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        1. Introduction 

 Peculiar rocks with high concentrations of iron ox-
ides and alumina were found in the Tertiary Bana igne-

ous complex of West Cameroon. They occur as massive 
rocks and are associated with lava fl ows of transitional 
tholeiitic basalts ( Kuepouo  et al. , 2006 ). The rocks are 
dense and have a submetallic luster sometimes with 
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  Abstract   �   

 FeO*-Al 2 O 3 -TiO 2 -rich rocks are found associated with transitional tholeiitic lava fl ows in the Tertiary Bana plu-
tono-volcanic complex in the continental sector of the Cameroon Line. These peculiar rocks consist principally of 
iron-titanium oxides, aluminosilicates and phosphates, and occur as layers 1 – 3 m thick occupying the upper part 
of lava fl ows on the southwest (site 1) and northwest (site 2) sites of the complex. Mineral constituents of the rocks 
include magnetite, ilmenite, hematite, rutile, corundum, andalusite, sillimanite, cordierite, quartz, plagioclase, 
alkali feldspar, apatite, Fe-Mn phosphate, Al phosphate, micas and fi ne mixtures of sericite and silica. Texturally 
and compositionally, the rocks can be subdivided into globular type, banded type, and Al-rich fi ne-gained mas-
sive type. The fi rst two types consist of dark globule or band enriched in Fe-Ti oxides and apatite and lighter 
colored groundmass or bands enriched in aluminosilicates and quartz, respectively. The occurrence of andalusite 
and sillimanite and the compositional relations of magnetite and ilmenite in the FeO*-Al 2 O 3 -TiO 2 -rich rocks sug-
gest temperatures of crystallization in a range of 690 – 830°C at low pressures. The Bana FeO*-Al 2 O 3 -TiO 2 -rich 
rocks are characterized by low concentrations of SiO 2  (25 – 54.2 wt%), Na 2 O + K 2 O (0 – 1%), CaO (0 – 2%) and MgO 
(0 – 0.5%), and high concentrations of FeO* (total iron as FeO, 20 – 42%), Al 2 O 3  (20 – 42%), TiO 2  (3 – 9.2%), and P 2 O 5  
(0.26 – 1.30%). TiO 2  is positively correlated with Al 2 O 3  and inversely correlated with FeO*. The bulk rock composi-
tions cannot be derived from the associated basaltic magma by crystal fractionation or by partial melting of the 
mantle or lower crustal materials. In ternary diagrams of (Al 2 O 3 )−(CaO + Na 2 O + K 2 O)−(FeO* + MnO + MgO) 
and (SiO 2 )−(FeO*)−(Al 2 O 3 ), the compositional fi eld of the rocks is close to that of laterite and is distinct from the 
common volcanic rocks, suggesting that the rocks are derived from lateritic materials by recrystallization when 
the materials are heated by the basaltic magmas. A hydrothermal origin is discounted because the rocks contain 
high-temperature mineral assemblages and lack sulfi de minerals. It is proposed that the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks of the Bana complex were formed by pyrometamorphism of laterite by the heat of basaltic magmas.  
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strong magnetism due to the presence of abundant 
magnetite. The rocks differ from other occurrences of 
iron oxide ores associated with volcanic rocks by si-
multaneous enrichment of alumina. Iron oxide apatite 
ores associated with volcanic rocks are reported world-
wide: the El Laco deposit, Chile, situated on the fl anks 
of an andesite-rhyodacite volcano, consists chiefl y 
of magnetite, hematite and apatite ( Park, 1961 ); the 
Kiruna deposit, Northern Sweden, which constitutes 
the greatest apatite-iron ore in the world occurring in 
intermediate volcanic rocks, also consists typically of 
magnetite, hematite and apatite ( Frietsch, 1978 ). Both 
magmatic and hydrothermal origins were advocated for 
these iron oxide-apatite ores (e.g.  Nystrom & Henriquez, 
1994; Edfelt  et al. , 2005 ). The FeO* (total iron as FeO) -
Al 2 O 3 -TiO 2 -rich rocks we report here have some simi-
larities to the iron oxide-apatite ores in petrography 
and geochemistry, although the presence of abundant 
Al minerals is distinctive and may have a different 
origin. The aims of the present study were to describe 
the geology, petrography and geochemistry of the 
FeO*-Al 2 O 3 -TiO 2 -rich rocks from the Tertiary Bana 
igneous complex, West Cameroon, to discuss their 
origin, and comment on their relevance to ore-geology 
debate concerning the origin of magnetite-apatite ore 
deposits.  

  2. Geological setting of the FeO*-Al 2 O 3 -
TiO 2 -rich rocks 

 The Bana igneous complex is located in the central part 
of the Cameroon Line, a typical within-plate magmatic 
province straddling the oceanic and continental plates 
in central Africa (inset of    Fig.   1 ) ( Fitton, 1987 ). The con-
tinental sector of the Cameroon Line is built on a thin 
crust approximately 20 – 30 km thick, which is 10 km 
thinner compared with the crustal thickness out of the 
line ( Poudjom Djomani  et al. , 1995, 1997 ).  Moreau  et al.  
(1987)  regarded the continental sector of the Cameroon 
Line as a Pan-African paleosuture. The Bana igneous 
complex occupies an area 4 × 7 km, intruding/abutting 
against Pan African granite and gneisses ( Toteu  et al. , 
1994 ) to the south and surrounded by Tertiary fl ood 
basalt to the west, north and east. The complex consists 
of plutonic rocks of syenodiorite, alkalic granite and 
calc-alkalic granite, and of volcanic rocks of alkalic 
rhyolite, quartz trachyte, FeO-Al 2 O 3 -TiO 2 -rich rocks, 
transitional plagioclase – phyric basalts, benmoreite to 
rhyolitic welded tuffs and basanite, alkalic olivine ba-
salt and hawaiite ( Fig.   1) (Kuepouo, 2004 ). The FeO*-

Al 2 O 3 -TiO 2 -rich rocks are contiguous to lava fl ows of 
transitional tholeiitic basalts and subordinate benmo-
reite and trachytes in the Tertiary Bana igneous com-
plex. The transitional tholeiitic basalts top the central 
part of the weakly peralkalic granite in the south and 
are locally roofed by basaltic lapilli, trachyte and rhyo-
lites. K-Ar age of the plagioclase phenocrysts in the 
transitional tholeiitic basalts is 30.1 ± 1.2 Ma ( Kuepouo 
 et al. , 2006 ). 

 The FeO*-Al 2 O 3 -TiO 2 -rich rocks are located in the 
southwest (site 1) and northwest (site 2) of the Bana 
igneous complex. These two sites are 2 km apart, sepa-
rated by plagioclase – phyric and sparsely phyric transi-
tional tholeiitic basalts. The FeO*-Al 2 O 3 -TiO 2 -rich rocks 
cover a surface area of approximately 1000 m × 500 m 
and 750 m × 500 m in sites 1 and 2, respectively ( Fig.   1 ). 
Each site is similar in size to the Laco Norte iron de-
posit, Chile ( Naslund  et al. , 2002 ). These FeO*-Al 2 O 3 -
TiO 2 -rich rocks are conspicuous because of their rusty 
weathering. They differ from common fi ne-grained 

         Fig. 1  �   Geological map of Bana Igneous Complex, west 
Cameroon ( Kuepouo, 2004 ).   
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 basalt by their high density, mode of alteration, subme-
tallic luster (the iron-rich varieties), coarse “globular” 
and banded structures and their black – brown color. 
Some of the iron-rich varieties show strong magnetism. 
The FeO*-Al 2 O 3 -TiO 2 -rich rocks are fi ne-grained. Three 
textural types of the FeO*-Al 2 O 3 -TiO 2 -rich rocks can be 
distinguished: iron-rich globular type, which is the 
most abundant among the three types; iron-rich banded 
type; and fi ne-grained massive Al-rich type. The iron-
rich globular type varies from black to brownish in 
color. Globules form the darker parts of this type. Glob-
ules are generally rounded to irregular with diameters 
of several millimeters to a few centimeters (   Fig.   2c ). 
Ratio of globule to matrix ranges from 2:1 to 1:2. In the 
second type, the iron-rich bands are always brownish 

and are mineralogically similar to globules. The iron-
rich dark band alternate with white band and their 
thickness ranges from 1 to 15 mm ( Fig.   2d ). The modal 
ratio of dark and white bands in the second type is 
from 1:1 to 1:2. In the third type, fi ne-grained Al-rich 
types have the same texture as iron-poor and Al-rich 
groundmass and iron-poor and Al-rich bands in globu-
lar and banded types of the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks, respectively. Subtle banded textures outlined by 
parallel array of elongated spots typically 1 mm thick 
and up to 3 mm long of slightly different color are com-
mon in the third type. 

 In places the FeO*-Al 2 O 3 -TiO 2 -rich rocks are blocky 
jointed ( Fig.   2a ). Some traverses upstream ( Fig.   2b ) 
suggest that each fl ow consists of two distinct zones: 

         Fig. 2  �   Occurrence of the FeO*-Al 2 O 3 -TiO 2 -rich rocks in the Bana complex. (a) Massive globular-type FeO*-Al 2 O 3 -TiO 2 -rich 
rocks occupy the outcrop, northern body. (b) Occurrence of massive brown Al-rich rocks overlying the basaltic lava fl ow. 
(c) Close-up of a polished slab of the globular type FeO*-Al 2 O 3 -TiO 2 -rich rocks, showing sharp boundary between the 
globules (Glo) and groundmass (Gr). Bar, 1 cm. (d) Block of banded-type FeO*-Al 2 O 3 -TiO 2 -rich rocks in the southern body.   
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an upper loose, prismatic or blocky part consisting of 
iron-rich globular and subsidiary banded types 0.5 – 2 m 
thick; and a lower, massive part consisting of compact 
and locally prismatic Al-rich lava locally up to 3 m 
thick. The iron-rich zone seems to thicken toward the 
axial part of the fl ow. Occasionally, small vesicles are 
found in some globules. The adjacent volcanic rocks 
and the FeO*-Al 2 O 3 -TiO 2 -rich rocks are exposed at a 
similar structural level, and the base of the rocks was 
not available for observation. The traverses between 
volcanic rocks and the FeO*-Al 2 O 3 -TiO 2 -rich rocks 
do not show any irregular mixture or the presence of 
soil between them. Locally the contact is fracture-
 controlled surface resembling cooling-related cracks 
( Fig.   2b ). Neither veining nor alteration were observed 
within the FeO*-Al 2 O 3 -TiO 2 -rich rocks and contact 
rocks.  

  3. Petrography and mineral chemistry 

 Mineral compositions were obtained on electronprobe 
microanalysis (JEOL JX8900) at the Venture Business 
Laboratory of Kobe University, operating at 15 kV and 
12 nA using the wavelength dispersive system (WDS), 
focused beam and 6-80s peak counting times. Stand-
ards used were as follows: Si, SiO 2 ; Al, Al 2 O 3 ; Na and 
Cl, NaCl; Mg, MgO; Ti, TiO 2 ; Fe, Fe 2 O 3 ; Mn, MnO; Ca, 
CaSiO 3 ; K, natural adularia; P, natural apatite; F, fl uo-
rite. ZAF corrections were made on the background-
corrected raw counting data to produce the weight 
percent of elements. 

 The Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks generally have 
aphyric texture, and the major mineral assemblage of 
the globule and matrix in the globular type are almost 
the same. This is confi rmed on both X-ray diffraction 
and electronprobe microanalysis. The main constituent 
minerals of the globular and banded types are quartz, 
andalusite, cordierite, titanomagnetite, ilmenite, apa-
tite and feldspars. Minor or local occurrences are noted 
for hematite, rutile, corundum, sillimanite, metaka-
olinite, iron-mangano-phosphates, aluminous phos-
phate, and sericite. The crystals are fi ne-grained, 
commonly 10 – 50  � m in diameter, although in some 
globules the individual minerals, chiefl y apatite and 
titanomagnetite, are up to 1.5 mm across (   Fig.   3a ). 
Large apatite crystals may poikilitically include crys-
tals of ilmenite and/or titanomagnetite. A fl uid texture 
is sometimes observed in the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks ( Fig.   3b ). This is represented by parallel align-
ment of fi ne-grained rectangular aluminosilicates, 
somewhat similar to pilotaxitic texture of volcanic 

rocks, and is found in the matrix of Fe-rich parts 
(globules or Fe-rich band) of the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks.  Figure   3(a)  shows such an example, where the 
dark part consisting of andalusite and silica is embed-
ded in Fe-Ti oxide matrix. Locally some samples con-
tain chiefl y hematite and titanohematite. Some of this 
hematite and titanohematite has a micro-vein network 
of apatite composition. Apart from the occurrences of 
rare microphenocrysts of sodic plagioclase in Al-rich 
lavas, these lavas have the same mineral composition 
and proportion as iron-poor and Al-rich groundmass, 
and iron-poor and Al-rich bands of globular and 
banded types, respectively. Al-rich lavas have a fi nely 
globular texture toward the upper iron-rich FeO*-
Al 2 O 3 -TiO 2 -rich rocks and become very fi ne-grained to 
spherulitic in texture toward their edges. The size of 
the faint globules is sometimes up to 20 cm in diameter. 
Albite, sanidine, andalusite are often altered to fi ne-
grained mass of sericite. 

 The magnetite and titanomagnetite (   Table   1 ;    Fig.   5 ) 
have compositions ranging from Usp 65 Mt 35  to nearly 
pure magnetite, although they contain fairly high 
Al 2 O 3  content up to 40% hercynite. Spinels have con-
tinuous solid solutions within the system FeO-Fe 2 O 3 -
Al 2 O 3  at temperatures >800°C ( Turnock & Eugster, 
1962 ), implying that this assemblage is primary in the 
paragenesis. 

 Ilmenite in the FeO*-Al 2 O 3 -TiO 2 -rich rocks has very 
low MgO <0.07 wt% and MnO <0.5 wt% content. It is 
almost continuous in composition from ilmenite to he-
matite ( Table   1; Fig. 5 ). Ilmenite or “ferro-pseudobrookite” 
may occur in the core of titanomagnetite crystals. There 
occurs symplectites of either rutile + ilmenite, or 
rutile + titanomagnetite approximately 50 – 200  � m 
across. The symplectites consist of thin vermicular 
blebs of rutile several microns thick and 10 – 20  � m long 
embedded in either ilmenite or titanomagnetite. Defo-
cused beam (5 – 10  � m across) analyses of the symplec-
tites show that they have 59 – 70 wt% TiO 2  ( Fig.   5 ), and 
may represent the pseudomorph of ferro-pseudo-
brookite. 

 Idiomorphic corundum was found associated with 
andalusite in an Al-rich groundmass of globular type 
FeO*-Al 2 O 3 -TiO 2 -rich rocks. The corundum crystals 
are idiomorphic, 50 – 200  � m long and 10 – 30  � m wide 
( Figs.   3d, 4 ). They are wholly or partly included in tit-
anomagnetite, and also contact with allotriomorphic 
andalusite. Corundum and quartz are present in a thin 
section but are not in contact, and andalusite and cor-
dierite are present between these minerals ( Figs.   3d, 4 ). 
Andalusite is sometimes idiomorphic ( Fig.   3c ) and 
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         Fig. 3  �   Back-scattered electron images of the FeO*-Al 2 O 3 -TiO 2 -rich rocks. Bars, 100  � m. (a) Fine-grained globule on the left 
and groundmass in the right margin. Phenocryst of apatite is notable in the globule. The globular part shows parallel ar-
rangement of fi ne-grained oxide and interstitial andalusite and silica minerals. Sample No. K117. (b) Folded texture of 
iron-rich band in sample K113. (c): Enlarged view of the globular part, consisting of euhedral – subhedral titanomagnetite, 
ilmenite and andalusite with interstitial metakaolinite and silica minerals in sample K-111. (d) Occurrence of idiomorphic 
corundum (dark elongated crystal) partly or wholly embedded in large magnetite in the left part of the photo. Central 
dark area is mostly composed of andalusite together with minor amounts of cordierite, K-feldspar and quartz. Intermedi-
ate bright area in the right part of the photo includes Ca apatite, Fe-Mn apatite, cordierite and quartz. K-105.   

sometimes anhedral, and has stoichiometric composi-
tions with 1 – 3 wt% FeO* (   Table   2 ). Sillimanite locally 
occurs as fi brolite with characteristic optical properties 
in the Al-rich matrix of the rocks. Cordierite occurs as 
irregularly shaped crystal and has a high Fe/(Mg + Fe) 
ratio of 0.65 – 0.66. Plagioclase has a Ca/(Ca + Na) ratio 
of 0.17 – 0.22. Quartz and amorphous silica are ubiqui-
tous, but are mostly anhedral. Quartz contains minor 
amounts of FeO* and Al 2 O 3  ( Table   2 ). Amorphous sil-
ica shows some compositional variation with 3 – 5 wt% 
of Al 2 O 3 , and lacks total defi ciency, suggesting that it is 

anhydrous. An unidentifi ed alumina phase has a total 
range of Al 2 O 3  between 89 and 92 wt%. Appreciable 
amounts of FeO* and SiO 2  are also present ( Table   2 ), 
and suggest that the unidentifi ed alumina phase is ac-
tually mixed crystals of corundum, iron oxides and 
silica minerals. The total oxide sum converges to ap-
proximately 100 wt%, suggesting that the aluminous 
minerals in the FeO*-Al 2 O 3 -TiO 2 -rich rocks are anhy-
drous. A white band of the banded type rocks contains 
abundant mica and aluminosilicates. The crystals are 
fi brous and have high birefringence. The chemical 
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composition of mica shows variable K/(K + Na) values 
in the range 0.40 – 0.65 ( Table   2 ). In the white band there 
is a wide area of mixed muscovite and silica minerals 
containing 2.1 – 5.4 wt% of alkalis, although there is 
almost continuous compositional variation from SiO 2  = 
66 to 81 wt% with concurrent decrease of Al 2 O 3  content 
(30−14 wt%). The mixed crystal area contains 0.5 – 2.2 
wt% of FeO*. 

 Many of apatites have fl uorapatite Ca 5 (PO 4 ) 3 F com-
positions and others have a composition between fl u-
orapatite and hydroxylapatite (   Fig.   6 ). Fluorapatite 
contains up to 4 – 5 wt% F with Si, Ti and Al present in 
minor amounts (   Table   3 ). It is F-rich as apatite analyzed 
in plutonic rocks in the complex ( Table   3 ), and those in 
the apatite-oxides ores ( Dymek & Owens, 2001 ). Some of 
the apatites are Cl-rich replacing F. Mangano phosphate 

         Fig. 4  �   X-ray mapping of a portion of the globular-type FeO*-Al 2 O 3 -TiO 2 -rich rocks, K-105. Corundum: red in (b) Al map; 
magnetite with ilmenite lamellae: red in (e) Fe map; andalusite: light blue in (a) Si map; cordierite: green in (e) Fe map; 
quartz: red in (a) Si map; plagioclase: yellow-orange in (g) Na map; alkali feldspar: yellow-orange in (h) K map; apatite: 
red white in (f) Ca map; Fe phosphate: yellow in (e) Fe map. (c) Ti; (d) Mg; (i) P. Bar, 50  � m.   
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has MnO between 6 and 15 wt%, iron phosphate has 
FeO* between 6 and 37 wt%, alumino phosphate has 
32 – 47 wt% Al 2 O 3  and 9 wt% MgO ( Table   3 ). The man-
gano phosphate and iron phosphate are depleted in 
both F and Cl, although the amounts of OH were not 
analyzed in the present study.  

  4. Whole-rock chemistry 

 Representative samples of the Bana FeO*-Al 2 O 3 -TiO 2 -
rich rocks and associated volcanic rocks were collected 
in sites 1 and 2. Globular FeO*-Al 2 O 3 -TiO 2 -rich rocks 
were hand and magnet separated into globule and 
groundmass fractions or crushed as whole rocks. Simi-
larly, banded FeO*-Al 2 O 3 -TiO 2 -rich rocks were sepa-
rated into iron-rich and Al-rich fractions. Al-rich 
fraction obtained from banded FeO*-Al 2 O 3 -TiO 2 -rich 
rocks were weathered and eliminated. A total of 16 
samples were selected and prepared in a tungsten-
carbide mortar and crushed in an agate mortar with 
acetone after (careful) ultrasonic cleaning in distilled 
water. A total of 0.5 g of powder and 5 g of lithium 
tetraborate were mixed and poured into a platinum 
crucible in the presence of lithium bromide (trace) to 
create fused glass discs for X-ray fl uorescence analysis. 
Standards were prepared from oxides Fe 2 O 3,  SiO 2  and 
Al 2 O 3  reagents to obtain 100% Fe 2 O 3 , 100% SiO 2 , 100% 
Al 2 O 3 , 50% Fe 2 O 3  + 50% Al 2 O 3 , 50% SiO 2  + 50% Al 2 O 3 , 
50% Fe 2 O 3  + 50% SiO 2  in addition to six Geological 
Survey of Japan geochemical standards. Because the 

FeO*-Al 2 O 3 -TiO 2 -rich rocks have extraordinary compo-
sition, we fi rst obtained the ternary correction para-
meters for SiO 2 , Fe 2 O 3  and Al 2 O 3  from the synthetic 
standards, and determined the concentration of three 
oxides. Subordinate components other than these three 
oxides were then calculated utilizing usual regression 
method for rock analyses. 

 Major element compositions (SiO 2 , Al 2 O 3 , TiO 2 , FeO* 
(total iron as FeO), MnO, MgO, CaO, N 2 O, K 2 O and 
P 2 O 5 ) were analyzed using X-ray fl uorescence spectrom-
eter at the Division of Earth and Environmental Sci-
ences, Faculty of Human Development, Kobe University 
and at the Center for Instrumental Analysis, Yamaguchi 
University in Japan. Some of the trace element data were 
obtained using pressed powder pellets at the Geochemi-
ches Gemeinschaftslabor, TU Berlin (Germany), and on 
sample discs at the Center for Instrumental Analysis, 
Yamaguchi University (Japan). High precision induc-
tively coupled plasma – mass spectrometry (ICP-MS) 
data were also obtained on three samples (K111-glo, 
K111-gr, and K111) at Actlab, Ancastor, Ontario, Canada. 

 Analytical data for FeO*-Al 2 O 3 -TiO 2 -rich rocks and 
one transitional tholeiitic basalt are shown in    Table   4 . 
The compositions were plotted in silica variation dia-
grams in    Figure   7 . The globules are enriched in FeO*, 
P 2 O 5  and MnO compared to the groundmass. TiO 2  is 
mostly concentrated in the groundmass (3.2 – 9.2 wt%), 
as are SiO 2  (39 – 43.8 wt%) and Al 2 O 3  (34.5 – 41.3 wt%). 
K 2 O and Na 2 O in globule and the groundmass sum to 
<1.2 wt% and vary between 1 and 6 wt% in the massive 
Al-rich FeO*-Al 2 O 3 -TiO 2 -rich rocks. The high concen-
tration in potassium is thought to be due to alteration. 
As a general feature of the FeO*-Al 2 O 3 -TiO 2 -rich rocks, 
Fe 2 O 3 *, P 2 O 5 , and CaO show negative correlation with 
silica. TiO 2  and Al 2 O 3  in globules have a negative corre-
lation with silica, and the same oxides in groundmass and 
in massive Al-rich FeO*-Al 2 O 3 -TiO 2 -rich rocks are posi-
tively correlated with silica.  Figure   7  shows marked 
dif ference of the compositional trends between the 
FeO-Al 2 O 3 -TiO 2 -rich rocks and basalt-rhyolite suite of 
volcanic rocks ( Kuepouo  et al. , 2006 ) of the Bana com-
plex. There is a compositional break in the CaO-SiO 2  
and other diagrams at around SiO 2  = 50 wt%, suggest-
ing that the FeO*-Al 2 O 3 -TiO 2 -rich rocks have a much 
different origin from the associated volcanic rock suite. 
 Table   4  also shows the density of the FeO*-Al 2 O 3 -TiO 2 -
rich rocks, which ranges from 3.4 to 3.7 g cm  - 3 . 

 Because SiO 2 , Al 2 O 3 , and FeO* are the major oxide 
components of the FeO*-Al 2 O 3 -TiO 2 -rich rocks, we 
plotted the compositions of the rocks with the associ-
ated volcanic rocks in an SiO 2 -Al 2 O 3 -FeO* ternary 

         Fig. 5  �   Composition of Fe-Ti-oxides in the FeO*-Al 2 O 3 -
TiO 2 -rich rocks. “Ferro-pseudobrookite” shown on 
the join FeTi 2 O 5 -Fe 2 TiO 5  actually consists of myr-
mekitic intergrowth of rutile and either ilmenite or 
titanomagnetite.   
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         Fig. 6  �   OH-Cl-F proportions of phosphate minerals 
in the FeO*-Al 2 O 3 -TiO 2 -rich rocks. The shaded area 
is the compositional fi eld of apatite from the magne-
tite fl ow in Chile ( Naslund  et al. , 2002 ). ( ○ ) Apatite; 
( □ ) Al phosphate; ( ▲ ) Fe-Mn phosphate; (+) apatite 
in granite.   

     Table 2  �   Selected compositions of aluminous minerals in the FeO*-Al2O3-TiO2-rich rocks     

  Sample K111 K117 K117 K117 K105 K105 K105 K105 K105 K105 K113 K111  

mk mk mk mk alu alu alu alu alu alu alu alu    

SiO 2   34.47 33.10 26.09 22.30 5.36 3.50 2.17 3.44 3.68 2.77 3.58 3.58  
Al 2 O 3 62.08 60.04 63.52 67.66 91.14 89.87 91.39 91.02 90.49 91.27 92.51 92.51  
TiO 2 0.41 0.02 0.04 0.06 0.77 0.60 0.73 0.51 0.66 0.64 2.09 2.09  
FeO* 2.23 2.28 1.68 3.63 3.00 5.04 5.95 4.49 4.55 4.89 2.17 2.17  
MnO 0.00 0.00 0.00 0.01 0.01 0.03 0.04 0.00 0.00 0.06 0.02 0.02  
MgO 0.04 0.06 0.05 0.03 0.02 0.07 0.04 0.05 0.06 0.06 0.06 0.06  
CaO 0.09 0.16 0.06 0.09 0.16 0.01 0.01 0.02 0.02 0.03 0.02 0.02  
Na 2 O 0.00 1.43 1.15 0.94 0.01 0.08 0.00 0.02 0.09 0.03 0.03 0.03  
K 2 O 0.00 2.98 3.20 2.14 0.01 0.01 0.00 0.02 0.01 0.01 0.02 0.02  
P 2 O 5 0.79 0.20 0.09 0.19 0.41 0.17 0.13 0.15 0.12 0.11 0.03 0.03  
Total 100.2 100.3 95.9 97.1 100.9 99.4 100.5 99.7 99.7 99.9 100.6 100.6  

  Formula O   =   5 O   =   5 O   =   5 O   =   5 O   =   3 O   =   3 O   =   3 O   =   3 O   =   3 O   =   3 O   =   3 O   =   3    

Si 0.94 0.93 0.77 0.66 0.09 0.06 0.04 0.06 0.06 0.05 0.06 0.06  
Al 2.00 1.99 2.21 2.34 1.82 1.85 1.87 1.86 1.85 1.87 1.86 1.86  
Ti 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.03  
Fe 2+ 0.05 0.05 0.04 0.09 0.04 0.07 0.09 0.07 0.07 0.07 0.03 0.03  
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Na 0.00 0.08 0.07 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
K 0.00 0.11 0.12 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
P 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Total 3.02 3.16 3.21 3.23 1.98 2.00 2.01 2.00 2.00 2.01 1.98 1.98  
Al/Si 2.12 2.14 2.87 3.58   
Fe2+/Al 0.03 0.03 0.02 0.04 0.02 0.04 0.05 0.03 0.04 0.04 0.02 0.02  

   alu, amorphous alumina; FeO*, total iron as FeO; mk, metakaolinite.      

system ( Iwao, 1978 ) (     Fig.   8a ). When globule and 
corresponding host groundmass are compared the 
points plot on two domains on a line with almost unit 
Al 2 O 3 /SiO 2  ratio in  Figure   8(a) . Compared with the 
Al 2 O 3 -TiO 2 -rich rocks, the associated Bana tholeiite –
 hawaiite is plotted in a distinctly more SiO 2 -rich part 
in the ternary SiO 2 -FeO*-Al 2 O3 system. As a whole the 
chemical composition of the Al 2 O 3 -TiO 2 -rich rocks has 
similarities with laterite ( Fig.   8a ). In comparison, the 
globules resemble the ferricrete compositions in the 
Hekpoort laterite profi le in the drill core strata 1, from 
near Lobatsi in Botswana reported by  Beukes  et al.  
(2002)  in terms of SiO 2 , FeO* and Al 2 O 3  concentrations, 
whereas the groundmass resembles the Fe-poor mottle 
zone described in the same profi le in terms of SiO 2  and 
Al 2 O 3  concentrations. It should be noted that laterites 
are not found around the FeO*-Al 2 O 3 -TiO 2 -rich rocks 
of Bana.  Iwao (1978)  described the compositional fi elds 
of laterite and bauxite in the SiO 2 -FeO*-Al 2 O 3  system, 
and the compositions of the Al 2 O 3 -TiO 2 -rich rocks, es-
pecially the globular and dark band have the composi-
tions within the compositional field of laterite. 
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In contrast, the igneous texture and the geochemical 
data on globules and host groundmass in some sam-
ples are apparently in agreement with pairs that may 
have been formed through liquid immiscibility ( Phil-
potts, 1976; Roedder, 1978; Naslund, 1983 ), although 
these systems are not alumina-oversaturated, and the 
effect of which is not known. In comparison, the bor-
dering plagioclase – phyric transitional basalts are high 
in TiO 2  (2 – 4 wt%), moderate in Fe 2 O 3  *  (9 – 15 wt%), and 
variably high in A 2 lO 3  (13 – 21 wt%), the highest value 
of which is due to accumulation of plagioclase in the 
most porphyritic basalts. As basalts, they are charac-
teristically low in MgO (2 – 5 wt%). Clearly, the major 
element variation diagrams do not permit a genetic 
relationship between the FeO*-Al 2 O 3 -TiO 2 -rich rocks 
and adjacent volcanic rocks. 

  Figure   8(b)  shows the Al 2 O 3 −(CaO + Na 2 O + 
K 2 O)−(FeO* + MnO + MgO) relations of the relevant 
rocks.  Iwao (1978)  noted that “Emery” rocks contain-
ing Al 2 O 3 -rich minerals consistently have low (CaO + 
Na 2 O + K 2 O) component in the diagram compared 
with the common volcanic rocks.  Figure   8(b)  demon-
strates that the FeO*-Al 2 O 3 -TiO 2 -rich rocks plot within 
the compositional fi eld of the Emery rocks of  Iwao 
(1978) , indicating intimate genetic connections be-
tween those rocks. Lateritic rocks of Hekpoort, Preto-
ria, and the Malabar coast also plot in a similar 
compositional fi eld in  Figure   8(b) . 

 Highly mobile trace elements, such as Rb and 
Sr, are depleted in the FeO*-Al 2 O 3 -TiO 2 -rich rocks, 
similar to major elements such as Na and K. Sr tends 
to be concentrated in the groundmass of globular 

(a) (b)

(d)(c)

(e) (f)

         Fig. 7  �   Silica variation diagrams of the FeO*-Al 2 O 3 -TiO 2 -rich rocks and associated volcanic rocks of the Tertiary Bana igneous 
Complex, west Cameroon. Note the compositional discrepancy between the FeO*-Al 2 O 3 -TiO 2 -rich rocks and associated 
volcanic rocks in the CaO-SiO 2  diagram. It is also noted that FeO* and P 2 O 5  show negative correlation with SiO2, whereas 
TiO 2  and Al 2 O 3  show positive correlations with SiO 2  for the FeO*-Al 2 O 3 -TiO 2 -rich rocks. (+) Basalt – rhyolite; ( ■�) globule; 
( □ ) groundmass; ( ♦ ) bulk ore; ( � ) Al-rich rocks.   
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FeO*-Al 2 O 3 -TiO 2 -rich rocks and in Al-rich rocks 
(KG5-OL, KG6-OM, K41, and K46-2). Rb does not show 
a regular preference for globule nor groundmass. As a 
consequence of their high Al content, the groundmass 
and Al-rich varieties of FeO*-Al 2 O 3 -TiO 2 -rich rocks are 
enriched in Ga up to 68 ppm. V, Co, Cu, and Zn along 
with other high-fi eld-strength elements (Zr, Y, Hf and 
Th) are highly concentrated in FeO*-Al 2 O 3 -TiO 2 -rich 
rocks. 

 ICP-MS was performed on four samples: K111-globule, 
K111-groundmass, KG6-globule, and K111 whole globule 
and groundmass ( Table   4 ). Primary mantle-normalized 
trace element composition indicated depletion (or neg-
ative anomaly) in Rb and Sr for all samples, except for 
one globule specimen (K111-glo), which had high and 
almost equal fractionation of La, Ce, Sr, Nd, and Sm; Nb 
and Ta are enriched in all samples with Ta peaks. 

 Chondrite-normalized rare-earth element (REE) pat-
terns are tied (   Fig.   9 ) and indicate variable fraction-
ation of light REE (LREE) relative to heavy REE (HREE) 
((La/Yb) N  = 20 in K111-groundmass; 0.51 in K111-glo 
[site 2]; 4.16 in KG6-glo [site 1]; 9.63 in the host tholeiite). 
The sample K111-glo has a small positive Eu anomaly. 
The LREE abundances of FeO*-Al 2 O 3 -TiO 2 -rich rocks, 
except that of K111-glo, are enriched as compared 
with associated transitional tholeiitic basalt. The Ce 
anomaly (positive or negative), prime geochemical 

evidence of alteration, is not encountered in the 
FeO*-Al 2 O 3 -TiO 2 -rich rocks. Importantly, K111-glo 
and K111-groundmass compositions are complemen-
tary pairs on chondrite-normalized pattern, with their 
respective pattern crossing at Ho. As such the separate 
analysis of globule and groundmass of K111 globular 

         Fig. 8  �   (a) SiO 2 -FeO*-Al 2 O 3  relations of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks compared with the associated volcanic rocks 
and other lateritic compositions. ( □ ) Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks; ( ● ) Bana tholeiite – hawaiite ( Kuepouo  et al. , 2006 ); 
( + ) laterites and related rocks of Hekpoort, Pretoria ( Beukes  et al. , 2002 ) and ( � ) Malabar coast, Africa ( Aleva, 1994 ); fi eld 
encircled by dashed line, laterite and bauxite ( Iwao, 1978 ). Note nearly unit Al 2 O 3 :SiO 2  ratio, which corresponds to miner-
als such as kaolinite. (b) Al 2 O 3 -(CaO + Na 2 O + K 2 O)-(FeO* + MnO + MgO) ternary system. The FeO*-Al 2 O 3 -TiO 2 -rich 
rocks are similar to the compositions of the “Emery” rocks of  Iwao (1978) , which are distinctly lower in the proportion of 
(CaO + Na 2 O + K 2 O) compared with the common volcanic rocks.   

         Fig. 9  �   Chondrite-normalized rare-earth element (REE) 
compositions of the FeO*-Al 2 O 3 -TiO 2 -rich rocks. The 
globule and groundmass of K111 show contrasting 
light REE depletion and enrichment, respectively. Nor-
malization values are from  Anders and Grevesse 
(1989) . ( □ ) Globule; ( ■ ) groundmass; ( ▲ ) Fe-rich band; 
( × ) host basalt. C. chondrite, carbonaceous chondrite.   



G. Kuepouo  et al. 

82
 © 2009 The Authors

Journal compilation   © 2009 The Society of Resource Geology 

FeO*-Al 2 O 3 -TiO 2 -rich rocks suggests that LREE and MREE 
(middle earth rare elements from La to Dy) have a posi-
tive correlation with Al 2 O 3  and TiO 2 , whereas HREE have 
a positive correlation with FeO* and P 2 O 5  ( Fig.   9 ,   Table   4 ). 

  5. Discussion and interpretations 
  5.1 Temperature and f(O 2 ) estimates 

 Temperature and f(O 2 ) conditions are crucial in discuss-
ing the genesis of Fe-rich rocks. Here we fi rst describe 
the results of the Fe-Ti-oxide geothermometry and ox-
ygen fugacity barometry, then discuss the constraints 
from mineral assemblage of the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks of the Bana complex. Although both magnetite –
 ulvospinel and ilmenite – hematite solid solution have 
wide compositional ranges in the FeO*-Al 2 O 3 -TiO 2 -
rich rocks, there are abundant magnetite – ilmenite con-
tiguous grains in the globule and Fe-rich band of the 
FeO*-Al 2 O 3 -TiO 2 -rich rocks ( Fig.   3c ), which may enable 
equilibrium temperature and oxygen fugacity to be 
determined. Utilizing the QUILF program of  Anderson 
 et al.  (1993) , we obtained the temperature and f(O 2 ) of 
the analyzed contiguous pairs. Equilibration criteria of 
 Bacon and Hirschmann (1988)  were not able to be ap-
plied because of the low MnO and MgO content of 
both magnetite and ilmenite solid solutions. Several 
pairs of magnetite and ilmenite gave temperatures in a 
range of 693 – 830°C, and log  D (FMQ) = 0.95 – 2.18, which 
is slightly oxidizing compared with those of the Ni-
NiO buffer reactions. Although the presence of he-
matite is interpreted to be of secondary origin due to 
its local occurrence, presence of titanomagnetite, il-
menite and ferro-pseudobrookite in the rock should 
be noted. Phase equilibrium studies indicate that the 
ferro-pseudobrookite as analyzed ( Table   1 ) is not sta-
ble at temperatures <800°C ( Lindsley, 1991 ). Although 
the ferro-pseudobrookite actually consists of fi ne sym-
plectitic Fe-Ti oxides, we suggest that the simplectite 
texture and the consistent compositions indicate the 
primary one-phase ferro-pseudobrookite in the Al 2 O 3 -
TiO 2 -rich rocks. 

 Coexistence of andalusite – sillimanite indicates 
equilibration temperatures of >550°C and pressures 
<400 – 500 MPa, which is consistent with the magne-
tite – ilmenite thermometry. Presence of corundum and 
quartz in a rock may constrain the temperature – pressure 
conditions ( Harlov & Milke, 2002 ), although these min-
erals are not in contact, and there are Al-Si minerals 
such as Al 2 SiO 5  and cordierite between corundum and 
quartz, suggesting not enough evidence for the equili-

bration of these minerals. Therefore, available mineral 
data indicate that the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks 
were formed at 690 – 830°C and in low-pressure condi-
tions with oxygen fugacity 0 – 1 log unit higher than 
NNO buffer assemblage.  

  5.2 Textural implications of the Bana FeO*-
Al 2 O 3 -TiO 2 -rich rocks 

 The Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks have some tex-
tural features encountered chiefl y in igneous rocks, 
such as fl ow banding, and microlitic fl uid texture in 
globules, outlined by the preferential concentration of 
andalusite and silica minerals occasionally with apa-
tite. Polygonal through globular to banded texture of 
the FeO*-Al 2 O 3 -TiO 2 -rich rocks may be due to the 
higher viscosity of the partially melted FeO*-rich part 
of the rocks, whereas the Al 2 O 3 -rich groundmass or 
bands may represent high-degree partial melting with 
lower viscosity. These textures may also be interpreted 
as being formed in an unconsolidated state of lateritic 
soils before heating. 

 Another aspect of textural features of the FeO*-
Al 2 O 3 -TiO 2 -rich rocks is the apparently gradual tran-
sition from the Al-rich basalt to the rocks. Relict 
pilotaxitic textures are noted in the globules and iron-
rich bands, where the aluminosilicates exhibit a lath 
texture ( Fig.   3a ). These may be interpreted as having 
retained the original groundmass texture of basalts, 
later replaced by aluminosilicates and oxides by hy-
drothermal processes, or that lateritization retained 
the original groundmass texture of basalt, which was 
subsequently metamorphosed by the heat of basalt to 
form the aluminosilicates and oxides. Because the for-
mation of the rocks requires large change of bulk rock 
compositions, especially enrichment of alumina, iron 
and titanium, hydrothermal alteration may not be 
likely because of the low solubility of alumina in hy-
drothermal water, and of the absence of sulfi des in 
the rocks.  

  5.3 Similarities and differences between 
the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks and 
iron-apatite ores 

 Because of the lack of such a composition in ore-geology 
records that limits the studies to which we can compare 
our data, we summarize the main hypotheses for the 
genesis of well-documented iron ore deposits associ-
ated with volcanic rocks before the discussion of the 
origin of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks. The 



FeO*-Al 2 O 3 -TiO 2 -rich rocks from Cameroon

 © 2009 The Authors
Journal compilation   © 2009 The Society of Resource Geology 83

Kiruna deposits (Northern Sweden) and El Laco de-
posit (Chile) are the most well-known examples in 
this regard. The main exception is aluminum content: 
the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks are much richer 
in Al 2 O 3  than samples from Kiruna and El Laco. Ne-
glecting this difference, some aspects of the Kiruna 
and El Laco ores can be useful in interpreting the data 
from Bana. The Kiruna ore type is considered to be 
magmatic in origin ( Frietsch, 1978; Kolker, 1982; Nys-
trom & Henriquez, 1994 ), hydrothermal by certain 
authors ( Barton & Johnson, 1996; Barton, 1998; Edfelt
  et al. , 2005 ) or exhalative – sedimentary based on fi eld 
observation (erosion surface rather than intrusive 
contact of the wall-rock contact), textural and miner-
alogical data ( Parak, 1975 ). Temperatures and oxygen 
fugacities of several Fe-oxide apatite ores are reported 
to be 600 – 1000°C, and 10  - 20  – 10  - 11  atm ( Kolker, 1982 ), 
close to the FMQ buffer curve, which is very similar 
to the values of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks 
as reported in the present study.  Kolker (1982)  also 
suggested a magmatic liquid immiscibility hypothe-
sis for the production of the iron-apatite ore based on 
the uniform modal proportion of iron oxide and apa-
tite, which is similar to those of the experimental im-
miscible liquid. The El Laco ore type is thought by 
some workers to have a magmatic origin ( Park, 1961; 
Henriquez & Martin, 1978; Hitzman  et al. , 1992; 
Naslund  et al. , 2002 ), others favor the hydrothermal 
or evaporate origins ( Barton & Johnson, 1996 ). Argu-
ments are based on the occurrences of the ores with 
the associated volcanic rocks, textural characteristics 
of the Fe-ore, thermometry and oxygen barometry, 
and bulk rock compositions. Any contribution aimed 
at reconstituting the origin of the Bana FeO*-Al 2 O 3 -
TiO 2 -rich rocks should take into consideration these 
characteristics.  

  5.4 Genesis of the Bana FeO*-Al 2 O 3 -TiO 2 -rich 
rocks 

 The Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks resemble iron 
deposits such as Kiruna ( Parak, 1975 ) in terms of (i) 
their geological setting, which usually refl ects a rela-
tionship with extensional tectonic setting, and (ii) host 
volcanic rocks, which are intermediate to acid for 
Kiruna ore and El Laco ( Park, 1961 ), and are basic to 
intermediate in Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks). 
They differ in their bulk chemical composition: the 
Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks have high Al 2 O 3  and 
low MgO and CaO concentrations. Another particular 
feature of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks is that 

elevated Ti generally accompanies increasing Al 2 O 3  
content. The concentration of major elements in FeO*-
rich and Al 2 O 3 -rich varieties is such that the bulk com-
positions of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks can 
be represented by the pseudoternary systems SiO 2 -
FeO*-Al 2 O 3  and Al 2 O 3 -(CaO + Na 2 O + K 2 O)−(FeO* + 
MnO + MgO). In these systems ( Fig.   8 ) the Bana FeO*-
Al 2 O 3 -TiO 2 -rich rocks are mostly plotted in the compo-
sitional fi eld of laterites, and much differs from liquids 
of mantle origin or those formed by partial melting of 
normal granitic, dioritic or granulitic crustal source 
regions. REE patterns of samples normalized to chon-
drite are comparable with the associated volcanic 
rocks, except one of the two globules analyzed on ICP-
MS. But all the samples exhibit an high HREE charac-
ter in  Figure   9 , suggesting that their REE may have 
been derived from the associated basaltic magmas. 
Cerium is an important tracer of redox condition in 
geologic systems, and is expressed as a Ce-negative 
anomaly (interaction with seawater or input of lan-
thanides) or Ce-positive anomaly (fractionation of Ce 
during oxidation and accumulated in residual rock). 
Absence of Ce anomaly in FeO*-Al 2 O 3 -TiO 2 -rich rocks 
suggests that strong oxidation was not important dur-
ing their formation. If the Bana FeO*-Al 2 O 3 -TiO 2 -rich 
rocks are of igneous origin, a key question is how these 
rocks acquired such an unusual composition. To ad-
dress this question we applied petrological approaches 
such as fractional crystallization of basaltic magma or 
partial melting of refractory materials in the crust. 
From the fractional crystallization viewpoint, the over-
all low silica content of the bulk composition of the 
Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks could partly be ex-
plained by iron enrichment proceeding at constant 
silica content during fractionation of ferro-basaltic 
composition. This process also explains the phospho-
rus and/or volatile (F, P, Cl) concentrations in the min-
eralized melt, but it fails to explain some features of the 
Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks such as Al-oversatu-
ration and very low K, Na, and Ca content. In addition, 
 Liu and Presnall (1990)  showed that there is a thermal 
barrier in the system of olivine – plagioclase – silica be-
tween basalt and Al-oversaturated mineral (sapphi-
rine) at low pressure. Even at high pressure (10 – 20 kbar) 
where the thermal barrier is suppressed, the expected 
mineral assemblage is spinel – sapphirine – plagioclase. 
Although some of the corundum occurring in basaltic 
rocks may have crystallized at high pressures ( Sutherland 
 et al. , 1998 ), the presence of andalusite along with co-
rundum in the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks indi-
cates crystallization at low pressures, and the rocks 
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may not be derived from basaltic magma by magmatic 
processes. 

 As noted here, the bulk rock compositions of the FeO*-
Al 2 O 3 -TiO 2 -rich rocks are distinct from the associated 
volcanic rocks, and the compositional fi eld is overlap-
ping with laterite, suggesting that the FeO*-Al 2 O 3 -TiO 2 -
rich rocks are derived from laterite reheated and 
recrystallized at high temperatures. Sediments or 
metasediments or metalaterites could be possible sources 
of metalliferous mineralization in Bana. According to 
this reasoning, the present-day position of the complex 
perhaps overlaps with a fossil intracontinental basin or 
fault zone, which favored the mechanical and/or chem-
ical accumulation of metals and REE from weathering of 
pre-existing mafi c rocks. One of the candidates for the 
source for the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks is deep-
seated high-Ti “metalaterite”. Such metalaterite has 
been reported from South Africa by  Beukes  et al.  (2002)  
and from Russia by  Makrygina and Petrova (1998)  and 
from Japan ( Iwao, 1978; Nishio  et al. , 2003 ). Genetically, 
it is thought that high rates of heat derived from the 
rising upper mantle responsible for the lithospheric 
thinning (extension) and subsequent partial melting 
facilitated the fusion of the crustal refractory target 
source. The mantle-derived hot magma may also have 
contributed to the trace-element and REE composition 
of the FeO*-Al 2 O 3 -TiO 2 -rich rocks. This crustal melt 
must have been F-rich, giving it a low density and vis-
cosity and allowing it to ascend rapidly to the surface 
by buoyancy. 

 Another candidate for the source of laterite may be 
the Tertiary formations of laterite during the igneous 
activity of the Bana complex. As noted here, the bulk 
composition of the Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks 
is similar to that of modern laterite ( Schellmann, 1981, 
1983; Bourman, 1993; Aleva, 1994 ) ( Figs   8, 9 ). Lateriti-
zation may take place rapidly in humid high-temperature 
conditions, and it is possible that laterite was formed 
in several thousand years from the older basaltic lava 
fl ows, which are subsequently overlain by hot basaltic 
magma pile, from which heat was supplied and recrys-
tallization took place to form the FeO*-Al 2 O 3 -TiO 2 -rich 
rocks. Concerning the stratigraphically higher position 
of the FeO*-Al 2 O 3 -TiO 2 -rich rocks with the associated 
basaltic lavas, there are three possible interpretations 
of the occurrence of the rocks: (i) the FeO*-Al 2 O 3 -TiO 2 -
rich rocks were emplaced in the upper portion of the 
lava fl ow; (ii) the FeO*-Al 2 O 3 -TiO 2 -rich rocks occupy 
the lower part of the lava fl ow with the subsequent re-
moval of the overlying basalt body due to weathering; 
and (iii) the FeO*-Al 2 O 3 -TiO 2 -rich rocks represent the 

baked lower contact of basaltic lava fl ows, where 
contact metamorphism or hydrothermal alteration oc-
curred. It seems that the fi rst model is not likely because 
of the higher density of the FeO*-Al 2 O 3 -TiO 2 -rich rocks 
compared with the basaltic magmas. There is no later-
ite at present in the Bana complex, but weathering of 
basaltic lava may occur after the emplacement of the 
lava up to the present. Concentration of FeO*-rich 
rocks in the upper part is consistent with the laterite 
profi les (e.g.  Aleva, 1994; Hill  et al. , 2000 ), supporting 
that the source laterite was formed  in situ . At present 
we have limited data to constrain the defi nite processes 
of the formation of the FeO*-Al 2 O 3 -TiO 2 -rich rocks, al-
though we suggest that the rocks were formed by re-
heating of lateritic materials by the heat of hot basaltic 
magmas.   

  6. Concluding remarks 

 The present results show that many features of the 
Bana FeO*-Al 2 O 3 -TiO 2 -rich rocks can be reconciled 
with recrystallization of metal-rich material such as 
high Ti-laterites by the heat of basaltic lavas near the 
surface. Mineral equilibration temperatures between 
690°C and 830°C of the rocks are in accord with the 
recrystallization of laterite hypothesis. Unusual bulk 
rock chemistry of the rocks matches the compositional 
fi eld of laterites in the ternary system of SiO 2 -FeO*-
Al 2 O 3 . Although the poor exposure of the rocks pre-
vents defi nitive stratigraphic relationship with the 
surrounding volcanic rocks, the intimate occurrence 
of the FeO*-Al 2 O 3 -TiO 2 -rich rocks with plagioclase –
 phyric basalts suggests that lateritic materials are in-
corporated in the basaltic magma near the surface, and 
together emplaced as lava fl ow, during which pyro-
metamorphic recrystallization transformed the laterite 
into the FeO*-Al 2 O 3 -TiO 2 -rich rocks. This model of re-
cycled metal-rich source in the crust may account for 
the genesis of some Fe-oxide ores associated with vol-
canic rocks occurring elsewhere.    
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