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Abstract

The garnet amphibolites, from the Akom Il area in the Archaean Congo Craton, were examined to determine the geochemical affinity and
tectonic environment. The study uses mineral assemblages and whole-rock geochemistry to identify the geochemical affinity and tectonic
setting of the amphibolites associated with monzogabbro and pyroxenites. The studied rocks of Akom Il are garnet amphibolites. Miner-
alogically, the rocks contain hornblende + plagioclase + garnet + quartz + epidote + apatite + opaque, indicating that they could have been
formed from a basic igneous protolith. The geochemical signature indicates that the rocks are tholeiitic in nature. They are similar to the
metamorphosed equivalents of ocean island basalts (OIB), with characteristics typical of Volcanic Arc-Basalt (VAB). The geotectonic
diagrams confirm the tholeiitic nature of these amphibolites. High field strength elements ratios (Nb/Ta) range from 14-16, which corre-
sponds to Volcanic Arc Basalt (VAB). The primitive mantle normalized patterns of these rocks show negative anomalies in Ta and Ti
suggesting a geotectonic signature characteristic of a subduction zone, consequently suggesting the existence of a suture zone in the study
area.
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1. Introduction

Amphibolites, amphibolitic gneisses, and calcic gneisses usually form remnants of greenstone and metamorphic belts (Wang et al. 2008,
Kakar et al. 2014, Tushar M Meshram et al. 2017). They occur in the most diversified geotectonic environments of the planet from the
Archaean to the Phanerozoic (Bicalho et al. 2019). Penaye et al. 1989 described the amphibolites as Paleoproterozoic; Munyanyiwa et al.
1997 attested that the amphibolite facies of the Zambezi belt were Neoproterozoic. According to M.T. Gdmez-Pugnaire et al. 2003, the
amphibolites from the Southwestern Iberian Massif were Upper Precambrian and Lower Palaeozoic (Ordovician). While Fotzing et al.
2019, showed that the amphibolites of the Central African Fold Belt evolved during the Proterozoic. The investigated amphibolites present
diverse geochemical affinities: Some are of predominantly tholeiitic composition (Szczepanski, and Oberc-Dziedzic 1998, Bicalho et al.
2019). Others originated from an intra-continental back-arc setting also showing oceanic affinities. Meanwhile some amphibolites were
calc-alkaline in nature with characteristics of arc-type basalts (M.T. Gdmez-Pugnaire et al. 2003, Fozing et al. 2019).

Several studies were conducted within the Nyong unit of the Archaean Congo craton (Ebah Abeng et al. 2012, Aye et al. 2017) yet no one
settles the geochemical affinity and tectonic environment of the rocks. The chemical composition of the major and trace elements in rocks,
combined with the field petrotectonic association, allows for the identification of the geochemical behaviour and the possible geotectonic
environments of their formation (Maniesi & Oliveira 2000, Xu et al. 2008, Faleiros et al. 2011).

This paper investigates the petrography, mineralogy and geochemistry of amphibolites of the Nyong unit. It is intended to identify the
geochemical affinity and tectonic environment of the generation of amphibolites in this area.

2. Regional geological setting

The Akom Il area is situated in the Nyong unit. It forms part of the north western border of the Congo Craton. The northwestern margin of
the Archaean Congo craton in Southern Cameroon is commonly known as the Ntem complex (Nédélec et al. 1990; Shang et al. 2010). The
Ntem complex is bordered in the north by the Yaounde Group of the Pan-African orogenic belt in Central Africa (Nzenti et al. 1988; Toteu
et al. 2006), (Fig.1). The two entities are delimited by a major thrust fault of Pan-African age (600 Ma). The Ntem complex comprises of
Palaeoarchaean to Mesoarchaean and Late Archaean charnockites, Mesoarchaean greenstone formations, Late Archaean TTG basement,
dolerite dykes and high-K granites (Shang et al. 2010).

Based on the lithology and ages, this complex is divided from East to West in to three tectonic units (Tchameni et al. 2004, Aye et al.
2017): Ntem, Nyong, and Ayina units (Fig. 1).
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The Ntem unit is Archaean in age and is distinguished: (i) Iron formations associated to amphibolites; (ii) The green stone complexes
(Maurizot et al. 1986) (Fig.1). The Ayina unit is Paleoproterozoic in age. It contains rocks which are grouped under the foliated series, and
the rocks of this unit are similar to those of Ntem unit (Maurizot et al. 1986, Toteu et al. 1994). The amphibolites of Akom I1 area belong
to the Nyong unit (Penaye et al. 2004). The Nyong unit is made up of a foliated series and a greenstone belt: (i) the foliated series include
gneisses, amphibolites, amphibole gneisses and calcic gneisses which outcrop enormously in the studied area (Fig. 1). This series is inter-
cepted locally by mafic or ultramafic veins represented by gabbros, dolerites, and peridotites; (ii) the green stone belt is comprised of
ferriferous quartzites, garnet amphibolites, pyroxenites, granitiferous gneisses, leucocratic to mesocratic gneisses. The above rocks make
up the green stone belt of the Nyong unit (Toteu et al. 1994; Fig. 1).
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Fig. 1: Geologic Map of Nyabitande and Zingui Areas (Champetier De Ribes and Aubague, 1956).

3. Sampling and analytical methods

A total of thirteen samples were collected and analyzed (Table 1). Eleven of these samples were visibly amphibolites. The other two
(pyroxenite and monzogabbro) constitute the country rocks. The above rocks were collected from Nyabitande and Zingui areas.

Samples were crushed in the Department of Earth Sciences (University of Yaoundé 1, Cameroon). The mineralogical analyses were done
at Geoscience Laboratories. The analytical instrument is PAN Analytical X'PERT PRO diffractometer equipped with a monochromator
using a Co Ko radiation of 1.7854A over a range of 2.5° to 35° 260 and a step size of 0.05° 26/min at 40 kV and 45 mA. Chromium and Ni
contents were determined by ICP-MS after aqua regia digestion at Geoscience Laboratories (Sudbury, Canada). Samples analyzed for a
suite of major and trace elements at the Geoscience Laboratories were crushed using a jaw crusher with steel plates and pulverized in a
ball mill made of 99.8% Al20s. A two-step loss on ignition (LOI) determination was carried out. Powders were first heated at 105 °C in
the presence of nitrogen to drive off absorbed H20 and then ignited at 1000 °C in the presence of oxygen to eliminate the remaining volatile
components and oxidize Fe. Major element concentrations were determined by X-ray Fluorescence after sample ignition. Sample powders
were fused using lithium tetraborate flux before analysis with a Rigaku RIX-3000 wavelength-dispersive X-ray Fluorescence spectrometer.
Rock powders were digested by acid attack in closed beakers for Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) analysis for
lithophile trace element concentrations. Powders were treated in a mixture of HCIl and HCIO4 acids at 120 °C in sealed Teflon containers
for one week, and then rinsed from their containers with dilute HNOs and dried. The residue was again dissolved in an acid mixture (HCI
and HCIO4) and evaporated to dryness a second time, before being dissolved again in a mixture of three acids (HNOs, HCI, and HF) at
100 °C. Sample solutions were analyzed using Perkin Elmer Elan 9000 ICP-MS instrument.

4. Results

4.1. Petrography and mineralogy

The garnet amphibolites appear frequently under the thick vegetation cover of Nyabitande, in the form of diverse rounded and spherical
blocks of different dimension (Fig. 2a) They are melanocratic and medium to coarse grained (Fig. 2b). They are made up of amphibole
(green hornblende ~55%), plagioclase (~18%), garnet (~15%), biotite (~5%) and quartz (~5%) (Fig. 2c and d). Accessorily, they consist
of Zircon, apatite, sphene and opaque minerals (Fig. 2-f). The crystal size of amphibole occurs as microblast and phenoblast which can
attain 2 mm (Fig. 2c and d). Plagioclase crystals present xenoblastic forms of varied sizes (0.04 - 1 mm; Fig. 2c and d). Plagioclase crystals
are slightly weathered (Fig. 2f). Garnet grains are porphyroblastic, globular with skeletal to sub rounded crystals (Fig. 2c). Meanwhile,
plagioclase and opaque minerals occur mainly in the interstices of the amphibole grains (Fig. 2d and e). Quartz occurs as microblast ranging
from 0.06 to 0.3 mm in size and is usually xenoblastic. Meanwhile, the opaque minerals occur as xenoblasts nodules of variable sizes. The
detailed observations under metallographic microscope show that the opaque minerals are made up of chalcopyrite and pyrite.

Observed diffractograms from X-ray diffrations show that the rocks have primary minerals like amphibole, feldspar, pyroxene, garnet and
quartz (Fig.3).
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Fig. 2: Macroscopic Organizatin of Gret A"mphibolites Photographs and Photomicrographs of the Selected Samples: (A -B) Photographs of The Garnet
Amphibolite Blocks; (C-F) Photomicrographs of the Garnet Amphibolites (Am = Amphibole; Ap = Apatite; Op = Opaque Minerals; Pl = Plagioclase; Grt
= Garnet; Ser: Sericite; Sp: Spinel); Zrn= Zircon
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Fig. 3: X-Ray Patterns of Some Slightly Weathered Amphibolite Samples.

4.2. Geochemistry of amphibolites and country rocks

4.2.1. Geochemistry of amphibolites

The SiO2 content of garnet amphibolites is within the range of a normal mafic rock (44-49 wt.%). Garnet amphibolites are characterized
by moderate contents in Al203 (13-17 wt.%), Fe203 (14-20 (8 wt.%), and CaO —10 wt.%.)

Amphibolites have very low alkali contents K20 (0.21 wt. % and Naz20 (0.25 wt. %). They are poor in other oxides like TiOz, P20s, and
MnO. Contents of other major elements are less than or equal to 1 wt. % (Table 1). Amphibolites from Nyabiande have higher contents of
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silica than those from Zingui. (Table 1). The LOI values range from 0.3 to 1.0 % for amphibolites. The lower values of LOI in garnet
amphibolites suggest less alteration (Kakar et al. 2014).

Geochemical variations reveal positive correlations for Fe20s with MnO and P.Os. Amphibolites have high contents of Cr, V, Ni, Cu, Zn
and Sr. These contents attain several hundreds of ppm. Co, Sc, Zr and Y have contents which attain tens of ppm. The contents of other
trace elements are rather low. The amphibolites from Zingui have higher Cr, Sr and Ba contents compared to those of Nyabitande. Contents
of rare earth elements are generally low in amphibolites. The sum of REE varies between 36 and 272 ppm. Despite the low contents, the
rocks are marked by enrichment in light rare earth elements (LREE; 25-226.4 ppm) than the heavy rare earth elements (HREE; 11-46.53
ppm). The rock/chondrite normalized patterns (McDonough and Sun 1995; Fig. 4) shows significant enrichment in LREE. This is typical
of ocean island basalt (OIB).

These normalized patterns reveal negative Eu anomalies and low degree of fractionation. This is confirmed by an enrichment (> 10) of
REE within amphibolites. Xenoliths of amphibolites collected from the country rocks of Zingui are particularly rich in REE (Fig. 4b).

Table 1: Major Element Contents (in Wt. %) for Rocks of Akom I1.

Zingui Kolasseng |
1 2 1 3
d.l. Znl Zn2 GZn AVl AV2 NK1 NK2 NK3 NK4 NK5 NK7 FN3 AY1l AY2 AY3 NK6

SiO, 0.04 4711 4479 681 4868 47.81 4930 4839 4995 47.75 49.20 4849 4876  49.00 49.29 4884 56.56
AlLO; 0.02 1541 11.04 153 1281 1337 1295 1394 14.36 1395 1499 13.62 15.08 12.18 14.02 13.34 21.04
Fe,O; 0.01 1148 1883 3.2 13.35 1456 17.09 1472 1231 1520 1483 1465 13.63 17.40 14.00 14.85 5.45
Ca0 0.01 1147 1185 3.7 11.08 11.14 891 1042 11.56 1051 1094 1087 11.11 10.57 10.79 10.81 7.37
MgO 001 936 780 11 813 717 507 650 7.75 648 556 686 6.86 6.62 6.73 6.72 1.27
Na,O 0.02 210 1.27 4.7 247 1.90 2.15 1.99 197 2.03 1.85 2.64 0.25 1.62 2.58 251 6.93
KO 001 033 115 10 050 051 068 034 028 036 024 026 021 027 040 0.38 0.23
MnO 0.01 0.13 0.28 0.1 0.19 0.30 0.25 0.21 0.20 0.26 0.23 0.21 0.22 0.32 0.15 0.13 0.06
P,Os 001 007 072 01 009 009 018 017 0.07 016 009 016 0.09 020 0.15 0.16 0.18
TiO, 0.01 0.73 1.03 0.3 1.25 1.40 1.64 147 1.08 1.45 1.14 1.45 1.19 1.74 131 1.92 0.48
LOI 0.05 080 103 12 072 085 095 062 061 069 065 027 064 049 0.74 0.62 0.62
Total 98.97 99.80 986 99.28 99.10 99.18 98.77 100.14 98.84 99.71 99.47 100.02 1004 100.16 100.41 100.20

d.l.: detection limit; LOI: Loss on Ignition 1: Amphibolites; 2: Monzogabbro; 3: Pyroxenite
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Fig. 4: Chondrites Normalized REE Patterns for Amphibolites. Chondrite Data from Mcdonough and Sun (1995). A), Nyabitande Samples, B) Zingui
Samples and C) Country Rocks.

4.2.2. Geochemistry of country rocks

The major elements of the monzogabbro are characterized by high SiO2 (68.0 %) and Al203 contents (15. 3 %). They have comparatively
lower concentrations of Fe203 (3.0 %), CaO (3.7 %) and MgO (1.1 %) relative to the amphibolites. Their contents in Na2O (4.7 %) and
K20 (1.0 %) are also higher than those of amphibolites. LOI values are high (1.6 %). They have very high Sr (638 ppm) and Ba (665 ppm)
contents; and moderate zirconium contents (101 ppm).
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Baker et al. (1994) also demonstrated high contents in Al2Os and SiO2 with low contents in MgO and alkalis in monzogabbro accompanied
by high Sr, Ba and Zr values. These high contents are most likely to retain the initial ratio of the mantle source region from which these
magmas were derived. The extremely high Sr contents in the Monzogabbro may indicate the abundance of plagioclase phases in this rock
(ukaegbu and ekwueme 2006). However, it is generally argued that low Mg# versus high SiO2 rocks might not have interacted with the
peridotitic mantle wedge, implying for instance their genesis in a flat subduction regime (e.g. Smithies et al. 2003), or an under plating
tectonic setting that excluded the mantle wedge. Martin and Moyen (2002) also suggest that subducted slabs may have melted at a level
shallow enough to have effectively precluded any interaction between the slab-melts and the mantle.
Cerium, La and Nd are the most represented REE (Table 2). The REE patterns reveal enrichment of LREE and fractionation of HREE,
positive cerium and slight negative europium anomalies (Fig. 4c). The enrichment of Nd along with Ce and La is interpreted as derived
from a modified subcontinental lithosphere (Whalen et al. 2008).

Table 2: Trace Element Contents (In ppm) for Rocks of Akom Il

Zingui Kolasseng |
1 2 1 3
ilgr;ts L Znl Zn2 GZn AV1 AV2 NK1 NK2 NK3 NK4 NKS5 NK7 FN3 AY1 AY2 AY3 NK6
Cr 300 591.00 558.00 3400 389.00 28500 8100 199.00 278.00 234.00 96.00 22200 174.00 199.00 198.00 203.0  11.00
\% 0.80 2393 205.20 39.30 283.70  293.2 33470 261.60 28520 260.50 338.60 273.7 347.40 307.20 290.20 309.40 113.30
Cu 140 13410 3.9 25.60 24320 21430 105.80 398.20 203.80 29590 204.60 356.20 178.60 36250 290.10 107.30 10.20
Ni 1.60 21860 15840 15.70 184.30 14350 66.70 13350 14320 129.00 89.10 143.00 130.50 131.80 14220 13350 11.20
Zn 7.00 63.00 206.00 41.00 108.00 97.00 126.00 236.00 91.00 94.00 97.00 129.00 99.00 113.00 107.00 107.00 45.00
Co 0.13 62.90 44.03 8.38 58.44 57.16 53.80 56.65 53.19 54.87 56.02 57.59 53.72 61.90 60.92 62.73 9.78
Sc 110 39.00 36.80 6.30 39.00 37.50 45.50 40.90 44.40 41.80 44.10 42.70 45.30 47.50 43.20 44.00 9.30
Ga 004 1520 2511 1656 1767 1901 1940 1846 1698 1764 1784 1760 1799 2023 1926 20.68  24.64
Zr 6.00 43.00 129.00 101.00 38.00 47.00 120.00 75.00 46.00 83.00 39.00 94.00 44.00 140.00 82.00 105.00 189.00
Y 005 1721  69.14 817 2219 2730 3940 3663 2025 3941 2552 3412 2530 4736 2963 2822  10.00
Nb 0.03 226 1468  3.62 3.38 3.92 6.68 4.86 3.26 5.06 3.35 4.66 3.25 5.95 4.17 5.13 4.20
Mo 0.08 0.19 0.16 0.16 0.34 0.38 0.57 0.64 0.35 0.98 112 0.38 0.33 0.52 0.34 0.44 <0.08
Sn 016 1.33 2.89 0.70 0.64 0.58 0.79 0.36 0.45 0.30 0.42 0.24 0.56 0.26 0.38 0.46 1.04
Tl 0.01 0.2 0.04 0.07 0.07 0.08 0.04 0.01 0.03 0.01 0.02 0.02 0.06 - - - 0.01
Cd 0.01 0.08 0.20 0.06 0.11 0.13 0.12 0.10 0.16 0.05 0.12 0.17 0.31 0.06 0.08 0.18 0.09
Sb 0.04 <004 005 0.04 <0.04 0.04 <0.04 <004 <004 031 <0.04 <004 0.4 <dI <dI <dI <0.04
Cs 0.01 0.02 0.20 0.11 0.07 0.08 0.05 0.03 0.10 0.01 0.03 0.21 0.13 0.04 0.03 0.04 0.07
Hf 014 122 3.32 2.55 1.32 1.53 3.20 2.13 1.37 2.30 1.27 2.53 1.40 3.60 2.19 2.76 4.76
Pb 0.60 0.90 7.80 8.40 6.70 5.00 1.80 0.90 1.50 <0.60 1.50 1.50 11.10 0.80 2.60 2.10 7.80
Ta 0.02 0.4 0.46 0.18 0.23 0.26 0.46 0.32 0.22 0.32 0.23 0.30 0.23 0.41 0.26 0.32 0.14
w 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.06 <0.05 0.06 0.05 <0.05 0.07 0.07 0.06 0.06 0.06 <0.05
Li 040 250 4.00 4.20 8.50 9.10 5.50 6.10 6.70 2.10 3.20 1100  5.30 9.00 1190 11.30 260
Rb 023 222 2091 2202 295 1862 1500  4.70 8.79 5.00 351 9.38 7.75 6.29 6.71 6.53 2.80
Sr 0.60 12230 241.90 63880 153.40 171.90 106.70 20350 1238 9000  113.60 107.20 11140 6470 13570 11470 1008.60
Ba 0.80 59.70  178.00 665.60 143.10 107.70 173.70 4750 4440 5550 3500 10.40 4730 6640 80.70  84.00  47.20
Be 0.04 0.28 1.97 1.06 0.40 0.39 0.65 0.53 0.38 0.53 0.39 0.49 0.31 0.61 0.59 053 0.73
u 0.01 011 0.44 0.35 0.15 0.13 0.78 0.18 0.08 0.21 0.12 0.17 0.11 0.22 0.13 0.20 1.81
Th 0.02  0.37 9.60 1.96 0.46 0.45 3.11 0.73 0.28 0.61 0.45 0.66 0.34 0.80 0.52 0.69 1175
d.l.: detection limit; LOI: Loss on Ignition 1: Amphibolites; 2: Monzogabbro; 3: Pyroxenite
Table 3: Rare Earth Element Contents (In ppm) for Rocks of Akom Il
Zingui Kolasseng |
1 2 1 3
d.l. Znl Zn2 GZn FN3 AVl AV2 NK1 NK2 NK3 NK4 NK5 NK7 AYl AY2 AY3 NK6

La 0.04 4.44 42.85 12.6 3.64 5.24 5.52 1711 7.65 3.77 7.44 455 6.67 7.93 5.43 6.14 59.19

Ce 0.12 10.27 97.19 40.89 10.04 1207 1249 36.18 19.16 10.21 17.27 1186 16.93 20.32 1352 17.78 104.3

Pr 0.01 145 13.13 2.64 1.6 1.93 2.16 4.66 2.89 1.62 2.62 1.78 2.55 3.16 2.08 2.74 9.12

Nd 0.06 6.88 55.79 9.61 85 9.99 11.28 20.26 1435 841 13.19 9.25 1296 1566 10.16 13.27 29.03

Sm 0.01 198 14.04 193 2.85 3.15 3.61 5.22 4.49 2.69 4.23 2.98 4.06 4.78 3.36 4.13 4.23

Eu 0.01 0.76 34 0.67 1.077  1.07 131 1.59 1.44 0.99 1.32 11 1.29 154 0.99 1.37 1.39

Gd 0.01 255 13.64 1.65 3.77 4.1 4.8 6.31 5.74 3.39 5.64 3.88 5.23 6.4 4.43 5.37 3.02

Th 0.01 045 2.15 0.26 0.68 0.67 0.81 1.09 0.99 0.59 1.01 0.69 0.91 1.62 0.77 0.9 0.4

Dy 0.01 3.02 13.08 154 4.52 4.36 541 7.05 6.57 3.75 6.84 4.57 6.07 7.94 5.12 5.42 2.04

Ho 0.01 0.65 2.56 0.29 0.97 0.87 1.09 1.49 1.41 0.78 147 0.97 129 1.75 1.07 1.04 0.36

Er 0.01 193 7.16 0.84 2.82 2.39 3.05 4.22 4.08 2.26 4.35 2.87 3.83 5.44 32 28 0.92

Tm 0.01 0.28 0.99 0.12 0.42 0.33 0.41 0.63 0.59 0.32 0.62 0.41 0.54 0.8 4.47 0.38 0.12

Yb 001 184 6.1 0.77 2.73 2.04 25 4 3.84 2.03 3.98 2.7 3.54 51 3.03 2.27 0.73

Lu 0.01 0.28 0.85 0.11 0.41 0.29 0.36 0.59 0.56 0.3 0.57 0.4 0.52 0.77 0.45 0.33 0.11

>REE - 36.78 2729 7392 4402 485 54.8 1104 73.76 4111 7055 48.01 66.39 8321 54.09 6393 214.96

LREE - 25.78 2264 6834 277 3345 36.37 85.02 4998 27.69 46.07 3152 4446 5338 3554 4543 207.26

HREE = 11 46.53 5.58 16.32 15.05 1843 2538 2378 1342 2448 1649 2193 29.82 1854 1851 7.7

A - 2.34 4.87 1225 1.7 2.22 197 3.35 21 2.06 1.88 191 2.03 1.79 1.92 2.45 26.92

(La/Yb)y - 1.42 414 9.65 0.79 151 1.3 2.52 1.17 11 11 0.99 111 1.06 122 1.84 45.39

CelCe* - 0.99 1.06 1.08 0.99 0.94 1.05 1.06 1.07 1.02 1.08 1.07 0.98 0.96 1.05 1.17

Eu/Eu* - 1.03 0.75 0.99 0.2 0.96 0.84 0.86 0.99 0.82 0.99 0.85 0.85 0.78 0.89 1.19

d.l.: detection limit; LOI: Loss on Ignition 1: Amphibolites; 2: Monzogabbro; 3: Pyroxenite
A: LREE/HREE; dI: detection limits. 1: Amphibolites ; 2: Monzogabbro ; 3: Pyroxenite

CelCe*= (Cesalmple/cechondrite)/(Lasample/|_achondrite)1/2(|:)rsample/F’rchondrite)u2

Eu/Eu*= (EUsample/EUchondrite)/(SmsampIe/Smchondrite)1/2(Gdsample/Gdchondrite)l/Z.
(La/Yb)N= (Lasample/Lachondrite)/ (Y Dsample/Y Dchondrite)-
The pyroxenites are silico-aluminous rocks. The high Al20z alongside TiO2 content of the rocks also suggest that the parental melt was a
MORB type (Baumgartner et al. 2012). They show moderate Fe20s (5.5 %) and CaO (7.4 %) contents and low MgO contents. Na2O
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contents are also high relative to amphibolites and monzogabbro. Pyroxenite of Nyabitande have outstanding Sr (1009 ppm) contents, and
moderate Zr (189 ppm) and V (113 ppm) contents. The rock is richer in LREE; it has high LREE/HREE ratios and high fractionation index.
The high fractionation indices in pyroxenite is linked to a high rate of fractionation of REE confirming the depletion in HREE (Nédélec et
al. 1990). The REE patterns reveal negative europium anomaly; an enrichment of LREE and depletion in HREE (Fig. 4c).

5. Discussion

5.1 Geochemical characteristics of amphibolites

The mineralogy of the garnet amphibolites of Akom Il includes hornblende + plagioclase + garnet + quartz + epidote + apatite + opaque,
this is consistent with that of garnet amphibolites from the metamorphic sole of the Muslim Bagh ophiolite (Pakistan; Kakar et al. 2015).
The mineral assemblages of the garnet amphibolites rocks indicate that they could have been formed from the basic igneous protolith. The
low CaO, Na:0, K20 and TiO2 contents in amphibolite of Nyabitande are also consistent with those of the ultramafic rocks of Pindar
(Balaram et al. 2013). These contents suggest a high degree of partial melting from the depleted mantle source, which prevailed during the
development of the rocks.
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Fig. 5: Geotectonic Diagrams of Total Alkali and Silica (TAS) After Le Bas Et Al. (1986) and Jensen’s Cation Plot (Jensen 1976).

The negative Eu anomaly associated with light rare earth elements (LREE) enrichment depicts the evolution of the rocks initially through
fractional crystallization (V. Balaram et al. 2013). Leybourne et al. (2008) showed that the negative Eu anomalies are the result of an
intense fractionation of REE. The high degree of fractionation of REE is confirmed by the depletion in HREE (Nedelec et al. 1990).
Geochemically, it appears that the ortho-amphibolites of Nyabitande are derived from basalts with a depleted mantle source (Srivastava
2012). REE patterns also support this inference; the rocks show flat REE patterns. These patterns also suggest that melt responsible for
these rocks may be generated through high-percentage (~20-25%) melting of a depleted mantle (Condie et al. 1997; Srivastava 2012).
Rocks derived from such melt may show almost flat REE patterns ((La/Yb)n = 1.40 — 1.82), the case of these rocks, with exceptions of
few samples (Table 3).

5.2. Geotectonic context of amphibolites

Selected amphibolite samples (AY1, AY2 and AY3) from Nyabitande were chemically classified by major and trace elements using the
total alkali and silica (TAS) (Le Bas et al. 1986). The TAS diagram aids in the determination of the geotectonic context of amphibolites
(Fig. 5a). This diagram, show that the amphibolites of Nyabitande were derived from a basaltic protolith. According to the geotectonic
diagram of Irvine and Baragar (1971), the basalt that is at the origin of these amphibolites is tholeiitic in nature (Fig. 5b). This view is
consistent with that of Kakar et al. (2015).

Also the Jensen’s cation plot (Jensen 1976) shows that the protolith is high-Fe tholeiitic basalt (Fig. 5¢). The triangle of total rocks according
to La Roche (1965) also confirms that the protolith of these amphibolites is not sedimentary but magmatic and very close to basalt in nature
(Fig. 6). The overall low contents in several major and trace elements including REE confirm the basic nature of the rocks.

Given that the amphibolite of Akom Il have undergone at least one metamorphic event, it can be expected that they should have suffered
significant element mobility, especially involving the alkali and LIL elements (M.T. Gomez-Pugnaire et al. 2003). Therefore, the alkaline
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character of some of the igneous protoliths should also be regarded with caution. A better classification can be attempted drawing on those
elements less sensible to the metamorphic mobility, such as the high field strength elements (HFSE). The amphibolites of Akom Il show
low Nb/Y ratios (0.1 - 0.6). According to Floyd and Winchester, 1975; M.T. Gomez-Pugnaire et al. 2003, low Nb/Y ratios (<0.7) can be
concluded to reveal a clear tholeiitic affinity in the samples studied. This is also confirmed by the geotectonic diagrams developed after
Irvine and Baragar (1971; Fig. 5b and c).
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According to Xia (2014), the Zr concentration in arc basalts is usually below 130 ppm and below 3.3 Zr/Y ratio. In continental basalts,
these values are above 70 ppm of Zr and above 3.4 Zr/Y (regardless of its contamination). Amphibolite samples of Akom Il have between
38 and 129 ppm of Zr except for one sample (77 ppm in average) and 1.5 to 3.7 in Zr/Y ratio (2.3 in average; Table 2). These results also
reveal arc basalts inclinations for the studied samples. Also, uncontaminated and contaminated continental basalts have similar Nb con-
centrations (749 ppm), but different Nb/La ratios (> 1.0 and < 1.0, respectively), while the modern arc basalt have low Nb (< 1.2 ppm)
and Nb/La ratio (< 0.7). The analyzed samples in this paper have 2.26 to 6.68 ppm of Nb except for one sample (4.30 ppm in average) and
0.34 to 0.84 Nb/La ratio (0.68 in average), indicating intermediary results between an arc basalt and contaminated continental basalt (Bi-
calho et al. 2019). Primitive mantle-normalized (Sun and McDonough 1989) REE (Table 3) patterns reveal negative slight negative Nb,
Ce, Taand Ti for several samples (Fig. 7). According to Polat (2014), negative Nb and Ti anomalies are consistent with a juvenile ocean
island arc origin, a metasomatic mantle wedge source for tholeiitic suite. Amphibolites of Akom Il present Nb/Ta ratios (Fig. 8) that range
from 14 — 16 (15.12 on average). According to Coira and Kay (1993), the Nb/Ta ratios ranging between 12.5 and 20 correspond to VVolcanic
Arc Basalt (VAB). The negative anomalies in Ta and Ti for some samples shown by the primitive mantle- normalized patterns (Fig. 7),
suggest a geotectonic signature characteristic of a subduction zone, consequently suggesting the existence of a suture zone in the study
area (Fotzing et al. 2019).

— 7 ] —— 7 2 seseXeees AV - Xemm A\/?
—— \| K 1 @ \| K 2 —— \| K 3 ceoflless NK4
NK5 —— N K7 —0- + FN3 —— AY1
a—— /Y —— AY3
@
€
©
£
[«5)
=
E
S
290 -
(5]
=1
1S
[35]
w
Th Ta Nb La Ce P Nd Zr Hf Sm Eu Ti Tb Y Yb Lu

Fig. 7: Primitive Mantle Normalized Incompatible Trace Element Spider Diagram (After Sun & Mcdonough 1989).



40 International Journal of Advanced Geosciences

0.5 4
045 Ol || 25 o
0.4 (o] 00
0.35 3 o
So3 a° 25 o
0.25 0.0) o8
0.2 ® 2
0.15 o 1.5
- R
2 3 4 5 6 7 30 80 130

(a Ta (b Hf

30 |

25

20 O

o
15
I:IDD
10 : &
5
. 700 12004 1700

Fig. 8: Variation Diagrams A) Nb/Ta, B) Zr/Hf, and C) P/Nd.
6. Conclusions

The present study conclusively establishes the generation of amphibolites of the Akom Il based on their mineral assemblages, geochemical
affinities and geotectonic settings. From the above discussion the following conclusions are drawn:
1) The studied rocks of Akom Il are garnet amphibolites. Mineralogically, the rocks contain hornblende + plagioclase + garnet + quartz
+ epidote + apatite + opaque. The mineral assemblages suggest that they are metamorphosed basaltic rocks.
2) The geochemical signature indicates that the amphibolites of Akom 11 are tholeiitic in nature. They are similar to the metamorphosed
equivalents of ocean island basalts (OIB), with characteristics typical of Volcanic Arc-Basalt (VAB).
3) The geotectonic diagrams, high field strength elements ratios (HFSE) and rock/chondrite patterns confirm the nature and tectonic
setting of these rocks and also indicate a past subduction zone in the area.
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