —94.35 —-98.27 —-97.83  —98.85 —99.28  —99.00 1008.08 23491 —80.30 —89.25 -97.74 -91.02
Sm 72340 —26.32 —91.03 —-97.33 -96.34  —98.21 -98.99 —98.43 1123.81 275.00 —81.26 —89.66 —97.87 -91.62
Eu 177.81 —-21.94 -91.19 —-97.13 —-96.18 —98.07 -98.96 —98.33 818.00 196.25 —84.88 —91.91 -98.13 -93.25
Gd 512,50 —38.09 -93.61 —-97.61 —-96.94 —98.40 —-99.06 —98.49 633.47 155.13 —87.36 —91.91 -98.00 —93.81
Tb 666.50 —22.26 —91.09 —-95.94 —-9428 —-97.50 -98.64 —97.56 580.36 151.37 —87.27 —-91.63 -97.82 -93.45
Dy 607.00 —27.85 —91.49 -96.21 -9595 —-97.30 -98.49 —97.30 396.71 89.14 -90.57 —-92.92 -97.82 -94.31
Ho 546.04 —30.31 -91.89 —-95.80 —96.05 —97.04 -98.29 —96.93 232.68 26.56 —-93.00 -94.32 -98.10 —95.35
Er 47135 -32.09 -92.16 -95.71 -96.10 —96.91 -98.20 —96.88 164.49 4.72 —-94.04 —-94.81 -98.10 —95.72
Tm 540.50 —23.37 -91.00 —-95.08 —95.36 —96.42 -97.80 —-96.34 134.00 -2.97 —-94.49 -9534 -98.00 —96.08
Yb 25530 —17.38 —-90.44 —-94.81 -95.04 —96.08 -97.64 —96.12 110.81 —5.62 —-94.55 -95.64 -97.81 -96.15
Lu 369.58 —31.84 —-92.17 —-95.51 -95.85 —96.57 -97.96 —96.58 63.47 —28.01 —-95.55 —-96.31 -98.05 —96.80
Table 9
Mass balance evaluation (in %) of PGE

Nkamouna weathering materials Mang North weathering materials

Coarse saprolite  Fine saprolite Lower nodular Upper nodular Loose clayey horizon Coarse saprolite Fine saprolite Nodular horizon Loose clayey horizon

horizon horizon

Base Top Matrix Nodules Matrix Nodules Base matrix  p.i.d.
Symbols: NK3 NK9 NK1 NK5 NK2 NK7 NK4 NK8 MAS MA2 MA7 MAI MA3 MA4
Depth (m): —18.00 —11.50 —9.00 —-5.60 —5.60 -1.50 -1.50 —0.50 —15.00 —10.50 -850 —4.50 —-4.50 -0.50
Ir 48.61 —75.79 —-97.93 —-99.44 —-99.08 —99.69 —99.95 —99.70 13.28 —55.81 —-98.23 —99.10 —-99.45 -99.16
Ru 3.06 —84.31 -98.29 —99.36 —98.65 —99.69 —-99.85 —99.66 -57.23 -71.76 —-98.92 —-99.40 -99.63 —99.51
Rh 32.54 —81.85 -98.15 —99.17 -98.15 —99.68 —99.85 —99.67 -22.14 —72.42 —98.53 —99.19 -99.40 —99.41
Pt 11596 —72.35 —-98.02 —-99.09 -97.99 —99.58 -99.62 —99.54 1775.00 588.48 —-7421 —81.32 —80.32 —89.69
Pd 37.69 -76.62 —97.75 —-99.09 —-9747 —99.50 -99.47  —-99.53 542.86 147.40 -90.41 -93.97 -89.07 -95.18
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of profiles (Boulangé and Colin, 1994). This element accu-
mulation could also result from leaching after dissolution
of transported minerals in the upper part of the lateritic
profiles (Bitom et al., 2003). Uranium accumulation on
the other hand could be linked to the persistence of relictu-
al heavy minerals (Lowson et al., 1986). The enrichment of
REE in the saprolite zone indicates the control of evolving
secondary minerals in the REE redistribution during
weathering processes (Tripathi and Rajamani, 2007). Oxi-
dation ability, insolubility and stability of Ce in laterites
might have been responsible for its accumulation in the
weathered materials. The enrichment of Fe, Mn, Ti, some
trace elements and lanthanides is comparable to that of
the same elements in ferruginous nodules in Southern India
(Tripathi and Rajamani, 2007) or in the Kaya lateritic
toposequence (Burkina Faso) by Dequincey et al. (2006).

The PGE accumulation in the saprolite correlates with
the predominance of Fe-oxides (magnetite, goethite and
hematite) in the weathered materials, this shows that
PGE could be associated in the Fe-oxides (Traoré et al.,
2006) which are very resistant to supergene weathering
(Bowles, 1995). These alloys are found in lateritic soils of
East Madagascar (Salpéteur et al., 1995), Sierra Leone
(Bowles, 1995) and New-Caledonia (Augé, 1993; Traoré
et al., 2006). Platinum accumulation in the saprolite zone
could be due to the mechanical migration of Pt from the
top towards the saprolite zone (Wood, 1996; Azaroual
et al., 2001). Palladium may be mobilizing as Pd-chloride
complexes during weathering of serpentinites. Pd-chloride
complexes can be easily transported through a rock with
minimal acid- and oxidizing-buffering capacity, such as
clean sandstone (Wood and Normand, in press); this could
explain its high concentration in the saprolite (Mang pro-
file). The depletion of PGE in the upper horizons may be
due to their stability in the supergene environment.

11. Conclusions

The results of this study lead us to the following
conclusions:

(1) The serpentinites are characterized by high SiO, and
MgO contents, very low trace, rare earth and plati-
num-group element contents. Lanthanide and PGE
contents are higher in the Nkamouna sample than in
Mang North, less affected by weathering processes.
Normalized REE patterns according to the CI chon-
drites reveal that some light REE (La, Ce, Pr, Nd)
enrichment process have occurred in the Nkamouna
sample; all REE are below chondrites abundances in
Mang sample. The (La/Yb)y ratio value is higher in
the Nkamouna sample than in Mang one. Normalized
PGE patterns according to the same CI chondrites
reveal a negative Pt anomaly in the Mang North.

(2) All element contents increase highly from the parent
rock to the coarse saprolite. Fe,O3 contents decrease
along the profiles contrarily to Al,O3, SiO, and TiO,.

The contents of alkali and alkaline oxides are under
detection limit. In the coarse saprolite, Fe, Mn and
Ti have been enriched concomitantly to the removal
of Si and Al, and the high depletion of the alkali
and alkaline oxides.

(3) High concentrations of Cr, Ni and Co occur espe-

cially in the saprolite and nodular horizons. Copper,
Zn and Sc contents decrease from the saprolite zone
to the clayey surface soil, contrarily to Zr, Th, U,
Be, Sb, Sn, W, Ta, Sr, Rb, Hf, Y, Li, Ga, Nb and
Pb contents that increase along the profile. The mass
balance calculation reveals that all the trace elements
have been depleted in both profiles, except Cr, Co,
Zn, Sc, Cu, Ba, Y, Ga, U and Nb that have been
accumulated in the saprolite zone.

(4) High REE concentrations are observed in the weath-

ered materials, particularly in light REE in nodules of
the Nkamouna profile. Normalized REE reveal the
presence of positive Ce anomalies in all the weathered
materials and negative Eu anomalies only at the bot-
tom of the coarse saprolite (Nkamouna profile). High
positive Ce anomalies are particularly observed in
REE patterns related to nodular horizons. An addi-
tional calculation method for lanthanide anomalies,
using NASC data, confirms positive Ce anomalies
in several weathered materials except in nodules of
the upper nodular horizon (Nkamouna profile).
REE have been abundantly accumulated in the sap-
rolite zone. They have been depleted along the rest
of the profiles. The (La/Yb)y ratio values are lower
in the Nkamouna profile than in Mang North.

(5) Platinum-group elements have high concentrations at

the bottom of the saprolite zone and in the nodules.
The normalized PGE patterns show positive Pt
anomalies and negative Ru anomalies. The mass bal-
ance calculations reveal the accumulation of Pt, Pd
and Ir in the coarse saprolite of both profiles. Mean-
while, Ru and Rh have been accumulated only at the
bottom of the coarse saprolite (Nkamouna profile).

(6) From a general point of view, after the weathering of

the parent rock and the mobilization of their consti-

tutive elements, two types of those element redistribu-

tion can be noted:

(1) the first one is characterized by an absolute and
continuous depletion of the elements from the par-
ent rock towards the top of the profiles. The ele-
ments concerned here are all the major elements
(except Fe, Mn and Ti) and some trace elements
like Ni, Sb, W, Rb, Sr and Ta;

(i) in the second type, there is a high enrichment in
the saprolite zone, before progressive depletion
along the profiles. The elements concerned here
are Fe, Mn and Ti, some trace elements, mainly
siderophile elements like Cr, Co, Sc, Cu, Y, Zn,
Ga and Nb, plus other trace elements like Ba
and U, all rare earth and platinum-group
elements.
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(7) This study reveals that the weathering profiles are
autochtonous, except in the upper part of the soils,
where some allochtonous materials are revealed by
the presence of zircon grains.
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Strong negative cerium anomalies are developed in the saprolite zone of two serpentinite lateritic profiles
in the Mada region of the Kongo-Nkamouma massif in the Lomié ultramafic complex (South-East Cam-
eroon).

The total lanthanide contents increase strongly from the parent rock (1.328 ppm) to the weathered
materials (ranging from 74.32 to 742.18 ppm); the highest value is observed in the black nodules from
the western weathering profile and the lowest one in the top of the clayey surface soil from the same pro-

gﬁigﬁ file. The lanthanide contents, except cerium, are highest in the saprolite and decrease along the profile.
Serpentinites The light REE contents are very high compared to those of the heavy REE (LREE/HREE ranging from
Laterites 3.21 to 44.37). The lanthanides normalized with respect to the parent rock reveal: (i) strong negative
Lanthanides Ce anomalies with [Ce/Ce’] ranging from 0.006 to 0.680 in the saprolite zone; (ii) strong positive Ce
Anomalies anomalies with [Ce/Ce’] ranging from 1.23 to 23.96 from the top of the saprolite to the clayey surface

horizon; (iii) positive Eu anomalies with [Eu/Eu’] ranging from 2.09 to 2.41 in all the weathered materials.

Mass balance evaluation shows that, except cerium, lanthanides have been highly accumulated in the
saprolite zone and moderately concentrated in the upper part of both profiles. Cerium has been highly
accumulated in the nodules of the West Mada profile. The presence of negative Ce anomalies is confirmed
by its low degree of accumulation whereas the positive ones are related to its high degree of
accumulation.

Mass balance

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Several works have already been done on the lanthanide frac-
tionation in weathered materials developed from crystalline rocks
in tropical zone (Braun et al., 1990, 1998; Marsh, 1991; Brown
et al., 2003; Dequincey et al., 2006; Ndjigui et al., 2008). The nor-
malization of lanthanides relative to the parent rock has shown
that positive or negative cerium anomalies are characteristic of
the weathering environments (Middelburg et al., 1988; Braun
et al., 1998; Wood et al., 2006); negative Ce anomalies are synon-
ymous of oxidizing conditions (Brookins, 1989). Another lantha-
nide which presents anomalies in rocks, weathered materials or
in waters is europium. The configuration of the 4f electron shell al-
lows Ce and Eu to deviate from the general 3+ valency, the ele-
ments may develop anomalies due to reduction (Eu** — Eu®*) or
oxidation (Ce®* - Ce**) (Neal and Taylor, 1989). The first works
published on the behaviour of lanthanides in lateritic mantles of
the Central Africa zone are those of Braun et al. (1990, 1993,
1998), which have shown that positive Ce anomalies are observed
in the saprolite zone while the negative ones are perceptible in the

* Corresponding author. Tel.: +237 9954 37 74; fax: +237 2222 62 62.
E-mail address: Indjigui@yahoo.fr (P.-D. Ndjigui).

1464-343X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jafrearsci.2008.09.002

upper horizons. Boulangé and Colin (1994) have reported the
strong positive Ce anomalies along the lateritic bauxitic profile at
Passa Quatro (Brazil). Ndjigui et al. (2008) have shown that the po-
sitive Ce anomalies are observed along two lateritic profiles devel-
oped on serpentinites in the Lomié ultramafic complex (SE
Cameroon). No previous investigations have been carried out on
the presence of negative Ce anomalies in lateritic saprolite zone
of the tropical humid zone. The aim of this work is to document
and explain the presence of negative Ce anomalies in the saprolite
zone of both lateritic profiles.

2. Geographical and geological setting

The Mada region is located in the central part of the
Kongo-Nkamouna massif within the Lomié ultramafic complex,
South-East Cameroon (Fig. 1). The characteristic morphology of
this region is a lowland plateau whose altitude seldom goes above
720 m (Fig. 2). The total annual precipitation is about 1600 mm
(Suchel, 1987), thus, favorable for the development of a dense
evergreen forest which is strongly anthropogenized around the
villages (Letouzey, 1985). The basement rock is constituted by
serpentinites which are intrusive in micaschists and quartzites
(Seme Mouangué, 1998), and dated from the pan-African orogeny
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Fig. 1. Geological map of the Lomié region (from Seme Mouangué, 1998; modified by Toteu et al., 2006): 1. Chad; 2. C.A.R.; 3. Congo D.R.; 4. Gabon; 5. Equatorial Guinea; 6.
Atlantic Ocean; 7. Nigeria; 8. Yaoundé; 9. Lomié; 10. Dja Group; 11. metagabbros, tonalites and amphibolites; 12. micaschists and schists; 13. migmatitic gneiss and
micaschists; 14. undifferenciated archean Ntem unit; 15. serpentinized ultramafic rocks; 16. study area (Fig. 2. Kongo area); 17. Massins; 18. Zoulabot [; 19. Ngoila.

(610 Ma) (Toteu et al., 2006). The main soils are the red ferrallitic
soils on the hills and peneplains, and the hydromorphic soils in
the marshy valleys.

3. Material and methods

An unweathered serpentinite sample has been collected on an
outcrop near the studied pits (Fig. 2) together with seventeen sam-
ples of the weathered materials (seven in the east profile and ten in
the west profile). The terminology adopted for the description is
that of Tardy (1993). The serpentinite is a massive and greenish
rock, constituted by 90% of antigorite associated to magnetite
and magnesite (Table 1). Geochemically, SiO, and MgO contents
are high (38.99 wt.% SiO, and 39.70 wt.% MgO; SiO,/MgO~1),
while Fe (7.20 wt.% Fe,;03) and Al (1.00 wt.% Al,03) are equally
quite well represented (Table 2).

The two weathering profiles are located in the East and the
West of the Mada zone respectively (Fig. 2). The East Mada profile
is 14.4 m thick above the water table and is made up of four layers,
from bottom to top (Fig. 3):

a coarse saprolite (4.4 m), which is clayey, green and stratified.
This assemblage is dominated by magnetite, talc, smectites
and goethite (Table 1). This layer is mainly constituted by Si
(33.64wt.% Si0,), Fe (34.75wt.% Fe,03) and Al (7.93 wt.%
Al,03), with small amounts of Mg (2.66 wt.% Mg0), Ca
(0.63 wt.% Ca0), Mn (0.42 wt.% MnO) and Ti (0.06 wt.%) (Table
2). In the clayey green material, the mineral assemblage and
SiO,, Fe,05; and Al,05 contents are the same to those of the
whole fraction (Tables 1 and 2). Meanwhile, MnO, MgO and
CaO contents decrease (Table 2);

a fine saprolite (4 m); it is clayey, loose, red and strewn by
numerous plates. This assemblage is constituted by goethite,
magnetite, talc, kaolinite and smectites, and small amounts of
lithiophorite, quartz and maghemite (Table 1). Al,03, Fe;03,
MnO and TiO, contents increase, whereas those of SiO, and
MgO decrease (Table 2);

a nodular horizon (3 m) composed of goethitic and hematitic
brown nodules, embedded into a red loose matrix. The mineral
assemblage of this matrix is dominated by goethite, hematite,
kaolinite and gibbsite (Table 1). Fe, Al and Si are the most abun-
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Fig. 2. Sketch of geological and topographic map of Kongo area and location of the studied pits: 1. marshes; 2. roads; 3. contour line; 4. rivers; 5. Mada region; 6. Edje river; 7.
Mada river; 8. Kongo-Nkamouna ultramafic massif (serpentinites); 9. Surrounding rocks (micaschists and quartzites); 10. West Mada weathering profile; 11. East Mada

weathering profile; 12. serpentinite outcrop.

dant elements both in the nodules (50.27 wt.% Fe,0s3, 17.87 wt.%
Al;03, 15.43 wt.% SiO;) and in the matrix (36.27 wt.% Fe,05,
23.39 wt.% Al,03, 23.70 wt.% SiO,). Accessory, the matrix is com-
posed of 1.42 wt.% TiO,, 0.14 wt.% MnO, 0.06 wt.% P,0s and
0.05 wt.% MgO (Table 2);

- ared loose clayey horizon (3 m), mineralogically and geochem-
ically similar to underlying matrix (Tables 1 and 2). Accessory
TiO, and P,05 contents increase.

The second profile is 21 m thick above the water table and can
be divided, from bottom to top, into five layers (Fig. 4):

- acoarse saprolite (6 m); it is dark red, sandy to clayey, and loose.
The bottom is dominated by a red material strewn by millimet-
ric layers (Fig. 4). The mineral assemblage is constituted by goe-
thite, maghemite, hematite, magnetite, kaolinite, quartz and talc

(Table 1). The bottom is mainly constituted by Fe (55.93 wt.%
Fe,03), Si (15.27 wt.% SiO,) and Al (14.13 wt.% Al;03). Accessory
elements include 0.94 wt.% MnO, 0.65 wt.% MgO, 0.52 wt.% TiO,
and 0.07 wt.% P,0s (Table 2). The upper part is constituted by
variegated millimetric layers. The mineral assemblage and the
chemical composition are similar to those of the bottom (Tables
1 and 2); except the slight increase of MgO contents (Table 2);
a fine saprolite (2.25 m) predominantly yellow and patched. The
mineral assemblage is similar to that obtained in the coarse sap-
rolite (Table 1). It is mainly dominated by Fe (51.49 wt.% Fe,03),
SiO,, Fe;03, MgO, MnO and P,0s contents decrease, whereas
those of Al;03 and TiO, increase (Table 2);

a nodular horizon (3.75 m) constituted of nodules with are
welded together by a loose matrix. Nodules are black or brown,
goethitic, hematitic and slightly kaolinitic. Fe is the most abun-
dant element (62.26 wt.% Fe,03 in the black nodules, 64.31 wt.%



Table 1

Mineralogical composition of serpentinites and the weathered materials.

Parent East Mada weathered materials West Mada weathered materials
LoeK Coarse saprolite Fine saprolite Nodular horizon  Loose clayey Coarse saprolite  Fine Nodular horizon Iron duricrust Loose clayey
horizon saprolite horizon horizon
Whole Green Bottom Top Matrix nodules Bottom Top Matrix Black Brown Matrix Iron Bottom Top
fraction Material nodules nodules duricrust
Depth (m) - -12.8 -12.8 -10.5 -7.0 —4.5 -4.5 -0.5 -19.5 -15.5 -135 -11.0 -11.0 -11.0 -7.5 -7.5 -5.5 -0.5
Code NA2 MD17 MD11 MD16 MD13 MD14 MD15 MD12 MD21 MD29 MD25 MD26 MD22 MD20 MD27 MD23 MD28 MD24
Minerals
Antigorite +++ - - - - - - - - - - - - - - -
magnesite € - - - - - - - - - - - - - - - - -
Magnetite + +++ ++ ++ — — — — + + — — — — — — — —
Maghemite = = = = + + = + ++ = + + + = + = + +
Goethite = ++ +++ ++ + ++ ++ ++ ++ +++ ++ ++ +++ +++ ++ ++ ++ ++
Hematite = = = = ++ ++ +++ ++ + + + + +++ +++ ++ +++ +++ +++
Kaolinite = = = + ++ ++ + ++ + + ++ ++ ++ ++ ++ ++ ++ ++
Gibbsite - - = = ++ ++ — + — _ _ + _ _ + _ + +
Talc — +++ ++ + — — — — + + + — — £ — — —
Smectites — ++ +++ + - = = — — — — — _ _
Lithiophorite — - - + = = = = — — _ _ _ _ _ _ _
Quartz = + + + + + ++ + + + + + + + + ++ ++
Anatase - - - - - + - - - - - - - - - - - -
+++: very abundant; ++: abundant; +: poorly represented; €: trace; —: non identified.
Table 2
Major elements contents (in wt.%) in the serpentinites and in the weathered materials.
Code D.L Parent  East Mada weathered materials West Mada weathered materials
el Coarse saprolite Fine saprolite Nodular horizon Loose clayey  Coarse saprolite Fine Nodular horizon Iron duricrust Loose clayey
horizon saprolite horizon horizon
Whole Green Bottom  Top Matrix Nodules Bottom Top Matrix ~ Black Brown Matrix  Iron Bottom  Top
fraction material nodules nodules duricrsut
- NA2 MD17 MD11 MD16 MD13  MD14 MD15 MD12 MD21 MD29 MD25 MD26 MD22 MD20 MD27 MD23 MD28 MD24
wt%
Si0, 0.01 38.99 33.64 33.09 25.43 12.54 23.70 15.43 22.52 15.27 17.02 15.86 20.60 8.52 8.52 23.08 16.60 22.14 23.25
Al,04 0.01 1.00 7.93 7.65 9.45 16.16 23.39 17.87 22.88 14.13 13.66 15.99 18.47 12.58 12.60 21.78 13.75 22.78 22.36
Fe,0;  0.01 7.20 34.75 35.47 43.32 53.39 36.27 50.27 36.90 55.93 54.94 51.49 45.64 62.26 64.31 39.10 49.34 38.73 37.03
MnO 0.01 0.16 0.42 0.05 0.18 2.02 0.14 0.19 0.11 0.94 0.88 0.88 0.85 3.45 0.63 0.24 0.06 0.22 0.27
MgO 0.01 39.70 2.66 1.70 1.27 <dl 0.05 <dl 0.25 0.65 1.11 0.79 0.52 0.02 <dl 0.45 <dl 0.22 0.37
Cao 0.01 0.01 0.63 0.10 0.09 <dl 0.01 <dl 0.01 0.01 0.02 <dl <dl <dl <dl 0.01 <dl 0.01 <dl
Na,O0 0.01 <dl <dl <dl <dl <dl 0.02 0.03 <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl
K,0 0.01 <dl <dl <dl <dl 0.03 0.06 0.05 0.07 0.02 <dl 0.02 0.03 <dl <dl 0.05 0.01 0.06 0.06
TiO, 0.01 0.04 0.06 0.08 0.09 0.41 1.42 0.85 1.51 0.52 0.31 0.44 0.79 0.27 0.19 1.20 0.78 1.36 1.43
P,0s 0.01 <dl 0.01 <dl 0.01 0.04 0.10 0.15 0.14 0.07 0.03 0.05 0.05 0.04 0.03 0.08 0.08 0.08 0.12
LOI 0.05 12.54 18.07 19.26 16.87 13.46 13.67 13.35 14.56 10.36 10.99 12.38 11.98 11.42 11.82 12.95 16.33 13.13 14.11
Total - 99.64 98.17 97.40 96.71 98.05 98.83 98.19 98.95 97.90 98.96 97.90 98.93 98.56 98.10 98.94 96.95 98.73 99.00

dl: detection limit.
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Fig. 3. Macroscopic organization of the East Mada weathering profile: 1. coarse
saprolite; 2. fine saprolite; 3. nodular horizon; 4. loose clayey horizon; 5. water
table; 6. depth (m); 7. location samples; 8. vegetation.

Fe,03 in the brown nodules). The black nodules are more man-
ganesiferous than the brown ones (Table 1). The loose matrix is
red with a similar mineral assemblage to that of the fine sapro-
lite (Table 2). SiO,, Al,03 and TiO, contents increase, whereas
those of Fe,03, MnO, P,0s and MgO decrease (Table 2);

- an iron duricrust horizon (3 m) constituted by blocks of iron
duricrust that are embedded in the loose matrix. The duricrust
blocks are mainly pisolitic with the same mineral assemblage
as that of brown nodules (Table 1). They are more aluminous
and twice siliceous as the previous nodules (Table 2). The loose
matrix is dark red and constituted by hematite, goethite, kaolin-
ite, quartz, gibbsite, maghemite, with talc traces (Table 1). This
matrix is more aluminous and siliceous than the previous duri-
crust blocks (Table 2);

- a loose clayey horizon (6 m), dark red, mainly constituted by
hematite, goethite, kaolinite and quartz (Table 1). Fe, Si and Al
are the most abundant elements from 37 to 38 wt.% Fe,03, from
22 to 23 wt.% SiO,, 22 wt.% Al,03). Accessory elements include
1.43 wt.% TiO,, 0.37 wt.% MgO and 0.12 wt.% P,0s (Table 2).

The lanthanide analyses have been done in the Geoscience Lab-
oratories at Sudbury (Canada). The powders have been previously
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Fig. 4. Macroscopic organization of the West Mada weathering profile: 1. coarse
saprolite; 2. yellow plate with black patches; 3. yellow plate; 4. red material; 5.
black plate; 6. fine saprolite; 7. nodular horizon; 8. iron duricrust horizon; 9. loose
clayey horizon; 10. water table; 11. depth (m); 12. location samples; 13. vegetation.

rusted then mixed with lithium tetraborate before being submitted
for analyses in an ICP-MS instrument, type Perkin-Elmer Elan
9000. The IM-101 ICP-MS is a lithogeochemical package that fo-
cuses on the REE, LILE, and HSFE in which the trace elements are
calibrated against solutions made up from single or multi-elemen-
tal solution standards. The instrumental precision of almost all lan-
thanides was above 5% (20¢) for either all or 5 of the 6 compiled
solutions where the elements were above the limit of quantifica-
tion (LLoQ). Where the concentrations approached the LLoQ (e.g.,
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La and Pr in the trace-element poor basalt standard BIR-1, or Eu in
the rhyolite standard RGM-1), the error increased to between 5 and
8.5% (Burnham and Schweyer, 2004).

4. Results
4.1. Behaviour of lanthanides in the serpentinites

The Mada serpentinites are poor in lanthanides (ZREE =
1.328 ppm). The light REE are more abundant than the heavy REE
(LREE/HREE = 1.95). The normalization of the lanthanides has been
done with respect to the chondrite values according to McDonough
and Sun (1995); it indicates a platitude in the values with a strong
negative Eu anomaly (Fig. 5). The ([Ce/Ce’]) ratio value is very close
to 1(0.984).

4.2. Distribution of lanthanides in the weathered materials

The total lanthanide contents increase strongly from the parent
rock (serpentinites) to the weathered materials (Table 3).

In the East Mada profile, apart from cerium and to a lesser ex-
tent ytterbium, the lanthanide contents are highest at the base of
the profile and then decrease from the coarse saprolite towards
the clayey surface horizon (Table 3). The concentrations of cerium
are less than 10 ppm in the whole fraction sample of the coarse
saprolite, in the clayey green material (coarse saprolite) and at
the base of the fine saprolite. The elements whose concentrations
are high (>50 ppm) in some weathered materials are La, Ce and
Nd. Europium contents are less than 5 ppm (Table 3). In the West
Mada profile, the cerium contents are selectively high ([Ce] ranging
from 18.12 to 687.91 ppm) in the nodular horizon (black nodules
and matrix).

In the East Mada profile, the total lanthanide contents are high-
est (>270 ppm) in the saprolite, then decrease progressively to-
wards the top of the profile. The (LREE/HREE) ratio values are
below 3, low values are those of the coarse saprolite and the fine
saprolite. They are more than at least tripled for the rest of the pro-
file (Table 3). The (XREE/Ce) ratio values are highest in the sapro-
lite (29.60-218.10) and range between 1 and 2 in the rest of the
profile (Table 3). Meanwhile, in the West Mada profile, the total
lanthanide contents are highest in the black nodules
(742.18 ppm), and are lowest in the top of the clayey surface soil
(74.32 ppm). The (LREE/HREE) ratio values range between 3.76
and 44.37, the highest values are those of the nodular horizon
and the lowest values are observed in the fine saprolite of both
profiles (Table 3). The laterites of the Mada region are enriched
in light lanthanides. The (XREE/Ce) ratio show high values (ranging
from 1.07 to 6.70); these values are instead low with respect to
those of East Mada weathering profile confirming that the materi-
als of the West Mada mantle are more enriched in cerium (Table 3).

Serpentinite/chondrites

0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 5. REE chondrite pattern for the serpentinites. Chondrite normalization
according to McDonough and Sun (1995).

4.3. Normalization and fractionation of lanthanides

The lanthanide contents have been normalized with respect to
the parent rock (serpentinites). The spectra of weathered materials
of the East Mada profile are divided into two sub-groups: the first
sub-group is constituted by materials of the saprolite which pres-
ent important cerium descending peaks (Fig. 6). This category of
materials shows spectra that are further away from the serpenti-
nites. They include the elements from praseodymium to lutetium.
The nature of these spectra is clear evidence of a strong enrichment
in those elements (Fig. 6, Table 3).

The second sub-group, on the contrary, presents an evolution-
ary trend which is opposed to that of the previous one. This group
is marked by cerium ascending peaks and ratios which are closer to
the serpentinites including elements from praseodymium to lute-
tium (Fig. 6). This relationship therefore indicates depletion in
those lanthanides from the upper part of the fine saprolite to the
clayey surface soil (Fig. 6).

The ([Ce/Ce"]) ratio values are far less than 1 (ranging from
0.006 to 0.060) in the whole fraction of the coarse saprolite, in
the green clayey material of the same horizon and at the base of
the fine saprolite. Values between 1 and 3 are observed from the
upper part of the fine saprolite to the clayey surface soil (Table 3).

In the weathered materials of the West Mada profile, the nor-
malized lanthanide patterns are grouped and indicate a constancy
of values from gadolinium to lutetium (Fig. 7). Two categories of
the Ce anomalies have been identified: negative anomalies in the
saprolite and positive ones in the rest of the profile (Fig. 7). Those
spectra also show very intense Ce peaks. The ([Ce/Ce’]) ratio values
confirm the presence of negative Ce anomalies with ([Ce/Ce’] rang-
ing from 0.27 to 0.68) in the saprolite and positive ones in the rest
of weathering profile ([Ce/Ce’] varying between 1.26 to 23.96) in
the rest of the weathering profile. The ([Eu/Eu’]) ratio values oscil-
late between 2.11 and 2.41 (Table 3), they indicate positive Eu
anomalies.

4.4. (La/Yb)y fractionation

The (La/Yb)y ratio values also indicate lanthanide fractionation
in the weathered materials. In both weathering profiles, the (La/
Yb)y ratio values reveal a more important lanthanide real enrich-
ment in the saprolite zone (Table 3). The (La/Yb)y ratio values
are higher in the East Mada profile than in the West Mada profile.
In the East Mada profile, these values range from 3.96 to 11.32.
Meanwhile, the highest value is observed in the clayey green mate-
rial and the lowest one in the fine saprolite (Table 3). In the West
Mada profile, the values vary between 2.6 to 7.63. The highest va-
lue is noted in the upper part of the coarse saprolite and the lowest
one in the brown nodules from the nodular horizon (Table 3).

4.5. Mass balance evaluation of lanthanides

The mass balance evaluation permits to assess the distribution
of elements during weathering processes by an estimation of losses
and gains. Here, the volume estimation has not been done due to
the large thickness of nodular horizons (~7 m). The immobile-ele-
ment approach, which has been successfully applied by several
authors on weathered materials (Braun and Pagel, 1994; Moroni
et al.,, 2001; Ndjigui et al., 2008), has been chosen. As in Cornu
etal. (1999), TiO, was selected as the reference immobile index be-
cause the concentrations of Zr and Th are below the detection limit
in the parent rock (4 ppm for Zr and 0.06 ppm for Th). The TiO,
contents are low in the parent rock and in the several weathered
materials. The following equation has been applied:

%change = [(Xawm/TiOum)/(Xpr/TiO2pr) — 1] x 100,



Table 3

Lanthanide contents (in ppm) in the serpentinites and the weathered materials.

Code D.L Parent East Mada weathered materials West Mada weathered materials
oSk Coarse saprolite Fine saprolite Nodular horizon Loose clayey Coarse saprolite Fine Nodular horizon Iron duricrust Loose clayey
horizon saprolite horizon horizon
Whole Green Bottom  Top Matrix Nodules Bottom  Top Matrix Black Brown Matrix Iron Bottom  Top
fraction material nodules  nodules duricrust
- NA2 MD17 MD11 MD16 MD13 MD14 MD15 MD12 MD21 MD29 MD25 MD26 MD22 MD20 MD27 MD23 MD28 MD24
La 0.020 0.140 81.400 90.650 51.95 17.600 27.360 14.660 9.360 25.720 31.950 18.440 15.760 12.630 8.250 19.950 11.450 19.640 8.420
Ce 0.070 0.340 3.4400 1.240 7.760 205.88 84.320 95.280 54.95 24.180 18.120 29.320 380.670 687.91 199.04 102.140 32.920 115420 43.550
Pr 0.006 0.050 22.749 23.938 18.518 5.152 6.392 3.467 2.241 6.426 8.718 6.086 4.396 3.953 3.051 5.228 3.606 4.875 2.158
Nd 0.030 0.270 88.210 91.400 73.730 20.270 23.500 13.210 8.340 25.430 33.74 24.950 17.040 15.71 12.760 20.310 14.800 18.850 8.310
Sm 0.010 0.070 19.160 18.110 19.100 5.280 4.680 2.940 1.920 5.140 6.900 6.480 4.020 4.640 3.710 4.500 3.720 3.950 1.970
Eu 0.005 0.008 3.980 3.734 4117 1.096 0.989 0.620 0.424 1.069 1.385 1.344 0.870 0.976 0.815 0.928 0.804 0.829 0.415
Gd 0.009 0.087 15.142 14.631 14.311 3.853 3.881 2312 1.602 4.830 5.957 5.418 3.383 3.721 2.942 3.968 3.444 3.483 1.778
Tb 0.003 0.015 2.461 2.138 2.566 0.719 0.631 0.420 0.307 0.746 0.916 0.976 0.635 0.799 0.574 0.709 0.637 0.605 0.349
Dy 0.008 0.112 14.505 12.191 15.334 4212 3.963 2.660 2.106 4.627 5.510 6.176 3.919 4.479 3.361 4.583 4.081 3.894 2.573
Ho 0.003 0.023 2.600 2227 2.658 0.777 0.793 0.509 0.453 0.913 1.061 1.214 0.761 0.842 0.625 0.941 0.832 0.819 0.544
Er 0.008 0.083 7.301 6.146 7.694 2.331 2421 1.591 1.417 2.632 3.080 3.748 2.298 2.581 1.888 2.832 2.461 2.506 1.794
Tm 0.003 0.015 1.100 0.889 1.263 0.358 0.359 0.249 0.224 0.394 0.454 0.606 0.362 0.436 0.310 0.441 0.378 0.382 0.373
Yb 0.010 0.100 7.340 5.730 9.370 2.570 2.450 1.740 1.660 2.580 2.990 4.280 2.550 3.060 2.270 3.010 2.560 2.650 1.900
Lu 0.003 0.015 1.049 0.837 1.340 0.361 0372 0.273 0.256 0.387 0.438 0.631 0.379 0.441 0.323 0.452 0.371 0.393 0.291
>REE - 1.328  270.437 273.861 229.711 270459 162.111 139.931 85.26 105.074 121.219 109.669 437.043 742.178 239.919 169.992 82.064 178.296  74.325
YLREE - 0.878  218.939 229.072 175.175 255.278 147.241 130.177 77.235 87.965 100.813 86.62 422756 725.819 227.626 153.056 67.3 163.564 64.823
>HREE - 0.450 51.498 44.789 54.546 15.181 14.87 9.754 8.025 17.109 20.406 23.049 14.287 16.359 12.293 16.936 14.764 14.732 9.502
[ZREE/Ce] - 3.900 78.600 218.100 29.600 1.310 1.920 1.470 1.550 4.320 6.700 3.740 1.150 1.070 1.200 1.670 2.490 1.540 1.710
a - 1.950 4.250 5.110 3.210 16.820 9.900 13.350 9.620 5.140 4,940 3.760 29.590 44370 18.520 9.040 4.560 11.100 6.820
b - 0950 - - - - - - - - - - - - - - - - -
c - 7.920 11.320 3.960 4.890 7.980 6.020 4.030 7.120 7.630 3.080 4.410 2.950 2.600 4.730 3.190 5.300 3.160
[Ce/Ce']1 - 0984 - - - - - - - - - - - - - - 1.260 2.900 2.490
[Ce/Ce’]2 - - 0.020 0.006 0.060 1.730 1.570 3.290 2.950 0.460 0.270 0.680 11.250 23.960 9.760 2.460 1.260 2.900 2.490
[Eu/Eu]l - 0313 - = = = = = = = = = = = = = = = =
[Eu/Eu’]2 - - 2.280 2.240 2430 2370 2.260 2.320 2.360 2.090 2.110 2210 2.300 2.290 2.410 2.140 2.190 2.180 2.160

dl: detection limit.
a = ~LREE/ZHREE.
b= (La/Yb)N = (Laserpentinite/Lachondrites)/(Ybserpentinite/chhondrites)~
c= (La/Yb)N = (Lasoi] sample/LasErpentinite)/(Ybsoi] sample/Ybserpentinite)-
[Ce/ce‘]] = (Ceserpentinite)/cechondrites)/[(Laserpentinite/]-achondrites)1/2(Prserpentinite/Prchondrites)1/z]-
[Ce/Ce']Z = (Cesoil sample)/ceserpeminite)/[(Lasoil samp]e/Laserpentinite)1 2(prsoi] san]ple/Prsel'pentinite)1/2]~
[EU/EU*]] = (Euserpentinita)/Euchondri[es)/[(Euserpentinite/Euchondrites)1 2(Prserpennnite/Prchondrites)1 2]-
[EU/EU‘] 2= (Eusoil sample)/Euserpentinite)/[(Eusoll sample/Euserpentinite)llz(Prsoil sample/Prserpentinite)l/z]-
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Fig. 6. REE parent rock normalized patterns for the East Mada weathered materials. See Table 1 for acronyms.

where Xa,m and Xap, are the concentrations of the element in the
weathered material and in the parent rock, and TiOzwm and TiO,p,
are the TiO, concentrations in the weathered materials and in the
parent rock, respectively.

All lanthanides, except cerium, have been highly accumulated
in the saprolite zone of both profiles. This accumulation is more
significant in the East Mada profile than in the West Mada profile
(Table 4). Cerium is the best lanthanide accumulated in the upper
part of both profiles; this accumulation has been particularly
strong in the nodules of the West Mada profile.

In the nodular horizon of the East Mada profile, all light REE and
some heavy REE (Gd, Tb and Dy) have been slightly accumulated.
Heavy REE have equally been slightly depleted in the same mate-
rials. In the clayey surface soil, only La, Ce, Pr and Eu have been
accumulated. The other lanthanides have been moderately de-
pleted (Table 4).

In the upper part of the West Mada profile, all lanthanides have
been accumulated in both nodular horizons. At the bottom of
clayey surface soil, the depletion concerns some heavy lanthanides
like Er, Tm, Yb and Lu. At the top, the behaviour of lanthanides is
similar to that of the clayey surface soil of East Mada profile (Table
4).

5. Discussion

The serpentinites are very poor in lanthanides; those low lan-
thanide concentrations might be attributed to hydrothermal pro-
cesses that would have generated original lanthanide poor rocks
which are selectively enriched in light lanthanides (Seme Mouan-
gué, 1998; Allen and Seyfried, 2005). The presence of negative Eu
anomaly indicates a strong lanthanide fractionation relative to
the chondrites.

The total lanthanide contents increase intensively from the par-
ent rock to the weathered materials. The concentration and distri-
bution of lanthanides in the weathered materials are dependent on
several petrogenetic processes, including fractionation into min-
eral phases, oxidation or reduction, and redistribution during
weathering processes. The XRD has enabled the identification of
only mineral phases that are sufficiently abundant (4-5%). So,
although one observes no minor phases such as apatite or mona-
zite in the XRD diagrams. The high lanthanide contents in the
weathered materials, which agree with the small contents of
MnO, and P,0s, could be indicative of the secondary lanthanide
minerals such as monazite or apatite in these laterites (Braun
et al., 1993; Dequincey et al., 2006). The (LREE/HREE) ratio reveals
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Fig. 7. REE parent rock normalized patterns for the West Mada weathered materials. See Table 1 for acronyms.



Mass balance evaluation (in%) of lanthanides.

Table 4

West Mada weathered materials

East Mada weathered materials

Code

Loose clayey

horizon

Iron duricrust horizon

Coarse saprolite Fine Nodular horizon

Loose clayey

horizon

Fine saprolite Nodular horizon

Coarse saprolite

saprolite

Top

Brown Matrix Iron duricrust Bottom

Black

Matrix

Top

Bottom

Nodules

Matrix

Top

Green Bottom

Whole

nodules
MD20

nodules
MD22

material
MD11

fraction
MD17

MD24

MD28

MD23

MD27

MD29 MD25 MD26

MD21

MD13 MD14 MD15 MD12

MD16

68.23
258.29

312.61

1097.40 469.98 1236.51 1140.60  375.00 319.41
5568.95  29874.29 12224.46

2844.70

1313.19

7711
328.13

32275.00 16392.06 1126.48 450.50 392.77
5807.60 1218.75

38661.90

La

898.44

396.53

901.37

683.96
1006.55

587.67
2149.81

447.06

598.59

914.38
16360.44

82.35
23838.00

574.51
30232.00

Ce
Pr
Nd
Sm

Eu

20.73
-13.91
—21.28

186.76

1071.26 1184.63  248.53 269.85

345.16

888.62

18.73
-18.18

260.11 226.31

905.27

105.34

1512.43 740.07 219.55 762.00 894.93 150.74 181.10
1015.79
2044.74

1171.89
2133.87

624.50

145.17 130.24

16825.93 12036.63 632.43

21680.25

65.97
204.78

741.56 190.78 882.01 114.29 172.53
1707.41

1427.27

464.84

-27.34

97.65
264.71

12026.98 635.89 88.33
1236.59 248.24

12835.71

18147.62

45.10
—42.83
—34.92

415.38

286.67

450.63

927.88

40.40
-51.22

—45.78

23237.50  22772.22

33066.67
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17.75
18.63
2.26

4.73
-11.20
-25.10

103.01

52.03
57.56
36.40
36.38

783.50 466.14 96.89 533.63 611.92
114.35

327.06

25.06
31.76

25.66
18.50
-0.33
-2.88
-17.83
—32.58

332.07

7210.86
7502.96

11503.07 8308.62

Gd
Tb

117.78

705.61

689.14

687.96 491.52

282.56

367.64

7026.67
5342.41

10837.78

—35.74

86.86
85.51

534.79 401.30 77.17 492.46 531.77
495.23

217.79

-50.19
—47.83

11.76
414
-9.79
-21.88

-18.12
-14.35

266.90

5984.92
5036.23

8533.93
7436.23

Dy

<
€3
)
7

472.08

442.35

67.53
40.19

379.84

205.35

229.59

4741.30

Ho

—39.54
-30.44
—46.85
—45.73

52.05

29.23
31.28

13.73
-2.00

378.88

360.69

378.82 310.51

143.93

—54.78

5764.26 3602.41 4019.95 173.99
3642.22

4788.89

Er

Tm

290.54 267.27 22.19 330.62 335.09
285.81

102.05

—60.44

—56.03
-54.79

132.85

2863.33

—22.06
—22.94

0.33

29.11 353.33 377.89

289.09

98.46
98.46

150.73 —30.99
-30.14

4064.44
3870.37

2765.00

4793.33

0.44 26.84

353.33

335.56

27.93

282.42

276.77

134.80

4562.22 2690.00

Lu

that the remobilization of light REE is more important than that of
heavy lanthanides.

The (XREE/Ce) ratio values are high in the East Mada saprolite
(varying between 29.60 and 218.10) and range between 1 and 2
in the rest of the same profile. The (XREE/Ce) ratio shows high val-
ues (varying between 1.07 and 6.70) in the West Mada profile. The
high values of this ratio, synonymous of low cerium contents,
could be due to the presence of Ce3* in the saprolite zone. This is
confirmed by the presence of relic primary minerals and secondary
clayey phases. The high Ce contents (up to 700 ppm) in the upper
part of profiles (nodular horizons, upper boundary of saprolite
zone) confirms the high immobility of Ce*" in this environment;
cerium could be undergoing oxidation to cerianite (CeO;) at the
upper boundary of saprolite (Braun et al., 1990; Brown et al., 2003).

Braun et al. (1990, 1998) have shown that in laterites developed
on syenite and on gneisses in the South Cameroon, the positive Ce
anomalies are observed in the saprolite zone, where Ce*" might be
more stable than Ce**. Similar Ce anomalies have been observed
around the world with the same significance (Banfield and Eggle-
ton, 1989; Marsh, 1991; Huang and Gong, 2001). This point of view
is reversed in the upper part of the profile characterized by nega-
tive Ce anomalies. The negative Ce anomalies ([Ce/Ce’] varying be-
tween 0.2 and 0.8) have been reported in the upper part of the
Kaya lateritic toposequence in Burkina Faso, developed from the
Birrimian grano-diorite stable basement under dry climate
(Dequincey et al., 2006). The negative Ce anomalies appear in the
altered exfoliation flakes and positive Ce anomalies in the red
clayey soil of the weathered Karoo dolerite in the Republic of South
Africa (Marsh, 1991). Ndjigui et al. (2008) have documented that
Ce anomalies are strongly positive in the two weathering profiles
developed on serpentinites in the Lomié ultramafic complex (Kon-
go-Nkamouna and Mang North massifs). In these profiles, the
strong positive Ce anomalies are observed in the nodules from low-
er nodular horizon where total lanthanide contents are also high
(721.969 ppm). In Mada lateritic profiles, negative Ce anomalies
are observed when lanthanide contents are moderated (XREE
varying between 100 and 230 ppm); and positive in the upper part
when lanthanide contents are variable (XREE varying between
74.325 and 742.178 ppm). Cerium anomalies depend on the nature
and proportion of relic primary minerals and of secondary clays
and Fe-oxyhydroxides that control the distribution and remobiliza-
tion of elements (Wood et al., 2006; Dequincey et al., 2006). The
occurrence of negative Ce anomalies in the saprolite zone might
be related either to the mineralogy of the material marked by
the presence of relic primary mineral (magnetite) and smectites
(East Mada profile), or to the extreme oxidizing conditions. The
cerium could have been fixed in the intracellular crystals of mag-
netite (Johnson et al., 2003). Those oxidizing conditions might have
been amplified by the high (MgO contents ranging from 1.27 to
2.66 wt%), as well as the (SiO, contents ranging from 25.43 to
33.64 wt%); elements contents and mineral abundances control
lanthanide abundances (Banfield and Eggleton, 1989; Braun
et al., 1990). The negative Ce anomalies point out that the soluble
Ce** might also be stable at the base of the saprolite zone. The oxi-
dation of the soluble Ce3" to the insoluble Ce** might be proceeding
at the top of the saprolite. The bottom of the saprolite may there-
fore constitute an oxidizing zone (Braun et al., 1993). The negative
Ce anomalies might have resulted probably from the influence of
the water table whose oscillations often attain the bottom of the
saprolite zone marked by high water contents of the materials in
this lower zone of the profile or cerium could be incorporated in
primary minerals rich in lanthanides like monazite (Braun et al.,
1993; Braun and Pagel, 1994) particularly cerium orthophosphate
(CeP0O4) according to Et-Tabirou and Daoudi (1980) or apatite (Ban-
field and Eggleton, 1989). The lowest cerium concentrations are
observed in the materials that show the maximum water contents
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(Table 2), concomitantly to high MgO contents and low Fe,03 con-
tents (East Mada profile). Those conditions might therefore favor a
quick oxidation of Ce>* to Ce** (Leybourne et al., 2000).

The high MnO contents are correlated to those of lanthanides
(up to 700 ppm) in the black nodules (nodular horizon of West
Mada profile). The experimental results (Ohta and Kawabe,
2001) indicate that Mn*" is reduced to Mn?" on §-MnO, surface
by the proton transfer between Ce3* and 8-MnO, and/or that
part of dissolved Mn?* is absorbed on §-MnO, or CeO, again.
Here, it could be possible to believe that cerium has incorpo-
rated the intracellular crystals of lithiophorite in the upper part
of profiles.

(La/Yb)y ratio is high in some materials of the saprolite zone of
both profiles. These values characterize the low degree of light lan-
thanide fractionation (Dequincey et al., 2006). In the upper part of
profiles, the (La/Yb)y ratio is low in several materials. This indi-
cates the high degree of light lanthanide fractionation.

The mass balance evaluation has shown that all lanthanides,
except cerium, have been highly accumulated in the saprolite
zone where Ce anomalies are negative. In the upper part of both
profiles, the depletion of lanthanides concerns only the clayey
surface soil. From the top of the fine saprolite to the clayey sur-
face soil, cerium anomalies are positive where the accumulation
of Ce has been very important. The secondary remobilization of
Ce is very high in the upper part of both profiles. The presence
of positive Ce anomalies might be attributed either to the high
Ce contents or to its strong accumulation (Dequincey et al.,
2006), or the net accumulation of lanthanum and praseodymium.
The presence of negative Ce anomalies could be due to the break-
down of primary phases (magnetite) or of secondary clay miner-
als in the saprolite.

6. Conclusions
We can draw four major conclusions from this study.

(1) The laterites show high lanthanide concentrations relative to
the parent rock. The total lanthanide contents range from
74.32 to 742.18 ppm. Among the lanthanides, only cerium
presents low concentrations (<10 ppm) in the saprolite of
the East Mada profile and very high contents (687.91 ppm)
in the nodular material (black nodules) of the West Mada
profile. The other lanthanides show maximum concentra-
tions at the bottom of the saprolite, which decrease to the
clayey surface soil. The (XREE/Ce) ratio values are high in
the East Mada saprolite ~REE/Ce ranging from 29.60 to
218.10 than the other weathered materials of both profiles
¥REE/Ce ranging from 1 to 6.

(2) The normalized lanthanides with respect to the parent rock
reveal negative Ce anomalies at the base of the saprolite
zone and instead positive Ce anomalies in the rest of the pro-
file. The soluble Ce®* is more stable than the insoluble Ce*" at
the base of the saprolite zone; this part constitutes an oxi-
dizing environment. The normalized data with respect to
the parent rock also reveal positive Eu anomalies in all the
weathered materials which agree with a low degree of lan-
thanide fractionation.

(3) All lanthanides, except Ce, have been highly accumulated in
the saprolite zone. In the upper part of both profiles, only some
light REE (Nd,Sm) and all heavy REE have been moderately
depleted. Cerium has been exceedingly accumulated in the
upper part of profiles where cerium anomalies are positive.

(4) The presence of negative Ce anomalies in the saprolite zone
depends also to that of relic primary minerals, secondary
clay phases and Fe-oxyhydroxides.
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The behaviour of PGE in a rainforest ecosystem were investigated in four lateritic profiles (Nkamouna,
Napene, West and East Mada) developed on serpentinites in the Kongo-Nkamouna massif (Lomié region,
South-East Cameroon). In serpentinites, the total PGE content attains 22 ppb whilst it ranges between 26 and
200 ppb in the weathering blanket. Amongst the analyzed elements (platinum, iridium, ruthenium, rhodium,
palladium), platinum and ruthenium contents are high in the saprolite zone and in the hardened materials of
some weathering profiles (40-66 ppb for platinum, 50-71 ppb for ruthenium). Apart from the hardened
materials, the total PGE content decreases from the coarse saprolite towards the clayey surface soil. The
Weathering Fe,05-PGE diagram indicates a relatively similar behaviour in these iron-rich samples. The Pt-Ir, Pt-Pd, Pt-
Laterites Ru, Pt-Rh diagrams portray positive correlations between platinum and other PGE. This fact is supported by
PGE the positive correlation noticed between IPGE and PPGE. The Pt/Ir, Pt/Pd, Pt/Ru and Pt/Rh values indicate that
Mobilization iridium, palladium, ruthenium and rhodium are more mobile than platinum. These data confirm the mobility
of PGE in laterites and the positive correlation reveals that PGE might be accommodated in the interfaces of
iron oxides. The mass balance assessment shows that PGE are strongly leached from the Kongo-Nkamouna
weathering blanket except in the coarse saprolite of the Nkamouna profile.
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1. Introduction

Much work has been dedicated to the study of the geochemical
behaviour of PGE in laterites (e.g., Bowles et al., 1994; Traoré et al.,
2006; Cornelius et al., 2008; Ndjigui, 2008; Ndjigui et al., 2008).
According to these authors, platinum-group elements have almost the
same behaviour despite their slight content variations in laterites.
Several studies have been focused on the platinum-group minerals
(PGM) in laterites (e.g., Bowles, 1995; Salpéteur et al., 1995; Cabral
and Lehmann, 2002; Traoré et al., 2006) and in alluvium (Bowles et al.,
1994; Cabral et al., 2009). Platinum-group minerals recovered from
alluvial and eluvial deposits have had different explanations, varying
from a primary origin to supergene crystallization (Cabral et al.,
2008). In fresh rocks, platinum-group minerals (PGM) mostly are
~10um in diameter, and are commonly Te-, Sn-, and As-bearing,
including moncheite (PtTe,), atokite (PdsSn), kotulskite (PdTe),
sperrylite (PtAs;), irarsite (IrAsS), cooperite (PtS), sudburyite
(PdSb), and Pt-Fe alloy (Wang et al., 2008). In weathering materials,
platinum-group minerals are Ag-, Hg-, Se-, and As-bearing including
chrisstanleyite (Ag,PdsSey), tischendorfite (PdgHgsSeg), palladseite
(ideally Pd{;Se;s) sudovikovite (PtSe;), empirical types, relic primary

* Corresponding author. Tel.: +237 9954 37 74; fax: +237 2222 62 62.
E-mail address: Indjigui@yahoo.fr (P.-D. Ndjigui).

0375-6742/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.gexplo.2010.06.008

PGM (e.g., sperrylite (PtAs,)), isoferroplatinum and Pd-Fe alloys
(Salpéteur et al., 1995; Cabral and Lehmann, 2007). Barnes et al.
(1985) have subdivided PGE into IPGE (Os, Ir, Ru) and PPGE (Pt, Pd,
Rh). IPGE are less compatible and more volatile in mantle rocks
(Lorand et al., 2008). Moreover, many publications show that the
ratios of the other PGE relative to platinum indicate their degree of
mobility in the fresh rocks (e.g., Barnes et al., 1985; Godel and Barnes,
2007; Lorand et al., 2008). Few studies highlight this mobility in
laterites (Augé et al, 1995; Bowles, 1995; Salpéteur et al., 1995;
Traoré et al., 2006). There are almost no published papers on the
geochemical similarity between PGE and Fe. This article is focused on:
(i) the distribution of the PGE in four lateritic profiles developed on
serpentinites in the Kongo-Nkamouna ultramafic massif; (ii) the
geochemical correlations between Fe,03 and PGE, platinum and the
other PGE (rhodium, iridium, ruthenium, and palladium) and
between IPGE-PPGE; and (iii) the mobility of PGE.

2. Environmental setting, methods and materials

The Kongo-Nkamouna ultramafic massif is located in the south-
eastern part of Cameroon, between 3°15" and 3°23'N, and between
13°40' and 13°55'E (Fig. 1). The climate is the tropical humid type
(Suchel, 1987), with an annual average rainfall of 1655 mm and an
annual average temperature of 23.5 °C. The vegetation is a dense
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Fig. 1. Geological map of the Lomié region (from Seme Mouangué, 1998; modified by Toteu et al., 2006 and Ndjigui et al., 2009): 1. Chad; 2. Centrafrican Republic; 3. Democratic
Republic of Congo; 4. Gabon; 5. Equatorial Guinea; 6. Atlantic ocean; 7. Nigeria; 8. Yaoundé; 9. Lomié; 10. Dja group; 11. metagabbros, tonalities and amphibolites; 12. micaschists
and schists; 13. magmatic gneiss and micaschists; 14. undifferentiated Achaean Ntem unit; 15. serpentinitized ultramafic rocks; 16. study area (Fig. 2. Kongo area); 17. Massins;

18. Zoulabot I; 19. Ngoila.

rainforest (Letouzey, 1985) and the main geological formations are
serpentinites (Seme Mouangué, 1998; Ndjigui et al., 2008).

The mineralogical and chemical analyses were carried out on the two
fresh serpentinite samples and thirty soil samples (Ndjigui et al., 2008,
2009). The Nkamouna surface outcrop (NK6 sample) is located 11 km
away from the Mada outcrop (NA2 sample; Fig. 2). The mineralogical
analyses were carried out in the Geoscience Laboratories (Sudbury,
Canada) and in the “Centre Européen de Recherche et d'Enseignement
en Géosciences de I'Environnement” (Marseille, France). The chemical
analyses [major elements and PGE (platinum, palladium, rhodium,
ruthenium and iridium)] were done in the Geoscience Laboratories
(Sudbury, Canada) for the materials from Nkamouna (eight samples)
and Mada (fifteen samples). Seven Napene samples were analyzed in
Geolabs (Australia). PGE concentrations were determined by a NiS fire
assay with ICP-MS finish (Richardson and Burnham, 2002). Fifteen gram
samples were fused with sodium carbonate and sodium tetraborate in
the presence of a NiS fire melt. After the quenching of each sample, a

bead of NiS was broken out of the crucible and digested in Teflon vessels
using concentrated HCl acid. Tellurium co-precipitations were used to
ensure that the insoluble residue to the acid digestion retained PGE.
Solutions were vacuum-filtered, after which the precipitate was
redissolved in aqua regia and deionised water. The resulting solution
was analyzed by ICP-MS using a Perkin Elmar ELAN 5000 instrument.
Full details of the analytical procedures are given elsewhere (e.g.,
Richardson and Burnham, 2002).

The Kongo-Nkamouna ultramafic massif is made up of serpentinites
embedded in metamorphic rocks of Mbalmayo-Yokadouma series
(Seme Mouangué, 1998). The serpentinites are massive, greenish rocks,
made up of 90% of antigorite, associated with magnetite-ferrichromite,
olivine and chromite occurring as relics (Yongué-Fouateu et al., 1998).
Olivine and chomite are altered to antigorite and secondary magnetite.
SiO, and MgO contents are high (37.33 wt.% for SiO, and 38.20 wt.% for
MgO). Iron (7.34 wt.% for Fe;03) and alumina (2.27 wt.% for Al,O5) are
quite well represented (Table 1).
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Fig. 2. Topographic and geological map of Kongo area and location of the studied pits (from Ndjigui et al., 2009, modified): 1. marshes; 2. roads; 3. contour line; 4. rivers; 5. Mada
region; 6. Edje river; 7. Mada river; 8. Kongo-Nkamouna ultramafic massif (serpentinites); 9. surrounding rocks (micaschists and quartzites); 10. Nkamouna weathering profile;
11. Napene weathering profile; 12. West Mada weathering profile; 13. East Mada weathering profile; 14a-b. serpentinite outcrops.

The weathering profiles are situated in the southern part
(Nkamouna), in the middle part (Napene) and in the North (West
and East Mada) of the Kongo-Nkamouma ultramafic massif (Fig. 2).
The petrographic, mineralogical and geochemical characteristics have
already been described (Ndjigui et al., 2008, 2009). The summary is
given in Tables 1 and 2 and in Figs. 3-6.

3. Results

In serpentinites, the total PGE content is very low (Tables 3 and 4).
The elements with elevated contents are ruthenium (6.00-8.83 ppb),
platinum (2.00-5.17 ppb) and iridium (4.83-5.00 ppb). The Pt/Ir, Pt/
Pd and Pt/Rh values are higher than 1 in the Nkamouna sample
(Table 3). In Mada sample, only the Pt/Rh value is close to 1 (Table 4).
The Pt/Ir, Pt/Pd and Pt/Rh values indicate that iridium, palladium and
rhodium are more mobile than platinum in the Nkamouna sample.

These rocks possess high IPGE contents marked by low IPGE/PPGE
ratio of 1.61 (Table 3).

3.1. PGE distribution in the weathered materials

3.1.1. Nkamouna weathering profile

The total PGE content ranges between 85 and 183 ppb (Table 3).
The high contents are obtained from the bottom of the coarse
saprolite (182.70 ppb) and from the lower nodular horizon
(140.20 ppb). The minimum content is noted in the matrix from the
upper nodular horizon (85.04 ppb). The platinum contents range
between 26 and 64 ppb (Table 3; Fig. 3¢). The minimum platinum
content is obtained from the clayey surface soil and the maximum
contents appear at the bottom of the coarse saprolite. The behaviour
of ruthenium is similar to that of platinum (Fig. 3c). Its contents are
maximum at the bottom of the coarse saprolite (52 ppb) and minimal
in the matrix from the upper nodular horizon (22.70 ppb). The
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Fig. 3. (a) Macroscopic organization of the Nkamouna weathering profile (after Ndjigui et al., 2008): 1. coarse saprolite; 2. fine saprolite; 3. grey patches; 4. patches with
microbedded structure; 5. clayey matrix; 6. lower nodular horizon; 7. upper nodular horizon; 8. loose clayey horizon; 9. vegetation; 10. sample location; 11. water table; 12. depth
(m). (b) Chemical trends of silicon, aluminum and iron along the loose materials of the profile. (c) Chemical trends of platinum-group elements (except osmium) along the loose

materials of the profile.

iridium contents also decrease from the bottom of the coarse saprolite
(41.10 ppb) towards the upper nodular horizon (5.52 ppb). The
palladium contents vary between 10 and 22.40 ppb. Its minimum
value is observed in the nodules from the upper nodular horizon
while the maximum one appears at the bottom of the coarse saprolite.
The rhodium contents are very low although its behaviour is similar to
those of platinum and ruthenium (Table 3; Fig. 3c).

3.1.2. Napene weathering profile

The total PGE content is slightly higher than that of the Nkamouna
samples. It ranges between 59 and 199 ppb (Table 3). The maximum
concentration is observed in the pisolitic duricrust while the minimum
value occurs in the clayey surface horizon. The platinum contents vary
between 17 and 65 ppb (Table 3). The highest platinum contents appear
in the fine saprolite (52-66 ppb) and in the nodules (54-65 ppb). The
minimum platinum content is obtained from the clayey surface soil
(Fig. 4c). The ruthenium contents are the highest amongst all PGE
ranging from 19 to 71 ppb. This element shows almost the same
geochemical signature as platinum (Fig. 4c). The iridium contents are

moderate ranging from 9 to 34 ppb. The highest contents (26-34 ppb)
are obtained from the fine saprolite, while the lowest ones are observed
in the clayey surface soil. The palladium contents range between 11 and
38 ppb. The maximum palladium content (38 ppb) is obtained from the
pisolitic duricrust and the minimum one in the clayey surface soil
(10 ppb). The rhodium contents are very low (ranging between 3 and
13 ppb). Rhodium contents above 10 ppb are obtained from the fine
saprolite and from the nodules (Table 3; Fig. 4c).

3.1.3. West Mada weathering profile

The total PGE content ranges between 28 and 168 ppb (Table 4).
Elevated contents occur in the duricrust and in the black nodules. The
platinum contents range between 9 and 73 ppb. Compared to previous
materials, palladium content is very low in the coarse saprolite. High
contents are obtained from the black nodules (15.36 ppb). The
behaviour of ruthenium is identical to that of platinum (Fig. 5¢). The
only difference is in the black nodules (Table 4). The iridium contents
are low (5-17 ppb). Overall, they are highest in the coarse saprolite and
lowest in the iron duricrust. Palladium and rhodium evolve almost in the
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Fig. 4. (a) Macroscopic organization of the Napene weathering profile (after Ndjigui, 2008): 1. fine saprolite (1a. base; 1b. middle part; 1c. top); 2. nodular horizon; 3. pisolitic iron
duricrust horizon (3a. pisolitic iron duricrust blocks; 3b. pisolitic nodules; 3c. matrx); 4. loose clayey horizon; 5. vegetation; 6. depth (m)m; 7. water table; 8. sample location.
(b) Chemical trends of silicon, aluminum and iron along the profile. (c) Chemical trends of platinum-group elements (except osmium) along the profile.

same manner like iridium. The palladium contents (3-24 ppb) and
rhodium (1-11 ppb) follows the same trends as those of the previous
materials (Table 4; Fig. 5c).

3.1.4. East Mada weathering profile

The total PGE content varies between 50 and 140 ppb (Table 4). It
increases from the coarse saprolite towards the fine saprolite, then
decreases towards the clayey surface horizon (Table 4; Fig. 6c¢).

Amongst the PGE, platinum and ruthenium display high contents.
The platinum content is 19 ppb in the coarse saprolite and is highest
at the bottom of the fine saprolite (27.90 ppb). It drops towards the
clayey surface soil (Fig. 6¢). Ruthenium shows a geochemical
signature which is very close to that of platinum (Fig. 6¢). The
ruthenium contents range between 17 and 41 ppb. The iridium
contents are very similar to those of the West Mada materials. They
decrease from the saprolite zone towards the clayey surface soil
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Fig. 5. (a) Macroscopic organization of the West Mada weathering profile (after Ndjigui et al., 2009): 1. coarse saprolite; 2. yellow plate with black patches; 3. yellow plate; 4. red
material; 5. black plate; 6. fine saprolite; 7. nodular horizon; 8. iron duricrust horizon; 9. loose clayey horizon; 10. water table; 11. depth (m); 12. sample location; 13. vegetation.
(b) Chemical trends of silicon, aluminum and iron along the loose materials of the profile. (c) Chemical trends of platinum-group elements (except osmium) along the loose

materials of the profile.

(Table 4; Fig. 6¢). The behaviour of palladium and rhodium follows a
similar trend as that of iridium. Palladium contents range between 10
and 20 ppb, the maximum value is obtained from the nodules.
Rhodium is the less concentrated element (ranging from 2 to 8 ppb)
but shows minimum and maximum values in the same samples as
other PGE (Table 4).

3.2. Fe;03-PGE diagrams

Silicon, iron and aluminum are the most concentrated elements in
laterites. Iron occurs in oxi-hydroxide forms. Salpéteur et al. (1995)
have reported the presence of Pt-Fe and Pd-Fe alloys in laterites from
Madagascar. The platinum values in the Kongo-Nkamouna laterites
are similar to those already documented from Madagascar laterites
(Salpéteur et al., 1995). Iron has elevated values in the Kongo-
Nkamouna laterites. These laterites might contain PGE-Fe alloys. For
instance, this hypothesis might be verified through binary diagrams.

The contents of Fe,03; and PGE all decrease along the profile
(Tables 1-4; Figs. 3-6). It is however noticed that this decrease seems

more pronounced in the nodular materials for iron, contrary to the
PGE for which an increase in the total content is observed instead
(Tables 1-4). The Fe,05-PGE diagram reveals this positive correlation
between iron and PGE in the Nkamouna, West Mada and East Mada
weathering profiles (Fig. 7a). It is negative in the Napene samples.

The binary diagrams have been plotted for iron and specific PGE
with elevated contents such as platinum, palladium, ruthenium and
iridium. These diagrams reveal that the Kongo-Nkamouna weather-
ing blanket occurs as scattered points on a chart with nevertheless, an
overall slight positive correlation (Fig. 7b-e).

From one profile to another, there is an alignment of representa-
tive points of the Nkamouna, West Mada and East Mada samples.

Specifically, the Fig. 7c highlights a negative correlation between
the samples of Napene while those of Mada (West and East) and
Nkamouna present a positive correlation.

The correlation between the samples of the Nkamouna profile,
West and East Mada is clearer for iron and ruthenium (Fig. 7d). The
Fig. 7e also highlights the geochemical signature between iron and
iridium which is quite close to that of Fe,05-Ru (Fig. 7d).
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Fig. 6. (a) Macroscopic organization of the East Mada weathering profile (after Ndjigui et al., 2009): 1. coarse saprolite; 2. fine saprolite; 3. nodular horizon; 4. loose clayey horizon;
5. water table; 6. depth (m); 7. sample location; 8. vegetation. (b) Chemical trends of silicon, aluminum and iron along the loose materials of the profile. (c) Chemical trends of
platinum-group elements (except osmium) along the loose materials of the profile.

Table 3
PGE contents (in ppb) in the serpentinites, in the Nkamouna?® and Napene weathered materials.
D.l.  Parent Nkamouna weathered materials Napene weathered materials
i Coarse saprolite  Fine Lower nodular Upper nodular Loose Fine saprolite Nodular horizon  Pisolitic =~ Loose
saprolite horizon horizon clayey iron clayey
- Bottom Top Matrix Nodules Matrix Nodules houzen Bottom Middle Top Matrix Nodules GV Lorie
Code - NK6 NK3 NK9 NK1 NK5 NK2 NK7 NK4 NK8 NA8 NA6 NA4 NA1 NA5 NA3 NA7
Ir 0.04 484 41.10 31.80  30.50 2000 1820 1640 552 1630 29.00 3400 26.00 23.00 24.00 16.00 9.00
Ru 0.13 883 52.00 37.60 45.90 41.60 4870  29.90 27.70  32.90 57.00 52.00 48.00 42.00 61.00 71.00 19.00
Rh 008 1.36 10.30 6.70 7.66 831 1030 474 431 5.03 13.00 13.00 11.00 8.00 12.00 9.00 3.00

Pt 0.14 517 63.80 3880 31.20 3460 4260 2340 41.70  26.10 66.00 5200 53.00 34.00 54.00 65.00 17.00
Pd* 011 197 15.50 12.50  13.50 1320 2040 10.60 2240 10.30 28.00 26.00 20.00 20.00 19.00 38.00 11.00

3PGE - 2217 18270 12740 128.76 117.71 14020 8504 101.63 90.73 193.00 177.00 158.00 127.00 170.00  199.00 59.00
Pt/Pd - 2.62 4.17 3.10 2.31 2.62 2.09 2.21 1.86 2.53 2.35 2.00 2.69 1.70 2.84 1.71 1.54
Pt/Ir - 1.07 1.55 122 1.02 1.73 234 143 7.55 1.60 220 1.53 2.04 1.48 Y5 4.06 1.89
Pt/Rh - 3.80 6.19 5.7 4.07 4.16 4.13 4.94 9.67 5.8) 1.16 4.00 4.82 4.25 4.50 7122 5.67
Pt/Ru - 0.58 123 1.03 0.68 0.83 0.87 0.78 1.50 0.79 5.07 1.00 1.10 0.81 0.88 091 0.89
IPGE - 13.67 93.10 69.40 76.40 61.60 66.90 4630 3322 4930 84.00 86.00 7400 65.00 85.00 87.00 28.00
PPGE - 8.50 89.60 58.00 5236 56.11 7330 3874 6841 4143 107.00 91.00 84.00 90.00 90.00 112.00 31.00
a. - 1.61 1.04 1.20 1.46 1.10 0.91 .19 0.50 .19 0.78 0.94 0.88 1.05 0.94 0.78 0.90

Pd*: Palladium data of Napene weathered profile are published in Ndjigui (2008).

a=IPGE/PPGE.

D.L: Detection limit. Detection limit for Napene weathered materials and NA2 (parent rock, see Table 4): 2 ppb for Ir, Ru, Pt, Pd; 1 ppb for Rh.
¢ Data are from Ndjigui et al. (2008).
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PGE contents (in ppm) in the West and East Mada weathered materials.

DIl Parent West Mada weathered materials East Mada weathered materials
TS Coarse saprolite  Fine Lower nodular Iron duricrust Loose  Coarse Fine saprolite Nodular horizon Loose
saprolite horizon horizon clayey  saprolite clayey
Bottom Top Matrix Black Brown  Matrix Iron duricrust horizon Bottom Top Matrix Nodules horizon
nodules nodules
Code - NA2 MD21 MD29 MD25 MD26 MD22 MD20 MD27 MD23 MD24 MD17 MD16 MD13 MD14 MD15 MD12
Ir 0.01 5.00 15.28 17.04 13.70 1488 14.82 14.69 11.97 5.12 8.37 12.60 15.40 1540 9.78 7.52 8.12
Ru 0.08 6.00 25.60 3252 2272 3636 53.15 34.27 2344 1053 1839  23.50 30.10 4140 2280 24.90 17.90
Rh 0.02 2.00 4.09 554 4.03 6.50 11.60 6.01 3.67 1.30 213 3.64 5.08 841 350 4.01 2.40
Pt 0.17 2.00 19.42 2743 2445 3365 7346 31.81 17.78 8.09 9.62 19.20 27.90 5420 21.70 27.50 13.60
Pd* 012 <2 13.03 24.02 17.08 13.14 1536 1217 10.58 3.90 8.01 11.10 18.50 20.60 13.60 10.70 11.60
SPGE - - 7742  106.55 81.98 104.53 16839 98.95 67.44 2894 46.52 70.04 96.98  140.01 61.38 74.63 53.62
Pt/Pd - - 1.49 1.14 143 2.56 4.78 2.61 1.68 2.07 1.20 1.73 1.51 263 1.60 2.57 1.17
Pt/lr - 0.40 1.27 161 178 2.26 4.97 2.71 1.49 1.58 1.15 1.52 1.16 352 222 3.66 1.67
Pt/Rh - 1.00 4.75 495 6.07 5.18 6.33 5.29 4.84 6.20 4.52 5.27 5.49 644 6.20 6.88 5.67
Pt/Ru - 033 0.76 084 1.08 0.93 138 0.93 0.76 0.77 0.52 0.82 0.93 131 095 1.10 0.76
IPGE - - 40.88 49.56 36.42 5124 6797 48.96 3541 15.65 26.72 36.10 45.58 56.80 22.58 3242 26.02
PPGE - - 36.54 56.99 45.56 53.29 10042 49.99 32.03 13.29 19.80  33.94 51.48 8321 3880 4221 27.60
a. - - 1.12 0.87 0.80 0.96 0.68 0.98 1.11 1.18 135 1.06 0.89 0.68 0.58 0.77 0.94
a=IPGE/PPGE.
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Fig. 7. Binary diagrams of: a. Fe,05 versus PGE; b. Fe,03 versus platinum; c. Fe,03 versus palladium; d. Fe,05 versus ruthenium; e. Fe,03 versus iridium.
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3.3. PGE diagrams

Binary diagrams (Pt-Ir, Pt-Pd, Pt-Rh and Pt-Ru) helps in
establishing the behavioural correlations within the PGE (Fig. 8a-d).

The Pt-Ir diagram confirms a good positive correlation between
both elements. This correlation is clearly shown by the West Mada
and Napene samples (Fig. 8a).

The Pt-Pd diagram presents a good positive correlation between
platinum and palladium. It is well illustrated by the Napene,
Nkamouna and West Mada samples (Fig. 8b).

Fig. 8c highlights a positive correlation between platinum and
rhodium. This correlation is very clear in the Mada and Napene samples.
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Fig. 9. The IPGE-PPGE of Kongo-Nkamouna lateritic soils. Note the positive correlation
between IPGE and PPGE. The contents increase from the Mada samples to those of the
Napene profile.

It is seen that platinum and ruthenium have elevated values in
several samples (Tables 3 and 4; Figs. 3-6). Fig. 8d shows a good
positive correlation between both elements.

3.4. IPGE/PPGE ratio

In fresh rocks, Mitchell and Keays (1981) have subdivided PGE into
IPGE (osmium, iridium and ruthenium) and PPGE (platinum,
palladium and rhodium). The IPGE/PPGE values are higher than 1 in
almost all the Nkamouna weathered materials except the nodules
(Table 3). In the Napene profile, they are practically less than 1, except
the matrix from the nodular horizon (Table 3). At West Mada, the only
values above unity are those of the materials from the bottom of the
coarse saprolite, the upper nodular horizon and clayey surface soil
(Table 4). At East Mada, the IPGE/PPGE values are less than 1 in all
materials except the coarse saprolite (Table 4). Amongst the elements
that constitute the IPGE sub-group, only iridium and ruthenium were
analyzed. The IPGE contents are close to those of PPGE. This
hypothesis is confirmed by the IPGE-PPGE diagram which reveals a
good positive correlation between both PGE sub-groups (Fig. 9).

3.5. Pt/Pd, Pt/Ir, Pt/Rh, Pt/Ru ratios

The mobility of the PGE has been studied using Pt/Pd, Pt/Ir, Pt/Rh
and Pt/Ru values (Tables 3 and 4). The Pt/Pd, Pt/Ir and Pt/Rh values are
higher than 1, thus indicating that palladium, iridium and rhodium
are more mobile than platinum in several samples. Conversely, Pt/Ru
values are lower than 1 in certain samples (Tables 3 and 4). This
indicates that platinum is more mobile than ruthenium in these
samples; whereas values above 1 indicate the contrary.
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Mass balance evaluation (in %) of PGE in the Nkamouna® and Napene weathered materials.

Nkamouna weathered materials

Napene weathered materials

Coarse saprolite Fine Lower nodular Upper nodular Loose Fine saprolite Nodular horizon Pisolitic  Loose
saprolite  horizon horizon clayey iron clayey

Bottom  Top Matrix Nodules  Matrix Nodules horizon Bottom  Middle  Top Matrix Nodules PESIGE e
Ir 48.61 —7579 —97.93 —99.44 —99.08 —99.69 —9995 —99.70 —91.17 —95.83 —9837 —9932 —99.02 —99.84 —99.82
Ru 3.06 —8431 —99.29 —9936 —98.65 —99.69 —99.85 —99.66 —9049 —96.51 —9835 —99.32 —9863 —99.62 —99.80
Rh 3254 —8185 —98.15 —99.17 —98.15 —99.85 —9985 —99.67 —8591 —9433 —9754 —99.16 —9825 —99.69 —99.69
Pt 11596  —7235 —98.02 —99.09 —9799 —99.62 —9962 —9954 —81.19 —94.03 —96.88 —99.06 —9793 —9940 —99.69
pd* 3769 —-76.62 —97.75 —99.09 —9747 —9947 —9947 —99.53 —9476 —96.69 —98.76 —99.42 —9930 —99.90 —99.93

@ Data are from Ndjigui et al. (2008).

3.6. Mass-balance assessment

The mass-balance assessment is an approach that also enables us
to understand the mobility of elements in weathered materials. This is
expressed in the form of losses or gains. Two methods are used in
mass-balance calculations. The first method, which is more frequently
used (expressed in kg/m?), requires bulk density, porosity and
thicknesses of the materials. It leads to the determination of the
quantity of mass transported or deposited for each chemical element.
It is often used for samples that possess very low proportions of coarse
materials. The method has been used by several authors (e.g., Brimhall
et al, 1988; Kamgang Kabeyene Beyala et al., 2009). The second
method is adopted for laterites that have very thick nodular horizons
or horizons that possess very high proportions of coarse materials. It is
expressed in percentage (%) and takes into consideration only the
element contents in different materials (Nesbitt and Wilson, 1992;
Moroni et al., 2001; Ndjigui et al., 2008). The choice of an inert
element is often dependent on the method selected for the mass-
balance assessment. Three elements are often used to quantify the
losses and gains within weathered materials, including titanium
(Cornu et al.,, 1999; Kamgang Kabeyene Beyala et al., 2009), thorium
(Moroni et al., 2001; Ndjigui et al., 2008) and zirconium (Colin and
Ambrosi, 1993; Wimpenny et al., 2007). No matter the adopted
method, a similar conclusion is always reached that laterites are
highly leached materials (Ndjigui et al., 2008). PGE normalized to
titanium and thorium show little difference in patterns of enrichment
or depletion. The inert element that shall be used here is thorium. The
following equation from Nesbitt and Wilson (1992) improved by
Moroni et al. (2001) will be applied:

% change = [(X,/Th,)/ (X, /Th,)-1]*100 (1)

Where X, and X, are the element concentrations in the weathered
sample and in the parent rock, respectively. Th, and Th, are the
concentrations of the inert element in the weathered sample and in
the parent rock (NK6), respectively.

Table 6
Mass balance evaluation (in %) of PGE in the West and East Mada weathered materials.

The application of equation #1 reveals: (i) high PGE enrichment at
the bottom from the coarse saprolite of the Nkamouna profile; (ii)
strong PGE leaching from the top of the coarse saprolite towards the
clayey surface soil of the Nkamouna profile and along the other
profiles (Tables 5 and 6).

4. Discussion

The high PGE contents in the saprolite zone might be attributed to
a permanent enrichment due to weathering process or to co-
precipitation of PGE-rich alloys with iron and manganese oxides
(Wimpenny et al., 2007). Similar contents have been reported in
laterite profiles on ultramafic rocks in Western Australia (Butt et al.,
2001). The high PGE contents notably platinum, palladium and
ruthenium reveal that these elements might be sited in some
secondary minerals such as Fe-oxides/hydroxides or smectites
(Oberthiir and Melcher, 2005). Similar observations have been
documented in Brazil (Cabral and Lehmann, 2002; Cabral et al.,
2008, 2009) and Australia (Cameron and Hattori, 2005; Cornelius et
al., 2008). The weathering blanket of the Nkamouna-Kongo ultra-
mafic complex is characterized by high Eh (0.3-1.11 V) and low pH
(3-5). These characteristics are similar to those of the laterites from
the Western Australia (Mann, 1984; Fig. 10). The high Eh and low pH
conditions provoke PGE dissolution, and redistribution occurs via
groundwaters (Wimpenny et al., 2007). The high platinum contents
might be associated with mechanical migration from the clayey
surface soil towards the saprolite zone such as PtOH™ complexes
(Wood, 1996; Azaroual et al., 2001; Hanley, 2005). The same principle
might be applied to palladium that seems to migrate as palladium-
chloride complex (Wood and Normand, 2008). The PGE transport
might also be controlled by the change in redox conditions at the
water table located in the saprolite zone (Wilde, 2005; Wimpenny et
al., 2007). The low PGE contents in the upper part of the lateritic
profiles might be result of either late neo-formation of PGE bearing
minerals within the laterites or to their dissolution in laterites. Several
authors (e.g., Schwertmann and Cornell, 1991; Singh et al., 2002;
Oberthiir and Melcher, 2005; Kaur et al., 2009) showed that the
transition metals (e.g., nickel, titanium, cobalt, copper, chromium,

West Mada weathered materials

East Mada weathered materials

Coarse saprolite  Fine Lower nodular horizon Iron duricrust horizon  Loose Coarse Fine saprolite Nodular horizon  Loose

Bottom Top LR Matrix  Black nodules Brown nodules Matrix Iron duricrust clayey I Bottom Top Matrix  Nodules claygy
horizon horizon
Ir —99.01 —9446 —9886 —9947 —98.76 —98.53 —99.73 —99.83 —99.83 —3948 —72.15 —99.08 —99.82 —99.83 —99.86
Ru —99.09 —9421 -9896 —99.30 —97.56 —98.13 —99.72 —99.81 —99.80 —3790 —70.17 —98.65 —99.77 —99.70 —99.84
Rh —99.06 —93.59 —98.80 —99.18 —96.54 —97.87 —99.71 —99.85 —99.85 —37.55 —67.31 —9822 —99.77 —99.68 —86.13
Pt —98.83 —91.65 —98.09 —98.89 —94.23 —97.03 —99.63 —99.76 —99.82 —1334 —52.78 —96.98 —99.62 —99.43 —99.79
Pd —9793 —80.82 —96.50 —98.86 —96.84 —97.02 —99.42 —99.18 —99.37 3148 —17.82 —96.99 —99.38 —99.42 —99.52
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Fig. 10. The Eh-pH of lateritic soils (after Bowles, 1986). Lateritic soils are subdivided
into leached soils and iron-rich soils: Western Australia soils are shown by circles (after
Mann, 1984) and the Kongo-Nkamouna soils by solid squares.

cadmium, lead and zinc) can be incorporated into the goethite
structure. Goethite is the main mineralogical constituent and the most
abundant iron hydroxide of the Kongo-Nkamouna weathering
blanket (Ndjigui et al., 2008, 2009; Yongué-Fouateu et al., 2009).
The similar behaviour between Fe and PGE suggest that PGE like other
trace elements can be trapped by iron oxides/hydroxides (Wimpenny
et al., 2007). This behavioural similarity shows that high levels of iron
oxides controls the behaviour of the trace elements in laterites. The
positive correlations between elements of platinum-group confirm
that these metals might be sited in the same secondary minerals. This
hypothesis is in agreement with experimental studies (e.g., Singh
et al., 2002). The isomorphous substitution of transition metals in
goethite lattice is described as location of the quoted metals
“interlayers spaces” of goethite (Kaur et al., 2009). Goethite is stable
under hydrated conditions and under less hydrous, it is transformed
into hematite (Tardy, 1993). This transformation might induce the
migration of trace elements notably PGE previously incorporated on
the goethite lattices and thereby process might reduce PGE contents
in the upper part of the lateritic profiles.

The clear correlation between IPGE and PPGE confirms the
hypothesis of the same secondary mineral bearing phases for PGE or
rather indicate that they might possibly occur as discrete “PGE oxides/
hydroxides” (e.g., Salpéteur et al., 1995; Oberthiir and Melcher, 2005;
Traoré et al., 2006).

The Pt/Pd, Pt/Ir and Pt/Ru values of lower than 1 are observed in
the parent rock while those of more than 1 are noted along the
lateritic profiles; one can therefore deduce that palladium, iridium
and ruthenium are more mobile than platinum. These ratios reveal
that not all PGE have the same mobility. The palladium mobility is due
to its higher susceptibility to dissolution, especially by humic acids
(Bowles, 1986; Azaroual et al., 2001). The low platinum mobility
might be due to the presence of stable Pt-Fe alloys in the iron-rich
laterites (Salpéteur et al., 1995; Cameron and Hattori, 2005). There are
two types of alloys: one appears to be of igneous origin; approximates
to isoferroplatinum, whereas the other which might have formed
during weathering process contains significant amounts of copper,
palladium, bismuth, tellurium and sulfur (Schwertmann and Cornell,
1991; Cameron and Hattori, 2005). The Pt/Pd values are similar to
those stated by Bowles et al. (1994) in Sierra Leone lateritic profiles

and by Oberthiir and Melcher (2005) in the Main Sulfide Zone from
the Great Dyke (Zimbabwe).

The mass-balance assessment shows that PGE enrichment is only
observed in the coarse saprolite of the Nkamouna profile. The
experimental studies (e.g., Wood et al., 1994; Normand and Wood,
2005) show that the humic substances (fulvic and humic acids)
increase the solubility of amorphous Pt(OH),, Pd(OH),, and that of
PGE metals. High PGE leaching is observed along the other lateritic
profiles. This could be due to the solubility of PGE as aqueous organic
or hydroxide complexes (Hanley, 2005). Particularly, the high
leaching of rhodium, ruthenium and iridium could be extremely
efficient where groundwater has an oxygen fugacity close to that of
the atmosphere (Wilde, 2005).

5. Conclusion

Four lateritic profiles developed over the same rocks have been
used to study the behaviour of PGE. The following five conclusions can
be made:

(i) The PGE contents are low in the laterites developed on
serpentinites in the humid tropical zone. Nevertheless, consid-
ering serpentinites have total PGE in the order of 22 ppb, a
strong but variable increase is noticed in each profile. The
highest values of PGE are reported in the saprolite zone as well
as in the hardened iron-rich samples of some lateritic profiles;

(ii) The Fe,03-PGE diagram indicates some correlation of points. To
be more specific, a clear positive correlation is observed
between samples from the Nkamouna, West and East Mada
lateritic profiles;

(iii) The binary diagrams established between elements of the
platinum-group clearly portray a strong positive correlation
between PGE. This enables us to highlight the geochemical
similarity of the PGE within the lateritic soils. This hypothesis is
confirmed by the very sharp positive correlation between IPGE
and PPGE;

(iv) Palladium, iridium and rhodium are more mobile than
platinum in several materials. Ruthenium presents a contro-
versial behaviour; it may be more mobile or sometimes less;

(v) The Mada and Napene laterites are characterized by strong
leaching of PGE. The only PGE enrichments are those from seen
at the bottom of the coarse saprolite (Nkamouna profile).
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ABSTRACT

Peridotite and granite xenoliths, in the early stage of weathering, occur in the Nyos volcanic region
(NW Cameroon). Geochemical data shows that peridotites are marked by high concentrations of MgO
(42.30 wt.%, with Si0,/MgO ~ 1), chromium (2100 ppm), nickel (2100 ppm) and cobalt (104 ppm), as well
as by low lanthanide contents (XREE: 7.41 ppm). Granites display SiO, contents (70-73 wt.%), and are
mostly peraluminous (1.40>A/CNK<1.6). They are also characterized by low contents in chromium
(<24 ppm), nickel (ranging from 6 to 15 ppm) and cobalt (ranging from 3 to 6 ppm). Granites possess high
lanthanide contents (XREE varying between 248.00 and 463.00 ppm), particularly in light lanthanides
(LREE/HREE ratios ranging from 21 to 32). The chondrite-normalized patterns of the studied xenoliths are
characterized by: (i) LREE enrichments in both rock types; (ii) negative Eu anomalies ([Eu/Eu*] ranging
from 0.45 to 0.64) and weak positive Ce anomalies ([Ce/Ce*] ranging from 1.06 to 1.46) in granites. The
weathering process provokes a remobilization of several trace elements notably light lanthanides.

The geochemical survey of Platinum-Group Elements (PGE) done in these rocks in the early stage
of weathering shows that PGE contents are less than 7 ppb in the peridotites. The highly concentrated
elements are ruthenium (6.26 ppb) and platinum (5.53 ppb). The total PGE content is 14.57 ppb. These
concentrations normalized with respect to chondrites display a flat spectrum from iridium to platinum.
PGE contents in the granites are below detection limit except for two samples (LNYO1 and LNY02) whose

platinum content is close to 0.23 ppb.

© 2010 Elsevier GmbH. All rights reserved.

1. Introduction

Ultramafic and granito-gneissic rocks are frequent in volcanic
formations of the Nyos region (Nana, 2001; Temdjim et al., 2004;
Temdjim, 2005). According to Nana (2001), three main types of
lithological facies have been identified (Nana, 2001): lherzolites,
harzburgites, and wesberites. These same facies still occur as xeno-
liths in the Adamawa volcanic facies (Temdjim, 2005). The granites
are equally reported in other parts of the country such as in the
central Cameroon (Nzenti et al., 2006), in the northern border of
the Congo craton (Tchameni, 1997) and in the Foumban-Bankim
shear zone (Njonfang, 1998). The granites of this zone show high
lanthanide concentrations varying between 68 and 753 ppm, those
of the Central Cameroon, on the contrary, show low lanthanide
concentrations (25-37 ppm) (Nzenti et al., 2006). Platinum-Group
Elements show concentration orders of ppb and at times ppm
(Maier, 2005; Traoré, 2005; Godel et al., 2007; Godel and Barnes,

* Corresponding author. Tel.: +237 9954 37 74; fax: +237 2222 62 62.
E-mail address: Indjigui@yahoo.fr (P.-D. Ndjigui).
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2008); they preferentially occur in ultramafic and mafic rocks
(Gueddarietal., 1994; Lorand et al.,2007; Ndjigui et al.,2008) and at
very low concentrations in granites and gneiss (Maier and Barnes,
1999). The high demand of palladium and platinum in the world
market due to their many applications in a wide range of domains
has incited the survey for potential deposits. In the Central African
countries, particularly in Cameroon, few works have been focused
on the geochemical survey of PGE: (i) in the serpentinized ultra-
mafic rocks of Southeastern Cameroon (Ndjigui et al., 2008); (ii) in
the garnet pyroxenite xenoliths in the greenstone belt of the Nyong
unit (Ebah Abeng et al., 2007); and (iii) in the talcschist and amphi-
bolite xenoliths in the Pouth-Kellé gneissic formations (Oumarou
et al., 2005; Ndjigui et al., 2009). Among these rock types, garnet
pyroxenites stand out as the most enriched in PGE ( XPGE ranging
from 23 to 43 ppb), notably in palladium (25.75 ppb) and platinum
(15.86 ppb). Previous works show that the highest PGE concentra-
tions are generally found in rocks at their early stage of weathering
also referred to as the bottom of the saprolite zone (Ndjigui et al.,
2008). Thus, the Nyos volcanic region, located at the centre of the
Cameroon Volcanic Line (CVL) has many volcanic cones marked
by the presence of numerous mantle xenoliths (Temdjim, 2005;
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Fig. 1. Location map of the Nyos region, along the Cameroon Volcanic Line (Nana,
2001; modified): (1) Atlantic ocean; (2) Pagalii; (3) Sao Tomé; (4) Principe; (5) Bioko;
(6) Mount Cameroon; (7) Mount Manengouba; (8) Mount Bambouto; (9) Mount Oku;
(10) Nyos region (studied area); (11) Adamawa plateau; (12) Bui plateau; (13) Nige-
ria; (14) Chad; (15) Central African Republic; (16) Congo; (17) Gabon; (18) Equatorial
Guinea; (19) lake Chad.

Sababa, 2008) and fragments of the granito-gneissic basement for-
mations (Nana, 2001), often occurring as metric blocks at the early
stage of weathering (Sababa, 2008). This work is focused to study
the behaviour of several chemical elements (major, trace, rare
earth, and platinum-group elements) in the peridotite and gran-
ite Xenoliths during their early stage of weathering in the Nyos
volcanic region (NW Cameroon).

2. Geographic and geological setting

The Nyos region is a part of the Oku volcanic edifice located at
the junction zone between the Cameroon Volcanic Line and the
Adamawa plateau (Fig. 1). It belongs to the mountainous belt of
West Cameroon constituted by the western highlands between
1000 and 3000 m in altitude and limited by steep escarpments
(Morin, 1989). It is characterized by the presence of about fifteen
strombolian cones and six large craters of hydromagmatic explo-
sive volcanicity that are filled by deep lakes (Leenhardt et al., 1991)
among which is lake Nyos (10°17'5”E and 06°27'5”N).

The Nyos region is situated about 43 km to the north east of
Wum and approximately 250 km to NNE of Mount Cameroon, in
the central part of the Cameroon Volcanic Line (CVL). This struc-
ture, characterized by a width of 100 km, extends 2000 km from
the South West to the North East i.e. from the Pagall islands to
Lake Chad (Fig. 1). It is marked by abundant rainfall (~2375 mm
per annum), and jaws in the equatorial climate specifically the
Cameroonian altitude type (Sighomnou, 2004).
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Fig. 2. Geological map of the Nyos region (Temdjim, 2005; modified): (1) allu-
vium; (2) scoria basaltic flows of NE volcanoes; (3) pyroclastic materials of the Nyos
volcanic crater; (4) vacuolar basaltic flows intercalated between projections; (5)
undifferentiated granites; (6) tectonic lineaments; (7) rivers; (8) flows direction;
(9) volcanic crater ((9a) lake Nyos; (9b) lake Njupi); (10) three strombolian cone of
NE volcanoes; (11) granite xenolith sampling; (12) peridotite xenolith sampling.

The geochronological data obtained on the lavas of this region
cover two clearly distinct major periods (Nana, 2001):

- The ancient volcanism, between 22 and 18 million years, essen-
tially comprised of alkaline basalts and hawaiites but also rare
trachytes. This magmatic activity is more significant;

- The recent volcanism (less than 2 million years), which is por-
trayed by basaltic volcanism, often enclose a high amount of
mantle-borne xenoliths. These recent manifestations are respon-
sible for short flows and numerous well preserved cones and
crater lakes.

The lava flows and the pyroclastites have moulded a well differ-
entiated topography that evolves concomitantly with the various
eruptions.

The different rock types, exposed to the weathering process,
lead to the formation of ferrallitic soils that alternate with juve-
nile soils derived from volcanic ash but equally alluvial soils in the
low landscape positions (Vallérie, 1971).

3. Methodology

Six rock samples (five granites and one peridotite) collected in
the pyroclastic materials surrounding the lake Nyos (Fig. 2) were
used to cut the thin sections for microscopic observations. Some
microscopic terms used in this description have been borrowed
from Delvigne (1998). Part of each sample was crushed in the Earth
Sciences Department of the University of Yaounde I (Cameroon)
in view of whole rock chemical analyses at the Geoscience Lab-
oratories (Sudbury, Canada). Samples were crushed using a jaw
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Table 1

Major elements contents (wt.%) in the peridotite and granite xenoliths.
Major elements D.l Peridotites Granites

LNYO03 LNYO1 LNYO02 LNY04 LNYO5 LNYO06

SiO, 0.01 43.60 70.64 71.01 70.93 72.92 70.50
Al, 05 0.01 2.26 14.77 14.09 14.93 13.35 14.36
Fe,03 0.01 8.56 3.03 2.52 2.12 2.14 2.29
MgO 0.01 42.28 0.57 0.47 0.38 0.35 0.41
K;0 0.01 0.03 4.62 4.77 5.36 429 5.03
Na,O 0.01 0.22 411 3.71 3.88 3.62 4.02
Ca0 0.01 2.23 1.28 0.90 1.15 0.98 113
TiO, 0.01 0.06 0.45 0.37 0.32 0.34 0.34
P,0s5 0.01 0.02 0.14 0.11 0.09 0.09 0.09
MnO 0.01 0.13 0.04 0.03 0.03 0.03 0.03
LOIL 0.05 0.12 0.72 0.93 0.68 1.00 0.59
Total - 99.51 100.37 98.91 99.87 99.11 98.79
Na,0+K;0 - - 8.73 8.48 9.24 7.91 9.05
A/CNK - - 1.47 1.50 1.47 1.50 1.41
a - - 4.09 3.39 2.85 2.86 3.07

D.L.: Detection limit.
A/CNK =Al,03/Ca0+Na,0 +K;0.
a=Fe;03 + MgO +MnO +TiO5.

crusher with steel plates and pulverized in a planetary ball mill
made of 99.8% Al,03. A two-step loss on ignition (LOI) determi-
nation was employed. Powders were first heated at 105 °C under
nitrogen to drive off adsorbed H,O, before being ignited at 1000 °C
under oxygen to eliminate the remaining volatiles and oxidize Fe.

Major element concentrations were determined by X-Ray Flu-
orescence (XRF) after sample ignition. The sample powders were
firstly ignited and then melted with a lithium tetraborate flux
before analysis using a Rigaku RIX-3000 wavelength-dispersive
X-Ray fluorescence spectrometer. The international standards (BIR-
1-0949, SDU-1-0295 and SDU-1-0296) as well as the internal
standards of the laboratory were used. The rock samples were pre-
pared by acid dilution for the ICP-MS analyses (Inductively Coupled
Plasmas-Mass Spectrometry) for lithophile trace elements concen-
trations by acid digestion in closed beakers, they were melted
with two acids (HCI and HClO4) at 120°C in sealed teflon con-
tainers during one week; then in dilute nitric acid (HNO3) and
dried. The residue was then redissolved in an acid mixture (HCl and
HClO4) and dried for a second time before being dissolved in three
acids (HNOs, HCl and HF) at 100 °C. The ICP-MS IM-101 package is
designed as a specialized analysis for the accurate determination of
the rare-earth elements (REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu) plus Y, high field strength elements (HFSE: Ti, Zr,
Nb, Hf, Ta, and Th and U) and large-ion lithophile elements (LILE:
Rb, Sb, Cs, Ba, and Pb) contained in most rock samples. In the pack-
age, the trace elements are again calibrated and solutions made up
from single or multi-elemental solution standards. The instrumen-
tal precision of almost all elements was around 5% (20 ) for either all
or five of the six compiled solutions where the elements were above
the limit of quantification. Where the concentrations approached
this limit (e.g., for Zr, Ba, La, and Pr in trace element poor basalt
standard BIR-1, or Eu in the rhyolite standard RGM-1), the error
increased between 5 and 8.5%. Only rubidium showed consistently
poorer than 5% precision (6-7%, 20’) after Burnham and Schweyer
(2004). The solutions obtained were then analyzed using a Perkin
Elmer 5000 ICP-MS spectrometer.

The Au-PGE concentrations were assessed by “NiS fire” Assay by
ICP-MS “finish” according to the method described by Richardson
and Burnham (2002). Fifteen-gram samples were melted with
sodium carbonate and sodium tetraborate in the presence of nickel
sulfide melt. After the quenching of each sample, a bit of NiS was
broken out of the crucible and digested by concentrated HCl in
teflon vessels. Tellurium co-precipitation was used to ensure that

the insoluble residue to acid digestion retained all the Au-PGE.
Solutions were vacuum-filtered after which the precipitate was
redissolved in aqua regia and deionized water. The resulting solu-
tions were analyzed by ICP-MS using a Perkin Elmer Elan 5000.
Detection limits for the Au-PGE are approximately 0.22 ppb for Au,
0.01 ppb for Ir, 0.08 ppb for Ru, 0.17 ppb for Pt, 0.02 ppb for Rh, and
0.12 ppb for Pd. The instrument precision of Au-PGE was above 5%.
The results obtained are presented in Tables 1-4.

4. Results
4.1. Petrography of the peridotite and granite xenoliths

4.1.1. Peridotites

The Nyos peridotite xenoliths are dense and massive rocks. They
are characterized by a light green colour in the unweathered state
and a reddish brown one at the early stage of weathering. These
xenoliths occur as angular blocks with variable sizes that never
exceed 30 cm. The microscopic observations reveal that peridotites
have a protogranular texture and are constituted mainly by olivine
(65%), clinopyroxenes (18%), orthopyroxenes (19%), spinels (5%)
and at times brown hornblende (<2%). The large olivine crystals
(~8%) are characterized by the frequent occurrence of mechanical
twins of kink-band type that confer to them a wave-like extinc-
tion. The green emerald pyroxene crystals rarely show deformation
marks although some large crystals (~5%) carry fine orthopyroxene
ex-solution lamellae in their cores. The clinopyroxene crystals, at
the initial stage of weathering, show a regular network of parallel
cleavages whose distribution is strongly determined by that of the
unweathered mineral. The mineral residue also shows indented
extremities and is crossed by brown yellow ferruginous plasma
which occupies the former positions of the cleavages. Orthopyrox-
ene crystals (4-6 mm) often carry numerous kink-bands. A strong
deformation of some of them has favoured the development of crys-
tallized neoblasts (0.5-1.0 mm) at their borders. Spinels display a
wide-ranged morphology, they are xenomorphic and sometimes
appear in the interstices of other minerals particularly olivine and
orthopyroxenes. When amphibole is present, it is often associated
to spinels; its usual interstitial habit is evidence of a late apparition.

4.1.2. Granites
The granite xenoliths are slightly weathered and friable. Quartz
and feldspars are locally associated as moulded heaps by biotite.
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Table 2
Trace elements contents (in ppm) in the peridotite and granite xenoliths.

Trace elements D.L Peridotites Granites

LNYO03 LNYO1 LNY02 LNY04 LNYO05 LNYO06
Cr 24.000 2.100 <dl <dl <dl <dl <dl
\% 10.000 51.000 17.000 13.000 13.000 17.000 15.000
Zn 8.000 42.000 50.000 49.000 37.000 45.000 42.000
Ni 3.000 2.100 15.000 8.000 8.000 11.000 6.000
Cu 2.000 4.000 3.000 6.000 3.000 3.000 4.000
Co 0.100 103.700 4.500 3.300 3.500 3.900 3.400
Sc 0.010 9.100 2.400 2.900 3.300 3.700 3.500
Ba 0.900 4.400 868.300 985.400 870.500 760.100 765.700
Zr 3.000 7.000 317.000 329.000 189.000 262.000 252.000
Sr 2.000 12.000 235.000 201.000 252.000 202.000 199.000
Y 0.080 1.980 14.830 6.930 8.920 10.220 9.820
Li 0.200 0.400 47.400 32.000 24.200 24.200 34.400
Ga 0.050 1.640 22.090 19.960 21.140 21.590 23.120
Pb 0.400 <dl 35.300 31.000 28.500 25.600 32.900
Nb 0.040 1.280 15.730 11.200 13.290 15.210 14.840
Hf 0.090 0.150 8.620 8.190 5.140 6.600 6.680
Mo 0.030 0.290 0.840 2.490 0.960 0.690 0.900
Th 0.090 0.140 33.860 33.200 24.750 26.800 25.960
u 0.020 0.060 4.050 2.270 3.700 2.360 4.840
Ta 0.200 <dl 1.100 0.600 0.900 1.200 0.900
Be 0.060 0.190 3.880 2.830 3.600 3.830 4.060
Bi 0.009 <dl 0.086 0.097 0.094 0.174 0.108
Cd 0.010 0.030 0.070 0.080 0.050 0.060 0.060
Cs 0.006 0.007 3.169 1.499 2.748 3.265 3.458
Rb 0.200 0.600 191.400 157.600 171.600 171.100 190.300
Tl 0.005 <dl 1.175 0.915 0.962 0.953 1.074

Alkaline feldspar crystals are pink and those of plagioclase are
moulded by biotite flakes.

Under the polarized microscope, granites show a poikilitic
texture. They are composed of quartz (50%), plagioclase (20%),
biotite (~15%), orthoclase (~5%), microcline (~5%) and acces-
sory minerals like pyroxene, apatite, and opaque oxides. Quartz
grains (2.0mm x 3.6 mm and 5.5 mm x 1.0 mm) are xenomorphic
with irregular contours; they are often associated to biotite
and feldspars. Here and there, some quartz crystals show
micro-fractures which are progressively filled by brown yellow

ferruginous plasma. Plagioclase (2.0mm x 1.6 mm) is automor-
phic and strongly destabilized. Orthoclase (1.6 mm x 0.8 mm)
and microcline (6.3 mm x3.2mm) appear as large rounded
crystals showing marks of supergene weathering. At several
points, the relics of alkali-feldspars are completely weath-
ered into gibbsite or kaolinite glomero-alteromorphs. Also
present is exfoliation of biotite intruded by brown yel-
low ferruginous plasma. Some biotite lamellae whose weath-
ering was less advanced have preserved their polarization
tints.

Table 3
Lanthanide contents (in ppm) in the peridotite and granite xenoliths.
Lanthanides D.L Peridotites Granites
LNYO06 LNYO1 LNYO02 LNY04 LNYO05 LNYO06

La 0.090 1.450 104.430 116.940 59.370 61.650 67.020
Ce 0.006 2.900 178.800 223.500 128.400 156.600 131.800
Pr 0.020 0.340 18.200 22.200 11.020 10.910 11.940
Nd 0.080 1.200 58.760 70.770 36.260 34.480 39.030
Sm 0.020 0.250 7.890 7.770 4.990 4.980 5.160
Eu 0.005 0.083 1.147 0.858 0.885 0.769 0.833
Gd 0.020 0.270 5.160 4.350 3.360 3.410 3.400
Tb 0.003 0.051 0.666 0.502 0.432 0.480 0.454
Dy 0.020 0.300 2.800 1.500 1.900 2.200 2.000
Ho 0.003 0.073 0.484 0.239 0.332 0.372 0.336
Er 0.020 0.210 1.250 0.560 0.820 0.910 0.860
Tm 0.002 0.036 0.195 0.079 0.124 0.133 0.128
Yb 0.009 0.213 1.237 0.517 0.800 0.818 0.871
Lu 0.002 0.035 0.181 0.081 0.121 0.114 0.134
ZREE - 7.411 381.200 463.366 248.814 277.826 263.966
LREE - 6.223 369.227 442.038 240.925 269.389 255.783
HREE - 1.188 11.973 21.328 7.889 8.437 8.183
LREE/HREE - 5.255 30.838 20.726 30.539 31.929 31.258
(La/Yb)n - 4.625 57.349 153.196 50.414 51.198 52.271
Ce/Ce* - 0.987 0.992 1.061 1.214 1.460 1.127
Eu/Eu* - 0.974 0.548 0.450 0.659 0.569 0.643

D.L: Detection limit.

(La/Yb )N : (Lasample /Lachondrite )/(Ybsample /chhondrite )

Celce* : (Cesample/cechondrite )/( Lasamp]e/Lachondrite )1 12 ( prsample/prchondrite )1 12 .
EU/EU* . (Eusample /Euchondrite )/( Smsample /Smchondrite )] 12 (Gdsample /Gdchondrite )] 12 .
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Table 4
Au-PGE contents (in ppb) in the peridotite and granite xenoliths.
Au Ir Pd Pt Rh Ru XPGE

D.L 0.22 0.01 0.12 0.17 0.02 0.08 -
LNYO03 0.47 3.29 3.98 5.53 1.04 6.26 14.57
LNYO1 0.33 <dl <dl 0.23 <dl <dl -
LNYO02 0.24 0.01 <dl 0.20 <dl <dl -
LNY04 <dl 0.01 <dl <dl <dl <dl -
LNY05 <dl <dl <dl <dl <dl <dl -
LNY06 <dl <dl <dl <dl <dl <dl -

D.L.: Detection limit.
LNYO03: peridotites.
LNYO1-LNY02-LNY04-LNYO05-LNYO6: granites.

4.2. Geochemistry

4.2.1. Major elements

The peridotites are characterized by high MgO concentrations
(42.28 wt.% MgO; SiO,/MgO ~ 1). Apart from Mg and Si, the most
significant concentrations are those of Fe,03 (8.56 wt.%), Al,03
(2.26 wt.%), and CaO (2.23 wt.%).

The granites are characterized by: (i) a slight variation
of Si0, contents (70.00-73.00wt.%), (ii) an alkali enrichment
(7.91<Na,0+K,0<9.24wt.%), and (ii) a depletion of ferro-
magnesian elements (2.80 < Fe;03 + MgO + MnO + TiO, <4.09 wt.%).
Compared to the previous peridotites, granites show high Al,03
(ranging from 14.00 to 15.00wt.%), K;0 (ranging from 4.29 to
5.03wt.%) and Na,O (3.62-4.11wt.%) contents (Table 1). The
Al;03/Ca0 +Nay0 +K,0 (A/CNK) versus SiO, diagram reveals that
the Nyos granites are mostly peraluminous (Fig. 3), and are of S-type
(A/CNK>1.1) according to Chappell and White (1974).

The Harker diagrams for the Nyos granites associated with those
of central Cameroon (Nzenti et al., 2006) indicate slight negative
correlations between Si and Mn, Fe, Ti, Ca and P (Fig. 4). These
diagrams also show that the Nyos granites, in the initial stage of
weathering:

(i) are less enriched in silicon than those of the Central part of
Cameroon;
(ii) possess practically the same K,0 and Na,O contents as those
of the central part of Cameroon;
(iii) finally are less enriched in other major elements (Fe, Mg, Ti, Ca,
and P) than those of the central part of Cameroon.

4.2.2. Trace elements

The peridotites are characterized by high chromium
(2110 ppm), nickel (2096 ppm), and cobalt (103.70 ppm) con-
tents. Apart from those three elements, other trace elements
(Table 2) show very low contents which are typical of ultramafic
rocks.

2.00 A
.60 1 ot .
2 120 1_______ Peraluminous ____ S-type _
% 0.80 1 Metaluminous I-type
0.40 1
0.00 T T T T T T )

7000 7050 71.00 7150 7200 7250 7300 7350
Si0, (Wt.%)

Fig. 3. A/CNK versus SiO, plot portraying the S-type composition for Nyos granite
xenoliths (after Chappell and White (1974).

The granites possess low contents in chromium (<24 ppm),
nickel (6-15ppm) and cobalt (3-6ppm). They are character-
ized by high contents in barium (760-868 ppm), zirconium
(189-252 ppm), rubidium (171-191 ppm), lithium (24-47 ppm),
lead (26-36 ppm), and thorium (25-33 ppm).

Fig. 5 reveals a slight dispersion of the Nyos granites. It shows
that these granites are more enriched in some trace elements
(barium, rubidium, strontium, nickel, yttrium, niobium, and zirco-
nium) than the Central Cameroon pan-African granites (Nzenti et
al,, 2006). Overall, the granites of the two regions show negative
correlations (Fig. 5).

4.2.3. Lanthanides

The lanthanide content in the peridotites (XREE =7.41 ppm) is
far below that of the granites (XREE varying between 248.80 and
463.40 ppm). The LREE/HREE ratio is 4.625 and indicates a high
concentration in light lanthanides in the peridotites as well as
in the granites whose ratio values are even higher (LREE/HREE
ratios ranging from 20 to 32). The normalized spectra relative to
chondrites according to McDonough and Sun (1995) indicate slight
lanthanide enrichments from lanthanum to samarium in both rock
types (Fig. 6a and b). In granites, the lanthanide normalized spectra
relative to chondrites also indicate (Fig. 6b; Table 3):

(i) the presence of negative Eu anomalies, with [Eu/Eu*] ranging
from 0.450 to 0.643;
(ii) the presence of positive Eu anomalies in the four samples
([Ce/Ce*] ranging from 1.06 to 1.46);
(iii) very high values of the (La/Yb)y ratio that range between 50
and 153.

4.2.4. Au-PGE

The gold content ranges from 0.24 to 0.47 ppb in peridotites. Two
granite samples (LNYO1 and LNY02) are very close to the detection
limit (0.22 ppb). The gold content is below detection limit in the
three granite samples (LNY04, LNY05 and LNY06).

The PGE content is higher than 1 ppb in the peridotites (Table 4).
The highly concentrated elements are ruthenium (6.29 ppb), plat-
inum (5.53 ppb), palladium (3.98 ppb), and iridium (3.29 ppb). The
total PGE content is 14.54 ppb. The PGE contents normalized rel-
ative to the chondrite values according to McDonough and Sun
(1995) reveal a flat spectrum from iridium to platinum, with a
negative Au anomaly (Fig. 7).

In granites, platinum content is very close to the detection limit
(ranging from 0.20 to 0.23 ppb) and lower than the detection limit
in LNYO4, LNYO05, and LNY06 samples (Table 4).
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Fig. 4. Harker diagrams of some major elements.

5. Discussion
5.1. Major elements

Among the major elements, only Mg, Si, and Fe show high con-
centrations in the peridotites. The sum of SiO, and MgO contents
is close to 86 wt.%. In the serpentinites of the Lomié region (SE
Cameroon), MgO, SiO, and Fe,03 contents are 39.66, 39.66 and
6.66 wt.%, respectively (Ndjigui et al., 2008). In the peridotite inclu-
sions of the greenstone belt within the Nyong unit (SW Cameroon),
the contents of the three oxides are 41.48 wt.% for MgO, 39.94 wt.%
for SiO, and 10.40 wt.% for Fe,03 (Ngo Bidjeck, 2004). These con-
tents conform to those of the Nyos peridotites. In the ultramafic
rocks of the Moroccan rift, SiO, and Fe,03 contents are 44.00 and

9.00 wt.%, respectively (Gueddari et al., 1994), and are thus close to
those of the Nyos peridotites. This is probably due to the fact that
they are ultramafic rocks which originated from upper mantle.

Silicon (ranging from 70.50 to 73.00wt.% for SiO;) and alu-
minum (ranging from 13.50 to 15 wt.% for Al, O3 ) contents followed
by those of potassium (ranging from 4.50 to 5.00 wt.% for K;0), and
sodium (ranging from 3.50 to 4.10 wt.% for Na,0) are significant
in the Nyos granites. These granites show SiO, contents which are
lower than those documented for the pan-African granites of the
central Cameroon zone (Nzenti et al., 2006). The Nyos granites are
S-type and peraluminous, they might be originated from biotite
incongruent melting of a metasedimentary source near the base of
the crust (Villaros et al., 2009). The high alkali enrichment might
be related to the weathering of feldspars.
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Fig. 6. (a) CI chondrite-normalized peridotite lanthanide abundances. Normalizing values after McDonough and Sun (1995). (b) CI chondrite-normalized granite lanthanide
abundances. Normalizing values after McDonough and Sun (1995).
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McDonough and Sun (1995).

5.2. Trace elements

The high contents of nickel, chromium, and cobalt in the peri-
dotites of Nyos are characteristic of ultramafic rocks (Trescases,
1975; Nicolini, 1990). These peridotites are depleted in several
trace elements including REE. This depletion might be caused by
metasomatic fluids circulating in the upper mantle (Temdjim et al.,
2004) or by weathering process.

The granites also possess high contents of several trace elements
(barium, zirconium, strontium, lead, uranium, and rubidium).
These contents might result from the greisenization and albiti-
zation processes (Vriend et al., 1985) or from the remobilization
during the secondary mineral formation (Sharma and Rajamani,
2000). The trace element concentrations in S-type granites gener-
ally increase with maficity, the degree of variability in trace element
contents also expands clearly with the same parameter (Villaros et
al., 2009). The high zirconium concentration could be interpreted
to reflect coupled co-entrainment of accessory minerals and peri-
tectic phases in the melt (Villaros et al., 2009). This high zirconium
concentration could be also effected by the weathering process.
In fact, Zircon is an accessory mineral which is very resistant to
the weathering process; for this reason, it is commonly xenocrys-
tic (Villaros et al., 2009). Nickel and chromium contents are similar
to those of the Bahia granites in Brazil (Maier and Barnes, 1999),
the latter instead show lower scandium contents than the Nyos
granites (3.70 and 16 ppm, respectively). The low concentrations
of some trace elements among coexisting minerals indicate that
they might be essentially held by accessory phases (Fourcade and
Allégre, 1981). These low concentrations could be a result of the
dissolution of accessory minerals by melts of fluids (Villaros et al.,
2009).

5.3. Lanthanides

The total lanthanide content in the Nyos peridotites is 7.41 ppm
and light lanthanide contents are five times higher than those of the
heavy rare-earth elements. The normalization of lanthanides rela-
tive to chondrite values after McDonough and Sun (1995) indicates
the slight lanthanide enrichments from lanthanum to samarium in
the peridotites from Nyos. This spectrum is similar to that reported
in the Lomié serpentinites (Ndjigui et al., 2008) and in the garnet
pyroxenites of Lolodorf region (Ebah Abeng et al., 2007). The total
lanthanide content in the Nyos granites is ten times higher than val-
ues reported for the central Cameroon pan-African granites (Nzenti
et al., 2006). The behaviour of lanthanides is characteristic of each
rock type.

Nevertheless, granites and peridotites sampled in the Nyos
region show enrichments in light REE, although with an instead
flat spectra of heavy lanthanides. The high concentrations in light
lanthanides suggest that the mantle-borne liquid might have been
enriched in light REE (Nana, 2001). This might also be a con-
sequence of a low rate of partial melting or a HREE selective
depletion process relative to light REE during intrusion phase.
The high concentrations of lanthanides, often attaining 20 times
those of the central Cameroon pan-African granites, is a conse-
quence of lanthanide remobilization during the weathering process
(Tripathi and Rajamani, 2007). The weathering process originates
from the mobilization and redistribution of the so-called immobile
elements Fe, Al, Ti, and REE effected by the nature of secondary
mineral formation (Sharma and Rajamani, 2000). The significant
REE enrichment in granite xenoliths may also result from different
precipitation mechanisms or from a minor weathering of clinopy-
roxenes (Sharma and Rajamani, 2000). They would also originate
from the stability of lanthanide bearing-minerals associated to the
circulation of metasomatic fluids or melts (Rolland et al., 2003).
In the granites, accessory minerals control the lanthanide con-
tents (Saleh, 2006). Monazite controls most of the LREE (Cocherie,
1978), and zircon controls the most of the HREE (Charoy, 1986).
The high lanthanide contents could be effected by the propor-
tion of accessory minerals in granites. The chondrite-normalized
patterns reveal the presence of negative Eu anomalies contrary
to the central Cameroon pan-African granites. The granites of the
Foumban-Bankim shear zone show very weak negative Eu anoma-
lies (Njonfang, 1998). The europium anomalies would result from
the high degree of plagioclase fractionation (Saleh, 2007), notably
in the reduction (Eu3* — Eu?*) conditions (Neal and Taylor, 1989).
This hypothesis confirms the petrographic observations showing
that plagioclases are strongly destabilized in granites. The petro-
graphic observations revealed the absence of accessory minerals
such as monazite, apatite, and zircon. The negative Eu anomalies
also result from the presence of these minerals (Saleh, 2007).

The (La/Yb)y ratio of Nyos peridotite xenoliths is much higher
than those of garnet pyroxenites of Lolodorf region (La/Yb)y ~ 1) in
the northwestern border of the Congo craton (Ebah Abeng, 2006).
On the contrary the later are less fractionated. In the granites, the
(La/Yb)y ratios are more significant (49-155). This should result
from the high degree of lanthanide fractionation. In fact, the high
REE fractionation is mainly caused by HREE depletion rather than
by LREE enrichment (Nedelec et al., 1990; Shang et al., 2004). The
granite xenoliths show a stronger HREE depletion compared to the
central Cameroon pan-African granites (Nzenti et al., 2006) and to
granodiorites of the Ntem complex (Shang et al., 2004).

5.4. Au-PGE

The Nyos peridotites show higher platinum and palladium con-
tents than the serpentinites of the Lomié region (Ndjigui et al.,
2008), but which are very low compared to those of the Lolodorf
garnet pyroxenites (Ebah Abeng et al., 2007). The PGE impov-
erishment might be caused by metasomatic fluids or melts. The
conditions of the formation of the Nyos peridotites are apparently
identical to those of the Moroccan rift. The palladium and ruthe-
nium contents in the Nyos peridotites are close to those reported
in the Moroccan rift (Gueddari et al., 1994). Although, the sulfide
was not analyzed, Gueddari et al. (1994) put forward the hypothesis
of an early extraction of palladium by the elimination of a sulfide
liquid during the melting of the clinopyroxenes that initiate the
depletion of the sulfides and the related chalcophiles.

The PGE contents are very low in granites, and globally below
the detection limit. These concentrations are similar to those of the
Bahia granites in Brazil (Maier and Barnes, 1999). The presence of
platinum-group elements in granites, even though in low amounts,
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indicates that the parental magma of the granite might have origi-
nated from a source that has been previously contaminated by the
oceanic crust subduction or by the components of the upper mantle
(Zhou et al., 2004). The PGE traces indicate enrichments by mafic
or ultramafic silicate melts.

6. Conclusion

We can draw three main conclusions from this study:

(1) The peridotite xenoliths of the Nyos volcanic region are charac-
terized by high contents in chromium and nickel (2100 ppm),
and cobalt (104.00 ppm) contents. They possess low lanthanide
contents. Despite these low concentrations, Nyos peridotites
are characterized by LREE enrichments.

(2) The granites of the same volcanic region are siliceous, per-
aluminous, S-type, and marked by high concentrations of
some trace elements such as barium (760-985ppm), zir-
conium (189-329 ppm), strontium (199-235 ppm), rubidium
(171-191 ppm), thorium (24-33 ppm). They are also typified by
their high concentrations in lanthanides (2XREE values ranging
from 263 to 463 ppm). Just like peridotites, granites are char-
acterized by: (i) LREE enrichments (LREE/HREE ratios ranging
from 20 to 30); (ii) negative Eu anomalies; and (iii) positive Ce
anomalies. The (La/Yb)y ratios indicate a high degree of frac-
tionation of Nyos granites during the initial stage of weathering.

(3) In the Nyos peridotite xenoliths, the total PGE is very low
(14.54 ppb). Ruthenium and platinum are both elements whose
the contents are higher than 5 ppb. The normalized values rel-
ative to chondrites specify a flat spectrum which generally
implies the absence of fractionation. Granites are instead very
poor in PGE and their contents are less than 0.25 ppb.
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The Nyong unit is a greenstone belt at the NW border of the Archaean Congo craton. In this study, results of
initial geochemical prospection for gold and platinum-group elements (Au-PGE) in pyroxenites,
amphibolites, and their weathered products in the Nyong unit are reported from two areas, Lolodorf and
Nyabitande.

Garnet-bearing pyroxenites and pyroxenites devoid of garnet were investigated in the Lolodorf region. The

Keywords: . . . . L. .

SW-Cameroon main minerals in these rocks are clino/orthopyroxene + biotite + amphibole + feldspar + garnet + quartz +
Nyong unit opaque minerals corresponding to a granulite facies assemblage. At Nyabitande region, garnet-bearing
Mafic-ultramafic rocks amphibolites and non-garnetiferous equivalents were identified. These have a granoblastic heterogranular
Weathering texture, with associations of amphibole + plagioclase + quartz + opaque minerals + garnet + sulphides
Geochemistry indicating the amphibolite facies. Both rock types are characterized by: (i) moderate SiO,, Al,03, Fe;0s, CaO,

Au-PGE exploration MgO, Cr, V, Ni, Zn, Cu, Co, and Sc contents; (ii) low lanthanide contents with variable LREE-enrichment; and
(iii) positive Ce and negative Eu anomalies. The (La/Yb)y ratios are only high in amphibolites.
The Au-PGE contents are low (25.1 to 120.9 ppb). Palladium and Pt are the most enriched PGE. These rocks
are highly enriched in PPGE than in IPGE. The Pt/Pd ratios indicate that Pt is more mobile than Pd. They have
positive Pd anomalies. The Pt/Ir, Pt/Rh, Pt/Ru, and Pt/Au ratios are variable, and indicate that Ir, Rh, Ru, and Au
are more mobile than Pt.
Weathered pyroxenites and amphibolites are also characterized by moderate SiO,, Al,03, Fe,03, and some
transition trace metal contents. They are, in addition, marked by moderate REE contents and LREE-
enrichment. The (La/Yb)y ratios indicate that weathered pyroxenites have more fractionated signatures
than the weathered amphibolites. All the weathered samples have low Au-PGE contents with PPGE-
enrichment. The Pt and Pd contents increase from the parent rock to the slightly weathered amphibolites
contrary to the weathered pyroxenites.
Mass-balance calculations reveal a strong accumulation of Fe, Mn, Ti, Al, some trace and rare-earth elements;
and strong leaching of Au-PGE in several weathered samples.
Pyroxenites, amphibolites, and their weathered products here, therefore, are not judged to have a favorable
potential target for further Au-PGE exploration.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Platinum-group elements (PGE) are preferentially concentrated in
immiscible sulphide liquids separated from silicate magmas because
of their very high partition coefficients between sulphide and silicate
melts (Alard et al., 2000; Campbell and Barnes, 1984; Godel and
Barnes, 2007). The genesis of PGE mineralization in large mafic-
ultramafic intrusions, such as the Bushveld Complex in South Africa,
the Noril'sk Ni-Cu-(PGE) district in Siberia, and the Stillwater
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0375-6742/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.gexplo.2011.11.003

Complex in the USA, is commonly thought to be magmatic
(Campbell et al., 1983). The evolution of magmatic systems is
controlled by elemental fractionation processes. The formation of
magmatic sulphide deposits involves fractionation of chalcophile
elements and fractionation of Ni and Ir-PGE (IPGE: Ir, Os, Ru) from
Cu and Pd-PGE (PPGE: Pd, Pt, Rh). Interpretations of the genesis of
magmatic ore deposits and the modeling of geochemical data are
based on these fractionation processes (Lesher and Stone, 1996).
However, there is also evidence in many deposits that secondary
hydrothermal activity can remobilize Au and PGE (Ballhaus and
Stumpfl, 1986; Boudreau et al., 1986; Yan Wang et al., 2008). This
process might fractionate the compatible platinum-group elements
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which have affinity for iridium (IPGE) from the incompatible
platinum-group elements which have high affinity for palladium
(PPGE). The weathered products over these rocks are also character-
ized by high platinum and palladium contents (Cornelius et al., 2008;
Traoré et al., 2008a; Ndjigui and Bilong, 2010). These contents are
traditionally high at the saprolite zone and then decrease towards
the surface soil (Ndjigui et al, 2008). The weathered materials
developed on hydrothermal materials are exceptionally enriched;
with up to more than 1000 ppm Au+ PGE in unusual ferruginous
graphitic zones at the Serra Pelada Au-PGE deposit (Moroni et al.,
2001). These authors report that precious metals show a progressive
increase from samples with hydrothermal imprint to samples with
supergene imprint.

Geochemical exploration efforts for Cr, Ni, Au, and PGE in the
Nyong unit have been carried out by several authors (e.g., Ebah
Abeng et al., 2007; Ndjigui et al., 2009a). These past studies mainly
involved reconnaissance geochemical surveys for Ni, Co, Au, Fe, Cr,
and PGE in mafic-ultramafic rocks and their weathered products.
They show that the pyroxenites of the Lolodorf region are character-
ized by moderated Pt and Pd contents (Ebah Abeng et al., 2007) and
the Cr contents are higher (~13,400 ppm) in hornblendites and
lower in talc schists from the Pouth-Kellé (NE border of the Nyong
unit). However, these rocks have very low Pt and Pd contents (Pd +
Pt~5 ppb) (Ndjigui et al., 2009a).

Here, the results of geochemical investigations for pyroxenites at
Lolodorf and amphibolites at Nyabitande that outcrop as small
intrusions in the gneissic country rocks of the Nyong unit are
reported. Also, the suitability of these rocks and their weathered
products as targets for Au-PGE exploration is examined.

2. Geographical and geological setting

The Lolodorf region is situated between latitude 3°08’-3°12’N and
longitude 10°32’-10°37’E in the central part of the Nyong unit
(Fig. 1A). The Nyabitande site is located between 2°45’-2°50'N and
10°27'-10°35’E along the SE border of the Nyong unit (Fig. 1A). The
climate of both regions is equatorial (rainfall~1700 mm/year, and
temperature 24 °C on average), which is favorable to the development
of the Atlantic forest (Letouzey, 1985). These conditions are suitable
for weathering leading to the ferrallitic soils on the interfluves, and
to hydromorphic soils in the swampy valleys (Bilong et al., 1992).

The Congo craton is one of three large cratons which constitute the
basement of the African continent with a surface area of about
5,711,000 km?. It outcrops in Central Africa and is represented by
several blocks of Archaean to mid Proterozoic age (Shang et al., 2007).
The Congo craton is entirely surrounded and partly indented by circum-
jacent pan-African belts (Shang et al., 2010). It was formed mostly dur-
ing the Paleoproterozoic-Transamazonian orogeny between 2.2 and
1.9 Ga (Barbosa and Sabaté, 2002) although abundant Archaean relics
are present with ages of ~3.2 Ga (Vicat et al,, 1998). The north western
margin of the Archaean Congo craton in Southern Cameroon is repre-
sented by the Ntem group (e.g., Shang et al., 2004). This group was
formed during the Archaean and Eburnean orogenies (Tchameni et al.,
2004), and is made up of three units: (i) the Nyong unit; (ii) the Ntem
unit; and (iii) the Ayna unit (Fig. 1A).

The Nyong unit is a metasedimentary and metaplutonic rock unit
that underwent a high grade tectono-metamorphic event at
~2050 Ma associated with charnockite formation (Lerouge et al.,
2006). It is bordered by the Ntem unit to the SE, Pan-African gneiss
to the North and NE, and by the Quaternary sedimentary units to
the NW (Fig. 1A). It is a high-grade gneiss unit, which was initially
defined as a Neoproterozoic, or a Paleoproterozoic-reactivated NW
corner of the Archaean Congo craton (Feybesse et al., 1986; Lasserre
and Soba, 1976; Lerouge et al., 2006). The Nyong unit is made up of
(i) a greenstone belt (pyroxenites, amphibolites, peridotites, talc
schists, and banded iron formations); (ii) foliated series (tonalite-

trondhjemite-granodiorite, orthogneiss); and (iii) magmatic rocks
(augen metadiorites, granodiorites, and syenites) (Champetier de
Ribes and Aubague, 1956; Lerouge et al., 2006). The magmatic rocks
are represented by a SW-NE-trending group of small intrusions
extending from Lolodorf to Olama (Fig. 1A). The surrounding rocks
of the greenstone belt are made up of gneiss and TTG (Fig. 1A). The
Nyong unit is characterized by a regional flat-lying S;/S, foliation
associated with a variably oriented stretching lineation and local
large open folds associated with N-S sinistral strike slip faults
(Lerouge et al., 2006). The metamorphic evolution is polycyclic with
Paleoproterozoic granulitic assemblages overprinted in the western
part of the unit by Pan-African high-grade recrystallizations (Toteu
et al., 1994). The Nyong unit is also characterized by pre-orogenic
sediments (ca. <2400 Ma), affected by granulite facies metamor-
phism associated with ubiquitous flat-lying foliation and syntectonic
plutonism (ca. 2500 Ma). This unit is interpreted as an allochtonous
unit thrusted unto the Congo craton during the Eburnean-Transama-
zonian orogeny (Lerouge et al., 2006). This thrust tectonic event is the
ultimate stage of a complete Paleoproterozoic orogenic cycle whose
major characteristics, including the suture zone, are also preserved
in NE Brazil (Lerouge et al., 2006).

3. Sampling and analytical techniques
3.1. Sampling techniques

Eight fresh rock samples (five pyroxenites and three
amphibolites) and fourteen weathered samples were collected from
the Lolodorf and Nyabitande areas (Fig. 1B-C). The non-weathered
rock and eleven weathered samples were collected from outcrops in
the Lolodorf area, at the Mbikiliki and Mougue villages (Fig. 1B).
The samples included coarse-garnet, fine-garnet, and non-
garnetiferous pyroxenites (Table 1). The weathered samples from
the coarse-garnet type were collected from the variably weathered
blocks (Fig. 1B; Table 1). The core and rim from these blocks were
collected. The core is weathered whereas the rim is fresh. Garnet
and non-garnetiferous amphibolites were also collected (Table 1).
The weathering profile is developed over non-garnetiferous amphib-
olites. Here, three samples were selected for Au-PGE exploration
(Fig. 2). In the coarse saprolite, slightly weathered amphibolite blocks
and the weathered matrix were sampled (Table 1). In the nodular
horizon, which is made up of high proportion of nodules in the
embedded matrix, only nodules were collected (Table 1).

3.2. Analytical techniques

The selected samples were submitted to mineralogical and
chemical analyses. Powders were prepared in the Department of
Earth Sciences (University of Yaoundé I, Cameroon). The mineralogi-
cal analyses were carried out in the GeoLabs (Sudbury, Canada) and
at the University of Poitiers (France).

Samples analyzed for a suite of major and trace elements at the
Geolabs were crushed using a jaw crusher with steel plates and
pulverized in a ball mill made of 99.8% Al,0s3. A two-step loss on
ignition (LOI) determination was carried out. Powders were first
heated at 105 °C in the presence of nitrogen to drive off absorbed
H,O and then ignited at 1000 °C in the presence of oxygen to
eliminate the remaining volatile components and oxidize Fe.

Major element concentrations were determined by X-ray
Fluorescence after sample ignition. Sample powders were fused
using lithium tetraborate flux before analysis with a Rigaku
RIX-3000 wavelength-dispersive X-ray Fluorescence spectrometer.

Rock powders were digested by acid attack in closed beakers for
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis
for lithophile trace element concentrations. Powders were treated in
a mixture of HCl and HClO, acids at 120 °C in sealed Teflon containers
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Fig. 1. A. Geological map of the study areas showing the extent of the Nyong unit (modified after Lerouge et al., 2006; Maurizot, 2000; Vicat, 1998). In the inset, the grayed area
represents the extent of the Congo and Sao Francisco cratons on Gondwanan reconstruction. B. Geological map of the Lolodorf area (modified after Champetier de Ribes and Auba-

gue, 1956). C. Geological map of the Nyabitande area (modified after Champetier de Ribes and Aubague, 1956).

for one week, and then rinsed from their containers with dilute HNO3
and dried. The residue was again dissolved in an acid mixture (HCI
and HClO4) and evaporated to dryness a second time, before being

9000 ICP-MS instrument.

dissolved again in a mixture of three acids (HNOs, HCl, and HF) at
100 °C. Sample solutions were analyzed using Perkin Elmer Elan
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Table 1

Chemical composition (major (wt.%), trace, and rare-earth elements (ppm)) of pyroxenites and amphibolites.

d.l. Pyroxenites Ampbhibolites
Coarse-garnet type Fine-garnet type Non-garnetiferous type Garnetiferous type Non-garnetiferous facies

Samples MKg MKj, MKy My MB14 AY, AY, AY;
Major elements
Si0, 0.01 46.68 50.27 48.54 50.15 49.13 49.00 49.29 48.84
Al;04 0.01 14.54 13.79 1241 13.21 491 12.18 14.02 13.34
Fe,05 0.01 11.98 12.66 12.20 13.78 13.87 17.40 14.00 14.85
MnO 0.01 0.23 0.21 0.23 0.23 0.21 0.32 0.15 0.13
MgO 0.01 9.96 8.30 12.04 8.21 19.88 6.62 6.73 6.72
Ca0 0.01 13.84 11.31 12.10 11.56 10.93 10.57 10.79 10.81
Na,O 0.01 1.36 2.00 1.24 1.60 0.72 1.62 2.58 2.51
K,0 0.01 0.07 0.29 0.15 0.05 0.11 0.27 0.40 0.38
TiO, 0.01 0.62 0.88 0.50 0.97 0.55 1.74 131 1.92
P,05 0.01 0.05 0.10 0.04 0.07 0.06 0.20 0.15 0.16
LOI 0.05 1.00 0.13 0.41 0.12 0.31 0.49 0.74 0.62
Total - 100.33 99.94 99.86 99.95 100.68 100.41 100.16 100.28
Trace elements
Cr 8 495 443 1055 330 2140 200 200 203
\ 1 295 277 261 307 159 307 290 309
Ni 0.8 161 166 329 148 964 132 142 134
Zn 3 78 97.70 70 93 90 113 107 107
Cu 0.7 76.2 95.6 66.5 177.7 82.1 362.5 290.1 107.3
Co 0.1 573 53.8 65.6 54.1 121.2 62 61 63
Sc 0.6 53.6 42 43 46 31 48 43 44
Ba 0.16 28 97 12 4.5 18.2 66.4 81 84
Zr 4 30 47 24 41 28 140 82 105
Sr 0.5 34 72 28 67 22 65 136 115
Y 0.02 17.40 23 16.1 21 14 474 29.6 28.22
Li 0.5 15.2 16 22 12.4 7 9 12 113
Ga 0.1 13.0 15.1 113 16 7.7 20.2 193 20.7
Pb 0.4 45 7.9 19 0.7 12 0.8 2.6 2.1
Rb 0.05 2.07 3 2.34 0.7 1.8 6.3 6.71 6.53
Nb 0.02 1.7 4.5 1.1 2.6 1.7 6 4.2 5.13
Hf 0.1 1 15 0.8 13 09 3.6 22 2.8
Mo 0.07 0.7 0.8 0.4 0.7 283 0.52 0.34 0.44
Th 0.06 0.52 0.62 0.1 0.5 0.5 0.850 0.52 0.7
§) 0.007 0.11 0.12 0.04 0.10 0.13 0.22 0.13 0.20
Ta 0.17 <dl 0.4 <dl <dl 0.11 0.4 0.26 032
Lanthanides
La 0.02 4.09 9.49 1.52 3.75 444 7.93 543 6.14
Ce 0.07 27.15 21.40 4.48 13.05 9.10 20.32 13.52 17.78
Pr 0.01 1.10 2.69 0.67 141 1.38 3.16 2.08 2.74
Nd 0.03 4.89 11.63 344 7.13 6.73 15.66 10.16 13.27
Sm 0.01 1.50 2.96 1.18 2.36 2.08 4.78 3.36 413
Eu 0.01 0.53 0.82 0.47 0.86 0.74 1.54 0.99 137
Gd 0.01 2.24 3.62 1.92 3.23 2.54 6.40 443 537
Tb 0.003 0.43 0.63 0.38 0.57 0.40 1.16 0.77 0.90
Dy 0.01 3.02 421 2.74 3.83 2.63 7.94 5.12 5.42
Ho 0.003 0.68 0.89 0.63 0.81 0.51 1.75 1.07 1.04
Er 0.01 2.10 2.70 1.91 2.36 142 5.44 3.20 2.80
Tm 0.003 0.31 0.40 0.28 0.34 0.20 0.80 0.47 0.38
Yb 0.01 2.11 2.64 1.86 2.28 1.19 5.10 3.03 2.27
Lu 0.003 0.32 0.42 0.29 0.35 0.18 0.77 0.45 0.33
REE - 50.48 64.49 21.76 42.35 33,52 82.75 54.09 63.93
LREE - 39.26 48.99 11.76 28.57 24.46 53.38 35.54 45.43
HREE - 11.21 15.50 10.00 13.78 9.06 29.37 18.54 18.51
LREE/HREE - 3.50 3.16 1.18 2.07 2.70 1.81 1.92 2.45
(La/Yb)n - 132 2.44 0.56 1.12 2.53 1.06 1.22 1.84
(Ce/Ce™) - 3.10 1.02 1.07 137 0.89 0.98 0.97 1.05
(Eu/Eu™) - 0.89 0.76 0.94 0.95 0.98 0.85 0.79 0.89

d.L: detection limits.
Lan/Y! EN = (Lasample/Lachondrite) / (YDsample/YDchondrite)-
CE/CE = (Cesamp]e/cechondrite) /(I-fasample/]-nachonctrite)1/2 (Prsample/Prchondrite)1/2-

Eu/Eu* = (EUsample/EUchondrite) / (SMsample/SMchondrite) /? (Gdsampte/Gdchondrite) >

Gold and platinum-group elements were determined by the
Nickel-Sulfur Fire Assay method followed by Te co-precipitation
(NiS-FA) (Richardson and Burnham, 2002; Savard et al., 2010). Fire
assay is a neoclassical technique for PGE determination in geological
materials. This technique has three advantages: (i) it is capable of

determining rhodium and gold; (ii) the relatively large test portion
mass (15 g) reduces the nugget effect; and (iii) it is faster and less
expensive than isotope dilution with high-pressure Asher acid diges-
tion (HPA-ID) (Savard et al., 2010). The sample solutions were melted
with sodium carbonate and sodium tetraborate in the presence of
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Fig. 2. A. Position of the studied profile along the slope. B. Macroscopic organization of
the weathering profile under amphibolites at Nyabitande showing the locations of
samples.

nickel sulphide melt. After the quenching of each sample, a bead of
NiS was broken out of the crucible and digested by concentrated
HCl in Teflon vessels using concentrated HCl acid. Tellurium co-
precipitation was used to ensure that the insoluble residue after
acid digestion retained all Au-PGE. Solutions were vacuum-filtered
after which the precipitate was then dissolved in aqua regia and deio-
nized water. The resulting solutions were analyzed by ICP-MS using
the Perkin Elmer ELAN 5000 instrument. All preparation details of
this technique are provided in Savard et al. (2010).

The overall analytical uncertainty (twice the standard deviation,
20, for 95% certainty) is higher than 3% and 5% for the major and
trace (including lanthanides and Au-PGE) elements, respectively.

4. Results
4.1. Petrography and geochemistry of pyroxenites and amphibolites

4.1.1. Petrography

The garnet-bearing pyroxenites are more widespread and they are
melanocratic and massive rocks, with fine- to coarse-grained and
poikilitic texture. The garnet-bearing pyroxenites are largely composed
of pyroxene (clinopyroxene~55% and orthopyroxene~15%), with small
amounts of garnet (15%), amphibole (5%), feldspar (5%), biotite (5%),
and accessory minerals such as quartz, zircon, epidote, opaque minerals,
and sphene. The crystal size of pyroxene varies between 0.3 and 0.5 mm
although some megacrysts reach 1.5 mm in size. The pyroxene crystals
are sieved and xenoblastic with numerous small, euhedral plagioclase
inclusions that occasionally show increasing grain size from the crystal
cores to the rims. Garnet forms xenomorphic chains of crystals which
are cracked. These crystals occur either as glomerocrysts in association
with pyroxene, amphibole, biotite, and feldspar or as isolated crystals
commonly mantled by plagioclase and biotite. Amphibole is repre-
sented by mm-sized poikilitic hornblende, associated with pyroxene,
biotite, and garnet. Quartz crystals are 0.2 to 0.5 mm in size and are usu-
ally xenomorphic and stretched while biotite grains are millimetric.
Plagioclase crystals are 0.2 to 04 mm in size. These crystals are
xenomorphic and interstitial to quartz and biotite grains. Alkaline feld-
spar forms thin and dispersed xenomorphic granoblasts. The opaque
minerals constitute mm-sized xenomorphic nodules.

The non-garnetiferous pyroxenites are less abundant. They have
similar petrographic characteristics to the garnet-bearing pyroxenites.

The garnet-bearing amphibolites are melanocratic, schistose and
dense rocks, with medium- to coarse-grained texture. Microscopic ob-
servations show that these rocks have a granoblastic heterogranular
texture, largely composed of amphibole (60%), with garnet (20%), bio-
tite (10%), plagioclase (>5%), and accessory muscovite, opaque min-
erals, epidote, and quartz. Amphibole is represented by cm-sized
poikilitic hornblende megacrysts with biotite, plagioclase and opaque
mineral inclusions. Garnet grains are porphyroblastic, globular, skeletal
to sub rounded crystals, and they contain inclusions of opaque minerals,
biotite, and sub rounded crystals of quartz. The amphibole phase con-
tains opaque minerals and garnet inclusions. Quartz occurs as 0.1 to
0.2 mm sized xenomorphic crystals; some crystals are rounded while
others are elongated. Biotite crystals have millimetric grain sizes, and
plagioclase is xenomorphic. Opaque minerals are euhedral, with
variable size and form. The non-garnetiferous amphibolites have the
same macroscopic features as the garnet-bearing amphibolites. The
main minerals of the non-garnetiferous amphibolites are amphibole
and feldspar.

4.1.2. Geochemistry

Pyroxenites are mostly characterized by moderate SiO,, Al,0Os,
Fe,03, and MgO contents, and by very low K0, TiO,, and P,0s5 con-
tents (Table 1). Three samples have high SiO, contents whereas one
sample has a high CaO content (Table 1). The pyroxenites have mod-
erate contents of transition metals such as Cr, V, Ni, Cu, Co, and Sc
(Table 1). Sample MBy4 has the highest Cr and Ni contents (Table 1).

Amphibolites are marked by a slight variation in major element
contents. They have the similar SiO, contents (~50wt.%). The other
most significant concentrations are those of Al,03, Fe,03, MgO, and
Cao (Table 1).

These rocks have variable contents of Cr, V, Ni, Zn, Cu, Zr, Sr, and Y.
The contents of other elements are very low (Table 1).

Amphibolites are more enriched in REE than pyroxenites
(Table 1). The normalized spectra according to McDonough and Sun
(1995) indicate:

(i) LREE-enrichment in both rock types (Fig. 3);
(ii) positive Ce anomaly in MKg sample (Ce/Ce™=3.1);
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Fig. 3. Chondrite-normalized (McDonough and Sun, 1995) rare-earth element patterns for the fresh and weathered samples. A. Coarse garnet-bearing pyroxenites; B. Fine
garnet-bearing pyroxenites; C. Non-garnetiferous pyroxenites; D. Amphibolites. Acronyms are listed in Table 1.

(iii) slight negative Eu anomalies in AY, and AYs; samples The total Au-PGE and PGE contents are higher in the amphibolites
(Eu/Eu* =0.79 to 0.89); than in the pyroxenites (Table 2). These samples are enriched in Pd
(iv) very low (La/Yb)y ratios (ranging from 0.56 to 2.53 in the and Pt (Table 2). The (Pd + Pt)/2PGE ratios are also high in amphibo-
pyroxenites, and from 1.06 to 1.84 in the amphibolites). lites (Table 2). The Pd/(Pd + Pt) ratios are very low (Table 2). Gold
Table 2
PGE contents (ppb) in pyroxenites and amphibolites.
d.l. Pyroxenites Amphibolites
Coarse-garnet type Fine-garnet type Non-garnetiferous type Garnetiferous type Non-garnetiferous type
Samples MKs MK, MKy M, MB14 AY, AY; AY3
Ir 0.01 0.26 0.18 0.49 0.14 0.80 0.02 0.01 0.01
Ru 0.08 0.41 0.37 1.58 0.43 3.96 0.66 0.21 0.25
Rh 0.02 1.00 0.90 1.32 1.37 0.74 3.69 0.87 1.04
Pt 0.17 15.86 11.67 14.38 14.85 494 26.30 9.55 10.50
Pd 0.12 18.00 13.37 5.17 25.75 5.83 83.10 35.90 36.20
Au 0.22 6.56 4.42 2.16 461 13.40 7.16 8.81 522
Au-PGE - 42.09 3091 25.10 47.15 29.67 120.93 55.35 53.22
PGE = 35.53 26.49 22.94 42.54 16.27 113.77 46.54 48.00
IPGE - 0.67 0.55 2.07 0.57 476 0.68 0.22 0.26
PPGE - 34.86 25.94 20.87 41.97 11.51 113.09 46.32 47.74
IPGE/PPGE - 21072 21072 1.107! 11072 411072 6.01+1073 47551073 5.45%103
Pd -+ Pt - 33.86 25.04 19.55 40.60 10.77 109.40 45.45 46.70
Pd/PGE (%) - 50.66 50.47 22.54 60.53 35.83 73.04 77.13 75.41
Pt/PGE (%) - 44,64 44.05 62.69 3491 30.36 23.11 2051 21.88
Pd -+ Pt/PGE (%) - 95.30 94.52 85.22 95.44 66.20 96.15 97.65 97.29
Pd/Pd + Pt - 0.53 0.53 0.26 0.63 0.54 0.76 0.78 0.77
Pt/Pd - 0.88 0.87 2.78 0.58 0.85 0.32 0.27 0.29
Pt/Ir - 61.00 64.83 29.34 106.07 6.18 1315 955 1050
Pt/Rh - 15.86 12.96 10.89 10.84 6.68 7.13 10.98 10.10
Pt/Ru - 38.68 31.54 9.10 3453 1.25 39.84 4547 42.00
Pt/Au - 2.41 2.64 6.66 3.22 0.37 3.67 1.08 2.01
pd/Pd* - 1.21 1.27 0.63 2.13 0.49 4.14 2.68 3.34
(Pd/Ir)y - 57.27 61.44 8.72 152.16 6.03 3437.32 2969.90 2994.72
(Pt/Ir)y - 27.48 29.20 13.22 47.78 2.78 592.40 430.22 473.02

d.l.: detection limits.
*__ 1/2 1/2
Pd/Pd” = (Pdpyroxenite or amphibolite/Pdchondrite) / (Ptpyroxenite or amphibolite/Plehondrite) /> (Apyroxenite or amphibolite/Alchondrite)
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contents are lower than those of the previous elements (Table 2).
Both rock types are enriched in PPGE (Table 1). The Pt/Ir, Pt/Rh,
Pt/Ru and Pt/Au ratios are higher than 1 indicating that Ir, Rh, Ru,
and Au are more mobile than Pt. The Pt/Pd and Pt/Au ratios suggest
that Pd is more mobile than Pt only in MK4_; sample, and Pt is more
mobile than Au in MB4 sample. The Pt/Pd ratios indicate that Pt is
more mobile than Pd in amphibolites (Table 2).

The chondrite-normalized (McDonough and Sun, 1995) PGE
patterns indicate that: (i) Pd is strongly enriched in pyroxenites
relative to other PGE (Fig. 4A-C), and (ii) amphibolites have strong
positive Pd anomalies (Pd/Pd™ ranging from 2.68 to 4.14) (Fig. 4D;
Table 2). The rocks exhibit fractionated PGE patterns and are charac-
terized by higher (Pd/Ir)y and (Pt/Ir)y values (Fig. 4A-C; Table 2).

Positive correlations are present between Pt and Pd in several
whole-rock samples (Fig. 5).

4.2. Petrology of weathered products

4.2.1. Morphology, mineralogy and distribution of major and trace
elements

4.2.1.1. Weathered garnet-bearing pyroxenites. Two types of weathered
samples of garnet-bearing pyroxenites were investigated: the
coarse-garnet and the fine-garnet types (Table 3). Concretions of
black materials occur as inclusions in the garnet-bearing pyroxenites
(MBg sample). The mineral assemblage of the MBg sample is
dominated by amorphous minerals.

The weathered samples of the coarse garnet-bearing pyroxenites
are reddish-black, centimetric, and massive, with irregular form.
Their mineral assemblage is dominated by amphibole, feldspars,
quartz, goethite, hematite, kaolinite, and gibbsite (Table 3).

The weathered samples of fine garnet-bearing pyroxenites have
the same macroscopic characteristics as those of the coarse garnet-
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bearing pyroxenites but they are yellowish red. They are made up of
amphibole, gibbsite, quartz, goethite, and feldspars (Table 3).

4.2.1.2. Weathered non-garnetiferous pyroxenites. These materials are
reddish black and strongly hardened. They have the same mineral
assemblage as weathered garnet-bearing pyroxenites, but differ by
the presence of pyroxene and micas (Table 3).

4.2.1.3. Weathered amphibolites. The weathering profile is situated on
a flat undulating surface (Fig. 2A) and is made up of coarse saprolite, a
nodular horizon, and loose clayey surface soil (Fig. 2B).

The coarse saprolite (0.5 m) is comprised of slightly weathered
amphibolite blocks (NY; sample) and loose matrix. These blocks are
black at the border with the relic structure of amphibolites inside.
They are centimetric, massive and patched, with irregular form. The
loose matrix is yellowish brown, clayey-sandy, and dense, with
polyhedral structure. Both materials have the same mineral
assemblage which is made up of amphibole, pyroxene, quartz,
feldspars, kaolinite, gibbsite, and goethite (Table 3).

The nodular horizon (0.3 m) is made up of ferruginous nodules
embedded in the clayey yellowish brown matrix. The nodules are
centimetric, with irregular form and black core. The rim is red or
yellow ferruginous with rare clayey patches. It contains high
proportion of quartz crystals. The clayey matrix possesses the same
macroscopic characters as the matrix of the coarse saprolite. The
mineral assemblage of nodules is dominated by quartz, goethite,
hematite, kaolinite, and gibbsite (Table 3).

4.2.2. Geochemistry

The weathered pyroxenite samples are characterized by low to
high contents in SiO,, Fe,0s3, Al,O3, and by low CaO, MgO, MnO,
Na,0, K,0, and P,05 contents (Table 4). Samples of weathered am-
phibolites have similar SiO, and Fe,05 contents as weathered pyrox-
enites; Mn, Ca, K, Na, Ti, Mg, and P have low contents (Table 4).

——M4 ——MB6 ——MOI

os)

1.10"4

1.10%4

1.10°4

Sample/chondrite

1.10°4

1.10°

Ir Ru Rh Pt Pd Au

——AY1
——NY3

—=—AY2
——NY2

——AY3 ——NY1

)

——Braamph

1.10°

1.10%1

Sample/chondrite

1.10° T T T T T 1
Ir Ru Rh Pt Pd Au

Fig. 4. Chondrite-normalized (McDonough and Sun, 1995) Au-PGE patterns for the fresh and weathered samples. A. Coarse-garnet bearing pyroxenites; B. Fine-garnet bearing py-
roxenites; C. Non garnetiferous pyroxenites; D. Amphibolites; Pyr Marker: Pyroxenite Marker of the Bushveld Complex (Maier et al., 2001); Bra amph: Amphibolites of the Curaga

valley, Bahia, Brazil (Maier and Barnes, 1999). Acronyms are listed in Table 2.
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The weathered pyroxenites are also characterized by high con-
tents in Cr, Ni, Zn, Cu, and V (Table 5). The Ba contents are high in
some samples whereas those of Sr are elevated only in two samples
(Table 5). The Li, Co, Zr, and Sc contents are low (Table 5). The Cu,
Ni, Cr, Co, Sc, Mo, Rb, Ba, Pb, Tl, Y, and Zn contents are higher in the
slightly weathered amphibolites than in the nodules. The concentra-
tions of V, Zr, Nb, Hf, Ta, Ga, Th, and U increase from the coarse sapro-
lite to the nodular horizon (Table 5).

The REE contents are high in the weathered pyroxenites. In the
weathered amphibolite profile, these contents increase from the par-
ent rock to the nodular horizon (Table 6). The LREE/HREE ratios show
a moderate LREE-enrichment. Four weathered samples of the garnet
type have moderated HREE contents (Table 6). However, the MBg
and the non-garnetiferous type samples have relatively the same
HREE contents (Table 6).

The chondrite-normalized patterns reveal: (i) positive (Ce/
Ce™=3.70) and negative Ce (Ce/Ce*~0.71-0.88) anomalies in the
weathered pyroxenite samples (Fig. 3A-C; Table 6); and (ii) very

Table 3
Mineralogical composition of the weathered pyroxenites and amphibolites.

slight negative Ce anomalies in those of amphibolites (Ce/Ce™~0.83;
Fig. 3D).

The parent rock-normalized patterns show the same trend like the
chondrite-normalized patterns (Fig. 6).

The (La/Yb)y ratios are more elevated in the weathered pyroxe-
nites (Table 6). These ratios present the same trend in the weathered
amphibolites. They show that REE are more fractionated in the
weathered samples of the coarse garnet-bearing pyroxenites than
others.

In the weathered pyroxenites, Au-PGE contents vary from 2.3 to
75.84 ppb. The total PGE content is also variable (Table 7). The ele-
ments with elevated contents are Pt and Pd. Higher concentrations
are observed in three samples whereas the lower concentrations are
measured in four samples (Table 7). The gold contents are very low
(Table 7). These materials are enriched in PPGE (Table 7). The Pt/Ir,
Pt/Rh, and Pt/Ru ratios are higher than 1, and indicate that Ir, Ru,
and Rh are more mobile than Pt. However, the Pt/Pd ratios are higher
than 1 in some samples, and less than 1 in others. This indicates the

Weathered pyroxenites

Weathered amphibolites

Coarse-garnet type

Fine-garnet type

Non-garnetiferous type Coarse saprolite Nodular horizon

MB, MB, MB,4 MB5 MB1; MB;; MO, MBg MB; MB1o Blocks Matrix Nodules
NY; NY; NY,
Pyroxene - ++ - - ++ ++ - - ++ ++ +++ - -
Amphibole +++ ++ ++ € ++ € € +++ ++ +++ +++ ++ -
Feldspars ++ ++ € € +++ € ++ - ++ - ++ - _
Quartz +++ ++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ +++
Muscovite - ++ € - ++ € - - - - - _ _
Biotite € ++ € € ++ € € € - - - - _
Kaolinite ++ ++ ++ ++++ - ++ - ++ ++ ++ ++
Hematite ++ - ++4++ - - - ++ - ++ ++ ++ ++
Goethite ++ € ++++ ++ - ++ ++ ++ ++ ++ - € +++
Gibbsite - € +++ - ++ ++ +++ & - ++ 3 +++  ++

+-+++: very abundant; +++: abundant; ++: represented; +: poorly represented; €: traces; -: non-identified.
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Table 4
Major element contents (wt.%) in the weathered pyroxenites and amphibolites.

d.l. Weathered pyroxenites Weathered amphibolites
Coarse-garnet type Fine- Non- Coarse saprolite Nodular horizon
garnetiferous garnetiferous Blocks Matrix  Nodules
type type
Samples MB, MB, MB,4 MBs MBg MB;;  MBj;,  MBg MO; MB; MB;,  NY; NY; NY,
Sio, 0.01 33.25 38.09 37.56 51.98 6.96  27.93 3205 4142 2168 69.37 2647  44.85 45.62 17.78
ALO3 0.01 5.41 15.04 6.28 5.90 3.26 17.33 15.92 10.03 25.70 7.70 11.58 14.25 15.43 17.40
Fe,03 0.01 51.30 2493 4495 3414 25.63 3269 3006 3556 2698 15.04 37.15 17.29 21.28 4441
MnO 0.01 0.08 024  0.04 0.04 >4.90 014  0.11 0.02 0.08 0.09 0.09 0.31 0.06 0.04
MgO 0.01 1.64 5.15 0.63 0.50 0.48 1.73 0.83 0.17 0.99 0.91 7.16 6.55 0.43 0.03
Ca0 0.01 0.12 6.41 0.12 0.18 0.95 1.88 0.82 0.13 0.89 1.89 4.09 8.87 0.47 0.02
Na,O 0.01 <dl 0.43 <dl <dl 0.03 0.11 <dl <dl <dl <dl 0.48 1.11 <dl <dl
K,0 0.01 0.02 0.14  0.02 0.02 1.89 0.12 0.02 0.03 0.03 0.06 0.10 0.38 0.18 0.08
TiO, 0.01 0.19 227 023 0.22 0.12 250 321 0.60 2.16 0.59 145 1.95 237 1.62
P,05 0.01 0.18 0.18 031 0.18 0.55 0.23 0.28 0.25 0.15 0.13 0.13 0.09 0.22 0.57
LOI 0.05 8.25 772 977 7.33 18.76 15.24 15.84 11.02 20.28 5.03 10.18 3.94 1332 17.14
Total - 100.44 100.60  99.91 100.49 58.63 9990 99.14  99.23 98.94 100.81 98.88 99.59 99.38 99.09

d.l.: detection limits.

contrast Pd behavior in these materials. The Pt/Au ratios are less than
1 in some samples (Table 7), Pt is more mobile than Au in these ma-
terials (Table 7).

In the weathered amphibolites, Au-PGE contents are higher
than in the weathered pyroxenites. The high Pd, Pt, and Au con-
tents are observed in the coarse saprolite (Table 7). The (Pd + Pt)
contents are elevated. The PPGE content is high (Table 7). The Pt/
Ir, Pt/Rh, and Pt/Ru ratios show that Ir, Rh, and Ru are more mobile
than Pt. Platinum is more mobile than Pd (Table 7). The Pt/Au ra-
tios are variable likewise the behavior of Au; Au is more mobile
than Pt in the matrix from the coarse saprolite and in the nodular
horizon.

The chondrite-normalized spectra reveal: (i) very slight positive
Pd anomalies in the weathered pyroxenites (Fig. 4A-C, Table 7);
and (ii) negative Pd anomalies (Pd/Pd*~0.5) in the weathered
amphibolites (Fig. 4D).

Table 5
Trace element contents (ppm) in the weathered pyroxenites and amphibolites.

The parent rock-normalized patterns show the same trend and
anomalies like the chondrite-normalized spectra (Fig. 7).

The binary diagram reveals that Pd has good positive correlations
with Pt in laterites (Fig. 8).

4.3. Genesis of mineralization

The MgO variation diagram showing compositional variations of
pyroxenites and amphibolites reveal that TiO,, Fe,03, Nb, Zr, and La
have negative correlations with MgO. Al,03, CaO, Ni, and Cr show
the opposite trends (Fig. 9). Correlations of precious metal (Au+ Pd +
Pt) enrichments with selected major and trace elements are shown in
Fig. 10. Positive correlations are seen with several elements except Fe,
Cr, Nb, and U.

The compositions of both rock types are commonly normalized to
their abundance on primitive mantle (McDonough and Sun, 1995)

dl.  Weathered pyroxenites Weathered amphibolites
Coarse-garnet type Fine-garnet type Non-garnetiferous  Coarse saprolite Nodular horizon
type Blocks  Matrix Nodules
Samples MB, MB, MB, MBs  MBg MB1; MB1> MBg MO; MB; MBso NY; NY; NY,
Cr 3 110 154 73 77 27 262 142 125 430 85 >4500 216 326 639
\ 1 52 >370 60 62 202 >370 >370 155 >370 166 >370 347 >370 >370
Ni 1.6 145 78 16 19 3222 1133 107 40.3 74.1 34 598 136 40.3 49
Zn 7 162 170 76 65 1417 114 108 59 66 65 107 112 42 88
Cu 14 143 703 117 90.1 41 151 174.1 98 184.1 40 1432 3243 143.1 356
Co 0.1 4.1 51 3 34 >187 28 27.3 44 29 19 68 64 9 6.4
Sc 1.1 8 >63 11.1 11 71 >63 >63 24.2 >63 16.1 61 46.5 30 56.8
Ba 1 15 62 16 22 >1740 195 210 28 44 67 17 100 52 48
Zr 6 33 73 47 48 75 99 117 70 63 66 75 100 283 105
Sr 0.6 1.1 47 13 1.5 5772 7 45 1.5 2 37.8 13.8 41.7 13.8 13.5
Y 0.05 13 22.61 595 42 11.84 16.94 21.25 7.65 5.12 74 7.9 37.5 5.1 123
Li 0.4 0.6 59 0.6 0.7 7.8 8.6 8 1.9 2 1.9 2.2 9.4 4 14
Ga 0.04 7.1 24.81 871 87 6.8 3212 2843  13.81 30 13.66 22.04 201 29 26.43
Pb 0.6 15.5 23 315 231 39.3 12.0 8.7 22.1 115 209 34.7 24 20.2 29.6
Rb 0.2 13 5.6 1.8 1.5 43.2 31 13 1.8 0.7 4 24 7.6 9.6 2.7
Nb 0.02 44 11.74 3 2.44 2.54 7.2 11.6 7 6.55 6 484 5.00 11.5 7
Hf 0.1 0.9 2.5 1.2 13 2.1 3 3.6 1.8 2.2 1.8 24 2.7 6.9 3
Mo 0.1 13 3.5 2 2.5 6.5 0.6 1 1 0.6 13 >44 04 2.3 4.6
Th 0.01 2.82 0.7 3.05 2.84 3 0.7 0.71 35 0.2 6.8 23 0.7 10.54 8.8
§) 0.01 0.45 0.6 1.02 09 0.5 1 13 14 041 1.32 1.1 0.2 2.63 2.9
Ta 0.02 0.4 1.11 022 024 0.2 0.45 0.9 0.6 0.5 0.6 033 0.34 0.7 0.45

d.l.: detection limits.
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Table 6
Rare-earth element contents (ppm) in the weathered pyroxenites and amphibolites.
Weathered pyroxenites Weathered amphibolites
Coarse-garnet type Fine-garnet type ~ Non-garnetiferous type  Coarse saprolite Nodular horizon
dl MB; MB, MB, MBs MB;; MB;, MBg MO, MBg MB; MB;, Blocks Matrix  Nodules
NY; NY; NY,

La 0.040 1641 17.97 7.96 4.44 8.45 14.76 22.62 0.66 1020 21.14 3.62 5.95 11.99 14.37
Ce 0.120 4081 27.76 1242 1426 1771 2686 163.02 3.41 3524 3574 13.17 16.67 23.63 24.27
Pr 0.010 4.03 3.90 1.96 1.01 2.45 338 437 0.26 238 3.78 1.27 2.53 237 3.17
Nd 0.060 15.63 15.61 7.39 434 1008 12.84 14.78 132 8.67 13.01 561 1239 8.14 12.26
Sm 0.010 3.23 435 1.69 1.06 2.68 3.10 291 0.53 2.06 2.34 1.68 4.12 1.65 2.98
Eu 0.003 0.88 133 0.45 0.31 0.78 0.94 0.92 0.22 0.56 0.64 0.54 1.34 0.42 0.85
Gd 0.010 2.80 4.55 1.39 0.94 2.59 3.31 2.49 0.81 1.75 1.90 1.76 5.52 1.25 2.81
Tb 0.442 0.44 0.78 0.25 0.17 0.49 0.65 0.43 0.17 0.30 0.28 0.30 1.00 0.21 0.46
Dy 0.009 2.82 513 1.57 1.07 3.49 4.66 2.54 1.10 1.91 1.68 1.84 6.91 1.24 2.84
Ho 0.040 0.56 1.01 0.30 0.20 0.76 0.98 0.51 0.22 0.36 0.31 0.34 142 0.24 0.54
Er 0.007 1.56 2.92 0.92 0.60 2.34 3.01 1.48 0.67 1.04 0.86 0.96 4.42 0.70 1.57
Tm 0.001 0.23 043 0.14 0.09 0.37 0.47 0.21 0.10 0.16 0.13 0.14 0.65 0.11 0.23
Yb 0.009 1.50 2.90 1.08 0.67 2.58 3.25 1.37 0.67 1.09 0.85 0.88 417 0.74 1.49
Lu 0.020 0.21 0.40 0.15 0.09 0.39 0.47 0.20 0.10 0.15 0.12 0.12 0.62 0.11 0.22
REE - 91.11 89.04 3764 2927 5516 78.67 217.83 10.23 65.85 82.76 3222 6771 52.79 68.05
LREE - 80.99 7092 3186 2543 4215 61.89 20861 6.40 59.11 76.65 2589  43.00 48.19 57.90
HREE - 10.12  18.12 5.78 384 13.01 16.79 9.22 3.83 6.75 6.11 633 2471 4.60 10.15
LREE/HREE - 8.00 391 5.51 6.62 3.24 3.69 22.62 1.67 8.76  12.55 4.09 1.74 10.48 5.70
Ce/Ce™ - 113 0.75 0.71 1.52 0.88 0.86 3.70 1.45 1.26 1.09 1.67 0.99 1.02 0.83
Eu/Eu™ - 0.95 097 0.96 1.01 0.96 0.95 1.11 1.07 0.94 0.94 0.98 0.97 0.99 1.00
(La/Yb)n - 13.39 7.58 9.06 8.11 4.02 5.56 20.16 0.60 5.71 6.69 1.11 0.53 5.97 3.58

d.L: detection limits.

CE/CE = (Ceweathered sample/cel’ymxenite or amphibo]ite) /(Laweathered samp]e/Lapyroxenite or amphibulite)I/Z(Prweathered samp]e/Prpyroxenute or amphlbolite)l/2
EU/EU = (Euweathered sample/Eupyroxenite or amphibolite)/(Smweathered samp]e/smpyroxenite)l/2(deeathered sample/deyroxenite or amphibolite)l/2
(La/Yb)N = (Laweathered sample/[ﬂpyroxel1ite or amphibolite) /(waeathered sample/pryroxenite or amphibolite)~
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Fig. 6. Rare-earth element patterns of weathered samples normalized using parent rocks. A. Coarse garnet-bearing pyroxenites; B. Fine garnet-bearing pyroxenites; C. Non-
garnetiferous pyroxenites; D. Amphibolites. Abbreviations are listed in Table 5.
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Table 7
Gold and PGE contents (ppb) in the weathered pyroxenites and amphibolites.
d.l. Weathered pyroxenites Weathered amphibolites
Coarse-garnet type Fine-garnet type  Non-garnetiferous type  Coarse saprolite Nodular horizon
MB, MB, MB; MBs  MBg MB;; MB;, MBg MO, MBs; MB;o Blocks Matrix ~ Nodules
NY; NY; NY,
Ir 0.01 0.04 0.01 0.03 0.02 0.07 0.01 0.01 0.04 0.13 0.02 1.89 0.01 0.09 0.12
Ru 0.08 013 <dl 0.08 <dl 0.08 <dl <dl 0.21 0.39 0.08 10.00 0.28 0.52 0.66
Rh 0.02 0.08 0.06 0.08 0.06 024 0.05 0.04 0.22 1.95 0.05 1.74 1.25 139 1.06
Pt 017 226 1.06 144 1.10 3.08 0.87 0.59 2.93 24.50 0.79 10.60 15.60 1430 1040
Pd 0.12 063 0.70 0.69 0.59 213  1.04 0.82 3.09 44.50 0.56 10.60 4220 3050 17.70
Au 0.22 071 246 139 052 067 282 7.83 0.82 437 0.84 28.00 17.00 7.87 5.00
PGE - 314 1.83 232 177 560 1.97 1.46 6.49 71.47 1.50 34.83 59.34 4680 2994
Au-PGE - 3.85 429 371 229 6.27 4.79 9.29 7.31 7584 234 62.83 76.34 54.67 34.94
Pd +Pt - 289 1.76 213 1.69 521 191 141 6.02 69.00 135 21.20 57.80 4480 28.10
Pd/PGE (%) - 20.06 38.25 29.74 3333 38.04 5279 56.17 47.61 62.26 37.00 30.00 71.11 65.17 59.11
Pt/PGE (%) - 7197 57.92 62.07 62.14 55.00 4420 4041 45.14 3428 53.00 30.00 2629 3055 34.73
Pd + Pt/PGE (%) - 92.04 96.18 91.81 9548 93.04 9695 96.57 92.76 96.54 90.00 61.00 97.40 9572 93.85
IPGE - 0.17 0.01 011 0.02 0.15 0.01 0.01 0.25 0.52 0.10 11.89 0.29 0.61 0.78
PPGE - 297 1.82 221 175 545 1.96 145 6.24 70.95 1.40 2294 59.05 46.19 29.16
(IPGE/PPGE)*100 6.00 0.55 5.00 1.00 280 0.51 0.69 4.00 0.73 7.14 51.83 0.49 132 2.67
Pt/Pd - 359 151 2.09 1.86 145 084 0.72 0.95 0.55 141 1.00 0.37 0.47 0.59
Pt/Rh - 2825 17.67 18.00 1833 12.83 1740 1475 1332 1256 15.80 6.09 12.48 10.29 9.81
Pt/Ru - 1738 - 18.00 - 3850 - - 13.95 62.82 9.88 1.06 55.71 2750 15.76
Pt/Ir - 5650 106.00 48.00 55.00 44.00 87.00 59.00 73.25 188.46  39.50 561 1560.00 158.88 86.67
Pt/Au - 3.18 043 1.04 212 460 031 0.08 3.57 5.61 0.94 038 0.92 1.82 2.08
Pd/Pd* - 054 047 053 0.84 1.60 0.72 0.41 0.64 1.38 0.96 0.86 0.53 0.59 0.50

d.L: detection limits.
* 1/2 1/2
Pd/Pd = (Pdweathered material/Pdamphibolite or pyroxenite)/(thm/Ptamphibahte or pyroxenite) / (Auweathered materia]/Auamphibulite or pyroxemte) & .

because it is more relevant to the source of several metals, and to plot strongly fractionated mantle-normalized metal distribution patterns
them in order of increasing compatibility (Lesher and Stone, 1996) as (Fig. 11). The coarse-garnet pyroxenites are enriched in Pb, Mo, Cu,
is traditionally done with incompatible lithophile trace elements and Zn. They are strongly depleted in Au, Pd, Pt, Rh, Ru, and Ir
(Lesher and Keays, 2002). The pyroxenites and amphibolites exhibit (Fig. 11A). The fine-garnet type shows a similar trend with Pb-
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Fig. 7. Au-PGE patterns of weathered samples normalized using parent rocks. A. Coarse garnet-bearing pyroxenites; B. Fine garnet-bearing pyroxenites; C. Non-garnetiferous
pyroxenites; D. amphibolites. Abbreviations are listed in Table 6.
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enrichment (Fig. 11B). The non-garnetiferous type is enriched in Pb
and Mo and is similar to the coarse-garnet pyroxenites (Fig. 11C).
The amphibolite type is enriched in Pb, Mo, Cu, and Fe. The depletion
of Au-PGE is moderated except for Ir (Fig. 11D).

5. Mass balance evaluation

Mass-balance evaluation is an approach that helps to better un-
derstand the mobility of the elements in weathered materials. Two
methods have been developed to estimate mass changes. The first
one, which requires bulk density, porosity and thicknesses of the
materials, leads to the determination of mass transported or de-
posited for each element (e.g., Kamgang Kabeyene Beyala et al.,
2009; Traoré et al., 2008b). The second method, expressed in per-
centage (%) takes into consideration only the element contents in
different samples. Three elements are regularly used as immobile
elements to quantify gains and losses within weathered materials,
including Ti (e.g., Cornu et al.,, 1999), Th (e.g., Moroni et al., 2001;
Ndjigui et al., 2008), and Zr (e.g., Beauvais, 2009; Wimpenny et al.,
2007).

Braun et al. (2005) suggest that secondary Th-bearing minerals
and zircon are stable in the saprolite and soil, and the geochemical
behavior of these elements is inert during saprolitization and ferralli-
tization. However, as Colin et al. (1993) showed that zircon can dis-
solve in the lateritic environment, for this study, the immobile
element that will be used is Th. The following equation from Nesbitt
and Wilson (1992), as modified by Moroni et al. (2001) will be ap-
plied:

%change = {(XWS /Thy,)/ (xpr /Thpr) —1} +100 (1)

Xws and X, are the element concentrations in the weathered sam-
ple and in the parent rock, respectively. Thys and Thy, are the

concentrations of the immobile element in the weathered sample
and the parent rock, respectively.

The application of Eq. (1) shows that Al, Fe, K, Ti, P and a lesser
amount of Si are accumulated in several samples of garnet type
(Fig. 12A-B). Chromium, V, Ni, Co, Sc, Zn, Cu, Ba, Zr, Ga, Pb, Rb, Nb,
Hf, Mo, and U are accumulated in several weathered pyroxenite sam-
ples and in the slightly weathered amphibolites (Fig. 12D-F). Rare-
earth elements are leached from the several samples. However, sev-
eral REE are accumulated in some weathered coarse garnet-bearing
pyroxenites (Fig. 13A), and depleted in the other weathered pyroxe-
nites (Fig. 13B). In contrast, Au and PGE are strongly depleted from
several weathered samples; they are accumulated only in one fine
garnet-bearing pyroxenite sample (Fig. 13D-E).

In the weathered amphibolites, the application of Eq. (1) shows
that Si, Na, Ca, and P are strongly leached from the slightly weathered
amphibolites. All major elements have been removed from the matrix
and nodules (Fig. 12C). Only Zr, Sr, Li, Mo, and U are leached from the
saprolite; however U is slightly accumulated in the nodules (Fig. 12F).
Several lanthanides are strongly accumulated in the slightly weath-
ered amphibolites except Ce, Pr, and Nd (Fig. 13C). Gold and PGE
are accumulated only in the slightly weathered amphibolites
(Fig. 13F).

6. Discussion
6.1. Petrography and geochemistry of pyroxenites and amphibolites

Pyroxenites correspond to the granulite facies of the basaltic series.
The amphibolites of Nyabitande are derived from mafic igneous rocks.
The absence of actinolite amphibole which is a common product of ret-
rograde metamorphism of basalts shows that these amphibolites result
from a prograde metamorphism (Winter, 2001). However, the sulphide
minerals in amphibolites suggest that they might be affected by hydro-
thermal alteration.
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Fig. 10. Correlations of precious metals with selected major and trace elements.

The high LREE contents in pyroxenites and amphibolites could be
related to the enrichment of their source materials, or to a low degree
of partial melting of source protoliths with garnet among the residual
phases (Nzenti et al., 2006). The positive Ce and negative Eu
anomalies probably result from the variability of oxidizing conditions

(Neal and Taylor, 1989). The positive Ce anomalies in some samples
are similar to those of unusual tridymite-hercynite xenoliths (Ce/
Ce*~1.2-2.5) in middle Miocene Niutoushan tholeiites from the
southeast coastal area of China (Zou et al., 2004). The negative Eu
anomalies could result from the high degree of plagioclase
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fractionation (Lee et al., 2009; Saleh, 2007). According to Lee et al.
(2009), voluminous plagioclase growth removes significant Eu?™
from the system during magma crystallization and this reduction of
total Eu limits the Eu®* available to zircon, resulting in progressively
more negative Eu anomalies in later grown zircon. The variability of
(La/Yb)y ratios in pyroxenites and amphibolites could be relative to
the early stage of weathering.

Palladium, Pt and Au might be concentrated in the amphibolites
by ascending hydrothermal fluids (Naldrett et al., 2008). Alard et al.
(2000) showed that during partial melting of the mantle, base
metal sulfides (BMS) melt incongruently to produce a Cu-Ni-rich
sulphide melt that concentrates Pd and Pt. The average Pt/Pd ratio is
very low; Pd and Pt have little or no significance in pyroxenites and
amphibolites (Godel and Barnes, 2007). The elevated Pd contents
(83.1 ppb) in the garnet-bearing amphibolites suggest that Pd could
be distributed in sulphide minerals (Pasava et al., 2010) or can be
transported as bisulphide complexes in acidic-neutral solutions
under reduced and moderate oxidation conditions at 300 °C (Barnes
and Liu, 2011). The average Pt/Ir, Pt/Rh, Pt/Ru, Pt/Au ratios indicate
that Ir, Rh, Ru, and Au could have highly different behaviors in the
same samples. The (Pd/Ir)y and (Pt/Ir)y ratios also indicate Pd- and
Pt-enrichments relative to Ir (Luguet et al., 2007). During the partial
melting of the mantle, PPGE (most especially Pd) are distributed in
the liquid phase, leaving behind a Pd-depleted residue after high
degree of melt extraction. Thus, Pd is concentrated in the magmatic
liquid and should be incorporated into pyroxenites and amphibolites
that crystallize from such a system (Gueddari et al., 1994). Another
explanation of the Pd-enrichment could be similar to the Godel and
Barnes model (Godel and Barnes, 2007). According to these authors,
the Pd-enrichment can be summarized into three steps. Firstly, PGE
are collected by an immiscible sulphide liquid which interacted
with a large volume of magma with a composition similar to the

Bushveld Complex magmas or of most high-Mg basalts. Then
magma chamber instabilities trigger the partial desulfurization of
the BMS minerals and the enrichment of the remaining BMS minerals
in PGE. In a final step, an aqueous fluid leaches Pd, and to a lesser ex-
tent Pt, from the footwall of the reef. This fluid precipitated Pd in the
reef and altered the BMS minerals to magnetite. During this step, Pd
may crystallize as Pd-alloy and/or substitute to nickel in pentlandite
to form a high-Pd bearing pentlandite (Godel and Barnes, 2007). Py-
roxenites and amphibolites are enriched in PPGE. This indicates that
the partial melting had not completely dissolved residual mantle sul-
phides, and thus a near-chondritic PGE distribution had been retained
(Subba Rao et al., 2004). The low Ir, Ry, and Rh contents could be due
to their sequestration during the magmatic process (Bockrath et al.,
2004), to the partitioning of IPGE during crystallization (Godel et al.,
2007), or to extremely limited hydrothermal mobility (Barnes and
Liu, 2011). The low IPGE contents might be also caused by an increase
in oxygen fugacity (Auge and Legendre, 1994; Fonseca et al., 2009).
The positive correlations between Pt and Pd suggest that Pt is associ-
ated with Pd (Barnes and Liu, 2011; Godel et al., 2007). The pyroxe-
nites of the Nyong unit are characterized by low Au-PGE contents
similar to those of the Curaca valley of Bahia (Brazil) in the NE corner
of the Transamazonian belt (Maier and Barnes, 1999). The elevated
Au content in the amphibolites relative to the pyroxenites might be
associated to the sulphide minerals (Maier and Barnes, 1999).

6.2. Petrology of weathered materials

The moderate concentrations in some major elements and trace
metals might be due to the mineral assemblage of the parent rocks.
The high Cr contents in several samples show that this element and
related elements were likely immobile because they are housed in
relic igneous phases such as chromite, olivine, and pyroxene and/or
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Fig. 12. Spectra showing relative chemical gains and losses of major (A to C) and trace (D to F) elements in the weathered pyroxenites and amphibolites. Thorium used as reference

immobile element.

are readily accommodated in metamorphic ferromagnesian minerals
such as amphibole and chlorite (Lesher and Stone, 1996).

The low REE contents in the weathered samples are due to the
minor quantity of REE-primary bearing minerals in the parent rocks.
However, the moderated HREE contents in several garnet type
samples are due to the high degree of the pseudomorphism of garnet.
This provokes the depletion of several elements from the garnet. The
LREE-enrichment is traditionally observed in the supergene
environment (e.g., Braun et al., 1990; Ndjigui et al., 2008, 2009b).
This indicates that LREE are strongly redistributed in the laterites.
Several authors have documented on the Ce and Eu anomalies in
the laterites (e.g., Braun et al., 1990; Huang and Gong, 2001; Ndjigui
et al, 2009b). The positive Ce anomalies in the weathered
pyroxenites show that Ce* ™ might be more stable than Ce3* (e.g.,
Braun et al., 1990; Huang and Gong, 2001; Ndjigui et al., 2009b).
This also could be due to the presence of primary Ce*™ in the relic
primary minerals (Boulangé and Colin, 1994). The negative Ce
anomalies in some weathered samples are due to the dominance of
Ce>™ (Ndjigui et al., 2009b). The low (La/Yb)y ratios confirm the
low degree of lanthanide fractionation. This also confirms the early
stage of weathering of some pyroxenite and amphibolite samples.

The low PGE concentrations in several weathered samples from
the pyroxenites could be due to rapid weathering of primary
PGE-bearing phases. The concentrations of other PGE are low relative
to those of the parent rocks. The high Pd-Pt contents may reflect
(i) the post-magmatic mobilization of Pd and Pt (Suarez et al,
2010); (ii) the co-precipitation of some alloys rich in PGE with
Fe-oxides (Wimpenny et al., 2007), or (iii) to the development of a
wide range of oxidized Pt- and Pd-bearing phases, subsequent to
the formation of Fe-PGE-oxides and PGE-hydroxides (Suarez et al.,
2010). The elevated Pd and Pt contents in the nodules confirm their
incorporation into laterites (Suarez et al., 2010). The Pt-enrichment
appears to be related to surface conditions and/or lateritization
(Auge and Legendre, 1994; Suarez et al., 2010). The elevated PPGE
concentrations confirm the stability of Pt and Pd during the early
stage of weathering (Bilong et al., 2011). However, the low Pd content
in some samples could be due to its high dispersion in the surface
environment (Suarez et al, 2010) or to its high solubility under
extremely acidic/oxidized conditions (Barnes and Liu, 2011). The
average Pt/Pd ratios reveal that the mobility of Pd is due to its high
susceptibility to dissolution (Azaroual et al, 2001). However, the
very low Pt/Pd ratios suggest that Pd is less soluble than Pt in this
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supergene environment. The high values of Pt/Rh, Pt/Ru, and Pt/Ir
ratios confirm the high dissolution of Ru, Rh, and Ir (Ndjigui and
Bilong, 2010). The Pt/Au ratios show that Au has practically the
same trend as Pd. The negative Pd anomalies might reflect its high
mobility in the surface environment. The positive correlations
between Pd and Pt show that, such as the whole-rock samples, Pd is
probably associated with Pt.

6.3. Genesis of mineralization

The high Cr and PPGE contents show that the pyroxenites and
amphibolites of the Nyong unit could be classified as type Ib mineral-
ization according to Lesher and Keays (2002). Type Ib (magmatic
veins) sulphides may form at an early stage, in which case they will
contain essentially normal magmatic sulphide composition including
high Cr contents, or at a late stage during fractional crystallization of
mss, in which case they will be enriched in Cu-PPGE relative to Co-
Ni-IPGE-Cr. The positive correlations of precious metal (Au-+ Pd
+ Pt) with several elements might be assigned to the hydrothermal
imprint or to the supergene imprint (Moroni et al., 2001).

6.4. Mass balance assessment

The depletion of several major elements is a consequence of
weathering. This depletion is characteristic of the lateritization as
observed elsewhere (e.g., Beauvais, 2009; Boulangé and Colin, 1994;
Ndjigui et al., 2008). The accumulation of Fe and some transition
metals might result from the stability of secondary minerals like
goethite (Manceau et al., 2000; Singh et al., 2002) and relic minerals
such as magnetite or garnet (e.g., Lowson et al., 1986). The accumula-
tion of U and lanthanides could be linked to the persistence of relic
bearing phases as zircon (Lowson et al., 1986) or to the element
redistribution during the weathering (Tripathi and Rajamani, 2007).
The REE-accumulation in the slightly weathered amphibolites might
be due to the presence of amphibole and pyroxene, or to the element
substitution in secondary minerals.

Apparent PGE leaching could be due to removal of PGE as aqueous
organic or hydroxide complexes (Barnes and Liu, 2011; Hanley,
2005), to the low PGE contents, or to the weathering. The increased
Au-depletion from the slightly weathered amphibolites to the
nodular horizon might be due to the increasing mobility of Au as
weathering intensities (Lecomte and Colin, 1989).
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7. Conclusions

1. Pyroxenites and amphibolites in the Nyong unit have low REE
contents with variable LREE-enrichment; and positive Ce and
negative Eu anomalies.

2. Both rock types have low Au-PGE contents. They are enriched in
Pd and Pt particularly the garnet-bearing amphibolites. Positive
Pd anomalies are observed in amphibolites and pyroxenites, and
negative Pd anomalies in several pyroxenite samples.

3. Weathered samples have (i) moderate SiO,, Fe,03, Cr, V, Ni, Zn, Cu,
Ba, and Sc contents; (ii) LREE-enrichment; (iii) Ce-anomalies; and
(iv) variable (La/Yb)y ratios.

4. Au-PGE contents are also low in the weathered samples. These
samples are more enriched in PPGE. The Pt/Pd and Pt/Au ratios
are variable. However, those of Pt/Ir, Pt/Rh and Pt/Ru are higher
than 1. The positive Pd anomaly occurs in the fine-garnet type.
Element contents increase from the parent rock to the coarse
saprolite. The PGE contents are high in the slightly weathered
amphibolites. Platinum is more mobile than Pd contrary to Ir, Rh,
and Ru.

5. These data suggest that the potential of the mafic-ultramafic
bodies of the Nyong unit as Au-PGE deposits is low.
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Comportement des éléments du groupe du platine daress latérites du Sud-Cameroun
Résumé

L'étude a porté sur le comportement des EGP danistérites issues des roches ultrabasiques
et basiques du Sud Cameroun. Elle s’est appuyé@msubonne connaissance pétrologique.

Le substratum lithologiqgue est granito-gneissiquengtué de formations basiques et
ultrabasiques. Les teneurs en TR sont tres faibkss les serpentinites et modérées dans les
pyroxénites et amphibolites. Ces roches possedentfatbles anomalies en Ce et Eu. Les
concentrations en EGP sont faibles dans les pé&gdof7-20 ppb) et serpentinites (20 ppb), et
modérées dans les pyroxénites (40 ppb) et amptebdli13 ppb).

Sur serpentinites, les latérites possedent dearegtevées en Fe, Cr, Ni et Co. Les teneurs en
TR sont maximales<f00 ppm) dans la partie basale des manteaux diatiér Elles se caractérisent
aussi par des anomalies en Ce. Sur orthogneisgalfisation de la saprolite grossiere révele que la
minéralogie et la chimie different selon la natdes phases d’altération. Les teneurs en EGP dans le
latérites sont calquées sur la nature de la roahengale. Elles révelent I'existence d’'un mécanisieme
reconcentration des TR et des EGP dans la padedeébees profils d’altération.

Dans le cadre de la valorisation de la recherche rastauration des écosystemes perturbés au
cours de la construction de I'oléoduc Tchad-Came@été faite a I'aide des intrants et semences
naturels et locaux. D'autres travaux ont portdaprospection alluvionnaire du saphir et du rutile
saphir est d’origine syénitique. Les teneurs en3h,Cr, W et V sont élevées dans les concentrés de
rutile tandis que les fractions totales des allagisont plutét enrichies en Zr, Y, Ba, Nb, Cr et V.

Mots clés : Sud-Cameroun, roches basiques et altiqbes, latérites, terres rares, EGP, alluvions,
anomalies de cérium et d'europium.

Behavior of Platinum Group Elements in laterites flom Southern Cameroon
Abstract

This work is focused on the behavior of PGE inrites developed on basic and ultrabasic
rocks from Southern Cameroon. It is supported pgteologic knowledge.

The basement rock is made up of a disrupted graniéess of basic and ultrabasic rocks.
Rare-earth elements have low contents in serptegirand moderate contents in pyroxenites and
amphibolites. The same rocks are characterizeddsya@d Eu-anomalies. PGE contents are low in
peridotites (7—20 ppb) and serpentinites (20 pgpl)d moderate in pyroxenites (40 ppb) and
amphibolites (113 ppb).

High contents in Fe, Cr, Ni and Co are observddtirites developed on serpentinites. These
laterites also present highest REE conterf9Q ppm) at the bottom of the weathering mantlectvhi
is also characterized by Ce-anomalies. The orgaoizaf coarse saprolite developed on orthogneiss
reveals a differed mineralogy and chemistry reativ the nature of the weathered phases. The PGE
contents are closely related to the nature of #verd rock, and reveal the presence of the meahanis
of REE and PGE reconcentration at the bottom ofwbathering profiles.

On the basis of research valorization, the ecosysttisrupted during the construction of the
Chad-Cameroon pipeline were restored from naturdllacal fertilizers and seeds. Other works were
based on the survey of alluvial sapphire and rufllee sapphire has a syenitic origin. Rutile
concentrates present high contents in Nb, Sn, Cand/ V, while the whole alluvial fractions are
enriched in Zr, Y, Ba, Nb, Crand V.

Key words: Southern Cameroon, basic and ultrabesi&s, laterites, Rare-earth elements, PGE,
alluvia, Ce- and Eu-anomalies.
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