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The geological evolution of the Central African Fold Belt (CAFB) remains debated. The granitoids, orthogneisses
and granitic veins from the Goa-Mandja area (Adamawa-Yade domain) are considered to constrain this belt.
These rocks are consistent with late-D, regional emplacement and synchronous with the magmatism at ~600 Ma
within the CAFB in Cameroon and its extension into northeastern Brazil, as the zircon U—Pb dating points to
603-598 Ma crystallization ages. Analytical data reveal slightly elevated §'%0,, (6.45-7.17%0) and §'%0wg
(8.20-8.61%0), moderate to high SiO; (59.70-77.23 wt%), low MgO (0.07-2.77 wt%), Cr (0.29-55.12 ppm), Ni
(0.45-33.6 ppm), V (1.52-116.62 ppm) and Mg” (0.02-0.36) contents, indicating crustal origin. The low to
medium 87Sr/BE'Sri (0.703328-0.722670) and positive to negative exgc) (+5.7 to —9.9), coupled with the di-
versity of Nd model ages (Tpm2) support the heterogeneity of crustal protoliths. The high positive exgc (+5.7) of
the granitic vein indicates derivation from juvenile Neoproterozoic (Nd-Tpy2 at 854 Ma) crustal protolith. Tpya
~Nd) and Tpwmzeun ages of 1188-2120 Ma and 2173-2480 Ma also suggest the involvement of Mesoproterozoic to
Paleoproterozoic crustal protoliths.

Samples show metaluminous to weakly peraluminous, high-K calc-alkaline to shoshonitic and I-type granitoid
features and are similar with crustal rocks in regard to LILE (Rb, K) and LREE enrichments and HFSE (Nb, Ta, Ti)
depletions. These combined features indicate slab subduction related setting for the magma generation. Slab
subduction may have generated the heat necessary to provoke partial melting at the lower crustal level.
Considering their position close to the Tchollire-Banyo Fault corridor, at the transition between the Adamawa-
Yade and northern domains, the subduction derived features shown by the Goa-Mandja I-type granitoids could be
related to the subduction of an old plate boundary during amalgamation of Gondwana. Therefore, the Goa-
Mandja area records dominant magmatic accretion along the northern margin of the Congo craton (active
margin) associated with a possible northwestern subduction.

1. Introduction limited to the south, north, west and east, respectively, by the Congo
Craton, the Saharan Metacraton, the coeval Trans-Saharan orogenic belt
(Abdelsalam et al., 2002; Kroner and Stern, 2004; Shellnutt, 2021) and

the East African belt. This belt underlies the east of Nigeria, Cameroon,

The Central African Fold Belt (CAFB) was formed by the convergence
of the Congo and West-African cratons with the Saharan Metacraton

during amalgamation of the Gondwana supercontinent (Abdelsalam
et al., 2002; Ngako et al., 2008; Shellnutt et al., 2019; Toteu et al., 2004)
(Fig. 1a), leading to the complexity of the geodynamic setting. It is
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the south of Chad and Central African Republic (Fig. 1b) and extends
into Neoproterozoic Brasiliano belt exposed in the Borborema Province,
northeast Brazil (e.g., Lerouge et al., 2006; Van Schmus et al., 2008)
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Fig. 1. (a) Schematic reconstitution of the Gondwana supercontinent at ca. 540 Ma (adapted after Kusky et al., 2003; Kroner and Stern, 2004; Wang et al., 2019 and
references therein). (b) Geological map of Cameroon showing the major lithotectonic domains (compiled from Kwékam et al., 2010 and Van Schmus et al., 2008). SF
(Sanaga fault), TBF (Tchollire-Banyo fault), NT (Ntem complex), DS (Dja group), NS (Nyong group), 1 = Yaounde domain, 2 = Adamawa-Yade domain, 3 = northern

domain. (¢) Study area modified from Weecksteen (1957).
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Table 1

Codes, locations (GPS), textures, estimated modal compositions (vol%), rock types (using the QAP diagram) and analyzed methods of granitoids and orthogneisses
from the Goa-Mandja area.

Sample Sampling site Texture Estimated modal Sample Sampling site Rock name Analyzed
code (GPS) composition (vol code (GPS) (QAP methods
%) diagram)
Or: 15, Mc: 25, Pl:
Protomylonitic to 27, Qtz: 3, Hbl: Whole-rock major and trace elements
Y1 N 05°34'41.3” cataclastic 15, Bt: 10, Op: 2, Y1 N 05°34'41.3” Monzonite geochemistry and whole rock Sr—Nd
heterogranular Ttn: 1, Zrn: 1, and isotopic
Ap: 1
E E
011°37'01.7” 011°37'01.7”
Or: 20, Mc: 15, Pl:
Granular to 30, Qtz: 15, Hbl: Quartz Whole-rock major and trace elements
Y4 N 05°31'10.7” . 5, Bt: 10, Op: 2, Y4 N 05°31'10.7” . geochemistry and whole rock Sr—Nd
porphyroid granular Monzonite N .
Ttn: 1 Zrn: 1 and isotopic
Ap: 1
E E
011°36/'34.7” 011°36'34.7”
Or:25, Mc: 15, PI:
30, Qtz: 10, Hbl: Whole-rock major and trace
Yoand  \ogoggozen  Cranularto 10,Bt5,0p:2, 08 Nose3poser  QuAT (except YB6') ejlements
Y6 porphyroid granular Y6’ Monzonite .
Ttn: 1, Zrn: 1 and geochemistry
Ap: 1
E E
011°38'10.1” 011°38'10.1”
Granular to Or: 25, Mc: 15, Pl:
. 25, Qtz: 15, Hbl: Whole-rock major and trace elements
YB23 N 05°24'47.9” p(?rphyrmd .granular 5, Bt: 10, Op: 2, YB23 N 05°24'47.9” Quartz . geochemistry, whole rock Sr—Nd isotopic and
with sub-oriented Monzonite X . R
tendence Ttn: 1, Zrn: 1 and zircon U-Pb-Hf-O isotopic
Ap: 1
E E
011°42'50.4” 011°42'50.4
Or: 15, Mc: 20, Pl:
35 Qtz: 15 Hbl: 5, Whole-rock major and
Granular to Bt: 5, Op: 2, Ttn: Quartz trace elements
YBS2 N 05°26/24” porphyroid granular 1,Zm:1andAp:1  YBS2 N 05°26/24” Monzonite geochemistry
E E
011°51'44.17” 011°51'44.17”
Or:25, Mc: 15,
Granular t ° Qtz: 15, PL: 30, Whole-rock major and trace elements
YBqf N 05°26'59.9” p(?rphyrmd .granular Hbl: 3, Bt: 7, Op: YBqf N 05°26'59.9” Quartz . geochemistry and whole rock Sr—Nd
with sub-oriented Monzonite N .
tendence 2, Ttn: 1, Zrn: 1 isotopic
and Ap: 1
E E
011°51'25.4” 011°51'25.4”
Granular to g5r Z’tiv[;sz?_’l;l Whole-rock major and trace elements
YB14 N 05°32'04.7” . ? g YB14 N 05°32'04.7” Granite geochemistry, whole rock Sr—Nd isotopic and
suboriented granular 5,Bt:2,0p: 1, X . .
zircon U-Pb-Hf-O isotopic
Ttn: 1, Zrn: 1
E E
011°51'44.2” 011°51'44.2”
Or: 15, Mc: 25,
Porphyroid granular Qtz: 30, PL: 10, Whole-rock major and
Y2 N 05°32/48.3” with sub-oriented Hbl: 5, Bt: 10, Op: Y2 N 05°32'48.3” Granite trace elements
tendence 2, Ttn: 1, Zrn: 1 geochemistry
and Ap: 1
E E
011°36'46.2” 011°36'46.2”
Or: 20, Mc: 15, Pl:
10, Qtz: 25, Hbl: Whole-rock major and trace elements
YB3 N 05°24'59.2” Granular 10, Bt: 15, Op: 3, YB3 N 05°24'59.2” Granite geochemistry and whole rock Sr—Nd
Ttn: 1, Zrn: 1 and isotopic
Ap: 1
E E
011°57'57.0” 011°57'57.0”
Or: 25, Mc: 20,
Qtz: 25, PL: 10, Whole-rock major and trace elements
YB5 N 05°24'54.4” granular Fo Hbl: 5, Bt: 10, Op: YB5 N 05°24'54.4” Granite geochemistry and whole rock Sr—Nd
porphyroid granular N .
3, Ttn: 1, Zrn: 1 isotopic
and Ap: 1
E E
011°57'57.8” 011°57'57.8”

(continued on next page)



B.S. Yomeun et al.

Table 1 (continued)

LITHOS 420-421 (2022) 106700

Sample Sampling site Texture Estimated modal Sample Sampling site Rock name Analyzed
code (GPS) composition (vol code (GPS) (QAP methods
%) diagram)
Or: 25, Me: 30, Pl Whole-rock major and
Y5 N 0530186 Sranularto 10, Qz: 20 HbL: 5,y 0 N 05°30'18.6”  Granite trace elements
porphyroid granular Bt: 5, Op: 2, Ttn: .
1,Zrn: 1 and Ap: 1 geochemistry
E E
011°37'43.1” 011°37'43.1”
Or: 5, Mc: 15, Pl:
40, Qtz: 20, Hbl: Whole-rock major and trace elements
YB16 N 05°34'46.6” heterogranoblastic 15, Bt: 5, Op: 2, YB16 N 05°34'46.6” Granodiorite geochemistry, whole rock Sr—Nd isotopic and
Ttn: 1, Zrn: 1 and zircon U-Pb-Hf-O isotopic
Ap: 1
E E
011°51'29.4” 011°51'29.4”
Or: 25, Mc: 15, Pl:
30, Qtz: 15, Hbl: Whole-rock major and trace elements
YB17 N 05°34'49.4”  Granoblastic 15, Bt: 5, Op: 2, YB17 N05°34'49.47 QU geochemistry and whole rock Sr—Nd
Monzonite N .
Ttn: 1, Zrn: 1 and isotopic
Ap: 1
E E
011°49'43.8” 011°49'43.8”
?(; Z?’ZN;_) lél;lp I Whole-rock major and trace elements
YB18 N 05°34/55.3” Granoblastic 2, ,Bt: s, Op’: 1, YB18 N 05°34'55.3” Granite geochemistry and whole rock Sr—Nd
Ttn, Zrn and Ap: 2 Isotopic
E E
011°40'32.3” 011°40'32.3”
Or: 15, Mc: 10, Pl:
10, Qtz: 35, Hbl: Whole-rock major and trace elements
YB3’ N 05°25'13.5” Granoblastic 10, Bt: 15, Op: 3, YB3’ N 05°25'13.5” Granite geochemistry and whole rock Sr—Nd
Ttn: 1, Zrn: 1 and isotopic
Ap: 1
E E
011°5510.5” 011°5510.5”
Or: 20, Mc: 15, Pl:
25, Qtz: 10 Hbl: Whole-rock major and trace elements
Y12 N 05°34/24.6” Granoblastic 10, Bt: 15, Op: 2, Y12 N 05°34'24.6” S[l;l;[zmte geochemistry and whole rock Sr—Nd
Ttn: 1, Zrn: 1 and isotopic
Ap: 1
E E
011°41'28.7” 011°41'28.7”

(Fig. 1a). In Cameroon, the CAFB generated low- to high-grade meta-
morphic and magmatic complexes that were subdivided by major crustal
strike-slip shear zones into three geodynamic domains (e.g., Tchakounté
et al., 2017; Toteu et al., 2004; Van Schmus et al., 2008): (1) the old
continental domain or southern domain, (2) the intermediate conti-
nental domain or central domain also called Adamawa-Yade domain
(Toteu et al., 2004) and (3) the accretion zone or northern domain
(Fig. 1b).

Orthogneisses, granitoids and plutonic massifs are common within
the CAFB included within the Adamawa-Yade domain and parts of the
Cameroon territory to the west of the Tchollire-Banyo Fault (TBF)
(Fig. 1b). These rocks are I- and S-types showing high-K calc-alkaline to
shoshonitic affinities (e.g., Djouka-Fonkwé et al., 2008; Kamguia
Kamani et al., 2021; Kwékam et al., 2020a, 2020b; Ngamy Kamwa et al.,
2019; Ngo Belnoun et al., 2013; Tchakounté et al., 2021; Tchameni
et al., 2006; Tchouankoue et al., 2016) and were emplaced during the
initial to paroxysmal phase of the Pan-African orogeny at ca. 660-580
Ma (e.g., Azeuda Ndonfack et al., 2022; Ganwa et al., 2018; Kamguia
Kamani et al., 2021; Kanouo et al., 2021; Kwékam et al., 2020b; Li et al.,
2017; Tchakounté et al., 2021; Tchouankoue et al., 2016). However,
researchers suggested that the emplacement in western Cameroon
would have ended at ca. 565-545 Ma (e.g., Kwékam et al., 2020a,
2020b; Ngo Belnoun et al., 2013). The study of these rocks and massifs
gives indications on various sources and evolutions, and unveils the
geodynamic environments, which are sometimes misunderstood
because of the lack of systematic geochemical, geochronological and

isotopic data. The Goa-Mandja area, located at the vicinity of the TBF
corridor at the transition between the Adamawa-Yade and northern
domains (Fig. 1b), and composed of large surfaces of migmatites
(orthogneisses) and syn-tectonic granitoids surrounding the syenitic
massif of Linte (Weecksteen, 1957), is best to characterize the tectonic
evolution of this portion of CAFB. Therefore, this area was chosen for
detailed petrological, geochemical, isotopic and geochronological
studies in order to elucidate the nature, timing, and emplacement con-
ditions, and also to enlarge the understanding of the geodynamic evo-
lution of the CAFB. The present contribution is focused on zircon U—Pb
geochronology, whole-rock major and trace elements geochemistry,
whole-rock Nd—Sr and zircon O and Lu—Hf isotopes. This will enhance
discussions on the petrogenesis and geodynamic implications of the
Goa-Mandja area.

2. Geological setting

The Adamawa-Yade domain is a large and complex heterogeneous
domain, which could be interpreted as a micro-continent, rifted away
from the Congo Craton during the early Neoproterozoic (Tchakounté
etal., 2017). It is limited to the north by the TBF and to the south by the
Sanaga Fault (SF) (Fig. 1b). The Adamawa-Yade domain consists of
widespread rejuvenated syn- to late-tectonic magmatic rocks (granit-
oids) of high-K calk-alkaline to shoshonitic affinities (Ganwa et al.,
2011; Tchameni et al., 2006), mainly characterized by Paleoproterozoic
to Archean inheritances (e.g., Ganwa et al., 2016). Contrary to the
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Fig. 2. Selected outcrops, hand samples and microphotographs of granitoids from the Goa-Mandja area (c, d, g and h under crossed polarized light). (a) Outcrops of
monzonite in the shape of blocks. (b) Hand sample of monzonite spotted with light and dark colors and showing protomylonitic feature. Microphotographs of
monzonites showing (c) crushed Qtz, Kfs and P1 crystals in a cataclastic heterogranular texture and (d) sub-ovoid phenocryst of Qtz surrounded by microcrysts in
heterogranoblastic texture. (e) Outcrop of quartz monzonite in the shape of block. (f) Hand sample of quartz monzonite showing pinkish grey color and granular
texture. Microphotographs of quartz monzonites showing (g) a granular texture and anhedral to amoeboid Qtz crystals and (h) flattened and oriented Qtz crystal. (i)
Outcrops of granite in the shape of boulders. (j) Hand sample of granite showing pinkish color and granular texture. Abbreviations: Qtz (quartz), Or (orthoclase), Kfs

(K-feldspar), Pl (plagioclase), Hbl (hornblende) and Bt (biotite).

Adamawa-Yade domain, juvenile calc-alkaline, high-K calk-alkaline to
shoshonitic granitoids with Nd-Tpy ages not older than the Paleo-
proterozoic are generally found in the Northern and Western Cameroon
to the west of the TBF (e.g., Dawai et al., 2013; Djouka-Fonkwé et al.,
2008; Kwékam et al., 2010, 2020a, 2020b; Tchouankoue et al., 2016).
Four phases of deformation D; (>620 Ma), D5 (ca. 620-600 Ma), D3 (ca.
590-580 Ma) and D4 (580-560 Ma) (Li et al., 2017) are associated to
these rocks in the Adamawa-Yade domain and parts of the Cameroon
territory to the west of the TBF.

As mentioned above, the Goa-Mandja area is located at the proximity
of the TBF corridor, between latitudes 5°20" and 5°40’ N and longitudes
11°30’ and 12°00’ E, at about 260 km N of Yaounde (Fig. 1c¢). It belongs
to the Adamawa-Yade domain (Fig. 1b) and is made up of granitoids and
orthogneisses surrounding a syenitic batholith (Fig. 1c) also called the
Linte massif (Yomeun et al., 2022).

3. Petrography

The studied rocks are mainly granitoids and orthogneisses outcrop-
ping around the Linte syenitic massif. Based on the estimated modal
compositions (Table 1) plotted in the QAP diagram, granitoids are a
mixture of monzonites, quartz monzonites and granites (Fig. 6a).

3.1. Mongzonites

Monzonites outcrop in the shape of boulders and blocks (Fig. 2a) of
centimeter to several meters and slabs of several meters. These rocks,
spotted with light and dark colors (Fig. 2b), are protomylonitic (sub-
mylonitic foliation outlined by the suborientation of clasts from N135°E
to 150°E) (Fig. 2b), cataclastic heterogranular (Fig. 2c) and/or hetero-
granoblastic in texture. They are found at the northwest of the syenitic
massif. Anhedral, angular, subrounded, ovoid (Fig. 2d) or sub-
sigmoidal, micro to megaclasts of quartz (~3%), orthoclase (~15%),
microcline (~25%), plagioclase (~27%), green hornblende (~15%) and
biotite (~10%) are the major minerals followed by the minor accessory
minerals. Ferromagnesians are generally gathered in associations and/
or clustered between quartz and feldspars. The growth of fine dust of
secondary muscovite and red products lead certain plagioclases to show
cloudy aspect. Some green hornblende crystals are partially transformed
into biotite and/or into a reddish product. At certain places, biotite
flakes are partially transformed into chlorite and/or a reddish product.
Opaque minerals (~1-2%) are mostly associated to ferromagnesians.
The other accessory minerals are subrounded to euhedral microcrysts of
titanite (< 1%), apatite (< 1%), and zircon (< 1%) found as inclusions
and/or isolated between quartz, feldspars and ferromagnesians.

3.2. Quartz mongzonites

Quartz monzonites outcrop in the shape of boulders and blocks
(Fig. 2e) of centimeter to several meters and steep hills and slabs of
several tens of meters. They are pinkish grey (Fig. 2f) to pinkish and are
generally/locally mixed with granites at the western, southern and
eastern part of the syenitic massif. Their texture varies from granular to
granular porphyroid, and sometimes show a slight preferential orien-
tation. These rocks consist of quartz (~10-15%), plagioclase
(~25-35%), orthoclase (~15-25%), microcline (~15-20%), biotite
(~5-10%), green hornblende (~3-10%) partially transformed into
biotite at certain places and accessory opaque minerals (< 2%), titanite

(< 1%), zircon (< 1%) and apatite (< 1%). Quartz is constituted of
subrounded to anhedral microcrysts haphazardly ranged or grouped as
oriented monomineral assemblages. It is also found as anhedral to
amoeboid (Fig. 2g) phenocrysts and scarce flattened and oriented
megacrysts (Fig. 2h). Orthoclase crystals are sometimes converted into
microcline. Some of these alkali feldspars (porphyrocrysts) bear
numerous myrmeckitic microstructures. They are also perthitized,
crackled and show cloudy aspect due to the development of fine dusts of
muscovite. Reddish traces of kaolinisation are found along their cracks.
Plagioclase can show deformed twinning. Their aspect is cloudy due to
the sericitization and the presence of reddish products. Rocks are
sporadically cataclazed, deformed and show a submylonitic texture.

3.3. Granites

Granites are mixed with monzonites and quartz monzonites at the
western, eastern and at the southern part of the syenitic massif. Their
outcrops are found in the shape of boulders (Fig. 2i) and slabs. They are
pinkish grey to pinkish (Fig. 2j), but also reddish. Their texture is
granular (Fig. 3a) to granular porphyroid and can show a sub-
orientation. They are made up of quartz (~20-30%), orthoclase
(~15-25%), microcline (~15-30%), plagioclase (~10%), green horn-
blende (~5-10%), and biotite (~5-15%). Accessory minerals are opa-
que crystals (~2-3%), titanite (< 1%), apatite (< 1%), and zircon (<
1%). Granites display the same petrographic description of quartz
monzonites, from which they only differ by the abundance of different
minerals. The reddish granites have been cataclazed. They show
numerous crushed feldspars, twisted, flattened and elongated crystals of
quartz and feldspars, fibrous trails of quartz similar to strain fringes
(Fig. 3b), bookshelf structures and recrystallized flakes of quartz.

3.4. Granitic veins

Granitic veins crosscut the syenitic massif (Fig. 3c), granites and
orthogneisses. Their thickness varies from centimeter to meter. They are
sometimes denuded and outcrop in the shape of centimetric (Fig. 3d) to
metric blocks. They are pinkish (Fig. 3d) and their texture is aplitic with
the naked eyes. Microscopically, they are granular (Fig. 3e) to sub-
oriented heterogranular (Fig. 3f) and are mainly constituted of quartz
(~35%), plagioclase (~35%, orthoclase (~5%), microcline (~20%) and
at some places rare green hornblende (~5%), biotite (~2%), opaque
oxides (< 1%), titanite (< 1%) and zircon (~1%). Quartz and feldspar
are subrounded to anhedral micro to phenocrysts locally oriented
(Fig. 3f). The larger ones are about 1.6 mm. Quartz grains are also
amoeboid in shape (Fig. 3e) and flatten at certain places or constitute
monomineral clusters. Feldspar crystals have cloudy aspect due to fine
flakes of white micas growth (sericitization of plagioclase) or the pres-
ence of reddish products. Certain plagioclase crystals show bent poly-
synthetic twinning and are broken. Some microcline and orthoclase
crystals show perthites. Green hornblende, opaque, titanite and zircon
crystals are isolated among quartz and feldspars. Opaque crystals are
also found as inclusion in green hornblende and plagioclase.

3.5. Orthogneisses
Orthogneissic rocks are found in the western part of granitoids and in

the northern part of both syenitic massif and granitoids (Fig. 1c). They
are also found encrusted sporadically in granitoids at the southern part
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Fig. 3. Selected outcrops, hand sam-
ples and microphotographs of granit-
oids, granitic veins and orthogneisses
from the Goa-Mandja area (a, b, e, f, i
and j under crossed polarized light).
Microphotographs of granites showing
(a) a granular texture and (b) fibrous
trails of Qtz. (c) Granitic vein cross-
cutting syenites and (d) outcropping in
the shape of centimetric blocks. Mi-
crophotographs of granitic veins
showing (e) a granular texture (see the
amoeboid Qtz crystal) and (f) sub-
oriented heterogranular texture (see
the subrounded phenocryt of Qtz sur-
rounded by suboriented microcrysts).
(g) Outcrop of orthogneiss in the shape
of blocks. (h) Hand sample of orthog-
neiss showing foliation marked up by a
blurred preferred orientation of min-
erals. Microphotographs of orthog-
neisses showing heterogranoblastic
textures and (i) a subovoid and/or
flattened Qtz and (j) Qtz crystals with a
stretched sponge feature. Abbrevia-
tions: Qtz (quartz), Mc (microcline),
Kfs (K-feldspar), Pl (plagioclase), Hbl
(hornblende) and Bt (biotite).
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Fig. 4. Selected microphotographs of
microstructures and kinematic markers
in granitoids from the Goa-Mandja area
(a, b, d, e, f, g, h and j under crossed
polarized light. ¢ and i under polarized
light). (a) S, foliation marked by the
preferred orientation of quartz and
feldspar crystals. (b) S, foliation marked
by an internal foliation S; (=S,); (a and
b) S/C structure combining S,,; and
Cn+1, and overtaking S, foliation. (c)
Shearband microboudins. (d) Mineral
fish showing internal foliation S; (=S,)
and S/C structure combining S,,; and
Cp+1, and overtaking S,. (e) elongated
and twisted quartz crystal with stair
stepping shape. (f) Recrystallized quartz
as fibrous trails following C orientation.
(g) S/C structure combining S,.; and
Cp+1, and overtaking Sn; Z shape rolling
structures in green hornblende crystal
bearing helicitic inclusions. (h) quartz-
chessboard subgrains. (i) Bent cleav-
ages of biotite. (For interpretation of the
references to color in this figure legend,
the reader is referred to the web version
of this article.)
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of the syenitic massif. They outcrop in the shape of blocks (Fig. 3g), and
boulders with size varying from centimeter to several meters and domes,
slabs and chocolate tablet-like of several meters. Their color is grey to
pinkish grey and yellowish. They display foliation marked by blurred
preferred orientation (NO8O°E to NO90°E and N110°E to N120°E) of
minerals (Fig. 3h). Their texture is granoblastic to heterogranoblastic
(Figs. 3i, j). The mineralogical assemblage is constituted of anhedral to
amoeboid micro to megablasts of quartz (~10-35%), orthoclase
(~5-30%), plagioclase (~10-40%), microcline (~10-15%), green
hornblende (~2-15%), biotite (~5-15%) and accessory opaque min-
erals (~1-3%), anhedral, subhedral to euhedral titanite (< 1%), apatite
(< 1%) and zircon (< 1%). Quartz blasts are ubiquitous, oriented and or
clustered in monomineral assemblages. The larger ones are often sub-
ovoid and/or flattened (Fig. 3i). At certain places, quartz seems to pre-
sent a stretched sponge structure (Fig. 3j) shaping other crystals. Green
hornblende blasts are generally associated to biotite, titanite and opaque
oxides, with which they constitute discontinuous colored layers
disturbed by the presence of quartz and feldspars. Biotite flakes can be
skeleton-like and are partially transformed to opaque oxides and chlo-
rite. The presence of apatite and zircon, especially if they are euhedral, is
sometimes assumed to indicate magmatic origin (Touret and Huizenga,
2012). Therefore, the estimated modal compositions of orthogneisses
have been plotted in the QAP diagram which revealed compositions of
granodiorite, quartz monzonites and granites (Fig. 6a).

4. Index of deformation in granitoids at the microscopic scale

Granitoids in the Goa-Mandja area seem to be non-deformed. How-
ever, at the microscopic scale, they show signs of deformation. In quartz
monzonites, two generations of S foliation are recognizable. The first
generation is outlined by a preferred orientation of quartz and feldspar
crystals (Sp) (Fig. 4a) and/or an internal foliation S; (=S,,) (Figs. 4b, d, g).
The second generation (S; 1) is underlined by the presence of stretched,
flattened and oriented polycrystalline quartz and feldspar ribbons which
obliquely overtake the first generation (Figs. 4a, b, d, g). In these rocks,
C shear bands (C,1) parallel to S, are recorded. Taken together, they
constitute S/C (=Sp+1 /Cny1) structures (Figs. 4a, b, d, g). One genera-
tion of S foliation is also observed in protomylonitic monzonites. It is
marked in cataclazed and suboriented granites by planar sub-
arrangement of ferromagnesians. Cp 1 is also outlined in quartz mon-
zonites by shear band microboudins (Fig. 4c). In protomylonitic mon-
zonites, quartz monzonites, and in granites showing cataclazed portions,
C shear bands are marked by the presence of ovoid crystals and mineral
fish (Fig. 4d), and twisting of flattened and elongated crystals or poly-
crystalline quartz, which show stair stepping shape (Fig. 4e). C shear
bands are also accompanied by recrystallization where the texture seems
to be more cataclazed, producing fibrous trails similar to strain fringes of
quartz composition and stretched following C orientation (Fig. 4f). In
these rocks, Z shape rolling structures in green hornblende crystals
presenting helicitic inclusions are observed (Fig. 4g). In addition to
microstructures used in kinematic as S/C, mineral fish, Z shape rolling
structures and shear band boudins, other microstructures on the scale of
individual or group of crystals have been registered. They are solid state
microstructures outlined by internal deformation observed as undulose
extinction in quartz, feldspar, and sometimes in biotite crystals. The
internal deformation of quartz leads to the formation of quartz-
chessboard microstructures (Fig. 4h). Bent twinning, intracrystalline
deformation bands (Fig. 4i) of plagioclase crystals and bent cleavages of
biotite (Fig. 4j) are found.

Therefore, granitoids have been deformed but with an intensity not
allowing deformational structures to be visualized at sample and
outcrop scales as foliations in the case of orthogneisses.

5. Analytical methods

A total of seventeen samples (one monzonite, six quartz monzonites,
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four granites, one granitic vein and five orthogneisses) were selected for
whole-rock geochemical analysis (Table 1). Among them, twelve and
three samples were, respectively, selected for whole-rock Sr—Nd iso-
topic and zircon U-Pb-Hf-O isotopic analysis (Table 1).

Altered surfaces of samples are cut off to avoid influence from
chemical weathering after emplacement and exposure. Fresh chips of
selected samples were cleansed, dried, crushed and pulverized to obtain
the appropriate size (200 mesh) of particles, in an agate mill.

The standard crushing, sieving, magnetic and heavy liquid separa-
tion methods were used to separate zircon grains. After these operations,
individual grains were handpicked under a binocular microscope and
mounted together with the reference Penglai and Qinghu zircons in an
epoxy resin. The mounted zircon grains were polished to expose 2/3 of
the surface of grains, and imaged in reflected and transmitted lights
before analysis. Appropriate spots for O and Hf isotopic, U—Pb
geochronological analysis were selected based on internal structures
revealed through cathode-luminescence (CL) at the State Key Labora-
tory of Geological Process and Mineral Resources (SKLGPMR), China
University of Geosciences (CUG), Wuhan using a Gatan Mono CL4
Cathode-Luminescence detector attached to Zeiss Sigma 300 field
emission SEM.

5.1. Oxygen isotopes

The analysis of oxygen isotopes of zircon grains was performed at the
SIMS Laboratory of Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS), on a Cameca IMS 1280-HR, through a
high-precision secondary ion mass spectrometry (SIMS). The Qinghu (Li
et al., 2013) zircon was employed as the unknown sample and yielded
values from 5.17%o + 0.24%o to 6.12%o0 + 0.24%o (2SD) (Supplementary
material 1) which are nearly consistent with the indicated value within
error (5.39%o0 + 0.22%o (2SD); Li et al., 2013). The external reference
material used in order to calibrate the instrumental mass fractionation
was the Penglai zircon (Li et al., 2010). More details of analytical pro-
cedure and operating conditions are shown by Yang et al. (2018).

5.2. LA-ICP-MS zircon U—Pb ages and Hf isotope analyses

Zircon U—Pb isotope and trace element contents were performed at
the SKLGPMR (CUG, Wuhan), through an Agilent 7500a ICP-MS in-
strument supplied with a 193 nm ArF excimer laser ablation system with
a beam diameter of 32 um, 5 Hz repetition rate for 45 s. The external
standard zircon 91,500 was employed and analyzed twice every 5
analysis. For evaluating the data quality of analysis, GJ-1 was deter-
mined as unknown sample (Supplementary material 2). Detailed oper-
ating conditions for the instrument and data reduction are presented in
Liu et al. (2010). ICPMSDataCal (Liu et al., 2010) were used off-line to
make raw data reduction analysis. The results of these latter were re-
ported with 1o error. Concordia diagrams and weighted mean calcula-
tions were handled using Isoplot 4.15 (Ludwig, 2012).

In-situ zircon Lu—Hf isotope analyses were conducted at the
SKLGPMR (CUG, Wuhan), using a Neptune plus multi-collector (MC)-
ICPMS system coupled with a Geolas 193 nm ArF excimer laser ablation
system. Avoiding zircon grains showing low concordances and ages
which deviate from the majority, measurements were handled on the
same grains previously analyzed for U—Pb dating. The laser beam en-
ergy density was 5.3 J/cm? with a repetition rate of 8 Hz, a spot size of
44 pm in diameter and ablation time of 20 s. In order to evaluate the
quality of analysis, zircons Penglai and PleSovice were used as the un-
known samples. They give the 177Hf/'7%Hf ratios (Supplementary ma-
terial 3), respectively consistent within errors with the reported values
of 0.282906 + 0.000010 (Li et al., 2010) and 0.282482 + 13 (Slama
et al., 2008). Raw data were treated off-line using ICPMSDataCal soft-
ware (Liu et al., 2010) and the results reported with 2¢ error. The
following parameters of 7610/ " Hfcqur = 0.0336  + 1,
(7°Hf/V"Hf)cqur = 0.282785 + 11 (Bouvier et al, 2008);
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Fig. 5. LA-ICP-MS U—Pb zircon age Concordia diagrams, U—Pb zircon
weighted mean ages and representative cathode-luminescence (CL) images of
dated zircon grains. (a) Orthogneiss sample YB16. (b) Quartz monzonite sample
YB23. (c) Granitic vein sample YB14. White circles and numbers indicate the
spot locations of U—Pb analyses and corresponding ages. Red dashed circles
and numbers show the spot locations of Hf isotope analyses and corresponding
eHf (t) values. (For interpretation of the references to color in this figure legend,
tAhe reader is referred to the web version of this article.)

7L/ H)pm = 0.0384, (7CHE/Y7HHPM = 0.28325 (Griffin et al.,
2000) and A = 1.867 x 10! year (Soderlund et al., 2004) are used in
the calculation.

5.3. Whole-rock major and trace elements geochemistry

Major and trace elements were analyzed at the SKLGPMR (CUG,
Wuhan). Major element contents were determined on fused glass disks,
using an X-ray fluorescence spectrophotometer (XRF-1800). To verify
the analytical precision, international measured standard samples
GBW07103, GBW07111, GBW07112, GBW07122 and GBW07123 have
been employed as reference materials and have yielded results with an
accuracy better than +£5%. The LOI (Loss on Ignition) was determined
on 1 g of rock powder after drying at 1000 °C during 90 min.

Trace element contents were determined using ICPMS (inductively
coupled plasma mass spectrometry) on an Agilent 7500a ICP-MS. 50 +
1 mg of sample powder were decomposed by HF + HNOs in Teflon
bombs. Closed beakers in high-pressure bombs have been used to make
sure that the powder has been totally digested. The measured external
standard samples AGV-2, BCR-2, BHVO-2, GSP-2 and RGM-2 were used
as reference materials and yielded an analytical precision better than 5%
for most trace elements.

5.4. Whole-rock Sr—Nd isotopic analyses

The powder (~100 mg) of each selected sample was dissolved in
concentrated HF + HNOj3 in Teflon capsules sealed and heated to 190 °C
for 48 h. Afterwards, by addition of 1 ml of 6 N HCI and dissolution in 1
ml of 2.5 N HCI, samples are converted into chlorides. The elemental
separation and purification of Nd from the final solution was done by
conventional cation-exchange technique (Chen et al., 2009). The in-
strument used to analyze whole-rock Sr—Nd isotopic contents is a Fin-
nigan Triton Ti thermal ionization mass spectrometer (TIMS) situated at
SKLGPMR (CUG, Wuhan). The mass fractionation for measured Nd
isotopic ratios was corrected through the *6Nd/!**Nd value of 0.7219.
end(p values have been calculated on the basis of the 1479m/144Nd and
143Nd/1*Nd values of 0.1960 and 0.512630 for the chondritic uniform
reservoir (Bouvier et al., 2008). Nd-TDM model age calculations were
based on *3Nd/*Nd ratio of 0.513151 and '#Sm/***Nd ratio of
0.2136 (Liew and Hofmann, 1988) for the present-day depleted mantle.

6. Results
6.1. Geochronology

Data for three representative samples (including one quartz
monzonite, one granodiorite (orthogneiss) and the granitic vein) are
presented in Supplementary material 2.

6.1.1. Orthogneiss

Zircon grains of the orthogneiss YB16 (Fig. 1c¢) are mostly euhedral
and prismatic with length varying from 150 to 300 pm. They display
dark to light luminescence and clear to blurred oscillatory zoning under
CL (Fig. 5a). Their shape and oscillatory zoning suggest that they are
magmatic zircon grains, consistent with their high Th/U ratios
(0.82-1.60). Fourteen of fifteen analyses yielded 2°°Pb/238U apparent
ages between 599 and 605 Ma with Concordia and weighted mean ages
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Table 2
Whole rock silica contents (wt%), and calculated 8180 (whole rock) (calculated
after Valley et al., 1994).

Sample Rock type 5'%0 Si0, 5180 (WR)
(zircon) (wWt%) (calc.)

YB16 Granodioritic orthogneiss 6.77 64.2 8.20

YB23 Quartz-monzonite 7.17 62.7 8.51

YB14 Granitic vein 6.45 76.2 8.61

of 601 + 4 and 602 + 3 Ma, respectively (Fig. 5a). The latter can be
interpreted as the crystallization age of the protolith of the orthogneiss
sample YB16. The other one apparent age is younger (565 Ma) and has
not been integrated in the age calculation because of Pb loss.

6.1.2. Quartz mongonite

Fourteen zircon grains selected from the quartz monzonite YB23
(Fig. 1c) are anhedral, angular and seem to be fragmented. Their length
varies between 150 and 250 pm. They are mostly bright and some of
them show banded zoning under CL (Fig. 5b). The absence of over-
growths and the high Th/U ratios between 0.92 and 1.46 could be in-
dicator of a magmatic origin. Fourteen analytical spots on zircon grains
from sample YB23 define 2°°Pb/?38U apparent ages between 599 and
606 Ma with Concordia and weighted mean ages of 603 + 2 and 603 +
3 Ma, respectively (Fig. 5b). The latter can be considered as the crys-
tallization age of the concerned sample.

6.1.3. Granitic vein

Zircon grains from granitic vein YB14 (Fig. 1c) are constituted of
fragmented anhedral and unfragmented euhedral grains. Anhedral
grains display light luminescence and banded zonation, while euhedral
grains show slightly light to dark luminescence and clear to cloudy
oscillatory zoning under CL (Fig. 5c). Their lengths vary between 150
and 350 pm. The oscillatory zoning, the absence of overgrowths and the
high Th/U ratios between 0.96 and 1.51 (zircon grains with concor-
dance degree range 95-99%) suggest a magmatic origin. Eleven of
fifteen analysis show concordance degree of 95-99% and yielded
206pp,/238 apparent ages between 595 and 601 Ma with Concordia and
weighted mean ages of 598 + 2 and 598 + 3 Ma, respectively (Fig. 5c).
The latter is considered as the crystallization age of the granitic vein
YB14 crosscutting the Linte syenitic massif. The other four of the fifteen
analysis show low concordance degree (79-88%) and have not been
considered in the age calculation.

6.2. Zircon Hf isotope compositions

In situ Hf isotopic compositions of the analyzed zircon grains are
shown in Supplementary material 3. The measured ”°Hf/!””Hf ratios of
zircon grains vary from 0.281991 to 0.282114, 0.282081 to 0.282114,
and 0.282009 to 0.282102 successively in samples YB16, YB23 and
YB14. Their corresponding epfy) values vary from —15.3 to —11.2,
—11.6 to —10.4 and — 14.5 to —11.0 and Tpy» ages at 2225-2480 Ma,
2173-2249 Ma and 2209-2426 Ma, respectively (Supplementary ma-
terial 3).

6.3. Oxygen isotopes

The oxygen isotope data of 45 spots reported in the SMOW scale are
shown in Supplementary material 1. Values of the measured alsomm
(5'80,,,) for the sample YB23 range between 6.80 and 7.47%o, with a
mean of 7.17 £ 0.19%o (2SE, n = 15). The calculated whole rock 5'%0
(618OWR) value (Table 2) following empirical correlation 618Ozm versus
SiO5 (whole-rock) (Valley et al., 1994) averages 8.51%o for SiO, content
of 62.68%. Zircon grains from the sample YB16 yield the measured

11

LITHOS 420-421 (2022) 106700

5'80,,, values between 6.09 and 7.67%., with a mean of 6.77 = 0.22%o
(2SE, n = 15). The calculated average 6180WR value is 8.20%o for SiOy
content of 64.17%. The 580 values of zircon grains from granitic vein
(YB14) ranged from 3.79 to 7.13%o. The average is of 6.45 + 0.21%o
(2SE, n = 15). The calculated magmatic 5'80wr is 8.61%o for SiO,
content of 76.16%.

6.4. Whole-rock geochemistry

The analytical data of seventeen samples of granitoids, orthogneisses
and vein from the Goa-Mandja area are listed in Table 3.

6.4.1. Major elements

The studied rocks are generally silica rich (SiO5 of 59.7-71.9 wt% in
granitoids, 64.2-77.2 wt% in orthogneisses and 76.2 wt% in the granitic
vein). The CaO, MgO and Fe;O3 contents are higher in monzonitic
granitoids than in other rocks. Considered together, all samples have
variable abundances of Al;O3, K20 and total alkalis (K20 + NayO:
monzonitic rocks = 7.79 to 8.74 wt%, granites = 8.62 to 9.23 wt%,
granitic vein = 8.59 wt% and orthogneisses = 6.94 to 10.64 wt%;
Table 3). The K;0/NaO ratio is 0.69 for the granitic vein, between 0.95
and 1.55 for monzonitic granitoids, from 0.99 to 1.66 in granites, and
from 0.81 to 3.65 in orthogneisses (Table 3). The Al saturation index A/
CNK (= molar Al;03/(Ca0 + NasO + K0) (Table 3) ranged from 0.83 to
0.98 for monzonitic granitoids, 0.99 to 1.03 for granites, 0.91 to 1.05 for
orthogneisses and is 1.02 for the granitic vein (Fig. 6¢). The Harker
variation diagrams show sub-clustered distribution of sample points
with decreasing sub-linear variation trends for MgO and CaO (Figs. 7c,
d). This observation can be extended to TiOs, Al;O3, P2Os, FeoO3 and
MnO, which show slightly scattered plots, but with general negative
trends with increasing SiO, contents (Figs. 7a, b, g, h, i). Rocks with A/
CNK between 0.82 and 0.91 show SiOy < 65 wt% (59.70-64.17 wt%),
and high TiOy (0.70-0.89 wt%), CaO (3.25-4.27 wt%), FeyOs3
(4.64-5.80 wt%), MgO (1.54-2.70 wt%), P05 (0.17-0.37 wt%), and
MnO (0.05-0.09 wt%) contents. Rocks with SiOy > 65 wt% are metal-
uminous to peraluminous (0.95 < A/CNK < 1.05). That can suggest
different magmatic origins or different evolutions from the same origin.
In the diagram of Frost et al. (2001), the studied rocks are dominantly
alkali-calcic to alkali (Fig. 6d), except for orthogneisses YB16, YB18 and
YB3, which are calc-alkalic. The overall samples display high-K calc-
alkaline to shoshonitic affinity (Peccerillo and Taylor, 1976; Nardi et al.,
2021; Fig. 6e).

6.4.2. Trace elements

The total rare earth elements (XREE) concentrations are variable
(121.9-870.9 ppm) with an exceptional low value for the granitic vein
(18.07 ppm) (Table 3). The Chondrite-normalized rare earth element
patterns (Fig. 8) are characterized by light rare earth elements (LREE)
enrichment, heavy rare earth elements (HREE) depletion and the pres-
ence or not of Eu anomaly (Eu/Eu* = 0.15-1.15, with an exceptional
low value of 0.08 for the orthogneiss sample YB17). On the whole, these
patterns are similar (Fig. 8i), suggesting that if different sources exist,
they could have similar geochemical characteristics, except the granitic
vein, which shows a different profile and relatively lower concentrations
of REEs than other rocks (Fig. 8i). The primitive mantle-normalized
spiderdiagrams (Fig. 8) are characterized by large ion lithophile ele-
ments (LILE) enrichment and remarkable negative Nb, Ta and Ti
anomalies and positive K and Pb (except orthogneiss YB17) anomalies.
The presence of negative Ti and Eu anomalies in certain samples could
be the result of fractional crystallization of ilmenite and plagioclase,
respectively. The Nb/Ta ratio is 9.40 for the granitic vein, 12.03-25.50
(average of 17.44) for monzonite, 9.95-19.75 (average of 15.34) for
granites and 9.43-24.91 (average of 15.60) for orthogneisses. The av-
erages of Nb/Ta ratios are above the average level of the crust (12.2,
Rudnick and Fountain, 1995), apart from the granitic vein which is
below. This latter displays a relatively lower pattern in primitive mantle-
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Table 3
Major (wt%) and trace (ppm) element data of granitoids and orthogneisses from the Goa-Mandja area.
monzonite Q monzonite granitic vein granite orthogneiss
Y1 Y4 Y6 Y6’ YB23 YBS2 YBq9 YB14 Y2 YB3 YB5 Y5 YB16 YB17 YB18 YB3’ Y12

Major elements (Wt%)
SiOy 59.70 67.33 63.00 62.80 62.68 68.05 63.38 76.16 69.43 69.59 71.88 68.80 64.17 66.58 77.23 74.95 67.37
TiO, 0.78 0.41 0.74 0.75 0.71 0.42 0.74 0.03 0.36 0.37 0.26 0.32 0.89 0.20 0.10 0.32 0.36
Al,03 16.52 15.48 14.86 14.90 15.61 15.16 14.38 13.05 14.91 15.18 13.90 15.52 14.97 15.67 11.43 12.12 16.69
Fe;03 5.49 3.09 5.51 5.52 4.64 2.70 5.59 0.51 2.31 1.99 2.05 2.27 5.80 4.21 1.80 2.68 1.81
MnO 0.09 0.05 0.09 0.09 0.08 0.05 0.09 0.01 0.04 0.06 0.03 0.04 0.08 0.11 0.01 0.04 0.02
MgO 2.77 1.43 2.03 2.06 2.10 0.98 2.01 0.10 0.82 0.66 0.35 0.91 1.55 0.07 0.07 0.30 0.80
CaO 4.27 2.38 3.26 3.26 3.40 2.05 3.31 0.37 1.83 1.39 0.99 1.87 3.77 1.31 0.33 1.07 2.55
Nap0 3.56 4.26 3.43 3.48 3.96 4.26 3.46 5.07 4.32 4.00 3.43 4.05 3.84 4.55 1.83 3.23 4.53
K20 4.23 4.07 5.32 5.26 4.47 4.49 5.26 3.52 4.30 5.23 5.70 4.63 3.10 6.08 6.67 4.68 4.32
P,0s 0.38 0.19 0.21 0.21 0.28 0.17 0.21 0.01 0.15 0.16 0.08 0.11 0.18 0.02 0.02 0.06 0.10
LOI 0.22 0.54 0.45 0.28 0.33 0.25 0.20 0.32 0.61 0.42 0.55 0.79 0.69 0.39 0.13 0.07 0.83
TOL 98.01 99.23 98.90 98.59 98.26 98.57 98.63 99.14 99.08 99.04 99.21 99.31 99.03 99.21 99.63 99.52 99.39
FeOt 4.94 2.78 4.95 4.97 4.18 2.43 5.03 0.46 2.08 1.79 1.85 2.04 5.22 3.79 1.62 2.41 1.63
K20 + Na20 7.79 8.33 8.74 8.74 8.43 8.74 8.72 8.59 8.62 9.23 9.13 8.68 6.94 10.64 8.51 7.92 8.85
K20/Na20 1.19 0.95 1.55 1.51 1.13 1.05 1.52 0.69 0.99 1.31 1.66 1.14 0.81 1.34 3.65 1.45 0.95
A/CNK 0.91 0.98 0.86 0.86 0.89 0.97 0.83 1.02 0.99 1.03 1.02 1.03 0.91 0.95 1.05 0.98 0.99
Al 47.18 45.26 52.36 52.08 47.16 46.38 51.79 39.92 45.40 52.24 57.83 48.29 37.88 51.21 75.72 53.64 41.93
Mg# 0.36 0.34 0.29 0.29 0.33 0.29 0.29 0.18 0.28 0.27 0.16 0.31 0.23 0.02 0.04 0.11 0.33
Trace elements (ppm)
Li 16.36 26.29 13.53 21.69 24.68 3.36 0.88 8.53 17.37 14.59 20.17 13.77 10.67 0.77 8.16 11.00
Be 3.01 3.52 3.54 231 3.35 8.74 6.12 3.10 3.28 2.96 3.71 2.01 2.89 0.35 2.09 1.97
Sc 14.61 6.74 14.67 11.26 4.83 2.06 0.88 4.22 2.95 2.08 5.37 13.16 4.14 1.39 2.72 1.92
\4 116.62 55.79 95.17 88.03 42.66 26.12 3.17 33.63 14.01 17.10 34.48 77.84 1.52 11.03 9.11 39.78
Cr 43.71 33.21 55.12 48.26 14.64 1.29 0.40 11.69 6.85 0.69 20.46 10.46 0.29 0.35 0.60 5.37
Co 125.78 8.41 14.18 108.28 6.13 1.88 0.23 4.74 2.93 1.84 153.45 88.29 0.36 1.01 2.09 5.91
Ni 30.50 17.64 29.85 33.63 9.19 2.89 0.45 7.53 4.18 1.14 23.42 11.88 0.48 1.45 0.72 4.27
Cu 35.21 5.31 12.50 18.29 11.23 11.88 1.26 3.52 7.15 213 3.14 9.38 0.76 5.02 4.08 9.80
Zn 75.18 65.71 88.48 82.03 65.04 18.19 11.30 61.48 64.07 38.44 48.29 63.73 67.52 9.52 51.95 29.77
Ga 20.80 22.22 21.79 21.71 23.46 19.49 21.41 22.36 20.55 19.77 21.15 20.08 27.56 12.40 17.68 17.80
Rb 109.43 120.51 132.75 98.32 142.79 163.87 210.06 127.46 185.11 177.82 132.80 73.60 172.84 100.18 167.57 105.71
Sr 849.11 1048.41 1115.07 1216.30 849.04 493.56 105.45 822.25 327.50 298.91 782.34 394.51 54.11 297.19 256.47 967.30
Y 34.23 11.75 24.78 19.35 9.85 15.05 4.12 10.05 59.23 21.14 20.91 28.87 52.54 28.87 84.54 7.96
Zr 299.25 166.99 293.34 257.61 185.42 141.76 39.76 185.13 190.47 253.22 146.29 335.39 611.15 617.46 392.04 255.59
Nb 14.12 8.87 16.13 12.53 8.48 19.63 8.34 8.38 18.92 15.78 9.18 16.89 75.49 0.56 19.36 5.67
Mo 0.69 0.36 0.43 0.31 0.24 8.59 0.07 0.18 0.42 0.52 0.40 0.64 3.48 0.10 0.35 0.53
Sn 2.59 1.24 2.20 1.99 1.50 1.81 1.07 1.37 2.63 1.93 1.29 1.83 2.42 0.41 3.21 0.53

monzonite Q monzonite granitic vein granite orthogneiss

Y1 Y4 Y6 Y6’ YB23 YBS2 YBq9 YB14 Y2 YB3 YBS5 Y5 YB16 YB17 YB18 YB3’ Y12
Trace elements (ppm)
Cs 1.23 1.65 0.45 0.40 0.85 1.54 2.96 0.57 1.44 1.08 0.66 0.21 0.33 0.32 0.95 0.76
Ba 1549.98 2050.12 3050.01 2809.77 2188.89 955.61 111.69 1850.26 1399.85 816.18 1750.59 828.07 134.21 1288.04 1114.51 2008.72
La 82.32 27.47 49.10 61.67 46.47 25.88 4.56 35.54 32.28 63.45 44.01 25.62 219.15 80.35 38.78 41.77
Ce 146.18 51.28 94.95 116.34 86.78 64.84 8.45 66.75 101.67 123.81 65.36 47.66 410.69 100.49 86.49 78.40
Pr 15.79 6.05 10.79 12.64 8.69 7.23 0.76 7.26 8.67 13.34 8.42 5.55 41.33 18.14 10.11 8.09
Nd 59.16 23.61 42.86 47.84 32.46 26.34 217 27.26 35.22 48.54 33.35 23.29 141.04 69.15 43.64 27.79
Sm 10.73 4.37 8.14 8.39 5.09 4.65 0.31 4.69 8.21 8.74 6.19 5.51 19.65 11.58 11.06 4.02

(continued on next page)
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Table 3 (continued)

monzonite Q monzonite granitic vein granite orthogneiss

Y1 Y4 Y6 Y6 YB23 YBS2 YBq9 YB14 Y2 YB3 YB5 Y5 YB16 YB17 YB18 YB3’ Y12
Eu 2.05 1.23 2.22 2.17 1.41 0.94 0.08 1.23 1.73 0.89 1.57 1.75 1.53 2.33 1.48 1.09
Gd 7.66 3.01 6.06 5.57 3.28 3.11 0.30 3.03 7.49 5.81 5.07 4.93 13.12 8.05 11.34 2.42
Tb 1.03 0.37 0.80 0.70 0.38 0.45 0.05 0.36 1.30 0.75 0.65 0.80 1.73 0.98 1.97 0.28
Dy 5.85 2.02 4.38 3.67 1.86 2.62 0.39 1.72 9.08 3.68 3.59 4.83 9.52 5.18 12.83 1.38
Ho 1.16 0.37 0.87 0.65 0.33 0.48 0.09 0.33 1.93 0.66 0.70 1.01 1.91 0.96 2.82 0.27
Er 3.09 0.99 2.21 1.67 0.82 1.30 0.33 0.85 5.84 1.77 1.84 2.64 4.99 2.49 7.60 0.69
Tm 0.44 0.14 0.32 0.24 0.12 0.20 0.06 0.11 0.91 0.31 0.28 0.41 0.76 0.37 1.27 0.10
Yb 2.66 0.89 1.97 1.50 0.74 1.27 0.45 0.77 5.99 2.24 1.73 2.54 4.74 2.32 7.48 0.63
Lu 0.40 0.15 0.29 0.22 0.11 0.17 0.07 0.12 0.82 0.34 0.27 0.38 0.69 0.38 1.09 0.10
Hf 7.43 4.08 6.88 6.07 4.83 3.42 1.52 4.67 4.76 7.08 3.76 7.99 14.30 16.09 10.56 6.02
Ta 1.06 0.55 0.71 0.84 0.33 1.63 0.89 0.42 1.39 0.88 0.92 1.43 3.03 0.06 1.34 0.33
Pb 24.12 30.81 25.88 27.78 33.20 47.51 49.50 35.39 30.32 39.88 33.68 10.94 7.41 35.38 31.08 26.51
Bi 0.02 0.05 0.01 0.01 0.01 0.03 0.03 0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.03 0.01
Th 21.54 9.71 7.27 5.62 8.34 25.86 25.75 34.57 11.59 42.21 12.60 2.56 23.79 18.82 10.47 8.96
U 0.97 2.85 0.56 0.43 1.07 2.97 3.64 4.52 2.38 4.81 1.29 1.65 2.62 1.23 2.43 0.55
>REE 338.52 121.94 224.96 263.27 188.54 139.48 18.07 150.01 221.13 274.31 173.04 126.92 870.86 302.76 237.95 167.03
Eu/Eu* 0.48 1.08 0.94 0.94 1.12 0.56 0.60 0.99 0.46 0.15 0.73 1.05 0.08 0.54 0.16 1.15
Rb/Sr 0.13 0.11 0.12 0.08 0.17 0.33 1.99 0.16 0.57 0.59 0.17 0.19 3.19 0.34 0.65 0.11
Ba/Rb 14.16 17.01 22.98 28.58 15.33 5.83 0.53 14.52 7.56 4.59 13.18 11.25 0.78 12.86 6.65 19.00
Nb/Ta 13.38 16.04 22.73 14.96 25.50 12.03 9.40 19.75 13.65 18.00 9.95 11.85 24.91 9.43 14.47 17.36
Ce/Pb 6.06 1.66 3.67 4.19 2.61 1.36 0.17 1.89 3.35 3.10 1.94 4.35 55.42 2.84 2.78 2.96
Nb/U 14.56 3.11 28.87 29.02 7.92 6.61 2.29 1.86 7.94 3.28 7.09 10.21 28.78 0.46 7.95 10.24
TZr (°C) 782.66 772.60 792.03 782.31 788.17 710.46 671.10 795.40 809.95 852.38 773.07 811.30 946.95 1003.21 906.78 822.55

Note:FeOt = Fe203*0.8998; Mg# = [MgO/(MgO + FeOt)]; LOI: loss on ignition; A/CNK molar = Al203/(CaO + Na20 + K20); A/NK molar = Al203/(Na20 + K20).

Al = 100(K20 + MgO0)/(K20 + MgO + Na20 + CaO) (Ishikawa et al., 1976); Subscript N = chondrite-normalized value from Sun and McDonough (1989).

TZr: zircon saturation temperature (after Boehnke et al. (2013)).
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Fig. 7. Selected silica (wt%) vs. major elements (wt%) diagrams for granitoids, orthogneisses and granitic vein from the Goa-Mandja area.

normalized spiderdiagram compared to those of the other rocks (except
for elements such as Cs, Rb, Th, Nb and Ta) (Fig. 8j).

6.5. Whole-rock Sr—Nd isotopic compositions

A total of twelve samples were analyzed for whole-rock Sr and Nd
isotopes (Table 4). Initial 875r/865r ratios and end(r were calculated back
to the crystallization ages of 602 Ma (orthogneiss), 603 Ma (quartz
monzonite) and 598 Ma (granitic vein) obtained in this study. The
crystallization age of quartz monzonites (603 Ma) is used to calculate
the initial 8”Sr/%°Sr ratios and endcp of granites because they could be
cogenetic based on the similarities of their REE and trace element pat-
terns as well as their mixed nature in the outcrop. The granites, mon-
zonitic rocks, orthogneisses and granitic vein have initial 8 Sr/%0Sr ratio
of 0.706496 to 0.708121, 0.704841 to 0.707662, 0.705107 to 0.758215
and 0.703328, respectively. Their enq(;) values range from —1.7 to —1.8,
—9.9 to 0.0, —21.9 to +1.6 and + 5.7, respectively. The model ages
(Tpm2) are 1455-1466 Ma for granites, 1321-2120 Ma for monzonitic
rocks, 1188-3084 Ma for orthogneisses and 854 Ma for the granitic vein
(Table 4).

7. Discussion
7.1. Widespread magmatism at ~600 Ma within the CAFB

The U—Pb zircon ages representing granitoids (603 + 3 Ma),
orthogneisses (602 + 3 Ma) and granitic veins (598 + 3 Ma) indicate
that the crystallization times of these rocks are similar within error and
could be globally related to the same geological activities affecting
different sources or protoliths during the Pan-African orogeny. These
ages are similar within error to the 603 £ 4 and 600 + 3 Ma ages ob-
tained in the Linte massif (Yomeun et al., 2022), 602 4+ 1.4 Ma in the
Batié porphyrogranite (Njiekak et al., 2008), 600 + 3.7 Ma in the Bapa-
Batié biotite-amphibole granite (Chebeu et al., 2011) in the west
Cameroon and 601 + 1 Ma (zircon evaporation age) in the Meiganga
amphibole-biotite granite (Ganwa et al., 2011) in the west and east of
the Adamawa-Yade. The 603 + 3 Ma, 602 + 3 Ma and 598 + 3 Ma ages
in the Goa-Mandja area are also similar to the 591 + 19 Ma age recorded
in the Rocher du Loup metasyenites (e.g., Lerouge et al., 2006) in the
northwestern corner of the Congo Craton and to 602 + 5 Ma recorded in
the Correntes pluton (Silva Filho et al., 2016), in the Pernambuco-
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Alagoas (PEAL) crustal domain of the Brasiliano orogeny (branch of the
Pan-African orogeny in northeastern Brazil). All these synchronous ages
indicate widespread magmatism at about 600 Ma within the CAFB in
Cameroon and within its extension in northeastern Brazil.

Beside the ~600 Ma old magmatism in the Goa-Mandja and other
areas shown above, a large interval of Neoproterozoic ages (between ca.
690 and ca. 545 Ma) have been reported in the Adamawa-Yade domain
and parts of the Cameroon territory to the west of the TBF (Table 5).
Comparatively to recent works from southern Chad, the magmatism
tends to be older in Cameroon (> 600 Ma) and becomes younger in Chad
(595-590 Ma) (Shellnutt et al., 2017, 2020, 2021).

7.2. Effect of alteration

The studied rocks show gneissic and submylonitic foliations at
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certain places, the presence of fine dust of secondary muscovite and red
weathered products in certain plagioclases, partial transformation of
green hornblende to biotite and primary biotite to chlorite, suggesting
varied degrees of metamorphism and alteration. However, the alteration
index (Ishikawa et al., 1976) AI <60 (37.88-57.83) (Table 3) suggests
that these rocks are unaltered apart from the orthogneiss sample YB18
with Al = 75.72. In addition, transition elements, LILE, REE and HFSE
are not totally destabilized (excepted in quartz monzonite YBq9 and
orthogneisses YB17, YB18 and YB3’) in regard to sub-linear correlations
of some selected elements from these latter groups (e.g., TiOo, FeoOs,
K320, Rb, Hf, Y, Nb, Sm and Nd) versus more alteration-resistant element
such as Zr (Wang et al., 2018) (Fig. 10). This suggests that these ele-
ments could have more or less conserved their primitive characteristics
in most of the studied samples. Therefore, some transition elements,
LILE, REE and HFSE elements will be considered to discuss petrogenesis
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Table 4
Sr and Nd data for samples from the Goa-Mandja granitoids and orthogneisses.
Sample  Rock type U- Rb Sr 87sr/86sr  S7Rb/%sr+ 87sr/86Sr  Sm Nd 7sm/1%Nd  'Nd/M*Nd  eNd TDM1  TDM2
Pb (ppm)  (ppm) (ppm)  (ppm) ®
age
Ma measured initial measured (Ma) (Ma)
Y1 monzonite 603 109 849 0.708048  0.3729 0.704841  10.7 59.2 0.109586 0.512288 —0.01 1263 1321
Y4 quartz 603 121 1048 0.709359  0.3326 0.706499  4.37 23.6 0.111876 0.511792 -9.88 2029 2120
monzonite
YB3 granite 603 185 327 0.722186  1.6355 0.708121  8.21 35.2 0.140783 0.51232 -1.79 1735 1466
YB5 granite 603 178 299 0.721299  1.7214 0.706496  8.74 48.5 0.108836 0.512201 ~1.65 1380 1455
YB23 quartz 603 98.3 1216  0.709673  0.2339 0.707662  8.39 47.8 0.105970 0.511788 —9.50 1924 2090
monzonite
yple ~ granodioriic g a6 395 0.727305  0.5399 072267 551 233  0.142833 0.511301 219 3946 3084
orthogneiss
quartz
YB17 monzonitic 602 173 54.1 0.838572  9.3601 0.758215  19.6 141 0.084179 0.511771 -8.16 1622 1981
orthogneiss
granitic
YB18 . 602 100 297 0.715073  0.9754 0.706699  11.6 69.2 0.101172 0.512339 1.62 1100 1188
orthogneiss
N granitic
YB3 . 602 168 256 0.724271  1.8905 0.708041  11.1 43.6 0.153094 0.512422 -0.76 1831 1381
orthogneiss
quartz
Y12 monzonitic 602 106 967 0.707822  0.3162 0.705107  4.02 27.8 0.087424 0.512206 0.08 1141 1313
orthogneiss
YBgo ~ duartz 603 164 494 0714927  0.9607 0706665 4.65 263  0.106757 0.511857 ~821 1841 1986
monzonite
YB14 granitic vein 598 210 105 0.752484  5.7642 0.703328  0.31 2.17 0.087256 0.512495 5.69 792 854

* 87Rb/%°Sr were calculated from Rb and Sr elemental ICPMS data.

and geodynamic implication of the studied rocks.
7.3. Petrogenesis of the Goa-Mandja rocks

7.3.1. Classification of rocks

The classification diagram of Middlemost (1994) displays a succes-
sion of monzonite, quartz monzonites and granites for granitoids;
granodiorite, quartz monzonites and granites for orthogneisses and
granite for the vein rock (Fig. 6b), which is consistent with the
nomenclature revealed by the petrographic analysis through the QAP
diagram (Fig. 6a). The compositions of these rocks are varied and the
molar A/CNK of monzonitic granitoids ranging from 0.83 to 0.98 indi-
cate metaluminous character (Fig. 6¢). Granites, granitic vein and
orthogneisses samples with A/CNK values ranging between 0.91 and
1.05 are metaluminous to weakly peraluminous (Fig. 6¢). The A/CNK of
all these rocks (< 1.1) conforms to I-type (Fig. 6¢) granitoids (Chappell
and White, 1992). The modified alkali-lime index (MALI) (NasO + KO-
CaO) and the FeOt/(FeOt-+MgO) versus SiOy discrimination diagrams
(Frost et al., 2001) revealed that the studied rocks are dominantly alkali-
calcic with some of them encroaching the calc-alkalic and alkalic fields
(Fig. 6d) and display magnesian to ferroan character (Fig. 6f). They have
high-K calc-alkaline to shoshonitic affinity (Fig. 6e) and mostly occur
within the fields of I-type granites in the MALI and the FeOt/
(FeOt+MgO) versus SiO, diagrams (Figs. 6d, f). They show negative
correlation between P05 and SiO; (Fig. 7g), a common feature of I-type
granites. In addition to the presence of hornblende, the studied rocks
could be classified as I-type granitoids as those described in west
Cameroon (e.g., Djouka-Fonkwé et al., 2008; Kwékam et al., 2010,
2020a, 2020b; Ngo Belnoun et al., 2013).

7.3.2. Processes modifying magma compositions

The studied rocks (except granitic vein YB14) show similar patterns
in Chondrite-normalized and primitive mantle-normalized spider dia-
grams, but variation exists in specific elements (Fig. 8), which could be
attributed to assimilation and fractional crystallization (FC). The hori-
zontal to subhorizontal trends in (87Sr/865r)i vs. SiO5 and vs. 1/Sr *1000
(Figs. 11a, b) indicate significant fractional crystallization of crustal
rocks after magma generation. The correlation between the eng( vs.
SiOy (Fig. 11c) shows a more complex evolution with crustal
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contamination and assimilation coupled with fractional crystallization
(AFC). However, it is still dominated by the process of fractional crys-
tallization outlined by the sub-horizontal trend. Moreover, zircon grains
from these rocks have relatively constant and consistent Hf isotopic
compositions (Fig. 12a), indicating assimilation is not the process con-
trolling the magma evolution in the present case. Negative Eu, Nb, Ta
and Ti anomalies (Fig. 8) indicate the crystallization of minerals, such as
plagioclase, hornblende, biotite and titanite. However, the positive Eu
anomalies with Eu/Eu* values of 1.08, 1.12, 1.05 and 1.15, respectively,
in monzonites Y4 and YBS2 and in orthogneisses YB16 and Y12, reveal
that these latter rocks contain a small quantity of cumulate plagioclase.
Negative correlations between TiO,, Al,O3, MgO, CaO, P20s, FeyOs,
MnO, and SiO (Fig. 7) suggest also that fractional crystallization could
have intervened during magmatic evolution. Inverse correlations of SiOz
with MgO, P,05 and Fe;O3 (Figs.7c, g, h) suggest separation of apatite
and mafic minerals during crystallization. Anticorrelations between
TiO9, FepO3 and SiO, (Figs. 7a, h) as well as a negative Ti anomaly
(Figs. 8b, d, f, h, j) indicate the fractionation of magnetite and titanite.
Variation of Ba and Sr contents in the studied rocks could be the result of
fractional crystallization. The depletion of Ba content (from 3050 to
111.7 ppm) in the Ba versus Rb diagram (Fig. 11d) and the decrease of Sr
(from 1216 to 54.1 ppm) in the Ba versus Sr (Fig. 11e) are consistent
with K-feldspar fractionation. The trend marked by rocks in the Rb/Sr
versus Sr diagram (Fig. 11f) can be interpreted as evidence of K-feldspar
and plagioclase fractionation. Plagioclase fractionation could be also
supported by the negative correlation between Al;03, CaO and SiO,
(Figs. 7b, d). Besides, the zonation shown by certain plagioclase and K-
feldspar crystals can also support that FC has played an important role in
the magma evolution.

7.3.3. Constraints on magma source region

The negative sub-linear trends of major oxides such as TiOs, MgO,
CaO0, P,0s, Fe;O3 and MnO vs. SiO; (Fig. 7) and relative similarities in
the Chondrite-normalized REE patterns suggest that the source(s) of
these rocks could be geochemically cogenetic (apart from the granitic
vein) (Fig. 8). Samples show similarities with crustal rocks in regard to
LILE (e.g., Rb, K) and LREE enrichments (Fig. 8) and HFSE (e.g., Nb, Ta,
Ti) depletions (Fig. 8). Nevertheless, these trace element patterns show
more LILEs enrichment than the lower continental crust (Fig. 8). The
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Table 5

Geochronological data for the emplacement age (between ca. 690 and ca. 545
Ma) of Neoproterozoic plutonic rocks in the Adamawa-Yade domain and parts of
the Cameroon territory to the west of the TBF.

Locality Rock type Age Method Reference
southeast of 666 + U-Pb zircon  Toteu et al.
Lomié Metagabbro 26 Ma dating (2006b)
665 + U-Pb zircon  Toteu et al.
west of Poli Metadiorite 10 Ma dating (2006a)
662 + U-Pb zircon Yomeun et al.
Linte Syenite 4 Ma dating (2022)
633 + U-Pb zircon Yomeun et al.
Linte Monzonite 3 Ma dating (2022)
Granitic 641 + U-Pb zircon Tchakounté
Bep orthogneiss 2 Ma dating et al. (2017)
Monzodioritic 628 + U-Pb zircon = Tchakounté
Bapé orthogneiss 3 Ma dating et al. (2017)
638 + U-Pb zircon Njiekak et al.
Bangwa Metaleucogranite 2 Ma dating (2008)
637 + U-Pb zircon Njiekak et al.
Bangwa Metagranodiorite 5 Ma dating (2008)
Synkinematic 618 + U-Pb zircon  Njiosseu et al.
Tonga granitoid 20 Ma dating (2005)
ca. 630
Amphibole and to 547 U-Pb zircon ~ Kwékam et al.
Batié biotite granites Ma dating (2020b)
619 + U-Pb zircon Chebeu et al.
Bapa-Batié Biotite granite 19 Ma dating (2011)
637 + U-Pb zircon Ganwa et al.
Meiganga Dioritic protholith 5 Ma dating (2018)
Th-U-Pb
Biotite-muscovite 615 + monazite Tchameni et al.
Ngaoundéré granitoid 27 Ma dating (2006)
Th-U-Pb
ca. 575 monazite Tchameni et al.
Ngaoundéré Biotite granitoid Ma dating (2006)
621 + U-Pb zircon Kwékam et al.
Fomopea Diorite 3 Ma dating (2010)
Quartz- 613 + U-Pb zircon Kwékam et al.
Fomopea monzodiorite 2 Ma dating (2010)
585 + U-Pb zircon Tchouankoue
Bangangte Monzonite 4 Ma dating et al. (2016)
583 + U-Pb zircon = Tchouankoue
Bangangte Syenite 4 Ma dating et al. (2016)
578 +
7/-11 U-Pb zircon Kwékam et al.
Dschang Biotite granite Ma dating (2020a)
563 +
8/-3 U-Pb zircon Kwékam et al.
Dschang Magnetite granite Ma dating (2020a)
558 +
8 Ma to Th-U-Pb
Two-mica 564 + monazite Djouka-Fonkwé
Bafoussam granitoids 7 Ma dating et al. (2008)
561 + U-Pb zircon
Wum Two-mica granite 3 Ma dating Li et al. (2017)
Undeformed 557 + U-Pb zircon
Wum biotite granite 4 Ma dating Li et al. (2017)

distribution of most of the studied samples in the Ce/Pb versus Ce
(Fig. 9a) and Nb/U versus Nb (Fig. 9b) diagrams of Hofmann et al.
(1986) points to continental crust composition. However, some samples
near or within the mantle-OIB domain could suggest a slight presence of
mantle components in the sources. A similar case has been reported in
the I-type granites from Dschang in the northern domain (Kwékam et al.,
2020a). The slightly elevated 61802m (except the lowest 3.79%o in the
granitic vein) and 5'80wr values of rocks are indicative of crustal rocks
as the magma source, which experienced low-temperature water-rock
interaction (e.g. Wang et al., 2017). The crustal origin can be also sup-
ported by the relatively moderate to high contents of SiOz (59.70-77.23
wt%), and low contents of MgO (0.07-2.77 wt%), Cr (0.29-55.12 ppm),
Ni (0.45-33.63 ppm) and V (1.52-116.62 ppm). Furthermore, the Mg”
(Mg# = [MgO/(MgO + FeOt)]) values <0.40 (0.02-0.36) corroborate
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that the studied rocks could result from the amphibolitic/basaltic lower
continental crust melts irrespective of the degree of melting (e.g., Rapp
and Watson, 1995). The high positive enq(r) (+5.69) of the granitic vein
could indicate derivation from relatively juvenile source. However, the
low Mg# (0.18), low MgO (0.10 wt%) and the high SiO, (76.16 wt%) of
this latter rock rule out the possibility of its derivation directly from the
mantle. Therefore, the juvenile Neoproterozoic crust could be consid-
ered as the probable source for the granitic vein as the case of granites to
the west of the Chad Lineament (eng() values = +1.3 to +7.0, Isseini
et al., 2012; Shellnutt et al., 2018). These data suggest that the studied
rocks could result from partial melting of continental crust. The K;O
contents of 3.10 to 6.67 wt% and the positive K anomalies (Figs. 8b, d, f,
h, j) suggest medium- to high-K phase, which could be related to the
presence of K-feldspar and biotite in the sources of these rocks. This
could be the result of a slight upper crust contamination (slightly shown
in the enq(y vs. SiO2 plot; Fig. 11c¢) and fractional crystallization as the
lower crust is generally depleted of high-K phases like K-feldspar and
biotite.

Zircon Hf data are relatively constant between —15.3 and — 10.4 and
consistent among samples, which could mean relatively homogeneous
sources. However, in general, a slight Nd—Hf decoupling is observed
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Fig. 10. Selected major (wt%) and trace elements (ppm) vs. Zr (ppm) for the granitoids, orthogneisses and granitic vein from the Goa-Mandja area.

(Figs. 12a, b) in some samples. The enqq) versus MgO plot shows a
negative correlation, while the eyg() versus MgO plot shows a slight sub-
horizontal trend or no obvious correlation (Figs. 12¢, d), suggesting
anomalous behavior of Hf isotopes. Therefore, the low to medium var-
iable initial 87Sr/%®sr ratios of 0.703328-0.722670 (except orthog-
neissYB17 which has value of 0.758215) and variable positive to
negative (+5.7 to —9.9 except very low —21.9 in orthogneiss YB16) enq
v values (Fig. 12e), combined with the diversity of Nd-Tpmo could
support the heterogeneity of crustal protoliths and sources for the
granitic vein, granitoids and orthogneisses, and probably the multi-pulse
of magmas during a short interval of time (~5 Ma) as indicated by the
crystallization ages between 598 and 603 Ma. The lowest enq(r) of —21.9
in orthogneiss YB16 could be related to the local mixing of crustal
protolith with an Archean heritage (Nd-Tpy2 at 3084 Ma). Such remark
(eNd(600 Ma) of —18.73 and Archean Nd-Tpy at 2524 Ma; Ngamy
Kamwa et al., 2019) has been shown in one sample of quartz monzonite
from the Yoro-Yangben area located at about 100 km to the southwest of
the Goa-Mandja area. The high initial ®’Sr/%%Sr ratio revealed in
orthogneiss YB17 (0.758215) could result from alteration. This latter
sample shows high Rb/Sr (3.19) and low Ba/Rb (0.78) ratios, low Ba
(134.21 ppm) and Sr (54.11 ppm) contents compared to the other
studied orthogneisses (Rb/Sr of 0.11-0.65; Ba/Rb of 6.65-19.00; Ba of
828-2010 ppm and Sr from 256 to 967 ppm), granitoids and granitic
vein (Rb/Sr of 0.08-1.99; Ba/Rb of 0.53-28.6; Ba of 112-3050 ppm and
Sr of 105-1216 ppm), and the bulk continental crust (Rb/Sr = 0.15; Ba/
Rb = 9.31; Ba = 446 ppm; Sr = 320 ppm; Rudnick and Gao, 2003).
Feldspar and biotite alterations could be associated with Sr and Ba de-
pletions. The Rb/Sr and Ba/Rb ratios are, respectively, higher and lower
in rocks showing pronounced alterations (e.g., Ekwere, 1985;
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Imeokparia, 1981).

The heterogeneous continental protoliths should contain an
Archaean portion as the orthogneiss sample YB16 shows Nd-Tpy» age of
3084 Ma. Mesoproterozoic to Paleoproterozoic and Neoproterozoic
crusts should have also contributed, since most of Nd-Tpy» ages range
between 1188 and 2120 Ma, with one younger age at 854 Ma obtained
in the granitic vein. A similar case, but without Neoproterozoic Tpy age
has been described in the west of Cameroon (e.g., Kwekam et al., 2010).
However, the zircon Hf-Tpyp reveals only Paleoproterozoic ages
(2173-2480 Ma), which are characteristic of the North and West
Cameroon to the west of the TBF. Therefore, the location of the studied
rocks in the Adamawa-Yade domain could be the symbol of the transi-
tion between the Adamawa-Yade and the northern domains. The
854-3084 Ma interval of Nd-Tpyz ages in this study is also close to the
distribution of Sm—Nd Tpy ages in the Pernambuco-Alagoas domain
(~900-3000 Ma) (e.g., Silva Filho et al., 2016; Van Schmus et al., 2008),
known as the extension of the northern domain of CAFB in northeastern
Brazil.

7.3.4. Temperature-oxygen fugacity conditions

The solubility of zircon is related to zirconium concentration, tem-
perature and major element composition of the melt. Zircon saturation
temperatures (Tz) of magma are estimated using zirconium concen-
trations of melt through the equation Tz(K) = (10108)/[1.16 (M-1) +
1.48 + In(500,000/Zrmei)] (Boehnke et al., 2013). Based on the Zr
content of the studied rocks, the Tz ranged from 710 to 788 °C with an
average of 771 °C in monzonitic rocks, 773 to 852 °C with an average of
808 °C in granites, 811 to 1003 °C with a mean of 898 °C in orthog-
neisses and 671 °C in the granitic vein (Table 3). The mean values of Tz,
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in granites and orthogneisses are consistent with fairly hot granitoids et al., 2003). However, the mean value of Tz in monzonitic rocks is
(Tz: > 800 °C; Miller et al., 2003). They are also higher than the tem- relatively similar to the I-type granites (781 °C, e.g., Chappell and
perature obtained in the typical I-type granites (781 °C, e.g., Chappell White, 1992), while the value in the granitic vein is low. Therefore, the
and White, 1992). The mean value in monzonitic rocks and the value in studied rocks could be considered as normal to high temperature I-type
the granitic vein point to a much colder granitoid (Tz < 800 °C; Miller granitoids (except the granitic vein; Tz, = 671 °C).
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Important information of the crystallization conditions can be ob-
tained through Ti-in-zircon temperatures. These latter have been esti-
mated following the equation: T (°C) = 4800/(5.711-log(Ti-in-zircon)-
log(asio2) + log(atio2))-273 of Ferry and Watson (2007). Activities of
SiOz (asjo2) and TiOy (arip2) are respectively set to 1 and 0.6, since
quartz is present in the studied rocks while rutile has not been found.
The calculated Ti-in-zircon temperatures (Supplementary material 4) for
selected samples YB16 (orthogneiss), YB23 (quartz monzonite) and
YB14 (granitic vein) (except zircon grains showing low concordances),
respectively, range from 681 to 870 °C (average of 799 °C), 979 to
1038 °C (average of 1009 °C) and 806 to 996 °C (average of 942 °C).
These values of Ti-in-zircon temperatures are consistent with the in-
tervals 574-1137 °C recently shown in the neighboring rocks of the
Linte area (Ayonta Kenne et al., 2021) and 678-1013 °C in the Linte
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syenitic massif (Yomeun et al., 2022) and could suggest high degree
melting, presumably at the lower crust (Ayonta Kenne et al., 2021, and
references therein).

The fO, (calculated through the template proposed by Loucks et al.
(2020) without respect to pressure values) shown in Supplementary
material 4, range, respectively, from —19.03 to —13.05, —13.38 to
—11.87 and — 13.79 to —10.48 with the respective averages of —15.59,
—12.56 and — 11.44 in the samples YB16, YB23 and YB14. The position
of these data in Ti-in-zircon temperatures vs. logfO (Fig. 13a, b) shows
that the points of zircon grains from YB16 and YB23 samples are
collectively below the FMQ (fayalite-magnetite-quartz) buffer, indi-
cating crystallization under reduced conditions for granitoids and
orthogneisses, while the points of zircon grains from sample YB14 are
slightly above the FMQ buffer, implying slightly oxidized magmatic
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conditions for granitic veins. The average logfO, versus ages diagram
shows fO, variation in sources with a decreasing order from 603 to 602
Ma, and a relatively increasing order at 598 Ma (Fig. 13c). The selected
zircon grains are depleted and enriched in LREE and HREE successively,
as shown in the Chondrite normalized REE patterns (Fig. 13d, e, f). They
also exhibit strong positive Ce (Ce/Ce* with Ce* = Nd&/Smy) anomalies
(Fig. 13d, e, f) from 7.35 to 85.17 in YB16, 12.38 to 49.69 in YB23 and
21.99 to 112.40 in YB14 (Supplementary material 4), and negative Eu
(Eu/Eu* = EuN/(SmN*GdN)l/ 2) anomalies (Fig. 13d, e, f) from 0.09 to
0.43 (average of 0.27), 0.20 to 0.33 (average of 0.25) and 0.19 to 0.41
(average of 0.26), respectively, in the same latter samples (Supple-
mentary material 4). Rocks from oxidized magmas show zircon Eu/Eu*
values generally higher than 0.4 (Zhu et al., 2018). In zircon grains of
the granitic vein, these anomalies could be the result of plagioclase
fractionation and magma with a moderate oxidized composition, in
which there are strong incorporations of Ce*t (Trail et al., 2012) even if
their zircon Eu/Eu* values are in general lower than 0.4. In the
orthogneiss and granitoid zircon grains, these Eu/Eu* values (with av-
erages much lower than 0.4) could also indicate plagioclase fraction-
ation and reduced conditions in their sources.

23

7.4. Tectonic setting and geodynamic implications

7.4.1. Tectonic setting of rocks

The studied rocks are generated from crustal sources with probable
requirement of substantial transient heat flux. Common heat sources can
be related to underplating of sub-continental lithosphere mantle-derived
mafic magmas and upwelling asthenosphere, which induced partial
melting of the lower crust (e.g., Pe-Piper et al., 2009; Toledo and de Assis
Janasi, 2021).

The studied rocks show significant arc related signatures such as LILE
and LREE enrichment and HFSE depletion (Fig. 8). They are mostly
plotted within the volcanic arc field with a weak extension of few
samples in the within plate rocks field, syn-collision rocks field and late
and post-collision rocks field in the Rb/10-Hf-Ta*3 and Rb/30-Hf-Ta*3
discrimination diagrams of Harris et al. (1986) (Fig. 14a, b) and in the
Rb vs. Y + Nb tectonic discrimination diagram of Pearce et al. (1984)
(Fig. 14c). They mostly occur within or near the field of post-collisional
granitoids (POG) of Pearce (1996) (except granitic vein YB14 and
orthogneiss Y12) (Fig. 14c). In the Zr vs. (Nb/Zr)N diagram (Thie-
blemont and Tegyey, 1994, Fig. 14d), most of the studied rocks are
within the collision zone.
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The potassic alkali-calcic to shoshonitic feature (Fig. 6e), the arc
related feature (Figs. 14a. b, ¢) and the high-temperature I-type granit-
oids feature suggest that the studied rocks could originate from magmas
related to a subduction zone as is the case of the Batie granites (Kwékam
et al., 2020b). Rocks display LILE enrichment and significant negative
Nb, Ta and Ti anomalies, which could be the result of lithospheric

subduction affecting magmatic sources (e.g., Kay and Mahlburg-Kay,
1991). The subduction could have culminated with subsequent colli-
sion (as rocks show collision features in Figs. 14c and d of Pearce (1996)
and Thiéblemont and Tegyey (1994)) and might have provoked the
partial melting of crustal materials in the studied area.
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7.4.2. Geodynamic implications

The studied rocks are located at the vicinity of the TBF corridor, in
the transition zone between the Adamawa-Yade and northern domains.
The subduction derived features shown by these rocks could be related
to the subduction of an old plate boundary during amalgamation of
Gondwana, shown in previous works (e.g., Fozing et al., 2019; Kwekam
et al,, 2010; Njonfang et al., 2006) along the TBF corridor at the
Fomopéa, Kekem and Foumban-Bankim areas. This subduction could be
prior to (and/or could have culminated with) continent-continent
collision marked by crustal thickening (ca. 630-620 Ma; Ngako et al.,
2008) (Fig. 15) as it could be the same tectonic event responsible for the
generation of the ca. 660 Ma rocks in the syenitic massif (Yomeun et al.,
2022) adjoining the studied rocks. Its manifestations could have locally
continued until the interval period (613-585 Ma) of the left lateral
wrench movements in Cameroon (Ngako et al., 2008), since the studied
rocks crystallized during 603-598 Ma, which is in the same time
consistent within error with the late-D regional emplacement in the
CAFB (Li et al., 2017; Toteu et al., 2004). This subduction may also
indicate an earlier Paleo to Mesoproterozoic event (Nd-Tpy2 ages at
1188-2120 Ma and zircon Hf-Tpyp ages at 2173-2480 Ma) having
affected crustal materials slightly mixed locally with an Archean heri-
tage (Nd-Tpy2 age at 3084 Ma in the orthogneiss YB16) and reactivated
during the Pan-African orogeny.

Despite geochemical compositions of igneous rocks reflect the com-
positions of their source rather than their tectonic setting (e.g., Frost
et al., 2001), granitoids sources show significant correlations with tec-
tonic setting (e.g., Pearce, 1996). Therefore, geochemical compositions
could be used in certain cases to sustain the tectonic setting. Most of the
studied rocks show compositions indicating derivation from the conti-
nental crust. However, some of them which plot close or within the
mantle-OIB domain in the Ce/Pb versus Ce and Nb/U versus Nb suggest
a slight contribution of mantle components in their magmatic sources.
The previously reported syenitic massif also shows a slight involvement
of mantle material in one of its crustal sources (Yomeun et al., 2022).
Therefore, a tectonic model integrating a dominant magmatic accretion
along the northern margin of the Congo craton (active margin) associ-
ated with subduction, could be considered in the Goa-Mandja area. This
subduction could be also related to a possible northwestern subduction-
collision system as in the case of the Bape massif (Tchakounté et al.,
2021) and Nkondjock area (Kamguia Kamani et al., 2021), respectively
at about 150 km and 400 km to the SW of the studied area.

8. Conclusion

(1) U—Pb zircon results show that the Goa-Mandja granitoids,
orthogneisses and granitic veins crystallized respectively at 603
+ 3,602 + 3 and 598 + 3 Ma, consistent with the time interval of
the left lateral wrench movements and the late-D, regional
emplacement in the CAFB in Cameroon.
(2) Whole-rock geochemistry, Nd—Sr, zircon O and Lu—Hf isotopes
data indicate that the studied granitoids, orthogneisses and
granitic veins are dominantly high-K calc-alkaline to shoshonitic
and show chemical composition of I-type granitoids. They come
from Paleo to Mesoproterozoic crustal materials with reduced to
slightly oxidized conditions and locally mixed with Archean
heritage and reactivated during the Pan-African orogeny. Their
formation could be related to subduction (prior to crustal thick-
ening), which could be an earlier Paleo to Mesoproterozoic event
(Nd-Tpme ages at 1188-2120 Ma and zircon Hf-Tpy ages at
2173-2480) reactivated during the Pan-African orogeny.
Evidence of Archean crust has not been found in the studied
granitoids and granitic vein, thus, they show similarities with
some group of juvenile granitoids typical of the North and West
Cameroon to the west of the TBF and characterized by calc-
alkaline, high-K calk-alkaline to shoshonitic affinities and Nd-
Tpm ages not older than the Paleoproterozoic. Contrary to
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granitoids, one Archean Nd-Tpyp age has been found among
orthogneisses, leading them to conform to some group of reju-
venated granitoids mainly found in the Adamawa-Yade domain
characterized by Paleoproterozoic to Archean inheritances. Thus,
the Goa-Mandja area belongs to the transitional zone between the
Adamawa-Yade and northern domains in Cameroon. It could
likely be considered to mark the transition between the north-
western limit of the Congo Craton and the Proterozoic domain.
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