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Abstract The Mbondo-Ngazi Tina area belongs to the Adamawa-Yade domain within the Pan-African Central
Africa Fold Belt in Cameroon (CAFB). The basement of this area is dominated by metasedimentary rocks composed
of sericite schist, chlorite schist and muscovite schist. Whole-rock geochemical compositions of these rocks were
investigated in order to determine their provenance and tectonic setting. The studied metasedimentary rocks have
SiO, and Al,O; contents comparable to the average composition of the Neoproterozoic upper continental crust
(UCC). These rocks are strongly depleted in CaO, MgO, and enriched in K,O, Ba and Rb with respect to UCC,
reflecting K addition during diagenesis. The CIA, CIW, PIA and the SiO,/Al,O; and Th/U ratios indicated that these
rocks had suffered varying degrees of weathering as the source rocks underwent mild to moderate chemical
weathering. The PAAS-normalized REE patterns are almost flat with slightly LREE depletion with respect to HREE
and null to weakly positive Eu anomalies. Their chondrite-normalized REE patterns are parallel to sub-parallel,
LREE-enriched, and display distinct negative Eu anomalies and weakly fractionated HREE segments. Overall, they
are geochemically mature and have suffered sedimentary recycling. They derived mainy from felsic to intermediate
rocks with minor contamination of mafic rocks. The Mbondo-Ngazi Tina metasedimentary rocks show REE and
trace element compositions similar to those of Archean sediments, suggesting that the continental crust of the study
area during the early Proterozoic had chemical compositions similar to those of the Archean crust and were probably
deposited in active to passive continental margin settings.
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1. Introduction

The Neoproterozoic crustal evolution of central Africa
is characterized by the Pan-African orogeny [1,2,3,4].
This crustal evolution comprises the development of
basins filled by volcano-sedimentary rocks, metamorphic
rocks and by granitic intrusions. In Cameroon the
Pan-African basement also known as Pan-African North
Equatorial Fold Belt (PANEFB, [5,6]) or Central Africa
Fold Belt (CAFB, [4]), is subdivided into three
geodynamic domains that are disrupted and isolated from
each other by transcurrent faults (Figure 1). Of these
three domains, the central domain or Adamawa-Yade
Domain (AYD) has been widely investigated for the past
two decades, but their geodynamic evolution remains
controversial and/or unrevealed. Many studies have been
mainly concentrated on petrogenesis of granitoids which

are widespread in the central domain [7-15] and only few
works on the metamorphic rocks [7,16,17,18,19] In
comparison to the granitoids, the metamorphic rocks,
especially metasedimentary rocks from the central
domain have received very little attention even though
sedimentary rocks contain a wealth of information about
provenance and crustal evolution [20,21]. It is now well
established that detrital sediments contains part of a record
of geologic history. Petrographic study has traditionally
been an important method in extracting this information
[22,23], but is not very useful for metamorphosed
sediments. Geochemical investigations, particularly rare
earth elements (REE) behaviors is a more suitable
approach and can be effectively used for all types of
clastic sediments, including metasediments, to evaluate
the nature, the provenance and depositional setting [20].

In this paper, we examine the geochemistry of the
Mbondo-Ngazi-Tina metasedimentary rocks located in the
central domain of the Pan-African belt (Figure 1 and
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Figure 2). The major purpose of this study is to constrain  the source of the sediments and their tectonic setting.
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Figure 1. (a) Geological sketch map of west-central and north-east Brasil with cratonic masses and the Pan-African-Brasiliano provinces belt in west-
Gondawana; (b) Geological map of Cameroon showing the major lithotectonic domains. WCD: West Cameroon Domain, AYD: Adamawa-Yadé
domain, YD: Yaoundé Domain, TBSZ: Tcholliré-Banyo shear zone, ASZ: Adamaoua shear zone, SSZ: Sanaga shear zone. Location of study area is
marked by a red square
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Figure 2. Geological sketch map of the Mbondo-Ngazi Tina area [32]

2. Geological Setting

The Central Africa Fold Belt is a major collisional belt
that underlies the region from the West African Craton to
East Africa [5,6,24]. It extends in parts of Nigeria to
Uganda including Cameroon, Chad, Central African
Republic and Sudan [24]. In Cameroon, this belt is
divided into three litho-structural domains, namely the
Yaoundé Domain (YD), Adamawa-Yadé Domain (AYD),
and Northwestern Cameroon Domains (NWCD) (Figure 1)
[4,25]. The YD consists of an extensive tectonic nappe
that was thrusted onto the Congo Craton (CC) during the
Pan-African collision [4,26,27]. Thrust slices of
metasedimentary rocks with poorly constrained ages of
~626 Ma [28] are common in the Yaoundé Domain
[6,25,29,30]. [27,31] suggested that the detrital material
was derived from juvenile Palaeoproterozoic and
Neoproterozoic sources in the southern part of the AYD,
as well as from the Palaeoproterozoic Nyong Group in the
CC. The Adamawa-Yade Domain is the largest domain
dominated by syn- to late-collisional high-K calc-alkaline
granitoids. These granitoids intrude high-grade gneisses
that represent an Archean to Paleoproterozoic basement,

which was likely dismembered during the Pan-African
assembly of western Gondwanaland [16,17,19,25]. [4,28]
classified the rocks of the AYD into three main groups:
(@) Large supracrustal blocks of Paleoproterozoic
metasedimentary rocks and orthogneisses with assimilated
Archaean crust similar to the Ntem Complex, (b) 612-600
Ma, low- to medium grade metasedimentary and
metavolcanoclastic rocks, and (c) 640- 610 Ma syn- to
late-tectonic granitoids of transitional composition and
crustal origin [25].

The Northwestern Cameroon Domain is located to the
west of the Tcholliré-Banyo fault (TBF), along the
western border of Cameroon and extends into eastern
Nigeria. It includes a variety of rock types, namely (a)
medium- to high-grade schists and gneisses of the ~700
Ma Poli series, (b) ~660-580 Ma calc-alkaline granitoids
(diorite, granodiorite, and granite), (c) anorogenic alkaline
granitoids, and (d) low-grade sedimentary and volcanic
basin sequences [4,25].

It is generally believed that the CAFB was formed
during the Neoproterozoic collision of the West African
Craton with the Congo Craton. Toteu et al. [4] proposed a
three-phase evolution, which began by the emplacement
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of calc-alkaline granitic rocks (670-660 Ma), followed
by crustal thickening, high-grade metamorphism, calc
alkaline magmatism (640-610 Ma), and finally
overprinted by post collision nappe formation, subalkaline
to alkaline magmatism (600-545 Ma) and molasse basin
sedimentation.

The Mbondo-Ngazi Tina area belongs to the eastern
part of the AYD. This area comprises three groups of
granitoids including granites, syenites and diorites, both
showing I-type and metaluminous signatures. LA-ICP-MS
U-Pb zircon analyses yield emplacement age of 576.4 +
1.9 Ma and 585.9 + 2.1 Ma for granites and syenites,
respectively [32]. The dioritic rocks are ferroan and high-
K calc-alkaline, while granites and syenites are magnesian
and belong to the shoshonitic series. The Ti-in-zircon
thermometer yields crystallization temperatures of
678-811°C and 658-768°C for granites and syenites,
respectively [32]. These granitoids intrude meta-igneous
and meta-sedimentary rocks composed of gneisses,
amphibolites and schists (Figure 2). The meta-igneous and
meta-sedimentary basement is locally covered by
Cretaceous deposits (Mbéré-Djérem basin) and by
Cenozoic volcanic rocks of the Cameroon Volcanic Line
[33].

3. Analytical Methods

Twenty (eight sericite schists, three chlorite schists and
nine muscovite schists) fresh rock samples were analyzed
and data are presented in Table 1. Petrographic
descriptions were carried out on polished thin sections
prepared at Langfang Rock Detection Technology
Services Ltd in Hebei, China. Whole rock geochemical
analyses were performed at the Australian Laboratory
Services (ALS) in Vancouver (Canada). The major
elements were analyzed by inductively coupled plasma
atomic emission (ICP-AES). This method consists of
fixing a sample with a lithium metaborate-lithium
tetraborate flux which also includes an oxidizing agent
(Lithium Nitrate). The assembly will be cast in a platinum
mould and then submitted for analysis. The uncertainty of
the analysis of the major elements is 0.1-0.04%.
Concerning trace and rare earth elements (REE), they
have been analyzed by ICP-MS. This method consists of
melting at 1025°C, a mixture of prepared sample and
lithium metaborate/lithium tetraborate flux. Thus the
result of the melted mixture was cooled and dissolved in a
mixture of acids containing nitric, hydrochloric and
hydrofluoric acids. The uncertainty of the analysis of trace
elements and rare earth elements (REE) is 0.1-0.5%.

4. Petrography

4.1. Sericite Schists

Sericite schists crop out as balls and blocks of
various sizes (60 x 80 cm; 0.9 x 1.5 m; Figure 3a).
It is fine grained rock, greyish in color (Figure 3b)
with heteroganular granoblastic microstructure. Mineral
assemblage includes quartz, K-feldspar (orthoclase),
sericite, epidote, plagioclase, and opaques (Figure 3c).

Quartz (30-35%) occurs as smaller anhedral crystals
associated with plagioclase. The later (20-25%) occurs as
subhedral grains, associated with quartz and sericite flakes.
These grains are sometimes grouped in clusters and often
include opaque granules. Clusters of calcite are also
observed in some sections. Quartz and calcite forms light
layers that alternate with thin layers of sericite
composition (Figure 3c). K-feldspar (25-30%) occurs as
irregular subhedral to anhedral crystals associated with
quartz. Some K-feldspar crystals host minute inclusions of
sericite (Figure 3d). Sericite crystals are scarce and often
present around the feldspar. Opaque minerals are
subhedral and disseminated in the rock.

4.2. Chlorite Schists

Chlorite schist occurs along the river bed (Figure 3e).
On the outcrop and hand specimen scale, the rock is fine
grained, dark in color and display preferentially oriented
quartz aggregates which are arranged in thin beds
(Figure 3f). In thin sections, the rock exhibits lepidoblastic
microstructure composed of quartz, chlorite, epidote and
opaque minerals (Figure 3g). Quartz (40-45%) is the most
abundant mineral phase of the rock. It is present either as
subhedral crystals disseminated within the rock or as
anhedral crystals forming clusters or pockets, molded by
the chlorite flakes. Chlorite (25-30%) is in the form of
lamellae or flakes that locally rimed the quartz aggregates.
This mineral, together with secondary epidote (15-20%),
form pronounced dark microbands (Figure 3g and
Figure 3h).

4.3. Muscovite Schists

Muscovite schists crop out in the bed of the river
Taparé, Wan deh and Gboum (Figure 3i). The rock is dark
in color with luster appearance (Figure 3j), and display
granonematoblastic microstructure composed of quartz,
plagioclase, muscovite, calcite, and opaques (Figure 3k
and Figure 3l). Quartz (25-30%) occurs as irregular
subhedral to anhedral crystals dispersed within the rock
mass. Plagioclase (15-20%) appears as subhedral to
anhedral crystals, generally associated with quartz.
Muscovite (15-25%) occurs as subhedral to anhedral
flakes that are preferentially oriented. Calcite (5-10%)
appears as grains dispersed in the rock and often
associated with quartz and plagioclase crystals. Opaque
minerals are abundant (8-10%) and occur as euhedral to
subhedral grains, disseminated in the rock or embedded in
muscovite flakes.

5. Geochemistry

Whole-rock geochemical data of representative fresh
rock samples of the Mbondo-Ngazi Tina metasedimentary
rocks is given in Table 1. In the Zr/Ti vs Ni protolith
discrimination diagram of [34], the investigated samples
fall within the sedimentary field (Figure 4a). The classification
diagram of [35] reveals that the Mbondo-Ngazi Tina
metasedimentary rocks correspond to Fe-sand (chlorite
schists), shale (muscovite schists) and arkose (sericite
schists) (Figure 4b).
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Chl+Ep

Figure 3. Photographs [outcrop (a, e, i) and hand specimen views (b, f, j)] and microphotographs (c, d, g, h, k, I) of the Mbondo-Ngazi Tina
metsaediments. Abbreviations: Calc: Calcite; Chl: Chlorite; Ep: Epidote; Kfs: K-feldspar; Qtz: Quartz; Ms: Muscovite; Ser: sericite; Op: Opaque

minerals
Table 1. Major element concentrations (in wt%o) of the Mbondo-Ngazi Tina metasedimentary rocks
Rocks Sericite schists Chlorite schists Muscovite schists
< | o s ) o
Samples :ZZ % g % % g % % g g g § § § % § § ﬁ § §
s|zs|s|=|2|2|=|5|2|2|2|z2|z|z2|2|z|z|9 S| &

SiO; 80.8 | 86 | 834|837 |764|73.8|709 | 651|684 729|728 | 61 [61.4]59.2|58.2 |59.3 [56.4| 63.9 [62.9]|62.8
Al,O; |962 | 723|852 821 |1465|14.3|16.35| 19.7 |13.05| 10.4 |10.85| 17.2 | 17 |18.05|18.45|17.35|18.5|17.15| 17 |17.2
Fe,O; | 1.79 | 1.66 | 1.94 | 2.16 | 1.95 |2.71| 2.05 | 273 | 757 | 7.94 | 7.4 | 849 [8.33| 8.16 | 8.41 | 8.22 {845| 7.5 |7.52|7.29
CaO 0.01 | 0.05|0.03|004|002|013{001| 0 |035|027|028| 1.3 [1.22]107 |104| 1.2 [1.04|0.12| 0.1 |0.13
MgO | 013 |0.31 | 0.36 | 0.36 | 0.55 |0.74| 1.22 | 145 | 214 | 1.92 | 1.89 | 3.97 |3.92| 387 | 415 | 3.9 | 41| 22 |22 |217
Na,O | 0.06 | 0.02 | 0.03 | 0.02 | 0.11 |0.12| 0.04 | 0.05 | 2.48 | 2.03 | 2.14 | 2.67 |2.53| 2.31 | 2.39 | 2.56 [2.44| 1.31 |1.32|1.37
K;0 642|297 | 36 | 336 | 48 |469|6.07 | 7.31 | 202 | 137 | 151 | 2.62 |2.71| 3.09 | 3.16 | 2.52 [3.17| 2.85 [ 2.78|2.86
Cr,0; |0.004|0.054|0.004 | 0.006 | 0.021|0.004| 0.021 | 0.003 | 0.018 | 0.014 | 0.014 | 0.019 | 0.02 | 0.018 | 0.019 | 0.019 [0.028| 0.017 [0.017|0.018
TiO, 015|021|024| 02 | 027 |04 |028|033|105|089| 09 |104[1.02/ 098|096 |095| 1 | 092 0.89|0.92
MnO | 0.01 | 0.02 | 0.02 | 0.02 | 0.01 |0.02| 0.03 | 0.04 | 0.12 | 0.11 | 0.13 | 0.12 |0.11| 0.12 | 0.12 | 0.12 | 0.12| 0.06 | 0.06 | 0.06
P.Os 0.12 | 0.09 | 0.08 | 0.07 | 0.08 |0.14| 0.04 | 0.07 | 0.24 | 0.2 | 0.19 | 0.27 |0.27| 0.24 | 0.25 | 0.25 [0.24| 0.12 [0.11|0.11
SrO  [<0.01(<0.01|<0.01|<0.01| 0.01 |<0.01|<0.01|<0.01|<0.01| 0.01 |<0.01| 0.02 |0.02| 0.02 |<0.01| 0.01 | 0.01|<0.01|<0.01{<0.01
BaO 029 |0.12|0.15|0.13|0.14 |0.13| 0.23 | 0.27 | 0.09 | 0.06 | 0.07 | 0.05 [0.06| 0.07 | 0.07 | 0.07 {0.07| 0.09 |0.09|0.09
LOI 1.05 | 158 | 1.52 | 1.55 | 2.46 |2.32| 2.84 | 3.35 | 2.71 | 251 | 2.34 | 2.99 (2.99| 3.37 | 3.59 | 3.69 [4.24| 4.75 | 4.68|4.52
Total |100.45/100.31| 99.89 | 99.83 |101.47| 99.5 {100.08| 100.4 {100.24{100.62(100.51|101.76/101.6/100.57|100.81|100.16(99.81|100.99|99.67(99.54

K,0+Na,O| 6.48 | 2.99 | 3.63 | 3.38 | 491 |4.81| 6.11 | 7.36 | 4.50 | 3.40 | 3.65 | 5.29 |5.24| 5.40 | 5.55 | 5.08 |5.61| 4.16 |4.10|4.23

K,0/Na,0 |107.00|148.50{120.00{168.00| 43.64 [39.08|151.75|146.20| 0.81 | 0.67 | 0.71 | 0.98 |1.07| 1.34 | 1.32 | 0.98 |1.30| 2.18 | 2.11|2.09
CIA |59.71|70.40|69.95|70.59 | 74.82|74.32| 72.76 | 72.80 | 72.91 | 73.92 | 73.41 | 72.30 [72.46| 73.61 | 73.68 | 73.42 [73.56| 80.03 [80.19|79.78
Ciw 59.94(70.54|70.12|70.71| 75.24|74.79| 72.89 | 72.94 | 84.63 | 86.38 | 85.84 | 81.44 [81.22| 81.27 | 81.46 | 82.34 |81.46| 85.24 [85.51|85.19
PIA |97.86|98.38|98.80|98.78 | 98.70|97.46| 99.52 | 99.60 | 79.58 | 79.70 | 79.42 | 78.60 [79.21| 81.57 | 81.68 | 79.77 [81.50| 90.91 {90.92(90.53
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5.1. Major Elements

Sericite schists are characterized by very high SiO,
contents with values ranging between 65.1 and 86 wt%.
The Al,O; contents are moderate to high (7.23-19.7 wt%)
while Fe,053 (1.66-2.73 wt%), MgO (0.13-1.45 wt%) and
TiO, (0.15-0.4 wt%) contents are low. Total alkali (2.99 <
Na,0+K,0 < 7.36 wt%) contents are low to moderate.
The K,0/Na,0 ratio is very high (39.08-168) suggesting a
very high detrital feldspar rich component. Other oxide
contents such as CaO (0-0.13 wt%), Cr,03 (0.003-0.054
wt%), MnO (0.01-0.04 wt%) and P,0Os (0.04-0.14 wt%)
contents are negligible in the rock.

Chlorite schist samples are characterized by high
contents of SiO, (68.4-72.9 wit%), but their Al,O3
(10.4-13.05 wt%) and Fe,O3 (7.4-7.94 wt%)
concentrations are moderate. The MgO and TiO,
concentrations are low and range from 1.89 to 2.14 wt%,
0.89 to 1.05 wt% respectively. This rock also exhibits low
alkali elements (3.4 < Na,O+K,0 < 4.5 wt%) and low
K,0/Na,O ratio (0.67-0.81). CaO, Cr,03, MnO and P,0s
contents are very low; with values ranging from 0.27 to
0.35 wt%, from 0.014 to 0.018 wt%, from 0.11 to 0.13
and from 0.19 to 0.24 wt%, respectively.

Journal of Geosciences and Geomatics

Muscovite schists have moderate to high contents of
SiO, (56.4-63.9 wt%). These rocks are enriched in Al,O3
(16-18.5 wt%) and Fe,03 (7.29-8.49 wt%) and depleted in
TiO, (0.89-1.04 wt%) and CaO (0.1-1.3 wt%). Their MgO
(2.17-4.15 wt%) and total alkali (4.1 < Na,0+K,0 < 5.61)
contents is slightly high when compared to those of
chlorite schists. The K,O/Na,O values are low and range
from 0.98 to 2.17. The others oxides (Cr,03;, MnO, P,0s)
display very low content (less than 0.5 wt%).

Variations in the major element oxides of the studied
metasediments are showed on Harker diagrams (Figure 5).
Overall, the diagrams display negative correlations with
Al, O3, Fe,03, MgO, K,0 and TiO,. When compared to
the international standards (i.e. Post-Archean Australian
Shale, PAAS; North American Shale Composite, NASC
and Upper Continental Crust, UCC), the studied schists
are characterized by high SiO, and low MgO, Fe,O; and
CaO contents. Their average Al,O; content (13.32 wt%;
11.43 wt%, 17.54 wt% for sericite schists, chlorite schist
and muscovite schists respectively) are similar to that of
international reference suggesting low clay content.
However, the average abundances of the other major
element oxides are more or less comparable to the
reference compositions presented in Table 3.

Table 2. Trace and rare earth element compositions (in ppm) of the Mbondo-Ngazi Tina metasedimentary rocks

Rocks Sericite schists Chlorite schists Muscovite schists
3 g 2 S = s 8 S 8 3 < 2 Q < F=] Q < a 5]
=|S|s|s|2|2|S|s|2|g|2/2]|]2|2|2|2|2|5|8|58
Cs |288|213| 23 [239| 738 | 6.95 |7.03|9.01| 221 | 144 | 162 | 6.2 | 6.19|579|5.95|3.89|6.79|523|5.09| 54
Rb |159.5/101.5| 110 | 114 | 127 | 1225 |170.5| 213 | 79.6 | 55.3 58 |87.1]90.7|98.8|96.2|77.6|97.7 (117.5| 119 1215
Ba |2800| 1075|1295 | 1185 | 1305 | 1225 | 2050 | 2530 | 777 | 535 | 613 | 466 | 502 | 637 | 651 | 582 | 627 | 771 | 799 | 799
Th |3.86]|296 (349|331 631|501 [733| 81 | 929|707 | 725 |704|713|731|735]|7.24]6.94|10.7|10.5 [10.75
Zn 18 | 55 50 60 42 78 91 | 106 | 123 | 114 | 108 | 129 | 125 | 109 | 118 | 117 | 122 | 63 | 63 | 69
U 143|108 |164|122| 158 | 1.74 | 093 | 098 | 2.04 | 1.69 | 1.6 |2.76|254|269|3.23|255|294| 26 |261|255
Nb 54 | 48 | 43 | 47 | 84 52 | 84 | 116 | 174 | 154 | 147 {113 | 11 | 83 | 97 | 91 | 9.7 |147|14.7|15.2
Ta [<0.1|<0.1| 04 [<0.1]| 0.2 05 | 0.7 | 0.3 0.8 0.6 06 | 03|03 |06 |02]|02]02]09 1 1
Cr 10 | 380 | 10 20 160 10 130 | <10 | 120 90 80 | 130 | 120 | 120 | 140 | 120 | 180 | 110 | 110 | 110
Ni 2 2 2 1 4 6 1 <1 52 45 45 72 71 66 75 71 77 | 33 | 34 | 32
Co <1 1 1 <1 3 6 1 1 21 21 20 18 16 11 22 16 21 9 12 | 11
la |11.2| 89 132|111 | 316 | 239 [ 26.9| 37 | 30.7 | 27.4 | 275 | 36.1 | 31.3 | 235|342 | 19 | 29.8 |39.7 |39.2|39.5
Ce (263|161 |241|215]| 641 | 479 | 53.7 | 657 | 63 526 | 49.9 | 62.6 | 58.2 | 50.3 | 64.7 | 39.8 | 57.9 | 81.2 | 82.4 | 80.8
Pr 3.18| 212|334 | 28 | 821 | 6.38 | 6.06 | 832 | 755 | 6.24 | 6.43 | 895 | 7.67 | 6.49 | 859|517 |7.61|9.12|9.24| 9.1
Sr 395|129 | 17.6 | 139 | 66.7 | 62.9 | 23.9 | 28.1 | 135.5| 103.5 | 108.5 | 269 | 251 | 231 | 247 | 265 | 248 | 48.8 | 48.8 | 50.9
Nd |135]| 94 | 139|118 | 33.6 | 26.6 | 24.1 | 326 | 30.5 | 26.1 | 25.3 | 36.9 | 31.2|27.3|36.3|21.5|30.9 | 35.6 | 35.8|35.2
Zr 110 | 135 | 114 | 108 | 193 | 156 | 199 | 236 | 266 | 215 | 209 | 204 | 202 | 199 | 206 | 187 | 207 | 235 | 246 | 253
Hf 26 | 31 | 32 | 28 | 46 41 | 52 | 58 6.7 5.3 53 | 52 | 53|51 |54)| 48|52 |67]|68]68
Sm [3.36|201(3.14|255| 658 | 552 | 463 | 586 | 6.15 | 553 | 5.14 | 7.65| 6.72 | 6.53 | 7.63 | 5.18 | 6.73 | 7.41 | 7.08 | 7.06
Eu (091|054 |074|061| 127 | 105|113 |134| 121 | 115 | 102 |158|156|132]|1.64|1.29|159|156|151|142
Gd |3.28| 21 | 254|248 | 585 | 5.05 | 3.63| 446 | 54 | 448 | 472 | 6.67 | 656 | 54 | 6.36 | 487 | 595 |5.84 | 5.54 | 5.92
Tb 049|033 |047|043| 097 | 0.89 | 064|084 | 093 | 0.81 | 0.78 | 1.09| 1.07 | 0.95 | 1.04 | 0.84 | 0.96 | 0.91 | 0.89 | 0.93
Dy [292]|192|274]271| 596 | 5.03 | 3.96 | 497 | 535 | 4.63 | 4.44 6 |6.01|554| 6 5.3 | 559 | 564|545 586
Ho |0.58|0.46 | 055|058 | 137 | 1.21 {084 | 111 | 1.08 | 092 | 0.94 |135|131|1.23|132|1.18|1.23|1.18|1.15|1.19
Er 177|151 195|187 | 436 | 362 | 268 | 34 | 335 | 274 | 2.76 | 4.07 | 3.72 | 359 | 3.65 | 3.77 | 3.66 | 3.28 | 3.63 | 3.7
Yb 192|143 |204|1.96| 405 | 3.61 |3.08|3.86| 3.11 | 259 | 2.64 | 3.51 | 3.35|3.31|3.68 |3.22|3.46| 3.3 |3.56|3.44
Y 19 | 149191 |195| 435 | 349 | 238|348 | 30.1 | 26,5 | 25,5 | 36.2 | 353|328 | 36 | 313|344 |31.8|329|33.6
Lu |032[024| 03 [034| 0.7 | 061 |{049]|0.61| 051 | 043 | 0.43 | 057 | 0.56 | 0.53 | 0.59 | 0.53 | 0.51 | 0.56 | 0.53 | 0.52
Th/U | 2.7 | 274|213 | 271 | 399 | 2.88 | 7.88 | 8.27 | 455 | 418 | 453 | 255|281 | 272|228 | 2.84 | 2.36 | 4.12|4.02 | 4.22
La/Th | 29 | 3.01 |3.78 | 335 | 501 | 477 | 3.67 | 457 | 33 | 3.88 | 3.79 | 513|439 |3.21 | 465|262 |429|3.71|3.73|3.67
Th/Sc (1.93]0.99 | 0.87 | 0.83 | 1.05 | 0.63 | 1.47 | 1.35 | 0.66 | 0.64 | 0.66 | 0.35 | 0.36 | 0.33 | 0.33 | 0.34 | 0.32 | 0.59 | 0.58 | 0.6
Zr/Sc | 55 | 45 | 285 | 27 |3217| 195 |39.8 [39.33| 19 |1955| 19 |10.2|10.1|9.05|9.36| 8.9 | 9.41 (13.06/13.67|14.06
Lan/Ybyn| 0.43 | 046 | 0.48 | 042 | 058 | 0.49 | 0.64 | 0.71 | 0.73 | 0.78 | 0.77 | 0.76 | 0.69 | 0.52 | 0.69 | 0.44 | 0.64 | 0.89 | 0.81 | 0.85
Lan/Smy| 0.48 | 0.64 | 0.61 | 063 | 0.7 | 0.63 | 0.84 | 092 | 0.73 | 0.72 | 0.78 | 0.69 | 0.68 | 0.52 | 0.65 | 0.53 | 0.64 | 0.78 | 0.8 | 0.81
Gdn/Yby| 1.03]0.89 | 0.75 | 0.77 | 0.87 | 0.85 | 0.71 | 0.7 | 1.05 | 1.05 | 1.08 | 1.15| 1.19 {099 | 1.05| 0.92 | 1.04 | 1.07 | 0.94 | 1.04
Eu/Eu*|1.31|1.15|1.06 (098 | 0.9 | 0.85 |1.09|1.02| 1.01 | 1.11 | 1.01 |1.12| 1.2 [1.04|1.13|115|121|1.15]| 1.1 |1.06

Normalized values are from [62].
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Table 3. Average major and trace element compositions of the Mbondo-Ngazi Tina metasediments and other Precambrian sediments from

international references

Rocks Sericite schist (n=8) | Chlorite schist (n=3) Muscovite schist (n=9) PAAS? NASC® ucce
SiO, 77.07 71.37 60.57 62.8 64.8 66.6
TiO, 0.3 0.95 0.96 1 0.7 0.64
Al,O3 12.1 11.43 17.54 18.9 16.9 15.4
Fe,03 2.42 7.64 8.04 6.5 5.67 5.04
MnO 0.02 0.12 0.1 0.11 0.06 0.1
MgO 0.61 1.98 3.39 2.2 2.86 2.48
CaO 0.07 0.3 0.8 13 3.63 3.59
Na,O 0.06 2.22 2.1 1.2 114 3.27
KO 5.1 1.63 2.86 3.7 3.97 2.8
P,0s 0.11 0.21 0.21 0.16 0.13 0.15
Total 100.05 97.85 96.57 97.81 97.87 99.86
Sc 5.67 12 20.11 16 15 14
\% 23 86.67 178.67 150 130 97
Cr 91.25 96.67 126.67 110 125 92
Co 2.14 20.67 15.11 26.35 17.3
Ni 25 47.33 59 55 58 47
Cu 3.14 20.33 36.56 28
Zn 66.22 115 101.67 67
Ga 15.16 15.03 23.81 17.5
Rb 145.06 64.3 100.68 160 125 84
Sr 33.37 115.83 184.39 200 142 320
Cs 5.07 1.76 5.61 15 5.16 49
Ba 1647.22 641.67 648.22 650 636 624
Nb 6.34 15.83 11.52 19 13 12
Ta 0.42 0.67 0.52 1.28 112 0.9
Zr 150.56 230 215.44 210 200 193
Hf 3.72 5.77 5.7 5 6.3 5.3
U 1.29 1.78 2.72 3.1 2.7 2.7
Th 4.7 7.87 8.33 14.6 123 10.5
Pb 19.44 8 14.33 20 20 17
La 19.74 28.53 32.48 38.2 311 31
Ce 38.62 55.17 64.21 79.6 67 63
Pr 4.94 6.74 7.99 8.83 7.1
Nd 20.46 27.3 32.3 33.9 30.4 27
Sm 4.19 5.61 6.89 5.55 5.98 4.7
Eu 0.99 1.13 15 1.08 1.25
Gd 3.69 4.87 5.9 4.66 55
Tb 0.63 0.84 0.96 0.77 0.85 0.7
Dy 3.73 481 571 4.68 5.54 39
Ho 0.82 0.98 1.24 0.99 0.83
Er 2.59 2.95 3.67 2.85 3.28 2.3
Yb 2.66 2.78 3.43 2.82 3.11 2
Y 25.67 27.37 33.81 27 35 21
Lu 0.43 0.46 0.54 0.43 0.46 0.31
Sum REE 129.16 169.52 200.64 211.36 189.47 168.84
EU/EU*pans 111 1.04 112 1 1.06 1.19
EUu/Eu*cn 0.79 0.73 1.02 0.7 0.75 0.81

3PAAS = Post-Archean Australian Shale [62]; "NASC = North American shale composite [63]; ‘UCC = upper continental crust [64].

5.2. Trace and Rare Earth Elements (REE)

Trace elements and rare earth elements compositions of
the Mbondo-Ngazi-Tina metasedimentatry rocks are listed
in Table 2. The sericite schists are characterized by high
Ba (1075-2800 ppm), Rb (101.5-213 ppm) and Zr
(108-236 ppm) contents. Nd (9.4-33.6 ppm), Zn (18-106
ppm), Sr (12.9-66.7 ppm), Y (14.9-43.5 ppm), Cr
(<10-380 ppm) and Cs (2.13-9.01 ppm) contents are
moderate to low while Ni (<1-6 ppm) and Co (<1-6 ppm)

concentrations are very low. The variation diagrams
of some trace elements with silica show negative
correlation (Figure 6). The UCC-normalized trace
element patterns shows negative anomalies in Ni,
Sc, Sr, Ce and while Ba, Zr and Y displayed positive
anomalies (Figure 7a). The PAAS-normalized REE
pattern shows LREE depletion [(La/Yb)y =0.42-0.71]
relative to HREE [(Gd/Yb)y =0.70-1.03] with null
to slightly positive Eu anomalies (Eu/Eu*=0.85-1.31)
(Figure 7h).
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Chlorite schist samples are enriched in Ba and Zr, with
values ranginess from 535 to 777 ppm and from 266 to
209 ppm, respectively. They are moderately rich in Sr
(103.5-135.5 ppm), Zn (108-123 ppm) and Cr (80-120
ppm). These chlorite schists are slightly poor in Rb
(53.3-79.6 ppm), Ni (45-52 ppm), Y (25.5-30.1 ppm), Nd
(25.3-30.5 ppm), Co (20-21 ppm) and very poor in Cs
(1.44-2.21 ppm). Binary variation plots of some trace
elements with SiO, exhibit negative correlations with Ba,
Sr, Zr, Rb, Y, Nd and Cs (Figure 6). The multi-elements
spider diagrams show negative anomalies in Rb,
Sr, Ce and Ho and positive anomalies in Co, Ba,
Zr and Tm (Figure 7c). Their PAAS-normalized
REE patterns are relatively flat and lack of Eu
anomaly (Eu/Eu* =1.01-1.11). They show weak HREE
enrichment [(Gd/Yb)n=1.05-1.08] with respect to LREE
[(La/Sm)\=0.72-0.78] (Figure 7d).

Muscovite schists are enriched in Ba and Zr, with
values ranging from 466-799 ppm and 187-253 ppm,
respectively. Their Cr (110-180 ppm), Sr (48.8-269 ppm),
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Rb (87.1-121.5 ppm) and Zn (63-129 ppm) contents are
moderate to high, while Ni (32-77 ppm), Y (31.3-36.2 ppm),
Nd (21.5-36.9 ppm), Co (9-22 ppm) and Cs (3.89-6.79
ppm) contents are low. The variation diagrams of some
trace elements against SiO, shows positive correlations
with Ba, Zr, Rb and Nd, whilst negative correlations are
observed with Zn, Y and Cs (Figure 6). The UCC-
normalized multi-elements patterns of the studied rock are
quite similar, with the exception of a pronounced Co
negative anomaly observed in muscovite schist samples
(Figure 7e). Their PAAS-normalized REE patterns are flat,
with slightly LREE depletion [(La/Yb)y=0.44-0.89]
relative to HREE [(Gd/Yb)y=0.92-1.19] (Figure 7f).

When normalized to chondrite, the Mbondo-Ngazi Tina
metasediments display enrichment in LREE relative to
HREE, and negative Eu anomalies (Eu/Eu*=0.56-0.93).
The REE patterns of the studied rocks are comparable to
those of UCC and PAAS (Figure 8). They are moderately
fractionated with LREE enrichment [(La/Sm)\=2.08-4.92]
relative to HREE [(Gd/Yb)y= 0.89-1.58].
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Figure 6. Harker diagrams of selected trace elements
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Figure 8. Comparative chondrite-normalized REE patterns of Mbondo-Ngazi Tina rocks to UCC and PAAS

6. Discussion

6.1. Element Mobility Evaluation

The Mbondo-Ngazi Tina metasediments have undergone
greenschist facies metamorphism. Therefore it is
fundamental to evaluate the effect of metamorphism on
the mobility of major and trace elements before any
geochemical interpretations. Some geochemical elements
in metamorphic rocks are mobilized by effect of fluids,

solid-state diffusion and melt generation [36]. At large
scale, the effect of solid-state diffusion of elements is
negligible and that the main effect is fluid-controlled
mobility. Several lines show evidence against large-scale
remobilization some elements in the analyzed samples.
For examples, the studied samples show a relative linear
trend on the binary diagram (Figure 5 and Figure 6),
suggesting the chemical coherence and uniformity of the
data and therefore argue against any large scale
remobilization for these elements. Furthermore, high field
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strength elements (Th, Zr, Hf, Ti, Nb, Ta) and REEs, are
sometimes considered to be relatively immobile elements
[37,38] and they are not significantly modified during
chemical weathering and diagenesis. The REE-normalized
plots display smooth REE patterns (Figure 7), which
would not be expected during remobilization. In addition
transition trace elements (Cr, Ni, V, Co, Sc) and
high field strength elements (Zr, Nb, Hf, Ta) show
consistent inter-relationships (not shown), suggest less
remobilization of elements. Although it is possible that
some elements such as large ion lithophile elements may
have been remobilized, it is unlikely that large-scale
remobilization of the REEs and the HFSE have occurred.
From the above results, we infer that the studied
metasediments have retained their initial geochemical
signature. Thus their geochemical compositions can be
used to discuss their provenance and tectonic setting.

6.2. Source-area Weathering

Many geological factors influence the chemical
composition of clastic sediments. These factors includes
source rock composition, the intensity of weathering, the
rate of sediment supply and sorting during transportation
and deposition, and finally post-depositional weathering
[39,40]. The intensity of chemical weathering of
sedimentary rocks can be quantified by the Chemical
Index of Alteration (CIA,; [41]) or the Chemical Index of
Weathering (CIW; [42]) which measures the extent of
conversion of feldspars to clays. In most of the case,
unweathered igneous rocks are characterized by CIA
values ranging from 35 to 55% for both basaltic and
granitic rock respectively, and values of 60 - 80% indicate
moderate weathering while values greater than 80%
indicate extreme weathering at the source area [43]. The
CIA values of the Mbondo-Ngazi Tina metasedimentary
vary from 59.71 to 74.82 (average = 69.44) in sericite
schists and from 72.30 to 80.19 (average = 74.94) in
chlorite-schists and muscovite-schists. These CIA values
are relative high when compared to NASC (58) and
Archean greywacke (58), but close to the CIA value of
PAAS (70) and cratonic sandstone (69), and but lower
than that of cratonic shales (77) [44]. This would indicate
that the source rocks of the Mbondo-Ngazi Tina
metasedimentary rocks underwent minor to moderate
chemical weathering.

In order to determine the intensity of chemical
weathering for the studied rocks, the plagioclase index of
alteration (PIA) and the chemical index of weathering
(CIW) have been calculated. The high PIA values (> 95%)
of the sericite schists indicate complete transformation of
plagioclase into aluminous clay minerals like kaolinite and
illite [43], suggesting high intensity of chemical
weathering at source area. Furthermore, the studied
metasedimentary rocks show CIW value similar to the
CIA for sericite schists. High CIW values (> 80%) for
chlorite schists and muscovite schists indicate intense
weathering at source area [44]. Since the CIW values of
the chlorite schists and muscovite schists are much higher
than the CIA values, the studied samples might have
experienced K-metasomatism.

Data are plotted on the A1,0;-CaO0 + Na,0O-K,O
(A-CN-K) ternary plot of [41,45] which is a graphic

presentation of the Chemical Index of Alteration
(Figure 9). In this diagram, the studied samples display
two distinct weathering trends: sericite schists samples
plot along the A-K boundary between biotite and
muscovite composition, whereas chlorite schist and
muscovite schist samples follow the granodiorite
weathering trend (Figure 9). The apparent enrichment in K
in sericite schists may be attributed to hydrothermal
alteration (K-metasomatism). This observation confirms
the fact that the chlorite schist and muscovite schist
samples are extensively weathered relative sericite schists.

In sedimentary rocks, intense weathering in source
areas or sediment recycling exhibit Th/U values greater
than 4.0 [46]. The Th/U ratios generally increase with
increasing degrees of weathering due to oxidation and the
loss of uranium. The Mbondo-Ngazi Tina rocks display
Th/U ratio ranging from 1.85 to 8.26. In the Th/U vs Th
diagram [46], the studied rocks define two groups of
samples, straddling the upper crust value (Figure 10a).
The first group of samples has Th/U ratios lower than
those of upper crust and fall into the depleted mantle
sources field, while the second group has Th/U ratios > 4
and follows the weathering trend. These features indicate
that the metasedimentary rocks of Mbondo-Ngazi Tina are
had suffered varying degrees of weathering.

6.3. Sedimentary Processes and Maturation

Sedimentary processes lead to the modification of
mineral abundances and consequently the concentrations
of specific elements. In sedimentary rocks, SiO,/Al,O;
value is generally up to 6 while in igneous rocks this ratio
ranges from 3 to 5 [47]. In addition, using the empirical
discrimination ratio, the variability of the 100TiO,/Zr ratio
is a sensitive indicator of the intensity of sorting [48].
Accordingly, the low values of SiO,/Al,0; in the
muscovite schists (3.04-3.72; average=3.47) indicate the
immature nature and deposition close to the source while
the high SiO,/Al,O; values (up to 11.89) of other rock
samples (sericite schists and chlorite schists) indicate
moderate to high degree of maturity. In addition, chlorite
schist and muscovite schist samples exhibit 100TiOy/Zr
values up to 0.33 while sericite schists display low values
(< 0.33). This feature, together with the high SiO,/Al,O,
ratios, indicates geochemical maturity and consequently
greater degree of sedimentary recycling of sericite schist
samples.

Sedimentary rocks derived predominantly from pre-
existing sedimentary rocks are characterized by zircon
enrichment which can be reflected by relationships
between Th/Sc and Zr/Sc [46]. The Th/Sc ratio is an
indicator of chemical differentiation, while the Zr/Sc ratio
measures the degree of sediment recycling, and thus the
Th/Sc versus Zr/Sc plot generally reflects the extent of
sedimentary sorting and recycling [49]. On this diagram
muscovite schist and chlorite schist samples follow the
general provenance-dependent compositional variation
trend while sericite schist samples suggest the presence of
heavy mineral accumulation by sediment recycling and/or
sorting (Figure 10b). In general, most of the samples show
higher Zr/Sc ratios (>10), suggesting some degree of
sediment reworking and sorting. From the above
aforementioned, the enrichment of Zr and Hf in the
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analyzed samples suggests zircon accumulation and metasedimentary rocks with little contribution of igneous
therefore  supports the recycled nature of the rocks.
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Figure 9. Molecular proportions of Al,0;—(Na,O + CaO*)-K,0 ternary diagram [45] for the metasedimentary rocks of Mbondo-Ngazi Tina formations
with Chemical Index of Alteration (CIA) scale
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6.4. Provenance

Many authors [50,51,52,53,54,55] have proposed the
use of Al,O3/TiO, ratio to determine the provenance of
sediments due to fact that A and Ti are less affected by
weathering. Al,O3/TiO, values varies from 3 to 8 in mafic
rocks, from 8 to 21 in intermediate rocks and from 21 to
70 in felsic rocks. In the Mbondo-Ngazi Tina area, the
Al,O3/TiO, ratio increases from chlorite schists (11.68-
12.48), muscovite schists (16.53-19.21) to sericite schists
(15.92-64.13) suggesting an intermediate to felsic origin
of these rocks. The analysis of mafic trace element
compositions shows that chlorite schists (Cr: 90-120 ppm;
Ni: 45-52 ppm) and muscvite schists (Cr: 110-120; Ni: 32-
77 ppm) exhibit reatively high contents when to compared
to sericite schists (Cr: <10-380 ppm; Ni: <1-6 ppm). This
indicates the contribution of intermediate to felsic rocks to
the source of chlorite schists and muscovite schists. In
addition, the Mbondo-Ngazi Tina metasediments show
LREE enrichment reative to HREE and negative Eu
anomaly. Their LREE/HREE ratios are low and vary from
3.84-6.51 in sericite schists, 6.70-7.18 in chlorite schists
and 4-8.17 in muscovite schists, suggesting that the
studied metasediments were derived from felsic to
intermediate rocks. This interpretation is confirmed by the
Rb-K diagram of [56], in wich all the studied rocks plot in
the field of felsic/intermediate rock compositions (Figure 11a).
Futhermore, when potted in the La/Th vs Hf diagram, the
Mbondo-Ngazi Tina metasediments fall within the upper
continental crust field and derived from old felsic sediments
with minor contribution of mafic rocks (Figure 11b).

6.5. Tectonic Setting

There is a broad relationship between the geochemical
characteristics of metasediments and the tectonic setting
of depositional basins. Several studies [46,49,57,58,59]
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have attempted to distinguish the tectonic setting during
deposition of sediments based on major, trace and REE
data. In the K,O/Na,O vs. SiO, and SiO,/Al,O; vs.
K,O/Na,O tectonic discrimination diagrams of [59],
sericite schist samples plot into a passive continental
margin field while those from chlortite schist and
muscovite schist samples fall within the active continental
margin and continental arc settings (Figure 12a and
Figure 12b). This difference could be explained by the
mobility of Na and K as it is unlikely for the rocks of the
same lithological unit to have been formed in two
different tectonic settings. However, continental arc and
active continental margin settings are similar depositional
environments as both are dominated by convergent plate
motions, orogenic deformation and development of
subduction complexes, and are underlain by continental
crust.

McLennan et al. [60] have demonstrated that the
Archean sedimentary rocks have a higher La/Th (3.6) than
post-Archean sedimentary rocks (La/Th = 2.7). In the
Mbondo-Ngazi Tina area, the La/Th ratios of the studied
metasediments vary from 2.9 to 7.12 (average: 4.0),
comparable to the Archean sedimentary rocks. This result
is supported by the La vs. Th diagram (Figure 13)
where all the Mbondo-Ngazi Tina metasediments are
mainly plotted in the Archean sediments field. Recent
investigations of the Nyong Group metasedimentary
rocks in the Congo Craton have revealed that they
have been deposited in active continental margin settings
[61]. In this study, the provenance characteristics of the
sericite schists show that they were probably deposited in
a passive margin setting while chlorite schists and
muscovite schists are most likely to have formed in active
continental margin. Therefore, we suggest that the
Mbondo-Ngazi Tina rocks derived mainly from Archean
sediments and were probably deposited in an active to
passive continental margin.
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Figure 12. (a) SiOJ/Al,03 vs. K,O/Na,O and (b) K,O/Na,O vs. SiO, [59] for tectonic discrimination diagrams of the Mbondo-Ngazi Tina
metsasedimentary rocks: Al (arc setting, basaltic and andesitic detritus), and A2 (evolved arc setting, felsic—plutonic detritus), ARC (oceanic island-arc
margin), ACM (active continental margin), PM (passive margin)
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7. Conclusion [41
Whole-rock geochemical data of metasedimentary
rocks from Mbondo-Ngazi Tina area indicate that they are [5]
derived from slightly immature shale to mature Fe-shale
and arkose protolith, from which the original parent rock
is mainly felsic to intermediate in composition. The CIA,  [6]
CIW, PIA and the SiO,/Al,O; and Th/U ratios indicated
that these rocks had suffered varying degrees of
weathering as the source rocks underwent mild to
. X ; : [7]
moderate chemical weathering. They derived mainy from
felsic to intermediate rocks with minor contamination of
mafic rocks. The Mbondo-Ngazi Tina metasedimentary
rocks show REE and trace element compositions similar [8]
to those of Archean sediments, suggesting that the
continental crust of the study area during the early
Proterozoic had chemical compositions similar to those of [9]
the Archean crust and were probably deposited in active to
passive continental margin settings.
[10]
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