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Abstract

The Endengue Banded Iron Formation (BIF) is located in the northwestern
edge of the Congo craton in Cameroon. Here, we report geochemical data of
trace and rare earth elements (REE) of the Endengue BIF samples from the
Archean Ntem complex and investigate their environmental setting. Two
types of BIF occur at Endengue area, both containing minimal contamination
from terrestrial material. Total REE (ZREE) contents in the Type 1 BIF are
extremely low, ranging from 0.34 to 1.83 ppm, similarly to pure chemical se-
diments while Type 2 BIF displays XREE contents ranging from 2.98 to 24.26
ppm. The PAAS-normalized REE + Y patterns of the two BIF types display
LREE enrichment relative to HREE and weak positive Eu anomaly, most
likely suggesting that the source of iron and siliceous of the Endengue BIFs is
mainly from the contribution of low-temperature hydrothermal alteration of
the crust. Type 1 BIF shows very low Nd content (<1 ppm) with positive cor-
relation between Nd and Ce/Ce* and positive Ce anomalies which suggests
suboxic or anoxic seawater similar to the depositional environment of Elom
BIF in Archean Ntem complex. In contrast, Type 2 BIF displays low to mod-
erate Nd contents (1 and 100 ppm with the exception of sample LBR65) with
negative correlation between Nd and Ce/Ce* and negative Ce anomalies.
These features indicate precipatation of Type 2 BIF from oxic iron-rich solu-
tion that changed to oxidized surface by rapid precipitation of the hydro-
thermal Fe. The Endengue BIFs were deposited in the continental margin
ocean in presence of low-temperature hydrothermal fluids mixed with sea-
water, similar to Paleoproterozoic Kpwa-Atog Boga BIFs within the Nyong
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group and other Paleoproterozoic Superior-type BIFs worldwide.
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1. Introduction

The banded iron formations (BIFs) are chemical precipitated sediments, typical-
ly thin bedded or laminated, consisting of iron-rich content of sedimentary ori-
gin and layers of chert [1] [2] form from ancient seawater or into secular trends
in the atmosphere-hydrosphere-lithosphere system. Such formations occur on
all continents, are generally older than 1.7 Ga and are highly metamorphosed.
BIFs are largely constrained to the Precambrian marine sedimentary environ-
ment. The trace elements and Rare earth elements (REE) patterns are commonly
used to characterize minerals and rocks, and to clarify their evolution and origin
[3]. Trace and Rare earth elements (REE) of BIFs significantly contribute in un-
derstanding their genesis, and their environment setting [4] [5]. Since BIFs are
considered as chemical/biochemical sediments that precipitated from ocean wa-
ter [2] [6] [7], the trace element, including the REE distribution of BIFs, has been
widely used as chemical substitute to determine the origin and depositional set-
ting into the ocean water chemistry through time [7] [8] [9] [10]. Trace elements
can be used to determine the origin of impurity like clastic or crustal materials
[4] [11]. On the other hand, the relative concentration of REE has been used as
proxies to tracers for oceanic water masses [12] [13], oceanic input sources and
seawater chemistry environment deposit [14].

In Cameroon, the Archean Ntem Complex is one of favorable environment
setting of BIFs deposit. Previous studies revealed that the BIFs of the Archean
Ntem complex were deposited within various environments. For instance, [15]
used REE elements to suggest that the Njweng BIFs have the same characteristic
similar to that of modern seawater environmental setting. In contrast, the BIFs
within the Elom area studied by [16] indicate that they were formed inside a re-
dox stratified ocean. However, the Bikoula BIF is considered to have been depo-
sited in a basin that was anoxic or suboxic [17]. In Nkout area, [18] suggested
that the BIFs have clastic contamination in a depositional environment closer to
the continent. The Endengue BIF deposits associated with metamorphic rocks
have been discovered in the Archean Ntem Complex (Figure 1(b)). However,
the environment setting of the Endengue BIFs remains unknown.

In this study, we report trace and REE elements geochemistry of Endengue
BIF deposits in the northern part of Congo Craton in order to investigate the
depositional environment and the conditions that prevailed during the precipi-

tation of BIFs. Furthermore, our data are compared to modern day seawater
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REE + Y and chemical sediments that best represent the REE + Y signature of

seawater at the time of precipitation.

2. Geological Setting

The Ntem complex represents the northwestern edge of the Congo craton in
Central Africa and comprises the Archaean Ntem and Ayina groups and Arc-
haean to Paleoproterozoic Nyong group (Figure 1(a)). The Nyong group in-
cludes a metasedimentary and metavolcanic rocks, as well as syn- to late-tectonic
granitoids and syenites [20] [21] [22]. The Ayina group is dominated by Mbalam
volcano-sedimentary series, granitoids and as well as supracrustal rocks [15] [19]
[23]. The Ntem group is mainly composed of two main series namely, intrusive
series and banded series, and various Supracrustal rocks [19] [21] [24] [25]. The
intrusive series is characterized by various Tonalite-Trondhjemite-Granodiorite
(TTG) suite dated at 2.88 - 2.830 Ga [20] [21] [26] [27] [28] [29] [30] and char-
nockitic suite (charnockite, charnockitic gneiss, charno-enderbite, enderbite)
emplaced at ca. 3.266 - 2.879 Ga [21] [28] [30] [31]. The banded series is essen-
tially dominated by strongly deformed granitic gneisses associated with char-
nockitic enclaves found within the gneisses. The supracrustal rocks include
greenstone belts, BIFs, metabasites (garnet-bearing amphibolites, pyroxenites)
and metavolcanic rocks dated at 3.147 and 2.883 Ga [16] [17] [18] [32] [33] [34].
The K-rich granitoids and dolerite dykes intruded the TTG and greenstone belts
[16] [20] [24] [35] [36]. The K-rich granitoids are derived from partial melting
of charnockitic rocks [35] [36].

Recent reviews of the geochronological data of the Ntem group [37] suggest
that the charnockites and TTG suites of Sangmelima formed at 3.155 - 2.850 Ga
and the gabbro intrusion was dated at 2.866 Ga.

The Archean Ntem Complex is marked by two major tectonic events namely
D, and D,. The D, phase is dominated by S, foliation which affected both the in-
trusive and banded series. The intrusive series is marked by NW-SE to NNE-SSW
and SW-trending (S,) vertical foliation, and subhorizontal lineation and the
banded series by ENE-WSW to E-W striking S, foliation and E-W trending L,
stretching lineation. The D, phase is characterized by NE-SW to WNW-ESE-
trending sinistral or dextral strike-slip fault and has been assigned to Paleopro-
terozoic (Eburnean orogeny) event [19] [28] [29] [38] [39].

The metamorphic rocks are generally of HT-LP amphibolite to granulite fa-
cies (600°C - 737°C, 5.3 to 6.5 + 0.5 kbar) in meta-igneous and sedimentary
rocks [29]. Numerous K-rich granitoid dykes were emplaced during the late
Archean tectonothermal event (ca. 2.6 Ga) [24].

New geochronological data have revealed that the migmatisation of TTG-gneiss
was coeval with the regional high-grade metamorphism event at 2.843 Ga; the
potassic granites were probably crystallized at ~2.758 Ga and the garnet-whole
rock age of 2.744 Ga could date the second anatexis event coeval with D, defor-

mation [37].
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Figure 1. Geological map of SW Cameroon (modified after [19]) showing the Endengue area with some zone of BIFs hosted the
Ntem Complex (a). Geological sketch map of the Endengue area showing samples location (b).
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The Endengue iron mineralization is located within the Archean Ntem Com-
plex (Figure 1(b)). The main rock types of the Endengue area are metamor-
phosed banded iron formations (BIFs), pyroxene-biotite gneisses, and charnock-
itic gneisses, charnockites and biotite granites. Structurally, the Endengue area is
characterized by three main tectonic events namely D, and D,. The D, phase is
marked by S, foliation with strikes E-W with a near vertical dips (average 49°).
The D, phase is characterized by N103°E trending sinistral strike C, shear zone
and B, boudins. The D, is a brittle phase marked by the fractures, and veins.

3. Sampling and Analytical Methods

Samples were collected from outcrops of the iron ore prospect. Twelve fresh
representative samples of BIFs were carefully selected on the basis of their min-
eral chemistry and whole rock geochemistry. Locations of sampling sites are
shown in Figure 1(b). Whole-rock analyses were performed by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) for trace elements and REE at
Australian Laboratory Services (ALS) in 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 1.5 g LiBO2 and then dis-
solved in 100 mm’ 5% HNO3. Analytical uncertainties vary from 0.1% to 0.5%
for trace elements and 0.01 to 0.5 ppm for rare earth elements. Various stan-
dards were used and data quality assurance was verified by running these stan-
dards between samples as unknowns. Analysis precision for rare earth elements

is estimated at 5% for concentrations >10 ppm and 10% when lower.

4. Results
4.1. Trace Elements

4.1.1. Type 1 BIF

The trace elements chemical compositions are reported in Table 1. No signifi-
cant enrichment of trace element is observed in the type 1 BIF. The Upper Con-
tinental Crust composition [40]; Figure 2(a) shows lower content of transition
trace metals, high field strength elements (HFSE), and REE. The type 1 BIF dis-
plays lower transition metals values such as Cr (3.53 - 4.05 ppm), Zn (0.3 - 2.47
ppm), Pb (0.064 - 0.295 ppm), Ni (<0.05 - 0.19 ppm), Cu (<0.05 - 0.28 ppm) and
V (0.82 - 0.89 ppm). The HFSE show extreme low contents of Zr < 0.004 ppm, U
(0.015 - 0.050 ppm) and Th (0.002 - 0.053 ppm) compared to the LILE with low
concentration of Rb (0.28 - 0.95 ppm); Sr (0.913 - 8.4 ppm); Cs (0.006 - 0.02
ppm). The extremely low concentrations of Cr, Zr and V indicate a minimal

supply of terrigenous material in primary chemogenic sediments [41].

4.1.2. Type 2 BIF

Regarding the composition of trace element, no important enrichment was no-
ticed. When compared to the average upper continental crust [40], the studied
BIFs are depleted in high field strength elements (Ta, Th, U, Zr), transition met-
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als (Cr, Zn, Pb, Ni, Cu, V) and large ion lithophile elements (Sr, Rb, Cs) (Figure
2(b)). The type 2 BIF is depleted in transition metals such as Cr (3.85 - 4.1 ppm),
Zn (0.4 - 2.95 ppm), Pb (0.098 - 0.339 ppm), Ni (<0.05 - 0.66 ppm), Cu (0.06 -
0.24 ppm) and V (0.88 - 0.9 ppm). The high field strength elements (HFSE) such
as Th (0.008 - 0.99 ppm), U (0.01 - 0.05) and Zr (<0.001 - 0.002 ppm) show low-
er contents compared to large ion lithophile elements (LILE) (Rb = 0.28 - 0.95;
Sr = 0.913 - 8.4; Cs = 0.006 - 0.02 ppm). The type 2 BIF differs from type 1 ones
by having higher contents of trace elements (Table 1; Figure 2).

0.1

0.01 ¢

Sample/UCC
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Figure 2. Upper Continental Crust (UCC)-normalized spider diagrams, from [41].
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Table 1. Trace and REE compositions (ppm) of the Endengue BIFs.

Type 1 BIF Type 2 BIF
Samples
LBR57A LBR57B LBR59A LBR60 LBR61A LBR61B Mean LBR50 LBR51 LBR59B LBR63 LBR65 LBR69 Mean
ppm
\Y% 0.81 0.89 0.87 0.86 0.89 0.82 0.86 0.91 0.9 0.88 0.91 0.99 0.99 0.92
Cr 3.62 3.82 3.82 4.05 3.77 3.53 3.77 3.85 4.04 3.93 4 4.1 4.01 3.99
Co 0.455 0.132 0.155 0.039 0.012 0.012 0.13 0.157 0.067 0.279 0.86 0.094 0.154 0.29
Ni 0.19 0.05 0.16 <0.05 <0.05 <0.05 0.13 <0.05 0.46 0.52 0.2 0.66 0.34 0.46
Cu 0.13 0.11 0.28 <0.05 0.1 0.06 0.14 0.06 0.08 0.31 0.24 0.24 0.21 0.19
w 0.01 0.005  0.005 0.006  0.003 0.004 0.006 0.005 0.005 0.004 0.004 0.031 0.026 0.01
Zn 0.65 0.5 0.41 0.3 2.47 0.34 0.78 1.16 0.46 0.4 2.95 0.57 1.07 1.11
Rb 0.157 0.235 0.182 0.026 0.215 0.208 0.17 0.283 0.511 0.618 0.952 0.618 0.498 0.60
Sr 0.274 0.302 0.343 0.234 0.606 0.58 0.39 0.913 4.1 5.06 8.4 2.67 2.02 4.23
Mo 0.001  <0.001 0.002 <0.001 0.001 0.001 0.001 0.002  0.002  0.002  0.005  0.002 0.002  0.003
Cs 0.0031  0.006 0.0014 0.0008 0.0237 0.0175 0.009 0.0059 0.0183 0.0125 0.0108 0.0114 0.0063 0.012
Ti 0.15 0.14 0.15 0.07 0.07 0.05 0.11 0.08 0.12 0.27 0.16 0.3 0.13 0.18
Tl 0.012 0.002 0.006 0.002 0.005 0.004 0.005 0.005 0.003 0.006 0.011 0.003 0.002 0.005
Zr 0.003 0.002 0.001 0.004 0.002 0.002 0.002 0.001  <0.001  0.002 0.001  <0.001  0.002 0.001
U 0.0292  0.015 0.0506 0.0318 0.0205 0.0156 0.027 0.0348 0.0131 0.0138 0.0465 0.0184 0.0147 0.025
Pb 0.25 0.156 0.13 0.295  0.098  0.064 0.17 0.207  0.098 0.265 0.145 0.339  0.291 0.21
Th 0.0061  0.002 0.0047 0.0529 0.0367 0.0245 0.021 0.985 0.0325 0.0075 0.0256 0.0093 0.0246  0.21
La 0.146 0.143 0.13 0.068 0.079 0.062 0.11 5.56 1.48 1.5 1.13 0.608 3.05 2.06
Ce 1.27 0.721 0.646 0.21 0.1755 0.1315 0.53 8.06 1.86 1.88 1.485 0.972 2.74 2.85
Pr 0.047 0.033 0.038 0.016 0.020 0.014 0.03 1.71 0.448  0.503  0.293 0.153 0.767 0.62
Nd 0.179  0.116  0.147 0.066  0.074  0.052 0.11 6.2 1.845 2.14 1.19 0.661 2.95 2.41
Sm 0.0429 0.0262 0.037 0.0142 0.0218 0.0145 0.03 1.09 0.38 0.49 0.264 0.136 0.483 0.47
Eu 0.012 0.007  0.0100  0.005 0.009 0.005 0.008 0.211 0.092 0.127 0.071 0.043 0.177 0.11
Gd 0.035 0.021 0.033 0.019 0.019 0.013 0.02 0.617 0.312 0.375 0.273 0.135 0.367 0.34
Tb 0.007  0.003  0.006 0.002 0.004 0.003 0.004 0.078 0.042 0.055 0.041 0.021 0.053  0.047
Dy 0.039 0.019 0.035 0.013 0.024 0.014 0.02 0.379 0.24 0.297  0.235 0.11 0.271 0.25
Y 0.153 0.067 0.116 0.086 0.142 0.124 0.11 1.16 1.175 1.375 1.15 0.571 1.055 1.09
Ho 0.008 0.003 0.005 0.003  0.0048  0.004 0.005 0.059 0.045 0.055 0.042 0.023 0.052 0.045
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Continued
Er 0.021  0.008 0.018 0.007 0.013 0.010  0.01 0.14 0118 0.15 0.121 0058 0.148  0.12
Tm 0.003  0.001  0.002 0.001 0.002 0.002 0.002 0.017 0.013 0.0179 0.0141 0.008 0.019 0.014
Yb 0.022 0.008 0.017 0.008 0.016 0.011 0.01 0.132 0.107 0.136 0.108 0.045 0.138 0.11
Lu 0.003 0.001 0.002 0.0008 0.002 0.0015 0.002 0.0113 0.0126 0.0166 0.0134 0.0063 0.015 0.012
LREE 1.64 1.64 1.64 0.36 0.35 0.26 0.76  21.53  5.63 6.02 4.10 2.39 9.51 7.94

MREE 0.14 0.08 0.13 0.06 0.08 0.05 0.09 2.43 1.11 1.40 0.9 0.47 1.40 1.27
HREE 0.05 0.02 0.04 0.02 0.03 0.02 0.03 0.30 0.25 0.32 0.26 0.12 0.32 0.25
LREE/HREE 33.57 53.27  24.65 21.06 10.65 10.87  25.68 71.74 2249 18.79 16.01 20.44 29.71 29.89
YREE +Y 1.99 1.18 1.24 0.52 0.59 0.45 0.99 25.42 8.17 9.12 6.43 3.55 12.28 10.83
Eu/Sm 0.29 0.26 0.26 0.35 0.40 0.37 0.31 0.19 0.24 0.26 0.27 0.31 0.37 0.23
Co/Zn 0.7 0.264  0.378 0.13 0.005 0.035 0.17 0.135 0.146 0.698  0.292 0.165 0.145 0.26
Y/Ho 18.37 20.30  21.39 33.00  29.58 34.31 26.16 19.80  26.17 2491 27.32 24.93 2037 2392
(La/Yb)ey  4.743  12.168  5.421 5903 31561 26.076 14.31 30.214 9.968 7911 7.54 9.735 15.853 13.54
(La/Sm)cy  2.189 3.511 2.268 3.105 2.345 2.751 2.70 3.293 2.514 1.976  2.763 2.886  4.077 2.92
(Gd/Gd*¥)gy  0.89 1.06 0.99 1.51 0.90 0.92 1.04 1.00 1.13 1.05 1.15 1.11 1.06 1.08
(Tb/Yb)ey  1.384 1.732 1.506 1.150  9.343 6.684 3.63 2.676 1.797 1.828 1.712 2.121 1.736 1.98
(Ew/Eu*)ey  0.976 0.867  0.860 0.938 1.314 1.202 1.03 0.787  0.817 0.902  0.812 0.959 1.285 0.93
(La/Yb)gy 0.49 1.25 0.56 0.61 0.37 9.24 2.09 3.11 1.03 0.81 1.00 1.63 0.76 1.39
(Tb/Yb)sy 1.11 1.39 1.21 0.92 7.49 5.34 291 2.14 1.44 1.47 1.37 1.70 1.39 1.59
(Eu/Eu¥)gy 1.50 1.34 1.32 1.41 2.02 1.85 1.57 1.19 1.26 1.39 1.24 1.47 1.98 1.42
(Pr/Pr*)ey 0.50 0.60 0.70 0.78 1.01 1.02 0.77 1.36 1.30 1.31 1.23 1.09 1.43 1.29
(Ce/Ce*)gy 3.48 2.42 2.09 1.47 1.03 1.02 1.92 0.60 0.52 0.49 0.59 0.73 0.41 0.56
(La/La*)gy 0.69 0.84 0.78 1.21 0.92 0.89 0.89 0.67 0.89 0.88 1.01 1.23 0.92 0.93

(Y/Y*)en 0.67 0.68 0.67 1.17 1.05 1.37 0.94 0.61 0.90 0.85 0.92 0.91 0.71 0.82

Note: Chondrite (CI, subscript CN, [47]) and post-Archean Australian shale (PAAS, subscript SN, [48]). The REE-Y ratios are obtained as follow: (La/La*)gy
= Lappas/ (3Prpans — 2Ndpyas); (Ce/Ce*)sy = 2Ceppns/(Lappas + Prppas)s (PH/Pr¥) gy = 2Prpps/(Ceppps + Ndpyas)s (EU/EU*)gy = Etpyus/(0.678mpy a5 + 0.33Tbpyss);
(Y/Y*)sn = 2Yppns/ (DYpans + Hoppas)-

The studied BIFs show very low concentration of V, Rb and Sr compared to
data reported from the terrigenous sediments by [42]. Th, Nb and Zr contents of
our samples are also very low, indicating that the trace elements were most likely
contaminated by terrigenous components. Nevertheless, when likened compared
to upper continental crust, extremely low contents observed in incompatible
elements (Ta, Th, U and Zr) show a loss to non-detrital origin for the silicates
[43]. In addition, the two types of BIFs shown coherent patterns on a [40] nor-
malized trace element plot, with pronounced negative Ni, Rb and positive Cr
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anomalies (Figure 2).

4.2. Rare Earth Elements

Given its similar behavior to REE, yttrium (Y) is plotted along with these ele-
ments (between Dy and Ho) based on its ionic radius [44] [45]. The ZREE + Y
from both types of BIFs are shown in Table 1. All the selected samples of the
Endengue BIFs are characterized by low XREE + Y values, which range from
0.45 to 25.42 ppm (Table 1). The rare earth elements and yttrium (REE + Y)
geochemical data are normalized to Upper Continental Crust (UCC: [40], C1
chondrite [46]) and to Post Archean Australian Shale (PAAS: [47]).

4.2.1. Type 1 BIF

The type 1 BIF displays widely variable low contents of REE + Y (0.45 - 1.99
ppm, 0.99 ppm on average). The light rare earth element (LREE) concentrations
are higher than those of middle rare earth elements (MREE) and the heavy rare
earth elements (HREE) (Table 1).

The chondrite-normalized REE diagram (Table 1; Figure 3(a)), of the type 1
BIF display, absent to positive Ce anomalies, LREE-enriched ((La/Yb)qy = 4.74 —
31.56) and HREE-depleted ((Tb/Yb)oy = 1.38 — 9.34). It is interesting to note
that, the type 1 BIF, shows weak positive Eu anomalies with (Eu/Eu*)y contents
ranging from 0.86 and 1.31 (Table 1; Figure 3(a)). These observations are con-
sistent with the suggestion of [8] [48] [49] [50] that the Eoarchean BIFs are cha-
racterized by largest Eu anomalies and the Mesoproterozoic BIFs with smallest
Eu anomalies. The type 1 BIF shows an average ratio ((Sm/Yb)cy = 2.16). The
lack of positive Eu anomaly in chondrite-normalized patterns is therefore re-
vealing of Paleoproterozoic age of the studied BIF.

When compared to the PAAS-normalized REE + Y diagram (Table 1, Figure
3(c)), type 1 BIF exhibits low REE with average concentration of 0.99 ppm. This
BIF type is generally depleted in LREE relative to HREE with (Tb/Yb)gy ratios
ranging from 0.92 - 7.49. This BIF however shows slightly positive La, Gd, Y
anomalies with (La/La*)g = 0.69 — 1.21, (Gd/Gd*)g = 0.89 — 1.51 and (Y/Y*)gy
= 0.67 — 1.37, positive Ce anomalies with (Ce/Ce*)q = 1.02 — 3.48 and chondrit-
ic Y/Ho ratios (Y/Ho = 18.37 — 34.31, average: 26.16). Furthermore, type 1 BIF is
characterized by very low Nd concentrations ranging between 0.06 and 0.18 (less
than 1 ppm) with positive correlation between Nd concentration and Ce/Ce* ra-
tio (Figure 4). When plotted in the diagrams of [8] and [51], type 1 BIF displays
neither and positive Ce anomaly (Figure 4 and Figure 5).

4.2.2. Type 2 BIF

The total REE + Y contents of type 2 BIF vary from 3.55 to 25.42 ppm. The light
rare earth element (LREE) concentrations are higher than those of middle rare
earth elements (MREE) and heavy rare earth elements (HREE) (Table 1). Type 2
BIF as well as the Kouambo BIFs have generally low absolute REE contents;
which are typical of Archean to early Proetrozoic BIFs [52] [53].
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Figure 3. (a) Chondrite- and (b) Post-Archaean Australian Shale (PAAS)-normalized rare earth elements (REE) patterns of En-
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in the graph are from [52].

DOI: 10.4236/ijg.2021.123016

289 International Journal of Geosciences


https://doi.org/10.4236/ijg.2021.123016

R. Tchatchueng et al.

341
311 Ila
2.8 1 Positive Ceg, anomaly
251 Il b «+— Negative Lag, anomaly,
1 @ no Ce, anomaly
22 ¢
z T o
8194
> 1
e 1
1.6 1
T ()
1.3 ¢
1 Negative Ceg nor Lag,
+ anomaly
1.0 { , ot
07 Positive Lag, anomaly, Ll a (@)
no Ceg, anomaly 'e) 'e)
1 b o)
041 O
1| @ Type 1BIF O Type 2 BIF True negative Ceg, anomaly
0.1

05 06 07 08 09 10 11 12 13 14 15

(PH/Pr)q
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(8].

When compared to the chondrite-normalized REE diagram (Figure 3(b)),
type 2 BIF displays an enrichment of LREE ((La/Yb)y = 7.54 — 30.21) with neg-
ative Ce anomalies and depletion of HREE ((Tb/Yb)y = 1.71 — 2.68) (Table 1;
Figure 3(b)). They also shows weak positive Eu anomalies with (Eu/Eu*)y con-
tents which range from 0.79 and 1.29 (Table 1; Figure 3(b)). The C1 chondrite
(Sun and McDonough, 1989) normalized REE patterns of type 2 BIF displays La,
Gd, Y anomalies and superchondritic Y/Ho ratios (Y/Ho = 19.80 — 26.17; aver-
age: 23.92). In addition, the Archean BIFs are characterized by a HREE-enriched
pattern ((Sm/Yb)cy < 1) [54] which differs from the chondrite-normalized REE
diagram. Type 2 BIF displays average ((Sm/Yb).y = 4.52) ratio that differs from
that of Eoarchean and the Mesoproterozoic BIFs.

On the PAAS-normalized REE + Y diagram (Table 1; Figure 3(d)), type 2
BIF is depleted in LREE relative to HREE with (Tb/Yb)g, ratios ranging from
1.37 to 2.14 ppm. An interesting observation is that this BIF type shows slightly
positive La, Gd, Y anomalies with (La/La*)g = 0.67-1.23, (Gd/Gd*)gy =1 - 1.15
and (Y/Y*)gy = 0.68 — 0.92 respectively, and negative Ce anomalies with
(Ce/Ce*)gy = 0.41 — 0.73. Furthermore, type 2 BIF shows enrichment in Nd con-
tents and falls in the 1 - 10 ppm ranges, except for sample LBR65 which displays
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low Nd (0.66 ppm) value and shows negative correlation between Nd concentra-
tion and Ce/Ce* ratio (Figure 4). (Ce/Ce*)gy vs. (Pr/Pr*)qy (SN: shale norma-
lized) [8] and Ce/Ce* vs. Nd [51] discrimination diagrams were used to further
discriminate between the two types of BIFs. Using these diagrams type 1 BIF
display neither and positive Ce anomaly (Figure 4 and Figure 5) whereas type 2
BIF shows negative Ce anomaly (Figure 4 and Figure 5). Both types of BIF dis-
play positive Eu anaomalies with (Eu/Eu*)g, (average: 1.57and 1.42, respective-
ly). This weak Eu enrichment is likely indicative of a late Paleoproterozoic age
for the studied BIFs [55]. In both rock types, LREE concentrations are higher
than those of HREE.

5. Discussion
5.1. Effects of Secondary Element Mobility

Around the world, BIFs which are hosted in cratonic blocks are generally af-
fected by metamorphism [56] which are related to either postdepositional ther-
mal events, diagenesis, or weathering processes. The Endengue BIFs are meta-
morphosed rocks, weak to moderately foliated and coarse-grained, which reflect
high-grade metamorphic conditions [57]. Thus, to evaluate the impact or effect
of metamorphism in BIFs, many authors studied trace elements such as
high-field strength elements (HFSE), large-ion lithophile elements (LILE) and
REE with respect to their mobility. The use of high-field strength elements
(HFSE) and REE can be explained by their least mobility during metamorphic
processes [58]. Trace elements can be regarded as potential proxies of syn- to
postdepositional processes which require some evaluation. Metamorphism has a
slight to no effect on HFSE (e.g., Ti, Zr, Hf, Nb, and Ta) and REE mobility, whe-
reas large-ion lithophile elements LILE (K, Rb, Cs, Sr, Ba, Pb, Th and U), are
known to be mobile during diagenesis and metamorphism and thus are good in-
dicators to detect the impact of metamorphism in BIFs [59].

The use of K/Rb, Th/U, and La/Th ratios have been proposed by [60] and [59]
to test the mobility effect of the LILE. The K/Rb ratio is high in high-grade me-
tamorphic rocks (>500 for granulite) and very low in unmetamorphosed rocks
(230 for igneous rock and 200 for shale) whereas the Th/U ratios are > 4 in
high-grade metamorphic rocks, indicating U loss relative to Th. The average ra-
tios of K/Rb, Th/U, and La/Th in the type 1 BIF and the type 2 BIF (312.79, 0.78,
5; 172.13, 7.68, 12.29 respectively) are similar to those of unmetamorphosed
rocks. Nevertheless, the Th/U (7.68 > 4) ratios observed in the type 2 BIF which
indicate U loss relative to Th, is similar to high-grade metamorphic rocks. Sev-
eral authors [54] [61] [62] suggested that hydrothermal alteration frequency de-
creases the REE and Sr concentration, and inversely increases the Rb content in
rocks Type 1 BIF is characterized by: 1) a low Rb (average: 0.17 ppm) and Sr
(average 0.39 ppm) contents. 2) LREE-HREE depletion, and 3) weak positive Eu
anomalies with average (Eu/Eu*)gy = 1.57. In contrast, type 2 BIF is characte-

rized by: 1) a low Rb (average: 0.60 ppm) and Sr (average 4.23 ppm) contents, 2)
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LREE-HREE depletion, and 3) weak positive Eu anomalies with average (Eu/Eu*)gy
= 1.42. These results show that the type 2 BIFs have been affected by hydrother-
mal alteration more than type 1 during metamorphism. All these evidences
support the interpretation that the geochemical features of the Endengue BIFs
were largely preserved during metamorphism and can therefore be used to con-

strain their origin and depositional environment of these BIFs.

5.2. Source of Iron and Silica

Trace elements such as Zr, Hf, Rb and Sr usually derived from weathering of
crustal felsic rocks, while Cr, Ni, Co, V and Sc commonly have a mafic source
[63]. Typical enrichment in chemical evolved crusts is due to the low concentra-
tions of HFSEs (e.g., Nb, Zr, Hf, U, Th and Pb) [64]. The Endengue BIFs have
low concentration of HFSE which suggests a little detrital input during iron pre-
cipitation. The very low contents of Zr in both Endengue BIFs (Table 1), could
be inherited from hydrothermal solutions, which did not involve significant de-
coupling of Y from REEs. The Th/U ratio can also be used to trace the sources of
contaminants in BIF [65] [66]. Likely, the syn-depositional impurities of BIFs
include volcanic ash, sedimentary detritus and material of undefined source such
as phosphate grains [66]. Phosphate contamination is generally associated to a
Th/U > 5 [66], while other impurities like clastic or volcanic are expressed by
Th/U ratio of ca. 3 - 5 [65] [66]. Thus, the assimilation of phosphates in iron
formation increases the Th/U ratio. Type 2 BIF samples have Th/U ratios that
vary from 0.51 to 2.48, except for sample LBR50 with Th/U ratio of 28.3. This
result suggests high phosphate contamination in type 2 BIF. In contrast, type 1
BIF has extreme low Th/U ratio that lies between 0.093 - 1.79 (0.78 in average)
showing no phosphate, clastic or volcanic contaminations. In addition, [67] used
Co/Zn ratio as a tracer of hydrothermal input. Low Co/Zn (0.15) ratio characte-
rizes hydrothermal deposits, while high Co/Zn ratio (2.5) indicates hydrogenous
deposits. The average Co/Zn ratio is 0.25 for type 1 BIF samples and 0.26 for
type 2 BIF samples, similarly to Elom BIFs (0.3). This could suggest that the iron

and silica of these BIFs have a hydrothermal source.

5.3. Discrimination of Types of BIFs and Interpretation Based on
REE +Y Content

Rare earth elements can be used to proper understand the origin of the forming
fluids as they are not easily fractionated during sedimentation ([44] [47] [51]
[68], and references herein). In addition, REEs + Y in BIF are usually regarded as
being immobile during most geologic processes and have been found to be only
of insignificant importance in most cases [8] [69].

The ZREE concentrations of the type 2 BIF (2.98 - 24.26 ppm, 9.45 ppm in
average) and type 1 BIF (0.34 - 1.83 ppm, 0.88 ppm in average) (Table 1) sam-
ples fall within the range of hydrothermal origin (15 - 149 ppm) as reported by
[51]. Type 2 BIF has high REEs contents compared to type 1 BIF, which is indic-
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ative of some contribution from the associated siliciclastic sediments during
their formation. The negative Ce and Y anomalies, positive Eu anomaly and the
low Nd concentrations (1 - 10 ppm, except for LBR65 sample with 0.67 ppm),
together with low concentration of REE in type 2 BIF samples strongly suggest a
hydrothermal origin for this BIF type (Figure 4 and Figure 5). Type 1 BIF sam-
ples show positive Ce and Eu anomaly, negative Y, extremely low concentration
of Nd (0.01 - 1 ppm) and REEs (0.45 - 1.99 ppm). All these features mostly likely
indicate the hydrothermal origin of the studied BIFs (Figure 4 and Figure 5).
Therefore, the presence of positive Y anomalies in both type 2 and type 1 BIFs
suggests that precipitation of Fe-Mn minerals occurred very rapidly and imme-
diately after reducing, slightly acidic waters mixed with more oxidizing and
more alkaline water [8]. The weak positive Eu anomaly of type 1 BIF might be a
signature inherited from hydrothermal solutions that lost their positive Eu ano-
maly because of a relatively high oxygen level [70]. This interpretation is streng-
thened by the fact that, in modern oceans, high-temperature hydrothermal solu-
tions lose their Eu anomaly due to rapid oxidation of Eu as a consequence of
mixing with oxidized seawater [71]. The higher Eu anomaly in type 1 BIFs com-
pared to the type 2 BIFs provides further evidence that significantly more REE +
Y input from hydrothermal solutions was involved in the formation of type 1
BIFs. Therefore, the REE + Y values support the hydrothermal origin for the
both BIFs [57].

In order to constrain the degree of influence of seawater, in BIF, [72] and [66]
have proposed the use of La/La*, Y/Ho and (Nd/Yb) ratios: 1) La/La* constrains
the strength of La anomaly caused by seawater precipitation; 2) Y/Ho measures
the enrichment or depletion of Y from chondritic values, ie., a measurement of
hydrogenous processes; 3) (Nd/Yb)gy indicates the HREE fractionation in BIF, as
these elements are not fractionated compared to the LREE-neighbors. Therefore,
[8] [66] [73] have assigned positive La, Gd and Y anomalies, superchondritic
Y/Ho ratios of 40 to 90, and LREE depletion to modern seawater reported for
hydrogenous sediments. The PAAS-normalized REE + Y of the Endengue BIFs
(this study) indicate slightly LREE-depleted and positive La, Gd and Y anoma-
lies. Moreover, chrondritic Y/Ho ratios (27) have been attributed to hydrother-
mal solutions and constant Y/Ho ratio (~26) to terrestrial material (e.g., felsic
and basaltic crust) [9] [10]. In our case, both type 1 and type 2 BIFs display low
Y/Ho ratio (26.16 and 23.92, respectively), which are similar to terrestrial ma-
terial. According to [9] the low Y/Ho ratio is related to a small mixture of terre-
strial material to chemical precipitate from seawater.

A high-temperature hydrothermal alteration produces fluids with a pronounced
positive Eu anomaly; while fluids produced by low-temperature hydrothermal
alteration have a weak or no Eu anomaly [74]. Both type 1 and type 2 BIFs dis-
play weak positive Eu anomalies (Eu/Eu* = 1.57 and 1.42, respectively) and
HREE enrichment ((Tb/Yb)gy = 2.91 and 1.59, respectively), similar to the REE
patterns of the Archean to early Paleoproterozoic BIFs. The HREE-enrichment
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relative to LREE in these BIFs is a feature inherited from seawater, while the
small positive Eu anomaly is inherited from low-temperature hydrothermal so-
lutions. This is likely attributed to the source not only of the REEs but also of Fe
and Si [48]. The negative Ce anomalies with positive Eu anomalies in the type 2
BIF suggest rapid precipitation of the hydrothermal Fe load in the presence of
sufficiently oxygenated shallow waters [75] similar to Kouambo BIFs deposit hosted
in Paleoproterozoic Nyong group [76]. [53] has proposed that HREE-enrichment in
PASS-normalized patterns for some iron formations associated with volcanic
rocks is possibly inherited from a mafic volcanic source, following relatively
low-temperature seawater-rock interaction.

PAAS [47] normalized REE + Y patterns of the Endengue BIFs and other BIFs
worldwide (Ngovayang, Elom, Kouambo, Jocadigo and Kuruman) are presented
in (Figure 6). This diagram shows that the REE + Y patterns of type 2 BIFs are
similar to the Kouambo BIFs from Nyong group in SW Cameroon [76] and
low-T hydrothermal fluids profiles. The Jocadigo BIFs of SW Brazil [77], and
type 2 BIF share similar profiles, although the negative Eu anomaly is absent in
our case. In addition, the modern seawater and Kuruman BIFs with the excep-
tion of the positive Y anomaly also share the same trend. On the other hand,
type 2 BIF displays weak Eu anomaly and REE-depletion when compared to the
Neoarchean Ngovayang IF from SW Cameroon [78] and the average composi-
tion of the high temperature hydrothermal fluids. Consequently, type 2 BIF REE
+ Y patterns indicate a deposition environment characterized by the mixture of
seawater and low-temperature hydrothermal fluids.

The REE + Y patterns of type 1 BIF display close similarities with the Elom
BIFs from Ntem group in SW Cameroon [16] which are located some 10 Km
North of the Endengue area. These patterns are generally different from those of
the Jocadigo BIFs, but are closely similar to Neoarchean Ngovayang IF with no
Ce and weak positive Eu anomalies (Figure 6). In addition, type 1 BIFs with
weak positive Eu anomaly are similar to low-T hydrothermal fluids, and Kuru-
man BIFs (with the exception of the negative Ce anomaly and the positive Y
anomaly). Conversely, type 1 BIF shows REE-depletion and weak positive Eu
relative to low-T hydrothermal fluids. All these features indicate that e type 1
BIF were deposited in redox stratified ocean in a reducing environment, proba-
bly in the suboxic or anoxic seawaters in the presence of the low-temperature

hydrothermal solutions.

5.4. Depositional Environment

Various depositional environments and setting including open anoxic marine
basins, continental shelves, isolated platforms and sealed basins were proposed
for the precipitation of iron and silica [79]. Due to its sensitivity to oxygen and
the large difference in the solubility of its ion, cerium is a good proxy for redox
state of seawater [80]. When normalized to PAAS, Ce in an oxygenated marine

environment shows a strong negative Ce anomaly, while suboxic and anoxic
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Figure 6. PAAS-normalized REE-Y patterns of the Endengue BIFs compared with the
average compositions of hydrothermal fluids [10], modern seawater [11], and others
well-studied BIFs worldwide including: 1) the Neoarchean Ngovayang iron formation
(IF) from SW Cameroon, BIFs from SW Greenland [11]; 2) the Kuruman BIFs, the Elom
BIFs and the Kouambo BIFs from SW Cameroon [16] [75]; and 3) the Neoproterozoic
Jocadigo BIFs of SW Brazil [76].

water, are expected to have no or locally positive Ce anomaly [80] [81] [82].
Consequently, the Ce depletion is obvious for the distribution patterns of dis-
solved REEs under oxic conditions. Conversely no depletion or even Ce enrich-
ment occurs in anoxic conditions [70]. (Ce/Ce*-Pr/Pr*) [8] and Ce/Ce* vs Nd
[51] diagrams have been proposed to discriminate “true” from “false” Ce ano-
malies. In these plots (Figure 4 and Figure 5), type 2 BIF samples plot in the
field of true negative Cegy anomalies, indicating oxidized environment for their
precipitation. In other hand, the negative Ce anomalies can suggest suboxic con-
ditions where aqueous Ce’" is depleted [83]. The negative Ce anomalies can also
be compatible with the geological evidence for shallow-marine environment
[75], which is consistent with their HREE enrichment relative to LREE in PAAS-

normalized diagram (Figure 4). Moreover, the comparative PAAS-normalized
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diagram (Figure 6) show similar Ce and Eu anomalies with Kouambo BIFs, but
different from the Elom and Jocadigo BIFs. In the same diagram, type 1 BIF
samples were also plotted and most samples (except samples LBR61A and
LBR61B) fall in the field of true positive Cegy anomalies (Figure 4 and Figure 5).
The true positive Ce anomalies are associated to the strongly anoxic conditions,
favorable to the precipitation of ferrous metals [84]. In addition, the positive
anomalies in cerium result from a change of valence of cerium from +3 to +4 as
consequences of hydrothermal effects [85] [86]. This indicates a dissolved posi-
tive Ce anomaly which occurs in the fluctuation of pH, which is appropriated to
marine conditions [9] [87]. Type 1 BIFs, have average Y/Ho ratios of 26.17, which
are low than the Ngovayang IF (average Y/Ho ratio of 28.65); Elom BIFs (aver-
age Y/Ho ratio of 28); Archean-Early Paleoproterozoic BIFs (average Y/Ho ratio
of 39), and the Late Paleoproterozoic BIFs (average Y/Ho ratio of 32; [55]). Nev-
ertheless, these samples are slightly LREE-enriched and HREE-depleted, similar
to the Elom BIFs, indicating the simultaneous deposition of type 1 BIF with the
change in oxidation-reduction status of seawater, probably during the Great
Oxidation Event (GOE).

When comparing some concentrations of transition metals like Zn, Cu, Ni,
Co and V of our samples to other IFs around the world, both studied BIFs are
obviously depleted in Zn, Cu, Ni, Co and V (Table 1), similar to transition met-
als contents in Elom and Superior-type BIFs. The positive and negative Ce ano-
malies are characterized by early to late Paleoproterozoic BIFs [55] [88]. [89]
proposed that Eu/Sm ratio can be used to differentiate the Archean (0.40 - 1.22)
and Proterozoic (0.24 - 0.40) BIFs. The Eu/Sm ratio of the type 1 BIF lies be-
tween 0.26 to 0.40 and the type 2 BIFs varies from 0.19 to 0.37. The Paleoprote-
rozoic BIFs differ from Archean ones in the lower contents of Ni, Cr, Co, and Zn
[41] which is consistent with the both types of studied BIFs. Previous studies
have proposed that the greenstone terranes of Ntem complex are Mesoarchean
in age [36]. Type 1 BIF with Eu/Sm ratio of 0.26 to 0.40 were probably precipi-
tated during early Paleoproterozoic, while type 2 BIF with Eu/Sm ratios of 0.19
to 0.37 were precipitated during late Paleoproterozoic period similar to Kouambo
BIFs and the Kpwa-Atog Boga BIFs within the Paleoproterozoic Nyong group.

The two BIF types have LREE-enrichment relative to HREE, suggesting an
oxidizing deposition environment. According to [76], the chondrite-normalized
REE patterns display LREE enrichment (3 < La/Yb < 30) and HREE depletion,
low Nb/Y (<0.3) and Ti/V (<500) ratios, suggesting continental marginal sea or
back-arc basin basalt. Both Endengue BIFs present LREE enrichment (4.74 <
La/Yb < 31.536) and HREE depletion, extreme low 0.086 Nb/Y and 0.12 Ti/V ra-
tios for the type 1 BIF; LREE enrichment (7.54 < La/Yb < 30.214) and HREE
depletion, average 0.13 Nb/Y and 0.2 Ti/V ratios for type 2 BIF, suggest a conti-
nental marginal sea or back-arc basin basalt deposit. In addition, rocks which
formed in the rift and residual sea setting are enriched in LREE due to their

proximity to the continent, though those which formed in mid-oceanic ridge
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Figure 7. Schematic depositional model of the Endengue BIFs.

and deep-sea environment are characterized by LREE-depletion [90]. The En-
dengue BIFs show apparent chemical features of contamination by terrestrial
material (LREE enrichment) as mentioned above. Geochemical features with low
REEs contents and positive Eu anomalies are considered as evidence of hydro-
thermal fluid circulation in the bottom layer of marine basins [42] [48] [54] [56]
[91] [92] [93]. The Ti/V ratios of the studied samples are closer to ferruginous
shales (1.33 - 10.9). The deposition of the Endengue BIFs can be under the in-
fluence of low-temperature which drops the concentration of some traces ele-
ments.

From the above observation, the Endengue BIFs were probably deposited in a
continental marginal sea environment where oxidized and reduced shallow sea-
water mixed with low-temperature hydrothermal fluids contributed to the pre-
cipitation of its chemical components (Fe and Si) (Figure 7) like the Changyi
BIFs situated within the North China Craton [59], Elom BIFs located within the
Ntem group in SW Cameroon [16], the Kouambo BIFs and the Kpwa-Atog Boga
BIFs located within the Nyong group in SW Cameroon [76] [88].

6. Conclusion

The Endengue Banded Iron Formations (BIFs) have low contents of trace and
rare earth elements. These BIFs further have a little detritus-free iron which is
most likely the source of iron and silica. However, both BIFs are mostly related
to hydrothermal fluid and continental marginal sea. The source of silica is
probably derived from the continental crust similarly to the Elom BIFs in south
Cameroon (type 1 BIF) and Superior type BIFs (type 2 BIF). The negative Ce
anomalies with positive Eu anomalies and moderate Nd contents (1 - 100 ppm)
with negative correlation between Nd versus Ce/Ce* ratio in the type 2 BIF pro-
vide evidence of rapid precipitation of the hydrothermal Fe load in the presence

of sufficiently oxygenated shallow water. In contrast, the positive Ce anomalies
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with positive Eu anomalies and low Nd contents (<1 ppm) and positive correla-
tion between Nd versus Ce/Ce* ratio in the type 1 BIF indicate an intense remo-
bilization with an inherited Fe from marine bottom through the contribution of
hydrothermal solutions in the strongly oxidizing condition. The weak positive
Eu anomalies of the studied BIFs suggest an essential role of low-temperature
hydrothermal solutions. The absence and positive Ce anomalies, the Eu/Sm ra-
tios (0.26 to 0.40) with the low transition metals contents, in the type 1 BIF sug-
gest their precipitation during early Paleoproterozoic time. Conversely, the neg-
ative Ce anomalies, the Eu/Sm ratios (0.19 to 0.37) and the low transition metals
contents in the type 2 BIF indicate their precipitation during late Paleoprotero-
zoic period similar to Kouambo BIFs and Kpwa-Atog Boga BIFs within the Pa-
leoproterozoic Nyong group. The geochemical features of Endengue BIFs are
consistent with the depositional environment of the continental marginal sea, in
presence of low-temperature hydrothermal solutions mixed with seawater. This
depositional setting is similar to the Kpwa-Atog Boga BIFs located within the
Paleoproterozoic Nyong group in SW Cameroon, the Elom BIFs located within
the Archean Ntem group in SW Cameroon and Paleoproterozoic Superior type
BIFs worldwide.
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