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ABSTRACT: This study presents major and trace elements, and Sr-Nd-Pb isotope data of the Mokolo-Kosséhone volcanic rock
(basanite, trachybasalt, trachyte, and rhyolite) from the northernmost segment of the Cameroon Volcanic Line (CVL). The basanite
sample exhibits primitive character (MgO: 12-14 wt%; Mg#: 69-72; Ni: 327-427 ppm; Cr: 524-599 ppm; Co: 57-60 ppm). Trace ele-
ment and isotopic signatures of the mafic lavas are similar to those of OIB. The trends observed in the major oxides and compatible
trace elements against SiO, from basanite to rhyolite are attributed to the fractionation of different mineral phases such as Fe-Ti oxides,
olivine, clinopyroxene, feldspar, and quartz. The enrichment in LREEs and depletion in HREEs associated with (La/Yb)y > 5 (12.39-32.65),
(Tb/Yb)y > 1.7 (1.71-2.89), and Dy/Yb > 2 (2.16-3.63), suggest the presence of a garnet phase in a mantle source. The lavas were pro-
duced at varying depths by low degrees of partial melting (< 4%) of a source containing less than 5% of garnet peridotite. The **Pb/***Pb val-
ues of basanite (19.69630-19.79122) are similar to those of FOZO (***Pb/**Pb > 19.5). The trachybasalt samples with ***Pb/***Pb values
of 19.25 and 19.37 suggest the probable enrichment of magma with a high-p (HIMU) signature (***Pb/***Pb < 19.5) by a crustal component.
Trace elements and isotopic compositions (¥Sr/**Sr: 0.70308-0.70378, *Nd/"**Nd: 0.51287-0.51296, ***Pb/***Pb: 19.24652-19.79122)
of the Mokolo-Kosséhone lavas are consistent with a mixture of different source material from the sub-continental lithospheric mantle
(SCLM) and the asthenosphere with minor crustal contamination. The composition of the source is analogous to those described in
the northern portion of the CVL and other volcanic massifs along the CVL.
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1. INTRODUCTION

o - . The administrative Far North Region of Cameroon is situated
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in the northernmost section of the Cameroon volcanic line
*Corresponding author: (CVL). It is characterized by various volcanic geoforms, which
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testify to the intensive volcanic activity that occurred in this
region. Cameroon volcanism has been associated with a system
of N30°E and N70°E fractures (Fig. 1a, b) localized in a corridor
stretching about 100 km wide and approximately 1600 km in



140 Rikangsou Tchouhla et al.

length from the Gulf of Guinea to Chad. Along the line, the ~ Known as the northernmost end of the continental part of the
main volcanic edifices include the islands of Bioko, Sao Tome, CVL where the study area is situated, the Mts. Mandara are located
Principe, and Pagalu located in the Guinea Gulf. Mts. along the Cameroon-Nigeria border and run about 450 km
Bambouto, Manengouba, Oku, and Mandara found within the ~from Adamawa Region to the Far North Region of Cameroon.
Cameroonian land. These mountains are often separated by  This northern part of the CVL remains one of the areas where
monogenetic volcanic fields in which several plutonic or geochemical studies are limited. Nevertheless, some earlier
anorogenetic complexes and small volume volcanoes such as  petrological work carried out in this sector of the CVL (e.g.,

maars, scoria cones, and short lava flows are exhibited.

Kapsiki Plateau and its vicinity, Ngounouno et al., 2000; Tamen
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Fig. 1. (a) Location map of the Cameroon Volcanic Line (CVL). The principal geological features of Africa are also shown. (b) Main alkaline
complexes and volcanic massifs of the CVL. (c) Simplified geological map of the Kapsiki Plateau and vicinity; volcanic outcrops are from
Ngounouno et al. (2000), Tamen et al. (2015) and Gountié Dedzo et al. (2019).
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Fig. 2. Geologic map of the study area. Sampling sites for geochemical analysis are also indicated.

et al,, 2015; Gountié Dedzo et al., 2019; Biu and Jos Plateau,
Rankenburg et al., 2005) had deepened the understanding of
the genesis of volcanic formations and the mechanisms of this
megastructure.

In this study, major and trace elements and Sr-Nd-Pb isotope
systematics of lavas from the Mokolo-Kosséhone region, situated
between 13°40'E and 13°52E and 10°40'N and 10°47'N (Fig.
Ic), are used to constrain the mantle source composition of
volcanic rocks (Fig. 2) present in this area and compare them to

nearby volcanic centers.

2. GEOLOGICAL BACKGROUND

Like the Rift Valleys system and Benue trough, the Cameroon
Volcanic Line (CVL) represent a mega tectono-magmatic structure
in Africa (Déruelle et al., 2007). It is a chain of Cenozoic volcanoes
extending over a distance of 1600 km from the Atlantic Ocean
(Gulf of Guinea) to Africa continent. This succession of unimodal
(only some volcanoes, e.g., Mts. Cameroon and Etinde) and
bimodal (most volcanoes, e.g., Kapsiki and Ngaoundere Plateaux,
Mts. Oku, Bamenda, Bambouto and Manengouba) volcanoes is

made up of volcanic products comprising primitive mafic (basanites,
basalts) and more differentiated (trachytes, phonolites, rhyolites
and ignimbrites) rocks dated from 51.8 Ma (Bamoun Plateau)
to the present (Mt. Cameroon) (Sato et al., 1990; Marzoli et al.,
2000; Suh et al,, 2003; Fosso et al., 2005; Moundi et al., 2007;
Kamgang et al, 2013; Njome and de Wit, 2014; Asaah et al,, 2015a,
2020, 2021; Gountié Dedzo et al., 2019, 2020, 2022). The northern
segment of the CVL is made up by important volcanic plateaus
including the Ngaoundéré, Kapsiki, Biu plateaus, and the Mts.
Mandara (Fig. 1b).

The age of volcanic activities nearby Ngaoundéré locality are
Oligocene (Itiga et al., 2013), to Mio-Pliocene and Pleistocene
(Letterman, 1984). Hydro-magmatic explosive activity associated
to approximately sixty eruptive centers including maars and
plugs have been described in the Ngaoundéré region (Nkouandou
et al,, 2008). The Ngaoundéré Plateau is characterized by the
diversity of their volcanic centers and their products (basalt, trachyte,
phonolite and volcanic breccias) which suggests multiple eruptive
styles (Nono et al., 1994; Marzoli et al., 1999, 2000; Tiabou et al.,

2019).
The volcanic activities of the Kapsiki Plateau and its vicinity

https://doi.org/10.1007/s12303-022-0030-1
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are characterized by setting up of alkaline lavas with a classically
bimodal series comprising felsic (rhyolites, phonolites and trachytes)
and mafic (hawaiite, basanite and basalts) lavas (Ngounouno et
al., 2000; Tamen et al., 2015; Gountié Dedzo et al., 2019).

The Biu Plateau was built in three phases during two episodes
of volcanism: (i) an initial fissure type eruption; (ii) building up
of tephra ring volcanic centres and formation of thick lava piles
(basanite, basalt and trachybasalt up to 250 m) in the southern
portion of the plateau ages from 5.35 to 0.84 Ma (Grant et al.,
1972; Fitton and Dunlop, 1985; Rankenburg et al., 2005); (iii)
Renewal of igneous activity with the building up of over 80 NN'W-
SSE-aligned cinder cones with ages estimation of 0.50 to 0.25
Ma and comparable chemistry to the previous (5.35 to 0.84 Ma)
basalts (Barfod et al., 1999; Salzmann, 2000; Rankenburg et al.,
2005).

The Mts. Mandara which culminate at 1412 m, are formed by
a series of plateaus with flats continuously at 650 m, 750 m and
1000 m in the direction of the Kapsiki Plateau. The mafic lavas
of this massif comprise basanites, basalts, hawaiites and mugearites
with mantle xenolith enclaves. Felsic rocks are also found including
benmoreites, trachytes, phonolites and rhyolites (Nono et al.,
1994; Marzoli et al., 1999, 2000; Déruelle et al., 2000; Ngounouno
et al., 2000; Rankenburg et al., 2005; Tamen et al., 2015). New
outcrops of volcanic rocks identified during our field investigations
will be studied to update the petrological data of Mts Mandara.

3. ANALYTICAL TECHNIQUES

Major and trace element and isotope data were obtained for
20 volcanic rocks from the Mokolo-Kosséhone study area (7 from
Udkia, 6 from Mandaka, 3 from Ouro-Tada, 2 from Ouro-Sékandé
and 2 from Mayo-Léga, Fig. 2). Sample preparation, digestion,
and analytical procedures were done following Asaah et al. (2020,
2021). Major (with some minor elements, including Cr, Co, Ni, V
and Sc) were analyzed by X-ray fluorescence (XRF) spectrometry,
using a Rigaku RIX 2100 at the Graduate School of Science, Osaka
University in Japan. Approximately 50 mg of rock powders were
digested using HE HNO; and HCIO, following the method
described by Yokoyama et al. (1999), and utilized for the
determination of lithophile trace elements (Rb, Sr, Y, Cs, Ba,
REEs, Pb, Th and U). The abundances of these elements were
determined with inductively coupled plasma mass spectrometry
(ICP-MS; X-series II, Thermo-Fisher Scientific) at the Tokyo
Institute of Technology, Japan, by the calibration curve method
with double internal standards (In + T1) using a reference rock
material JB-3 (basalt; Geological Survey of Japan) as the standard
(Yokoyama et al., 2017). High field strength elements (Zr, Nb,
Hf and Ta) were separately analysed following the method
described in Makishima et al. (1999). Typical analytical precision

https://doi.org/10.1007/s12303-022-0030-1
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(20) were 5% for Y and Ta, 4% for Nb and Pb and < 3% for the
rest of the trace elements.

Isotope analyses for Pb, Nd and Sr were also performed using
thermal ionisation mass spectrometry (TIMS), Triton plus (Thermo-
Fisher Scientific) at the Tokyo Institute of Technology. The ratios
of ""Nd/"*Nd and YSr/*Sr were corrected for internal mass
fractionation using **Nd/"**Nd = 0.7219 and *Sr/*Sr = 0.1194,
respectively. Repeated analyses of standard materials NIST 987
(measured value: ¥Sr/*Sr = 0.710264 + 3) and JNdi-1 (measured
value: "*Nd/"™Nd = 0.512108 + 1) was used to correct the results
for Sr and Nd, respectively. Measurements of these standards were
carried out during the same analytical period and were finally
normalised using the recommended values of Sr/*Sr = 0.71025
(accepted NIST 987) and '*Nd/"*Nd = 0.512115 (Tanaka et al.,
2000). Typical analytical reproducibility (2c) was 0.005% for Sr
and Nd. Lead isotope ratios were precisely measured by the
standard “double spike method” using the ***Pb-*"’Pb spikes as
described in Hamelin et al. (1985), Kuritani and Nakamura (2003)
and Rudge et al. (2009). Typical analytical precision (2c) for
2°Pb/***Pb, *"Pb/***Pb and ***Pb/***Pb were 0.01%.

4, RESULTS
4.1. Nomenclature, Field Occurrence and Petrography

The Total Alkali Silica (TAS) classification of Le Bas et al.
(1986) which was chosen for the nomenclature of the studied
rocks is based on the variation of the sum of the alkali as a
function of the SiO, content (Fig. 3a). The alkaline-subalkaline
dividing line of Irvine and Baragar (1971) is also associated with
this diagram. Like most of the rocks in the northern part of CVL,
the samples range from mafic rocks (basanite, trachybasalt) to
felsic rocks (trachyte, alkaline and subalkaline rhyolites) (Fig. 3a).
The normative olivines in basanite varies between 23.17% to
25.6%. The mafic lavas are silica-undersaturated with normative
nepheline fluctuating from 1.08% to 11.98%. Except for subalkaline
rhyolites, all the samples show alkaline affinity according to this
diagram. In the Na,O versus K,O diagram (Middlemost, 1975)
(Fig. 3b), the basanites fall within the Na-series field (Na,O/K,0
= 2.21-2.59); while trachybasalt, trachyte, and rhyolite plot in
the K-series field (Na,O/K,0O = 1.49-0.67). Majority of the rocks are
characterized by high alkalinity index (Na,O + K,O) — (0.37 x SiO,
— 14.43)) which vary from 2.05 to 2.80. Using the classification
of Le Maitre (2002), the mafic lavas are ultrapotassic whereas
the felsic ones are high-K (rhyolite) and ultapotassic (trachyte)
(Fig. 3¢).

Basanites and trachybasalts outcrop as blocks and lava flows
in Udkia, Mandaka and Ouro-Tada localities (Fig. 4a—c). They
exhibit microlitic porphyritic texture (phenocrysts > 10 vol%)
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Fig. 3. (a) TAS (Total alkali versus silica) classification diagram (after Le Bas et al., 1986); the alkaline-subalkaline dividing line is from Irvine
and Baragar (1971). (b) K,O versus Na,O diagram of the alkaline series (Middlemost, 1975). (c) K,O versus SiO, (Le Maitre, 2002). Data sources
of the northern part of the CVL are also shown (Marzoli et al., 1999, 2000; Ngounouno et al., 2000; Rankenburg et al., 2005; Gountié Dedzo

et al., 2019).

under microscope. The phenocryst phases are principally olivine,
clinopyroxene, amphibole and oxides (Fig. 5a—c). Peridotite
xenoliths are present in some basanites and trachybasalts (Figs.
4a, ¢, and 5c¢) as observed in the field and in the thin sections.
The proportion of olivine is more abundant in basanite (~30
vol%) compared to trachybasalt (~15 vol%). Olivine sections often
show marks for iddingsitisation. The groundmass of trachybasalt
and basanite comprises plagioclases microlites associated with

microcrysts of olivine, clinopyroxene and oxides.

Trachytes outcrop as a dome with a splitting in blocks (Fig.
4d) in Udkia and show microlitic aphyric texture (phenocrysts
< 3vo0l%). The rare phenocrysts are mainly sanidine and plagioclase
(Fig. 5d). Plagioclases (about 75 vol%) are the most abundant
phase present in the groundmass while other microcrysts such
as clinopyroxene, amphibole, biotite and opaque minerals are
also noted.

https://doi.org/10.1007/s12303-022-0030-1
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Fig. 4. Field photos of the studied lavas. (a) basanite of Udkia, the length of the pen cap is 5.5 cm, (b) trachybasalt of Ouro-Tada, (c) tra-
chybasalt of Mandaka, the length of the marker in 14 cm, (d) Trachyte of Udkia, (e) Alkaline rhyolite of Sékandé, the length of the hammer
is 33 ¢m, (f) subalkaline rhyolite of Kosséhone.

Alkaline rhyolite outcrops as an annular dome presenting a  with lesser proportions such as clinopyroxene, biotite, quartz
chaotic surface (Fig. 4e) in Sékandé and exhibit microlitic and oxides are found in groundmass.
porphyritic texture (phenocrysts > 5 vol%; these phenocrysts ~ Subalkaline rhyolite (Fig. 4f) outcrops as a asymmetrical
are mostly sanidines). Alkali feldspar (75 vol%) and plagioclase ~dome in Kosséhone and displays microlitic aphyric texture
(15 vol%) are the main mineral phase (Fig. 5e). Other crystals  (phenocrysts < 3 vol% and represented by sanidine and quartz).

https://doi.org/10.1007/s12303-022-0030-1
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Fig. 5. Photomicrographs of rock samples from study area. (a) basanite of Udkia, (b and c)

(d) trachyte of Udkia,

(e) alkaline rhyolite of Kosséhone, (f) subalkaline rhyolite of Udkia. Ol: olivine; Opq: opaque mineral; Amp: amphibole; Pl: plagioclase; San:

sanidine; Kfs: alkali feldspar.

Alkali feldspar (40 vol%), plagioclase (10 vol%) and quartz (20
vol%) are the most abundant crystal phase (Fig. 5f). Microcrysts
of the same minerals are also present in the groundmass.

4.2. Geochemistry

Major and trace elements data for representative samples of
the Mokolo-Kosséhone lavas are presented in Table 1.

4.2.1. Major oxides

The concentrations of major elements of the studied lavas are
in the same range as that of the northern part of the CVL as seen
in Figures 3 and 6. The mafic lavas (SiO,: 42.93-48.23 wt%) of
the study area have a Mg number (Mg#) varying from 69.40 to
72.00 for the basanites and from 49.80 to 60.30 for the trachybasalts.
The Mg# (> 68) and MgO (> 10 wt%) of the basanite are within
the compositional range of primary magmas. The felsic lavas
are characterized by high SiO, (64.44-75.24 wt%) and low MgO

https://doi.org/10.1007/s12303-022-0030-1
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Table 1. Major (wt%) and trace (ppm) element data for the Mokolo-Kosséhone lavas

Locality Udkia Mandaka
Rock type Basanite Trachybasalt
Sample ID Z1 72 73 74 Z5 M1 M2 M3 M4 M5 M6

Longitude (E) 13°51'06.3" 13°51'15.6" 13°51'23.5" 13°51'29.8" 13°51'32.3" 13°51'27.2" 13°51'31.4" 13°50'58.1" 13°51'01.1" 13°51'12.5" 13°51'13.7"

Latitude (N) 10°41'28.8" 10°41'29.7" 10°41'32.1" 10°41'48.2" 10°41'51.4" 10°44'20.9" 10°44'16.5" 10°44'42.6" 10°44'38.9" 10°4429.1" 10°44'20.2"

ICP-AES major element data (wt%)

Sio, 42.93 43.08 43.03 43.15 43.17 47.62 47.92 47.73 47.84 48.23 47.55
TiO, 2.38 2.36 2.38 2.45 241 2.93 291 2.94 2.93 2.89 2.95
ALO; 11.75 11.75 11.76 12.27 12.12 14.62 14.67 14.67 14.60 14.70 14.68
Fe,O5t 12.18 12.06 12.06 12.21 12.14 10.75 10.70 10.78 10.81 10.62 10.78
MnO 0.18 0.18 0.18 0.18 0.19 0.16 0.16 0.16 0.16 0.15 0.16
MgO 13.57 13.80 13.69 12.34 12.73 7.14 7.05 7.14 7.22 6.98 6.97
CaO 10.34 10.14 10.18 10.48 10.21 8.41 8.34 8.50 8.47 8.29 8.43
Na,O 2.99 3.10 3.04 2.94 3.02 3.33 3.44 3.31 3.25 3.32 3.42
K,O 1.16 1.28 1.31 1.33 1.35 2.19 2.18 2.14 2.18 2.21 2.23
P,04 0.56 0.55 0.56 0.58 0.57 0.63 0.63 0.63 0.63 0.62 0.63
Total 98.04 98.32 98.19 97.93 97.91 97.78 97.99 97.99 98.08 98.02 97.80
Na,0 + K,0 4.15 4.38 4.34 427 4.37 5.52 5.62 5.45 543 5.53 5.65
Mg# 71.40 72.00 71.80 69.40 70.20 59.90 59.70 49.80 60.00 59.60 59.30
ICP-MS trace elements data (ppm)
Sc 27.49 27.51 28.46 28.17 27.57 23.01 22.60 22.95 22.13 21.60 21.80
\Y% 214.62 212.84 212.26 220.06 216.65 191.19 189.22 190.13 191.48 186.81 196.08
Cr 549.73 599.10 593.34 546.11 524.11 107.65 109.44 110.34 111.55 101.66 111.41
Co 59.18 59.47 59.66 56.93 57.53 41.18 40.68 39.92 42.13 40.70 40.82
Ni 410.82 427.39 421.92 327.45 351.74 91.92 89.54 89.91 91.72 84.73 91.29
Cu 63.94 54.60 64.89 56.62 64.96 32.46 31.69 32.70 31.96 28.65 31.31
Zn 97.03 95.16 96.31 98.69 99.69 90.88 90.38 92.27 91.44 90.43 90.20
Ga 16.82 17.97 17.55 17.69 18.57 19.27 19.91 19.43 19.03 20.01 19.26
Rb 30.50 34.50 36.05 32.51 33.66 55.03 60.86 59.57 63.05 61.92 63.97
Sr 944.64 846.01 1324.46 1378.59 861.66 111633 106143 116442 144333  1149.73  1158.67
Y 24.09 23.34 24.43 24.66 24.75 22.92 25.07 25.19 27.00 25.45 25.28
Cs 0.28 0.43 0.46 0.35 0.48 0.57 0.57 0.47 0.74 0.93 0.96
Ba 451.75 451.98 482.09 499.24 475.65 631.85 578.48 608.78 557.90 585.79 583.00
La 39.59 39.38 41.47 42.33 40.86 58.74 53.94 54.56 52.94 53.54 53.90
Ce 103.80 103.17 129.43 132.41 106.69 178.93 165.07 167.54 142.18 163.98 164.78
Pr 9.94 9.58 9.81 10.02 9.92 14.25 13.05 13.24 12.77 12.96 13.01
Nd 37.57 37.15 39.96 40.87 38.34 57.44 51.76 52.13 49.55 51.54 51.92
Sm 7.63 7.52 8.10 8.32 7.80 11.16 9.95 10.00 9.47 10.05 10.09
Eu 2.50 2.44 2.58 2.65 2.53 3.42 2.97 2.97 291 2.95 3.04
Gd 6.75 6.68 7.06 7.24 6.90 9.42 8.10 8.09 8.00 8.19 8.30
Tb 0.96 0.93 0.97 1.00 0.98 1.28 1.10 1.09 1.08 1.10 1.11
Dy 5.02 491 522 541 5.16 691 5.85 5.75 5.60 5.85 5.92
Ho 0.91 0.88 0.92 0.96 0.93 1.21 1.02 1.00 1.00 1.01 1.02
Er 2.24 2.17 2.30 241 2.31 3.06 2.55 2.50 2.46 2.55 2.59
Tm 0.29 0.28 0.29 0.31 0.30 0.40 0.33 0.32 0.32 0.33 0.33
Yb 1.72 1.66 1.71 1.82 1.79 2.35 1.93 1.88 1.89 1.92 1.94
Lu 0.24 0.23 0.24 0.26 0.25 0.33 0.27 0.27 0.26 0.27 0.27
Pb 2.44 2.61 2.35 248 2.63 7.45 5.59 5.19 5.35 5.43 542
Th 494 4.63 4.47 4.60 517 12.61 9.09 8.50 8.81 7.85 8.52
U 1.30 1.29 1.18 121 1.36 3.43 2.29 2.13 2.08 1.89 2.10
Zr 162.02 184.06 193.93 199.04 187.07 319.68 320.70 317.26 310.38 314.78 323.78
Hf 3.83 4.37 4.42 4.48 4.46 7.05 7.12 7.07 7.06 6.97 7.13
Nb 59.57 59.68 119.26 103.37 62.23 39.50 39.23 39.52 69.08 39.86 39.80
Ta 1.34 1.53 1.53 1.54 1.53 242 244 2.44 2.37 2.40 2.45
Eu/Eu* 1.06 1.05 1.04 1.04 1.06 1.02 1.01 1.01 1.02 0.99 1.01
Nb/Nb* 1.44 1.50 2.97 2.51 1.45 0.49 0.60 0.62 1.08 0.66 0.63
"Nd/"Nd  0.51295  0.51296 0.51295 0.51287
¥Sr*Sr 0.70354  0.70308 0.70313 0.70378
*%pPb/™Pb  19.73341 19.79122 19.69630 19.24652
27Pb/Pb  15.70973 15.71173 15.70965 15.71259
2%pb/2Ph  39.47033  39.52155 39.44921 39.86865

Mg# =100 x (MgO/40.31)/((MgO/40.31 + Fe,O; x 0.8998/(71.85/(1 — 0.15))), assuming FeOt = Fe,0; x 0.8998Fe, 0.

https://doi.org/10.1007/s12303-022-0030-1
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Table 1. (continued)

Locality Ouro-Tada Udkia Mayo-Léga Ouro-Sékandé
Rock type Trachybasalt Trachyte Alkaline rhyolite Subalkaline rhyolite
Sample ID T1 T2 T3 Ul U2 L1 L2 S1 S2

Longitude (E)  13°5124"  13°51'23.5" 13°46'464" 13°50'21.3" 13°50'40.6"  13°41'51.7" 13°41'57.4" 13°41'31"  13°41'28.2"

Latitude (N)  10°44'28.3" 10°4430.8" 10°44'02.4" 10°41'54.2" 10°41234" 10°43'09.6" 10°4320.1" 10°43'03"  10°43'22.3"

ICP-AES major element data (wt%)

Sio, 47.44 47.94 48.00 64.60 64.44 69.84 70.31 75.06 75.24
TiO, 2.97 2.93 2.94 0.20 0.20 0.28 0.28 0.09 0.09
AL O; 14.63 14.64 14.62 15.48 15.50 14.47 14.61 13.40 13.40
Fe,O;t 10.87 10.74 10.77 4.81 4.86 2.93 2.90 1.59 1.56
MnO 0.16 0.16 0.16 0.14 0.15 0.03 0.03 0.02 0.02
MgO 7.26 7.17 7.29 0.06 0.06 0.16 0.16 0.14 0.13
CaO 8.44 8.36 8.29 0.76 0.78 0.13 0.13 0.34 0.21
Na,O 3.38 3.27 3.22 7.10 7.10 5.30 5.28 3.39 3.32
KO 2.13 2.19 2.16 5.09 5.12 5.28 527 4.89 4.96
P,05 0.64 0.63 0.64 0.03 0.03 0.01 0.01 0.01 0.01
Total 97.90 98.03 98.07 98.26 98.22 98.43 98.98 98.91 98.94

Na,O + K,0 5.50 5.46 5.38 12.19 12.21 10.58 10.56 8.28 8.27
Mg# 60.00 60.00 60.30
ICP-MS trace elements data (ppm)
Sc 21.53 23.04 21.52 0.60 0.37 0.34 b.d.L 0.07 b.d.L
\Y 193.54 192.03 187.27 3.40 3.83 6.00 3.04 3.59 3.70
Cr 108.68 103.93 107.18 b.dl b.d.L b.d.L b.d.L 2.15 5.86
Co 42.32 42.26 41.86 1.60 2.97 2.50 2.70 2.32 1.71
Ni 89.86 88.91 90.33 0.87 1.35 2.59 291 5.17 4.63
Cu 32.62 27.94 33.47 2.23 3.11 0.20 -0.92 343 2.07
Zn 91.02 91.62 91.71 236.88 231.13 143.00 142.45 106.67 106.04
Ga 19.22 20.00 19.43 42.92 41.08 37.30 36.83 34.39 34.80
Rb 60.96 63.05 60.01 157.28 155.86 164.03 168.52 347.11 351.66
Sr 1356.68 1591.63 1513.11
Y 27.87 24.58 24.13 129.12 120.38 140.97 125.85 126.23 93.62
Cs 0.56 0.84 1.09 0.93 0.96 0.27 0.27 1.86 1.81
Ba 555.18 613.85 628.90 28.70 33.90 32.55 17.67 43.58 45.65
La 52.48 84.63 89.07 282.71 278.27 139.75 162.31 184.10 175.75
Ce 139.90 170.00 179.12 550.11 541.57 238.49 248.83 223.65 219.82
Pr 12.68 13.17 13.89 41.90 46.61 22.71 27.89 49.00 46.36
Nd 49.40 52.06 55.71 142.74 148.10 91.49 94.53 120.80 113.33
Sm 9.54 9.95 10.70 25.40 25.30 20.10 19.48 26.60 25.17
Eu 2.95 2.98 3.23 1.55 1.56 1.62 1.54 0.36 0.34
Gd 8.01 8.00 8.85 19.42 18.60 19.64 17.68 18.99 17.63
Tb 1.08 1.08 1.19 3.07 3.03 3.20 2.89 3.18 2.87
Dy 5.62 5.73 6.33 17.76 17.55 18.92 16.78 17.78 16.43
Ho 1.00 0.99 1.10 3.31 3.24 3.53 3.06 2.88 2.48
Er 2.46 2.48 2.74 9.14 8.90 9.44 8.04 7.52 5.34
Tm 0.32 0.32 0.35 1.30 1.26 1.29 1.10 1.05 0.79
Yb 1.89 1.86 2.06 8.24 8.06 8.09 6.98 6.83 4.52
Lu 0.26 0.26 0.29 1.23 1.20 1.19 1.05 0.89 0.51
Pb 5.40 534 5.78 11.08 10.63 8.91 8.58 14.76 15.53
Th 8.97 7.57 8.19 25.39 24.75 12.60 10.75 42.96 33.22
U 2.21 1.90 2.06 4.84 4.07 2.90 2.30 7.08 6.14
Zr 320.16 312.77 300.51 1760.87 1702.87 1272.03 1163.34 223.12 95.76
Hf 7.18 6.88 7.07 35.44 34.40 27.22 25.67 11.18 592
Nb 70.89 38.63 40.00 223.16 208.25 77.93 125.97 189.10 264.85
Ta 2.42 2.37 2.44 11.59 11.26 8.93 8.44 3.75 2.05
Eu/Eu* 1.03 1.02 1.01 0.21 0.22 0.25 0.25 0.05 0.05
Nb/Nb* 1.44 1.50 2.97 2.51 1.45 0.49 0.60 0.62 1.08
¥Sr*Sr 0.70346

Nd/*Nd 0.51289
206ph/24ph 19.37020
27ph/2%ph 15.71107
208pp/2*ph 39.85277

https://doi.org/10.1007/s12303-022-0030-1



148

Rikangsou Tchouhla et al.

18 16
6l li <> Basanite IL
- 4 <> Trachybasalt
147 ° 12 } <>Trachyte
o ° Alkaline rhyolite
12} 0 y
?3' @ @ %10 P <> Subalkaline rhyolite
= 10 har Y = Lavas of the northern
e 8t ~ part of CVL
gt
6l
61
41 0 o
2+ , O 2T
o 0 Ao d PyeenfBoel |
45 c 14 d
4T 12+
35| o
10 F
~ 3t O
25| =8
= ©}
2t 6k
15t .l
1k
0.5 - d
0 B e 0 < Cesoyw g o>
1.6 [e] 12 [f]
1.4}
10
1,21
Nk 8t 3
i B ON \ @ o
ON 0.8 ‘ ® 6l « o
06 & . Al :
0.4 ) ‘ Y
, 2t
0.2 X
e] = [h]
6l
o D . @ 20
ON 4r ’ Ol
M = LI
3t < ' O
sl e e o
21 rf@ .
:‘ o
1F
0 : : 10 . . .
40 50 60 80 40 50 60 70 80
SiO, SiO;,

Fig. 6. (a) Major oxides variation diagrams. Data sources of the northern part of the CVL are similar to Figure 3.

(< 0.16 wt%) contents. In the Harker diagrams of major oxides

felsic ones (Fig. 6f-h).

versus SiO, (Fig. 6), Fe,O;, MgO, TiO,, CaO, and P,05 concentrations

decrease from basanites to rhyolites with increasing SiO, contents

4.2.2. Trace elements

(Fig. 6a—e). On the other hand, Na,O, K,0O, and ALO; concentrations
initially increase in mafic lavas and then gradually decrease in

The concentrations of Ni, Co and Cr in the mafic lavas range
from 80.73 to 427.45, 39.92 to 59.66 and 101.66 to 599.10,

https://doi.org/10.1007/s12303-022-0030-1
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Fig. 7. (a) Trace element variation diagrams. Data sources of the northern part of the CVL are similar to Figure 3.

respectively, whereas for the felsic samples, these contents are
very low (< 6 ppm). Like the major elements, the high contents
of Ni (> 427 ppm), Co (> 59 ppm) and Cr (> 599 ppm) in the
basanites also reflect the primitive character of this lava. Plots of

SiO, versus selected trace elements are exhibit negative correlations
with a constant decrease in Ni, Sc, Sr, and Ba contents with
increasing SiO, concentration from mafic to felsic lavas (Fig.
7a-d), whereas positive correlations are observed with increasing

https://doi.org/10.1007/s12303-022-0030-1
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Nb, La, Rb, and Zr contents with increasing silica proportions
(Fig. 7e-h).

Rare earth element (REE) Chondrite-normalized presented
in Figure 8a highlight negative slopes characterized by enrichment
in light rare earth elements (LREEs) and depletion in heavy rare
earth elements (HREES) ([La/Yb]y, = 12.39-32.65, where the subscript
N represents chondrite-normalized). The samples plot above

https://doi.org/10.1007/s12303-022-0030-1

Normal Mid-Ocean Ridge Basalts (N-MORB) and Enriched
Mid-Ocean Ridge Basalts (E-MORB) and are very close to that
of Ocean Island Basalt (OIB). This observation shows that the
lavas in the study area are more enriched in REEs than N-MORB
and E-MORB. The felsic lavas exhibit an important negative
europium anomaly (Eu/Eu* = Euy/(Smy x Gdy)"?= 0.05-0.25),
while all the mafic samples show a slight positive Eu anomaly
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(Eu/Eu* = 1.01-1.06). In the primitive mantle-normalized diagram
(Sun and McDonough, 1989), Mokolo-Kosséhone samples are
still similar to OIB, but with higher concentrations of trace
elements, compared to those of the northern part of CVL (Fig.
8b). The profiles of the samples are more enriched in trace
elements than those of N-MORB and E-MORB. Positive and
negative Nb-Ta anomalies (Nb/Nb* = Nby/(Thy x Lay)"* =
0.49-2.97) are also notable.

4.2.3. Sr-Nd-Pb isotopes

Strontium (Sr), Neodymium (Nd) and Lead (Pb) isotope
compositions of representative samples from Udkia and Mandaka
analyzed in this study are presented in Table 1. They have the
following values: ¥Sr/*Sr = 0.70308-0.70378, "*Nd/*Nd = 0.51287-
051296, **Pb/**Pb = 19.24652-19.79122, *’Pb/**'Pb = 15.70965-
15.71259 and **Pb/**Pb = 39.44921-39.86865. The isotopic values
of the basaltic lavas of the study area define a line parallel to that
of the basaltic lavas of the northern part of the CVL. These are
generally comparable to the isotopic values of lavas of the oceanic
and continental domains of the CVL (Fig. 9a, b). Like the
surroundings lavas of Gawar volcano and Biu Plateau, the studied
samples plot on the upper left quadrant of the bulk silicate Earth
(BSE; Workman and Hart, 2005) in the ¥Sr/*Sr versus *Nd/*Nd
binary diagram (Fig. 9a, c). The trend of Udkia and Mandaka
lavas is parallel to the trend of the Gawar and Biu lavas (Fig. 9a-f)
(south of the study area, Rankenburg et al., 2005; Gountié
Dedzo et al., 2019) but with slightly lower “*Nd/**Nd. Isotopic
compositions of Nd for Gawar and studied samples are greater
than those of Mt. Cameroon. The isotopic ratios of ¥’Sr/**Sr
for the studied lavas and those for the northern part of CVL
are comparable to those of Mt. Cameroon (0.7032-0.7036;
Yokoyama et al., 2007). The lead isotopic composition of the
samples commonly plots above the Northern Hemisphere
Reference Line (NHRL) in the **Pb/**Pb versus *’Pb/***Pb plot
of Hart (1984; Fig. 9d).

5. DISCUSSION
5.1. Fractional Crystallization

The basanite represents the most primitive lava erupted on
the Udkia volcano. It has high MgO (12.34-13.80 wt%), Cr
(524.11-599.10 ppm), Co (56.93-59.66 ppm) and Ni (327.45-
427.39 ppm) concentrations, and high Mg-number (Mg#: 69.40-
72), consistent with a peridotite mantle origin. All other samples
are characterized by low MgO (mafic: < 7.29 wt%; felsic: < 0.16
wt%), Cr (mafic: < 111.55 ppm; felsic: < 5.86 ppm), Co (mafic:
< 42.32 ppm; felsic: < 2.97 ppm), Ni (mafic: < 91.72 ppm; felsic:
<5.17 ppm) and Mg# (mafic: < 60.30) values compared to melts
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which are in equilibrium with mantle peridotites or with a typical
upper mantle mineral assemblage. These are supposed to have
high values of Mg-number (68-72), and high MgO (> 10 wt%),
Cr (300-500 ppm), Co (50-70 ppm) and Ni (300-400 ppm)
contents (Frey et al., 1978; Jung and Masberg, 1998). Apart from
the basanites, the chemical compositions of other samples from
the Mokolo-Kosséhone area result from a significant effect of
fractional crystallization (FC), as depicted by the trendlines
observed in the major and trace elements (Figs. 6, 7, and 10a, b).
For example, the constant decrease in TiO, and Fe,O;;, (Fig. 6a,
¢) indicates the FC of Fe-Ti oxides. The crystallization of olivine
is inferred from MgO and Ni decreasing concentrations (Figs.
6b and 7a), whereas clinopyroxene fractionation is indicated by
a decrease in CaO and Sc (Figs. 6d and 7b) or Cr contents (not
shown). In the advanced stages of FC, feldspar crystallization
happens preferentially with an increase in the concentrations of
Na, 0O, K,0, and AL,O; in the mafic lavas and a decrease for the
felsic ones (Fig. 6f-h). The continuous increase in Al,O; throughout
the differentiation process of mafic lavas demonstrates that
plagioclase was not a significant crystallizing mineral phase during
fractional crystallization, which is consistent with the observed
slight positive Eu anomalies (1.01-1.06) (Fig. 8a, b). The decrease
of AL,O; throughout the FC of felsic lavas and the important
negative europium anomalies (0.05-0.25) in the rhyolite and
trachyte indicates the significant crystallization of plagioclase.

5.2. Crustal Contamination

During the rise of magma towards the surface in the continental
domain, it can be chemically modified by the continental crust
(Wigger et al., 1994). Rocks from the volcanoes in the study area
are characterized by enrichment in incompatible elements,
which may be due to enrichment in their mantle sources or to
contamination by crustal components. Previous studies have
already suggested that the contamination of primary magmas
by mature and thick crust is important along the CVL (Halliday
etal,, 1988; Marzoli et al., 1999; Rankenburg et al., 2005; Kamgang
et al., 2010; Gountié Dedzo et al,, 2019). For example, this has
already been demonstrated for the lavas of the volcanic province
of the Kapsiki Plateau, the volcanic outpourings of Minawao
and Zamay located south of the study area (Marzoli et al., 1999;
Rankenburg et al., 2005; Gounti¢ Dedzo et al., 2019).

In Figure 10c, d, a negative correlation is observed between the
MgO contents and the ¥Sr/*Sr isotopic ratios on the one hand,
and between the SiO, contents and the "*Nd/***Nd isotopic ratios
on the other hand. This indicates that certain basaltic lava
samples from the study area were contaminated by the crust
(Tchuimegnie Ngongang et al., 2015). Rankenburg et al. (2005)
also recognized that Biu Plateau lavas with **Pb/**Pb < 19.5 were

https://doi.org/10.1007/s12303-022-0030-1
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Fig. 9. (a) "*Nd/"*Nd versus ®Pb/**Pb and (b) "*Nd/"Nd versus ***Pb/***Pb isotope plots of the studied lavas. FOZO and EM2 values are
from Zindler and Hart (1986). Data for the CVL and Mt Cameroon are from Halliday et al. (1988), Lee et al. (1994), Ballentine et al. (1997), Mar-
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probably contaminated by crust. Therefore, the trachybasalt < 19.5) signature by a crustal component. The impact of this crustal

samples with ***Pb/**Pb values of 19.25 and 19.37, suggest the ~contamination seems limited, as their isotopic compositions are
probability of enrichment of magma with a high-pu (**Pb/***Pb  very little modified. The influence of the crustal components on

https://doi.org/10.1007/s12303-022-0030-1
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diagrams showing the contamination of some volcanic rocks in the study area.

the chemical compositions of magmas can be also determined
from the different ratios of incompatible trace elements. The Rb/Y
versus Nb/Y plot of Cox and Hawkesworth (1985) and Leeman
and Hawkesworth (1986) is generally used to have an idea of the
influence of the crustal contamination over FC on the chemical
composition of the magma. In this diagram, majority of felsic
rocks and trachybasalts have slightly higher Rb/Y (Table 2)
ratios bringing them closer to the field of granite basement
samples and thus reflecting crustal contamination (Fig. 11a).
The subalkaline rhyolite S1 seems to be the most contaminated
rock because it is closest to the basement samples (Fig. 11a—c).
The presence of more or less significant negative Nb-Ta anomalies
(Nb/Nb*: 0.49-0.89) in felsic rocks and trachybasalts on the
PM-normalized diagram (Fig. 8e, f) confirms the effect of
contamination during the genesis of these lavas (Zou et al., 2000).

To further constrain this effect of crustal contamination, ratios
of some trace elements with a comparable degree of incompatibility
(e.g.» Nb/U and Ce/Pb, Table 2) were also used. The lavas have
Nb/U ratios (11.51-100.77, mean: 38.23) and Ce/Pb ratios
(14.16-55.10, mean: 39.91) in the same range as those found in

Biu Plateau, Gawar (northern part of the CVL, mean: 50.89 and
38.84 respectively) (Rankenburg et al., 2005; Gountié Dedzo et
al., 2019) and in OIB and MORB (mean: 47 + 10 and 25 + 5,
respectively; Hofmann et al., 1986; Weaver, 1991). On the other
hand, ratios of Ce/Pb and Nb/U are low for the average upper
crust (4.4 and 3.7, respectively; Rudnick and Gao, 2003) and
average granitic basement rocks beneath the northern part of
CVL (4.13 and 3.34, respectively; Tchameni et al., 2016). The
high values of these ratios in rocks from the volcanic edifices of
the Mokolo-Kosséhone region preclude substantial crustal
contamination. The occurrence of peridotite xenoliths included
in most of the basanites and trachybasalts samples in the study
area suggest the rapid ascent of magma to the surface which
then minimizes the effect of crustal assimilation. This is evident
in the Nb/U versus Ce/Pb (Fig. 11b) diagram where lavas from
the study area plot far from a basement rock sample from the
Mokong locality representing the mean composition of the
granitic basement of the study area. On the Th/Yb versus Ta/Yb
diagram (Fig. 11c), the lavas also plot on the mantle array typical
of OIB.

https://doi.org/10.1007/s12303-022-0030-1
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Table 2. Ratios of incompatible trace element of the Mokolo-Kosséhone lavas

Rock type Saﬁg’le Ba/La Zr/Nb Nb/Y Rb/Y Ce/Pb Nb/U Th/Yb Ta/Yb Nb/La Dy/Yb La/Yb Sm/Yb Gd/Yb La/Sm
71 1141 272 247 127 4246 4594 287 078 078 292 2299 443 392 519

72 11.48 3.08 2.56 1.48 39.53 46.14 2.79 0.92 0.92 2.96 23.75 4.54 4.03 5.24

Basanite 73 1163 163 488 148 5510 100.77 261 089 089  3.05 2419 472 412 512

Z4 1179 193 419 132 5337 8515 253 085 085 298 2331 458 399 509

75 1164 301 251 136 4054 4588 289 085 085 288 2283 436 385 524

M1 10.76 8.09 1.72 2.40 24.03 11.51 5.37 1.03 1.03 2.94 25.02 4.75 4.01 5.26

M2 1072 818 156 243 2951 17.2 472 127 127 304 2800 516 421 542

M3 1116 803 157 236 3226 1859 451 129 129  3.05 2898 531 429 546

M4 1054 449 256 234 2657 3316 467 126 126 297 2806 502 424 559

Trachybasalt M5 10.94 7.90 1.57 2.43 30.20 21.05 4.08 1.25 1.25 3.04 27.82 5.22 4.25 5.33
M6 1082 814 157 253 3038 1891 440 127 127  3.06 2784 521 429 534

T1 1058 452 254 219 2592 3204 474 128 128 297 2773 504 423 550

T2 725 810 157 257 318 2031 407 127 127 308 4552 535 430 851

T2 7.06 7.51 1.66 2.49 30.97 19.47 3.97 1.18 1.18 3.07 43.15 5.18 4.29 8.33

Trachyte Ul 010 7.89 173 122 4963 4610 308 141 141 216 3431 308 236 11.13

U2 012 818 173 129 5094 51.13 307 140 140 218 3453 314 231 1100

Alkaline Ll 023 1632 055 116 2675 2683 156 110 110 234 1727 248 243 695

rhyolite 12 0.11 9.24 1.00 1.34 29.01 54.70 1.54 1.21 1.21 2.40 23.26 2.79 2.53 8.33

Subalkaline  SI 024 118 150 275 1515 2672 629 055 055 260 2696 390 278 692
rhyolite S3 026 036 28 376 1416 4315 735 045 045 3.63 3887 557 390 698

CVLlavas _009- 000- 035- 004- 2680- 676~ 179- 026~ 020- 120- 225- 350- 2.13- 3.59-

(Northern part) 18.16 896 750 576 5858 7846 1050 7.56  2.83 372 4909 500 585 535
Precambrian ~ 021- 2.55- 140- 111- 478 058 ~ ~ ~ ~ ~

basement 062 853 784 609 5092 118

Data sources of the northern part of the CVL are from Marzoli et al. (1999, 2000), Ngounouno et al. (2000), Rankenburg et al. (2005), Gountié
Dedzo et al. (2019). Data for Precambrian basement are from Tchameni et al. (2016).

5.3. Partial Melting, Depth Estimation and Nature of
the Sources

The geochemical features of the lavas as discussed above
indicate that FC was the principal differentiation process with
contamination playing a limited role. The chemical compositions
of the mantle source can be identified by particular incompatible
elements ratios (e.g., Zr/Hf, Th/U, Nb/Ta, La/Ce, Nb/U). The
lavas from the same source present approximately similar values
of these ratios. The ratios of Zr/Hf, Th/U, Nb/Ta, La/Ce and Nb/
U of the mafic lavas (41.97-45.44, 3.58-4.23, 16.07-40.66, 0.32—
0.50 and 17.12-45.94, respectively) are comparable to those of
the felsic lavas (45.33-49.69, 4.34-6.08, 14.93-50.41, 0.51-0.82
and 26.72-46.1, respectively), signifying that both series are co-
genetic.

The Precambrian granitic basement rocks from Mokong have
high ratios of some incompatible trace elements (LILE/HFSE)
such as Th/Ta, Ba/Nb, Rb/Nb, and Rb/Zr (6.23-88.12, 49.39-
159.83, 4.13-36.04 and 0.33-1.37, respectively) compared to
those of the mafic and felsic lavas (1.41-5.21, 0.13-16.00, 0.30-
2.10 and 0.09-0.20, respectively) in the study area precluding an

https://doi.org/10.1007/s12303-022-0030-1

origin from direct crustal melting (Kwékam et al., 2015). The
lavas of the Mokolo-Kosséhone region could therefore have a
mantle origin. The (Ce/Pb)y ratios (1.06-2.20) of the study lavas
are > 1, which characterize plume-derived magmas (Tian et al.,
2010).

The enrichment in LREE over HREE along with (La/Yb)y > 5
(12.39-32.65), (Tb/Yb)y > 1.7 (1.71-2.89) (Fig. 12a) and Dy/Yb
> 2 (2.16-3.63) (Fig. 12b), suggest a mantle source with the
presence of a garnet phase (Wang et al,, 2002; Jung et al., 2006).
The variation diagrams for Sm/Yb versus La/Sm (Fig. 13a) and
that of Gd/Yb versus La/Yb (Fig. 13b), confirm the presence of
residual garnet in the source of the Mokolo-Kosséhone lavas.
These diagrams show that the samples and other lavas of the
northern part of CVL resulted from a low degree of partial melting
(< 4%) of a source containing less than 5% of garnet peridotite.
These amounts of garnet in the source and degree of partial
melting are also comparable with those described in the earlier
studies of the CVL (Asaah et al., 2015a).

To estimate the lithospheric thickness and depth of melting,
trace elements in basaltic lavas are good parameters (McKenzie
and O’nions, 1991; Mattey et al., 1994; Putirka, 1999; Zheng et
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Fig. 11. (a) Plot of Nb/Y versus Rb/Y (Cox and Hawkesworth, 1985; Leeman and Hawkesworth, 1986) showing basement samples relative to
the Mokolo-Kosséhone lavas and the lavas of the northern part of CVL. (b) Nb/U versus Ce/Pb diagram after Asaah et al. (2020). Data for Pre-
cambrian basement are from Tchameni et al. (2016). (c) Diagram of Th/Yb versus Ta/Yb illustrating that the Mokolo-Kosséhone lavas plot on the

mantle array typical of OIB.

30
il O <> Basanite M o oo %
[ ] . °
Trachybasalt e °
R SR P
° ° oo <> Trachyte o ? J °
(e} . % L ]
- <> <>. ° O Alkaline rhyolite o OQ ® °
i . <> Subalkaline rhyolite § & 9. Garnet-Peridotite
& ¢ o ° Lavas ofthe northern| 2 [mmmTTommmmsmsmmes (Y o ".' -e- é' o 'l'P' - '(; -t-'t- ="
12 b ... & ° part of CVL ‘ a o ® o ° pinel-reridotite
w2 O a® °
N ‘x ° <> <> °
Garnet-Peridotite @,‘ 7Y -
[ LR LR LT :
Spinel-Peridotite :
0 1 ! 1 : 1 1 1 1 1 L 1 1
0 0.5 1 1.5 2.5 2 3 0 10 20 30 40 50 60 70
Nb/La La/Yb

Fig. 12. (a) Diagrams of Sm versus Nb/La and (b) Dy/Yb versus La/Yb (Jung et al., 2006) showing the garnet-peridotite source for the Mokolo-
Kosséhone rocks and others lavas of the northern part of CVL.
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Fig. 13. (a) Plot of the Mokolo-Kosséhone lavas in the Sm/Yb versus La/Sm diagram after Gurenko et al. (2006). Values of DMM (Depleted
MORB Mantle) are from Workman and Hart (2005). Values of PM (Primitive Mantle) are from Sun and McDonough (1989). The different curves
represent the partial melting of garnet and spinel peridotites. The gradations represent the different fusion rates. (b) lllustration of partial
melting for Mokolo-Kosséhone lavas in Gd/Yb versus La/Yb diagram after Yokoyama et al. (2007). The two curves marked Grt 4% and 8% rep-
resent the garnet contents of the source. Calculations of the garnet contents of the source were made using the partition coefficients of Hal-
liday et al. (1995). (c) Sm/Yb versus La/Sm plot after Asaah et al. (2020) showing relative depth of source melting of mafic lavas.

al., 2003). The low of Ce/Yb ratios of basanite from Udkia
(59.6-75.5; mean: 66.1) suggest that their magma formed at
shallow levels with respect to the trachybasalts from Mandaka
and Ouro Tada that have high Ce/Yb values (Mandaka: 75.36—-
88.97, mean: 82.76; and Ouro Tada: 73.91-91.43; mean: 84.04).
This is concordant with the La/Sm versus Sm/Yb plot (Fig. 13c)
that shows Mandaka and Ouro Tada lavas plotting at higher
values of La/Sm and Sm/YDb. It is important to note that two
trachybasalts samples (T2 and T3) from Ouro Tada have very
high values of Sm/Yb and La/Sm, signifying that the magma
was sampled at a greater depth compared to the other Ouro
Tada samples.

Focal zone (FOZO), depleted mantle (DM), enriched mantle
(EM), and high-p (HIMU) are the different mantle reservoirs
identifiable based on the Sr-Nd-Pb isotope systematics of OIB-
like basalts (Lustrino and Dallai, 2003; Stracke et al., 2005; Willbold
and Stracke, 2006, 2010). This approach is frequently applied

https://doi.org/10.1007/s12303-022-0030-1

nowadays to intra-plate continental settings (Chung et al., 1995;
Milner and Le Roex, 1996; Lustrino, 2005). According to Asaah
et al. (2015a), DM, FOZO, and an enrichment component are
involved in the magmatism of the CVL. All the samples plotted
in the isotope diagrams overlap with the fields of the Gawar and
Biu Plateau lavas, predominantly near the FOZO (Fig. 9a-f).
Trace elements and Sr and Nd isotopic compositions of the
Mokolo-Kosséhone lavas are consistent with a mixture of different
source materials from the sub-continental lithospheric mantle
(SCLM) and the asthenosphere with minor crustal contamination.
The source composition is analogous to those described in the
northern portion of the CVL (Rankenburg et al., 2005; Gountié
Dedzo et al., 2019) and other volcanic massifs along the CVL
(e.g., Marzoli et al., 2000; Déruelle et al., 2007; Tamen et al,
2007; Yokoyama et al., 2007; Aka et al., 2008; Kamgang et al.,
2013; Asaah et al., 2015a, 2015b, 2020, 2021; Tchuimegnie et al.,
2015).
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6. CONCLUSIONS

The Mokolo-Kosséhone samples range from mafic (basanite,
trachybasalt) to felsic rocks (trachyte, alkaline, and subalkaline
rhyolites) similar to most of the rocks of the northern part of the
CVL. Except for the subalkaline rhyolites (two samples), all the
other eighteen samples show alkaline affinity. The fluctuations
in major element oxides and compatible trace elements contents
from basanite to rhyolite can be attributed to the fractional
crystallization of various mineral phases such as olivine, clinopyroxene,
amphibole, plagioclase, sanidine, biotite, and oxides. Ratios of
trace elements (Nb/U and Ce/Pb), and Sr-Nd-Pb isotopic data
of the mafic lavas compared to those of the Mokong granite, OIB
and MORB indicate minor crustal contamination. The enrichment
in LREEs and depletion in HREEs associated with (La/Yb)y > 5,
(Tb/Yb)y > 1.7, and Dy/YD > 2, suggest the presence of a garnet
phase in the mantle source. Geochemical modeling also show
that the lavas were produced at varying depths by low degree of
partial melting (< 4%) of a source containing less than 5% of
garnet peridotite. Trace element and isotopic compositions of
the Mokolo-Kosséhone lavas are consistent with a mixture of
different source materials from the sub-continental lithospheric
mantle and the asthenosphere with minor crustal contamination.
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