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Banded iron-formations (BIFs) form an important part of the Archaean to Proterozoic greenstone belts
in the Southern Cameroon. In this study, major, trace and REE chemistry of the banded iron-formation
are utilized to explore the source of metals and to constraint the origin and depositional environment
of these BIFs. The studied BIF belongs to the oxide facies iron formations composed mainly of iron oxide
(mainly magnetite) mesobands alternating with quartz mesobands. The mineralogy of the BIF sample
consists of magnetite and quartz with lesser amount of secondary martite, goethite and trace of gibbsite
and smectite. The major element chemistry of these iron-formations is remarkably simple with the main
constituents being SiO, and Fe, O3 which constitute 95.6-99.5% of the bulk rock. Low Al, 03, TiO,, and HFSE
concentrations show that they are relatively detritus-free chemical sediments. The Pearson’s correlation
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Seawater
Ntem greenstones belt matrix of major element reveals that there is a strong positive correlation (r=0.99) of Al with Ti and no
Cameroon to weak negative correlation of Ti with Mn, Ca and weak positive correlation of Si with Ca, suggesting the

null to very minor contribution of detrital material to chemical sediment. The trace elements with minor
enrichments are transition metals such as Zn, Cr, Sr, V and Pb. This is an indicator of direct volcanogenic
hydrothermal input in chemical precipitates. The studied BIF have a low XREE content, ranging between
0.41 and 3.22 ppm with an average of 0.87 ppm, similar to that of pure chemical sediments. The shale-
normalized patterns show depletion in light REE, slightly enrichment in heavy REE and exhibit weak
positive europium anomalies. These geochemical characteristics indicate that the source of Fe and Si was
the result of deep ocean hydrothermal activity admixed with sea water. The absence of a large positive
Eu anomaly in the studied BIF indicates an important role of low-temperature hydrothermal solutions.
The chondrite-normalized REE patterns are characterized by LREE-enriched (Mean Lacy/Ybey =8.01) and
HREE depletion (Mean Tben/Yben = 1.61) patterns and show positive Ce anomalies. With the exception
of one sample (LBR133), all of the BIF samples analyzed during this study have positive Ce anomalies on
both chondrite- and PASS-normalized plots. This may indicate that the BIFs within the Elom area were
formed within a redox stratified ocean. The positive Ce anomalies in the studied samples likely suggest
that the basin in which Fe formations were deposited was reducing with respect to Ce, probably in the

suboxic or anoxic seawaters.
© 2015 Elsevier GmbH. All rights reserved.

1. Introduction (Klein, 2005; Bhattacharya et al., 2007; Mloszewska et al., 2012).

They are typically thinly banded or laminated and contain 15%

Banded iron-formations (BIF) are marine chemical precipitates
that form an integral parts of the preserved Archaean to early
Proterozoic sedimentary succession in different part of the world
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or more iron of sedimentary origin, commonly but not necessar-
ily containing layers of chert or quartz (James, 1954). According
to Klein (2005), typical BIF consists of alternating Si- and Fe-rich
layers within an evaluated total Fe and Si content of 20-40 wt.%
and 43-56 wt.% respectively. More recently, Planavsky et al. (2010)
have proposed the composition-based definition of Fe-formations
as ‘siliceous and Fe-rich sedimentary chemical precipitates with
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low levels of detrital siliciclastic or volcaniclastic material (<1%
Al,03) and greater than 10% total Fe, regardless of whether Fe is
associated with a carbonate or oxide phase’. This definition of Fe
formation encompasses both granular and banded Fe formations
as well as ferruginous cherts (e.g. distal hydrothermal jaspers).
Banded iron-formations occur in the geologic record from 3.8 Ga
(Isua, West Greenland) to about 1.83.8 Ga with a maximal abun-
dance at about 2.53.8Ga, and a reoccurrence in Neoproterozoic
time (from about 0.8 and 0.63.8 Ga; e.g. Rapitan iron-formation,
Yukon, Canada; eg. Spier et al., 2007, Frei et al., 2008; Bekker et al.,
2010; Basta et al., 2011). Although many aspects of their origin
remains unresolved, it is widely accepted that secular changes
in the style of their deposition are linked to the environmen-
tal and geochemical evolution of the earth (Bekker et al., 2010).
Classically, two types of Precambrian iron formations have been
recognized with respect to their depositional setting: (i) Algoma-
type iron formations are in close proximity to ancient volcanic
centers suggesting a sub-aqueous hydrothermal origin similar to
modern day sea-floor spreading centers (Gross, 1983); (ii) the Lake
Superior-type BIFs are developed in passive-margin sedimentary
rock successions and generally lack direct relationships with extru-
sive volcanic materials and are therefore interpreted as chemical
precipitates of iron-rich waters in a shallow sea (James, 1954).

In Cameroon, the Archaean greenstone belt crops in the
southern part of the country within the Ntem complex which cor-
responds to the northern edge of the Congo craton. This craton,
as other cratonic areas around the world, hosts many mineral
deposits, some of which include iron ore with banded iron for-
mation protore. The major iron ore deposits of the Congo craton
include Avima, Boka Boka and Nabeba in Congo, Mitzic, Belinga
and Minkebe in 3.8 Gabon and, Mbalam and Nkout deposits in
Cameroon (Suh et al., 2008). The Elom greenstone belt forms part
of the iron belt of the Archaean Ntem unit. This belt is character-
ized by the occurrence of banded-iron formations. The origin and
genetic models of these formations are not precisely constrained,
although the genetic model of a mineral deposit is fundamental for
a more efficient mineral exploration plan. Few detailed studies on
the Ntem Complex BIF have been carried out in the particularly on
the high-grade iron ore Mballam deposit (Suh et al., 2008; Nforba
et al,, 2010; Chombong and Suh, 2013; Ilouga et al., 2013). This
study presents petrographical and geochemical data on the Elom
BIF from the Ntem greenstones belt in southern Cameroon. These
data are used to characterize the iron-formations samples that are
considered to represent the precursor of iron ore in order to place
some constraints on the source of chemical components of these
rocks and clarify their origin and depositional environments.

2. Geological setting

The Elom area is located within the Archean Ntem complex
greenstones belt at the northwestern margin of the Congo craton
(Maurizot et al., 1986; Nédélec et al., 1990; Goodwin, 1991), which
is bordered in the north by the Yaounde Group (e.g. Nzenti et al.,
1988; Barbey et al., 1990; Mvondo et al., 2003; Toteu et al., 2006), of
the Pan-African orogenic belt in Central Africa (Fig. 1A). The Ntem
complex is predominantly made up of Archaean rocks that were
partially reworked during the Paleoproterozoic-Transamazonian
cycle (Toteu et al.,, 1994; Tchameni et al., 2001). The greenstone
formations are Mesoarchaean in age and include metagrewacke,
banded-iron formations, sillimanite-bearing gneiss, and amphibo-
lite, now preserved as xenolith in younger intrusive complexes
(Shang et al., 2007; Shang et al., 2010). The intrusive complexes
consist of charnockite and a variety other of rocks which define
a TTG (tonalite-trondjemite-granodiorite) suite (Nédélec et al.,
1990; Pouclet et al., 2007). Abundant gneissic and migmatitic struc-

tures in the TTG are indicative of late- to post-tectonic partial
melting events between 2700 and 2500 Ma, which affected both the
TTG and greenstone terranes (Kornprobstetal., 1976; Nédélecetal.,
1990; Shang et al., 2001; Shang et al., 2010). The main structures
in the Ntem complex are E-W-trending S, foliation and numerous
granitic plutons that are usually emplaced along a SW-NE-tending
S, foliation. The S; foliation dips steeply to the north and its locally
deformed into mesoscopic isoclinal D, folds (Suh et al., 2009). The
S, foliation is a regional, steeply dipping planar fabric with vari-
ably oriented stretching lineation and large scale open folds that
are associated with N-S-trending sinistral and dextral strike-slip
faults and S3 mylonitic foliation. It has been suggested that the
Ntem complex later underwent regional metamorphism associ-
ated to the Eburnean-Transamazonian orogeny (Toteu et al., 1994;
Shang et al., 2004).

In the study area (Fig. 1B), banded iron-formations, high-K gran-
ites intruding TTG and cross-cutting dolerite dykes were identified
(Maurizot et al., 1986; Shang et al., 2010). The doleritic magma-
tism has been dated as Late Archaean and interpreted as the heat
source for remelting TTG and charnockites and generating high-K
granites, thus suggesting the coeval nature of doleritic magmatism
and high-K granite genesis in the Ntem complex (Shang et al., 2007,
2010). Banded-iron formations are the main lithology at Elom area.
They form prominent ridges with NW-SE orientation and consist
of rhythmically alternating fine bands of Fe-oxide and metachert
metamorphosed into greenschist to amphibolite facies. The main
prospect (Elom hill) is 11 km long and 0.5-2 km wide, but smaller
size prospects also exist in the area. The BIF bands are folded and
generally trend NW-SE to E-W with steeply dip (70-90°) towards
the NE or SW and N, respectively.

3. Sampling and analytical methods

Samples were collected from several discontinuous outcrops of
the Elom iron ore prospect, a mineral exploration property of Divine
Mining Ltd. (Fig. 1B). Proper care was taken to collect the best pos-
sible fresh sample. Eight representative samples of banded-iron
formations were investigated in terms of their mineral chemistry
and whole rock geochemistry. Polished thin sections were prepared
from representative samples at Geotech Lab (Vancouver, Canada)
using conventional techniques. Mineral identification was attained
by means of X-ray diffraction (XRD) and petrographic studies under
both transmitted and reflected light. Chemical analysis was done
using the pulp Whole-rock analyses were done by Inductively Cou-
pled Plasma-Atomic Emission (ICP-AES) for major elements and
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for
trace elements and REE at ALS Minerals Global Group, Vancouver
(Canada). The samples were pulverized to obtain a homogeneous
sample out of which 50-60¢g was obtained for the analyses. 0.2 g
of rock powder was fused with 1.5g LiBO, and then dissolved
in 100 mm3 5% HNOs. Analytical uncertainties vary from 0.1% to
0.04% for major elements; 0.1 to 0.5% for trace elements; and
0.01 to 0.5 ppm for rare earth elements. Loss on ignition (LOI) was
determined by weight difference after ignition at 1000 °C. Various
standards were used and data quality assurance was verified by
running these standards between samples as unknowns. Analysis
precision for rare earth elements is estimated at 5% for concentra-
tions >10 ppm and 10% when lower.

4. Results
4.1. Petrography and ore mineralogy

The studied banded iron-formations crop as ridges (Fig. 2a)
within their host rocks because they are resistant to weather-
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Fig. 1. (A) Simplified geological map of South-West Cameroun (Maurizot et al., 1986). (B) Detailed geological map of Elom area.

ing. They are well banded and showed alternation of silica-rich
light bands and iron-rich dark grey to reddish bands (Fig. 2b). The
BIF bands are generally parallel and their thickness varies from
millimeter- to centimeter-scale (usually from 1 mm to 2 cm thick).
The bands are commonly folded; exhibiting minor and major folds

(Fig. 2c and d). The intense folding gives rise to repetition of the
bands, increasing their thickness (Fig. 2c). The folding structures
are asymmetric and display isoclinal to kink-band folds. The iron
bands are well bedded, mesobanding is clearly observed especially
when the gangue materials have a color different from that of
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Fig. 2. Field observations of the studied BIF. (A) Dome shape exposure of BIF in Elom hill. (B). Outcrop and hand specimen pictures showing alternation of silica-rich light
bands and iron-rich dark grey to reddish bands. (C and D) Highly folded bands exhibiting major (C) and minor (D) folding structures in BIF. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

the iron mesobands. In some outcrops, the iron mesobands have and quartz with lesser amount of secondary martite/hematite,
sharp straight contacts against the gangue mesobands. The studied goethite and trace of gibbsite and smectite (Fig. 3).

lithology belongs to the oxide facies iron formations (James, 1954), Magnetite forms either separate microbands or is mixed with
composed mainly of iron oxide mesobands alternating with quartz quartz (Fig. 4a). It is present as euhedral and subhedral crystals,
mesobands. The mineralogy of the BIF sample consists of magnetite medium to coarse-grained. This coarse habit of the magnetite

Fig. 3. Microscopic views of the studied BIF. (A) microbanding in the BIF consisting of alternations of magnetite-rich and silica-rich microbands, reflected light (field
view=1mm across). (B) Detail view of magnetite-rich microband showing quartz in the matrix of iron oxide (field view =0.4 mm across). (C and D) photomicrographs
showing granoblastic-polygonal microstructure (Reflected (C) and Transmitted (D) light, field view = 1 mm across). Mag: magnetite; Qtz: quartz.
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Fig. 4. X-ray diffraction spectra for bulk sample of BIF, indicating good peaks for quartz and magnetite, as well as geothite.

crystal is indicative for recrystallization and/or replacement under
late diagenetic or metamorphic conditions. Most of the magnetite
crystals display different degrees of martitization (Fig. 4c), probably
related to the near-surface oxidation. Martite appears as subhedral
grains with the trellis texture of the original magnetite. Geothite
crystals resulting from hydration of magnetite are also present,
as small isolated subhedral and xenomorphic crystals (Fig. 4d).
Geothite, together with recrystallized quartz, fill the pores and
intergranular spaces. Gibbsite and smectite are the weathering
products.

The siliceous bands are essentially composed of quartz. Fine
magnetite is also disseminated in such bands (Fig. 4c). Quartz is
present as a matrix for the different iron oxide minerals in iron-rich
bands. This mineral is also occurs as inclusions in magnetite. Quartz
crystals are fine- to very fine-grained, with size variation from one
band to another in the same sample. They display granoblastic-
polygonal microstructure with intergranular triple junctions that
suggest static recrystallization.

Table 1
Major element composition (wt.%) and element ratios of the Elom BIF.

4.2. Geochemistry

4.2.1. Major oxides

The bulk geochemical composition (major elements) of eight
representative samples of the Elom banded iron-formations is
listed in Table 1. The major element chemistry of these iron-
formations is remarkably simple with the main constituents being
SiO, and Fe,03 (all Fe expressed as Fe3*). This is reflected in the
overall mineralogy of the studied rocks composed mainly of iron
oxide/hydroxyl mineral and quartz as shown from the petrogra-
phy. These two elements (SiO, and Fe,03) constitute 95.6-99.5%
(mean: 98.17%) of the bulk of the banded iron-formations. SiO, and
Fe,03 contents are 32.13-0.02% and 52.49-65.09%, respectively.
Fe,03 contents are highest in samples with slight goethite alter-
ation. There is a strong negative correlation (r=-0.95) between
Fe,03 and SiO,, suggesting the incorporation of Fe;03 and SiO, in
different mineral phases. Al, 03 contents lie between 0.16 and 1.89%
and show no to weak negative correlation with SiO, (r=—0.08) and

Sample no. LBR12 LBR16 LBR25 LBR53 LBR62 LBR107 LBR108 LBR133 Mean
Weight percent

Si0; 43.75 46.02 40.52 40.82 38.61 32.13 38.66 39.34 39.98
TiO, 0.01 0.01 0.01 0.01 0.14 0.01 0.01 0.01 0.03
Al 03 0.28 0.27 0.32 0.29 1.89 0.16 0.23 0.43 0.48
Fe,03 55.75 52.49 57.30 57.60 56.99 65.09 60.20 60.13 58.19
MnO 0.03 0.03 0.03 0.10 0.07 0.07 0.09 0.09 0.07
MgO 0.02 0.01 0.07 0.06 0.02 0.01 0.06 0.23 0.06
Cao 0.01 0.03 0.01 0.04 0.01 0.01 0.01 0.04 0.02
Na,0 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01
K;0 0.02 0.01 0.01 0.01 0.05 0.01 0.01 0.01 0.02
P,0s 0.07 0.04 0.17 0.08 0.09 0.03 0.06 0.10 0.08
LOI 0.04 1.08 1.55 0.97 2.11 2.46 0.65 -0.40 1.06
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Si/Al 153.57 168.52 127.74 142.50 2043 204.67 171.36 91.43 135.03
Al/Ti 28.00 27.00 31.00 28.00 13.21 15.00 22.00 42.00 25.78
Fe/Ti 5480 5190 5600 5630 398.5714 6220 5870 5870 5032.32
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Table 2
Pearson’s correlation matrix for major element oxides.

SiOz TiOZ A1203 FEZOg MnO MgO Ca0O NazO 1(20 P205 LOI

Sio; 1

TiO, -0.14 1.00

Al,03 —0.08 0.99 1.00

Fe,03 —0.95 -0.13 —-0.18 1.00

MnO -0.52 0.08 0.09 0.56 1.00

MgO -0.05 -0.23 -0.11 0.22 0.43 1.00

Ca0  0.30 -0.29 -0.21 -0.19 0.41 0.57 1.00

Na,0 -0.68 -0.29 -0.31 0.82 0.55 0.44 0.00 1.00

K;0 -0.05 0.97 0.96 -0.19 —0.03 -0.28 —0.36 —0.36 1.00
P,0s 012 0.09 0.17 -0.16 —0.18 0.41 -0.05 —0.32 0.07 1.00
LOI -052 044 034 0.26 -0.09 -0.63 -0.47 -0.11 0.34 -0.09  1.00

Fe,03 (r=-0.18). Relative elevated Al and Ti contents (1.89% and
0.14%, respectively) were observed in sample LBR62, suggesting
trace inputs of detrital material. Na,O and K,O contents are very
low in the studied samples. MnO (0.03-0.1%), MgO (0.01-0.23%)
and CaO (0.01-0.04%) contents are significantly very low. The
samples with relative elevated (compared to other samples) MgO
contents show weak positive correlation with CaO, suggesting the
incorporation of MgO in carbonate which is present as trace phase
in mode. P,05 contents range between 0.03 and 0.17%. From the
Pearson’s correlation matrix (Table 2), it is shown that there is a
strong positive correlation (r=0.99) of Al with Ti and no to weak
negative correlation of Ti with Mn, Ca and weak positive correla-
tion of Si with Ca. These correlations reflect the null to very minor
contribution of detrital material to chemical sediment.

4.2.2. Trace elements

Concentrations of trace elements in the bulk samples are shown
in Table 3. In terms of trace element composition, no significant
enrichments were encountered. When compared to the average
upper continental crust (Taylor and McLennan, 1985), the stud-
ied BIF are depleted in high field strength elements (Nb, U, Th,
Zr, Hf, Pb, REE), and large ion lithophile elements (Sr, Rb). The
trace elements with minor enrichments are transition metals
such as Zn(0.23-1.12 ppm), Cr(3.11-4.28 ppm), Sr(0.05-0.46 ppm),
V(0.81-1.06 ppm) and Pb(0.08-0.57 ppm). These elements are
commonly used as indicators of direct volcanogenic hydrothermal
input in chemical precipitates. In addition, Fe exhibits weak posi-
tive correlations with Zn and V pointing a hydrothermal source of
these metals.

4.2.3. Rare earth elements

Rare earth element (REE) distributions in the bulk samples are
shown in Table 3. The Elom Banded iron-formations have gener-
ally low absolute REE contents (0.41-3.22 ppm) similar to that of
pure chemical sediments. These low values are typical of Archean
iron formation (Fryer, 1983; Barrett et al., 1988). REE patterns,
normalized to the Post-Archean Australian Shale (PAAS, subscript
SN), of the selected samples of Elom BIF are depicted (Fig. 5).
The degree of light REE (LREE) enrichment relative to heavy REE
(HREE) is presented as the ratios of PAAS-normalized La and Yb
(La/Yb), Tb and Yb (Tb/Yb). Eu anomalies are quantitatively defined
as Eu/Eu* =Euy/(Smy x Gdy)!/2. When Eu is depleted, Eu/Eu* val-
ues are below unity. The REE patterns are characterized by a slight
depletion in LREE (Mean Lagy/Ybsy = 0.86) relative to HREE (Mean
Tbsn/Ybsy = 1.40), apparent positive anomalies in both Eu and Ce.
Evaluation of the presence or the absence of Ce anomaly is often
complicated because of the anomalous behavior of La (Bau and
Dulski, 1996). Lanthanum enrichment, together with the well-
known Ce depletion has been identified in modern seawaters.
Positive La anomalies have also been reported for hydrothermal
Fe-Mn sediment on oceanic crust. Consequently, anomalous La

10

—&— Chondrite-normalized
—&— PAAS-normalized

0.1

Normalized REE

0.01

0.001

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

Fig. 5. REE patterns (PASS- and chondrite-normalized REE) of Elom BIF. Normaliza-
tion value of PASS and chondrite after McLennan et al. (1993) and Boynton (1984),
respectively.

enrichment can create ‘false’ negative Ce anomalies in some cases.
In order to distinguish ‘true’ Ce anomalies from ‘false’ ones in BIF,
plots of Ce/Ce* vs. Pr/Pr* has been used by many authors (eg. Bau
and Dulski, 1996; Klein, 2005; Kato et al., 2006; Planavsky et al.,
2010; Basta et al., 2011 and references therein). The Ce/Ce* and
Pr/Pr* ratios are calculated as Cegy/(Lasy x Prsy)!/? and as Prsy/
(Cesn x Ndsn)'/2, respectively. The Ce/Ce* vs. Pr/Pr* diagram of
Elom BIF (Fig. 6) shows that the majority of samples have true
positive Ce anomaly and only one sample (LBR133) has true nega-
tive Ce anomaly. The true positive cerium anomaly is a distinctive
feature between Archaean to early Paleoproterozoic BIF and late
Paleoproterozoic BIF (Planavsky et al., 2010)

The REE data were also plotted in chondrite normalized (sub-
script CN; Normalising values after Boynton, 1984) diagrams
in Fig. 5. As proposed by Bau and Dulski (1996), chondrite-
normalization has the advantage of illustrating the loss of the
positive Eu anomaly at the Archaean/Proterozoic boundary. The
chondrite-normalized REE patterns are fractionated. They are char-
acterized by LREE-enriched (Mean Lacyn/Ybeny =8.01) and slightly
HREE depletion (Mean Tbcn/Yben =1.61) patterns. The chondrite-
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Fig. 6. (Ce/Ce*)sn Vs. (Pr/Pr*)sy diagram (after Bau and Dulski, 1996) for the Elom
BIF. Field I: neither Ce nor La anomaly; field Ila: positive La anomaly, no Ce anomaly;
field IIb: negative La anomaly, no Ce anomaly; field Illa: positive Ce anomaly; field
IlIb: negative Ce anomaly.
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Table 3
Trace and rare earth element compositions (ppm) and element ratios of BIF from Elom area.

Sample no. LBR12 LBR16 LBR25 LBR53 LBR62 LBR107 LBR108 LBR133 Mean
Parts per million

Zn 0.2300 0.2600 1.1200 0.4000 0.4800 0.2300 0.4200 0.4200 0.4450
Cu <dl 0.0600 <dl 0.0900 0.1000 <dl 0.1000 0.0600 0.0513
Ni <dl <dl <dl <dl 0.0800 <dl <dl 0.0600 0.0175
Co 0.0010 0.0550 0.0030 0.1490 0.1370 0.0020 0.1940 0.1800 0.0901
Cr 3.4700 3.9400 3.6500 3.8800 3.7300 3.1100 3.8300 4.0100 3.7025
\ 0.8100 0.8900 0.8400 0.8700 0.8500 0.7700 0.9600 1.0000 0.8738
Cs 0.0031 0.0009 0.0010 0.0021 0.0067 0.0013 0.0024 0.0023 0.0025
Rb 0.1270 0.0310 0.0420 0.0270 0.1440 0.0140 0.1070 0.0650 0.0696
Sr 0.5320 0.1590 0.1960 0.1440 0.4040 0.0580 0.2000 0.3180 0.2514
§) 0.0759 0.1160 0.0396 0.1675 0.0458 0.0314 0.0457 0.1225 0.0806
Th 0.2380 0.3780 0.2370 0.0621 0.0192 0.0671 0.0257 0.0272 0.1318
Pb 0.2180 0.5700 0.1870 0.3370 0.2020 0.1040 0.0830 0.3130 0.2518
Zr 0.0170 0.0210 0.0220 0.0060 0.0010 0.0070 0.0010 0.0010 0.0095
Y 0.1010 0.0758 0.2520 0.2150 0.2320 0.1890 0.1570 0.2690 0.1864
w 0.0040 0.0040 0.0060 0.0050 0.0050 0.0280 0.0230 0.0200 0.0119
La 0.1465 0.0519 0.1835 0.2790 0.4180 0.0718 0.0755 0.5520 0.2223
Ce 0.4940 0.2260 0.5960 0.8490 1.1300 0.2700 0.5670 1.5200 0.7065
Pr 0.0355 0.0129 0.0415 0.0810 0.0683 0.0192 0.0254 0.1640 0.0560
Nd 0.0936 0.0547 0.1600 0.2950 0.2450 0.0853 0.1200 0.6000 0.2067
Sm 0.0243 0.0134 0.0378 0.0733 0.0535 0.0224 0.0309 0.1150 0.0463
Eu 0.0075 0.0049 0.0122 0.0155 0.0151 0.0087 0.0112 0.0225 0.0122
Gd 0.0200 0.0124 0.0433 0.0625 0.0455 0.0268 0.0310 0.0953 0.0421
Tb 0.0029 0.0018 0.0070 0.0088 0.0086 0.0043 0.0060 0.0144 0.0067
Dy 0.0171 0.0107 0.0366 0.0530 0.0464 0.0213 0.0331 0.0666 0.0356
Ho 0.0030 0.0027 0.0077 0.0088 0.0089 0.0053 0.0076 0.0118 0.0070
Er 0.0093 0.0090 0.0206 0.0269 0.0266 0.0160 0.0211 0.0313 0.0201
Tm 0.0011 0.0009 0.0022 0.0028 0.0031 0.0019 0.0031 0.0046 0.0025
Yb 0.0091 0.0075 0.0171 0.0229 0.0256 0.0140 0.0186 0.0235 0.0173
Lu 0.0009 0.0013 0.0022 0.0034 0.0036 0.0014 0.0022 0.0027 0.0022
Y/P,05 1.4182 1.8738 1.4487 2.6268 2.5239 6.0203 2.5515 2.6260 2.6361
Co/Zn 0.0043 0.2115 0.0027 0.3725 0.2854 0.0087 0.4619 0.4286 0.2220
Eu/Sm 0.3086 0.3657 0.3228 02115 0.2822 0.3884 0.3625 0.1957 0.3047
Y/Ho 33.6667 28.0741 32.7273 244318 26.0674 35.6604 20.6579 22.7966 28.0103
(La/Yb)sn 1.1862 0.5099 0.7907 0.8977 1.2031 0.3779 0.2991 1.7308 0.8744
(Tb/Yb)sn 1.1588 0.8727 1.4886 1.3974 1.2216 1.1169 1.1730 2.2282 1.3322
(Eu/Eu*)sn 1.5867 1.7729 1.4064 1.0680 1.4274 1.6561 1.6878 1.0024 1.4510
(Pr/Pr*)sy 0.9385 0.6596 0.7640 0.9201 0.7380 0.7192 0.5536 0.9763 0.7837
(Ce/Ce*)sn 1.5747 2.0078 1.5700 1.2983 1.5374 1.6717 2.9764 1.1613 1.7247
YREE 0.8648 0.4101 1.1677 1.7819 2.0982 0.5684 0.9527 3.2237 1.3834

dl: detection limits.

normalized patterns also exhibit Ce positive anomaly, similar to
the Ce behavior on shale-normalized plot. However, Eu behav-
ior in chondrite-nornalized REE is quite different from that of the
shale-normalized pattern, exhibiting negative to slightly positive
Eu anomaly (Eu/Eu*: 0.65-1.16). This decrease suggests a declining
hydrothermal input into a deep ocean basin from Early Archean to
Early Proterozoic time. Bau and Méller (1993) concluded that the
decrease in the positive Eu anomaly is the result of the lowering of
the temperature of the hydrothermal solutions, as a reflection of
decreasing upper mantle temperature. As the size of the positive
Eu anomaly of BIF decrease with age (Derry and Jacobsen, 1990;
Bau and Dulski, 1996; Kato et al., 1998, 2006), the loss of posi-
tive Eu anomaly on the chondrite-normalized patterns is indicative
for Paleoproterozoic age of the studied BIF. Also the chondrite-
normalized REE patterns differ from the HREE-enriched trends
(Smcn/Yben < 1) which characterized most Archaean BIF (eg. Bau
and Moller, 1993).

5. Discussion
5.1. Source of chemical components
The composition of Archaean chemical sediments ought

to reflect input of solutes from both crustal weathering and
hydrothermal emissions. Detrital input can also occur in shallow

water facies iron formations, and such clastic particles tend to
obscure the seawater signal. Identification of a detrital compo-
nent in BIF was done mainly through elevated concentrations of
Al;03, TiO; and high field strength elements—HFSE (e.g., Zr, Hf, Ta,
Th) as well as through co-variations between HFSE and REE ratios
(La/La*, Y/Ho, Pr/Yb, Ce/Ce*—McLennan et al., 1993; Bau, 1993;
Bolharetal.,2004). Pure chemical sediments are enriched in Mn and
Fe, but addition of detrital or volcanic material causes their dilu-
tion and enrichment of Ti, Al and Zr (Bonatti, 1975). High contents
of SiO, and Fe;03 in the studied banded iron-formations indi-
cate the purity of the chemical precipitates. Low Al,03 content of
the banded iron-formations (0.15-0.42 wt.%; except sample LBR62
with Al,O03 content of 1.85%) further attests to the detritus-free
nature of the silica-iron precipitates. Very small to undetectable
Na,0 and K;0 contents may further indicate that contamination
by pyroclastic debris was minimum during the precipitation of
the banded iron-formations. However, a correlation matrix data
shows that there are weak to significant positive correlations
(r=0.45-0.96) of Al with Ti, K, Rb and Sr indicating sedimentary
inputs of siliciclastic material to chemical sediments (Ewers and
Morris, 1981; Klein and Beukes, 1993; Manikyamba and Naqvi,
1995); but the weak negative correlation of Si with Al, Ti, La, Ce
and low XREE content indicates that the detrital input was triv-
ial. Thus the chemical components of Elom BIF have been formed
predominantly by chemical precipitation processes.
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5.2. Origin of Elom BIF

Most authors agree that BIFs are chemical sediments formed by
precipitation of iron and silica from solutions consisting of a mix-
ture of seawater with hydrothermal fluids. The main impurities are
terrigenous sediments carried by rivers or winds, or deposited by
volcanic activity (Klein and Beukes, 1989; Isley, 1995; Kato et al.,
1998) or pelagic sediments (Lascelles, 2007). Although controver-
sies remain regarding the origin of Fe and Si in BIFs, most workers
consider that these components, together with Mn and a very low
amount of trace elements, are derived from the leaching of basalt
and komatiites of the ocean floor by hydrothermal fluids (e.g.,
Dymek and Klein, 1988; Beukes and Klein, 1990; Shimizu et al.,
1990; Klein and Beukes, 1992; Bau and Mbller, 1993; Kato et al.,
1998). Only a few authors attribute the origin of Fe and Si to the
weathering of continental rocks (e.g., Holland, 1984; Manikyamba
et al., 1993; Kholodov and Butuzova, 2001). This is because BIFs
and deep hydrothermal deposits have the same REE signature,
characterized by positive Eu anomalies and depletion of LREE
(Derry and Jacobsen, 1990; Danielson et al., 1992). The patterns
of element abundances preserved in ancient chemical sediments
can be used to constrain the influence of seawater, hydrother-
mal, biogenic and detrital sources on the sediment composition
(Lottermoser and Ashley, 2000). Proposed methods for distinguish-
ing between seawater, hydrothermal, biogenic and detrital sources
are based on differences in the mineralogical, chemical and isotopic
composition. The Si/Al ratio is commonly used to detect even-
tual hydrogenous, respectively hydrothermal material supply. It
is worth underlining here that the Si/Al ratio has been used to
distinguish between hydrothermal Fe-Mn crusts, rich in Si and
characterized by a Si/Al ratio >5.1, and hydrogeneous Fe-deposits
(nodules), whose typical Si/Al ratio is 3, the same as marine sedi-
ments. The average Si/Al ratio of the studied BIF is 135 pointing to
the hydrothermal origin of the studied BIF.

Bonatti(1975) suggested that hydrothermal metal-rich deposits
could be distinguished from hydrogenous deposits formed by dia-
genetic processes on the basis of the relative abundance of SiO, and
Al,Os. In this diagram (Fig. 7), the studied rocks are plotted within
the hydrothermal field. Pure hydrothermal deposits contain very
little Al and have high Al/Tiratios (Marchigetal., 1982). Contamina-
tion of such deposits by pelagic and terrigenous deep-sea sediments
enriches them in components such as Ti and Al, resulting drastic
lowering of the Fe/Ti ratios and increase in the Al/(Al+Fe+Mn)
ratio. On an Fe[Ti vs. Al/(Al+Fe+Mn) diagram of Barrett (1981),
most of the studied BIF samples cluster on the hydrothermal Red
Sea deposits and only one sample plots at the end of a mixing curve
between hydrothermal deposits, as represented by metal-rich sedi-
ments of the East Pacific Rise (13°N and 21°N), and pelagic sediment
(Fig. 8). This suggests that the major components (>90 %) of the
Elom BIF are predominantly of hydrothermal origin. A predomi-
nantly hydrothermal origin is also consistent with the low Y/P,05
ratios which fall in the 20-36 (average 28), similar to the ratios
expected in pure hydrothermal deposits but lower than >100 found
in pelagic and hydrogenous deposits (Marchig et al., 1982).

The lower contents of detrital-derived elements such as Y, Nb,
and Zr in the Elom BIF as well as the relative null correlations
between Al,03 and these elements (Fig. 9A) support the previous
conclusion from the major oxide distributions that the studied BIF
are purely chemical sediments with little to no detrital input. ¥XREE
contents show also null correlations (% = 0.16) with the Al,03 con-
tents (Fig. 9B) suggesting no detrital contribution to these rare earth
elements.

The use of REE to constrain the origin of BIF and other Fe forma-
tions has been proposed by many authors (Bau and Dulski, 1999;
Lottermoser and Ashley, 2000; Frei et al., 2008; Planavsky et al.,
2010; Basta et al., 2011 and references therein). At the heart of

REE studies in iron formation is the assumption that there is min-
imal fractionation of REE during precipitation of ferric iron oxides
and oxyhydroxides (Bekker et al., 2010). The REEs in iron oxide-
rich sediments appear to be rock buffered under most early- to
late-stage diagenetic and metamorphic alteration conditions (Bau,
1993). Hence, iron formations are likely to preserve their primary
REE pattern during burial and exhumation. The REE contents of the
studied BIF are very low and the Shale-normalized patterns display
both positive Ce and Eu anomalies. Possible source materials of the
positive Eu anomaly of BIFs have been attributed to a hydrothermal
solution (Campbell etal., 1988) and/or detrital feldspar. Because the
A1,03 contents of studied BIFs are very low (0.15-0.42 wt.%), the
positive Eu anomaly of BIFs was not caused by detrital feldspar but
by a hydrothermal solution.

With regard to the rare earth elements, hydrogenous deposits
show high XREE, while the XREE of hydrothermal deposits are
significantly lower (Hein et al., 1990; Usui and Someya, 1997). In
this regard, the Elom BIFs have significantly low XREE (average of
0.87 ppm). This very low concentration of XREE is characteristic of
hydrothermal source of the studied ores.

Furthermore, hydrothermal solutions have a near chondritic
Y/Ho ratio (27), while that for seawater is superchondritic (Bau
and Dulski, 1999). Bolhar et al. (2004) proposed that as terres-
trial material (i.e., felsic and basaltic crust) has a constant Y/Ho
ratio of ~26, smaller admixtures of any contaminant to chemical
sediments precipitated from seawater would depress seawater-
like superchondritic Y/Ho ratios (>44) and that co-variation would
arise between Y/Ho and insoluble elements such as Zr with smaller
admixture of any contaminant. The average Y/Ho ratio of the Elom
BIF is 28.01, which is similar to the hydrothermal solution ratio
and could suggest a hydrothermal source of the studied ores. The
weakly positive correlation (r=0.39) between Zr and Y/Ho for Elom
BIF implies that the Y/Ho ratios in the original BIF precipitate did
not experience significant changes because the amounts of detrital
contaminants (as indicated by lowest Zr contents) were trivial.

According to Michard et al. (1983), Mitra et al. (1994), and
Douville et al. (1999), hydrothermal solutions are produced by
both high-temperature (>300°C) and low-temperature (<200°C)
hydrothermal alteration of the oceanic crust. High-temperature
hydrothermal alteration produces fluids with a pronounced pos-
itive Eu anomaly; whereas fluids produced by low-temperature
hydrothermal alteration have a weak or no Eu anomaly (Michard
et al, 1993). Bau and Dulski (1996) suggested that HREE-
enrichment in Precambrian BIF are signals inherited from marine
surface water, while positive Eugy anomalies are signals inherited
from marine bottom water through the contribution of hydrother-
mal solutions.

The REE patterns for the studied BIFs can be produced by mixing
of low-temperature hydrothermal solutions and seawater. HREE-
enrichment (Tbsy/Ybsy =1.40) relative to LREE (Lagn/Ybsy =1.33)
in these BIFs is a feature inherited from seawater, while the small
positive Eu anomaly (Eu/Eu*=0.99-1.86) is inherited from low-
temperature hydrothermal solutions. Thus the REE patterns of
the Elom BIF bear the characteristics of both hydrothermal solu-
tions and seawater, similar to other BIFs (Bau and Dulski, 1996;
Bolhar et al., 2005). The average Eu anomaly value of present-
day hydrothermal solutions from the East Pacific Rise is reported
to be 0.86 (Michard and Albaréde, 1986). Modern hydrothermal
iron-rich sediments from the East Pacific Rise have a consistent
variety of Eu anomaly value from 0.03 (proximal) to 0.14 (distal)
(Olivarez and Owen, 1991), which suggests that the Eu anomaly
value of hydrothermal sediments is also affected by a strong and
continuous overprinting of seawater-derived REEs. On the other
hand, Barrett et al. (1988) have proposed that HREE-enrichment
in PASS-normalized patterns for some iron formations associated
with volcanic rocks is possibly inherited from a mafic volcanic
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Fig. 7. SiO, vs. Al;03 discrimination diagram indicating the hydrothermal affinity of the studied BIF.

source, following relatively low-temperature seawater rock inter-

action.

5.3. Environmental conditions

Precambrian BIFs formed during chemical precipitation from
the ocean, and therefore their REE composition can be used to
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determine the geochemistry of seawater during BIF formation; this

information can in turn be used to determine the redox state of
the atmosphere and ocean at this time (Planavsky et al., 2010; Hou
etal., 2014). Ce anomalies are considered to be indicative of an oxy-
genated hydrosphere (Kerrich et al., 2013). The studied BIFs do not
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show negative Ce anomalies (except sample LBR133) (Fig. 6), and
most samples have positive Ce anomalies. Planavsky et al. (2010)

Fig. 8. Fe|Ti vs. Al/(Al+Fe +Mn) diagram of Elom BIF. The curve represents mixing of East Pacific Rise deposits (EPR) with pelagic sediments (PC) whereas the numbers
indicate the approximate percentage of EPR in the mixture (adopted from Barrett, 1981). Also indicated are compositions for mean upper continental crust (UC, Taylor and
McLennan, 1985), Red Sea hydrothermal deposits (RS, Marchig et al., 1982) and the Cyprus umber (CU).
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Fig. 9. (A) Detrital trace elements (Nb, Y, and Zr) vs. Al,03 showing relative null correlations between Al,03 and these elements; (B) Null correlations between Al,03 and

the XREE in the bulk samples of the studied BIF.

suggested a link between the lack of Ce anomalies within Paleo-
proterozoic BIFs and the Great Oxidation Event (GOE), primarily as
positive Ce anomalies within BIFs are a result of redox reactions
in the ancient ocean. If an area of ocean is not totally oxidized,
the Ce, LREE, and Ho in solution are oxidized and are preferentially
adsorbed by Mn and Fe hydroxides within oxidized surface waters;
in comparison, the reductive dissolution of these precipitates in
oxidation-reduction transition zones or in deeper waters would
release Ce, LREE, and Ho into the seawater column (Planavsky et al.,
2010).As seenin some modern basins (de Baaretal., 1988; Bauetal,,
1997; De Carlo and Green, 2002), the dissolution of these metal oxy-
hydroxides would at times have led to the formation of positive
dissolved Ce anomalies in deeper, anoxic-suboxic waters. Positive
Ce anomalies would be transferred to the sedimentary record when
Fe oxyhydroxide precipitation occurred in these suboxic or anoxic
waters. Positive Ce anomalies in studied samples likely indicate a
dissolved positive Ce anomaly, given that experimental work sug-
gests (in contrast to Mn oxides) that minimal or no preferential Ce
scavenging onto Fe oxyhydroxides occurs in the pH range relevant
to marine conditions (Koeppenkastrop and De Carlo, 1992; Bau,
1999). These BIFs have an average Y/Ho ratio of 28, significantly
lower than the Archean-Early Paleoproterozoic BIFs (average Y/Ho
ratio of 39), and the Late Paleoproterozoic BIFs (average Y/Ho ratio
of 32; Planavsky et al., 2010). However, these samples are LREE-
depleted and HREE-enriched, similar to the Archaean and Early
Paleoproterozoic BIFs. This result suggests the contemporaneous
deposition of Elom BIF with the change in oxidation-reduction sta-
tus of seawater, probably during the GOE.

5.4. Comparative petrography and geochemistry

The mineral assemblages described in the petrographic section
are typical of oxide facies banded iron-formations encountered
around the world (eg. James, 1954; Beukes, 1973; Klein, 2005;
Bhattacharya et al., 2007). In Cameroon, BIF are mainly of oxide
facies with either hematite or magnetite as dominant mineral.
Comparing the Elom BIF with other BIF occurrences within the
same Precambrian Iron Ore Belt in South Cameroon, the former
are mainly magnetite-rich similar to the Ngoa iron ore deposit
(Njinchuki, 2011). These deposits are different from the Metz-
imevin, Njweng (Mballam) and Nkout iron deposits composed
predominantly of hematite and martite with monazite, apatite and
pyrite as minor phases (Suh et al., 2008; 2009; Ilouga et al., 2013;
Nsoh et al., 2014). Moreover, [louga et al. (2013) have described sil-

icate facies BIF at Njweng prospect in the Mballam iron ore deposit.
These types of BIF were not encountered in the Elom area. In terms
of bulk-rock geochemistry, the Elom banded iron-formations show
slightly elevated Fe, 03 and depressed SiO,, TiO,, MgO, MnO, CaO0,
Na, 0, K50 and P, 05 values compared to average chemical compo-
sitions of other banded iron-formations occurrences in Proterozoic
and Archean supracrustal belts (Fig. 10A). On this plot, it is observed
that there is a significant variation in MgO, MnO, CaO, Na,0 and
K, O proportions which are very low in the study area BIF, whereas
Fe, 03 contents are slightly enriched. The average concentrations of
MnO (0.06) and P, 05 (0.08) of studied BIF show similarity with MnO
and P,05 (0.07) of Orissa oxide facies (Bhattacharya et al., 2007),
but it is slightly higher than that of superior type (0.06). Also, the
Al;03 (0.47) contents in the Elom BIF are close to the Al,03 con-
tents in the Orissa BIF (0.35) and high to the Al,03 contents of the
Hotazel BIF (Tsikos and Moore, 1997). Small variations in Al;03, K, O
and Na, 05 in the various banded iron-formations indicate the pres-
ence of various amounts of iron-rich silicate minerals. The studied
BIF are markedly depleted in Zn Cu, Ni Co and V (Fig. 10B). Similar
transition metals contents were encountered in both Hotazel and
other Superior-type banded iron-formations. According to Gross
and McLeod (1980), the depletion of transition metals constitutes
a distinguishing feature between banded iron-formation that is
genetically unrelated to volcanic activity and typical volcanogenic
Algoma-type banded iron-formation.

The Elom BIF are depleted in REE which is consistent with the
REE data of Archaean iron-formations elsewhere; but their REE con-
centrations are markedly depleted (XREE=1.38 ppm) compared
to other Archaean to Proterozoic oxide facies BIF of the world
(Klein, 2005; Planavsky et al., 2010). The PASS-normalized REE
patterns of the study area show slightly positive Eu anomalies
(Eu/Eu*=1.45) and HREE-enriched trend (Tbgy/Ybsy =1.33) simi-
lar to the REE patterns of other Archaean BIF, but differ from the
latter by the slightly positive Ce anomalies (Ce/Ce*=1.72) similar
to Gunflint and Biwabik, iron-formations, Animikie Basin, USA and
Canada (Planavsky et al., 2010). The positive Ce anomalies char-
acterizes late Paleoproterozoic (1.93.8 Ga) banded iron-formations
(Planavsky etal.,2010). Fryer (1977) suggested that Eu/Smratio can
be used to distinguished the Archaean (0.40-1.22) and Proterozoic
(0.24-0.40) BIF. The Eu/Sm ratio of studied BIF ranges from 0.19 to
0.38. Although previous works have clearly shown that the green-
stone terranes of Ntem complex are Mesoarchaean in age (Shang
etal., 2010), the true positive Ce anomalies together with the Eu/Sm
ratio of the studied BIF suggest their precipitation during late Pale-
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Fig. 10. Plot of average major elements concentrations (A) and transition metal values (B) of Elom BIF (n=8) and other well studied banded iron-formations around the

world.

oproterozoic time. In spite of the above REE behavior, the Elom BIF
show most similarity with Lake Superior-type banded iron forma-
tions.

6. Conclusions

Representative BIF samples from the Elom area of the Ntem
complex (southern Cameroon) were analyzed for their major, trace,
and rare earth elements to clarify the origin of Fe-formations. The
studied BIFs belong mainly to the oxide facies being composed
of magnetite, microcrystalline quartz and secondary martite and
geothite. Low Al,03, TiO,, Y, Nb, Zr and Th concentrations in most
of the BIF samples suggest detritus-free chemical sediments. The
high Si/Al ratio (average of 135) of the studied BIF suggests the
hydrothermal origin. The Fe/Ti vs. Al/(Al +Fe + Mn) binary diagram
supports this interpretation through the plot of all data in the
hydrothermal Red Sea deposits field. On the other hand, the low
YREE concentrations, the near chondritic Y/Ho ratio and the REE
patterns for the studied BIF carry the signals of both hydrothermal
solutions and seawater. HREE-enrichment is a signature inherited
from seawater, whereas a positive Eu anomaly is a feature inherited
from bottom water carrying a hydrothermal signature. The absence
of alarge positive Euanomaly in the studied BIF indicates an impor-
tant role of low-temperature hydrothermal solutions. Positive Ce
anomalies in studied samples likely indicate a dissolved positive
Ce anomaly, suggesting that the basin in which Fe formations were
deposited was reducing with respect to Ce, probably in the suboxic
or anoxic seawaters.
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