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The Paleoproterozoic metavolcanic rocks ofthe southern Ashanti greenstone belt ofGhana are intruded by three
major suites ofgranitoids, locally called Prince's Town. Dixcove and Ketan plutons. The Prince's Town pluton is the
largest intrusive body in the Axim area, and tends to separate the Axim volcanic branch from the Cape Three Points
branch. The plutonconsists ofgranitic to dioritic rocks, which are generallymassive but occasionally display alignment
offerromagnesian minerals. The rocks containmainly plagioclase, K-feldspar, quartz, amphibole, biotite and opaques.
The feldspars are mostly sericitized and saussuritized, and alteration ofamphibole and biotite to epidote and chlorite
is common. Accessory minerals include apatite, sphene and zircon. The geochemical data indicate that the rocks are
tonalitic to granodioritic in composition, metaluminous (ASI < 1) and have I-type characteristics. The granitoids have
the Si02 contentof63-70%; total iron. as FepJ of3.lo-S.80%; (Nap+~O) content of5.01-6.%% andNap~Oratios

from 1.34 to 2.70; andarecharacterlzed byMg#ranging from 53 to 48. The Fe· (=FeOIQ/{FeO,,,,,+MgO) and modified
alkali-lime index (MALI) of the rocks indicate that the Prince's Town pluton is dominantly magnesian and calcic in
nature. Higher values in molar CaO/(MgO+Fe0

lol
) coupled with low molar AlPl (MgO+FeO

IOl
) may suggest their

derivation from partialmelting ofmetabasaltic to metatonaliticsource, with apossible contributionfrom metagreywacke,
but preclude any contribution from metapelitic sources. The Birimianmetavolcanic rocks are the likely source material
candidate for the rocks. CIPW nOlll1 calculations yieldeda CI)'stallization temperature of- 650-685°C and a pressure of
4-7kb for the rocks, suggesting a lower crustal source. The Prince's Town plutonic rocks also show characteristics of
plutons emplaced in a volcanic arc tectonic setting environment. This observation is largely consistent with previous
studies conducted on granitoids from otherparts ofthe southernAshanti greenstone belt c andthe belt-type granitoids
ofGhana as awhole.
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I. Introduction
The Paleoproterozoic Birimian Supergroup, which

fonus a major part of the West African craton, is
generally made up ofgreenstone belts - granitoids 
basin association. The Birimian terrain is believed to
have been accreted onto the Archean continental crust
around 2.1 Ga (Abouchami et aI., 1990; Boher et al.,
1992; Taylor et al., 1992; Hirdes et al., 1996) during
the Ebumean orogeny (Liegeois et aI., 1991). The
lithostratigrapbic features, context ofcrustal accretion
and overall tectonic regime ofthe Birimian fonnations
are contentious and various interpretations have been
advanced.

The Birimian terrain of Ghana is characterized by
narrow sedimentary basins and linear volcanic belts,
and both the basins and the belts are intruded by

extensive granitoids ofProterozoic age (Fig. 1). The
metavoIcanic rocks consist mainly oftholeiitic basalts
(basaltic lava flows, mafic dolerites, gabbros, etc) and
minor calc-alkaline rocks (andesites, dacites, rhyolites,
pyroclastites). The sedimentary basins are composed
mainly ofdacitic volcaniclastics, wackes and argillites.
These Birimian rocks are associated with and overlain
by the clastic Tarkwaian formation, derived from them
(Junner, 1940; Kesse, 1985; Leube et al., 1990; Davis
et al., 1994). The Proterozoic granitoids can be grouped
into four main types namely Winneba, Cape Coast,
Dixcove and Bongo granitoids (Junner, 1940; Kesse,
1985); the latter three have termed "basin", "belt" and
"K-rich" granitoids by Leube et al. (1990). The Cape
Coast- and Winneba-type granitoids are emplaced
within the Birimian sedimentary basins, while the
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Fig. 1. Simplified geological map of Ghana showing the study area.

Dixcove- and Bongo-type granitoids intrude the
volcanic belts. Rb-Sr and Pb/Pb isotopic data on the
Winneba-, Dixcove-, and Cape Coast-type granitiods
indicate Eburnean age (-2.2 to -2.0 Ga; Taylor et al.,
1992; Hirdes et aI., 1992). However, Sm-Nd isotopic
data on the data Wmneba-type granitoids yielded -2.6
Ga, indicating a significant magmatic contn"bution from
the Archean continental crust (faylor et al., 1992). The
Bongo-type granitoids, however, are late- to post
Ebumean with Rh-Sr date of 2086 Ma (Leube et al.,
1990; Taylor et al., 1992). These plutons range from
foliated to massive, and concordant to discordant types,
which from field relations are mostly syn- to post
tectonic in emplacement. The granitoids also display
different geochemical characteristics, with the belt-type
and the basin-type granitoids showing I-type and S
type characteristics, respectively (Leube et aI., 1990).

Recent studies conducted on granitoids from the
Konongo area, the northeastern part of the Ashanli
volcanic belt (Kutu, unpublished) have revealed that
some of the belt-type granitoids show S-type

characteristics, which might have a different tectonic
setting or origin from the others. Whether this is a local
occurrence or widespread in the Ashanti volcanic belt
is worth investigating. In this paper, we report on the
preliminary geochemical results obtained for the
Prince's Town pluton, which is one of the three main
granitoids suites exposed in the southemAshanti belt.
The objective ofthis paper is to increase our knowledge
of the nature of the plutonic rocks exposed in the
Ashanti belt, and to contribute to the geochemical
database of the Proterozoic granitoid of Ghana. The
geochemical data will also be used in an attempt to
discuss the tectonic setting of the rocks.

ll. Geological setting
The Axim area lies within the southern Ashanti

volcanic belt (Fig.2), which follows the general
geological disposition oftheAshanti volcanic belt. Like
most of the Paleoproterozoic Birmian volcanic belts of
Ghana, the Ashanti belt comprises NE-SW trending
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Fig. 2. Geological map of southern Ashanti volcanic belt showing the Prince's Town pluton in between
the Axim volcanic branch (left) and the Cape Three Points volcanic branch (right) (Modified after Loh
and Hirdes, 1996).

volcanics, and the granitoid formations. The Ashanti
belt is, however, characterized by a high proportion of
volcaniclastic rocks and sparsely developed lava flows
(Loh and Hirdes, 1996). The Birimian rocks of the
Ashanti belt are overlain by the Paleoproterozoic clastic
sedimentary rocks (Le., Tarkwaian), and both
formations were subjected to a single progressive
deformation event, which involved compression along
a southeast-northwest directed axis (Eisenlohr and
Hirdes, 1992; Blenkinsop et al., 1994). The geological
structure of the Ashanti belt is that of a synform
(Eisenlohr, 1989), whereby the Tarkwaian rocks occupy
the center of the belt and the Birimian volcanic rocks
flank the margins ofthe belt. The Tarkwaian sediments
are considered as erosional products of the volcanic
belts deposited in long intramontane basins (Klemd et
al., 1993; Hirdes and Nunoo, 1994).

The southern Ashanti volcanic belt is dissected into
three branches referred to as Axim branch, Cape Three
Point branch and Butre branch (from west to east),

with three plutons occupying positions between the
greenstone branches (Loh and Hirdes, 1996). The
volcanic branches comprise calc-alkaline basaltic and
andesitic lavas, and volcaniclastic wackes. The three
plutons, which are locally termed as the Prince's Town
pluton, the Dixcove pluton and the Ketan pluton, are
largely tonalitic, tonalitic- granodioritic, and tonalitic
- granodioritic in composition, respectively. According
to Loh and Hirdes (1996), normal faults/thrust zones
usually mark the contacts between the volcanic
branches and the associated granitoids.

Economically, gold and manganese occur in the
southern Ashanti belt. Some of the gold deposits are
structurally-controlled and mostly occur in the transition
zones between the volcanic belts and the basin
sediments (e.g., Kesse, 1985; Leube et al., 1990; Rirdes
et al., 1993; Oberthiir et ai, 1996). The two most
important regional structural controls ofthe gold deposits
in the southern Ashanti belt seem to be theAxim high
strain zone along the western flank of the Ashanti belt,
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and the sheared granitoid/greenstone settings (Loh and
Hirdes, 1996). The gold-bearing quartz-pebble
conglomerates of the Tarwaian also contribute to tbe
gold production from the volcanic belt. Studies carried
out on gold mineralization in the Ashanti belt have
suggested that the gold-bearing fluids are coeval with
(peak)-greenschist-facies metamorphism (e.g. Mumin
and Fleet, 1995; Loh and Hirdes, 1996). It has also
been indicated that higher grade mineral assemblages
are mostly restricted to the contact aureoles of the belt
type granitoids (e.g., Junner, 1935; Leube et al., 1990).
The metamorphic study by John et al. (1999) over the
entire stretch of the southernAshanti belt indicates that
the southern Ashanti belt rocks have experienced a
clockwise P-T path through peak-amphibolite-facies
conditions to retrograde greenschist-facies conditions.
A minimum peak-metamorphic condition of
amphibolite-facies grade at 500-650°C and 5-6kbar
was proposed for the Ebumean tectono-thermal event.

The geochemistry of the volcanic rocks, particularly
trace element signatures of the Ashanti belt point to a
primitive island arc tectonic setting environment for the
Birimian rocks (e.g., Sylvester and Attoh, 1992; Loh
and Hirdes, 1996).

m. Analytical methods
A number ohock samples from the Prince's Town

pluton, outcropping in the Axim area, were studied
petrographically. Nine representative samples were
subsequently selected for geochemical studies.
Standard procedures were followed during preparation
of thin sections for microscopic studies and whole-rock
geochemical analysis. Powdered samples were
obtained by mechanical crushing and pulverization of
specimens using an agate mortar.

The preparation of glass beads for X-ray
fluorescence (XRF) analysis followed the procedure
outlined below. About 0.5 g of heated rock powder
was weighed, and mixed with a 5.0 g lithium tetraborate
flux to give a flux to rock ratio of 10:1. The mixture
was then fused in an induction furnace for about 6
minutes, and the resulting melt was cooled to form a
glass disc. Whole rock major element analysis was
performed on the fused discs by automated XRF
spectrometer, Philips PW1480, installed at the
Department of Earth Sciences, Okayama University.
The analytical equipment was calibrated using
geochemical standards. The precision was better than
1% for all analysed elements.

IV. Petrography
The Prince's Town granitoid consists ofgranitic to

dioritic rocks, which are generally massive but
occasionally display alignment of ferromagnesian
minerals. They are mostly greenish with pinkish tints,
and are typically medium-grained but some of the
granodiorites and the tonalities are coarse-grained.

The rocks contain mainly plagioc1ase, K-feldspar,
quartz, amphibole, biotite and opaques. Accessory
phases include zircon, apatite and sphene. Plagioclase
occurs as euhedral grains which display a variety of
textures, including albite twinning and compositional
zoning. Plagioclase is often sericitized and carbonated,
and/or saussuritized, with the alteration being intense
at the core. Fresh plagioclase crystals also occur in
the rocks. K-feldspar partly displays a microperthitic
to perthitic texture and is normally wrapped around
euhedral plagioclase grains. Microcline is sericitized,
carbonated sanssuritized; fresh types are also present.
In some of the rocks, feldspar exhibits a myrmekitic
texture. The amphiboles are brownish-green in colour
and have prismatic shapes, and are partially altered to
epidote and chIorite. Biotite, mostly flaky, is often
reddish-brown, and is commonly altered to epidote and
chIorite. Some ofthe biotites exhibit a poikilitic texture.
Qnartz is anhedral and displays undulatory extinction
as well as sutured grained boundaries. Some of the
quartz grains have been recrystallized and form fine
grained mosaics in the rocks. In the quartz diorites,
quartz frequently occurs as interstitial grains between
plagioclase crystals. Apatite mostly occurs as stubby
prismatic grains. Sphene and zircon are present as
subhedral and euhedral crystals, respectively. Some
opaques occur as pods in chloritized biotite.

V. Geochemistry
Major element compositions of the rocks analyzed

in the present study are given in Table 1. All the
analyzed samples from the Prince's Town plnton have
Si02 content of 62.96-70.49%; Ti02 of 0.27-0.38%;
AlP3 of 14.50-16.33%; total iron as Fep3 of 3.10
5.80%; MnO of0.06-0.11%; MgO ofl.53-2.89%; Cao
of 3.30-5.74%; (Nap+Kp) content of 5.01-6.96%
and Nap~O ratios from 1.34 to 2.70; and Pps of
0.10-0.13%. The Mg# of the rocks ranges from 53 to
48.

The major element compostions (Fig. 3) reveal an
evolutionary trend for the rocks. A403' Fep3 (total),
MnO, MgO, CaO, Ti0

2
and P

2
0

S
apparently decrease

with increasing Si02 content, whereas Kp and Na20
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Fig. 3. The Harker diagrams showing variations of major element oxides with
silica for the Prince's Town plutonic rocks. The K20 vs. Si02 diagram (Fig. 3i)
after Le Maitre (1989) indicate a medium-K affinity for the plutonic rocks.
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Table 1. Major element abundances and CIPW normative mineral assemblages in the

representative samples from the Prince's Town granitoid suite

Rock type Tonalite Grana- Grana- Grana- Grano- Quartz Quartz Quartz Quartz
diorite diarite diarite diarite diorite diarite diarite diarite

Sample No. D1 D2 D3 D4 D5 D6 D7 D8 D9
wt%
Si02 66.66 70.49 67.33 68.17 68.30 62.96 65.07 65.22 63.52
Ti02 0.34 0.27 0.35 0.34 0.38 0.36 0.37 0.38 0.38
Ah0 3 16.05 15.72 15.49 15.67 14.50 16.33 16.25 16.10 16.00
·F~~ 3.91 3.10 3.61 3.69 4.23 5.75 5.63 5.70 5.80
MoO 0.08 0.06 0.07 0.08 0.08 0.11 0.11 0.11 0.11
MgO 2.05 1.53 2.06 2.04 2.14 2.72 2.73 2.87 2.89
CaO 3.90 3.30 3.76 3.70 3.48 5.63 5.46 5.32 5.74
Na20 4.74 4.75 4.50 4.26 3.95 3.74 3.95 3.75 3.61
K20 1.98 1.87 2.46 2.41 2.95 1.64 1.46 1.51 1.40

P20S 0.13 0.10 0.12 0.13 0.11 0.12 0.11 0.12 0.13
Total 99.84 101.20 99.74 100.49 100.13 99.35 101.14 101.08 99.58

Mg# 50.92 49.39 53.08 52.31 50.06 48.39 49.03 49.92 49.68
NCNK 0.95 0.99 0.92 0.96 0.91 0.9 0.91 0.92 0.89
DJ 70.80 75.32 72.62 71.89 73.10 58.69 60.30 59.90 57.82

CIPW Norm (vol %)
Q 19.34 25.16 20.30 22.32 23.61 17.77 19.46 20.50 19.66
or 12.57 11.59 15.59 15.16 18.67 10.68 9.32 9.66 9.12
ab 42.09 41.20 39.92 37.50 34.98 34.09 35.31 33.56 32.91
an 16.60 15.30 14.72 16.30 13.04 23.44 22.35 22.73 23.85
C 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00
di 1.23 0.00 2.05 0.66 2.27 2.92 2.77 2.01 2.98
hy 7.17 5.90 6.45 7.09 5.94 9.90 9.64 10.34 10.24
mt 0.36 0.28 0.33 0,34 0.86 0.54 0.51 0.53 0.54
iI 0.37 0.29 0.39 0.37 0.42 0.41 0.41 0.42 0.43
ap 0.27 0.19 0.25 0.26 0.22 0.25 0.23 0.24 0.27
-Total iron as F~; CIPW norms were calculated using a FeJ+/Fe2l ratio of 0.15 (Tate et aI., 1999)

MgfI =lOO-(MgO/40.32)/ ({FC7()y79.85} + MgO/40.32); NCNK =Molecular A1PJ/(CaO + Nll20)

NCNK =Molecular A120J!(CaO + Na20); DI =Differentiation index; 0, quartz; or, orthoclase; ab, albite

an, anorthite; C, corundum; di, diopside; hy, hypersthene; mt, magnetite; il, ilmenite; ap, apatite

increase with Si0
2

• The Overall decreasing trend of
Fep3 (total) and MgO suggests high fractionation of
mafic minerals like biotite, magnetite, etc.

The Cross-Iddings-Pirsson- Washington (CIPW)
norm calculations were performed using ferric-ferrous
iron ratio of0.15 to mollify any effect that might have
resulted from post-emplacement oxidation processes
(Tate et al., 1999). The normative mineral assemblages
are also presented in Table. 1. The rocks are quartz
normative and contain normative hypersthene in the
range of 7.7-13.2 wt. %. Normative anorthite ranges
from 13.1 to 23.5 wt. %. Normative diopside occurs in
almost all the rocks, except one granodioritic sample

(D2). Interestingly, D2 is tbe only sample which
contains normative corundum (0.12%).

1. Alteration
Alteration of plutonic rocks is a common

phenomenon, especially in older rocks. It is usually
evidenced by high loss on ignition (LOI) values and
increased scatter and mobility of major and large ion
lithophile elements (LlLE). Some studies have noted,
however, that even for rocks of ancient heritage, the
concentrations ofsuch 'mobile' elements are commonly
not significantly changed from their primary abundances
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Fig. 4. The plot of the Prince's Town plutonic rocks
on the molar (Na,O + CaO) - AI,O, - K,O diagram of
Nesbitt and Young (1984, 1989) showing the weathering
trends for average granite and gabbro. The rocks show
little deviation from average gabbroic and granitic
compositions, and also indicate minimum weathering
effects. Symbols as in Fig. 3.

(e.g., Whalen et al., 1999). Owing to the relatively
immobile nature of high field strength (HFSE) and rare
earth elements (REE) under most conditions (e.g.,
Pearce and Cann, 1973; Whalen et al., 1999), they have
often been used for igneous petrogenetic and tectonic
studies. Major elements, on the other hand, have mostly
been used to give background information due to their
high susceptibility to mobility during processes such as
metamorphism and hydrothermal activities. However,
if the mobility of major elements is minimal, they could
still reflect the primary igneous processes involved in
the formation of the rocks.

Mauer (1990) indicated that the belt-type granitoids
of Gbana have generally undergone the greenschist
facies metamorphism but secondary overprint of
magmatic minerals occurred under isochemical
conditions. Thus, the geochemical constituents ofsuch
rocks could still be used for petrogenetic studies.
Nevertheless, the extent to which the Prince's Town
rocks had been altered was investigated using the
chemical index of alteration (CIA) calculations of
Nesbitt and Young (1982). The CIA is defined as molar
[100*Al20/ (AlP3 + CaO* + Nap + Kz0)], where
CaO* is the contribution of CaO from silicates only.
According to Nesbitt and Young (1982), the CIAvalues
for unaltered granite and basic rock are 50 and 42

CaO+ Na,O 1(,0

respectively, while a CIAvalue of any rock exceeding,
60 indicates a significant alteration. The CIA values
for the Prince's Town rocks range from 47 to 50,
indicating minimum alteration.Also, on the molar~°3
(CaO+Nap)-Kz0 triangular plot (Nesbitt andYoung,
1984, 1989), the rocks show minimal deviation from
the standard granitoid compositions (Fig. 4). Therefore,
the geochemical data of the plutonic rocks indicate
minimal effects of weathering and are reliable for
geochemical deductions.

2. Physical conditions of crystallization
One of the approaches we take in estimating the

approximate depth ofgeneration ofgranitic magmas is
to use normative quartz (0), albite (ab) and orthoclase
(or) compositions of the rocks and compare with
experimental results involving water-saturated minima
in the granite system. The Prince'sTown plutonic rocks
are plotted on the ternary O-Ab-Or diagram (Fig. 5).
The cotectic line at PH20 =3, 4 and 10 kbar (dashed
lines) and the temperature minima for P H20=0.5,1,2,
5,20 and 30 kbar (plus signs) in the system NaAlSips
KAlSi30s-Si02-HP (Tuttle and Bowen, 1958; Luth
et al., 1964; Huang and Wyllie, 1975; Steiner et al.,
1975) are also shown. The rocks, however, contain a
substantial amount of normative anorthite, and
therefore, more appropriate to visualize them in the
CaAl2S~Os-NaAlSi30s-KAIS~Os-Si02-~O system
(Le, in the An-Ab-Or-O tetrahedron). The solid line in
Figure 5a represents the projection of the 5 kbar isobaric
cotecticcurve, defined by the intersection of the cotectic
surfaces plagioclase + quartz + liquid + vapor,
plagioclase + alkali feldspar + liquid +vapor, and quartz
+ alkali feldspar + liquid + vapor in the system
C~S~Os-NaAlSips-KAlSips-Si02-~O,onto the
O-Ab-Or base of the An-Ab-Or-O tetrahedron. On
the An-Ab-Or-O diagram, the rocks plot between 4
and 7kb minima, and mostly close to the 5 kb isobaric
curve on the plagioclase + quartz + liquid + vapour
surface. One sample, however, plots on the cotectic
surface defined by quartz + alkali feldspar + liquid +
vapor. The estimated pressure suggests that the rocks
may have originated at a lower crustallevel.

The crystallizing temperature of the rocks can be
estimated using the minimum pressure of 5 kbar (Fig
5b). The samples mostly fall between 670°C and 685°C,
but close to the 670°C isotbermalline. The remaining
samples plot in the thermal valley of the 670°C
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isotherm. Overall, the granitoids appear to have

crystallized at a maximum temperature of 685°C and
a minimum temperature, a little above the 64QoC
eutectic temperature for a hypogranitic system. The
inferred pressure, 4-7 kb, suggests a lower crustal
source for the rocks. A similar result was obtained by
Opare-Addo et al. (1993), who indicated that the bell
type Dixcove granitoids of Ghana crystallized under
shallow conditions, with the pressure usually being less
than 5 kb.

VI. Discussions
1. Classification

Various schemes, which involve parameters such

as presumed origin of granitoids, mineralogy,
geochemistry, and tectonic environment, have been
proposed for the classification of granitoids. In this
study, the Prince's Town plutonic rocks have been
classified in selected geochemical schemes.
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magmatism, particularly with respect to rock names
and magmatic associations (Whalen, 1993). The Q-P
and A-B diagrams of Debon and Le Fort (1983), which
use a measure of "quartz" [Q=Si/3-(K + Na + 2Ca/
3)], dark minerals [B=Fe + Mg + Ti, P =K- (Na +
Ca)], and aluminous character [A=AI-(K + Na + 2Ca)J
have been employed to classify the Prince's Town

Fig. 9.AFM (A= Nap +~O), F= FeO,ol' M= MgO) diagram,
showing a calc-alkaline affinity for the Prince's Town plu
tonic rocks. The calc-aIkaline and the tholeiitic series differ
entiation line is from Irvine and Barager (1971). Symbols as
in Fig. 3.

Fig. 8. Plot ofaluminasaturation vs. alkalinity for the Prince's
Town rocks (after Maniar and Piccoli, 1989). The rocks are
predominantly metaluminous and also fall within the I-type
granite field ofChappel and White (1974)'s granite classifi
cation. Symbols as in Fig. 3.
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Fig. 7. Composition of the Prince's Town rocks in the cat
ionic classification scheme ofDebon and Le Fort (1988): (a)
Q - P modal distribution diagram. (b) "Characteristic miner
als" (A - B) diagram. VI, exceptional composition, LG field is
for leuco granitoids. Symbols as in Fig. 3.

The classification of the rocks, based on the quartz
alkali feldspar-plagioclase (QAP) scheme defined by
Le Maitre (1989), is shown in Figure 6a.The
classification used bere is based on mesonormative
compositions, indicated as volume percentages. In the
QAP diagram (Fig. 6a.), the rocks plot in the field of
granodiorite, with some close to the boundary with
quartz monzodiorite. When the rocks are plotted in the
Ab-AD-Or diagram (O'Connor, 1965; Barker, 1979),
they showed tonalitic and granodioritic affinities (Fig.
6b). Also, on Q'/ANOR classification diagram of
Streckeinsen and Le Maitre (1979), the rocks are
classified as granodiorites and tonalities (Fig. 6c).

Debon and Le Fort (1983) developed several major
element-based chemical-mineralogical plots which are
useful in providing information about plutonic
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tin (1995). Symbols as in Fig. 3.
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the iron number or Fe"', modified alkali-lime index
(MALI), and aluminum saturation index (AS!). The

Fe-number [FeO/(FeO + MgO)] or Fe* [(FeO tol
FeO

lol
+ MgO)] classifies samples as either ferroan or

magnesian. The Fe-number or Fe* provides information

Fig.n. Chemical classification ofthe Prince's Town plutonic
rocks on the basis ofFe-number (Fe*), a modified alkali-lime
index(MALI) and aluminum saturation index(ASI) afterFrost
et al. (2001). (a) The Fe* - SiO.diagram showing a magnesian
affinity. (b)The MALI - SiO,diagram indicating calcic char
acteristic of the rocks. (c) TheASI- SiO, diagram showing a
predominantly metaluminous character of the plutonic rocks.
Symbols as in Fig. 3.

rocks. On the Q-P multication diagram (Fig. 7a), the
rocks mostly plot in the field of tonalite, with some

almost on the tonalite-granodiorite divide; one sample

is classified as a granodiorite. On the A-B diagram

(Fig. 7b), the rocks demonstrate metaluminous
character and also plot in field IV, reflecting the

presence ofbiotite ± amphibole ± clinopyroxene. The
metaluminous character of the rocks is corroborated
by their lack of normative corundum « 1%) and the

position in the NCNK-A/NK diagram of Maniar and
Piccoli (1989), which further indicates that the rocks

are of I-type character (Fig. 8).
The Prince's Town rocks show a sub-alkaline

affinity on the total alkalis versus silica diagram (not
shown), and define a calc-alkaline trend in the AFM

(Fig. 9) of Irvine and Barager (1971). When the data

are plotted in the~O versus Si02 diagram (Le Maitre,

1989) (Fig.3i), all the rocks indicate a medium-K affmity.
On a Na-K-Ca plot (Fig. 10), the rocks defme a Na
enrichment or trondhjemitic trend rather than a potassic

affinity, but are mostly less sodic and more calcic than

those typical for the Archean trondhjemite-tonalite-
granodiorite (ITG) suite, as defined by Martin (1995).

Frost et a1. (2001) proposed a classification scheme
based on major elements and using factors defined as
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have ASI<1.0 and (Na + K»Al. The ASI index is a
reflection ofmicas and accessory minerals in the rock,
and is related to magma sources and conditions of
melting. On the classification scheme of Frost et al.
(2001) , the Prince's Town rocks are magnesian, calcic
and metaluminous in nature. Some of the rocks fall
close to the boundary between calcic and calcic-alkalic
(Fig. Ha-c).

~f::: 0.1

Fig. 12. The SilK - TJ/K element ratio plot for the Prince's
Town plutonic rocks, depicting a nearly continuous trend
characteristic of rocks developed from a common source.
Symbols as in Fig. 3.

Fig. 13. AlP/TI02vs. Ti02diagram for the Prince's Town
plutonic rocks showing a curvilinear trend characteristic of
plutonic rocks developed through magmatic differentiation.
Symbols as in Fig. 3.

about the differentiation history of a granitic magma.
The MALI is defined by (Na,O + K,O-CaO) and
divides samples into alkalic, alkalic, caic-alkalic, and
calcic affinities. MALI is used to interpret magma
sources. ASI (Al/Ca -1.67P + Na +K) differentiates
peralkaline, metaluminous and peraluminous suites.
Peraluminous suites haveASI>1.0, metaluminous suites
have ASI<1.0 and (Na +K)<A1, and peralkaline suites

70

60 •
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0
-~ 40 •< •
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2. Source rock characteristics and petrogenesis
Immobile to mobile elements ratios, which are

commonly referred to as Pearce element ratios (after
Pearce, 1983), can be used to infer the magmatic source
of igneous rocks. Rocks from the same magmatic
source have similar Pearce element ratios and plot along
linear trends of magmatic differentiation. In granites,
Ti, P and Si are considered to be immobile elements,
whereas 1(, Na and Ca are mobile elements (Rollinson,
1993). The TiIK and SilKcationic ratios computed for
the rocks showed similar values, ranging from 0.09 to
0.16 and 18.2 to 35.5, respectively. On the TiIK and
SilK cationic plot (Fig. 12), the rocks broadly define a
continuous trend, with the rock composition at the
minimum point along the differentiation line being
granodioritic. The close similarities of the different
rock types of the pIuton, including their calc-alkaline,
metaluminous and magnesian affinity suggest that the
rocks were probably generated by similar processes
from a common source. The cogenetic relation for the
rocks is also supported by their nearly linear trend in
the AlPjI'i0z vs. TiOzplot (Fig. 13) (El-Sayed et al.,
1992).

The Prince's Town plutonic rocks display the
mineralogical and chemical characteristic of I-type
granitoids (e.g., Chapell and White, 1974) derived from
partial melting ofigneous protolith. Their calc-alkalioe
medium-K and metaluminous character requires a
metaluminous and medium-K source material or
protolith. The nature of the igneous rocks can be
constrained using the geochemical and isotopic
signatures of the plutonic rocks. Partial melting
experiments conducted at geologically realistic
temperatures and pressures have indicated that
granitoid magmas can be generated from a wide range
of common crusta! rocks (e.g. Wolf and Wyllie, 1994;
Gardien et al., 1995; Patiiio Douce and Beard, 1996;
Singh and Johannes, 1996). The geochemistry and
mineralogy of the resulting granitic rocks are indicative
of the nature of the protoliths from which they were
derived, as well as the dynamic conditions underwhich

504020 30

SilK

10
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Fig. 15. The Prince's Town plutonic rocks in the RI-R2
multicationic diagram (De La Roche et al., 1980) with the
tectonic discrimination fields by Batchelor and Bowden
(1985). Same symbols as in Figure 3.
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magmas were formed, evolved and eventually solidified (MgO +FeO~ (Altherr et al., 2000; Fig. 14). Figure
(Roberts et aI., 2000). Variables such as Hp content, 14 indicates that the Prince's Town rocks were likely
pressure, temperature and oxygen fugacity may be derived from partial melting of metaplutonic or
important during melting of source rocks. metavolcanic rocks, possibly with contribution from
Compositional differences in melts generated by partial metagreywacke (at least for the granodioritic-tonalitic
melting ofdifferent source rocks, such as amphibolites, types) but preclude any contribution from metapelitic
tonalitic gneisses, metapelites and metagreywackes, sources. Experimental and geochemical studies suggest
under variable melting conditions can be visualised in that partial melting of detrital sediments, especially
terms of molar CaO/(MgO + FeO'01) vs. molar AJ,oi shales and greywackes, are the major sources of

peraluminous and S-type granitoids (Condie et al. 1999;,
Frost et aI., 2001). The metaluminous and I-type
character of the rocks may suggest insignificant
contribution from greywackes, if any at all.

Mauer (1990) indicated that the belt type granitoids
and tholeiitic basalts of Ghana are genetically closely
related, and that the granitoids were derived from partial
melting of the latter. This claim is corroborated by
Hirdes et al. (1992), who also indicated from their
isotopic data that the belt volcanic rocks and belt
granitoids are coeval and comagmatic, and were formed
at different stages of the same igneous event. Our data
also suggest that the Prince's Town plutonics were
mostly likely derived from the metavolcanics.

o '--'---'-........--'--I.--'L....-.L.-...1-....J---'---o.--'_L........I Major element variations show a nearly continuous
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 trend for the rocks (mostly granodiorites and tonalites),

molar CaO/ (MgO + FeO,..) indicating a single magmatic lineage. They must have

been derived from partial melting under similar melting
conditions (melt fraction, P-T and water saturation).
However, the geochemical differences between
samples (especially quartz diorite) may indicate that
crystal fractionation probably took place during the
ascent of the melts from the lower crust where they
were generated up to the upper crust where they finally
solidified. The abundance of hydrated minerals
(amphibole and biotite) in the plutonic rocks suggests
that the melting ofthe protolith took place under hydrous
conditions. The roughly negative correlation between
Si02 and Fep3' MgO and Cao contents in the rocks
(Fig. 3) could indicate that fractional crystallization
involving the assemblage plagioclase, amphibole and
biotite took place. Frost et al. (2001) observed from
their MALI diagram that most granitoids follow sub
parallel alkali-lime trends during differentiation. Hence,
any observed crossing of trend divides or lines by a

500 1000 1500 2000 2500 3000 granitoid suite may indicate mixed magma sources or
extreme differentiation of the parent magma for the
rocks. The Prince's Town rocks tend to conform to the
MALI differentiation trending lines (Fig. 11a)

Loh and Hirdes (1996) have suggested that the mafic
lithologies (quartz diorites and diorites) of the Prince's

Fig. 14. Chemical composition ofthe Prince's Town plutonic
rocks in a molarAJP/(MgO + FeO,Ol) - CaO/(MgO + FeO..,.)
ofAJtherr et al. (2000). Composition fields of partial melts
were obtained by various source rocks (Wolf and Willie,
1994; Garden et al., 1995; Patino Douce and Beard, 1996;
Singh and Johannes, 1996). Symbols as in Figure 3.
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Town pluton may be different from those developed belts of Ghana. It has been suggested that the belt
through the normal magmatic differentiation processes. granitoids and volcanic rocks are coeval (Hirdes et al.,
Considering the fact that the mafic rocks mostly occur 1992; Davis et al., 1994); it is, therefore, possible that
at the margin of the intrusive body, they contend that the volcanic rocks were emplaced in the same
the marginal portions of this pluton could represent the geotectonic environment. Consequently, a volcanic arc
hybrid rocks, resulting from the interaction between setting could be inferred for the Ashanti volcanic belt,
the granitoid magma and the mafic wallrocks. Although and this conforms to the studies that suggest that the
there appears to be some differences in the chemistry Birimian volcanic belts represent island arc complexes
of the quartz diorites and the others rocks, Loh and (e.g., Sylvestor and Attoh, 1992; Pohl and Carlson,
Hirdes (1996)'s assertion could not be attested, probably 1993).
due to limited number of samples in this study.
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3. Tectonic setting
Several schemes exist for assigning granitoids to

various tectonic environments by means of their
geochemical characteristics (e.g., Pearce et al., 1984;
Maniar and Piccoli, 1989; Pearce, 1996). Trace
elements have been paramount in such schemes.
However, a few of the major-element schemes have
been useful in discriminating between the granitoids
that belong to different tectonic environments.
Accordingly, in order to infer the geotectonic
environment of emplacement of the Prince's Town
pluton, we have used the RI-R2 tectonic discrimination
diagram of Batchelor and Bowden (1985), which was
founded in the chemical classification scheme of De
La Roche et a1. (1980).

On the RI-R2 diagram, all the samples plot in the
field 2 of pre-plate collision granites (Fig. 15), which is
synonymous to the volcanic arc granite (VAG) in the
scheme of Pearce et a1. (1984) and Pearce (1996).
The generation ofnormal calc-alkaline, I-type granitoids
at pre-plate collisional settings is indicative of
development of volcanic arcs in an oceanic setting or
continental active margin setting. Such granitoids usually
form by melting of asthenosphic mantle involving a
subduction component. In the case ofcontinental active
margins, interactions ofmantle-derived magmas with
melts formed by anatexis of continental crust
(hybridization) may be very important (e.g.,Pearce,
1996). Also, the magnesian character of the Prince's
Town rocks could be a reflection of their close affinity
to relatively hydrous, oxidizing magmas and source
regions (Frost and Lindsley, 1991), which is in good
agreement with the origins that are broadly subduction
related (Le., island arc magmas) (Frost et al., 2001).

The observed tectonic setting of the Prince's Town
pIuton is consistent with the previous studies carried
out on the granitoids from the southern Ashanti belt
(Loh and Hirdes, 1999) and other Birimian volcanic

VD. Conclusion
The Prince's Town pluton exposed in theAxim area

of the southern Ashanti greenstone belt consists of
medium-K, I-type granitoid, emplaced at lower crustal
levels and crystallized at temperatures below 700°C.
The rocks are predominantly metaluminous, calc
alkaline, magnesian, and these together with their 1
type characteristics are similar to the CordiIlerao-type
batholiths that are believed to be ofmagmatic arc origin
(pearce et al., 1984; Frost et al., 2001).

The Prince's Town rocks were largely derived from
partial melting of metabasaltic and/or metatonalitic
sources, with a probable contribution from
metagreywackes (at least for the granodiorites and
tonalities), but excluded any contribution from
metapelitic rocks. The Birimian metavolcanic rocks
with which they are associated, provide the most likely
source material for the plutonic rocks.

The geochemical data indicate that the pluton was
emplaced in a volcanic arc geotectonic environment.
Taking cognizance of the fact that the belt granitoids
and volcanic rocks of the Birimian terrain of Ghana
are coeval (Hirdes et al., 1992; Davis et al., 1994), the
inferred tectonic setting could be extended to the
southern Ashanti belt, ifnot the entire Ashanti volcanic
belt of Ghana. This work, therefore, agrees with the
studies which indicate that the Birimian belts represent
island arc complexes (e.g., SyIvestor and Attoh, 1992;
Pohl and Carlson, 1993).

Acknowledgements
The field work was funded by the National Nuclear
Research Institute (NNRI) of Ghana Atomic Energy
Commission. The first author gratefully acknowledges
the financial support received from the Japanese
Government (Monbukagakusho: MEXT). The whole
rock major element geochemistry was carried out at
the Department of Earth Sciences, Okayama University,



References
Abouchami, W., Boher, M., Michard, A and

Albarade, F. (1990), A major 2.1 Ga event of
mafic magmatism in West Africa: an early stage
of crustal accretion. J. Geophys. Res., 95,
17605-17629.

Altherr, R., Holl, A., Hegner, E., Langer, C. and
Kreuzer, H. (2000), High potassium, calc-alkalioe
I-type plutonism in the European Variscides:
northern Vosges (France) and northern
Schwarzwald (Germany). Lithos, 50, 51-73.

Barker, F. (1979), Trondbjemite: definition,
environment and hypothesis of origin. In
Trondbjemite, Dacite and related rocks (Barker,
F., Ed.), Developments in Petrology 6.
Amsterdam Elsevier, pp. 1-12.

Batchelor Band Bowden P. (1985), Petrogenetic
interpretation of granitoid rock series using
multicationic parameters. Chem. Geol., 48, 43
55.

Blenkinsop, T., Schmidt Mumm, A, Kumi, R. and
Sangmor, S. (1994), Structural geology of the
Ashanti gold mine. Geologisches Jahrbuch,
DI00,131-153.

Bober, M., Abouchami, W., Michard, A, Albarrede,
F.andAmt, N.T. (1992), Crustal growth in West
Africa at 2.1 Ga. J. Geophys. Res., 95, 345
369.

Condie, K.C., Latysh, N., Van Schmus, W.R.,
Kozuch, M. and Selverstone, J. (1999),
Geochemistry, Nd and Sr isotopes, and U/Pb
zircon ages of granitoid and sedimentary
xenoliths from Navajo Volcanic Field, Four
Corners area, Southwestern United States.
Chem. Geol., 156,95-133.

Davis, D.W., Hirdes, W., Scbaltegger, U. and
Nunoo, E.A (1994), U-Pb age constraints on
deposition and provenance ofBirimian and gold
bearing Tarkwaian sediments in Ghana, West
Africa. Precambrian Res., 67, 89-1207.

De La Roche, H., Leterrier, J., Grandclaude, P. and
Marchal, M. (1980), Aclassification of volcanic
and plutonic rocks using RIR2-diagrams and
major element analyses. Its relationships and
current nomenclature. Chem. Geol., 29, 183
210.

28

S. Dampare, T. Shibata, D. Asiedu and S. Osae

Japan. We are also thankful to Ms. Mayumi Usui for Debon, F. and Le Fort, P. (1983), A cbemical-
her assistance witb the XRF analyses of the samples. mineralogical classification ofcommon plutonic

rocks and associations. Transactions ofthe Royal
Society of Edinburgh. Earth Sei., 73: 135-149.

Eisenlohr, B.N. (1989), The structural geology of
Birimian and Tarkwaian rocks of southwest
Ghana. Rep. Arch. BGR, 66pp.

Eisenlohr, B.N. and Hirdes, W. (1992), The
structural development of the early Proterozoic
Birimian and Tarkwaian rocks of southwest
Ghana, West Mrica. J. Afr. Earth Sci., 14, 313
325.

EI-Sayed, M.M., Mohamed, EH., Fumes, H. and
Kanisawa, S. (2002), Geochemistry and
petrogenesis of the Neoproterozoic granitoids in
the central eastern desert, Egypt. Chem. Erde,
62,317-346.

Frost, B.R. and Lindsley, D.H. (1991), The
occurrence of Fe - n oxides in igneous rocks.
In Oxides Minerals: Petrologic and Magnet
Significance (Lindsley, D.H., ed.), Miner. Soc.
Amer. Reviews in Mineralogy, 25, 433-486.

Frost, RR., Baroes, C.G, Collins, W.J., Arculus,
R.J., Ellis, D.J. and Frost, C.D. (2001). A
chemical classification for granitic rocks. J.
Petrol., 42, 2035-2048.

Gardien, V., Thompson, AR, Grujic, D., Ulmer, P.
(1995), Experimental melting of
b iot ite+plagiocl ase+q uartz+muscov ite
assemblages and implications for crustal melting.
J. Geophys. Res., 100, 15581-15591.

Hirdes, W. and Nunoo, R (1994), The Proterozoic
paleoplacers at Tarkwa gold mine, SW Ghana:
sedimentology, mineralogy, and precise age
dating of the Main Reef and West Reef, and
bearing of the investigations on source area
aspects. Geologisehes Jahrbueh, D100, 247
311.

Hirdes, W., Davis, D.W. and Eisenlohr, RN. (1992),
Reassessment of Proterozoic of Proterozoic
granitoid ages in Ghana on the basis of U/pb
zircon and monazite dating. Precambrian Res.,
56,89-96.

Hirdes, W., Davis, D.W., Liidtke, G and Konan, G
(1996), Two generations of Birimian
(Paleoproterozoic volcanic belts in northeastern
Cote d'Ivoire (West Africa): consequences for
the 'Birimian controversy'. Precambrian Res.,
80, 173-191.



Geochemistry ofProterozoic Prince'sTown granitoid from Ghana

Hirdes, W., Senger, R, Adjei, J., Efa, E., Loh, G Maniar, P.D. and Piccoli, P.M. (1989), Tectonic
and Tettey, A (1993), Explanatory notes for the discrimination of granitoids. GeoL Soc. Am.
geological map ofsouthwest Ghana: 1:1000000. Bull., 101, 635-643.
Geologisches Jahrbuch, 83, 5-139. Martin, H. (994), The Archean grey gneisses and

Huang, W-L. and WyIlie, P.J. (1975), Melting the genesis of continental crust. In Archean
relations in the system NaAISips - KalSips - Crustal Evolution (Condie, K.C., Ed.),
Si02 to 35 kilobars. Dry and excess water. J. Developments in Precambrian Geology 11.
Geol., 83, 737-748. Elsevier, New York, pp. 205-258.

Irvine, T.N. and Baragar, W.RA (1971), A guide Mauer, R. (1990), Petrographische und
to the chemical classification of the common geochemische Unttersuchungen der
volcanic rocks, Can. J. Earth Sci., 8, 523-548. priikambrischen (Birimian) Granitoide Ghanas.

John, T., Klemd, R., Hirdes, W. and Loh, G (1999), Diss. Techn. Univ. Berlin, 202pp.
The metamorphic evolution of the Mumin,AH. and Fleet, M.E. (1995), Evolution of
Paleoproterozoic(Birimian) volcanicAshanti belt gold mineralization in the Ashanti gold belt,
(Ghana, West Mrica). Precambrian Res., 98, Ghana: evidence from carbonate compositions
11-30. and paragenesis. Miner. Petrol., 81, 268-276.

Junner, N.R (1935), Gold in the Gold Coast. Mem. Nesbitt, H.W. and Young, G.M. (1982), Early
Gold Coast Geo!. Surv., 4, 67pp. Proterozoic climates and plate motions inferred

Junner, N.R. (1940), Geology ofthe Gold Coast and from major element chemistry ofIutites. Nature,
Western Togoland (with revised geological 299,715-717.
map). Bull. Gold Coast Geot. Surv. 11. 4Opp. Nesbitt, H.W. and Young, GM. (1984), Prediction

Kesse, G.O. (1985), The mineral and rock ofsome weathering trends ofplutonic rocks and
resources of Ghana. 610pp. Balkema, volcanic rocks based upon thermodynamic and
Rotterdam. kinetic considerations. Geochim. Cosmochim.

Klemd, R, Hirdes, W., Olesch, M. and Oberthiir, Acta, 48, 1523-1534.
T. (1993), Fluid inclusions in quartz pebbles of Nesbitt, H.W. and Young, G.M. (1989), Formation
the gold-bearing Tarkwaian conglomerates of and diagenesis of weathering profiles. J. Geol.,
Ghana as guides to their provenance area. 97,129-147.
Mineral. Deposita, 28, 334-343. Oberthiir, T., Schmidt Mumm,A, Vetter, U., Simon,

Le Maitre, R.W. (1989), A Classification of K. andAmanor, J.A (1996), Gold mineralization
Igneous Rocks and Glossary of Terms. in theAshanti belt ofGhana: genetic constraints
Blackwel1, Oxford, pp. 193. ofstable isotope geochemistry. Econ. Geol., 91,

Leube, A, Hirdes, W., Mauer, R., Kesse, GO. 289-301.
(1990), The Early Proterozoic Birimian O'Connor, J. T. (1965), A classification of quartz-
Supergroup of Ghana and some aspects of its rich igneous rocks based on feldspar ratios. a.s.
associated gold mineralization. Precambrian Geol. Surv. Prof. Paper, 525B, 79-84.
Res., 46, 139-165. Opare-Addo, E., Browning, P. and John, RE. (1993),

Liegeois, J.P., Claessens, W., Camara, D. and Pressure-temperature constraints on the
Klerkx, J. (1991), Short-lived Ebumean orogeny evolution of an early Proterozoic plutonic suite
in southern Mali: geology, tectonics, U-Pb and in southern Ghana, West Africa.. J. Afr. Earth
Rb-Sr geochronology. Precambrian Res., SO, Se., 17, 13-22.
111-136. Patiiio Douce,AE. and Beard, J.S. (1996), Effects

Loh, G and Hirdes, W. (1996), Geological map of of P, f (0
2
) and Mg I Fe ratio on dehydration

southwest Ghana, 1:100000, sheets melting of model metagreywackes. J. Petrol.,
Sekondi.(0402A) andAxim (0403B), Bull. Ghana 37,999-1024.
Geol. Surv., 49, 149pp. Pearce, J.A (1983), Role of the sub-continental

Luth, W.C., Jahns, RH. and Tuttle, O.F. (1964), lithosphere in magma genesis at active
The granite system at pressures of 4 - IOkbar. continental margins. In: Continental basalts and
J. Geophys. Res., 69, 759-773. mantlexenoliths (Hawkesworth,C.J. and Norry,

M.J. Eds.), Shiva, Nantwich, pp. 230-249.

29



30

S. Dampare, T. Shibata, D. Asiedu and S. Osae

Pearce, JA. (1996), Source and setting of granitic
rocks. Episode, 19, 120-125.

Pearce, J.A. and Cann, J.R. (1973), Tectonic
setting ofbasic volcanic rocks determined using
trace elements analyses. Earth Planet. Sci.
Lett., 12,339-349.

Pearce, J.A., Harris, N.B.W. and Tindle, A.a
(1984), Trace element discrimination diagrams
for the interpretation ofgranitic rocks. J. Petrol.,
25, 956-983.

Pohl, D. and Carlson, C. (1993). A plate tectonic
re-interpretation of the 2.2-2.0 Ga Birimian
province, Tarkwaian System and metallogenesis
in West Africa. In: Regional Trends in African
Geology (Peters, J.W., Kesse, G.O. and
Acquah, P.C., Eds.), GeoI. Soc. Africa, Accra.,
378-381.

Roberts, M.P., Pin, C., Clemens, J.D. and Paquette,
J.L. (2000). Petrogenesis of mafic to felsic
plutonic rock associations: the Calc-alkaline
Querigut Complex, French Pyrenees.J. Petrol.,
41, 809-844.

R01linson, H. R. (1993), Using geochemical data:
evaluation, presentation, interpretation.
352pp, Longman Group UK Limited.

Shand, S.J. (1927), Eruptive Rocks. D. Van
Nostrand Company, New York, pp. 360.
Singb, J. and Johannes, W. (1996), Dehydration

melting oftonalites: Part n. Composition ofmelts
and solids. Contrib. Mineral. Petrol., 125, 26
44.

Steiner, J.C., Jahns, R.H. and Luth, W.C. (1975),
Crystallization of alkali feldspars and quartz in
the hypogranite system NaAISips - KaISips
- ~O at 4 kb. Bull. Geol. Soc. Am., 86, 83-98.

Streckeisen, A., Le Maitre, R.W. (1979), A
chemical approximation to the modal QAPF
classification of the igneous rocks. Neues
Jahrb. Mineral., Abh., 136, 169-206.

Sylvester, P.J. and Attoh, K. (1992),
Lithostratigraphy and composition of 2.1 Ga
greenstone belts of the West African Craton and

their bearing on crustal evolution and the
Archean-Proterozoic boundary. J. Geol., 100,
377-393.

Tate, M.C., Norman, M.D., Johnson, S.E., Mark
Fanning, C. and Lawford Anderson, J. (1999),
Generation of tonalite and trondhjemite by
subvolcanic fractionation and partial melting in
the zarza intrusive complex, western Peninsular
Ranges Batholith, Northwestern Mexico. J.
Petrol., 40, 983-1010.

Taylor, P.N., Moorbath, S., Leube, A. and Hirdes,
W. (1992), Early Proterozoic crustal evolution
in the Birimian of Ghana: constraints from
geochronology and isotope geology.
Precambrian Res., 56, 97-111.

Tuttle, O.F and Bowen, N.L. (1958), Origin of
granites in the light of experimental studies in
the system NaAlSi30 s- KaISiPa - Si02- Hp.
GeoL Soc. Am. Memoir, 75, 153pp.

Whalen, J.B. (1983), Geology, petrography, and
geochemistry ofAppalachians granites in New
Brunswick as Gaspesie, Quebec. GeoI. SUIV.
Can. Bull., 436, 124pp.

Whalen, J.B., Syme, E.C. and Stem, R.A. (1999),
Geochemical and Nd isotopic evolution of
Paleoproterozoic arc-type granitoid magmatism
in the Flin Flon Belt, Teans-Hudson orogen,
Canada. Can. J. Earth Sci., 36, 227-250.

WoIf, M.B., WyUie, J.P. (1994), Dehydration-melting
of amphibolite at 10 kbars: the effects of
temperature and time. Contrib. Mineral.
Petrol., 115, 369-383.

Wood, D.A., Joron, J.L. and Treuil, M. (1979), A
re-appraisal of the use of trace elements to
classify and discriminate between magma series
in different tectonic settings. Earth Plan. Sci.
Lett., 45, 326-336.




