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Abstract. Tonalite-Trondhjemite-Granodiorite (TTG) intrusions in the Sangmelima region of the Ntem complex represent a major Archean accretion
event in the Congo craton. These intrusions are characterized by calc-alkaline rocks of a charnockitic suite, a tonalitic suite, and granodiorites. Zircons
from these rock types have high Th/U ratios. Their internal structure is characterized by oscillatory zoning of magmatic origin, with recrystallization over-
prints and relict cores. Zircon "Pb/**°Pb evaporation data are interpreted to indicate crystallization ages, inheritance, and later disturbance. 7pp/%ph
zircon data point to a Mesoarchaean emplacement between 2800 and 2900 Ma, with the intrusion of rocks of the charnockitic suite being followed by
granodiorites and the tonalitic suite. While older age data (> 2900 Ma) suggest the existence of an older crust prior to TTG emplacement, younger data
(<2800 Ma) are strong indications for Pb loss due to post-emplacement reworking of the TTG suite. However, high proportions of a common Pb compo-
nent suggest Pb gain. The Pb-Pb systematics of zircon therefore suggests a complex post-magmatic history for the Sangmelima TTG. Conventional U-Pb
zircon dating confirms this observation, suggesting that the Pan-African tectonothermal event was the principal cause of the disturbance of zircon Pb-Pb

systematics in the Sangmelima region.
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Introduction and objective of study

Tonalite-Trondhjemite-Granodiorite (TTG) suites appear
to be the dominant rock types in most Archaean cratonic
terrains. Constraints on their intrusive timing are therefore
essential for comprehending the development of old conti-
nental crust. Several geochronological methods and techni-
ques of investigation have been used to determine the ti-
ming of TTG magmatism in vast cratonic areas such as the
Baltic shield and the Pilbara craton of Western Australia,
while independent time constraints on their geologic and
geodynamic development have been suggested. Some of
these investigative methods also suggest various geolo-
gical-geochemical pre-syn-post emplacement imprints in
these basement complexes. So far, fairly little is known
about the Congo craton. The northwestern part of this cra-
ton in southern Cameroon is known as the Ntem complex
(e.g., Clifford and Class 1970, Cahen et al. 1976, Bessoles
and Trompette 1980). Although the Ntem complex has
been the subject of investigation since colonial times, most
study has been based on recent geochemical characteriza-
tion (e.g., Nédélec et al. 1990, SW Cameroon project pilo-
ted by BRGM, 1975-86), while vast areas of this complex
have received little or no geochronological identification.
However, some isolated works (e.g., Delhal and Ledent
1975, Lasserre and Soba 1976, Nzenti et al. 1988, Toteu et
al. 1994, Tchameni 1997, Tchameni et al. 2000, 2001,
Shang et al. 2001a) do point to the Archaean as the princi-
pal period of the formation of the Ntem cratonic crust. In
the present paper, we present new single zircon Pb-Pb eva-
poration and conventional U-Pb data from the Sangmelima

calc-alkaline TTG suite of the Ntem complex, which is lar-
gely composed of charnockitic and tonalitic members as
well as granodiorites of indisputable igneous origin. Our
data provide some insight into the complex crystallization
and post-magmatic evolutionary history of these rocks.

Geological setting and composition of the rocks

The Ntem complex comprises the northwestern part of the
Archaean Congo craton in Central Africa (e.g., Clifford
and Class 1970, Cahen et al. 1976, Bessoles and Trompette
1980), and is very well exposed in southern Cameroon
(e.g., Maurizot et al. 1986, Goodwin 1991; Fig. 1). It is li-
mited in the north by a major thrust that marks the contact
with the Pan-African orogenic belt, and is composed of va-
rious rock types, with those of the TTG suite constituting
the greater part (e.g., Nédélec et al. 1990). Three main rock
types, charnockite, granodiorite, and tonalite, make up
this TTG unit. The tonalitic suite is mostly exposed in the
north and is strongly mylonitized and retrogressed along
the faulted boundary with the Pan-African orogenic belt,
while granodiorites form distinct massifs within the domi-
nantly charnockitic southern zone (Fig. 1). Exposures of
supracrustal rocks (banded iron formations and sillimani-
te-bearing paragneisses) that represent remnants of green-
stone belts form xenoliths in the TTG (e.g., Nsifa et al.
1993). Late- to post-tectonic granitoids and syenites in-
trude the TTG (e.g., Kornprobst et al. 1976, Nédélec 1990,
Tchameni 1997, Tchameni et al. 2000, 2001, Shang et al.
2001a, b) and clearly postdate the major crustal-forming
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episode. Late Eburnean (ca. 2.1 Ga)

Table 1. Typologic % distribution of zircons from the Sangmelima TTG

doleritic dykes (e.g., Toteu et al.

1994, Vicat et al. 1996) represent
the final magmatic activity in the

Ntem complex.

Petro-structural studies sug-

% distribution 0-5% 5-10% 10-20% 20-40% > 40%
s Ss, So, S10, Si15, Ps, p Sia S

Charnockitic suite Gy, AB, 3 14> 919

Tonalitic suite S8, S19, Sa3 S10, S115 S14 Sis P3

Granodiorites Ls, Sp» P, P3, Sys

gest three major episodes of de-
formation in this geological do-
main. The first is characterized by vertical foliation and
lineation, and isoclinal folds. These structural elements
mark the diapiric emplacement of the TTGs (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, with partial melting
of the TTG and the greenstone belt country rock. Although
the timing of this second event is not well constrained,
Rb-Sr whole-rock data from Lasserre and Soba (1976) sug-
gest that it occurred between 2400 Ma and 1800 Ma ago.
Toteu et al. (1994) dated the peak of this metamorphism at
about 2050 Ma using the U-Pb zircon method on metamor-
phic rocks from the Nyong series. Rb-Sr biotite ages of
1997 + 19 Ma, 2064 + 20 Ma, and 2299 + 22 Ma (Shang et
al. 2004) for the Sangmelima TTG tend to confirm this
metamorphic episode for the Ntem complex. Although the
third deformational indications pertain to the overthrusting
Pan-African schistose formations, a multitude of C; struc-
tures (mylonitic and shear corridors) of Pan-African origin
are observed in TTG rocks at the thrusting front.

The charnockitic rocks in the Sangmelima region form
a suite from fine- to medium-grained norites, to medium-
to coarse-grained felsic enderbites, charno-enderbites, and
true charnockites often with diffuse contacts. Rocks of the
tonalitic suite are medium- to coarse-grained leucocratic
facies of trondhjemitic composition, mesocratic-melano-
cratic and medium-grained facies of dioritic composition,
and mesocratic-leucocratic medium-grained facies of
tonalitic composition. Dioritic facies with cumulate texture
represent an early crystallized member of the tonalitic
suite. Granodiorites, like the tonalites, are characterized by
a conspicuous absence of hypersthene compared to mem-
bers of the charnockitic suite. These rocks are dark grey
and medium-to coarse-grained. Biotite is their major mafic
mineral. Minor clinopyroxene and brown hornblende blebs
are observed in association with green hornblende and
oxides.

SiO, concentrations are consistent with the intermedi-
ate and acidic classifications of the Sangmelima TTG suite,
and indicate fractional crystallization as the origin of the
rock suites (e.g., Nédélec et al. 1990, Shang 2001). Al-
though the Alindex (A/CNK) indicates both metaluminous
and peraluminous compositions, a predominantly me-
taluminous character is observed for members of the
charnockitic suite, while a greater proportion of the
tonalites and granodiorites show a peraluminous character
(Shang 2001). The three TTG rock types are calc-alkaline,

«—

though the granodiorites reveal a slight potassic calc-alka-
line tendency, while the tonalites and charnockites belong
to the classic sodic calc-alkaline trend which is typical of
Archaean TTG suites worldwide. Low average abundances
in Pb (7.2 ppm), Th (3.7 ppm), and U (0.5 ppm) are found
in rocks of the charnockitic suite. The average values of
these elements in the tonalites are 11.1 ppm for Pb, 8.2 ppm
for Th, and 0.6 ppm for U, while high average concentra-
tions (Pb=14.9 ppm, Th=9.2 ppm, U = 0.8 ppm) are char-
acteristic of the granodiorites. The negative Nb and Ta
anomalies in these rocks are of great significance, as they
are a distinctive characteristic of rocks derived from con-
vergent plate margins. Trace element and REE characteris-
tics distinguish two groups in the Sangmelima TTG (Shang
et al. 2004). One group is marked by low REE abundance,
positive Eu anomalies, and strong depletion in HREE; they
probably represent rocks derived from felsic melts. The
second group displays high REE abundance, negative Eu
anomalies, and enrichment in HREE that may represent
rocks from more fractionated melts. In general, tonalites
and granodiorites that are more siliceous than the
charnockites display higher LREE enrichment (Shang et
al. 2004).

Analytical techniques

Zircon microscopy and cathodoluminescence

It has long been recognized that zircons are variable in ex-
ternal morphology and that their internal zonation patterns
are of petrogenetic and paragenetic significance (e.g., Pol-
dervaart 1955, 1956, Poldervaart and Eckelmann 1955; Ec-
kelmann and Kulp 1956). For this work, zircon grains were
separated from 200-63 um sieved rock fractions by stan-
dard separation techniques (milling, wet shaking table,
magnetic and heavy liquid separation). The zircon grains
were studied for morphological characterization using bi-
nocular and transmitted light microscopes to determine
their typologic distribution, in accordance with Pupin
(1980; Table 1). For dating purposes, and because of the
complexity of natural zircon, the essential first step was to
adequately document the internal structure of the zircon
grains in order to better interpret the eventual geochrono-
logical data. Zircons were prepared as shown in Fig. 2.
A cathodoluminescence (CL) imaging technique (e.g.,
Vavra 1990, 1994, Hanchar and Miller 1993, Hanchar and

Figure 1. Regional geological map of the northwestern 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 the TTG suite.
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Rudnick 1995, Vavra et al. 1996) on an electron micro-
probe (JEOL Superprobe, JXA-8900RL), working with
an accelerating potential of 15kV and a 15-10 nA current
beam, was employed.

Pb-Pb zircon evaporation technique

*"Pb/*Pb zircon ages were obtained from chemically un-

treated but abraded zircons (e.g., Krogh 1982) by the single
zircon grain Pb evaporation procedure, the principles of
which are described in Kober (1986, 1987), Kroner and
Todt (1988), Cocherie et al. (1992), and Klotzli (1999).
Measurement was done using a Finnigan MAT 262 mass
spectrometer equipped with a MassCom ion counter. In our
experiments, the temperatures of the evaporation filament
were increased in 20 or 30 °C increments during repeated
evaporation steps. The evaporated zircons were not those
taken for CL analyses, but were representative of those in-
vestigated by CL. Only data of more than 30,000 counts
per second for **Pb and with a high radiogenic Pb compo-
nent (**Pb/**Pb > 5000) are usually considered for evalua-
tion; however, in the present work, we also used data with
*Pb/**Pb < 5000 due to the high common lead composi-
tion of most of the grains analyzed (Table 2). The radioge-
nic *’Pb/**Pb ratios were calculated according to the for-
mula given in Cocherie et al. (1992). No correction was
made for mass fractionation, which was significantly less
than the uncertainty of the measured Pb isotope ratios.
The common Pb corrected *’Pb/**Pb ratios normally de-
fine a Gaussian distribution, from which the mean of the
*"Pb/"*Pb ratios was derived. For error estimation, a 16 er-
ror of the Gaussian distribution function was applied to all
measured *"Pb/**Pb ratios (between 34 and 500 per grain).
Our technique was tested on natural zircons from the Pha-
laborwa igneous complex, South Africa (Eriksson 1984,
Verwoerd 1986), and zircon 91500 from Kuehl lake, Onta-
rio, Canada (Wiedenbeck et al. 1995), which has been used
as standard material in many laboratories (e.g., Kroner and
Willner 1998, Wiedenbeck et al. 1995), the results of
which are published in Chen et al. (2002).

U-Pb isotope analyses

U-Pb isotope and common Pb analyses were performed on
zircons and K-feldspars, respectively. Zircons (i.e. one
to three grains) were washed in 6N HCI then 7N HNO,,
spiked with a *”Pb/**U tracer solution, and dissolved in HF
at 200°C for 6 days in a Parr bomb, as described by Parrish
(1987). Separation and purification of U and Pb was car-
ried out in Teflon columns with a 40-pl bed of AG1-X8
(100-200 mesh) and employing a HBr-HCI wash and elu-
tion procedure. K-feldspar was first washed in 2N HCl for
afew minutes and leached in 6N HCI and then in 7N HNO,.
Residues were decomposed in hot 22N HF. Feldspar Pb
was separated with the help of a funnel containing an 80 ul
bed of AG1-X8 (100-200 mesh) anion exchange medium
and employing a HBr-HCI] wash and elution procedure,
then in 40 pl columns for cleaning.

210

Pb was loaded with a mixture of Si gel and H;PO, onto
a single-Re filament and measured at ~ 1300 °C. U was
loaded with 1N HNOj; and measured in a double Re-con-
figuration mode. The thermal fractionation of Pb standard
NBS 981 was measured, and the isotopic ratios corrected
for 0.11% fractionation per atomic mass unit. All measure-
ments were performed with a Finnigan MAT 262 multi-
collector mass spectrometer operated in a static collection
mode. Corrections for the remaining initial common Pb af-
ter the correction for tracer and blank were done using val-
ues from the Stacey and Kramers model (1975). Total pro-
cedural blanks for Pb and U were less than 10 pg. The U-Pb
data were evaluated with the Pbdat program (Ludwig
1988). Data regression analysis was performed using the
algorithm regression treatment according to Wendt (1986).
Data was also treated without assumption for common Pb
using Wendt’s 3D model (1984). Plots were made by use of
Isoplot/Ex program version 2.06 (Ludwig 1999).

Results

Zircon internal structure and morphology

CL images of selected zircons from Sangmelima TTG are
presented in Fig. 3. The internal structure of these zircons
suggests a complex crystallization-recrystallization his-
tory. In the simplest cases some distinctive zones are obser-
ved in most of the zircons from the three TTG rock types:
a characteristic euhedral magmatic oscillatory zonation of
variable CL intensities that represents growth bands of va-
riable trace element and REE concentrations within zircon
(e.g., Koppel and Sommerauer 1974, Hanchar and Miller
1993), although CL intensities in some cases have also
been reported to be dependent on lattice defects (e.g., Pid-
geon 1992, Geisler and Pidgeon 2001). Some of the zircons
show irregularly shaped areas overprinting the zoning
(e.g., S87-1, S43-6). There are also unzoned segments of
rounded cores of inherited zircon, and irregularly shaped
patches of unzoned or faintly zoned zircon that appear to
have partially or wholly replaced zoned zircon. Bright
areas of CL are in some cases seen to project through the
body of the crystal as volumes of faintly zoned zircon, hav-
ing either sharp or diffuse boundaries (e.g., S25-7) with the
surrounding zoned zircon. More complex patterns obser-
ved in some of these structures probably represent melt
resorption-dissolution features and recrystallized zircon
that are often accompanied by Pb and U loss (e.g., van Bree-
men et al. 1987, Vavra 1990, Pidgeon 1992). Backscattered
images also show highly fractured zircon (cracks and chan-
nels), evidence that the primary magmatic zircon has been
affected by brittle deformation.

A careful morphological study and comparison with
the classification by Pupin (1980) led us to determine zir-
con typologic distribution in the Sangmelima TTG (Ta-
ble 1). The zircons are euhedral with characteristic pris-
matic and pyramidal crystal faces. The combination of
these faces exhibit oval, somewhat discoidal, hexagonal,
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Figure 2. Procedure for fixing zircon grains for cathodoluminescence analysis.

and prismatic morphologies with long and thick or short
and thick forms. The zircons are brown to reddish and/or
dark brown, opaque and occasionally translucent, and
sometimes contain inclusions. They range in size from
~ 65 pum to ~ 120 um in width and up to 180 um in length.
Most of the investigated zircon crystals from the char-
nockitic suite, tonalites, and granodiorites show crystallo-
graphic characteristics of the S and P types, with very few
AB,, Gy, and L5 subtypes (Table 1) as described by Pupin
(1980). Geothermometric implications according to Pupin
(1980) correspond to temperatures of between 600 + 50 °C
and 850 = 50 °C with the main range between 700-800 °C.

207pb/*%Ph evaporation data

Representative rock samples of the charnockitic suite from
which separated zircons were analysed include a charnoen-
derbite (S66), a monzonorite (S101), a norite-monzonorite
(§249), and enderbites (S87 and S25). Three zircons from
S66 gave “"Pb/Pb dates between 2808 + 6 Ma and 2849 +
12 Ma (Table 2). Four zircons from S101 yielded dates ran-
ging from 2763 + 12 Ma to 2863 + 8 Ma. Grain 3 gave two
similar dates for two temperature steps with a mean of
2793 +4 Ma while grains 1, 4b, and 5 yielded similar dates
within the error limit, with a mean date of 2857 = 4 Ma.
Five zircons from sample S249 were analysed. Three of
these (1, 2, and 4a) gave similar dates within uncertainty li-
mits, the weighed mean of which is 2863 + 4 Ma, while two
different dates at different temperature steps of 2864 + 7
Ma at 1430°C and 2881 + 4 Ma at 1460 °C were obtained
from grain 4. Grains 3 and 5 yielded two younger dates
< 2800 Ma. Four zircons from sample S87 yielded dates
ranging from 2807 + 9 Ma to 2854 + 4 Ma, being very simi-
lar to dates from sample S66. Grains 2 and 5 have identical
dates within the uncertainty limit with a weighed mean of
2853 + 4 Ma. The oldest date (2854 + 4 Ma) is similar to
those from sample S101. Three distinct dates were obtai-
ned from three different zircons from S25; 2884 + 10 Ma
for grain 3, 2960 + 10 Ma for grain 1, and 3016 + 10 Ma for
grain 2 (Table 2).

The representative rock samples of the tonalitic suite
from which zircons were separated for Pb-Pb chronometry
are the tonalitic C101 and the trondhjemitic S13. One zir-
con from C101 yielded a **’Pb/**°Pb date of 2678 + 17 Ma.
Five zircons from S13 yielded **’Pb/?*Pb dates between
2694-2825 Ma (Table 2), with five of the analyses giving
similar dates between 2803 and 2825 Ma. Grain 4 gave a
date of 2813 + 8 Ma while an older date of 2825 + 11 Ma
was obtained from grain 5. Three similar dates were ob-
tained at three different temperature steps from grain 9;
2803 + 6 Ma (9b), 2806 + 9 Ma (9a), and 2820 + 5 Ma (9¢).
Grains 5 and 9c yielded very similar dates while the same
date within error limits was obtained from grain 4 and 9a.
Grains 6 and 7 gave younger **’Pb/?%Pb dates of 2694 +
14 Ma and 2759 + 7 Ma, respectively.

The granodiorite samples from which zircons were sep-
arated are S43, S113, and S41. Eight zircons from S43
yielded numerous dates (Table 2). A young date of 2692 +
13 Ma from grain 1la is similar to two dates from grain 7
(2674 £ 21 Ma and 2686 = 31 Ma), though these are much
younger than the young dates obtained from other zircons.
Four zircons from S113 gave variable but similar dates in
most cases. Grain 1 yielded a date of 2689 + 20 Ma. A simi-
lar date of 2693 + 15 Ma was obtained for 3b, 2707 + 30 Ma
for 2a, and 2709 + 15 Ma for 3a. Grain 4a, however, gave a
young date of 2671 + 25 Ma, while relatively older dates of
2745 + 9 Ma and 2824 + 14 Ma were obtained from grains
2b and 4b, respectively. Two zircons from S41 yielded two
slightly different dates of 2745 +£21 Ma and 2786 + 25 Ma.

U-Pb data

U-Pb isotope dilution analyses for rocks of the charnockitic
suite and granodiorites were attempted on zircons with
magmatic habit. The results obtained for eight zircon frac-
tions from sample S25 (monzonorite), and from three frac-
tions from S43 (granodiorite), are presented in Table 3 and
displayed graphically in Fig. 4. Data from both rock types
plot below the concordia curve. The percentage degree of
discordance calculated from a given *’Pb/*Pb date and the
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lower intercept age are very similar: they range from
43.0% to 60.4% for zircon fractions from sample S25, and
from 41.7% to 51.0% for those from sample S43 (Table 3).
While the datum point for fraction 6 (S25) plots above the
main regression trend as defined by the other five data po-
ints, data for fractions 2 and 8 plot below it (Fig. 4b). On
the other hand, three data points from S43 describe a well
defined linear arrangement. Discordias for the two data
plots calculated for 2900 Ma Stacey and Kramers (1975)
Pb portray lower Pan-African and upper Archaean inter-
cept age of 492 + 10 Ma and 2928 + 17 Ma, respectively,
for S25 with an MSWD of 25, and 602 + 34 Ma and 3085 +
26 Ma, respectively, for S43 with an MSWD of 0.35. For
comparison, Pan-African (550 Ma) Stacey and Kramers
(1975) Pb was also applied and similar results were obtai-
ned. In fact, data points for S25 yielded a lower
Pan-African intercept age of 486 = 9 Ma and an upper Ar-
chaean intercept age of 2929 + 6 Ma, MSWD = 28, while
data for S43 yielded a lower and upper intercept ages of
573 = 32 Ma and 3076 + 26 Ma, with MSWD = 0.002
(Table 4). The U-Pb data were also corrected with the mea-
sured average K-feldspar Pb [(“Pb/”Pb)i = 14.61 and
(*"Pb/**'Pb)i = 15.3], calculated back to 2900 Ma using me-
asured U concentrations (between 0.0026 and 0.076 ppm).
The results yielded lower and upper intercept ages for S25
of 594 + 25 Ma and 2945 + 16 Ma, respectively, with
MSWD = 23; and 606 + 34 Ma and 3058 + 26 Ma, with
MSWD = 0.15 for S43 (Table 4). An independent control
using the three dimensional U-Pb model of Wendt (1984),
which allows the evaluation of Pb data for samples of un-
known common Pb composition, gave lower and upper in-
tercept ages of 477 + 28 Ma and 2984 + 24 Ma and a
MSWD =4.7 for S25, and 565 + 41 Ma and 3094 + 37 Ma,
with MSWD = 0.01 for S43 (Table 4).

Th/U ratios and U-Pb budget

Th/U ratios (Tables 2 and 3) for Sangmelima zircons were
calculated from Pb-Pb evaporation and U-Pb isotope dilu-

tion data using measured **Pb/*”Pb ratios and the apparent

*"Pb/Pb dates. Th/U ratios from charnockite zircon eva-
poration data mostly vary from 0.56 to 0.93, though three
of the 22 analysed zircons yielded higher ratios of 1.00 to
1.23. Ratios between 0.18 and 0.70 were obtained for zir-
cons from the tonalites. Granodiorite zircons on the other
hand gave relatively high ratios of 0.86 to 3.01. Grain
S113-4b (Table 2) evaporated at a high temperature of
1460 °C, however yielded a very high Th/U ratio of
27 thought to be due to a Th-rich inclusion (e.g., Hinton
and Upton 1991). High Th-rich minerals commonly found
as inclusions in zircon, and therefore possible sources
of Th are thorite (ThSi0O,), thorianite [(Th,U)O,], monazite
[(Ce,La,Ya, Th,U)PO,], xenotime [(Y,REE,Th,U)PO,],
and coffinite [(U,Th)SiO,]. Th/U ratios determined from
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Figure 4. (a) U-Pb concordia diagram with three data points from abraded
zircons ( e.g., Krogh 1982) from granodiorites (S43) that define a lower
intercept Pan-African age (602 + 34 Ma), and an upper intercept Archaean
age (3085 + 26 Ma); (b) U-Pb concordia diagram with eight data points
from abraded zircons of the charnockitic suite (S25), showing a lower in-
tercept Pan-African age (492 + 10 Ma) and an upper intercept Archaean
age (2928 £ 6 Ma). Data corrected for Archaean Pb (see Table 4 for more
data).

U-Pb isotope dilution analyses (Table 3) vary from 0.54 to
0.71 for fractions from charnockitic sample S25. Th/U rati-
os from granodiorite S43 range from 0.82 to 0.98 (Table 3).
For comparison, whole-rock Th/U ratios vary from 0.5 to
9.6 for the charnockites, 0.5 to 9.2 for tonalites, and 0.4 to
16.1 for granodiorites, with average values of 5.0, 4.6, and
6.7, respectively (Shang et al. 2004).

The Pb and U concentrations of the zircons (Table 5)
were determined from isotope dilution data for charnockitic
rocks and granodiorites. Both rock types show particularly
low 2°Pb/**Pb ratios compared to tonalites (Table 2). Total
Pb concentrations range from 142 ppm to 216 ppm for the
charnockitic suite, with common Pb concentrations of

Figure 3. Cathodoluminescence micro-photographs of the characteristic zircon populations of the Sangmelima TTG suite; S25, S249, S87, S101 =
charnockitic suite; S113, S43 = granodiorites; C101, S13, S170 = tonalitic suite. The zircons are 100 to 180 um long and 63 to 100 pm wide.
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Table 3. Zircon U-Pb analytical data of the Sangmelima region charnockitic sample and a granodiorite corrected for Archaean common Pb according to the two stage evolution model of Stacey and Kramers (1975).
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All errors quoted are 26 absolute uncertainties and refer to the last digit

* radiogenic ; grain size varies from 80—180 pm
mg* error in weight is estimated to be up to 10%

% degree of discordance determined for the given

Pb age and the Pan-African lower intercept

2O7Pb /206

34 ppm to 54 ppm, giving an average common
Pb content of 26.2% (Table 5). U concentra-
tions vary from 332 ppm to 496 ppm. Total Pb
concentrations for granodiorites range from
177 ppm to 249 ppm. Common Pb concentra-
tions vary from 48 ppm to 56 ppm, yielding an
average common Pb content of 24.2%. U con-
centrations in granodiorites vary from 422 ppm
to 519 ppm.

Discussion

Geochronolgy

Multiple *"Pb/**Pb evaporation dates were obta-
ined from zircons from each of the Sangmelima
TTG rock type. The histogram presented in
Fig. 5 displays the frequency distribution of
*"Pb/"Pb zircon age data, and includes 23 dates
for the charnockitic suite, 8 for the tonalitic suite,
and 29 for granodiorites. Given the internal
structure of the zircons, (with their oscillatory
magmatic zoning, relict cores, recrystallization
overprints, and resorption-dissolution features),
these Pb-Pb zircon evaporation data are interpre-
ted to represent crystallization ages, mixing ages
due to various degrees of inheritance, and data
without geological meaning due to Pb loss.

We interpret dates > 2850 Ma and nearer to
2880 Ma for the charnockitic suite (Fig. 5) as a
close approximation of their emplacement time.
While the date of 2834 Ma could represent em-
placement timing for granodiorites, we believe
that the older date from tonalites (2825 Ma)
is their probable crystallization age. The date
of 2884 + 10 Ma for grain S25-3 of the
charnockitic suite is within the uncertainty limits
nearly identical with the 2896 + 7 Ma date re-
ported by Toteu et al. (1994) on a population
of zircons from charnockites from parts of
the Ntem complex by the conventional U-Pb
method, and near the date of 2912 + 1 Ma ob-
tained through the single grain evaporation
method reported by Tchameni (1997) for zircons
from charnockites of the Ebolowa region. In the
latter region, data from a tonalitic zircon sample
taken from the same outcrop as the charnockites
yielded a *’Pb/”%Pb date of 2833 Ma (Tchameni
1997). This date is similar within the uncertainty
limit to the 2’Pb/2%Pb date (2825 + 11 Ma) ob-
tained from grain S13-5 (Table 2). These results
tend to confirm post-charnockitic emplacement
for the tonalites and granodiorites as interpreted
from field relations. This chronology has already
been suggested by Toteu et al. (1994), who pro-
posed a mean crystallization age of 2850 Ma for
So’o tonalites.
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The very old *’Pb/*®Pb evaporation dates from the
charnockitic suite (2960 = 10 Ma and 3016 + 10 Ma), and
similar dates in granodiorites (2899 + 18 Ma to 2999 =+
10 Ma), are thought to reflect the presence of an inherited
Pb component. These *’Pb/**Pb dates are very similar
to the Nd model ages (2990-3040 Ma Tpy,; model age
and 2889-3027 Ma Tcyyr model age) for these rocks
(e.g., Shang 2001, Shang et al. 2004), and therefore might
indicate the formation age of the Ntem Archaean
proto-crust.

Younger 2’Pb/**Pb dates in the three TTG rock types
are spurious, without geological meaning, and could be
signatures of varying degrees of Pb loss during the geo-
logical history of the rocks (e.g., Corfu and Ayres 1984,
Harrison et al. 1987, Kroner et al. 1994, Hanchar and
Rudnick 1995, Whitehouse et al. 1999). Relatively well
constrained young dates from 2854 to 2864 Ma (7 dates),
2825-2834 Ma (3 dates), 2792-2808 Ma (5 dates), and
2756-2763 Ma (2 dates) are found in the charnockitic sam-
ples. Data from granodiorites and tonalites also show such
young dates that could similarly be signatures for varying
degrees of Pb loss during a subsequent metamorphic event.

Zircon (U)-Pb systematics and regional implications

It is well known that zircons can loose their radiogenic Pb
by diffusion. This process is accelerated by heat, fluid, ra-
diation damage, uplift, and surface weathering (e.g., Weth-
erill 1956, Wasserburg 1963). Diffusional Pb loss can be
linked to chemical alteration (e.g., Corfu and Ayres 1984)
to which certain zircon compositions are especially sus-
ceptible (e.g., Corfu 2000). The Sangmelima zircons show
clear evidence of Pb loss. Recrystallization and dissolu-
tion features, such as relict oscillatory zoning and faint
and discontinuous zoning, are seen in the CL images
(Fig. 3, grains S43-6, S43-10). Fractured zircons with
cracks and channels (e.g., S25-1 and S25-3) demonstrate
that the primary magmatic zircon has also been affected by
brittle deformation. Zircons obtained from shear zones of-
ten show Pb loss caused by the higher fluid activities in
those zones (e.g, Kroner et al. 1994; Nasdala et al. 1995;
Mezger and Krogstad 1997). Zircons from the charnock-
ites and granodiorites are further characterized by strongly
discordant *"Pb/**U and **Pb/**U ages (Figs 4a and 4b).
Discordant U-Pb ages are generally attributed to Pb loss,
the mixing of two or more zircon components of different
ages, or some yet unknown process (e.g., Stern et al. 1966,
Gebauer and Griinenfelder 1976, Black 1987). The exis-
tence of zircon domains with different ages within indivi-
dual grains is well demonstrated by in situ analyses (e.g.,
Gebauer 1996, Vavra et al. 1996, 1999, Whitehouse et al.
1999). U-Pb data that define discordia can also be interpre-
ted as a mixing array between the domains of older core
material and younger overgrowths (e.g., Schmitz and Bow-
ring 2000). However, CL evidence of structures that pro-
bably represent melt resorption-dissolution features and
recrystallized zircon (e.g., Pidgeon 1992), strongly favors
the Pb loss hypothesis for the Sangmelima zircons.

Table 4. Sangmelima TTG U-Pb concordia zircon age data (errors 26)

Corrected for Archaean (2900 Ma) Stacey and Kramers (1975) common Pb

S25 Ul =2928 + 17 Ma
S43 UI =3085 + 26 Ma

LI=492 + 10 Ma MSWD =25
LI=602 + 34 Ma MSWD =0.35

Corrected for Pan-African (550 Ma) Stacey and Kramers (1975) common Pb

S25 UL =2929 + 6 Ma
S43 Ul = 3076 + 26 Ma

LI=486+9 MaMSWD =28
LI=573 32 Ma MSWD = 0.002

206y, 204

Corrected for K-feldspar common Pb (average = Pb/”" "Pb of 14.61 and

207p2%ph of 15.31 at 2900 Ma)

S25 Ul =2945 + 16 Ma
S43 UI =3058 + 26 Ma

LI =594 =25 Ma MSWD =23
LI=606 =34 Ma MSWD =0.15

Uncorrected for common Pb, Tera-Wasserburg according to Wendt (1984)

S25 UI=2935+ 17 Ma
S43 Ul = 3094 + 37 Ma

LI =447 =28 Ma MSWD =4.7
LI =565+ 41 Ma MSWD = 0.01

UI = upper intercept
LI = lower intercept

Table 5. U and Pb concentrations in zircon fractions from Sangmelima
TTG

swple | ooy | oo | omew | o) |

Charnockite

S25-1 429 209 155 54 26
S25-2 332 142 108 34 24
S25-3 434 216 176 40 19
S25-4 346 147 98 49 33
S25-5 496 188 134 54 29
S25-6 447 190 133 57 30
S25-7 213 92 61 31 34
S25-8 492 244 196 49 20
Mean 398.6 178.5 133 46 26.9
Granodiorite

S43-1 462 177 129 48 27
S43-4 422 199 149 50 25
S43old 519 249 193 56 22
Mean 467.6 208.3 157 513 24.6

Pb loss solely by radiation damage is not very likely for
the Sangmelima zircons given their relatively low U con-
centrations (Table 3). Pb loss due to recent uplift and
weathering can also be ruled out because the young
207pb/2%Ph evaporation dates can only be explained by
non-recent Pb loss. Such a scenario is confirmed by the
U-Pb discordia diagram. It seems most likely that Pb loss in
zircons from the Sangmelima region occurred during a re-
gional tectono-metamorphic event. A metamorphic over-
print can enhance the rate of material exchange between
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Figure 5. Histogram showing the distribution of zircon 207pp,2%py, age

data in the Sangmelima TTG suite.
* age of either single grains or different temperature steps of one grain as
shown in Table 2.

zircon and a fluid phase. Although the timing of Pb loss in
the Sangmelima TTG could be largely attributed to
tectonothermal effects inflicted by the Eburnean and
Pan-African orogenies on Archaean rock formations of the
Congo craton as a whole, the conventional U-Pb zircon
lower intercept ages found for the charnockite and the
granodiorite samples (Fig. 4a and 4b and Table 4) indicate
the Pan-African orogeny as the principal event responsible
for Pb loss. These data indicate some thermodynamic in-
fluence from the overthrusting North Equatorial Pan-Afri-
can orogenic belt (Nzenti et al. 1988; Nédélec et al. 1990;
Tchameni 1997; Shang 2001) on the Ntem complex (Con-
go craton). In fact, similar age data have been reported by
Toteu et al. (1994) on garnet amphibolites of the Ntem
complex. Their investigations, also based on U-Pb zircon
dating, found a lower discordia intercept age of 626 +
26 Ma, thereby clearly showing the influence of the
Pan-African orogeny on the Ntem complex.

While lower Pan-African discordia intercept ages
could suggest the timing of Pb loss in our samples
(Fig. 4), upper intercept Archaean ages could be indica-
tive of the crystallization period. The remarkable similar-
ity between the conventional Archaean U-Pb upper inter-
cept zircon age for the Sangmelima TTG (2926 + 6 Ma)
from the charnockitic sample, the 3085 + 26 Ma age from
the granodiorite (Fig. 4), and the oldest **’Pb/**Pb evapo-
ration dates from the same samples (Table 2, Fig. 5), as
well as Nd model ages (2990-3040 Ma Tpy age and
2889-3027 Ma Tcpyr age, Shang et al. 2004), tend to in-
dicate some inheritance from the protolith to the
Sangmelima TTG rather than their true crystallization
timing.
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Common lead in Sangmelima zircons

It is worth noting that all zircon Pb evaporation analyses
are characterized by particularly low **Pb/”Pb ratios
(Table 2) that vary from 189 to 11364 (mean = 2613) for
rocks of the charnockitic suite, 1224 to 15625 (mean 9321)
for the tonalites, and 93 to 1621 (mean 308) for the grano-
diorites. In theory such low ratios can be produced either
by very low time integrated U concentration or by a high
common Pb component. Based on the measured U concen-
trations of the analysed samples (213-519 ppm, Table 5),
the low ““Pb/*'Pb ratios must be explained by a high
amount of common Pb. This unusually high proportion
(19-34%) of common Pb in zircons of Archean age
(Table 5), far above the usual zircon common Pb content of
< 5% (e.g., Chen et al. 2002), points to common Pb intake.
There are several possible explanations for the high com-
mon Pb concentrations in the Sangmelima TTG zircons:
(1) the Congo craton could have been infiltrated by com-
mon Pb through plume activity, given the proximity of ac-
tive volcanoes (notably Ngoma and the Cameroon line);
(2) radiogenic Pb could have been preferentially leached
from these zircons; (3) the present concentration could be a
primary feature of the zircons. In fact, Pb evaporation data
even at the highest temperature steps yield low **Pb/**Pb
ratios, suggesting that common lead is very well retained in
the zircon’s crystal lattice, a characteristic that would be re-
lated to intake during primary crystallization. However, the
moderate whole rock average concentration of lead
(7.3 ppm for the charnockitic suite, 11.1 ppm for the tonali-
tic suite, and 14.9 ppm for granodiorites; e.g., Shang et al.
2004), and the incompatibility of common lead in the zir-
con lattice makes a secondary lead intake in Sangmelima
zircons more likely. In addition to the already demonstra-
ted evidence of radiogenic Pb loss (Fig. 4), the high percen-
tage of common Pb further distinguishes the zircons from
the Sangmelima region as open systems.

Zircon Th/U ratios and petrologic implications

Zircon Th/U ratios determined from U-Pb isotope dilution
analyses (Table 3) vary from 0.54 to 0.71 for fractions from
charnockitic sample S25, and are similar to values from Pb
evaporation data, while the values from granodiorite sam-
ple S43 range from 0.82 to 0.98 and are identical with lo-
wer values from the Pb evaporation data for the same rock
type. Whole-rock Th/U ratios range from 0.5-9.6 for the
charnockitic suite, 0.5-9.2 for members of the tonalitic
suite, and 0.4—16.1 for granodiorites with average values of
5.0, 4.6, and 6.7, respectively (Shang et al. 2004). These
Th/U ratios appear to show a correlation with zircon Th/U
data (Table 2). In fact, low zircon Th/U ratios in charnocki-
tic and tonalitic suites correspond to low Th/U whole-rock
ratios, while high Th/U zircon ratios in granodiorites also
reflect the high Th/U whole-rock ratios. This aspect sug-
gests a systematic partitioning mechanism of Th and U in
zircons and the whole rocks (e.g., Hoskin and Ireland
2000) of the Sangmelima TTG.
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Considering all zircon data obtained in this study, Th/U
ratios are generally moderate to high (0.18-3.01, Tables 2
and 3), and, in agreement with zircon internal structure,
they are characteristic of magmatic zircons (e.g., White-
house et al. 1999). This is in contradiction to the lower ra-
tios (~0.03) of metamorphic zircon (e.g., Kroner et al.
1994, Kilotzli-Chowanetz et al. 1997, Klotzli 1999,
Whitehouse et al. 1999), often attributed to the effect of the
contemporaneous crystallization of monazite during meta-
morphism (e.g., Klotzli 1999).

The distribution coefficient of U in zircon is assumed to
be 4-10 times higher than for Th (e.g., Mahood and
Hildreth 1983). Given a whole rock Th/U ratio on the order
of 4-7 for the Sangmelima TTGs (see below), Th/U ratios
for magmatic zircon between 0.4 and 1 should be obtained.
During magmatic differentiation toward highly evolved
granitoids, Th/U ratios can strongly decrease (e.g., Klotzli
1999, Siebel et al. 2003). However, some charnockitic and
most granodioritic fractions in the Sangmelima region
show zircon Th/U ratios > 1. This suggests that Th could
have been preferentially incorporated into the zircon lattice
over U. The high Th/U ratios in Sangmelima TTG zircons
could be justified by considering amphibolite or eclogite
melting conditions for the source rock (e.g., Peacock et al.
1994; Sigmarsson et al. 1998). In fact, the experimental re-
sults of Peacock et al. (1994) suggest that the slow
subduction of a young oceanic plate, partially melting un-
der amphibolite or eclogite conditions, would yield
adakitic melts of similar chemical compositions to TTGs
and leave a solid residue principally composed of garnet
and clinopyroxene. Since garnet’s U partition coefficients
are greater than for Th (Dy > Dy, e.g., Beatie 1993,
LaTourette et al. 1993; Klotzli 1999), Th would be en-
riched relative to U in these partial melts, leading to high
Th/U ratios. This aspect is equally portrayed in the
whole-rock Th/U ratios for the Sangmelima TTG, with
average values of 5.0, 4.6, and 6.7 for the charnockitic
suite, tonalitic suite, and granodiorites, respectively. These
are higher than the bulk earth estimates of 3.9 (Galer and
O’Nions 1985) or 4.2 (Allegre et al. 1986), and a bulk con-
tinental crust value of 4.0 (Rudnick and Fountain 1995).

Conclusion
Obtaining reliable U-Pb and *"Pb/“Pb evaporation zircon
ages on TTGs from the Sangmelima region has proven diffi-
cult due to complexities associated with the combined effects
of Pb loss, inherited Pb components, and uptake of common
Pb. A magmatic origin for the zircons is ascertained from the
oscillatory zonation shown by CL imagery. Recrystallization
signatures and brittle structures in some of the zircons suggest
strong secondary effects in Sangmelima TTGs, and raise con-
cerns that the U-Th systematics, like those of Pb-Pb, were dis-
turbed, indicating a complex magmatic and post-magmatic
history for the Sangmelima region.

Notwithstanding these difficulties, the U-Th-Pb system
can still provide appropriate benchmarks for the petroge-

neses of these rocks. The preservation of inherited zircons
suggests that the rocks were derived from a > 2900 to
3200 Ma proto-crust. TTG magmatism in the Sangmelima
region operated during the Mesoarchaean, between 2800
and 2900 Ma. Moreover, the following emplacement order
was obtained from the 2°’Pb/??Pb isotope distribution pat-
tern: charnockitic suite O granodiorites O tonalites.

Chemical and geochronological data show that the
Sangmelima TTGs were probably derived from the partial
melting of a subducting or thickening basaltic proto-crust
of mantle origin. High Th/U ratios in the zircons and in the
whole rocks point to the role played by residual garnet in
the genesis of the Sangmelima TTG, as garnet’s U partition
coefficient is larger that that of Th under eclogite facies
conditions.

The U-Pb lower discordia intercept ages suggest that
post-emplacement thermo-tectonic events affecting the
TTG rocks of the Sangmelima region were related to the
Pan-African orogeny. This event caused significant reduc-
tion in the zircon radiogenic Pb budget, with consequent
partial zircon age resetting. The uptake of common Pb
could have been associated with this event, although the
possibility that the high common Pb concentrations might
be a primary feature of the zircons has not been completely
ruled out.
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