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Abstract: The Xanthi Plutonic Complex (XPC) is one of a series of Oligocene subduction-related plu-
tonic bodies comprising an “acid” group and a “basic” group. Based on mineral compositions and as-
semblages of the “basic” group, the XPC is assumed to have originally crystallized at a pressure of 5.4 
kbar and at a temperature of 1300oC under relatively dry conditions and oxygen fugacity (fO2) near the 
NNO buffer. As the basic magma migrates to shallower levels and at a temperature of about 870oC, wa-
ter content increases and oxygen fugacity moves towards the MH buffer. The increase of water content 
could be the result of open system evolutionary processes. The “acid” group crystallizes at an average 
temperature of 729oC and at a pressure of 0.7 kbar under oxidizing conditions, between the NNO and 
MH buffer, suggesting a possibly different origin and/or evolution for the “acid” group. 

Keywords: Xanthi Plutonic Complex, Greece, geothermobarometry, crystallization conditions.  
 
1. Introduction 
Magmatic rocks and particularly granites are a 
common characteristic feature of orogenic belts. 
No matter how their melts have generated, granites 
of orogenic areas are significant geologic tracers 
and can always help in unravelling the tec-
tonomagmatic history of such belts. Magmatic 
rocks are widespread in Macedonia and Thrace in 
northern Greece, intruding the Rhodope Massif 
crystalline basement.  
The Oligocene to Miocene evolution of the 
Rhodope Massif is dominated by the presence of 
fault-controlled sedimentary basins with calc-
alkaline to high-K calc-alkaline intrusive and ex-
trusive magmatism and volcaniclastic intercala-
tions. Early Tertiary volcanism is widespread in 
the central and eastern Rhodope Massif (Innocenti 
et al., 1984; Eleftheriadis, 1995; Eleftheriadis and 
Lippolt, 1984; Christofides et al., 2001b). Grani-
toids of varying composition are also widespread 
in Rhodope Massif comprising monzonitic and 
granodioritic rocks and subordinate gabbro. Plu-
tonic intrusions of mostly Oligocene age, such as 
Xanthi, Kavala and Vrondou, are more widespread 
in central and western Rhodope Massif (Kotopouli 
& Pe-Piper, 1989; Christofides, 1996; Christofides 
et al., 1998 and references therein).  

It is well known that the mineral assemblages of 
the magmatic rocks and their compositions are 
strongly related to the composition of the melts 
and mainly to the physicochemical conditions dur-
ing their crystallization. However, retrieval of 
pressure and temperature information can be diffi-
cult. Mineral assemblages in igneous rocks crys-
tallize over a wide temperature interval and are not 
often equilibrium associations. Some mineral 
phases continue to react under subsolidus condi-
tions. Nevertheless, low-variance phase assem-
blages still exist and can be used to estimate crys-
tallization conditions during magma solidification. 

The XPC comprises rocks with a wide range of 
mineral constituents (olivine, two pyroxenes, am-
phiboles, biotite, feldspars, iron-titanium oxides), 
the study of which could offer valuable informa-
tion concerning the P-T conditions under which the 
rocks were generated. The aim of this study is to 
investigate the mineral assemblages of the various 
rock types of the XPC and to apply several pub-
lished geothermobarometers, based on mineral 
compositions, in order to estimate its crystalliza-
tion conditions. 
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2. Materials and Methods 
Mineral analyses were carried out at the Geology 
Department of Manchester University, using an 
EDS LINK system attached to a JEOL 6400 SEM 
with 15 KV accelerating voltage and 3 nA probe 
current. Pure Co was used as an optimization ele-
ment. 

FeO and Fe2O3 values for pyroxenes and magnetite 
were calculated using the method of Droop (1987) 
and for amphiboles the method of Schumacher 
(Appendix 2, Leake et al., 1997). FeO and Fe2O3 
values for biotites were determined by wet chemi-
cal method. 

3. Geological setting-Petrography and Geo-
chemistry 
Geophysical data (Maltezou & Brooks, 1989; Tso-
kas et al., 1996) suggest that XPC is a laccolith-
shaped body, extending several kilometers south-
wards. The Complex, which is mostly undeformed 
and unweathered, forms an extensive contact 
metamorphic aureole with skarn mineralisation 
(Liati, 1986).  The XPC (Christofides, 1977; 1989; 
Christofides et al., 1998; Kyriakopoulos, 1987; 
Koukouvelas & Pe-Piper, 1991) is in magmatic 
contact with gneisses, mica schists, amphibolites, 
calc-silicate rocks, marbles and Eocene-Oligocene 
sedimentary rocks of the Rhodope Massif. To the 
south, the XPC is in fault-contact with Neogene 
and Quaternary rocks.  

The XPC is distinguished into two main rock 
groups: a) the “acid” group and b) the “basic” 
group. The terms “acid” and “basic” do not have a 
strictly geochemical meaning but they are used just 
for the separation of the rocks into two groups. 

a) The “acid” group is composed of granodiorite 
(Grd) which grades into monzogranite (MzGr) and 
occupies the largest part of the XPC. It contains 
plagioclase, K-feldspar, biotite hornblende and Fe-
Ti oxides. Marginally it is more or less porphyritic. 
Granodiorite covers 75% of the Complex. 

b) The “basic” group occurs in the eastern part of 
the Complex and is composed mainly of monzo-
nite (Mz) with subordinate quartz monzonite, 
quartz monzodiorite (QMzd) and monzogabbro 
(Mzg). It consists of plagioclase, perthitic and non-
perthitic K-feldspar, biotite, clinopyroxene, ortho-
pyroxene, Fe-Ti oxides and locally hornblende. A 
small two-pyroxene-olivine gabbro (Gb) occurs at 
the northeastern end of the Complex (Fig. 1). 
Lastly, small exposures of quartz gabbro (QGb) 
and quartz diorite (Qd), as well as monzonitic por-
phyry (MzP), occurring at the eastern and north-
eastern part of the XPC, respectively, have also 
been identified. Microgranular mafic enclaves of 
quartz diorite composition occur mainly near the 
margin of the granodiorite. 

Silica content of the XPC ranges between 44-78 
wt%. A distinction of the rocks into a gabbroic-
monzonitic group, corresponding to the “basic” 

Fig. 1. Petrological map of the Xanthi Plutonic Complex. 
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group, and a granodioritic group is obvious in most 
element variation diagrams at about 62 wt% silica. 
Some of the elements e.g. Ba and Zr behave as in-
compatible in the first group and then become 
compatible dropping in the granitic group. K2O 
and Rb increase with silica but with different 
trends, the gabbromonzonitic being steeper. ΣREE 
increase from gabbro to monzonite and then drop 
to the granodiorite. REE patterns are tightly 
banded. LREE are enriched and Eu anomaly is dis-
tinct negative except in cumulitic gabbro (Christo-
fides, 1990; Christofides et al., 1998). The XPC is 
considered as having post-COLG characteristics 
(Christofides et al., 2001a). Initial 87Sr/86Sr ratios 
of 0.7045-0.7075 (Kyriakopoulos, 1987; Christofi-
des, 1989) require an upper mantle/lower crust 
source material for the evolution of the Xanthi 
rocks. 

4. Mineral Chemistry 
The minerals of the XPC are extensively discussed 
in Christofides (1977). Here, they are only briefly 
described. Representative mineral analyses are 
given in table 1. 

4.1. Olivine 
Olivine is only found in the gabbro of the “basic 
group”. Altered olivine is found in some instances 
in monzogabbro and monzonite. It is Mg-rich 
ranging in composition from Fo58 to Fo70.  

4.2. Pyroxene 
Orthopyroxene and clinopyroxene, the main mafic 
minerals of the “basic” group, have Mg/(Mg+Fe) 
ratios ranging from 0.63 to 0.71 and 0.69 to 0.76, 
respectively, when accompanied by olivine. In or-
thopyroxene and clinopyroxene assemblages not 
accompanied by olivine, Mg/(Mg+Fe) ratios range 
from 0.49 to 0.61 and 0.64 to 0.75, respectively. 

Octahedral Al3+ and Ti4+ (both <0.03) are relatively 
constant for all pyroxenes. The highest 
Mg/(Mg+Fe) ratio (0.71) for orthopyroxene was 
measured in a gabbro sample  but overall pyroxene 
mineral chemical compositions are considered ho-
mogeneous. 

4.3. Amphibole 
Amphibole is present in the monzonitic rocks of 
the “basic” and in the rocks of the “acid” group. It 
appears to be homogeneous, with no apparent 
compositional zoning. In the IMA-approved no-
menclature (Leake et al., 1997), the amphiboles are 
classified as magnesio-hornblendes, with the ex-

ception of the monzonitic porphyry amphiboles, 
which are classified as edenites. Mg/(Mg+Fe) ra-
tios range from  of 0.58 to 0.76 and Si content 
ranges from 6.8 to 7.6 atom per formula unit. 

A positive correlation is observed between AlIV 
and Altot

 (Fig. 2a), in agreement with Hammar-
strom and Zen (1986), showing a systematic dif-
ference between the Al contents of the amphiboles 
in different rock types. The compositional varia-
tions observed in amphiboles could be the result of 
single or coupled substitutions. Figure 2 indicates 
that the possible coupled substitutions present in 
the amphiboles are edenite, Ti-tschermakite and 
simple substitution of Fe2+ for Mg. 

4.4. Biotite 
Biotite is the most common mafic mineral found in 
all rock types including gabbro. It is Mg-rich with 
a Mg/(Mg+Fe) ratio ranging from 0.49-0.76 (Fig. 
3) and shows little variation in tetrahedral alumi-
num (2.28-2.45). 

4.5. Feldspars 
Plagioclase occurs in all rock types. Optically 
zoned crystals have a core composition of An53-80 
in the “basic” group and An38-50 in the “acid” 
group. The overall composition of the unzoned 
crystals is An40-60 and An37-44 in the two groups, re-
spectively. 

K-feldspar ranges in composition from Or56 to 
Or87, and in a few cases includes a celsian compo-
nent that reaches 2.35wt%. In the monzonitic sam-
ples from the “basic” group a perthitic K-feldspar 
has been recognized. These perthitic feldspars con-
sist of intergrowths of alkali feldspar and albitic 
plagioclase. In most cases they are mesoperthites, 
i.e. with wormy intergrowths of a Na-rich phase 
the composition of which is An ~30 (An26-44) and a 
K-rich phase (host K-feldspar) having Or62-75 (Fig. 
4). They have been interpreted to be original ter-
nary feldspars that have subsequently exsolved 
(Fuhrman et al., 1988; Papadopoulou et al., 2005). 

4.6. Fe-Ti oxides 
Magnetite is the predominant Fe-Ti oxide in all 
rock samples. Ilmenite is found as single crystals 
and also as thin lamellae in magnetite. The TiO2 
content of magnetite varies (up to 9.5 wt%) while 
MnO is rather constant (0.5 wt%). Ilmenite com-
position ranges from 0.89 to 0.96 xilm with varying 
MnO content (0.8-3 wt%).  

 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



202 
 

  
Table 1. Representative mineral analyses of the XPC. 

Olivine                   
Rock group Basic                   
Sample Gb Gb Gb Gb                   
SiO2 37,67 36,20 36,41 37,08                   
FeO 29,09 34,25 34,41 29,81                   
MnO 0,52 0,90 0,67 0,43                   
MgO 33,47 28,91 29,25 32,67                   
CaO       0,12                   
Total 100,75 100,25 100,75 100,11                   
                            

Orthopyroxene   Clinopyroxene   
Rock group Basic   Rock group Basic   
Sample Mz QMzd MzP Gb   Sample Mz QMzd Gb MzP Mzg Qd   
SiO2 52,24 53,66 51,94 53,52   SiO2 51,29 51,76 51,83 51,88 51,91 53,21   
TiO2     0,18 0,27   TiO2 0,98 0,68 0,62 0,73 0,92     
Al2O3 0,77 0,60 0,32 0,94   Al2O3 3,29 2,25 2,25 2,67 1,95 0,62   
FeO 24,67 20,96 27,79 20,98   FeO 9,17 9,31 9,55 8,92 10,75 7,97   
MnO 0,66 0,82 1,4 0,73   MnO 0,25 0,30 0,31 0,00 0,43 0,67   
MgO 19,30 22,99 17,21 22,17   MgO 14,32 13,80 13,76 13,88 13,91 13,98   
CaO 1,55 1,51 0,97 1,52   CaO 20,38 20,99 21,78 21,42 20,65 23,11   
Na2O 0,39         Na2O 0,53 0,36 0,35 0,55       
Total 99,58 100,55 99,81 100,12   Total 100,21 99,45 100,45 100,06 100,52 99,56   
                            

Biotite   Amphibole 
Rock group Acid Basic   Rock group Acid Basic 
Sample Grd QMzd MzP Mzg   Sample Grd MzGr Mz QMzd MzP Qd QGb 
SiO2 36,85 37,82 37,69 37,22   SiO2 50,02 51,56 49,37 48,71 46,23 49,02 48,78 
TiO2 4,91 4,36 4,83 6,61   TiO2 0,88 0,48 0,64 0,64 1,61 1,19 1,5 
Al2O3 13,46 13,34 13,26 13,02   Al2O3 4,57 3,77 5,23 5,12 6,83 5,64 5,96 
Fe2O3 3,63 1,36 4,99 3,11   FeO 12,84 12,05 14,20 15,15 13,82 12,66 12,18 
FeO 14,79 15,52 13,65 18,46   MnO 0,74 0,86 0,50 0,40 0,29 0,47 0,49 
MnO 0,53 0,21 0,32     MgO 15,17 15,5 14,66 13,67 13,54 14,90 15,13 
MgO 12,39 13,92 12,93 10,01   CaO 11,87 12,07 11,45 11,21 11,44 11,94 11,63 
CaO   0,17 0,20 0,22   Na2O 1,17 0,68 1,42 1,31 1,80 0,97 0,98 
Na2O 0,31 0,29 0,31 0,31   K2O 0,43 0,29 0,59 0,62 1,25 0,54 0,51 
K2O 9,36 9,39 9,37 9,44   Total 97,69 97,26 98,05 96,82 96,80 97,33 97,16 
Total 96,23 96,38 97,55 98,40                   
                            

Plagioclase   K-feldspar       
Rock group Acid Basic   Rock group Acid Basic       
Sample Grd MzP Gb Mz   Sample Grd MzP Gb Mz       
SiO2 57,14 55,18 55,30 58,22   SiO2 64,13 64,85 65,72 64,66       
Al2O3 26,29 28,14 28,14 25,65   TiO2   0,23 0,41 0,34       
FeO 0,28 0,34       Al2O3 18,99 19,12 19,07 18,76       
CaO 9,01 11,23 11,46 8,36   FeO 0,17             
Na2O 6,13 4,91 4,64 6,68   CaO 0,15 1,11 0,31 0,22       
K2O 0,25 0,33 0,45 0,25   Na2O 1,34 4,17 2,80 2,53       
Total 99,10 100,13 99,99 99,15   K2O 14,32 9,59 12,30 12,80       
            BaO 0,57             
            Total 99,67 99,06 100,60 99,32       
                            

Magnetite   Ilmenite       
Rock group Basic   Rock group Basic       
Sample QMzd Mz MzP Gb   Sample QMzd Mz MzP Gb       
SiO2 0,31 0,45 0,25 0,88   SiO2 0,29 0,17 0,20 0,74       
TiO2 0,34 0,71 2,61 4,30   TiO2 49,15 49,93 50,28 49,58       
Al2O3 0,49 0,66 1,01 2,87   Al2O3       0,47       
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Fig. 2. Fig. 2. a) Relationship between AlIV and Altot in amphiboles of the studied pluton; b-c) dia-
grams showing coupled ion substitutions in amphiboles, b) edenite, c) Ti-tschermakite; d) simple 
Fe2+-Mg substitution.○= “acid” group, ■ = “basic” group. 

 
Fig. 3. Nomenclature of biotites of the XPC according to Deer et al. (1962). Symbols as in fig. 2. 
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5. Intensive parameters 
Mineral chemical data were used to constrain the 
crystallization conditions of the XPC, i.e. pressure, 
temperature, fO2 and fH2O. 

5.1. Pressure  
Pressure estimates were made using the clinopy-
roxene and the Al-in-amphibole geobarometer. 
According to Nimis (1999), pressure is the main 
physical variable that controls the chemical beha-
viour of clinopyroxene in a magmatic environ-
ment. The pressure of crystallization of the Com-
plex was calculated assuming a mean temperature 
of 1000oC, as discussed later. The highest pres-
sures have been calculated for the porphyritic 
monzonite and quartz monzodiorite, probably 
representing a lower crystallization level for these 
two rock types and/or a different crystallization 
history. We consider that the pluton started to con-
solidate at a pressure of 5.8 kbar. 

Several studies (e.g. Hammarstrom & Zen, 1986; 
Hollister et al., 1987; Johnson & Rutherford, 1989; 
Schmidt, 1992; Anderson & Smith, 1995) revealed 
that Al content of hornblende varies linearly with 
pressure of crystallization. However, pressure es-
timates may be affected by ion substitutions in 
hornblende, oxygen fugacity and fluid composi-
tion.  

Anderson & Smith (1995) argue that temperature 
and  fO2  can greatly affect the Al content in amphi-
bole and suggest a ratio of Fe3+/(Fe3++Fe2+)>0.25 
(or 0.20, as suggested by Schmidt, 1992) and, sub-
sequently, Fetot/(Fetot+Mg) ratios in the range of 
0.40-0.65 for amphiboles used for barometry.  

Although MzP shows the highest pressure of crys-
tallization, as calculated by the barometer of 
Schmidt (1992), it is not taken into account, as 

amphiboles of this rock type, fail to meet the above 
criteria. Negative values obtained by the Anderson 
& Smith (1995) geobarometer are attributed to the 
same reason. 

As a result, we accept a pressure of 1.8 kbar for the 
“basic” group and 0.7 for the “acid” group, the lat-
ter being supported by the extensive contact meta-
morphism. For the “basic” group, pressure values 
are lower than those calculated from clinopyrox-
enes. They probably reflect the level at which 
hornblende crystallizes rather than the pluton itself. 
Average pressure estimates are given in table 2 for 
the “basic” and “acid” group.  

5.2. Temperature 
In magmatic rocks, mineral phases crystallize in a 
wide range of temperature values and it is rather 
uncertain if they have reached equilibration during 
magma consolidation. Many minerals continue to 
equilibrate under subsolidus conditions or exhibit 

Table 2. Pressure estimates for the XPC. 
Clinopyroxene geobarometer (Nimis 1999) 
  Basic 
P (kbar)  Mz Mzg Qd QMzd MzP Gb 
min 3,3 3,3 3,5 7,1 5,8 2,3 
max 4,5 5,8 3,5 11,4 14,2 5,4 
average 4,1 4,5 3,5 9,2 10,0 3,8 

Al-in-amphibole geobarometer 
Schmidt (1992) 

  Acid Basic 
P (kbar)  Grd MzGr Mz QMzd MzP Qd QGb 
average 0,7 0,1 1,3 1,2 2,5 1,6 1,8 

Anderson & Smith (1995) 
  Acid Basic 

P (kbar)  Grd MzGr Mz QMzd MzP Qd QGb 
average 0,5 0,2 0,8 0,8 -1,6 -3,6 0,4 

 
Fig. 4. Wormy intergrowth of Na-rich plagioclase and K-feldspar having originally ternary com-
positions. Under crossed polars. Horizontal dimension is 0.5 mm. 
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zonation indicating continuous reaction with the 
melt. In order to determine the crystallization con-
ditions of a pluton it is necessary to use different 
geothermometers (Anderson, 1996).  

Temperature estimates in the present study are 
based on the QUIlF program (Quartz + Ulvospinel 
= Ilmenite + Fayalite equilibrium abbreviated as  
QUIlF) applications to the olivine-pyroxene, two-
pyroxene and magnetite-ilmenite assemblages 
(Frost & Lindsley, 1992; Lindsley & Frost, 1992), 
the hornblende-plagioclase geothermometer of 
Holland & Blundy (1994) and the two-feldspar 
geothermometer of Fuhrman & Lindsley (1988), 
modified by Kroll et al. (1993). 

Table 3 summarizes the results of crystallization 
temperatures. Application of the QUIlF program to 
the olivine-pyroxene and the two-pyroxene assem-
blages found in the “basic” group, yield maximum 
temperatures of 1300 and 1000oC (±40oC), respec-
tively (average temperatures 1000o and 868oC). 
The two-oxide thermometer provides a wide range 
of temperatures from 428-824oC, possibly reflect-
ing re-equilibration during cooling and a maximum 
temperature of 916oC calculated from ilmenite la-
mellae in magnetite.   

The plagioclase-amphibole geothermometer yields 
an average temperature of 729oC and 878oC for the 
“acid” and “basic” group, respectively. The latter 

agrees with the average temperature calculated 
with the two-pyroxene geothermometer. 

The two-feldspar geothermometry application pro-
vides temperatures ranging from 830-880oC for the 
mesoperthite feldspars found in the monzonitic 
rocks of the “basic” group and an average tempera-
ture of 580oC for the feldspar pairs found in the 
“acid” group. The former are in good agreement 
with the average temperatures calculated with the 
two-pyroxene geothermometer, while the latter are 
considerably lower than those calculated by the 
hornblende-plagioclase geothermometer, possibly 
indicating subsolidus re-equilibration. 

5.3. Oxygen fugacity 
Oxygen fugacity calculated by the QUIlF program 
for magnetite and ilmenite bearing assemblages 
shows a wide variation in the “basic” group, from 
1.6 to –1.3 DFMQ log fO2 in the gabbroic rocks and 
0.2 to 4.0 DFMQ log fO2 in the monzonitic rocks, 
reflecting more oxidizing conditions. Increase of 
oxygen fugacity causes crystallization of magnetite 
and Mg-enrichment of amphibole and pyroxenes 
(Cornejo & Mahood, 1997). 

According to Wones & Eugster (1965) Mg-rich 
biotites suggest crystallization at relatively oxidiz-
ing conditions. As seen in figure 5, biotites crystal-
lize above the NNO buffer. Under the same condi-
tions Fe2+ is more readily oxidized than Mn and 
this leads to Mn enrichment in ilmenite. Indeed, 
ilmenite has Mn content up to 4wt%.  

5.4. Water fugacity 
An estimation of the water content during final 
crystallization can be made using the biotite-
sanidine-titanomagnetite geobarometer (Wones & 
Eugster, 1965). Using temperatures and oxygen 
fugacity calculations from coexisting Fe-Ti oxides, 
values of fH2O span a wide range from 0.2 to 2.5 

Basic
T (oC) Gb
min 841
max 1306
average 999

Orthopyroxene+Clinopyroxene (Lindsley & Frost 1992)

T (oC) Mz QMzd MzP Gb
min 613 608 676 670
max 1020 723 837 1008
average 868 667 751 791

Amphibole+Plagioclase (Holland & Blundy 1994)

T (oC) Grd MzGr Mz QMzd MzP Qd QGb
min 693 710 726 728 834 924 741
max 769 710 745 768 954 924 741
average 729 710 735 756 881 924 741

T (oC) QMzd Mz MzP Gb
average 864 666 604 741

Olivine+Orthopyroxene+Clinopyroxene (Lindsley & Frost 1992)

Magnetite+Ilmenite (Lindsley & Frost 1992)

Basic

Acid Basic

Basic

Table 3. Temperature estimates for the XPC.

 
Fig. 5. Plot of biotites of the XPC on the triangular dia-
gram Fe3+-Fe2+-Mg of Wones & Eugster (1965). 
1. Fe3O4-Fe2O3 (MH), 2. Ni-NiO (NNO), 3. SiO2-
Fe2SiO4-Fe3O4 (QFM). Symbols as in fig. 2. 
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kbar in the “basic” group, probably reflecting dis-
equilibrium among biotite, K-feldspar and Fe-Ti 
oxides.  

Textural relations compared with experimental 
studies on similar compositions (Naney, 1983) can 
give qualitative information on water content of 
the XPC. Biotite crystallizes under rather dry con-
ditions (0.5-5%wt H2O) while the presence of 
hornblende requires a minimum of approximately 
4 %wt H2O in a granodioritic system at 2 kbar and 
fO2 between NNO and MH buffers. In the “basic” 
group, amphibole is absent from most of the min-
eral assemblages and its crystallization follows that 
of biotite. These observations suggest low water 
content during the early stages of crystallization, 
below 4 wt%. In a later crystallization stage water 
content increases, due very probably to open sys-
tem evolutionary processes, leading to amphibole 
crystallization. 

6. Discussion 
Estimation of the crystallization conditions of a 
pluton can provide evidence concerning its evolu-
tion history. From this study, it is evidenced that 
the XPC originally crystallized at a pressure of 5.8 
kbar and at a maximum temperature of 1300oC un-
der relatively dry conditions and fO2 near the NNO 
buffer. This temperature probably reflects the ini-
tial crystallization of the gabbroic magma immedi-
ately after its emplacement. At a later stage of 
crystallization and at an average temperature of 
about 870oC, water content increases (above 
4%wt) leading to the crystallization of amphibole, 
the disappearance of olivine and the formation of 
mesoperthites, which follow the exsolution of ini-
tial ternary feldspar. The increase of water content 
could allow the magma to reach shallower em-
placement levels, which probably is reflected in 
the lower pressures calculated by the Al-in-
hornblende barometer. Oxygen fugacity increases 
towards the MH buffer as indicated by the Fe3+ 
content of biotite and the composition of the Fe-Ti 
oxides. The increase of water content could be the 
result of open system evolutionary processes. 

The “acid” group crystallizes at an average tem-
perature of 729oC and at a pressure of 0.7 kbar un-
der oxidizing conditions, between the NNO and 
MH buffer. Temperatures, and mainly pressures, 
are significantly lower than those of the “basic” 
group, suggesting possibly a different origin and/or 
evolution of the “acid” group. 

Lower temperatures (400-600oC) obtained for in-
dividual plagioclase and K-feldspar pairs and Fe-
Ti oxides confirm that these minerals are affected 
by subsolidus re-equilibration.  

These results seem to be in agreement with the 
geochemical characteristics of the Complex (work 
in progress). 

References 

Anderson J.L. & Smith D.R. (1995). The effect of tem-
perature and oxygen fugacity on Al-in- hornblende 
barometry. Amer. Mineral., 80, 549-559. 

Anderson J.L. (1996). Status of thermobarometry in 
granitic batholiths. Trans. Roy. Soc. Edinburgh, 
Earth Sciences, 87, 125-138 

Christofides G. (1977). Contribution to the study of plu-
tonic rocks in the area of Xanthi Ph.D. thesis, 
Univeristy of Thessaloniki, 249pp (in Greek with 
English abstract). 

Christofides G. (1989). Evolution of the Xanthi pluton, 
N. Greece. Proc. XIV Congress CBGA, Sofia, 168-
169. 

Christofides G. (1990). Evolution of the Xanthi pluton 
(NE Greece). XIV Congress of Carpatho-Balkan 
Geological Association, Sofia, 198-199. 

Christofides G. (1996). Tertiary magmatism in the 
Greek Rhodope Massif, northern Greece: granitic 
plutons. In: Terranes of Serbia. The formation of the 
geologic framework of Serbia and the adjacent re-
gions. eds, Knezevic, V.&Krstic, B. Univ. of Bel-
grade, 155-160. 

Christofides G., Soldatos T., Eleftheriadis G. & Koro-
neos A. (1998). Chemical and isotopic evidence for 
source contamination and crustal assimilation in the 
Hellenic Rhodope plutonic rocks. Acta Vulcanologi-
ca, 10(2), 305-318. 

Christofides, G., Koroneos, A., Soldatos, T., Eleftheria-
dis, G. & Kilias, A. (2001a). Eocene magmatism 
(Sithonia and Elatia plutons) in the Internal Helle-
nides and implications for Eocene-Miocene geologi-
cal evolution of the Rhodope Massif (Northern 
Greece). Acta Vulcanologica, 13(1-2), 73-89. 

Christofides G., Pecskay Z., Eleftheriadis G., Soldatos 
T. & Koroneos A. (2001b). Petrology and K/Ar 
geochronology of the Tertiary Evros volcanic rocks, 
Thrace, northeastern Greece. PANCARDI 2001, 
Proc. II Abstracts, DP6-7. 

Cornejo P.C. & Mahood G.A. (1997). Seeing past the 
effects of re-equilibration to reconstruct magmatic 
gradients in plutons: La Gloria Pluton, central Chi-
lean Andes. Contrib. Mineral. Petrol., 127, 159-175. 

Deer W.A., Howie R.A. & Zussman J. (1962). Rock-
forming minerals. Longman Limited, London. 

Droop G.T.R. (1987). A general equation for estimating 
Fe3+ concentrations in ferromagnesian silicates and 
oxides from microprobe analyses, using stoichiome-
tric criteria. Mineral. Mag., 51, 431-435. 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



207 
 

Eleftheriadis G. (1995). Petrogenesis of the Oligocene 
volcanics from Central Rhodope massif (N. Greece). 
Eur. J. Mineral., 7, 1169-1182 

Eleftheriadis G. & Lippolt G.J. (1984). Alterbestim-
mungen zum oligozänen Vulcanismus der Süd-Rho-
dopen (Nord-Griechenland). N. Jb. Geol. Paläont. 
Mon., 3, 179-191 (in German with English abstract). 

Frost, B.R. & Lindsley, D.H. (1992). Equilibria among 
Fe-Ti oxides, pyroxenes, olivine and quartz: part II. 
Application. Amer. Mineral., 77, 1004-1020. 

Fuhrman, M.L. & Lindsley, D.H. (1988). Ternary feld-
spar modeling and thermometry. Amer. Mineral., 
73, 201-215. 

Fuhrman, M.L., Frost, B.R. & Lindsley, D.H. (1988). 
Crystallization conditions of the Sybille monzosye-
nite, Laramie anorthosite complex, Wyoming. J. Pe-
trol., 29, 699-729. 

Hammarstrom, J.M. & Zen, E.-A. (1986). Aluminium in 
hornblende: an empirical igneous geobarometer. 
American Mineralogist, 71, 1297-1313. 

Holland T.& Blundy J. (1994). Non-ideal interactions in 
calcic amphiboles and their bearing on amphibole-
plagioclase thermometry. Contrib. Mineral. Petrol., 
116, 433-447. 

Hollister L.S., Grisom G.C., Peters E.K., Stowell H.H. 
& Sisson V.B. (1987). Confirmation of the empirical 
correlation of Al in hornblende with pressure of so-
lidification of calc-alkaline plutons. Amer. Mineral., 
72, 231-239. 

Innocenti F., Kolios N., Manetti P., Mazzuoli R., Rita F. 
& Villari L. (1984). Evolution and geodynamic sig-
nificance of the Tertiary orogenic volcanism in nor-
theastern Greece. Bull. Volcanol., 47, 25-37. 

Johnson M.C. & Rutherford M.J. (1989). Experimental 
calibration of the aluminium-in-hornblende geoba-
rometer with application to Long Valley caldera 
(California) volcanic rocks. Geology, 17, 837-841. 

Kotopouli, C.N. & Pe-Piper, G. (1989). Geochemical 
characteristics of felsic intrusive rocks within the 
Hellenic Rhodope: a comparative study and petro-
genetic implications. N. Jb. Min. Abh., 161, 141-
169. 

Koukouvelas, I. & Pe-Piper, G. (1991). The Oligocene 
Xanthi pluton, Northern Greece: a granodiorite em-
placed during regional extension. J. Geol. Soc. Lon-
don, 148, 749-758.  

Kroll, H. Evangelakakis C. & Voll, G. (1993). Two-
feld-spar geothermometry: a review and revision for 
slowly cooled rocks. Contrib. Mineral. Petrol., 114, 
510-518. 

 
 
 
 
 
 
 
 
 

Kyriakopoulos C. (1987). Geochronological, geochemi-
cal, mineralogical and isotopic studies of the Ter-
tiary plutonic rocks of the Rhodope. Ph.D thesis, 
Univ. of Athens, 343pp. (in Greek with English ab-
stract). 

Leake, B. E., Wooley, A. R., Arps, C. E. S., Birch, W. 
D., Gilbert, M. C., Grice, J. D., Hawthorne, F. C., 
Kato, A., Kisch, H. J., Krivovichev, V. G., Linthout, 
K., Laird, J., Mandarino, J. A., Maresh, W. V., 
Nickel, E. H., Rock, N. M. S., Schumacher, J. C., 
Smith, D. C., Stephenson, N, C., N., Ungaretti, L., 
Whittaker, E. J. W. & Youzhi, G. (1997). Nomen-
clature of Amphiboles: Report of the Subcommittee 
on Amphiboles of the International Mineralogical 
Association, Commission on New Minerals and 
Mineral Names. Can. Mineral., 35, 219-246. 

Liati A. (1986). Regional metamorphism and overprint-
ing contact metamorphism of the Rhodope zone near 
Xanthi (N. Greece). Ph.D. thesis, Tech. Univ. 
Braunschweig, 186p. 

Lindsley, D.H. & Frost, B.R. (1992). Equilibria among 
Fe-Ti oxides, pyroxenes, olivine and quartz: part I. 
Theory. Amer. Mineral., 77, 987-1003. 

Maltezou F. & Brooks M. (1989). A geophysical inves-
tigation of post-Alpine granites and Tertiary sedi-
mentary basins in northern Greece. Jour. Geol. Soc., 
146, 53-59. 

Naney, M.T. (1983). Phase equilibria of rock forming 
ferromagnesian silicates in granitic systems. Amer. 
Jour. Sci., 283, 993-1033. 

Nimis, P. (1999). Clinopyroxene geobarometry of 
magmatic rocks. Part 2. Structural geobarometers for 
basic to acid, tholeiitic and mildly alkaline magmatic 
systems. Contrib. Mineral. Petrol., 135, 62-74. 

Papadopoulou L., Christofides G, Soldatos T., Koroneos 
A. & Eleftheriadis G. (2005). Crystallization condi-
tions of the Maronia pluton, Thrace. Proc. 2nd Con-
gress of the Economic Geology, Mineralogy and 
Geochemistry Committee of GSG, 299-308. 

Schmidt, M.W. (1992). Amphibole composition in tona-
lite as a function of pressure: an experimental cali-
bration of the Al-in-hornblende barometer. Contrib. 
Mineral. Petrol., 110, 304-310. 

Tsokas G.N., Chrisofides G., Papakonstantinou C. 
(1996). A geophysical study of the granites and the 
sedimentary basins of the Xanthi area (N. Greece). 
“PAGEOPH”, 146, 2, 365-392. 

Wones, D.R. & Eugster, H.P. (1965). Stability of bio-
tite: experiment, theory and application. Amer. Min-
eral., 50, 1228-1272. 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.




