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Abstract We present the mineralogy and age of the
magmatic epidote-bearing granite composing most of the
Mokong pluton, in the Central Africa orogenic belt (North
Cameroon). This pluton intrudes Neoproterozoic (~830 to
700 Ma) low- to high-grade schists and gneisses (Poli-Mar-
oua group), and is crosscut or interleaved with bodies of bio-
tite granite of various sizes. The pluton is weakly deformed
in its interior, but solid-state deformation increases toward
its margins marked by narrow mylonitic bands trending
NNE-SSW. The magmatic epidote granitic rocks are clas-
sified as quartz monzodiorite, granodiorite, monzogranite,
and syenogranite. They are medium- to coarse-grained and
composed of K-feldspar + plagioclase + biotite + amphi-
bole 4 epidote 4+ magnetite 4 titanite 4 zircon 4 apa-
tite. In these granites, the pistacite component [atomic
Fe"3/(Fe** 4 Al)] in epidote ranges from 16 to 29 %. High
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oxygen fugacity (log fO, — 14 to —11) and the preserva-
tion of epidote suggest that the magma was oxidized. Al-in
hornblende barometry and hornblende—plagioclase ther-
mometry indicate hornblende crystallization between 0.53
and 0.78 GPa at a temperature ranging from 633 to 779 °C.
Zircon saturation thermometry gives temperature estimates
ranging from 504 to 916 °C, the latter being obtained on
samples containing inherited zircons. U/Pb geochronology
by LA-ICP-MS on zircon grains characterized by mag-
matic zoning yields a concordia age of 668 £+ 11 Ma (20).
The Mokong granite is the only known occurrence mag-
matic epidote in Cameroon, and is an important milestone
for the comparison of the Central Africa orogenic belt with
the Brasiliano Fold Belt, where such granites are much
more abundant.

Keywords Central Africa Pan-African orogenic belt -
North Cameroon - Magmatic epidote-bearing granite

Introduction

The Late Neoproterozoic (Pan-African) Central African
orogenic belt, north of the Congo Craton, was recognized
in the early 1960s by the widespread occurrence of ~500—
600 Ma Rb-Sr whole rock and mineral ages (Lasserre
1967). This orogenic belt straddles Cameroon, Chad,
and Central Africa Republic, between the Congo Craton
to the south and the western Nigerian Shield to the north
(Fig. 1a, b). It corresponds to the southern part of the Saha-
ran metacraton (Abdelsalam et al. 2002, 2011; Liégeois
et al. 2013), and to the west continues into the Borborema
Province of NE Brazil, where the shear zones control the
emplacement of a large number of Brasiliano-Pan-Afri-
can granitoids (Fig. la). It has long been recognized that
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Fig. 1 a Pre-Mesozoic fit between the northern Borborema Province toids; (3) syntectonic granite; (4) Mayo Kebbi batholith: tonalite,
(NE Brazil) and Cameroon (after Caby 1989, modified): (/) Post- trondhjemite, and granodiorite; (5) medium- to high-grade gneisses

Brasiliano-Pan-African sediments; (2) Brasiliano-Pan-African belt; of the NW Cameroon domain; (6) mafic to intermediate complex of
(3) Cratons; (4) Suture zone; (5) Shear zones: ZCPa: Patos; ZCPe: the Mayo Kebbi domain (metadiorite and gabbro-diorite) and amphi-
Pernambuco; A: Rocher du Loup shear zone; B: Sanaga fault; C: Cen- bolite; (7) Neoproterozoic low- to medium-grade volcano-sedimen-
tral Cameroon shear zone; D: Tcholliré-Banyo shear zone; E: Godé tary sequences of the Poli-Léré Group; (8) remobilized Paleoprotero-
Gormaya shear zone. b Geological sketch map of northern Cameroon zoic Adamawa—Yadé domain; (9) thrust front; (/0) strike slip fault:
(modified from Penaye et al. 2006 and Dawai et al. 2013): (/) Post- TBSZ = Tcholliré-Banyo shear zone; GGSZ = Godé-Gormaya shear
Pan-African sediments; (2) Late to post-tectonic Pan-African grani- zone; (11) state border

a strong geological correlation exists between NE Brazil  dissolution kinetics (Brandon et al. 1996) and on epidote
and west-central Africa (e.g., Caby 1989; Castaing et al. stability in granitic melts (Schmidt and Thompson 1996)
1994; Trompette 1997; Oliveira et al. 2006; De Witt et al. suggest that epidote textures offer a powerful means to
2008; Van Schmus et al. 2008; Neves et al. 2012). In the  estimate crystallization depth, pressure, and oxygen fugac-
Borborema Province, Late Neoproterozoic plutonism com- ity which are fundamental to characterize the conditions
prises several associations (Ferreira et al. 2004; Sial 1986; of pluton emplacement and growth and thus to understand
Sial et al. 2008; Brasilino et al. 2011), of which the high-K the dynamics of crustal differentiation. In the Central
calc-alkalic rocks are the most voluminous (da Silva Filho Africa orogenic belt, the tectonic evolution involved volu-
et al. 1993; Ferreira et al. 2004, 2011; Ferreira and Sial minous granitic magmatism, like in the Borborema Prov-
1997; Guimaraes et al. 2004; Sial et al. 2008). Magmatic  ince, but granite-bearing magmatic epidote has not been
epidote-bearing granitoids are widespread in northeastern  described so far. We present for the first time field observa-
Brazil, having been identified in five Neoproterozoic ter-  tions, petrology, geochemistry, and zircon U/Pb geochro-
ranes: Serid6, Cachoeirinha-Salgueiro, Riacho do Pontal, = nology of the magmatic epidote-bearing Mokong granitic
Alto Pajeti, and the Macururé (Sial 1986, 1993; Galindo  facies, including analysis of epidote texture and mineral
et al. 1995; Long et al. 2005). Experiments on epidote  chemistry.
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Geological setting

Northern Cameroon and southwestern Chad (Fig. 1b) are
made of (1) Neoproterozoic (~830-700 Ma) low- to high-
grade schists and gneisses of the Poli-Léré group that were
deposited in a magmatic arc context, deformed and meta-
morphosed during the Pan-African (Toteu et al. 2006); (2)
Pan-African pre-, syn-, and late-tectonic calc-alkaline
granites emplaced between 660 and 580 Ma (Toteu et al.
2001; Penaye et al. 2006); (3) late- to post-tectonic alkaline
granitoids (Penaye et al. 2006; Isseini et al. 2012) compris-
ing basaltic and differentiated dykes followed by the for-
mation of (4) several basins comprising unmetamorphosed
sedimentary and volcanic rocks (Toteu et al. 2004; Van
Schmus et al. 2008). Isotope dating indicates that most of
the gneissic and granitic rocks of this domain are Neopro-
terozoic in age with minor Paleoproterozoic to Mesoprote-
rozoic contribution (Isseini et al. 2012; Dawai et al. 2013),
contrasting with the abundant Paleoproterozoic ages that
characterize the Adamawa—Yadé domain (Toteu et al. 2001;
Penaye et al. 2004). This suggests that the NE-SW Tchol-
liré-Banyo shear zone, separating the Poli-Léré group from
the Adamawa—Yadé domain, is a major boundary separat-
ing a juvenile Neoproterozoic upper crust on the western
side, from older formations to the east (Toteu et al. 2001;
Bouyo Houketchang et al. 2009; Isseini et al. 2012).

Structurally, two main deformation phases followed by
late-orogenic shear zones are recorded in North Cameroon
(Dumont et al. 1985; Nzenti et al. 1992; Toteu et al. 2004;
Ngako et al. 2003, 2008). The first phase corresponds to a
sub-horizontal foliation associated with isoclinal folds and
N110°-140° stretching lineations, which are locally well
preserved. The second phase is marked by vertical and
NNE-trending foliations and by tight and upright folds.
In the Poli area, syn-migmatitic N80°-N110° dextral and
N160°-180° sinistral shear zones characterize this second
phase. However, according to Ngako and Njonfang (2011),
three major events characterize the formation of the Cen-
tral African orogenic belt: The first one is ascribed to crus-
tal thickening and ended at about 630-620 Ma; the second
corresponds to left lateral movements (613-585 Ma); and
the third event, characterized by right lateral wrench move-
ments (585-540 Ma), has controlled the emplacement of
post-collisional granitoids (Ngako et al. 2008; Kwékam
et al. 2013).

The Mokong pluton

The Mokong pluton belongs to the NNE-trending suite of
elongated syntectonic granitoids (Figs. 1b, 2) which intrude
medium- to high-grade gneisses assigned to the Poli-Mar-
oua group of the northwest Cameroon Pan-African domain

(Toteu et al. 2006; Bouyo Houketchang et al. 2013). Most
of the granitoids forming the Mokong pluton present a
NE-SW- to NNE-SSW-trending magmatic foliation. The
western and eastern boundaries of the Mokong pluton are
strongly foliated, sheared, and mylonitized, with kinematic
indicators of dextral movement. These mylonitic bands
transposed the early N60 schistosity and N110°E sinistral
shear zones. The pluton is mainly composed of two distinct
granitic facies, namely magmatic epidote-bearing granite
and biotite granite. In places, the Mokong pluton is over-
lain by Cenozoic volcanic formations and recent sediments.

The magmatic epidote-bearing granite (mEp granite)

The mEp granite is the main rock type of the Mokong plu-
ton (Fig. 2). It intrudes the Neoproterozoic amphibolites
and orthogneisses and contains xenoliths of these rocks.
The pluton has an elliptical outcrop pattern (Fig. 2), and
its NNE-trending long axis is more or less parallel to the
regional tectonic fabric (NE-SW to NNE-SSW) of its
country rocks. The pluton is weakly deformed in its inte-
rior, but solid-state deformation increases toward its mar-
gins where it is sheared (Fig. 3a, d). The major rock type
is a porphyritic to equigranular medium- to coarse-grained
granite with plagioclase and K-feldspar megacrysts up 3 cm
long in random orientation in a medium-grained matrix
(Fig. 3a, c, d). The internal foliation has steep dips (>40°)
at the margins, becoming gentle or disappearing toward
the core of the pluton where megacrystic feldspars are ran-
domly distributed (Fig. 3c). This foliation, marked by sub-
parallel tabular feldspars, biotite, and sometimes amphibole
crystals, is roughly concordant with the pluton shape, con-
sistent with a forceful expansion of the pluton. The folia-
tion is also outlined by elongate 0.2 up to 5-m-long quartz
monzodiorite enclaves (Fig. 3b). Many of these microgran-
ular mafic enclaves have sharp contacts with the host gran-
ite, showing interfingered or rounded contours. The mEp
granite is the focus of this study.

The biotite granite

This type consists of intrusions of various sizes (up to kil-
ometer) crosscutting or interleaved with the mEp granite
(Fig. 3d). Although both types of plutonic rocks are foliated,
the biotite type contains xenoliths of the mEp type (Fig. 3e).
Outcrops are exposed in the central and northwestern parts of
the pluton (Fig. 2). The two sub-types can be distinguished:
dominant pinkish biotite granite and gray biotite monzogran-
ite, both characterized by fine- to medium-grained granular
texture, and by the presence of biotite-rich enclaves, micro-
granular mafic magmatic enclaves, and schlieren. Dark green
biotite is the most abundant mafic mineral (up to 10 vol%).
It occurs as flakes filling interstitial spaces and forming
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Fig. 2 Simplified geological 13°48

14°00'

map of the Mokong pluton, I
showing the locations of the
analyzed samples in which
magmatic epidote was recog-
nized (black squares)

10°35'
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o
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Gazawa
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:} Recent sedimentary cover
- Cenozoic volcanic formation |:| Undifferentiated granitoids

I:I Biotite granite

m Analyzed sample location of magmatic epidote granite

Magmatic epidote-bearing granite

I:] Gneiss and amphibolite

Fault and shear zone © Localities

anhedral to subhedral glomerocrysts with large size vari-
ations (0.5-30 mm), is generally associated with feldspars,
and marks the foliation. Plagioclase, K-feldspars (orthoclase
and microcline), quartz, biotite, and accessory minerals (apa-
tite, titanite, zircon, and oxides) are the dominant minerals.
Titanite and oxides are abundant in the gray biotite sub-type.

Zircon U-Pb dating of mEp granite

Zircon grains from the magmatic epidote-bearing granite
(sample MS-1) were separated using standard crushing,

@ Springer

Wilfley table, magnetic separator, and heavy liquid sepa-
ration. Zircon concentrates were cleaned using concen-
trated HF acid followed by H,SO, acid and handpicked.
Zircon grains were mounted as a single-crystal layer in
epoxy disks and polished with 3- and 1-pwm diamond spray
to give a scratch-free surface. They were then imaged in
cathodoluminescence (CL) using a Mono CL3 + (Gatan
Company, England) at the State Key Laboratory of Conti-
nental Dynamics, Department of Geology, Northwest Uni-
versity, Xi’an (China). LA-ICP-MS dating was completed
in the State Key Laboratory of Continental Dynamics in
Xi’an. The laser ablation equipment was GeoLas200 M,
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Fig. 3 Photographs field. a Eastern border of the Mokong mEp gran-
ite showing marks of the NNE-SSW magmatic foliation sheared
dextrally. b Elongate quartz dioritic enclaves outline the magmatic
foliation in Mokong mEp granite; ¢ Core of the Mokong mEp gran-

and inductively coupled plasma mass spectrometer was
Agilent 7500a. During analysis, the synthetic glass NIST
610 was used to optimize the instruments. The standard zir-
con 91500 was used as an external standard to monitor the
status of the machines and was analyzed twice before the
analysis of the samples. Trace element concentrations were
calibrated using 29Si as an internal standard for zircon
and NIST SRM610 as an external standard. The detailed
instrumental parameters and the protocol of analyses fol-
low Yuan et al. (2004) and Liu et al. (2010). The raw data
were then processed using the Glitter (version 4.0) pro-
gram of Macquarie University, and the common lead was
corrected following the method of Andersen (2003). The

ite showing irregular distribution of megacrystic feldspars; d, e the
relationship between the mEp and the biotite granite types, indicating
clearly point to their chronology

weighted mean age was calculated using Isoplot (version
3.23; Ludwig 2003). Analyses with >10 % discordance
were excluded from the calculations. The isotopic ratios
and age are quoted at 20, while the weighted mean is given
at the 95 % confidence level. The LA-ICP-MS zircon U-Pb
data analysis results and cathodoluminescence images are
shown, respectively, in Table 1 and Fig. 4.

Most zircon crystals collected from sample MS-1 have
euhedral, elongated shape with sharp facets and acute tips.
Occasionally, the prisms are irregular, suggesting chemi-
cal corrosion or physical abrasion. The zircon crystals are
mainly colorless and transparent, with lengths ranging from
150 to 300 wm and length-to-width ratios from 2.5:1 to

@ Springer
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Fig. 4 Representative CL images of zircon grains from sample MS-1 showing 2°°Pb/>**U ages

8:1. The CL investigation (Fig. 4) reveals that most crystals
have oscillatory zoning. Some grains have irregular older
or inherited cores, some being homogeneous and unzoned,
whereas others exhibit oscillatory zoning; the core—rim
boundary is often irregular and marked by a CL-bright thin
band. The cores are small (5-40 m), and only a few could
be analyzed by LA-ICP-MS. To estimate the minimum age,
eighteen analyses were carried out on the grains from MS-1
(Table 1), all of them being located on oscillatory-zoned
rims. The analyses are concordant and yield a concordia
age to 668 = 11 Ma (n = 18; Fig. 5). This result is consid-
ered to be the crystallization age of the zircon and hence to
be the emplacement age of the Mokong magmatic epidote
granite.

Petrography and mineral chemistry of the mEp
granite

The Mokong epidote granite is mainly composed of
K-feldspar, plagioclase, quartz, amphibole, biotite, epi-
dote, and accessory phases (titanite, apatite, magnetite, and

data-point error ellipses are 2

0.122
0.118 L
0.114
= L
2 0.110 |
<
i 3
8 0.106 |
&
0.102 | Concordia Age = 668=11 Ma
(20, decaxconst. errs included)
r MSWD (concordance + equivalence) = 0.68,
0.098 | Probability of concorcll\lan_cel g equivalence = 0.46,
0.094 . f . L " L 1 |
0.7 0.8 0.9 1.0 1.1 1.2

20‘7Pb/235U
Fig. 5 U-Pb concordia plot and age determination for sample MS-1.

The treatment of concordant age is after Ludwig (1998)

zircon) (Fig. 6). Secondary (alteration) products include
epidote, chlorite, actinolitic amphibole, myrmekite, and
sericite. Feldspars, amphibole, biotite, epidote, titanite, and

@ Springer



1818

Int J Earth Sci (Geol Rundsch) (2016) 105:1811-1830

Fig. 6 Photomicrographs of various textural attributes of epidote: a
euhedral magmatic epidote with minor inclusions of Fe oxide, plagio-
clase, and allanite; b and c late-crystallized magmatic epidote phases

oxides were analyzed by electron microprobe at the Geo-
Ressources laboratory (Université de Lorraine, Nancy).
The operating conditions were maintained at 15 kv, 10 pA
with beam exposure time of 6 s, applying ZAF correction.
Chemical compositions and structural formulae are pre-
sented in Tables 2, 3, 4, 5, 6.

Feldspars

K-feldspar megacrysts (in porphyritic samples) are coarse
perthitic microcline or orthoclase, typically displaying
Carlsbad twinning, locally overprinted by cross-hatched
twinning, suggesting incomplete orthoclase—micro-
cline inversion. Their shape is subhedral, but under the

@ Springer

observed in intergranular spaces between plagioclase grains; d sub-
hedral magmatic epidote showing resorbed margins; d, e secondary
epidote phases formed at the expense of amphibole (e)

microscope they display rounded corners and irregular
edges rimmed by anhedral intergrowths of very fine-
grained plagioclase, quartz, biotite, and myrmekite. Most
megacrysts exhibit zoning and oriented inclusions of pla-
gioclase near the core, in addition to inclusions of biotite
and epidote. Microprobe analyses of K-feldspar (sample
M41) indicate that the proportion of albite component
in solid solution is in the range of 4-10 % (Table 2), and
a composition ranging within Orgy—Ory,, with a grad-
ual increase in albite toward the rim. Plagioclase grains
(2-0.5 cm) are dominant in the groundmass. The larger
grains commonly contain minor inclusions of hornblende
and biotite. Some crystals show a weak zoning with
slightly less sodic rim compositions, and with variable
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Table 2 Feldspars selected microprobe analyses and structural formulae (on the basis of eight oxygens)

Sample K-fs M4l M21 MS1 M25

Mineral K-fs K-fs P12 P12 P12 K-fs Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl
SiO, 63.86 64.73 63.61 63.10 662 6536 6429 61.03 6149 60.75 60.23 61.74 58.08 61.51 59.68 61.50 61.60
Al,O4 18.65 1858 18.1 22.13 20.37 21.60 18.82 24.18 23.96 24.18 24.85 2432 26.68 24.46 2459 23.68 23.63
FeO 0.00 000 0.06 0.00 0.19 001 007 019 025 0.03 0.01 0.11 001 013 0.00 0.12 0.00
CaO 0.00 0.00 0.00 350 1.10 236 000 594 522 586 646 544 812 549 628 540 486
Na,O 079 121 0.67 9.69 11.05 1077 0.66 834 858 860 816 855 7.04 850 8.07 887 926
K,O 16.00 1538 1589 0.11 0.06 0.09 1605 0.11 0.17 0.1 0.17 008 005 021 0.1 016 0.09
Sum oxides 99.30 99.90 98.33 98.53 98.97 100.19 99.89 99.79 99.67 99.52 99.88 100.24 99.95 100.30 98.72 99.73 99.44
Si 2976 2988 2990 2.827 2.933 2.872 2975 2720 2.738 2.716 2.687 2.732 2596 2.723 2.690 2.741 2.749
Al 1.024 1.011 1.003 1.168 1.064 1.119 1.026 1270 1.257 1.274 1306 1.268 1.405 1.276 1.306 1.244 1.243
Fe 0.00 0.00 0.002 0.000 0.007 0.000 0.003 0.007 0.009 0.001 0.000 0.004 0.000 0.005 0.000 0.004 0.000
Ca 0.00 0.00 0.00 0.168 0.052 0.111 0.00 0.284 0.249 0.281 0.309 0.258 0.389 0.260 0.303 0.258 0.232
Na 0.071 0.108 0.061 0.842 0.949 0918 0.059 0.721 0.741 0.745 0.706 0.734 0.610 0.730 0.705 0.767 0.801
K 0.951 0.906 0.953 0.006 0.003 0.005 0.948 0.006 0.010 0.006 0.010 0.004 0.003 0.012 0.006 0.009 0.005
Sum cation  5.022 5.013 5.009 5.011 5.008 5.025 5.011 5.008 5.005 5.023 5.018 5.001 5.003 5.006 5.009 5.024 5.031
% An 0.00 0.00 0.00 16.54 520 10.75 0.00 28.07 24.92 27.20 30.15 2590 38.82 2599 29.90 2495 2237
%Ab 6.98 10.68 6.02 82.84 9446 88.76 5.88 7131 74.12 7224 6891 73.65 6090 72.82 69.53 74.17 77.13
%Or 93.02 89.32 9398 0.62 034 049 9412 0.62 097 055 094 045 028 1.184 057 0.88 049

P12 = secondary plagioclase

Table 3 Amphibole selected microprobe analyses and structural formulae calculated on the basis of 23 oxygens

Sample M25 MS-1

SiO, 4224 4046  41.55 41.17 40.84 4131 40.34  41.19 42.00 435 42.67 42.5 42.01
TiO, 1.3 0.54 0.96 1.12 1.05 0.87 0.82 1.04 1.25 1.00 1.06 0.45 0.80
Al,O4 9.61 11.53 10.84 10.88 10.96 10.78 11.75 10.75 12.55 12.40 11.55 12.80 12.22
FeO 21.79 22.97 21.47 21.68 21.93 21.69 22.03 21.21 18.2 18.70 17.29 20.30  21.03
MnO 0.27 0.46 0.57 0.48 0.43 0.52 0.48 0.42 0.01 0.25 0.35 0.00 0.41
MgO 8.27 7.32 7.95 7.85 7.64 7.87 7.39 8.22 8.90 8.20 8.46 7.80 7.49
CaO 11.41 11.55 11.70 11.66 11.32 11.7 11.54 11.44 12.74 11.20 12.62 12.35 11.58
Na,O 1.45 1.28 1.24 1.17 1.31 1.25 1.39 1.41 1.00 1.60 1.44 0.45 1.23
K,0 1.37 1.44 1.38 1.44 1.50 1.43 1.54 1.43 1.45 1.60 1.71 1.4 1.75
Sum oxides 97.71 97.55 97.66 97.45 96.98 9742  97.28 97.11 98.1 98.45 97.15 98.05 98.52
Si 6.436 6.187 6.318 6.284 6.270 6.319 6.180 6.298 6.332 6.503 6.561 6.385 6.342
Ti 0.149 0.062  0.110 0.129 0.121 0.100  0.094 0.120  0.142 0.112 0.123 0.051  0.091
Al 1.726 2.078 1.943 1.957 1.983 1.943 2.121 1.937 2.230 2.185 2.093 2266 2174
Fe’t 2.685 2977 2.756 2.776 2.827 2.732 2.830 2.782 2.135 2.229 1.618 2486 2.517
Mn 0.035 0.059 0.073 0.062 0.056  0.067 0.062  0.054 0.001 0.032 0.045 0.000 0.052
Mg 1.878 1.669 1.802 1.787 1.748 1.795 1.688 1.874  2.000 1.827 1.939 1.747 1.686
Ca 1.862 1.892 1.906 1.907 1.862 1.918 1.893 1.874 2.058 1.794  2.079 1.988 1.873
Na 0.428 0.379 0.366 0346 0390  0.371 0.413 0.418 0.292 0464  0.430 0.131  0.360
K 0.282  0.299 0.284  0.298 0.312 0.296 0320 0296  0.292 0320 0347 0.283  0.356
Sum cations 15.48 15.60 15.56 15.55 15.60 15.54 15.60 15.65 15.48 15.48 15.23 15.34 15.45
XMg 0412  0.359 0.400  0.392 0382  0.396 0374  0.400 0.480 045 0.55 0.41 0.40
P (kbar) 5.30 6.96 6.31 6.37 6.52 6.29 7.18 6.29 7.56 7.01 6.42 7.79 7.43

Pressure estimated using the Al-in-hornblende barometry (Schmidt 1992)
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Table 4 Biotite microprobe analyses and structural formulae (on the basis of 22 oxygens)

Sample M25 MS M4l

SiO, 36.10  36.00 3636 36.09 3566 36.01 3659 3626 3622 36.57 37.15 37.07 3699 36.73
TiO, 1.62 1.61 1.55 1.37 1.61 1.59 1.5 1.03 2.12 2.74 1.68 222 2.44 2.74
Al Oy 14.82 15.03 1521 1576 1591 1586 1596 1634 1572 153 1547 1527 1525 154
FeO 2128 21.05 21.89 2124 2263 2201 21.74 2158 2355 199 18.84 1994 19.15 202
MnO 0.34 0.21 0.32 0.39 0.18 0.35 0.32 0.36 0.33 0.39 0.29 0.42 0.19 0.37
MgO 10.79 1059 1046 10.34 9.05 8.99 8.84 9.17 8.65 1058 11.89 1146 10.87 10.55
Na,O 0.00 0.03 0.07 0.03 0.09 0.07 0.05 0.09 0.06 0.06 0.01 0.06 0.07 0.03
K,0 9.85 9.87 9.38 9.79 9.92 9.84 9.50 9.49 9.67 10.08 10.1 9.98 991 10.1
Sum oxides  94.8 9439 9524 9501 9505 9472 9450 9432 9632 95.62 9543 9642 9487 96.12
Si 5.617 5618 5622 559 5570 5.621 5686 5648 5589 5605 5.658 5.621 5.674 5.603
Ti 0.189 0.189 0.180 0.160 0.189 0.187 0.175 0.121 0.246 0316 0.192 0.253 0.281 0.314
AlY 2383 2381 2378 2404 2431 2380 2314 2352 2410 2395 2342 2379 2326 2.396
AV 0334 0383 0394 0476 0498 0.539 0.608 0.648 0449 0369 0434 0350 0431 0.372
Fe?* 2769 2747 2831 2754 2956 2873 2825 2811 3.039 2551 2399 2529 2457 2577
Mn 0.045 0.028 0.042 0.051 0.023 0.046 0.042 0.047 0.043 0.051 0.037 0.054 0.025 0.048
Mg 2502 2463 2411 2389 2107 2092 2047 2129 1990 2.42 2.699 2590 2485 2.399
Na 0.000 0.009 0.021 0.009 0.027 0.021 0.015 0.027 0.018 0.018 0.003 0.018 0.021 0.009
K 1955 1964 1850 1936 1976 1960 1.883 1.886 1904 1971 1962 1930 1940 1.965
Sum cations  15.79 15.78 1573 1578 1578 15.72 1560 1567 15.69 1569 1573 1572 15.64 15.68
XMg 0475 0473 0460 0464 0416 0421 0420 0431 0396 0486 0529 0.506 0.503 0.482
degrees of saussuritization with formation of secondary  Biotite

epidote (Fig. 6c¢, f). Their compositions range between
An,; and Anyy (Table 2). The very fine-grained secondary
plagioclase is made of albite (Ans) and more sodic oligo-
clase (Anj).

Amphibole

Amphibole occurs either as euhedral to subhedral crys-
tals (0.2-5 mm), showing pale green to brownish green
pleochroism, or pale green weakly pleochroic crystals
forming cm to mm size, randomly distributed clots. Some
twinned grains are also observed. Long axes of glom-
erocrysts are commonly aligned parallel to the foliation
of the host rocks. Amphibole is more or less altered and
contributed to the secondary epidote and actinolite crys-
tallization (Fig. 6e). The analyses of amphibole (Table 3)
classify them as calcic amphiboles according to the
scheme of Leake et al. (1997), and more particularly as
magnesio—hastingsite and hastingsite (Fig. 7a). The Mg/
(Mg + Fe) ratio (0.40-0.64) is in accordance with the
ranges prescribed for calc-alkalic granitoids (Mason
1985) and suggests crystallization of this phase under
moderately high fO,. The Si content varies from 6.1 to
6.5 atoms per formula unit (afu). Figure 7b illustrates a
positive correlation between Al'Y and AlT in the amphi-
boles, similar to that reported by Hammarstrom and Zen
(1986).
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Dark green biotite is the most abundant mafic mineral,
occurring as flakes filling interstitial spaces and as anhe-
dral to subhedral glomerocrysts with large variation in size
(0.5-30 mm) and generally aligned parallel to the foliation
of the host rock. Apatite, epidote, titanite, and zircon are
common inclusions in biotite. Secondary biotite crystals
are included in amphibole (Fig. 6e) and alkali feldspar.
Microprobe analyses of biotite (Table 4) indicate composi-
tions lying approximately midway between phlogopite and
annite (Fig. 7c). The range of molar Fe/(Fe + Mg) is 0.46—
0.6. Biotite is poor in fluor (0.27-1.81 wt%). Its average
FeO/MgO ratio varies from 1.5 to 2.7, consistent with the
ranges reported from calc-alkalic granitoids by Abdel-Rah-
man (1994). In an MgO versus Al,O5 diagram (Fig. 7d), the
biotite compositions plot in the calc-alkalic field. Their alu-
mina saturation index (ASI, AlYCa + Na + K) is signifi-
cantly low (average = 1.5) and reflects low alumina activ-
ity in the crystallizing magma (Zen 1988).

Epidote

Epidote occurs in several textural relationships in the mEp
granites: (a) as euhedral to subhedral crystals with minor
inclusions of Fe oxide, plagioclase, and allanite (Fig. 6a,
c); some crystals are partially altered (Fig. 6d); (b) as a
late-crystallized phase, observed in intergranular spaces
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Table 5 Magmatic epidote selected microprobe analyses and structural formulae (cation calculated on the basis of 12.5 oxygens)

Sample MS

Sio, 36.93 36.87 37.01 37.17 3691 37.57 37.23 3739 37.22 37.54 38 38.44 38.12 37.97 3822 38.38 38,82
TiO, 0.03 0.08 0.04 0.05 0.06 0.15 0.13 0.18 008 0.09 005 02 015 0.10 0.12 0.00 0.00
Al,O; 22.69 2251 22.85 2275 23.15 23.3 2332 2325 2341 22.16 22.02 2433 23.8 23.82 2391 25.67 23.77
FeO 1292 13.87 12.54 1259 12.61 11.82 11.95 12 12.19 13.85 13.75 1038 10.7 1145 11.13 9.57 11.69
MgO 0.07 0.00 0.00 0.00 002 0.03 001 000 005 0.02 000 005 0.04 0.07 015 002 002
MnO 0.14 027 02 019 025 028 029 030 039 010 022 022 019 009 007 0.00 0.00
CaO 2342 2321 23.18 23.15 2295 22.82 22.68 23.14 2227 2334 2322 2387 239 2384 24.08 23.84 2445
Sum oxides 96.20 96.81 9582 959 9595 9597 95.61 96.26 95.61 97.1 97.26 9749 969 9734 97.68 97.48 98.75
Si 3.076 3.068 3.085 3.097 3.073 3.109 3.096 3.091 3.095 3.108 3.136 3.107 3.110 3.094 3.099 3.083 3.119
Ti 0.002 0.005 0.002 0.003 0.004 0.009 0.008 0.011 0.005 0.005 0.003 0.012 0.009 0.006 0.007 0.000 0.000
Al total 2224 2203 2.241 2230 2270 2.268 2.281 2261 2.290 2.158 2.138 2.314 2.284 2.284 2280 2.426 2.247
Mn 0.010 0.019 0.014 0.0134 0.017 0.019 0.020 0.021 0.027 0.007 0.015 0.015 0.013 0.006 0.005 0.000 0.000
Fe3* 0.776 0.797 0.759 0.770 0.732 0.732 0.719 0.739 0.709 0.842 0.862 0.686 0.716 0.716 0.719 0.574 0.753
Fe?* 0.120 0.165 0.112 0.104 0.143 0.083 0.109 0.088 0.135 0.114 0.084 0.013 0.012 0.061 0.032 0.067 0.030
Mg 0.009 0.000 0.000 0.000 0.002 0.004 0.001 0.000 0.006 0.002 0.000 0.006 0.005 0.008 0.018 0.002 0.002
Ca 2.090 2.069 2.070 2.067 2.047 2.023 2.021 2.050 1.984 2.070 2.053 2.067 2.089 2.081 2.092 2.052 2.105
Sum cations  8.30 8,32 829 8.28 829 825 826 826 825 831 829 822 824 826 825 820 826
%Ps 25.88 26.55 2529 25.66 2441 2440 2396 24.62 23.65 28.05 28.73 22.87 23.85 23.88 2398 19.13 25.09
Sample M25 MI12

Sio, 38.92 37.49 38.15 38.11 38.34 37.73 38.29 37.63 37.08 3691 38.35 38.47 38.23
TiO, 0.00 0.13 0.09 0.02 0.11 0.01 0.12 0.04 000 0.03 0.12 0.14 0.200
Al O, 25.02  25.01 2326 242 2399 243 24.97 22.81 2294 2284 2473 26.4 26.68
FeO 11.22 11.76 12.98 12.23 11.43 11.56 10.55 12.77 12.14 12.72 10.49 8.55 8.45
MgO 0.14 0.00 0.00 0.00 0.01 0.00 0.09 0.03 0.00 0.01 0.12 0.03 0.03
MnO 0.00 0.00 0.47 0.25 0.34 0.00 0.00 0.26 0.26 0.57 0.04 0.18 0.12
CaO 24.17 23.45 22.42 23.47 23.19 23.27 23.53 22.98 23.41 2236 23.66  23.71 23.32
Na,O 0.00 0.00 0.00 0.01 0.00 0.04 0.03 0.00 0.01 0.00 0.03 0.00 0.01
K,O 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01
Sum oxides 99.47  97.84 9737 9829 9741 96.87 97.55 96.52  95.83 95.44  97.51 97.48 97.03
Si 3.090 3.038 3.122 3.083 3.115 3.083 3.088 3.113 3.088 3.092  3.096 3.073  3.063
Ti 0.000  0.008  0.005 0.001 0.007 0.001 0.007 0.002  0.000 0.002 0.007 0.008 0.012
Al total 2.337 2.385 2240  2.303 2.293 2336 2369 2220 @ 2.248 2.251 2.348 2481 2515
Mn 0.000  0.000 0.032  0.017 0.023 0.000  0.000  0.018 0.018  0.040  0.003 0.012  0.008
Felt 0.663 0.615 0.760  0.697  0.707 0.664  0.631 0.780  0.752  0.749  0.651 0.519 0.485
Fet 0.079  0.179  0.125 0.128  0.067 0.123 0.078 0.100  0.091 0.139  0.054  0.050 0.079
Mg 0.017 0.000  0.000  0.000  0.001 0.000  0.011 0.004  0.000  0.001 0.014  0.003 0.004
Ca 2.056  2.036 1.966  2.034 2019 2.037 2.033 2.037 2.089 2.007 2.046 2.029 2.002
Sum cations 8.24 8.26 8.25 8.26 8.23 8.24 8.22 8.28 8.29 8.28 8.23 8.18 8.17
%Ps 22.10  20.51 25.34  23.23 23.57 22.13 21.03 26.00  25.07 24.97 21.72 17.29 16.18

between plagioclase, biotite, and amphibole (Fig. 6b);
(c) as partly embayed subhedral grains within biotite and
amphibole crystals (Fig. 6e); (d) as secondary texture crys-
tals associated with quartz and albite (Fig. 6f). Textural
criteria show that some epidote crystals are intergranular,
suggesting that they grew at the end of magma crystalliza-
tion in relation with oxidation by interaction with country
rocks.

Several grains were selected, and 31 spots were analyzed
(results reported in Table 5). Euhedral to subhedral crystals
(13 spots) present high values (25-29 %) of pistacite [Fe**/
(Fe**+Al) x 100], well in the range specified by Tulloch
(1979, 1986; Vyhnal et al. 1991) for typical magmatic
epidote (Ps,5—Ps,q). Other grains that seem to be formed
at the expenses of amphibole and plagioclase (Fig. 6e, f)
have Ps,¢_,,, compatible with values of secondary epidote
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Tz}ble 6 Titanite selected sample M?25 M12 MK3 MS
microprobe analyses and
Strlucauraldformlflag (?atlcf’n Sio, 29.57 29.35 30.12 29.87 29.87 29.73 29.05 28.4
f)i;;eit:) on the basis of two TiO, 3705 3576 348 3547 352 3556 3742 3696
Al O4 1.70 2.09 245 2.44 2.68 2.32 1.23 1.89
MnO 0.12 0.11 0.17 0.06 0.10 0.11 0.13 0.10
FeO 1.40 1.33 1.89 1.41 1.70 1.66 1.31 1.58
MgO 0.00 0.00 0.11 0.04 0.02 0.01 0.00 0.00
CaO 28.03 28.05 27.77 27.79 27.26 27.21 26.64 27.00
Sum oxides 97.87 96.69 97.31 97.08 96.83 96.60 95.78 95.93
Si 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
Ti 3.759 3.655 3.466 3.562 3.535 3.589 3.864 3.904
Al 0.270 0.335 0.383 0.384 0.422 0.367 0.199 0.313
Fe3+ 0.000 0.010 0.151 0.053 0.042 0.044 0.000 0.000
Mn 0.013 0.013 0.019 0.007 0.011 0.012 0.015 0.012
Fe 0.158 0.141 0.058 0.104 0.147 0.142 0.151 0.186
Mg 0.000 0.000 0.022 0.008 0.004 0.002 0.000 0.000
Ca 4.062 4.096 3.951 3.987 3911 3.922 3.930 4.074
Sum cations 12.26 12.25 12.05 12.11 12.08 12.07 12.16 12.49
AMPHIBOLE
|Samples: @ M256 MK3 AMG6 OMS1A M12 @ MKS5
10 @ [CaB > 1,50; (NatK)A>0,50; Ti<0,5 20 Al
~
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Fig. 7 a Classification of amphiboles from the studied samples (after
Leake et al. 1997). b Relationship between Al"Y and Al" in amphi-
boles. ¢ Al versus Fe/(Fe + Mg) diagram for biotite. d MgO versus
Al,O; diagram (after Abdel-Rahman 1994) showing biotite composi-
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tions plotting in the calc-alkalic field. A = alkalic, C = calc-alkalic,
P = peraluminous. Shaded fields show amphibole and biotite analy-
ses for epidote-bearing granites within the Alto Pajeu terrane, north-
eastern Brazil (Brasilino et al. 2011)
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according the Tulloch’s criteria. Some examples from NE
Brazil (Sial 1993; Sial et al. 2008; Ferreira et al. 2011),
India (Rogers 1988), and Canada (Owen 1991; Farrow and
Barr 1992) also lie in this range which is considered to be
unequivocally mEp. The low TiO, contents (0.00-0.20 %
with an average of 0.08 %) of all the analyzed epidote sug-
gest that they are primary according to Evans and Vance
(1987), who ascribe TiO, < 0.2 % to primary epidote.

Titanite and Fe oxides

Titanite is a common and abundant accessory phase in the
mEp granites (about 2 % modal volume). It occurs as large
euhedral crystals, up to 1 mm long as slightly pleochroic
subhedral crystals, up to a few mm long, present in feld-
spar, along margins of hornblende and biotite crystals, or as
euhedral grains in the groundmass, and as zoned and sec-
ondary fine-grained crystals associated with biotite. Titanite
shows low Al content (0.16-0.42 afu, Table 6), suggesting
high pressure of crystallization. According to Enami et al.
(1993), titanite composition depends on pressure and tem-
perature, high-temperature titanite having Al + Fe®" (afu)
<1.4. In the mEp granites, the Al + Fe** (afu) around 0.35
of titanite shows that this mineral was crystallized at high
temperature, an observation supported by textural relation-
ships which point to its early crystallization. Fe oxide min-
erals are rare, occurring as minute grains within or adjacent
to biotite and titanite. All the analyzed Fe oxides corre-
spond to pure magnetite.

Allanite was observed only in the sample S25 where it
occurs as euhedral reddish brown prismatic zoned crystals.
Many grains show metamictization that makes them more
susceptible to alteration, which is commonly accompanied
by hydration. The analyzed allanite crystals show high
TiO, (0.81-2.51 %; Ti = 0.02-0.06 apfu) contents, with
higher values in their core pointing to a formation in a com-
pressive setting characterized by Ti < 0.2 apfu (Vlach and
Gualda 2007).

Geochemical characteristics of the Mokong mEp
granite

Whole-rock compositions from the representative samples
of the Mokong mEp granite were determined using induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES) for major elements, and inductively coupled plasma
mass spectrometry (ICP-MS) for trace elements at CRPG-
CNRS, Nancy (France). Sample preparation, analytical
conditions, and limits of detection are detailed in Carignan
et al. (2001). Table 7 lists representative whole-rock chemi-
cal analyses.

Nomenclature follows normative ANOR versus Q'
diagram (Fig. 8) of Streckeisen and Le Maitre (1979).
The Mokong mEp granite evolves from quartz monzo-
diorite, granodiorite, monzogranite, and syenogranite
fields. The porphyritic biotite—epidote sheared facies
collected at the border of the pluton (sample MK?7)
plots in the quartz monzodiorite field. The granitoids are
metaluminous to slightly peraluminous and belong to
the I-type granitoids with A/CNK <1.12 (Shand 1927).
The I-type geochemical signature of these granitoids is
well supported by the mineralogy, more particularly the
predominance of hornblende and biotite as mafic silicate
minerals, and the abundance of titanite and magnetite as
accessory phases. In the (Y 4 Nb) versus Rb discrimina-
tion diagram (Pearce et al. 1984, Fig. 9), the mEp gran-
ites plot within the volcanic-arc granite and syn-colli-
sional granite fields.

The samples of mEp granite have an intermediate to acid
composition (Si0, = 60.58-73.97 wt%) coupled with mod-
erate Al,O; (13.26-15.73 wt%) contents, high Mg values
(Mg# = 35.4-63.5) and K,0/Na,O ratios (0.4-1.9, mostly
>1). These rocks are enriched in Ba (508-1513 ppm) and
have moderate to high Sr (205.3-1090 ppm), Rb (103.9-
272.7 ppm). The Zr content ranges between 106.2 and
856.7 ppm, while Nb (4.80-13.39 ppm) and Y (3.89—
29.33 ppm) are relatively low. The Rb/Sr ratios clus-
ter around 0.19-1.05. The sheared biotite—epidote gray
quartz monzodiorite sample MK7 is characterized by low
Ba (186.8 ppm), high Nb (48.84 ppm), Y (79.07 ppm), Th
(31.08 ppm), Sn (11.3 ppm), REE (O_REE = 705 ppm),
and Cu (102,2 ppm) contents. Chondrite-normalized
REE patterns (Fig. 10) are moderately fractionated (Lay/
Yby = 13.5-29.7). Except for sample MG46 which shows
a weak positive Eu anomaly (Eu/Eu* = 1.1), no Eu anoma-
lies (Eu/Eu* 0.5-0.9) are recorded.

The fine-grained mesocratic enclave (sample M?24)
plots in the quartz monzodiorite field in the normative
ANOR versus Q' diagram (Fig. 9). It is intermediate in
SiO, composition (59.28 wt%) and shows high CaO
(5.04 wt%), V (126.3 ppm), Zn (104.2 ppm), and Zr
(238.9 ppm) contents and low Ba (489.9 ppm) content,
compared to the mEp granites. Chondrite-normalized
REE pattern (Fig. 10) is moderately fractionated (Lay/
Yby = 5.06) with no Eu anomaly (Eu/Eu* 0.9). Major
element trends and some trace element patterns such as
positive correlations between Ba/Rb versus Zr/Rb, and
Zr/Rb versus Sr/Rb point to fractional crystallization as
an important petrogenetic process (Fig. 11). In these
diagrams, the chemical composition of the Mokong mE
granites is similar to the Concei¢do das Creoulas pluton
located within the Alto Pajeu terrane at northeastern Bra-
zil (Brasilino et al. 2011).
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Table 7 Major (wt%) and trace
(ppm) element compositions of
the Mokong magmatic epidote- Samples M25 MK7 MK3 MGl MS-1 M4l MKS MG-6 MI12 M24
bearing granite

Rock types Magmatic epidote-bearing granite Enclave

Major elements (wt%)

Sio, 60.58 6129 6349 6497 6542 6899 71.88 73.16 7397 59.28
AL O, 14.695 14945 14303 1573 15.583 15.545 14.855 14.555 13.258 15.645
Fe,0; 7.328 6991 5995 4.673 4.89 2.798 1468 1441 1394 7.634
MnO 0.0964 0.1373 0.0939 0.0876 0.0861 0.0424 0.0302 0.0225 0.0255 0.1304
MgO 2225 2005 1.643 236 2525 0.809 0.386 0407 0.217 2.666
CaO 4.576 3.799 3321 3.636 3312 2381 1.703 1947 1.089 5.036
Na,O 3.027 4.65 3.662 3.846 4.101 4.028 4.048 4.05 2956 3.639
K,0 3.557 2066 4.148 2.24 2229 4331 4306 3.799 5.68 2.448
TiO, 1.723 1956 1.482 0.871 0.881 0.571 0.237 0.223 0.193 134
P,0; 0.6 0.78 0.75 0.28 0.27 0.16 0.1 0.06 0.05 0.39
PF 0.73 0.63 0.48 0.75 0.58 0.47 0.71 0.34 0.37 1.44
Total 99.14 99.25 99.36 9945 99.86 100.12 99.72 100.01 99.2 99.64
Mg= 50.00 50.18 51.17 6321 6353 53.68 48.96 50.70 3537 5097
Traces elements (ppm)
Ba 1312 186.8 1512.8 948 8024 9499 807.1 7672 507.6 489.9
Be 1.791 3912 3.673 7.362 3.205 3.48 3.7 2.812 2081 1.733
Cd 0.649 0986 1.038 0.501 0408 0.389 <L.D. 0216 0.178 0.465
Co 16.52 11.62 11.6 11.18 11.72 4705 2322 221 1.519 17.86
Cr 2244 272 2455 7523 81.04 1535 8.011 4912 <L.D. 19.6
Cs 0977 4.107 6.467 7.668 4.659 2.646 3.331 1.708 2375 232
Cu 28.08 1022 20.66 7426 <L.D. 1747 1058 1496 7.023 34.11
Ga 2349 29.65 2727 2489 234 2346 21.58 19.09 1828 21.23
Ge 1414  1.68 1.745 1514 1439 1.169 1.056 0.975 0.931 1.299
Hf 1439  20.13 19.2 7212 6947 8485 4.052 3.349 4439 6.061
Mo 1.947 1.096 1.643 0516 <L.D. 0.83 <L.D. 0566 0.874 1.862
Nb 8.47 48.84 8.22 13.39 11.01 10.85 6.528 4.798 5984 90916
Ni 14.55 13.59 126 1796 2322 6.079 <LD. <L.D. <L.D. 15.7
Pb 18.50 17.69 28.89 2691 1793 33.19 2633 2574 3236 9.803
Rb 103.9 2019 2727 1533 1794 1755 190.2 1434 2155 6134
Sc 11.6 11.63  8.99 9.27 9.73 4.49 3.1 223 2.1 17.37
Sn 3.615 113 7906 6.713 5772 3459 1292 1379 1401 3.103
Sr 5352 3328 1090 568.3 522.6 4205 3547 431.6 2053 3328
Ta 1.178 5238 3.851 1.856 1.548 1.093 1.075 0.438 0.479 0.863
Th 9.526 31.08 29.1 12.86 9.638 18.89 1548 7.719 4221 4.807
U 1.908 8.019 7.409 2376 4.024 3.124 2416 1.721 5.157 1.646
A\ 1385 97.2 79.03 77.83 80.35 3945 17.81 16.73 11.08 1263
Y 29.33  79.07 3852 2279 21.79 20.58 7.35 3.881 893 32.38
Zn 1489 174 151.7 1059 1315 77.64 41.15 483 41.37 104.2
Zr 612.1 856.7 8239 268.7 2573 347 138.8 1062 150.7 2389
REE

La 64 138.1 1082 42.66 37.56 60.2 26.8 1891 3224 2193
Ce 142.1  298.5 2264 88.85 76.6 127.6 5459 3591 6498 47.29
Pr 17.67 373 27.5 10.78 1046 1473 5553 3.905 6.295 6.093
Nd 69.96 143 102.8 40.9 40.63 5524 18.52 1328 20.08 25.94
Sm 14.03 28.11 17.14 7.805 7.74 10.75  2.689 1994 332 6.219
Eu 3.01 4.044 2869 1.667 1.561 1.648 0.598 0.547 0.622 1.826
Gd 1027 19.88 1138 5.74 5519 7427 1.632 125 2346 5.748
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Table7 continued Rock types Magmatic epidote-bearing granite Enclave
Samples M25 MK7 MK3 MGl MS-1 M4l MK5 MG-6 MI2 M24

Tb 1.383 277 1.469 0.791 0.773 0963 0.193 0.137 0317 0918
Dy 6.85 1489 7446 4336 4221 4952 1.043 0.69 1.707 5.794
Ho 1.157 2.5 1.309 0817 0.794 0.821 0.222 0.129 0.338 1.208
Er 259  7.119 3383 2096 2.097 1933 0.702 0.394 0.853 3.18
Tm 0.314 0994 0464 0296 0.297 0.241 0.121 0.061 0.121 0.469
Yb 1.897 6.496 3286 1985 1999 1481 0908 0457 0.829 3.111
Lu 0.258 0.875 0.539 0.294 0.295 0.208 0.152 0.077 0.135 0.485
LaN/YbN 2420 1525 2362 1542 1348 29.16 21.17 29.68 27.89 5.056
> REE 33549 704.83 514.18 209.02 190.55 288.19 113.72 77.74 134.18 130.21
Eu*/Eu 077 052 063 076 073 056 0.87 1.06 068 093
T°CZr (HW) 702 611 916 504 844 608 718 765 663
T°CP,0s (HW) 1139 1096 1090 1040 949 976 926 877 770
T°CB&H) 779 752 756 643 750 633 650

Zr T °C (zircon saturation temperature in the Mokong granitoids) = —273 + 12.900/17.18-In(Zr) (Watson

1987)

T °C (B & H): Solidification temperature calculated from equations of Blundy and Holland (1990) and

Holland and Blundy (1994)
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Fig. 8 Streckeisen and Le Maitre (1979) ANOR-Q’ normative dia-
gram. Q' = 1000/(Q + Or + Ab + An), ANOR = 100An/(An + Or).
afg, alkali feldspar granite; sg syenogranite, mg monzogranite, gd
granodiorite, gm quartz monzonite, gmd quartz monzodiorite, gd
quartz diorite, md monzodiorite, d diorite, g gabbro

Estimation of physical parameters of emplacement
Al-in-hornblende barometry

The linear variation in Al content in amphibole of calc-
alkalic granitoids with crystallization pressure/depth has
been used in geobarometric estimates (Schmidt 1992).
The empirical barometric equation proposed by Ham-
marstrom and Zen (1983, 1986) has been subjected to
refinement and further calibration to increase the pre-
cision level to 1 kbar (Hollister et al. 1987; Johnson

1000

syn-COLG

WPG
100 ¢

Rb (ppm)

VAG ORG

Y+ Nb (ppm) 100

Fig.9 Rb versus Yb + Nb tectonic discrimination diagrams of
Pearce et al. (1984) for the granitoids and related dioritic enclave.
Symbols as in Fig. 8

and Rutherford, 1989). Schmidt (1992) experimentally
calibrated the field-based barometric equation of Ham-
marstrom and Zen (1986), expanding its applicability up
to the 1.3 GPa pressure level, and maximum Alt up to
3.37 afu and have used it for H,O saturated melts. Accord-
ing to Anderson and Smith (1995) and Anderson (1996),
temperature, fO,, and total pressure influence mafic sili-
cate mineral chemistry, but fO, is the main controlling
factor. They demonstrated that this barometer yields a
falsely elevated pressure when applied to low-fO, plutons
with iron-rich hornblende, even if hornblende is accom-
panied by the full barometer assemblage. With increasing
fO,, the Fe/(Fe + Mg) ratio for hornblende and biotite
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Fig. 10 Chondritic-normalized REE patterns for the Mokong mEp
granites and its enclaves normalizing values from Sun and McDon-
ough (1989). The shaded fields correspond to three epidote-bearing
granites within the Alto Pajet terrane, northeastern Brazil (Brasilino
etal. 2011)

markedly decreases, independent of the whole-rock Fe/
Mg ratio.

Given these considerations, we have applied this
barometry to the samples characterized by the min-
eral assemblage including quartz, ferromagnesian sili-
cates, euhedral titanite, and magnetite, and Fe/(Fe + Mg)
in hornblende in the 0.40-0.65 range. The pressure of
crystallization of the magma (Table 5) was calculated
according to the following equation (Schmidt 1992): P
(£0.6 kb) = —3.01 4 4.76Al,,,. The calculated pressures
range between 5.3 and 7.8 kbar (average is 6.6 kb) for the
Mokong magmatic epidote granites.
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Hornblende-plagioclase, Zr, and P thermometry

Solidification temperatures were calculated from the sem-
iempirical thermometer of Blundy and Holland (1990) and
Holland and Blundy (1994), applied to chemical analyses
of coexisting plagioclase and amphibole. The calculation is
pressure-dependent; we adopted pressures calculated from
Schmidt’s (1992) Al-in-hornblende barometer. Beyond
this, the compositions of amphibole and plagioclase fit all
of Holland and Blundy’s applicability criteria. This is valid
for a temperature range of 500-1000 °C for plagioclase
with <7.8 Si afu. The level of uncertainty in these calcula-
tions was subsequently reduced from 475 to £35 °C (Hol-
land and Blundy 1994). The calculated crystallization tem-
peratures for the studied magmatic epidote-bearing granites
lie between 633 and 779 °C (Table 7).

Whole-rock Zr abundances can also be used to esti-
mate temperatures in Zr-saturated granitic melts (Watson
1987). Watson and Harrison (1984) showed experimen-
tally that zircon solubility is negatively correlated with
SiO, (Fig. 12a). This method assumes that the zircon is not
inherited from the source and does not represent a cuamulate
phase, and is based on the fact that zircon is usually the first
mineral to crystallize. The CL investigation (Fig. 4) reveals
that some zircon crystals have irregular and inherited cores,
suggesting all zircons from the source have not been dis-
solved. This indicates that saturation has been reached dur-
ing the genesis of magma or before the emplacement of the
rocks. Zr thermometry obtained from Watson’s (1987) zir-
con saturation equation [T (°C) = —273 + 12.900/17.18 —
In(Zr)] is 504-916 °C for the Mokong mEp granites with
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Fig. 11 Ba/Rb versus Zr/Rb, and Zr/Rb versus Sr/Rb diagrams, for the magmatic epidote granites and mafic enclave. The shaded fields are the

same as in Fig. 10
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Fig. 12 Whole-rock Zr versus SiO, (a) and P,Os versus SiO, (b)
plots for representative samples of the studied rocks. Symbols are the
same as in Fig. 11

average at 703 °C (Table 7). The highest value is obtained
from the sample MK3 which contains large crystals of zir-
con; the value of 844 °C comes from sample MS-1 which
contains inherited zircon cores (Fig. 4). This suggests that
these high values have no physical meaning. The lower val-
ues obtained from sample MGl yield the zircon saturation
temperatures between 608 and 765 °C.

Watson (1987) quantified the conditions under which
apatite can precipitate in common magma types, and has
shown that temperature and silica content of the magma
are critical in determining the P,O5 content in the magma
required for apatite to crystallize. Green and Watson
(1982) experimentally demonstrated a close, pressure-
independent relationship between apatite saturation and
SiO, concentration in the melt, establishing P,0O5 abun-
dance as a function of silica content at which apatite starts
crystallizing (Fig. 12b). This correlation can be applied as
a tool to estimate the minimum liquidus temperature using
the whole-rock P,Os and SiO, contents. These experi-
ments were performed in hydrous high-K calc-alkalic
rocks, which make them applicable to estimate the mini-
mum liquidus temperatures for these granites. Data from
this thermometer yield temperatures between 770 and

1139 °C, much higher than those from the zircon satura-
tion method (Table 7).

Oxygen fugacity f(O,) estimate

Since oxygen fugacity of the magma is closely governed
by its source material, it is difficult to use the end prod-
uct to establish the oxygen fugacity of primary magmas.
According to Enami et al. (1993), some inferences can
be made using the rock mineral assemblage and min-
eral chemistry. The presence of Mg-rich amphiboles (Fe/
(Fe + Mg) = 0.40-0.65 in our mEp granite) of early bio-
tites, euhedral titanites, and magnetite in felsic rocks indi-
cates that the host magma was relatively oxidized (Ander-
son and Smith 1995). Pistacite (Ps,5_»¢) is compatible with
crystallization at higher oxygen fugacities. Wones (1989)
demonstrated that the titanite + magnetite + quartz assem-
blage in granitic rocks allows an estimate of relative oxy-
gen fugacity as follows: log f(O,) = —30930 + 14.98 + 0.
142(P — 1)/T, where T is in Kelvin and P in bar. We adopted
average pressures calculated from Schmidt’s (1992) Al-
in-hornblende barometer for each sample. Accordingly,
the above equation yields the log oxygen fugacity range
between —11 and —14 for the Mokong magmatic epidote
granites.

Discussion

This preliminary study shows that the Mokong magmatic
epidote-bearing granitoids intruded amphibolites and
orthogneisses basement and contain xenoliths of these
rocks. They are crosscut or interleaved with biotite grani-
toids as dykes or massifs and characterized by the pres-
ence of early crystallizing epidote, amphibole, biotite,
euhedral titanite, and magnetite, indicating that the magma
was relatively oxidized. Epidote exhibits both magmatic
(Psy5—Ps,9) and secondary (Ps;,—Ps,,) textures. This com-
positional variation in epidote (25-29 % Ps) is consist-
ent with values proposed by Johnston and Wyllie (1988),
and by Tulloch (1979) for magmatic epidote. Other grains
that seem to be formed at the expense of plagioclase and
amphibole have Ps;s ,,, compatible with values of sec-
ondary epidote according to the Tulloch’s criteria (1979,
1986). Naney (1983) showed that epidote is stable in syn-
thetic H,O-saturated tonalitic and granodioritic melts at
f(O,) values between the nickel-bunsenite (NB) and mag-
netite—hematite (MH) buffers, at temperatures between the
solidus (600 °C) and approximately 700 °C, and at pres-
sures at least in the 600—800 MPa range. Zen and Ham-
marstrom (1984) proposed that magmatic epidote crystal-
lizes near the solidus of the crystallizing magma according
to the following schematic reaction: 2 hornblende + alkali
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feldspar 4+ 1 magnetite + nH,O 4+ mO, = 3 epidote + 3
biotite 4 6 quartz.

The aluminum-in-hornblende barometer and horn-
blende—plagioclase thermometer indicate that the emplace-
ment of the Mokong mEp granite took place within a
pressure interval 500800 MPa (20-25 km), and based on
plagioclase-hornblende pairs, we estimate a solidus tem-
perature between 633 and 779 °C. The presence of mag-
matic epidote in various textural relationships suggests a
large temperature range of crystallization, above its stabil-
ity field of ~600 MPa (Schmidt and Thompson 1996), with
subsequent rapid transport upward. Alternatively, the stabil-
ity field of magmatic epidote could have extended to shal-
lower crustal levels if fO, had been sufficiently high (Hold-
away 1972). A log oxygen fugacity between —11 and —14
and values of Fe/(Fe + Mg) in amphibole from 0.40 to 0.65
indicate that oxidizing conditions prevailed the Mokong
magmatic epidote granite.

The U-Pb zircon concordant age of 668 + 11 Ma (20)
obtained from for the Mokong mEp granite is slightly
higher than the other ages obtained from the syn-tectonic
granitoids of North Cameroon (660-580 Ma; Toteu et al.
2004; Dawai et al. 2013) and NE Brazil (650-620 Ma; Sial
et al. 1999, 2008; Ferreira et al. 2004), but agrees with pre-
vious ages obtained from the deformed tonalite at Gauthiot
falls (664 £ 5.1 Ma; Penaye et al. 2006) in southwest Chad
(Mayo Kebbi domain) and with the Kaélé deformed granite
(677 £ 40 Ma; Lasserre 1967), the northern extension of
the Mayo Kebbi batholith in Cameroon (Fig. 1b). In north-
eastern Brazil, magmatic epidote is more abundant and bet-
ter preserved in the older group of plutons (650-630 Ma) in
the Transversal Zone (Brasilino et al. 2011; Ferreira et al.
2011).

Conclusions

The Mokong pluton belongs to the NNE-trending suite
of elongated syntectonic granitoids which intrude low- to
high-grade schists and gneisses assigned to the Poli-Mar-
oua group of the northwest Cameroon Pan-African domain.
This pluton consists of two main units: a magmatic epi-
dote-bearing granite and a biotite granite. The magmatic
epidote-bearing granite derives from high-K calc-alkaline,
I-type magma emplaced under oxidizing conditions at
668 £ 11 Ma. Textures and the compositional variation in
many epidote grains (25-29 % Ps) suggest a magmatic ori-
gin. Nevertheless, some other grains (16-24 % Ps) appear
as secondary and formed at the expense of plagioclase and
amphibole. The aluminum-in-hornblende barometer and
hornblende—plagioclase thermometer indicate an emplace-
ment pressure interval of 5-8 kbar (20-25 km) for the
Mokong magmatic epidote-bearing granite and a solidus

@ Springer

temperature between 633 and 779 °C. This discovery of an
epidote-bearing granite strengthens the correlation between
the NNE-trending shear zone of the Central African oro-
genic belt and its continuation in the Borborema Prov-
ince of NE Brazil but. Further studies are needed to know
whether the Mokong mEp granite is a unique occurrence in
Cameroon, or whether it represents part of a larger system
similar to what is known in Brazil.
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