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Abstract

TTG rocks of the Sangmelima region (Ntem complex, Congo craton) in southern Cameroon range in modal composition from
rocks of the charnockitic suite, tonalites to granodiorites. They display a wide spectrum of SiO, composition (54-76 wt%), including
metaluminous intermediate rocks (0.56 < A/CNK < 1) and rocks that are slightly peraluminous (1 < A/CNK < 1.08). Charnockites
and tonalites define a trondhjemitic suite while granodiorites portray a slight potassic calc-alkaline affinity. The primordial mantle-
normalized spidergrams are characterized by negative Nb-Ta anomalies, suggesting a subduction related signature or melting of
crustal rocks that were formed along subduction zones. More siliceous members of the rock suites are enriched in LILE. REE fracti-
onation is shown by 2 < Lan/Yby < 28 in the charnockitic suite while higher ratios of 12 < Lax/Yby < 114 in the tonalitic suite and
18 < Lan/Ybyn <99 in granodiorites indicate melting of source rocks with garnet as a restite phase. Samples with overall lowest
abundance in REE show a positive Eu anomaly and represent small amounts of magmas derived from a source with much feldspar
contribution to the melt. Sr and Nd systematics coupled with Mg#-SiO, compositions are consistent with derivation by partial melt-
ing in a subduction setting or merely from a thickened Archaean crust of eclogite facies basaltic proto-crust with mantle material
input. From Rb-Sr and Sm—Nd whole-rock data, intrusion timing is defined around 2900 Ma for rocks of the charnockitic suite. The
Rb-Sr system in biotite portrays post-emplacement reheating during the Eburnean orogeny. TTG intrusions in the Sangmelima
region represent a major Archaean accretion event in the Congo craton.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of known tectonic setting, much has been unraveled
about ancient TTG (tonalite-trondhjemite—granodior-

Due to identical chemical characteristics between re- ite) rock formations common in Archaean terrains and
cent adakitic rocks and Phanerozoic Na-rich granitoids of hitherto doubtful origin. An understanding of their

origin is therefore essential to comprehend the develop-

ment of Archaean continental cratons. Over the years,
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(e.g. Arth and Hanson, 1975; Tarney et al., 1976;
Windley, 1976; Barker, 1979; Condie, 1980, 1981;
Arndt, 1983; Nisbet and Fowler, 1983; Abbott and
Hofmann, 1984; Martin, 1987a,b; Nédélec et al., 1990;
Frost et al., 2000). So far, fairly little is known about
the Congo craton. Although the Archaean Ntem com-
plex of the Congo craton has been investigated since
colonial times, detailed study of the area started only
within the context of the SW Cameroon project piloted
by BRGM (1975). Using major, trace element and
REE geochemical data, Nédélec et al. (1990) presented
the first modern results on the Ntem complex in an at-
tempt at addressing the petrogenesis of the Ntem crust.
Shang (2001) like Tchameni (1997), proposed the first
Archaean and Palaeoproterozoic timings for crustal evo-
lution history of the Ntem complex, where charnockitic
rocks form the greater part of the trondhjemitic TTG
suite together with rocks of the tonalitic suite, while gra-
nodiorites show potassic calc-alkaline affinities. As is the
case with other TTG complexes elsewhere, it could be in-
ferred that the Ntem complex TTG were formed in a
convergent plate margin, as chemically similar Cenozoic
adakites are created from subducted young and hot oce-
anic crust at pressures high enough to stabilize gar-
net = amphibole (e.g. Defant and Drummond, 1990).
In fact, it is widely argued that TTG is the Archaean sub-
duction related analogue of adakite (e.g. Drummond and
Defant, 1990; Drummond et al., 1996; Martin, 1999).
However, similarities with Phanerozoic Na-rich grani-
toids that represent partial melts of hydrated basaltic
material at the base of thickened crust (e.g. Atherton
and Pertford, 1993; Muir et al., 1995; Petford and Ather-
ton, 1996; Johnson et al., 1997), suggest that subduction
may not be the only possible tectonic setting for TTG.

In this study, we describe the Sangmelima Archaean
TTG suite of undisputable igneous origin but that do
not share the chemical characteristics of A-type magma
as defined by Kilpatrick and Ellis (1992). We also com-
pare Ntem TTG with adakites and high-Mg diorites
from other cratonic areas, in an attempt to determine
the petrogenesis and tectonic setting and better compre-
hend Archaean crustal evolution in the Ntem complex.
We also use major and trace elements, Sm—Nd and
RDb-Sr isotope systematics to show similar source trends
for Sangmelima TTG suite, which we interpret as melts
from eclogitised basaltic or amphibolitic sources. In
addition, Rb-Sr biotite systematics is used to constrain
the timing of post-emplacement tectonothermal events
on the Ntem complex.

2. Geological setting
The Ntem Complex represents the north-western part

of the Archaean Congo craton in Central Africa (e.g.
Clifford and Gass, 1970; Cahen et al., 1976; Bessoles

and Trompette, 1980) and is very well exposed in south-
ern Cameroon (Rocci, 1965; Maurizot et al., 1985;
Goodwin, 1991; Fig. 1). It is limited to the north by a
major thrust that marks the contact with the Pan-African
orogenic belt (Yaounde group) and is composed of var-
ious rock types, with rocks of the TTG suite constituting
the greater part (e.g. Nédélec et al., 1990). Three main
rock types, the charnockitic suite, granodioritic suite
and the tonalitic suite, distinguished on cartographic
ground and field observation, make up this TTG unit.
The tonalitic suite (known as “Soo granite” in Champe-
tier de Ribes and Aubaque, 1956; and as “Soo tonalite™
in Nédélec et al., 1990) is essentially exposed to the north
and is strongly mylonitized and retrogressed along the
fault boundary with the Pan-African orogenic belt, while
granodioritic suite massifs form distinct bodies within
the dominantly charnockitic southern zone (Fig. 1).
The Sy structural surface is basically NW-SE in the
charnockitic suite, NNE-SSW to almost E-W in the
tonalitic suite and E-W to WNW-ESE in granodiorites,
indicating structural discordances and suggesting a poly-
phase structural set-up in the Sangmelima TTG (Shang,
2001). Furthermore, charnockitic xenoliths occur in
granodioritic and tonalitic massifs and the latter form
veins and dykes in charnockite thus portraying relative
chronology for the three members of the TTG suite.
Exposures of supracrustal rocks (banded iron forma-
tions and sillimanite-bearing paragneisses) that represent
remnants of greenstone belts form xenoliths in TTG suite
rocks (e.g. Nsifa et al., 1993). Late- to post-tectonic
granitoids and syenites with alkaline affinity intrude the
TTG (e.g. Kornprobst et al., 1976; Nédélec, 1990; Tch-
ameni, 1997; Tchameni et al., 2000, 2001; Shang, 2001;
Shang et al., 2001a,b), and clearly postdate the major
crustal forming episode. Eburnean (=2.1 Ga) doleritic
dykes (e.g. Toteu et al., 1994; Vicat et al., 1996) represent
the last magmatic activity in the Ntem complex.

Petro-structural studies suggest two major episodes
of deformation in this geological domain. The first
deformation episode is characterized by vertical folia-
tion, stretching and vertical lineation and isoclinal folds.
These structural elements could mark the diapiric
emplacement of the granitoids (Shang, 2001; Tchameni
et al., 2001). The second major tectonothermal event is
marked by the development of sinistral shear planes
trending north—south to N45°E, and partial melting of
charnockitic and tonalitic members of the TTG suite
and the greenstone belt country rocks, described as
post-Archaean and post-charnockitic migmatisation by
Nsifa and Riou (1990). Although the timing to this sec-
ond tectonothermal event is not well known, Rb-Sr
whole-rock data from Lasserre and Soba (1976) suggest
that this event could have occurred during the Eburnean
orogeny. Toteu et al. (1994) dated the peak of this met-
amorphism at about 2050 Ma, using U-Pb zircon data
on metamorphic rocks from the Nyong series.
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Fig. 1. Regional geological map of the north-western part of the Congo craton (Ntem complex) and thrust contact with the North Equatorial Pan-
African orogenic belt in South Cameroon. Main map shows the geology of the Sangmelima region and the distribution of TTG suite.

3. Petrography

Charnockitic TTG form a suite that ranges in modal
composition from fine-medium grained norites to med-
ium—coarse grained more felsic enderbites, charnoender-
bites and charnockites. The rock suite often occurs in
massifs with diffuse or penetrative contacts that portray
heterogeneities due probably to magmatic differentia-
tion. This rock suite often shows “migmatisation”, i.e.
imprints of partial melting characterized by light

quartzofeldspathic or granitic melts in association with
melanocratic restitic schlieren that confer a banded
structure to the rock. Norites and monzonorites some-
times occur as small individual massifs or as centimetric
xenoliths in various massifs, thereby contributing to the
primary structure of these rocks. They may also occur as
brecciated or fusiform enclaves (20-40cm long) in less
mafic members. Enderbites and charnoenderbites form
metric and decametric xenoliths in slightly oriented
granites. Charnockitic suite outcrops are generally
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crosscut by veined rocks (aplites and pegmatites) and
granitic dykes as well as by mylonitic corridors.

Charnockites, charnoenderbites and enderbites are
characteristically dark grey to dark brown with bluish
quartz lustre (as a result of inclusions) and malgashitic
feldspars. The oriented minerals define foliation and
the concentration of mafic and felsic minerals define
alternating mesocratic and leucocratic banding accentu-
ated in rocks affected by partial melting. Minerals vary
between 0.1 and 0.5mm and attain 2-4mm in coarse fa-
cies, defining granular texture with nematogranoblastic
or granoclastic tendencies in oriented samples near shear
corridors. In this deformed facies, a second generation
of recrystallized interstitial plagioclase microblasts rim
the primary porphyroblastic phases. Norites commonly
display cumulate textures. Two mineral parageneses are
identified in these rocks. The main mineral phases of the
first generation consist of subautomorphic hypersthene
and clinopyroxene, reddish-brown biotite, brown horn-
blende, antiperthitic An;7.3, plagioclase and interstitial
quartz. Main accessories include zircon, apatite, ilmenite
and magnetite. The second paragenesis is composed of
green hornblende-actinolite and scarce biotite in coro-
nitic positions around pyroxenes, biotite-leucoxene
on opaque oxides, and epidote and sericite after
feldspars.

The tonalites show a medium to coarse grained (0.2—
3mm) texture, commonly spotted with bluish quartz.
Penetrative or diffuse contacts are common between
the three facies of the tonalitic suite; a leucocratic and
coarse grained facies of trondhjemitic composition, a
mesocratic-melanocratic and medium grained facies of
dioritic composition and a meso-leucocratic medium
grained facies of tonalitic composition. Nodule-like dio-
ritic facies with cumulate texture represent an early crys-
tallized member of the tonalitic suite. Amphibole
preferentially defines localised magmatic foliation. In
deformed rocks, the texture becomes heterogranoblastic
with nested quartz and develops protomylonitic features
characterized by polygonised quartz near shear zones.
The rock is generally heterogranular with xenomorphic
to subautomorphic plagioclase and interstitial quartz.
Essential minerals of this rock group include subhedral
plagioclase (commonly Anjg.5,, With An,;.,g in dioritic
cumulates and albite (An;.jo) in trondhjemitic facies),
microcline and quartz in association with accessory zir-
con, apatite, ilmenite and magnetite. Ferromagnesian
minerals are biotite, minor brown and green hornblende
with altered clinopyroxene in mesocratic and melano-
cratic facies. Coronitic association of reddish brown bio-
tite, opaque oxides and quartz around brown
hornblende phenocrysts is observed in the dioritic facies.

The granitic suite includes granodiorites and monzo-
granites. They are characterized by the conspicuous ab-
sence of hypersthene as compared to the members of the
charnockitic suite. Granodiorites represent the main

rock type. They are dark grey and medium to coarse
grained. Biotite is the major mafic phase. It is a high tita-
nium reddish-brown biotite, sometimes in symplectitic
association with quartz and opaque minerals. Minor
clinopyroxene and brown hornblende blebs coexist with
green hornblende and oxides. Plagioclase (Anj,.;7) oc-
curs as subhedral to anhedral poikilitic laths. Microcline
is the principal K-feldspar; it is often perthitic and poik-
ilitic. Accessories include zircon, apatite and opaque
minerals, with chlorite and epidote as secondary phases.
Monzogranites are slightly coarser and pinkish grey.
The contacts with the granodiorites are always diffuse
or progressive. However, a pegmatitic variety of this
rock type often forms veins in the granodiorite. Micro-
cline is the characteristic feldspar in this rock and is
commonly phenocrystic while plagioclase is less abun-
dant and albitic (Ans.;). Myrmekites often occur at the
contact between the two feldspars. Quartz is a major
phase. Red-brown biotite is the principal ferromagne-
sian mineral but more or less altered clinopyroxene
and green hornblende are locally present. Accessories
include zircon, apatite and opaque minerals.

4. Analytical techniques

Major and trace elements (Ba, Cr, Nb, Ni, Rb, Sr, V,
Y, Zn, Zr) were analysed by X-ray fluorescence (XRF)
on fused powder discs at the University of Tuebingen,
using methods similar to those described in Norrish
and Hutton (1969). Loss on ignition (LOI) was deter-
mined after igniting 1 g of rock sample powder in quartz
crucibles at 1000°C for 1h. Analytical uncertainties are
estimated at less than 1% for major elements and be-
tween 2% and 5% for trace elements. Other trace ele-
ments (Hf, Ta, W, Pb,Th, U) and REE were analysed
by inductively coupled plasma mass spectrometry
(ICP-MS) in the laboratory of the Museum of Central
Africa, Belgium. Analytical uncertainties for REEs are
estimated at less than 10%.

For Sr and Nd isotope analyses, about 50mg of
whole-rock sample powder was spiked with mixed
843r-8"Rb and '""Nd-'*’Sm tracers prior to dissolution
in HF acid at 180°C and under high pressure in poly-
tetrafluor-ethylene (PTFE) reaction bombs. Element
separation (Rb, Sr and REE) was performed in quartz
columns containing a Sml resin bed of AG 50W-X12,
200400 mesh, conditioned and equilibrated with 2.5N
HCI. For Sm and Nd separation, 1.7ml Teflon powder
coated with HDEHP (Di-Ethyl Hexyl Phosphate) as
cation exchange medium was employed in smaller
quartz columns, equilibrated with 0.18 N HCI. For mass
spectrometric analyses, Sr was loaded with a Ta-HF
activator and measured on a single W filament. Rb
was loaded as a chloride and Sm and Nd were loaded
as phosphates and measured in a double Re-filament
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configuration mode. All analyses were performed using
a Finnigan MAT 262 thermal ionisation mass spectrom-
eter (TIMS) equipped with 8 Faraday cups in a static
collection mode. The ¥’Sr/*®Sr ratios were normalized
to %6Sr/%8Sr=0.1194, the '¥Nd/'Nd ratios to
1ONd/'"Nd = 0.7219, and Sm isotopic ratios to
147Sm/">2Sm = 0.56081. Analyses of 24 separate loads
of Ames metal (Geological Survey of Canada, Roddick
et al., 1992), during the course of this study (01-09/
2000), gave a "¥*Nd/"*Nd ratio of 0.512125 10 (+2¢
error of the mean) and within the same period, the
NBS 987 Sr standard yielded %'Sr/*°Sr ratio of
0.710259 + 12 (n = 28). Total procedural blanks (chem-
istry and loading), were <200pg for Sr and <100pg
for Nd. Least-square regression of the Rb—Sr and Sm-—
Nd isotopic data with assessment of fit using the mean
square of the weighted deviates (MSWD), were calcu-
lated after Brooks et al. (1968) and Wendt (1986). All
regression errors are quoted at the 2¢ level. Nd-model
ages and &ng were calculated using present day CHUR
values of 0.1967 for '*’Sm/'"*Nd (Jacobson and Wasser-
burg, 1980) and 0.512638 for '*Nd/"**Nd (Goldstein
et al., 1984). Model ages were determined using depleted
mantle values as given in Liew and Hofmann (1988).
Decay constant for 8Rb (1.42x107'" a~!) was taken
from Steiger and Jiger (1977) and for '¥’Sm
(6.54x 1072 a™") from Lugmair and Marti (1978).

5. Results
5.1. Major elements

Charnockitic and tonalitic suite members are charac-
terized by a wide SiO, variation (54-70% for charnock-
itic TTG and 58-76% for tonalitic TTG), qualifying
them as intermediate and felsic rocks. The variation in
SiO, concentration for granodiorites (65-76%) indicates
their felsic composition. With the exception of Na,O in
the tonalitic suite, all major elements for the three rock
types shown in Fig. 2 tend to decrease with increasing
SiO,. A large variation of Al,O3 concentration (14—
18%) is shown by the charnockitic suite in the 54-60%
silica range.

Although the ASI index (A/CNK =][Al,O3/(CaO +
Na,O + K,0) mol%]) indicates metaluminous and
peraluminous composition for the three TTG rock
groups, a dominant metaluminous character (0.56 <
(A/CNK) <0.99) is observed for members of the
charnockitic suite while a greater proportion of tonalites
and granodiorites show peraluminous character (A/
CNK > 1, Table 1). However, ASI values <1.1 point
to an I-type character (e.g. White and Chappell, 1977)
for these granitoids (Fig. 3a).

The charnockitic suite is characterized by a lower to-
tal alkali content (3wt% < Na,O + K,O < 6wt%) as

compared to the tonalitic (5wt% < Na,O +
K,0 < 7wt%) and the granodioritic (6wt% < Na,O +
K,0 < 7wt%) suites. High Na,O/K,O ratios (2.2-9.4,
but 1.7 in S06) are observed in charnockites and tona-
lites (2.2-6.7), while lower ratios (0.9-1.7, but 3.0 in
S21) mark the granodiorites. Hence low and medium-
K compositions (Fig. 3b) characterize charnockites
and tonalites and medium to high-K compositions mark
granodiorites (cf. criteria of Gill, 1981; Le Maitre et al.,
1989). The sum of Na,O + K,O does not increase with
increasing silica in the three rock suites. In the norma-
tive diagram An-Ab-Or (Fig. 4a) used for rocks with
>10% normative quartz, tonalites and charnockites plot
in and around the average Ntem TTG field as defined by
Neédélec et al. (1990). In the K-Na-Ca diagram (Fig.
4b), the granodioritic suite portrays a potassic calc-alka-
line trend while the tonalites and charnockites define a
sodic calc-alkaline trend (trondhjemitic trend) that is
typical of Archaean TTG suites worldwide.

Ferromagnesian  oxides content (Fe>Osropar +
MgO + TiO,) varies from 10% to 18% in the charnock-
itic suite, 7% to 11% in the tonalitic suite, whereas the
lowest content (1% to 7%) mark the granodiorites.
Ferromagnesian oxides content in tonalites and granodi-
orites is similar to that recorded in average adakites, i.e.
~Twt%  (Martin,  1999).  Mg# = [Mg**/(Mg>" +
Ferotal) X 100, with Feroa as Fez+] varies from 60 to
32 for the charnockites and 60 to 35 for tonalites, with
a general decrease with increasing SiO, except for two
tonalite samples (S33, S38), displaying high Mg# at
high-SiO, content. Mg# in granodiorites varies from
47 to 35.

5.2. Trace elements

There is a constant decrease of Ni, Cr, Zn and V con-
tents with increasing silica abundance (Table 1). The
average Ni content in charnockites and tonalites and
some granodiorite samples is similar to the average Ni
content of ~24ppm in adakites (Martin, 1999). Grano-
diorites are richer in Ba and Rb and poorer in Cr, Nb, V
and Zn than tonalites and charnockites. Zr and Sr show
a similar average abundance in all the rock types while
generally low concentrations are observed for Y and
Ti in all the rock types. K/Rb ratios vary between 144
and 942 in all the rock types with an average of about
420 for the charnockites, 393 for the tonalites and 400
for granodiorites. These values are higher than those re-
ported in TTGs from many cratons (e.g. 200-300 after
Condie, 1981). However, such high values are known
in some Archaean cratons e.g. Jahn and Zhang (1984)
for the Sino-Korean craton, Sheraton and Black
(1983) and Sheraton and Collerson (1984) for the Ant-
arctic craton. Rb/Sr ratios are quite low (0.01-0.78 for
charnockites, except for sample S40 with a high ratio
of 1.66 due to a particularly low Sr content of 56 ppm,
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Fig. 2. Harker diagrams for selected major and trace elements. Filled circles represent the charnockitic suite, filled squares represent tonalitic suite,

filled diamonds symbolize granodiorites.

0.02-0.34 for the tonalites and 0.03-0.27 for granodior-
ites). Sr/Y ratio versus Y diagram (Fig. 5) shows that the
composition of Sangmelima TTG are similar to TTGs
derived by partial melting of eclogitic facies Archaean
mafic rocks represented by model curve 1 in that dia-
gram (e.g. Drummond and Defant, 1990).

Primordial mantle-normalized diagrams (Fig. 6a)
show generally similar patterns for the three Sangme-
lima TTG rock types, with negative Nb, Ta anomalies
and positive Ba, La anomalies. Positive and negative
Th anomalies occur in all the three TTG rock types.
Lowest average abundances for Pb (7.2ppm), Th
(3.7ppm) and U (0.5ppm) mark the charnockites while
the highest amounts (Pb = 14.9ppm, Th = 9.2 ppm and
U = 0.8ppm) occur in granodiorites. These values give

Th/U ratios of 0.5-9.6 for charnockites. A similar range
of 0.5-9.2 characterizes the tonalites except for the
leucocratic vein sample S18, with a very high ratio of
20.9, while granodiorites yield a wider range from 0.4
to 16.1.

Chondrite normalized REE patterns are presented in
Fig. 6b. Charnockites are generally enriched in LREE
with respect to HREE, with Lan/Yby ratios ranging
from 11 to 28 but the quartz-norite sample S10 displays
an almost flat pattern with Layn/Yby = 2.1. Except for
the sample S04, an enderbite with a strong positive Eu
anomaly (Eu/Eu* = 1.81), all the other samples portray
slight negative Eu anomalies with Eu/Eu* between 0.83—
0.92. The sample S04 shows the lowest REE abundance
and the most depleted HREE pattern.
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Table 1

Major and trace element concentrations for Sangmelima TTG suite: charnockitic suite

Sample S07 S40 S06 S10 S03 So01 S05 S08 S09 S04 S25 S12
SiO, 54.1 54.6 54.9 56.3 57.4 59.5 59.9 60.4 61.6 65.7 67.1 70.1
TiO, 0.8 1.0 0.89 0.72 1.3 0.63 0.54 0.60 0.63 0.73 0.59 0.45
ALO; 18.1 16.7 16.5 13.7 16.8 16.5 16.9 15.1 15.5 15.7 15.5 15.2
Fe,0; 8.6 10.6 8.7 9.8 9.8 7.0 6.3 7.6 6.9 5.9 5.0 3.9
MnO 0.12 0.2 0.12 0.12 0.12 0.11 0.09 0.13 0.10 0.08 0.05 0.05
MgO 4.0 6.6 4.1 4.8 2.6 3.5 3.1 5.7 33 1.7 1.6 0.10
CaO 7.7 5.0 6.4 10.8 6.3 6.4 5.8 5.4 5.8 49 4.1 3.9
Na,O 4.5 3.0 3.7 2.6 44 4.0 4.5 3.2 3.6 43 43 4.4
K,O 1.2 1.6 22 0.52 0.93 1.8 1.7 1.3 1.7 0.45 1.2 0.92
P,0s 0.3 0.11 0.42 0.10 0.25 0.26 0.22 0.21 0.24 0.12 0.16 0.14
LOI 0.41 0.6 0.72 0.16 0.10 0.41 0.57 0.40 0.16 0.18 0.34 0.31
Total 99.9 100.2 98.9 99.8 100.2 100.4 99.7 100.3 99.7 100.0 99.9 100.4
Na,O + K,0 5.7 4.6 5.9 3.2 5.3 5.8 6.2 4.4 5.3 4.7 5.5 5.2
Na,0/K,0 3.8 1.9 1.7 5.1 4.7 22 2.6 2.5 22 9.4 35 4.7
Ab/An 1.5 1.1 1.4 0.9 1.2 1.6 1.8 1.1 1.4 1.6 1.8 1.9
A/CNK 0.8 1.1 0.82 0.56 0.86 0.82 0.86 0.93 0.85 0.96 0.98 0.99
Mg# 48.0 55.3 48.3 49.4 34.5 50.1 49.1 59.8 48.4 36.4 38.3 31.5
Ba 659 626 1197 129 479 1760 1058 818 850 169 753 305
Cr 52 157 50 139 239 91 38 440 60 19 26 0
Nb 4 6 6 15 7 2 2 4 2 3 6 6
Ni 37 66 24 66 18 31 20 74 29 20 25 5
Rb 23 93 77 9 14 31 34 38 60 4 28 21
Sr 460 56 647 351 452 627 628 415 630 424 374 269
A% 145 289 203 234 139 128 104 141 140 75 92 26
Y 16 28 21 16 22 14 14 15 12 7 8 10
Zn 93 114 102 74 108 73 69 78 77 70 55 65
Zr 130 79 179 48 196 143 169 118 152 170 180 342
K 9819 13,479 18,111 4283 7736 15,073 14,309 10,383 13,761 3768 10,093 7669
La 39.0 5.2 31.9 16.8 7.4 25.1

Ce 80.7 13.5 63.6 35.6 14.4 45.1

Pr 9.8 1.6 7.5 4.2 1.5 4.8

Nd 38.3 7.2 29.4 16.9 5.9 16.7

Sm 6.9 22 6.2 3.3 1.2 3.0

Eu 1.7 0.68 1.8 0.95 0.70 0.73

Gd 5.8 2.8 5.6 3.0 1.1 2.4

Dy 4.0 2.8 4.3 2.4 1.0 1.5

Ho 0.76 0.6 0.87 0.45 0.15 0.28

Er 2.1 1.8 22 1.3 0.44 0.76

Yb 1.9 1.7 1.7 1.1 0.41 0.60

Lu 0.24 0.23 0.22 0.16 0.06 0.07

Hf 4.8 1.3 5.3 2.6 3.8 3.8

Ta 0.14 0.05 0.21 0.15 0.12 0.12

w 0.80 - 0.89 1.00 0.64 0.60

Pb 12.3 6.4 6.9 5.1 3.9 9.1

Th 8.1 1.2 7.0 0.36 0.05 5.9

U 0.99 0.30 1.1 0.31 0.08 0.62

Y>REE 191.1 40.3 155.2 86.0 34.4 100.9

K/Rb 427 145 235 476 553 486 421 273 229 942 261 365
Rb/Sr 0.05 1.66 0.12 0.03 0.03 0.05 0.05 0.09 0.10 0.01 0.08 0.78
Th/U 8.2 4.1 6.5 1.2 0.6 9.6

Lan/Ybn 14.1 02.1 12.4 10.5 12.1 28.3

Eu/Eu* 0.83 0.84 0.92 0.93 1.81 0.84

Major and trace element concentrations for Sangmelima TTG suite: tonalitic suite

Sample 549 S15 S14 S13 S50 S64 S18 S20 S33 S17 S66 S16 S38
Si02 57.7 61.1 63.6 67.2 67.6 67.9 68.9 69.8 70.5 71.9 71.1 74.0 76.2
TiO2 0.69 0.62 0.48 0.40 0.28 0.36 0.28 0.29 0.21 0.21 0.17 0.12 0.11
AlLO5 17.4 18.5 16.7 16.8 16.4 16.0 16.5 16.0 15.0 15.6 15.7 15.1 14.0
Fe,03 7.4 4.4 4.5 2.8 3.1 2.8 2.9 2.7 2.6 1.7 1.6 0.97 0.84

(continued on next page)
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Sample S49 S15 S14 S13 S50 S64 S18 S20 S33 S17 S66 S16 S38
MnO 0.22 0.06 0.08 0.03 0.04 0.04 0.04 0.04 0.05 0.02 0.02 0.02 0.01
MgO 33 2.1 2.4 1.5 1.4 0.97 0.88 0.76 2.0 0.63 0.57 0.26 0.55
CaO 5.9 5.2 3.9 3.5 4.6 3.6 3.6 3.3 3.7 1.9 2.8 2.4 33
Na,O 4.4 4.6 5.6 4.6 4.6 4.5 4.5 4.8 3.7 6.1 5.2 5.1 3.8
K,0 1.4 1.6 1.1 1.5 0.69 1.9 1.2 1.7 1.2 1.1 1.4 1.4 1.01
P,0s 0.15 0.22 0.16 0.10 0.07 0.12 0.09 0.05 0.03 0.09 0.08 0.01 0.05
LOI 0.69 1.8 1.3 1.5 0.76 1.1 0.48 0.53 0.60 0.94 0.74 0.57 0.42
Total 99.4 100.3 100.0  100.1 99.6 99.4 100.0  99.9 99.6 100.2 99.5 99.9 100.3
Na,0O +K,O 5.8 6.2 6.7 6.1 5.3 6.4 6.1 6.4 49 7.2 6.6 6.5 4.8
Na,0/K,0 3.2 2.9 49 3.1 6.7 2.4 44 2.9 3.1 5.6 3.7 3.6 3.8
Ab/An 1.6 1.6 2.7 2.3 1.7 2.2 2.4 2.5 1.7 5.6 3.2 3.5 1.9
A/CNK 0.90 0.99 0.96 1.1 0.99 1.01 1.03 1.02 1.1 1.1 1.04 1.1 1.1
Mg# 47.1 48.1 51.0 51.1 46.9 40.4 37.6 36.1 59.5 42.7 40.8 34.7 56.4
Ba 462 464 458 425 294 855 360 754 496 216 669 509 291
Cr 57 29 50 3 16 11 12 1 28 5 3 - 4
Nb 10 1 3 4 - 1 4 1 1 3 1 2 3
Ni 44 32 49 16 21 6 14 8 28 - 8 2 9
Rb 67 50 22 41 9 62 11 33 23 27 38 26 17
Sr 195 329 437 714 529 411 376 372 236 285 652 416 144
A% 130 68 42 50 46 42 35 38 23 14 13 5 13
Y 28 8 21 2 3 7 8 6 2 3 1 3 1
Zn 86 48 70 57 39 50 55 51 46 45 28 17 11
Zr 152 172 134 104 174 135 207 252 104 136 93 88 61
K 11,537 13,379 9412 12,417 5702 15,662 9528 1375 9977 9097 11,720 11,554 8358
La 12.0 51.1 21.2 59

Ce 20.2 89.9 33.9 10.7

Pr 1.7 8.9 33 0.89

Nd 5.6 28.9 10.2 3.0

Sm 0.87 4.0 1.4 0.42

Eu 0.39 0.70 0.38 0.25

Gd 0.69 2.7 0.86 0.29

Dy 0.30 1.2 0.36 0.24

Ho <0.05 0.19 <0.05 <0.05

Er 0.15 0.50 0.13 0.25

Yb 0.10 0.51 0.13 0.33

Lu <0.01 0.07 <0.01 0.04

Hf 2.2 5.3 3.1 2.2

Ta 0.08 0.06 <0.05 <0.05

W 0.87 1.5 0.78 0.58

Pb 6.8 17.2 7.6 12.8

Th 0.93 28.2 3.7 0.22

U 0.23 1.4 0.40 0.46

XREE 42.1 188.7 71.9 22.4

K/Rb 172 268 428 303 634 253 866 417 434 337 308 444 492
Rb/Sr 0.34 0.15 0.05 0.06 0.02 0.15 0.03 0.09 0.10 0.09 0.06 0.06 0.12
Th/U 4.0 20.9 9.2 0.5

Lan/Ybn 82.4 68.1 114.0 11.8

Eu/Eu* 1.6 0.65 1.04 2.2

Major and trace element concentrations for Sangmelima TTG suite: granodiorites

Sample S65 S42 S43 S44 S19 S41 S21 C6 S119 827

SiO, 64.9 65.3 63.6 68.6 63.9 69.3 70.0 70.1 71.0 73.0

TiO, 0.48 0.43 0.37 0.41 0.28 0.51 0.20 0.45 0.37 0.19

Al,O4 15.8 15.8 15.1 15.8 16.5 15.4 17.1 15.7 15.4 13.6

Fe,0; 4.4 4.8 3.6 2.9 2.9 3.5 1.4 3.2 2.6 3.6

MnO 0.06 0.06 0.05 0.04 0.04 0.03 0.03 0.03 0.03 0.03

MgO 2.1 1.9 1.4 1.02 0.88 0.94 0.37 0.84 0.97 0.11

CaO 4.1 3.8 33 3.0 3.6 2.9 34 2.8 2.8 2.4

Na,O 3.7 3.7 3.7 4.4 5.0 4.4 5.2 4.1 3.9 3.1

K,0 3.1 3.7 2.9 2.6 1.2 2.5 1.7 2.6 2.5 33

P,0s 0.19 0.20 0.13 0.15 0.09 0.18 0.03 0.13 0.11 0.04

LOI 0.42 0.68 0.48 0.52 0.48 0.36 0.37 - - 0.52

Total 99.3 100.7 100.0  99.7 100.0  100.2 100.0  100.0  99.7 100.2
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Sample S65 S42 S43 S44 S19 S41 S21 C6 S119 827
Na,O + K,0 6.8 7.4 6.6 7.0 6.1 7.0 6.9 6.6 6.5 6.4
Na,O0/K,0 1.2 1.0 1.3 1.7 1.2 1.7 3.0 1.6 1.6 0.94
Ab/An 1.8 2.0 1.9 2.5 2.3 2.6 2.5 2.6 2.5 22
A/CNK 0.94 0.93 0.99 1.01 1.06 1.02 1.03 1.08  1.08 1.05
Mg# 47.9 44.7 43.4 41.3 37.9 34.9 34.9 341 425 5.51
Ba 1944 2782 2026 1051 360 1122 924 1111
Cr 28 57 84 34 12 14 0 46
Nb 2 2 3 3 1 5 2 0
Ni 4 23 0 17 14 10 4 3
Rb 81 77 48 97 11 81 21 55
Sr 524 582 528 347 376 334 549 379
v 73 71 52 39 35 49 14 67
Y 10 11 4 10 8 6 1 12
Zn 55 51 43 52 55 61 24 17
Zr 133 171 154 183 207 307 104 367
K 25,779 30,270 24,203 21,547 22,468 20,767 14,301 27,407
La 21.4 17.8 45.5 67.3 10.8

Ce 42.6 30.0 77.8 113.0 17.2

Pr 49 3.0 7.6 11.3 1.5

Nd 17.5 10.0 24.1 33.7 4.6

Sm 2.9 1.3 3.5 43 0.38

Eu 0.77 0.61 0.59 0.91 0.48

Gd 2.5 1.1 2.6 29 0.26

Dy 1.6 0.81 1.6 1.2 0.07

Ho 0.29 0.14 0.25 0.22 <0.05

Er 0.82 0.40 0.65 0.54 0.02

Yb 0.77 0.38 0.47 0.46 <0.1

Lu 0.12 0.06 0.07 0.07 <0.01

Hf 4.5 3.7 4.1 7.5 2.4

Ta <0.05 <0.05 0.60 0.15 <0.05

w 0.66 0.58 0.51 0.99 6.5

Pb 14.7 13.8 21.1 12.5 12.4

Th 1.01 0.78 30.8 13.4 0.10

U 0.39 0.60 2.3 0.83 0.24

YXREE 99.1 66.6 164.7 235.9 35.5

K/Rb 318 393 504 222 330 256 681 498.3
Rb/Sr 0.15 0.13 0.09 0.28 0.17 0.24 0.04 0.15
Th/U 2.6 1.3 13.4 16.1 0.4

Lan/Ybn 18.8 31.3 72.9 99.7

Eu/Eu* 0.9 1.6 0.6 0.8 4.7

Major elements are in weight per cent while trace elements concentrations are in parts per mil (ppm); —: not determined.

S-type granitoids
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Fig. 3. (a) Aluminium saturation index (ASI) versus SiO, plot portraying the I-type composition for Sangmelima TTG suite. (b) K,O versus SiO,
diagram showing basically low and medium K composition for members of the tonalitic and chanockitic suites and medium to high K-composition

for granodiorites.
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[ = tonalitic suite
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after Nedelec, 1990.
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Gd = granodiorite

G = granite
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Fig. 4. (a) Normative feldspar classification from O’Connor (1965) showing the field of Sangmelima TTG in comparison with TTG from the
Ebolowa area (Nédélec, 1990) of the Ntem complex. (b) Na-K-Ca diagram after Barker and Arth (1976), portraying a trondhjemitic trend for
Sangmelima tonalitic and charnockitic suites and a slightly potassic calc-alkaline affinity for granodiorites.
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Fig. 5. Sr/Y versus Y diagram for Sangmelima TTG: samples are
compatible with garnet-bearing residues. Melting curves are from
Drummond and Defant (1990).

Tonalites display steeper REE pattern compared to
the charnockites and granodiorites. Lan/Y by vary from
12 to 114. The tonalites portray high LREE fractiona-
tion (8.1 < Lan/Smy <9.3) compared to the charnoc-
kites (1.5 <Lan/Smy <5.3). Two of the analysed
samples (S13, S16) with the lowest total REE abundance
show strong positive Eu anomalies (Eu/Eu* = 1.5 and
2.1 respectively). S17 displays a slight positive Eu anom-
aly (Ew/Eu* = 1.04), whereas the sample S18 with the
highest REE abundance displays a negative Eu anomaly
(Ew/Eu* = 0.65).

Granodiorites show a stronger HREE depletion com-
pared to charnockites with Layn/Yby between 19 and
100. They are more enriched in LREE (Layn/
Smy = 4.5-18.0). However, a few granodiorite samples
(e.g. S42, S43) are marked by HREE fractionation sim-
ilar to that recorded in charnockites (e.g. S04, S06, S08).
Three granodiorites show a negative Eu anomaly (Eu/
Eu* = 0.6-0.8) while two show positive Eu anomalies
(Ew/Eu* = 1.54.7). The REE patterns (Fig. 6b) are

more or less parallel except for the sample S21 that is
strongly depleted in HREE.

Based on REE characteristics, the Sangmelima TTGs
could be divided into two groups. One group is marked
by low REE abundance, positive Eu anomalies and
strong depletion in HREE. The second group displays
high REE abundance, negative Eu anomalies and
enrichment in HREE. In general, the granodiorites dis-
play a stronger LREE enrichment than the charnockites
and tonalites. The increase in negative Eu anomaly as
well as the decrease of total REE content can be roughly
correlated to the increase in SiO,, hence to the magmatic
differentiation process. All spectra (except for sample
S10), are fractionated.

5.3. Sm—Nd and Rb-Sr isotopic systematics

Sm-Nd and Rb-Sr isotope compositions were deter-
mined on whole-rock samples from the three TTG rock
types and data are presented in Table 2. Data for the
charnockitic suite include two charnoenderbites (SO3,
S06), three enderbites (S04, S08, S25) and one quartz-
norite (S10). The spread of '*’Sm/'*Nd ratios is
wide enough to calculate an isochron of 3049 £ 82 Ma,
MSWD =4.6 with an initial Nd value of
0.508701 + 67. Calculations without S25 that has low
eng values (—3.2 and —3.6, Table 2) yield an isochron
of 2899 + 93Ma, MSWD = 2.6 (Fig. 7a) and an initial
Nd value of 0.508844 + 79. The best fit for Rb—Sr com-
position without S10 that has the highest initial Sr com-
position (Table 2), vyields an isochron date of
2879 + 55Ma, MSWD = 4.6, with an initial *’St/*°Sr ra-
tio of 0.70176 £ 17 (Fig. 7a). Dates derived from the
Sm-Nd isochron without S25 and from the Rb-Sr iso-
chron without S10 are indistinguishable within error
limit. Nd-model ages (7pm) range from 3200 to
3010 Ma; S10 yields an older model age of 3320 Ma.
Tcraur ages determined for comparison with Tpy ages
vary from 3196 to 2872Ma. Some of these model ages
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Fig. 6. (a) Primordial mantle-normalized spidergrams (to the values of Sun and McDonough, 1989). Arrangement of elements after Pearce (1983).
(b) Chondrite normalized REE patterns (to the values of Boynton, 1984) for selected samples of the Sangmelima TTG suite.

Table 2
Sm, Nd, Rb and Sr abundances and isotopic whole-rock composition from Sangmelima TTG suite
Sample Sm Nd 147Sm/ 143Nd/ ENA2850 Ma TDM/ TCHUR/ Rb/ Sr/ 87}{1)/ 87Sr/ SI'2850 Ma
Nd  "Nd + 20, Ma Ma ppm ppm  %Sr 86Sr + 201,
Charnockitic  S03 6.153 29.78  0.1249 0.511277 (9) —0.2 3020 2876 12.17 4542 0.0775 0.704520 (9) 0.70132
suite S04 1.284 6.27 0.1238 0.511258 (7) —0.2 3010 2872 1.407 401.2 0.0101 0.702373 (13) 0.70195
S06 6.820 36.85 0.1118 0.510955(9) —1.7 3100 3009 80.9 647.9 0.3617 0.716648 (10) 0.70171
S08 3.557 1834 0.1172 0.511051 (8) —1.8 3120 3027 3515 406.2 0.2505 0.712124 (7)  0.70178
S10 2.047 7.15 0.1731 0.512142(9) -1.0 3320 3196 4.639 350.4 0.0383 0.704234 (10) 0.70265
$25a°  2.860 17.18  0.1006 0.510666 (10) —3.2 3180 3109 26.34  352.5 0.2163 0.711372 (10) 0.70244
$25b°  2.851 16.10 0.1075 0.510649 (10) —3.6 3200 -
Tonalitic S13 0976  6.338 0.0930 0.510670 (10) —0.5 2990 2889 34.63 6623 0.1513 0.707469 (10) 0.70122
suite S16 0.510  3.148 0.0979 0.510621 (30) —3.1 3160 3097 20.7 376.1 0.1593 0.707902 (10) 0.70133
S17 1.578 10.89  0.0876 0.510472 (14) 2.3 3090 3012 21.87 2634 0.2404 0.711362(9) 0.70144
S18 4.545 35.01 0.0784 0.510334(9) -—1.6 3040 2955 11.31  376.0 0.0870 0.706738 (10) 0.70314
Granodio- S21 0.509  4.558 0.0675 0.510137 (12) -1.4 3010 2934 17.20  501.0 0.0993 0.705376 (9)  0.70127
rites S41 5.727 53.10 0.0651 0.510161 (9) —0.1 2940 2856 77.88  312.6 0.7226 0.730818 (10) 0.70098
S42 3.282 2035 0.0974 0.510739 (8) —0.6 3010 2902 73.16 5549 0.3819 0.717524 (10) 0.70175
S43 1.764 13.16  0.0810 0.510432(8) —0.6 2990 2893 45.07 497.2 0.2624 0.712375(9) 0.70154
S44 4.302 32.17 0.0808 0.510472 (8) 0.3 2940 2834 9429  325.1 0.8417 0.736627 (12) 0.70187

" -
Replicate analyses; error of measured value.

are identical with the isochron dates. engogsoma Values
vary from —0.2 to —1.8 but much lower values of down
to —3.6 are noted for S25 while initial Sr ratios range

from 0.70132 to 0.70265.

The Sm-Nd and Rb-Sr system for tonalites was stu-
died in four samples comprising three massive rocks
(S13, S16, and S17) and one vein tonalite, S18 (Table
2). Sm—Nd composition of the samples does not permit
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Fig. 7. Sm/Nd and Rb/Sr isochron diagrams for rocks of Sangmelima TTG suite, (a) the charnockitic suite, (b) rocks of the tonalitic suite, (c)

granodiorites. Errors used for isochron calculation are 1% for 8’Rb/*Sr,

a good isochron evaluation because of similar
147Sm/'"**Nd ratios (Fig. 7b). However, an isochron date
of 2567 £ 279Ma, MSWD = 6.3 and an initial Nd value
of 0.50901 * 16, is obtained. Except for sample S13 with
an engo.gs0 value of —0.5, other samples yield lower val-
ues (—2.3 to —3.1), while initial Sr ratios range from
0.70122 to 0.70314. The best fit line defined by the
Rb-Sr system without the vein sample (S18), yields a
date of 2982 + 220Ma, MSWD = 0.1 (Fig. 7b), and an
initial Sr ratio of 0.70270 + 33. Isochron dates from
the two isotopic systems are identical within error.
Nd-model ages (Tpym) for these samples vary from
3160 to 2990Ma. Tcyur ages give values between
3097 and 2889 Ma.

Granodiorite samples analysed for Sm—Nd and Rb-
Sr isotope composition include the vein leucocratic
sample S21 and four massif samples porphyritic S41,
medium grained leucocratic S42 and coarse grained
mesocratic S43 and S44 (Table 2). Their Sm and Nd iso-
tope compositions define a best fit line with a date of
2882 = 158 Ma, MSWD =2.0 and Nd initial value of
0.508895 + 82, while the Rb-Sr system gives

0.3%, for 7Sr/*®Sr, 0.5% for ’Sm/"**Nd and 0.03%, for '*Nd/"*Nd.
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I 1o Granodioritic series

Bulk Earth
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-6 T T T
0.700 0.701 0.702 0.703 0.704
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Fig. 8. eng(t) versus Sr(ry correlation diagram showing the composi-
tion of Sangmelima TTG at 2850 Ma. Initial Bulk Earth composition
of 0.70108 was calculated using values from DePaolo (1988)
(¥"Rb/ASr = 0.0827, ¥'Sr/%6Sr = 0.7045).

2860 £ 28 Ma, MSWD = 2.5 with an initial Sr ratio of
0.70142 = 19 (Fig. 7c). Nd-model ages (Tpy) for grano-
diorite samples vary from 3010 to 2940 Ma. Tcyyur ages
give values between 2934 and 2834 Ma. Granodiorites
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Table 3

Rb and Sr isotopic composition of biotites from Sangmelima TTG

Sample Sr (ppm) Rb (ppm) 8TR b3Sy 87Sr/8°Sr Bi-WR age 87Sr/%0Sr(i)
Bi SO3 17.94 383.5 2.94479

WR S03 (charno.) 454.2 12.17 0.0775 0.70452 2064 + 20 Ma 0.70222

Bi S25 8.726 408.7 24191 8.73361

WR S25 (charno.) 352.5 26.34 0.2163 0.71137 2299 + 22 Ma 0.70419

Bi S41 10.32 700.3 438.84 13.3340

WR S41 (grano.) 312.6 78.88 0.7224 0.73082 1997 + 19Ma 0.71004

have relatively high exgogs0na values (0.3 to —1.4) and
low initial Srygsonma ratios (0.70098-0.70187), compared
to charnockites and tonalites. In the &ngogsoma VErsus
initial Srgs0Ma diagram (Fig. 8), all the analysed sam-
ples plot in the fourth quadrant with some close to Bulk
Earth composition.

Biotite separates were also analysed for Rb-Sr com-
position (Table 3). Two charnockites (S03 and S25)
yielded whole-rock-biotite ages of 2064 + 20Ma and
2299 + 22Ma with initial Sr ratios of 0.7022 and
0.7042, respectively. Biotite from a granodiorite (S41)
gave an age of 1997 = 19 Ma, with an initial Sr ratio of
0.7029.

6. Discussion
6.1. Major—trace elements and petrogenesis

Sangmelima region TTG are intermediate to felsic
and aluminous rocks with low Yb (generally <1ppm),
Na,O/K,O > 1, and high Sr and Ba values, similar to
worldwide TTG complexes (e.g. Barker and Arth,
1976; Barker, 1979), that are considered to be the result
of partial melting of garnet amphibolite or eclogite
facies basaltic crust (e.g. Arth and Hanson, 1975; Barker
and Arth, 1976; Barker, 1979; Tarney et al., 1976;
Martin, 1986; Drummond and Defant, 1990; Rapp
et al., 1991; Rapp, 1997). In fact, the Y versus Sr/Y
correlation diagram (Fig. 5) follows the trajectory of
model curve I, clearly portraying an Archaean mafic
crustal source. However, a direct melting of an eclogitic
subducting oceanic crust (MORB) might not be
completely ruled out.

The group of samples in the three TTG rock types
with low REE abundances, positive Eu anomalies and
depletion in HREE, could represent cumulative feldspar
rich fractions, while the other group of samples with
high REE abundances, negative Eu anomalies and en-
riched HREE patterns, probably represent members of
the various rock suites with more ferromagnesian phases
and REE bearing accessories. The former probably also
represent the more fractionated part of melts or low de-
gree partial melts as indicated by high silica content.
Higher HREE abundance (unusual positive HREE

slope), observed in the tonalite sample S16 compared
with low HREE abundance in the other two samples
S13 and S17 with positive Eu anomalies (Fig. 6b), could
be due to selective contamination by a garnet rich pole
in the source or could represent a quenched liquid rich
in HREE or it could probably represent the effect of
hydrothermal alteration. Thin section observation actu-
ally shows some degree of alteration in S16 which how-
ever, is not different from that in the other samples. In
general, tonalites and granodiorites that are more felsic
than members of the charnockitic suite display LREE
enrichment and this could be explained by the fact that
LREEs are incompatible during fractional crystalliza-
tion of tonalitic/granodioritic melts. The low concentra-
tion of Y and Ti and high Lan/Yby ratios reflected in
the relatively steeper REE patterns (Fig. 6b), could be
due to a melting residue containing garnet, titanite and
or ilmenite. In fact, highly fractionated REE composi-
tions have been reported from many areas (e.g. the cen-
tral Andean rocks) and interpreted as a result of residual
garnet in the sources (e.g. Kay et al., 1994; Mpodozis
et al., 1995; Kay and Abbruzzi, 1996). Similar observa-
tions were made in magmatic rocks from the Variscan
Odenwald, Germany (Altherr et al., 1999). Experimental
studies (e.g. Irving and Frey, 1978; Green and Pearson,
1985) have shown that garnet has high mineral/melt
partition coefficients for the HREE and it is therefore
considered as the key mineral to produce high Lay/
Yby ratios in Sangmelima TTG. These REE character-
istics suggest that the Sangmelima TTG magmas could
have been formed within the stability field of garnet
from a subducted eclogitic crust. Another possibility
to get a garnet signature would be by melting a thick-
ened crust of about 40km (e.g. Holdaway, 1971; Kay
and Kay, 1991; Spear, 1993).

Average Th/U ratios of the TTGs (5 for charnockites,
4.6 for tonalites, without considering the value of 20.9
from sample S18 and 6.7 for granodiorites) are higher
than the estimated Bulk Earth value of 3.85 and the
value of 3.9 + 0.1 deduced from igneous rocks of various
ages (e.g. Galer and O’Nions, 1985), and more than dou-
ble the upper mantle value (2.5, e.g. Jochum et al.,
1983). In granulite fields such high ratios could be ex-
plained by the differential loss of these elements during
metamorphism. But such high Th/U ratios like high
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K/Rb ratios in the case of the Sangmelima rocks which
do not show granulite facies mineral assemblages, are
probably due to originally low U and Rb sources for
these rocks (e.g. Nédélec et al., 1990; Tchameni, 1997,
Shang, 2001). However, the poor correlation between
Rb and Sr and considerable variation in Th/U ratios
may actually point to some degree of alteration.

The Mg#-Si0, plot (Fig. 9a) shows a complex setting
for Sangmelima TTG. In fact, the idea in this diagram as
presented by Smithies (2000) and Smithies and Cham-
pion (2000), comparing high-Mg# rocks and adakites
(TTG chemical equivalents, e.g. Defant and Drum-
mond, 1990), is that younger TTG magmas (<3.0Ga)
ascending through the mantle were contaminated by it,
hence displaying high Mg# and low SiO, content.
Smithies (2000) noted that typical mid-ocean ridge ba-
salt has an Mg# of around 60 such that partial melting
(~20%, e.g. Rapp et al., 1999) required to generate an
adakitic magma should yield Mg# considerably lower
than 60 (e.g. Mg#~45, Rapp, 1997). Therefore, adakitic
rocks with Mg# =50 must have reacted with material
significantly more mafic than basalt and contamination
by mantle peridotite was suggested (e.g. Yogodzinski
etal., 1995; Rapp et al., 1999). This interpretation would
have important geodynamic implications. By compari-
son, tonalites in this study show both high Mg# versus
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low SiO, and high Mg# versus high-SiO, content, and
plot in the field of younger TTG of Smithies (2000)
(Fig. 9b). Most charnockite samples (Fig. 9b) show
high-Mg#-low SiO, contents with thus a greater over-
lap in the adakite and high-Mg diorite suite fields (Fig.
9a), thereby suggesting greater mantle wedge material
contamination with inference for a subduction setting
similar to that of Cenozoic adakites. The higher Mg#
versus higher SiO, content for some tonalites is similar
to the composition of high Al type TTG of the Southern
Superior Province of Canada, thought to have inter-
acted with the mantle wedge (e.g. Feng and Kerrich,
1992). Granodiorites show moderate-low-Mg# and high
SiO, content, but plot like tonalites in the younger TTG
field and at the upper limit of the older TTG field (Fig.
9b) of Smithies (2000). We interpret these low Mg# ver-
sus high SiO, TTG rocks, that do show enough evidence
of mantle material contamination to be the more fract-
ionated part of the TTG magma. However it is generally
argued that low Mg# versus high SiO, rocks might not
have interacted with the peridotitic mantle wedge,
implying for instance their genesis in a flat subduction
regime (e.g. Smithies et al., 2003), or an underplating
tectonic setting that excluded the mantle wedge. Martin
and Moyen (2002) also suggest that subducted slabs
may have melted at a level shallow enough to have effec-
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Fig. 9. Diagrams of silica versus Mg# (Mg-number), (a) comparison of Sangmelima TTG to other TTG complexes and related rocks. Fields from
Smithies and Champion (2000) and references therein, (b) comparison of Sangmelima TTG and other TTGs, fields from Smithies (2000), (c)
comparison of Sangmelima TTG fields and adakites and Phanerozoic Na-rich granitoids from Smithies (2000).
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tively precluded any interaction between the slab-melts
and the mantle. In another view, Defant and Kepezhins-
kas (2001) suggest that one reason why some Archaean
TTG suites show little or no evidence for interaction
with the mantle wedge might be that the very high vol-
umes of melt driven off the thick slabs swamped the thin
mantle wedge.

In another consideration, some Sangmelima TTG
showing lower Mg#—higher SiO, composition appear
more consistent with melting of hydrous basaltic mate-
rial at the base of the Archaean crust under a typical
Archaean geotherm, a case that would be similar to
the Pilbara craton (e.g. Bickle et al., 1983, 1989, 1993)
and that does not necessarily require a subduction set-
ting. De Wit (1998) speculated that hydrated basaltic
crust at the origin of such rock types was stacked into
thrust piles in early Archaecan times and underwent
internal differentiation by partial melting to form
Earth’s earliest continental fragments.

6.2. Sm—Nd and Rb—Sr isotopic dates

The Sm—Nd and Rb-Sr chronometric systems (Fig. 7)
yield similar isochron dates within error for Sangmelima
TTG rock suites (2899 £ 93Ma and 2879 £ 55Ma for
the charnockites, 2567 £279Ma and 2982 + 220Ma
for the tonalites and 2882 + 158 Ma and 2860 + 28§ Ma
for granodiorites). The above dates for the charnockites
are similar to the whole-rock Rb—Sr isochron dates of
2890 + 270 Ma and 2859 * 65Ma determined by Delhal
and Ledent (1975) and by Lasserre and Soba (1976,
1979) respectively, on similar rock types from other
parts of the Ntem complex. The charnockites yield an
average Pb-Pb zircon crystallization age of
2884 £ 10 Ma (Shang, 2001), similar to an igneous crys-
tallization age of 2896 + 7Ma reported by Toteu et al.
(1994), using U-Pb zircon data and a more precise
Pb-Pb zircon date of 2912 £ 1 Ma reported by Tch-
ameni (1997), on a population of zircons from charnoc-
kites from some localities of the Ntem complex. Given
these identical age data from the same rock types from
other parts of the Ntem complex, we interpret the charn-
ockitic isochron date from the Sangmelima region as
close approximation to crystallization time. The Sm-
Nd isochron date of 3049 £ 82 Ma for the charnockites
calculated including sample S25 that appears to be more
crustally contaminated as suggested by its low eng val-
ues (—3.2 and —3.6, Table 2), therefore appears to be
of no geological significance. As for the tonalites, Lass-
erre and Soba (1976) report a Rb-Sr isochron date of
2780 = 50 Ma from north of Ebolowa. Using the same
method, Nzenti et al. (1988) presented a similar isochron
date of 2790 £ 120Ma on Soo tonalites. Sangmelima
tonalites have an average Pb—Pb zircon crystallization
age of 2825 + 11 Ma (Shang, 2001) similar to a Pb-Pb
zircon evaporation date of 2833 + 1.2Ma reported by

Tchameni (1997), from tonalites of the Ebolwa area.
As such, it appears difficult from our Rb-Sr and
Sm-Nd data (2567 = 279 Ma and 2982 £ 220 Ma respec-
tively), to suggest the emplacement timing for the tona-
lites in the Sangmelima region. For the granodiorites,
both Sm—Nd and Rb-Sr isochron systems yield identical
dates within error of ~2880Ma. This date is similar to
the Rb-Sr isochron date of 2880 £ 70 Ma reported by
Lasserre and Soba (1976) on Ntem granodiorites and
could therefore be of geologic significance. However,
the Sangmelima granodiorites have an average zircon
Pb-Pb crystallization age of 2832 % 12Ma (Shang,
2001). It is also worth noting that a younger zircon
Pb-Pb date of 2687 = 3Ma (Tchameni et al., 2000) has
been reported for seemingly end members of the high
K-granitoids suite (for which granodiorites would be
earlier crystallized members), from the eastern part of
the Ntem complex and 2670 £ 11 Ma (Shang, 2001) for
similar rocks from the western part.

Although a slight difference is observed between some
Tpwm and Tcyyur ages (Table 2), they are only slightly
older when compared with the isochron dates (Fig. 7),
suggesting early Mesoarchaean and late Paleoarchaean
time of extraction of the TTGs from their sources. If
one assumes a less depleted chondritic or mantle reser-
voir, the relatively young Tcyur ages with some very
close to isochron dates would suggest a very short time
lapse between the time of extraction from the various
sources and the crystallization time. Relatively high
end2gsoma values (—0.1 to —1.0) as opposed to some
lower values (—3.2 to —3.6) and low initial Srygson, ra-
tios (0.70098-0.70314) (Table 2 and Fig. 8), indicate the
importance of undepleted mantle and contribution of a
slightly enriched proto-crust in the genesis of the three
TTG rock types of the Sangmelima region. Given
the younger zircon Pb-Pb dates for end members of
the high K-granitoids or the granodioritic suite (Nédé-
lec, 1990), reported by Tchameni et al. (2000) and Shang
(2001), end2650 Ma and Sr(i)xe50 ma Values for Sangmelima
granodiorites were determined for comparison. The
end2650Ma and Sr(i),g50Ma Values show a greater spread
than engzgsoma and Sr(i),gsoma values. It appears then
more clearly that the composition of these rocks at
2850Ma (Fig. 8) represent closer crystallization age val-
ues than their composition at 2650 Ma.

Young Rb-Sr isochron biotite dates do portray post-
crystallization thermal effects. The spread of these
Paleoproterozoic dates from 2299 to 1997 Ma fall within
the timing for the Eburnean orogeny and it is therefore
thought that they record cooling after the thermal phase
of this orogenic cycle on the Ntem complex. It should
equally be noted that similar young mineral ages (bio-
tite, amphibole, feldspars) determined using the K/Ar
and Rb/Sr methods have also been reported by Lasserre
and Soba (1976), Kornprobst et al. (1976) and Toteu
et al. (1994).
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6.3. Tectonic implications

Whereas from the chemical composition of Sangme-
lima TTG there appears to be no doubt as to the nature
of their protolith, the formational setting remains a
problem. However, the negative Nb and Ta anomaly
(Fig. 6a), a characteristic of rocks derived from conver-
gent margins could be indicative for the tectonic setting
of the Sangmelima TTG. In addition, geochemical sim-
ilarities between Cenozoic adakites and TTG in general
(e.g. Martin, 1999; Smithies and Champion, 2000), and
results obtained in this study, add more credit to ascer-
tain the tectonic setting of these Archaean rocks. In fact,
most TTG samples in this study with high Mg# (Fig.
9b), indicate that they likely interacted with the mantle
wedge, hence their probable genesis by a subduction
process similar to that for Cenozoic adakites. Adakites
are thought to be restricted to zones where young, hot
oceanic crust is subducted and partially melted at pres-
sures high enough to stabilise garnet + amphibole (e.g.
Barker and Arth, 1976; Barker, 1979; Martin, 1986,
1999; Defant and Drummond, 1990; Beard and Lofgren,
1991; Rapp et al., 1991; Rapp, 1997). As such, it has
been suggested that TTG is the Archaean equivalent
of adakite (e.g. Drummond and Defant, 1990;
Drummond et al., 1996; Rapp, 1997; Martin, 1999). It
is therefore likely that a similar geotectonic scenario
could have prevailed during the genesis of Sangmelima
TTG. But could plate tectonics had operated in the same
way as during recent adakitic rock production, given the
supposedly homogenously mafic and dense Archaean
crust? In this tectonic setting argument, it is also worth
noting that compositional similarities between adakite
and TTG primarily reflect only the partial melting of a
similar source under similar conditions, and it has been
shown that such conditions are not unique to normal
subduction zones (Smithies, 2000). As such, another
way to accommodate TTG composition and explain
the formational context could be if subduction during
the Archaean were completely flat or approximated
underthrusting and locally excluded the mantle wedge
(i.e. a tectonic underplating, e.g. Smithies and Cham-
pion, 2000). They noted that the compositional range
of many TTG suites overlap only the low-Mg#-high-
Si0, end of the spectrum of adakite and wedge modified
adakite (case of some charnockites and granodiorites;
Fig. 9), and show little if any evidence of having passed
through a peridotitic mantle wedge. Flat fast subduction
of young, thick and buoyant Archaean oceanic crust has
equally been advocated as a significant mode of Archa-
ean subduction by Abbott and Hoffmann (1989) and
Abbott (1991).

Another alternative of a flat subduction and tectonic
underplating model could have begun with thick crust
formed by stacking of locally spilitized oceanic crust
and/or by accretion of oceanic plateaux (e.g. = 35km;

Martin, 1986; Condie, 1997; De Wit, 1998). Martin
(1986) showed that the steeper geotherms in Archaecan
times meant that the P-T requirements for TTG produc-
tion may have been commonly attained even at shallow
depth. De Wit (1998), speculated that hydrated basaltic
crust would yield appropriate conditions for partial
melting to be achieved and low-Mg#-high-SiO, TTG
suites would have resulted (e.g. Smithies and Champion,
2000). This model suggests that early Archaean TTG did
not come into contact with the mantle (e.g. Smithies,
2000). Partial melting of hydrated basaltic material at
the base of magmatically or tectonically thickened crust
equally produces TTG like rocks, for instance, the Mes-
ozoic and Cenozoic granitoids from North and South
America and New Zealand (e.g. Atherton and Pertford,
1993; Muir et al., 1995; Petford and Atherton, 1996;
Johnson et al.,, 1997), termed Phanerozoic Na-rich
granitoids by Smithies (2000). The granodiorite field
and a good portion of the tonalite and charnockite fields
fit in the Phanerozoic Na-rich granitoid field (Fig. 9c).
Sangmelima TTG therefore have features similar to
those of rocks derived from both subduction and crustal
thickening environments. However, the characteristic
Nb and Ta negative anomalies that are peculiar signa-
tures of subduction zones, suggest this tectonic setting
as the principal scenario under which Sangmelima
TTG were generated.

Besides, crustal melts would have been relatively en-
riched in K compared to our samples. As such, the
hypothesis of a subducted basaltic crust appears much
more likely (e.g. Martin, 1987a).

7. Conclusion

Sangmelima TTG are calc-alkaline I-type magmatic
rocks with the tonalitic and charnockitic suites of typical
trondhjemitic affinity, while granodiorites show a ten-
dency towards the potassic calc-alkaline trend. They
are aluminous (Al,O3 > 15wt%) with Na,O/K,O > 1.
Their Sm—Nd and Rb-Sr isochron data are consistent
with Mesoarchaean emplacement times between ~2800
and 2900 Ma, with the three rock types crystallized from
melts derived from similar late Paleoarchaean (>2.9 to
~3.2Ga Nd Tpm ages) eclogite facies basaltic proto-
crust sources of mantle origin with slight crustal contri-
bution in some cases, and garnet, amphibole, ilmenite
and or titanite as residual phases. Similarities between
Sangmelima TTG and other TTG formations worldwide
in their chemical composition as well as with adakitic
rocks (e.g. higher Mg# and lower SiO, that reflect the
incorporation of a peridotitic mantle wedge compo-
nent), coupled with negative Nb and Ta anomaly that
is indicative of convergent margins, strongly suggest
the involvement of subduction process during the for-
mation of Sangmelima TTG. The subduction setting



C.K. Shang et al. | Journal of African Earth Sciences 40 (2004) 61-79 77

could have locally been flat and excluded the mantle
wedge. On the other hand, some Sangmelima TTG
showing low-Mg# and high-SiO, composition appear
to match Phanerozoic Na-rich granitoids, thought to
have been generated by the melting of hydrous basaltic
material at the base of or underplating thickened crust,
under a typical Archaean geotherm. Given the domi-
nantly Archaecan TTG composition of the Congo craton
by analogy from the composition of Ntem TTG and the
characteristic negative Nb and Ta anomalies, we suggest
the subduction scenario as the principal tectonic model
for the genesis of the Archaean Congo craton. The effect
of post-emplacement thermo-tectonic events on this cra-
ton as documented by the biotite Rb—Sr system, is re-
lated to the Eburnean orogeny.
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