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Abstract 

Geochemical investigation of samples from 20 granitic intrusions in six tectonic zones of the Hellenides 
shows that both I-type and S-type granites occur in the region. The I-type granites from four of the 
zones, namely the Rhodope Massif (RM), the Serbomacedonian Massif (SMM), the Perirhodope 
Zone (PRZ) and the Attico-cycladic Zone (ACZ),  show some systematic differences in their 
geochemistry. In particular, the Rb, Y, Nb, K and Ti contents increase in the sequence PRZ, SMM, 
RM and ACZ. The PRZ granites are of Jurassic age, those of the SMM and RM are Eocene to 
Oligocene and the ACZ ones are Miocene. The differences between zones are attributed to a 
combination of differences in partial melting and high-pressure fractionation processes. Geochemical 
differences within zones are explained by variable degrees of amphibole and apatite fractionation and 
accumulation. 
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Introduction 

VARLOUS granitic intrusions of Jurassic to 
Eocene age occurring in Greece, especially in 
Macedonia, Thrace and in some of the islands of 
the Aegean Sea (Fig. 1) have been studied 
previously. Most of the work has been mineral- 
ogical and petrological (e.g. Augustidis, 1972; 
Diirr etal. ,  1978; Kokkinakis, 1980; Katerino- 
poulos, 1983; Kyriakopoulos, 1987) but some 
geochemical studies, mainly for major elements, 
have been carried out (e.g. Marinos and Petras- 
check, 1956; Papadakis, 1965; Marakis, 1969; 
Andriesen et al., 1979; Salemink, 1985) and, as 
described later, some radiometric dates have 
been reported. 

The present comparative study of the major 
and trace element geochemistry was undertaken 
to investigate possible relationships between the 
tectonic setting and the principal granitic bodies 
in Greece. The results may prove useful in 
constraining models for the genesis of the granitic 
rocks and the associated mineralisation. The 
generic term 'granite' will be used in this paper for 
any plutonic rock containing more than 5% of 

modal quartz in accordance with the usage of 
Pearce et al. (1984) in their work on trace element 
discrimination diagrams as indicators of the 
tectonic environment. 

Geological setting 

The Hetlenides along with the Dinarides form 
the Dinaric branch of the Alpine belt. The 
Hellenides arc described in terms of ten 'isopic' 
zones flanked by two others, one to the south- 
west and the other to the north-east. The term 
'isopic' zone has been widely used to refer to each 
successive zone with a distinctive facies succes- 
sion. The major phases of sedimentation and 
orogenesis of the Hellenides can be related in a 
general way to the relative plate motion of 
Eurasia and Africa, documented by the spreading 
history of the North Atlantic (Smith, 1971; 
Dewey et al., 1973; Channell and Horvath, 1976; 
Biju-Duval et al., 1977). 

Mountrakis (1983) distinguished the following 
isopic zones from east to west: 

A. Rhodope massif (RM) 
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B. Serbomaeedonian massif (SMM) 
C. Perirhodopic zone (PRZ) 
D. Axios (Vardar) zone (AZ) divided into: D1 

Paeonias zone; D2 Paicon zone; D3 Almo- 
pias zone 

E. Pelagonian zone (PZ) 
F. Attico-Cycladic zone (ACZ) 
G. Subpelagonian zone (SPZ) 
H. Parnassos-Oiona zone (POZ) 
1. Pindos zone (PNZ) 
J. Gavrovo-Tripolis zone (GTZ) 

K. Ionian zone (IZ) 
L. Paxos zone (PXZ) 

According to Brunn (1956) the above A - G  
isopic zones, forming the eastern part of the 
Hellenides, comprise the 'internal' belts, while 
the H - L  isopic zones, forming the western part of 
the Hellenides, comprise the 'external' belts of 
the Hellenides. It is considered that the internal 
zones have been formed under 'inner arc' geotec- 
tonic conditions while the external zones have 
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Fro. 1. Map showing the granitic intrusions sampled and relevant tectonic zones of the Hellenides. The key to the 
intrusion numbers is given in Table 1 and the tectonic zones are listed in the text. 
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T~ble I. Key to granitic bodies in Fig. l 

Zone Symbol on plots Number on map Name (abbreviation) 

ACZ �9 I Ikaria (IKR) 
2 Mykonos (MYI<) 
3 Naxos (NX) 
4 Paros (PR) 

18 Leurium (LA) 
19 Serifos (SE] 
20 Tinos (TI) 

RM + 5 Xanthi (X) 
6 Vrodou (VR) 
7 K~vaIa  (KB] 

SMM o 8 Ierissos (IE) 
9 01ymplas (OL) 

i0 Stratoni (ST) 

PRZ x ii Toroni (TO) 
ii Sarti (SAR) 
ii Sykea (SYK) 
12 Ormos Panagias (ORP) 
13 Arneea (AR) 
14 Sohos (SO) 
15 Nikopolis (NIK) 

AZ D 16 Fanos (FAN) 

PZ ~ 17 Florina (F) 
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been formed under 'outer arc' geotectonic con- 
ditions. As is shown in Fig. 1 (and Table 1) the 
major Greek granitic intrusions occur in the 
internal (A-G)  isopic geotectonic zones. 

A. Rhodope massif 

This structural unit consists of a metamorphic 
basement of Hercynian age and older together 
with Mesozoic sediments; further deformation 
occurred during Alpine events. The granitic 
intrusions of Xanthi, Serres-Drama (of which the 
Vrodou granite forms a part) and Kavala occur in 
this zone. According to Kronberg (1966) the 
principal magmatic manifestations in the Rho- 
dope massif happened during the last stages of the 
Alpine orogenic tectonic regime (Eocene-Oligo- 
cene-Miocene). 

Xanthi. Augustidis (1972) describes this granite 
as a calc-alkaline body with biotite and horn- 
blende; the same granite has been described by 
Christofides (1977). According to Meyer (1966) 
the age of the Xanthi granite is Oligocene and this 
is confrmed by Kronberg et al. (1970) who report 
ages of 27.4 + 0.5 and 27.1 _+ 0.4 Ma. 

Serres-Drama. Papadakis (1965) describes the 
mineralogy and the petrology of the Serres- 
Drama granitic intrusion. K/Ar dating of horn- 
blende yielded ages of 29 + 1 and 33 _+ 2 Ma for 
the Vrodou area of the granite (Marakis, 1969). 

Kavala. This granite-granodiorite-diorite com- 
posite intrusion has been described by Kokkin- 
akis (1980). The granitic rocks appear to have a 
complex thermal history or be the result of at least 
two periods of intrusive activity. Some of the 
rocks have a minimum age of Upper  Carbonifer- 

ous, but K/Ar dating on biotite yields an age of 
17.8 _+ 0.8 Ma for the youngest event. Recent Rb/ 
Sr dating (Kyriakopoulos, 1987) yielded an age of 
22.8 _+ 2.4 Ma for the Kavala granite. 

B. Serbomacedonian mass~[ 

This contains the granitic intrusions of Ierissos, 
Olympias and Stratoni. The Stratoni-Olympias 
area consists mainly of gneisses, amphibolites, 
mica schists, marbles and phyllites. K/Ar dates of 
108-114 Ma on amphiboles from amphibolite 
(Harre et al., 1968) are assumed to represent a 
real phase of metamorphism of Aptian to Barre- 
mian date, but it is likely that earlier events 
affected some parts of the zone. In addition, 
almandine-amphibolite facies metamorphism of 
upper Palaeocene to lower Oligocene data is 
indicated by K/At and Rb/Sr dates on gneissose 
rocks (56 to 34 Ma; Harre et al., 1968). The 
above-mentioned metamorphic rocks are ultra- 
basic rocks. The granitoid intrusions of Stratoni, 
Olympias and Ierissos are associated with massive 
sulphide mineralisation. K/Ar dating on biotite of 
the Stratoni granodiorite yielded an age of 29.6 _+ 
1.4 Ma (D~irr et al., 1978). Harre et al. (1968) 
reported K/Ar and Rb/Sr ages of 22-48 Ma for 
granitic rocks in this zone. 

C. Perirhodopic zone 

Most of the rocks in this zone are Mesozoic 
marine sediments, variably deformed and meta- 
morphosed by Alpine events. The main granitic 
intrusions are those of Sart i-Sykea-Toroni,  
Ormos Panagias, Arnaea, Sohos and Nikopolis. 
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Marakis (1969) reported a K/Ar age of 140 + 3 
Ma for the Nikopolis (Lachana) granite, while 
Jurassic ages for the granites of Arnaea and Sarti-  
Sykea have been deduced from stratigraphic 
criteria (Diirr et al., 1978). 

D. A M o s  zone  

This zone consists mainly of sediments of 
Mesozoic and Tertiary age; the only granite is at 
Fanos, within the Paeonias division of the Axios 
zone. This granite has been intruded within 
gabbros of the ophiolite complex of the Geugeli 
area. Borsi et al. (1964), using Rb/Sr and K/Ar 
dating, found that it has an age of 150 -L-_ 2 Ma, 
which Marakis (1969) has confirmed with a K/Ar 
age of 148 + 4 Ma. 

E. Pelagonian zone  

The Florina granite consists of two main bodies 
intruded into a Hercynian metamorphic base- 
ment (Dercourt, 1964) consisting of sericitic 
gneisses and schists. K/Ar dating of biotites 
yielded a model age of 460 Ma for the older, 
deformed intrusion and 240 Ma for the younger, 
undeformed intrusion (Marakis, 1969). 

F. A t t i co-Cyc lad ic  zone  

The Cycladic islands are part of a belt of 
crystalline complexes linking continental Greece 
with the Menderes massif in Turkey. The Att ico-  
Cycladic complex consists of at least two main 
tectonic units (Dtirr et al.,  1978). The lower unit is 
formed by a sequence of thrust sheets made up of 
a pre-Alpidic basement, Mesozoic marbles, meta- 
volcanites and metapelites. The upper unit con- 
sists of various Klippen comprising ophiolitic 
material, Permian sediments and high-tempera- 
ture metamorphic rocks. Mineral assemblages 
within the lower unit indicate a polymetamorphic 
history: 

(a) a high-pressure, blueschists facies metamor- 
phism (M1), which has been dated in the middle 
Eocene (c. 42 Ma; Altherr et al., 1979; Andries- 
sen et al.,  1979); 
(b) a medium-pressure metamorphism (M2), 
which has been dated around the Oligocene- 
Miocene boundary (20-25 Ma; Altberr  eta1., 
1979; Andriessen et al., 1979); 
(c) the intrusion of granitoid magmas, which took 
place immediately after the second metamorphic 
phase (22-14 Ma; Altherr et al.,  1982). 

Altherr et al. (1982) reported that the plutons 
now exposed on several islands (Ikaria, Naxos, 
Paros, Mykonos, Serifos, Tinos) and in Laurium, 
exhibit a systematic regional variation in compo- 

sition with increasing K20 values from southwest 
to northeast. 

lkaria. The western part of the island consists 
of a cataclastic leucogranite (sample IKR-1), 
while sample IKR-2 represents a slightly 
deformed granite in the SE. The western body 
gives K/Ar and Rb/Sr ages of 8.2-9.0 Ma, while 
the most reliable ages for the south-eastern 
granite are 9.2-10.7 Ma (Dfirr e ta l . ,  1978; 
Altherr et al., 1928). 

Naxos .  This island is essentially composed of a 
metamorphic complex and a granodioritic mass. 
On Naxos the glaucophane schist facies (M1) is 
dated at 40 to 50 Ma while the late Oligocene- 
Miocene Barrovian type overprint reached its 
peak at c. 25 Ma (Andriessen et al., 1979). The 
metamorphic complex, a migmatitic gneiss dome 
surrounded by a sequence of metamorphic zones, 
is a metasedimentary-metavolcanic sequence 
mainly composed of interbedded mica schists and 
marbles. The western part of Naxos consists of a 
granodioritic intrusion with a tourmaline rich 
aplitic border facies representing the latest stage 
of crystalfisation. The granodioritic intrusion 
caused local low-P-high-T metamorphism. After 
its consolidation the granodioritic mass was 
severely affected by deformation (Jansen and 
Schuifing, 1976; Jansen, 1977). Rb/Sr isochrons 
obtained from samples of the granodiorite gave 
ages of 11.7 + 0.8 and 11.1 _+ 0.7 Ma (Dtirr et al., 
1978; Andriesen et al., 1979). 

Paros. The western neighbour of Naxos con- 
sists of a sequence of migmatites, gneisses, schists 
and marbles and some granitic intrusions which 
have been variably deformed (Philippson, 1959). 
From the medium-pressure/high-temperature 
mineral assemblages which occupy the islands of 
Paros, only cooling ages (K-Ar ,  Rb-Sr  and fision 
track), ranging from 15 to 7 Ma have been 
reported for hornblende, muscovite, biotite, apa- 
tite and titanite (Wendt et al.,  1977). The granites 
of Paros are thought to be of Miocene age (Dtirr 
et al.,  1978) and Altherr et al. (1982) report ages 
of 11.4-12.4 Ma for the micas. 

Mykonos .  Two main tectonic units can be 
distinguished. The lower one is formed by a 
granodiorite intrusion and sparse remnants of the 
country rocks. The upper unit has only been 
preserved as Klippen (Dtirr and Altherr,  1979). 
K/Ar dating of biotite from the granodiorite 
yielded a model age of 10.0 + 3 Ma (Diirr et al.,  
1978) and Marakis (1973) reported a K/Ar age of 
12.0 _+ 0.9 Ma, also for biotite. Altherr et al. 
(1982) report K/Ar and Rb/Sr ages of 10.1-12.0 
Ma for the granodiorite, some from minerals and 
others from whole rocks. 

Serlfos. On this island a granodiorite is 
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intruded into a series of metasediments (Sale- 
mink, 1985), affected by a late Oligocene- 
Miocene Barrovian type metamorphism 
(Andriessen et al., 1979). The granodiorite and 
the country rock are cut by numerous dykes of 
dacitic to rhyolitic composition. The granodiorite 
has been dated by the K/Ar method, giving 9.2 _+ 
0.4 Ma for hornblende and 8.3 _+ 0.2 Ma for 
biotite (Dtirr et al., 1978); these ages agree with 
the 8.6-9.5 Ma reported by Altherr et al. (1982). 

Tinos. Melidonis (1980) divided the metamor- 
phic rocks of Tinos into two subunits of high-P/ 
low-T metamorphic rocks. Age determinations 
(Rb-Sr and K-Ar)  on white micas from these 
rocks yielded ages of about 40 Ma while for 
medium-P/high-T metamorphic rocks, only cool- 
ing ages (K-Ar ,  Rb-Sr  and fission track) ranging 
from 15 to 7 Ma have been reported (Wendt et al., 
1977). During a later low to medium-P/T meta- 
morphism granitic magma was intruded and 
caused intensive contact metamorphism. Rb/Sr 
and K/Ar ages from minerals and whole rocks 

date the granite at 14.0-15.4 Ma (Altherr et al., 
1982). 

Laurium. According to Marinos and Petras- 
check (1956) two tectonic subunits can be dis- 
tinguished in southern Attica. A granodiorite 
intruded into both units near the village of Plaka, 
causing contact metamorphism (Marinos and 
Petrascheck, 1956). Data, including P-T-Xco2 
stability relations, for a calc-silicate hornfels from 
the Plaka area reveal that it has been metamor- 
phosed at temperatures between 440 and 600 ~ 
in a HzO-rich fluid with a low partial pressure of 
CO2 (Baltatzis, 1981). K/Ar ages reported for the 
granodiorite are 8.8 _+ 0.5 Ma for a whole rock 
(Dfirr et al., 1978) and 8.3 _+ 0.11 Ma for biotite 
(Altherr et al., 1982). 

Sampling and analytical techniques 

Samples representing the most typical rock 
types of each major granitic intrusion were 
collected. In Table 2, the locality, texture, 

'['able 2 L/it of analysed samples and their mineralogy. 

7,~m' Sample no  and rock type Principal minerals 

-\LZ IKR1 Slightly deformed coarse granite Q, A, Ab72-77, B 
IKR2 Microgranite, slight lineation/schistosity Q, A, Ab70-85, B, M 
MYK Granodiorite Q, A, Ab50-65, B, H, P 
NX1 Coarse granodiorite, slight Iineation Q, A, Ab54-69, B, H 
PRI Microgranite, slight lineation Q, A, Ab76-79, B, M 
LA Granodiorite Q, A, Pl, B, H* 
$E Granodiorite Q, A, Pl, B, H 
TI Granodiorite Q, A, PI, B, H 

l~.5,1 X).,2 Coarse granodiorite Q, A, Ab50-80, B, H 
VR3,5 Granodiori te  Q, A, Ab60-77, B, H 
KB1 Diorite, slight scl'dstosity Q, Ab49-63, B, H 
KB2 Diorite Q, Ab45-67, B, H 
KB3 Granodiori te  Q, A, Ab60-80, B, H 
KB4 Granodiorite Q, A, Ab55-78, B, H* 
KB5 Granitic gneiss Q, A, Abd0-100, M 

SMM IE1 Granite Q, A, Ab77-84, B 
OLI Leucograni te  Q, A, Ab82-84, B 
OL2 Granodiorite Q, A, Ab70-80, B, H ~ 
ST1,2 Granodiorite Q, A, Ab59-70, B, H 

I>RZ TO Granodiorite Q, A, AbT1-80, B, H* 
SARI Granodiorite, slight lineation Q, A, Ab65-77, B, H 
SYK Granodiorite Q, A, Ab75-85, B, H 
ORPI,2 Granite, slight lineation Q, A, Ab76-88, B, M 
AR1,2 Coarse leucogranite Q, A, Ab98-100, M 
SO1,2 Plagiogranite Q. Abl00, M 
NIK Coarse granite Q, A, Ab71-75, B 

AZ FANI,2 Leucograni te  Q, A, Ab78-87, B 

VZ F7,1 l Q syenite/K-metasom, granodiorite Q, A, PI*, B, H 

Q = quartz, A = alkali feldspar, B = biotite, H = hornblende, M = muscovite, 
P = pyroxene, PI = plagioclase of undetermined composition; Ab compositions 
determined by electron microprobe; * indicates a phase showing a high degree 
of alteration, 
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mineralogy and rock type of each analysed 
sample is given. The mineralogy was determined 
by optical microscopy and electron microprobe 
analysis using a Cambridge Instrument Geoscan 
fitted with a Link Systems model 290-2KX 
energy-dispersive spectrometer and ZAF-4/FLS 
quantitative analysis software system. The 
samples were analysed for major and trace 
elements by X-ray fluorescence analysis using a 
Philips PW 1450 spectrometer; details of the 
technique used and the correction procedures 
involved have been described by Brown et al. 
(1973). 

Geochemical characteristics 

The major and trace element results and the 
CIPW norms of the analysed rock samples are 
given in Table 3. All the analysed granitic rocks 
except those of Arnaea and Sohos and the sample 
KB5 from Kavala show I-type calc-alkaline 
mineralogical chemical properties. The granites 
of Arnaea and Sohos (samples AR1,2,SO1,2) are 
clearly of S-type as in these two granites mus- 
covite is the only mica present, the plagioclase is 
albite (Ab98-100) rather than andesine to oligo- 
clase as in the other granites (Table 2), the CaO 
contents are low (0,09~).32 wt.%) and the Rb/Sr 
ratios are high (3-11). Both granites also have 
molar A1203/(CaO + alkalis) ratios in excess of 
1.1 giving normative corundum up to 3.8% 
(Table 3). Sample KB5 from the Kavala granite 
also shows most of the S-type characteristics listed 
above, while the other four samples from the 
Kavala pluton (KB1-4 inclusive) are clearly of 
I-type. 

The 1-type granites have normative An con- 
tents below 12 wt.%, the granodiorites contain 
15-21 wt.% and the diorites greater than 22%. 
The S-type granites have the highest normative Q 
(34--38%) and lowest An (0-2% plus one sample 
with 3.7%) contents of all the samples studied. 

The plot of TiO2 against Zr (Fig. 2a) shows a 
positive linear relationship for most of the 
samples. The Kavala pluton (Rhodope massif), 
however, shows very little variation in Zr (200- 
220 ppm) but has a range of TiO 2 values. TiO 2 
and Zr, except for Zr in the Kavala samples, 
decrease as  S i O  2 increases. 

On the Sr against Zr plot (Fig. 2b) there are 
three distinct distributions: (a) the S-type granites 
of Arnaea and Sohos can be clearly identified by 
their very low Sr contents; (b) the ACZ samples 
lie close to a line with a slope of 1.6; (c) most of 
the samples from the PRZ and the SMM and 
some of those from the RM, are distributed 
around a line with a slope of 1.6; (c) most of the 

samples from the PRZ and the SMM and some of 
those from the RM, are distributed around a line 
with a steeper slope 5. As in the case of TiO2, the 
Sr contents decrease as SiO2 increases. 

Fig. 3 shows the mantle normalised large ion 
lithophile and high field strength element plots 
(Wood eta l . ,  1979) for the most acid granite 
sample from each of the isopic tectonic zones. It is 
clear from this diagram that all of the samples 
show typical geochemical characteristics, i.e. high 
LIL/HFS element ratios, negative Nb anomalies, 
etc, of calc-alkaline granite associated with the 
subduction of oceanic lithosphere beneath island 
arc systems and continental margins (Plant et al., 
1985). 

Figs. 4, 5 and 6 show the results plotted on 
some of the diagrams used by Pearce et al. (1984) 
for the discrimination of oceanic ridge granites 
(ORG),  within-plate granites (WPG), volcanic 
arc granites (VAG) and collision granites 
(COLG). These plots are also useful for display- 
ing the variation in granitic rocks between and 
within the tectonic zones of Greece. 

The ORG normalised geochemical diagrams 
for the granitoid samples from the ACZ,  RM, 
SMM, PZ and the l-type samples from the PRZ 
(Fig. 4a-d)  have shapes similar to the plots of 
typical VAG (Pearce e ta l . ,  1984), especially 
those of the Jamaican intrusive rocks (lsaacs, 
1975). They are characterised by enrichments of 
K, Rb and Ba relative to Nb, Ce, Zr and Y, 
normalised Zr and Y values less than unity and an 
overall trend of intermediate steepness which, 
together with the absence of a negative Ba 
anomaly, is typical of VAG. 

The RM samples have a quite narrow range and 
their field is plotted on each part of Fig. 4 to aid 
comparison of one zone with another. Relative to 
the RM, the I-type samples of the PRZ (Fig. 4a) 
exhibit a wider compositional range and contain 
lower levels of K, Rb and Y. The S-type granites 
(SO and AR) of the PRZ have patterns which 
differ significantly from those of the I-type bodies 
in this tectonic zone; the Arnaea granite has much 
much lower Ba contents, and somewhat higher K, 
Rb, Nb and Y contents, than its I-type counter- 
parts, while the Sohos granite is only dis- 
tinguished in this plot by its higher Y content. 
Samples from the A C Z  have patterns similar to 
those from the RM (Fig. 4b) but the former show 
a greater range of composition. Apart  from one 
sample with lower Nb, Ce, Zr and two samples 
with lower Y, the SMM rocks (Fig 4c) plot within 
or very near the RM field. 
The close similarity between the RM, ACZ and 

SMM samples in Fig. 4 suggests that the granitic 
rocks in these three zones were generated by 
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similar evolutionary paths from sources of similar 
composition. In the case of the RM and SMM, 
adjacent zones with contemporaneous (late 
Eocene to early Miocene) intrusive activity, the 
likenesses are not unexpected. However, granites 
with similar trace element fingerprints were 
produced in the ACZ, during the middle to late 
Miocene, 10-20 Ma later and some 300 km to the 
south, inferring that source materials of similar 
mineralogy and incompatible element contents 
existed on this time-scale beneath both the south 
Aegean region and the area adjacent to the north 
Aegean. 

Samples of the Florina granitoid, in the PZ, 
plot at the top of, or just above, the RM field but 
the shapes of the PZ and RM patterns are 
virtually identical (Fig. 4d). This implies that the 
source material for the very much older (Palaeo- 
zoic) PZ magma had an incompatible element 
fingerprint essentially indistinguishable from that 
of the source of the RM magmas. 

The pattern for the only granite (Fanos) in the 
AZ (Fig. 4d) has a steeper overall trend than 
those of the I-type granitic rocks of all the other 
zones. This is a consequence of the high Rb and 
Nb, but low Zr and Y, contents of the Fanos 
samples; another notable feature is its low Ba 
content. In terms of the incompatible elements, 
the only similarities between the AZ granite and 
the granitic rocks of the same age (Middle to Late 
Jurassic) in the adjacent PRZ are the Ce and Y 
contents.. These differences between the AZ and 
PRZ granitic rocks are probably due to the 
greater degree of fractional crystallisation 
involved in the evolution of the former rather 
than significant differences between their respect- 
ive sources. Other chemical properties of the AZ 
granite, when compared with those of the PRZ 
support this hypothesis: their low P205, TiO2 and 
Sr contents (Table 3 and Figs 2 and 3); their high 
SiO2 and low MgO and CaO (Table 3). 

The variation of the K/Rb ratio between zones 
can be illustrated by reference to Fig. 4. Differ- 
ences in slope of the lines K-Rb show that relative 
to the RM the granitic rocks of the PRZ have 
higher K/Rb ratios, while the ACZ and SMM 
samples have K/Rb ratios close to those of the 
RM ones. In the case of the AZ the K/Rb ratios 
are much lower than in the neighbouring PRZ but 
this is probably the effect of different amounts of 
fractional crystallisation, as suggested above. 

In the Y-SiO2 diagram (Fig. 5) all samples 
except that the Arnaea granite lie well within the 
VAG + COLG field as a consequence of their low 
Y contents, a feature which has been noted above 
in the discussion of Fig. 4. Y shows a general 
decrease as SiO2 increases, with similar but well 
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defined separate trends being shown by the 
samples from the PRZ (I-type rocks) the ACZ 
and the SMM, while the RM samples show little 
variation of Y and SiO2. The S-type granites from 
the PRZ are clearly distinguished by their high Y 
contents; in contrast, the I-type rocks of the PRZ 
exhibit the lowest Y-SiO2 trend of all the Greek 
tectonic zones. 

In the Rb-(Y + Nb) diagram (Fig. 6), which 
Pearce et al. (1984) found to have more discrimi- 
nating power than the two-element plots, none of 
the samples plot in the COLG field. Apart from 
the S-type granites from Arnaea, the only 
samples which plot just outside the VAG field 
boundary in Fig. 6 are three from the ACZ and 
one from the PZ. This is due to their (Y + Nb) 
contents being only 1-4 ppm, i.e. 2-8% relative, 
above values which would plot on the boundary. 
However, the ACZ is, from geological criteria, 
clearly a volcanic arc environment; thus bound- 
aries of such diagrams should be regarded as 
useful guidelines rathe than immutable. 

As in the Y-SiO2 diagram (Fig. 5) the Rb-(Y + 
Nb) plot (Fig. 6) shows well defined pseudo-linear 
trends, with similar slopes, for the I-type samples 
from the PRZ, SMM and ACZ. SiO2 contents 
increase from right to left along each of these 
trends, i.e. within each of the zones PRZ. SMM 
and ACZ higher Rb values are associated with 
higher SiO2 contents. At a given value of (Y + 
Nb) the Rb contents increase in the sequence 
PRZ, SMM and ACZ, the same sequence as in 
the Y-SiO2 plot. In contrast to the trends within 
these three zones, the RM samples form a cluster 
as they show little variation in Rb or (Y + Nb) 
despite the large SiOe range of samples from the 
RM. 

Discussion and conclusions 

In terms of the criteria of Pearce et al. (1984), 
all except one of the Greek granites studied here 
have the geochemical characteristics of granites 
generated in a volcanic arc environment. The 
samples of the Arnaea granite plot in the WPG 
field in Figs. 5 and 6 due mainly to their high Y 
and slightly high Nb contents. As this granite is 
one of several of Jurassic age in the PRZ, there is 
no geological evidence that it was generated in a 
different tectonic environment from the others in 
this zone. Thus, we conclude that its distinguish- 
ing geochemical characteristics are due to its 
source material, discussed below, rather than its 
tectonic environment. 

I-type granitic rocks from the four tectonic 
zones, ACZ, RM, SMM and PRZ, in which most 
Greek granites occur show some small but 
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systematic differences in their trace element 
geochemistry. The differences, both between and 
within zones, are best displayed in Y-Si t2  (Fig. 
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FIG. 3. Mantle-normalised plot (after Wood et al.,  1979) 
of the most acid I-type granite from each tectonic zone. 
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5) and Rb-(Y + Nb) (Fig. 6) diagrams. Despite 
some scatter around the trend for each zone, it 
can be seen from Fig. 6 that, at a given (Y + Nb) 
content, there is a progressive increase by a factor 
of 1.5-1.6 in the Rb content from one zone to 
another in the sequence PRZ, SMM and ACZ. 
At a given Sit2 value the Y concentrations 
increase by a similar factor (1.6-1.8) in the same 
sequence (Fig. 5). The PRZ granites are clearly 
distinguishable by their lower Rb and Y contents 
(Figs 3~5) from those of the RM, SMM and ACZ. 
For the I-type samples from each of these zones 
the mean Rb and Y values increase in the 
sequence PRZ, SMM, RM and ACZ, the values 
being 101,131,155 and 171 ppm for Rb and 11.8, 
15.4, 21.3 and 23.0 ppm for Y. The mean (Y + 
Nb) values show the same trend (22.3, 24.0, 31.7 
and 41.8), despite the fact that the mean Nb 
values, 10.5, 8.6 and 10.4 ppm respectively, for 
the PRZ, SMM and RM samples show little 
variation and the ACZ samples have a much 
higher mean Nb content of 18.8 ppm. 

According to the model proposed by Pearce 
et  al. (1984) the Rb and (Y + Nb) contents of 
volcanic arc granites are controlled by a sequence 
of processes, the effects of which are illustrated in 
Fig. 7. Model evolutionary paths were described 
by Pearce et  al. for the granites of Alaska (points 
with subscript A) and central Chile (subscript C); 
there are four principal stages. 
1. Selective introduction of Rb, together with 
other LIL elements, from the subduction zone 
into the overlying mantle; this process, repre- 
sented by enrichment from MA to E A and from 
Mc to Ec, has little effect on Y and Nb due to 
their retention in the subducted slab. 
2. Partial melting of the L1L-enriched mantle to 
leave a harzburgitic residue; this results in enrich- 
ment of Rb, Y and Nb, together with other 
incompatible elements, in the primary melts PA 
and Pc- 
3. High-pressure fractionation of olivine, plagio- 
clase and augite, causing further enrichment of 
the incompatible elements, to produce evolved 
basic magmas BA and Bc. 
4. Fractionation of plagioclase, clinopyroxene, 
amphibole, magnetite and, at a later stage, biotite 
to produce intermediate (I A and Ic) and acid (AA 
and Ac) magmas; during this process Rb 
continues to be enriched in the evolving liquid but 
the fractionation of amphibole, magnetite and 
accessory phases prevent further enrichment, and 
can even cause some depletion of Y and Nb. 

Examination of Fig. 7 shows that it is the 
mantle composition and stage 1 which are the 
largest factors influencing the differences in the 
Rb contents of the evolved liquids, although 
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variations in the proportions of phases fractionat- 
ing during stage 4 will also have a significant 
effect. Values of (Y + Nb) are thought to show 
little variation in the mantle due to the narrow 
range of Y contents and the low abundance of Nb 
relative to Y. If this is correct, then it is stages 2 
and 3 which will have the greatest influence on the 
(Y + Nb) contents of the residual acid magmas 
but during stage 4 fractionation of significant 
amounts of hornblende or accessory minerals 
and, to some extent biotite, clinopyroxene or 
magnetite (see mineral vectors on Fig. 7) will also 
have an appreciable effect. 

The simplest explanation of the variation of Rb 
and Y + Nb within the granites of central Chile is 
that they evolved by several paths involving 
different degrees of partial melting, stage 2, and 
different amounts of high-pressure fractionation, 
stage 3, so that a number of basic magmas, lying 
along the line PcBc and its extrapolation, with 
different Rb and (Y + Nb) contents were 
produced prior to the low-pressure fractionation, 
stage 4, which gave rise to the acid end-products. 
This mechanism would account for the distribu- 
tion of the rocks about a line almost parallel to 
PcBo The Alaskan granites have an almost 
circular field, suggesting that, relative to those of 
Chile, their evolution involved little variation in 
the factors, mainly stages 2 and 3, controlling (Y 

+ Nb) contents and somewhat greater variation 
in the factors, mainly mantle composition and 
stages 1 and 2, controlling Rb contents. 

Within the Greek granites studied here, there is 
considerably greater variation than is the case for 
central Chile and Alaska (Fig. 7). Consider first 
variation within the zones PRZ, SMM and ACZ; 
in each case the samples lie close to lines 
compatible with the fractionation of hornblende 
and accessory minerals from magmas of interme- 
diate to acid composition. This mechanism is 
supported by the fact that the samples plotting 
nearest to the left-hand end of each trend (Figs 6 
and 7) contain biotite as the only ferromagnesian 
mineral, while the other samples contain both 
biotite and hornblende (Table 2) and greater 
amounts of apatite. Further support is provided 
by other geochemical differences within each 
zone; from right to left along each trend P205, 
CaO, MgO and total Fe decrease and SiO2 
increases. Thus we conclude that the chemical 
variation within each of these three zones is due 
mainly to fractionation and accumulation of 
hornblende and apatite. Separation of these 
phases will produce liquids to the left of the 
median points and their accumulation will give 
compositions to the right. In the case of the RM 
and PZ samples, which contain biotite and 
hornblende, there is no petrographic or geo- 
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chemical evidence of significant fractionation of 
hornblende or apatite; if these zones show any 
trends at all, they resemble small-scale versions of 
the Chilean one. The AZ samples contain biotite 
but no hornblende and there is no evidence of 
fractionation within the granite; there are no 
known hornblende granites in this zone, but some 
could be present below the surface. 

We now turn to consideration of the differences 
between the zones PRZ, SMM, RM, ACZ and 
AZ. The median points (represented by circles in 
Fig. 7) for the samples in each zone shown an 
alignment along a direction parallel to PcBc, 
suggesting that the differences between them are 
a consequence of different evolutionary histories 
during stages 2 and 3, i.e. during partial melting 
and the subsequent high-pressure fractionation, 
and that the granites in each zone have evolved 
from basic magmas with slightly different con- 
tents of Rb and (Y + Nb). if there had been 
significant differences between the L1L element 
compositions of the mantle sources beneath each 
zone, then the sense of variation between zones in 

WPG 

J 
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Fig. 7 would be mainly vertical, i.e. like the 
difference between Alaska and Chile. The 
median points for the Greek tectonic zones lie 
within a field of size and orientation similar to that 
of the Chilean granites, indicating that similar 
petrogenetic histories were involved. The slightly 
higher Rb contents of the Greek granites could be 
due to their mantle source being slightly more 
enriched in Rb than the Chilean mantle. 

We conclude that the Greek 1-type granites 
evolved from mantle sources, with little composit- 
ional variation between zones, containing about 
twice as much Rb as the Chilean mantle. The 
differences between zones are due mainly to small 
variations in the degrees of partial melting and 
high-pressure fractionation, while differences 
within zones are the consequence of variable 
amounts of hornblende and apatite fractionation 
and accumulation at a late stage in the 
petrogenesis. 

The Greek granites with S-type characteristics, 
AR and SO in the tables and figures, are closely 
similar to each other in their Si, Ti, Zr, P, A1, Fe, 
V, Ca and Sr contents (Table 3). However the AR 
and SO intrusions differ so much in Rb, K, Nb, Y, 
R E E ,  Mg, Na and Ba that they must have quite 
different petrogenetic histories; the first five of 
these constituents are 1.5-2.7 times more abun- 
dant in AR than in SO, while Mg, Na and Ba are 
higher in SO by factors of 2, 1.2 and 5 respect- 
ively. Relative to their I-type counterparts in the 
PRZ with similar SiO2 contents, the AR and SO 
granites have high Y (by a factor of 6-10), Nb 
(factor 2-7) and R E E  (factor 1.5-2) and low P 
(factor 0.3), Ca (factor 0.1), Sr (factor 0.07) and 
Zn (factor 0.3); in addition, the AR samples have 
low Mg (factor 0.5) and Ba (factor 0.16) but high 
K (factor 1.5) and Rb (factor 1.8). 

These geochemical differences between the 
AR and SO granites, and between them and the 
other high-SiO2 granites, are too complex to be 
explained merely by variations in the fraction- 
ation or abundances of accessory minerals. The 
absence of hornblende in these two intrusions and 
the above discussion of Fig. 7 show clearly that 
their high Y contents are incompatible with them 
being related to any of the other granites by 
processes involving hornblende fractionation. In 
addition, none of the types of hydrothermal 
alteration satisfactorily account for the positions, 
relative to the other high-SiO2 granites, of AR 
and SO in Fig. 7 (see alteration trends in Fig. 8a of 
Pearce et al. ,  1984). Thus we conclude that, taken 
as a whole, the differences between the AR and 
SO granites and the others are so significant that 
they are most likely to reflect major source 
differences. 
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The  SO grani te  contains abundan t  quartz,  
a lbi te  (Ant00) and muscovite  (25-30%)  but  no K- 
fe ldspar ,  so that  muscovite  plagiogranite  is a 
more  appropr ia te  name  than granite.  The  A R  
grani te  contains less muscovite  (c. 10%) and 
majo r  K-feldspar  in addi t ion to quar tz  and albite. 
Such muscovite-r ich assemblages cannot  be  pro- 
duced directly from an igneous source but  the 
muscovi te  could be the result  of  a l terat ion of K- 
feldspar.  However ,  in these intrusions there  is no 
petrological  evidence,  i.e. no part ly a l tered K- 
fe ldspar ,  for this process. Also,  the muscovites  of 
A R  and SO contain about  7% total i ron oxide and  
thus cannot  be the product  of simple a l tera t ion of 
K-feldspar.  All of these factors lead us to suggest 
tha t  the A R  and  SO magmas  were p roduced  by 
part ial  mel t ing  of non- igneous  sources or are the 
resul t  of ma jo r  contamina t ion ,  by this type of 
crustal  mater ia l ,  of I-type magmas.  Quar tzofeld-  
spathie  schists conta ining major  muscovite  would 
be  sui table  candidates  because (a) they are 
c o m m o n  in the area;  (b) they have appropr ia te  
mel t ing  relat ions (Thompson ,  1982; Le Bre ton  
and  T h o m p s o n ,  1988) for the genera t ion  of 
apprec iable  amounts  of mel t  at reasonable  tem- 
pera tu res  (650-750~ and pressures (4-6 kbar) ;  
(c) the  geochemist ry  of such rocks is compat ible  
with tha t  of the  A R  and SO intrusions.  We 
a t t r ibu te  the  differences be tween  A R  and SO to 
di f ferences  in the  composi t ion,  and/or  the degree 
of  invo lvement ,  of their  S-type components .  
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