Aektio EAAnvikng Fewhoywkng Etapiac top. XXXNi, 39 - 50, 1999
Bulietin of the Geological Society of Greece vol. XXXIll, 39 - 50, 1999 39

Variation in amphibole compostition from the Serifos
intrusive complex (Greece), under magmatic and
hydrothermal alteration conditions. An application of
hornblende geobarometry

C. STOURAITI' and P. MITROPOULOS?

ABSTRACT

Microprobe analyses of amphiboles of different samples from the Serifos intrusion, including fresh
to altered granodiorite, skarns, quartz diorite mafic enclaves and rhyodacite dykes, indicate that all
amphiboles are calcic ((Ca+Na), >1.34, Na_> 0.67) ranging in composition from tschermakite through
Mg-hornblende to actinolite. The relatively wide compositional range of these amphiboles is controled
by the tschermakite type and edenite type cation substitutions. The tschermakite type cation substi-
tution is predominant in magmatic amphiboles from the unaltered granodiorite and the mafic enclaves
while the edenite type is the main cation substitution in actinolites from the altered parts of the

granodiorite.

The Al-in-hornblende barometer for calc-alkaline plutons and volcanic rocks was applied. The pres-
sure estimates according to this geobarometer are in the range 0.33 - 2.2 * 0.5 kb.

The observed instability of hornblende as seen clearly in the mafic enclaves as well as in the
dykes, indicated by its partial replacement by biotite, suggest relatively moderate H,0 content and
clearly water undersaturated conditions of the granodiorite system at the low e.g., 2kb, shortly before

its final solidification.

INTRODUCTION - GEOLOGICAL SETTING

Serifos island is part of Cyclades, located in
the Southern Aegean (Fig. 1). More than one third
of the island is occupied by the granitoid compos-
ite intrusion. The basement of the island is a pile
of accreted metasediments, metabasites, marbles
and occasional ultrabasic lenses stacked as dis-
tinct tectonic packages corresponding to variable
P-T-t conditions. The intrusion produced a con-
tact metamorphic aureole and extensive skarn
and ore formations in the country rocks (SALEMINK,
1985).

The Serifos pluton represents a typical ex-
ample of the upper Miocene Cyclades I-type
granitoids. Most rock types comprising the grani-

toid are generally not per-aluminous but are horn-
blendic. The composition of the pluton ranges from
hornblende-biotite granodiorite to biotite granite
with common quartz-hornblende diorite enclaves
and rhyodacite dykes, which occur near the mar-
gins of the complex. Aplite and pegmatite veins
represent the most fractionating magmatic prod-
ucts in the pluton. Skarn ore-deposits of iron-type
(MEINERT, 1992), consisting mainly of magnetite
have also been developed in the contact aureole.
Field relations show that the spatial development
of the hydrothermal system and the development
of skarn deposits in the contact aureole are con-
trolled by the regional extensional tectonics that
have been active in the Aegean since Miocene
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Hydrothermal alteration of the pluton is wide-
spread and occurs in successive stages. High tem-
perature alteration caused bleaching along joints-
fractures where hornblende disappears and biotite
diminishes and recrystallises in fine-grained assem-
blages. At medium and low temperatures the gran-
ite in the same alteration "bleached zones", is re-
placed by the assemblage epidote + actinolite +
chlorite + titanite X calcite and associated with
pyrite-hematite deposition.

Amphibole is common in all the granite types
of the Serifos pluton, which comprise 3-12% of
the modal mineralogy of the granodiorite and up
to 35% in the enclaves (STOURAITI, 1995). There
is a considerable compositional variation of the
amphibole. This seems to be the result of mag-
matic as well as of hydrothermal alteration pro-
cesses. The study of the compositional variation
of the amphiboles and its implication to the vari-
ous petrogenetic processes (i.e. magmatic, meta-
morphic, hydrothermal) in the Serifos pluton are
included in the present paper.

Figure 1. Sketch map of Serifos pre-
senting the main structural features
of the intrusion {Stouraiti, 1995).

SAMPLING AND ANALYTI-
CAL METHODS

Sampling was carried out with
special care to collect representa-
tive samples of all the different rock
types. These include samples from
the well-preserved outcrops of the
fresh granite, the hydrothermally al-
tered granite, the mafic enclaves
from the intrusion, the granodiorite
dykes, and granite samples from the
endo-skarn zone. The mineral and
bulk rock chemical analyses were
made in the Department of Geol-
ogy at the University of Leicester,
England.

The mineral phases have been
studied by polarised microscope and
analysed by an automatic electron microprobe
(JXA-8600 Superprobe). The standards used were
of pure elements or natural compounds.

Major element analyses of rock samples were
carried out by X-ray fluorescence method using a
Philips PW 1400 series spectrometer. Details on
the analytical procedure, precision and accuracy
on the analytical techniques are given in MARSH
et al (1983). Representative major element analy-
ses of the studied rock types from the Serifos
intrusion are givenin Table 1.

PETROGRAPHY OF THE ROCK TYPES

Granodiorite intrusion

Serifos granitoid is a composite intrusion (Fig.
1). Two main petrological facies were observed
in the field: a) the marginal, coarse-grained lineated
granodiorite and minor granite, and b) the central,
medium to fine-grained, faintly to non-deformed
granodiorite and tonalite. There is not clear con-
tact between the two main facies. It has an elon-
gated, elliptical shape in a NE-SW trend and occu-
pies more than one third of the island. The geom-
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TABLE 1. Representative major element analyses of the studied rock-types from the Serifos intrusive

complex.
Sample SERB5 SER61 SER22 SER100 SER93-14
Rock-type Granodiorite Altered Dioritic Ryodacitic Skarn
granodiorite enclave dyke

Si0, 6550 6390 59.10 6700 66.70
TiO, 066 063 062 070 0.77
ALO, 16.70 1780 1660 1560 16.10
Fe,0, 360 280 6.80 310 351
MO 009 007 016 009 002
MgO 182 214 482 170 170
Ca0 446 450 690 445 425
Na,0 379 425 316 413 370
K,0 304 295 214 269 324
P,0, 011 0.13 012 011 014
Lo 017 100 0.76 048 040
Total PHA 100.17 101.18 10005 10053

etry and the deformation of the contact zones
indicate the emplacement of a sheet-like body
along a tectonically active shear zone, up-domed
near its roof. Mafic enclaves of quartz diorite to
tonalite composition is a common feature of the
pluton but with diminishing occurrence in the cen-
tral part of the intrusion.

The intrusion has a typical granitic texture with
euhedral to subhedral hornblende, and subhedral
plagioclase. Biotite and Mg-rich hornblende are the
major mafic minerals. Biotite is formed in two
generations and commonly forms big
porphyroblasts (up to lcm) overgrowing both
magmatic and tectonic fabrics. K-feldspar is gen-
erally anhedral and interstitial phase, subordinate
to plagioclase. Plagioclase has an intermediate
composition. The accessory phases are sphene,
which is more abundant than the other phases,
apatite, magnetite and minor zircon; allanite oc-
curs occasionally, in the more evolved granodior-
ites.

Structural data from the deformed marginal
granite and the style of deformation close to the
intrusive contacts indicate ductile shearing along
the south contact plain (NE-SW direction) and ex-
tensionin a N or NE-SW trend (STOURAITI 1995).
The north-eastern margin of the pluton is more

complex, exhibiting variable compositions and
magma mingling of a small volume of fine grained
tonalite magma pulse with quartz diorite blobs
and the main granodiorite. Several generations of
aplites and pegmatites crosscut the south intru-
sive contact and the foliation of the adjacent
gneissic basement, as thin sheet-like layers shal-
lowly dipping to the north. Besides the north con-
tact is often cut by subvolcanic dykes mainly
rhyodacitic.

Altered granodiorite

The pluton was strongly affected by breccia-
tion at or near the final solidification stage
(SALEMINK, 1985). Along the fractures post-mag-
matic, hydrothermal processes formed cm-wide
bleached zones. A network of such hydrothermal
veins and fractures are widespread in the whole
pluton. Alteration is more intense in particular zones
of fracture zones, which occur close to the mar-
gins, and the apical parts of the pluton.

The following alteration types are distinguished
(STOURAITI, 1995):

1) leaching of the Fe-Mg minerals with biotite
and partial replacement of hornblende by actino-
lite, as well as sericitisation/albitisation of plagio-
clase, which form the bleached zones.
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2) intensively altered zones with typical as-
semblage epidote + actinolite + chlorite + titanite
* calcite, with pyrite and hematite deposition-in
the centre of the veins. The occur locally, within
the bleached zones.

3) Veins of fluorite + baryte with hematite
associated with severely bleached zones and rep-
resent late stage low- T deposition.

Mafic enclaves

The mafic enclaves occur with increasing
concentration near the margins of the pluton. Tex-
turally they are similar to the host granodiorite,
except that are finer grained and equigranular.
Some enclaves have diffuse margins and show
some interaction with the host granite. They oc-
cur in two varieties. One common type is the
microgranular (microscopic) inclusions, which con-
sist of aggregates mainly of hornblende with mi-
nor magnetite, plagioclase and biotite. The other
type is, typical enclaves of few centimetres to
over 1m diameter, oval-shaped, of quartz-diorite
to tonalite composition with interstitial quartz and
K-feldspar. Hornblende is the dominant mafic min-
eral. The modal mineralogy of the later mafic
enclaves show that hornblende ranges from 20 to
35 % (STOURAITI, 1995).

Rhyodacite dykes

Numerous km-long sub-volcanic dykes cross-
cut, in a radial mode, the borders of the intrusion
and the country rocks. They range in composition
from rhyolites to dacites, rhyodacites being the
mast common. They are fine grained with com-
monly porphyritic texture and often contain bi-
otite porphyroblasts. Some of these subvolcanic
veins crosscut previously developed garnet -di-
opside skarn at the margins of the pluton, indicat-
ing that magmatic activity continued after the
pluton emplacement.

Their mineralogy is similar to the granodiorite.
Study of the microscopic texture of the dykes
showed that K-feldspar and quartz form spheru-
lite intergrowths around plagioclase phenocrysts,
which feature indicates magma undercooling
(SHELLEY, 1993). Moreover, textural relationships
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indicate replacement of hornblende by biotite. This
reaction relationships have been associated in
experimental studies, with subsolidus high-T re-
placement of the Mg-hornblende (NANEY, 1983).

Skarn

Extensive Ca-Fe-Mg exo-skarns and minor endo-
skarns, associated with large Fe-deposits (mag-
netite, hematite) and minor Cu, Pb-Zn and Ba
mineralisation, occur in the metamorphic aureole,
within a zone of about 0.5-1 km {SALEMINK, 1985).
Generally the contact metasomatic formations
developed predominately in the Si-containing coun-
try rocks close to the intrusive contact. Occa-
sionally they occur in the coarse-grained grano-
diorite, along fractures. These are high-T endo-
skarn deposits and consist of pyroxene+garnet
and magnetite-pyrite ore. The primary hornblende
is diminished in the metasomatised granodiorite
within the endo-skarn zones.

MINERAL CHEMISTRY OF THE AMPHIB-
OLES

Detailed optical microscopy of all the rock
samples was carried out in order to determine
the main textural characteristics of the amphib-
oles, such as magmatic zonation, and replacements
due to post magmatic alteration. Chemical analy-
ses of the different types of amphiboles were
performed by electron microprobe and they were
processed using the computer program MINPET
202. The basic formula used for the recalculation
of oxides to cations allows for 23 oxygens and
excludes Ca, Na, K from the sum of cations (13
cations overall). According to LEAKE's {1978) clas-
sification, the analysed amphiboles are calcic with
(Ca+Na),>15 and (Na+K),<0.5. The results, which
are presented below, are grouped according to
the rock type.

Granodiorite
Amphibole occurs either in subhedral to
euhedral isolated grains or forming aggregates
with minor magnetite. It is pleochroic (green to
brown) showing common twinning and core-to-rim
compositional zonation. Representative chemical
- TuAua MewAoyiag. A.M.O.
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ABLE 2. Representative chemical analyses of amphiboles from the Serifos granodiorite
Sample| SER24a}SER540 | SER54p | SER55¢ | SER63c | SERG3] | SER63d | SER92-11b | Ser92-11a

(altered) | (core) [ (rim) (core) (rim)
Si0, 5342 4990 4527 4707 5390| 4517 5223 4243 4750
TiO, 009 092 155 155 030 163 039 218 103
ALO, 200 519 8.70 703 316| 858 366 1032 604
Fe0 752 1305 1583 1493| 1038} 1226 1081 1483 1391
Cr,0, 000 000 000 000 000| 000 000 000 000
MO 006 031 036 033 022 028 0.19 043 048
MgO 188 1377 1128 1267 1672| 1473 1620 1126 1349
Ca0 1401 1222 1134 12071 1253) 1182 1254 1132 1145
Na,0 052 102 156 123 063 173 088 202 124
K,0 027 048 076 0.71 0211 053 027 069 045
Total 9%.75| 9686 97.15 97591 9805{ 96.73 9717 9548 9559
TSi 76911 7338 6.761 69401 7646 | 6602 7529 6431 7054
TA 0309] 0662 1239 1060 0354 ] 1398 0471 1569 0946
Sum_T| 8000| 8000 8000 8000] 8000 | 8000 8000 8000 8000
CA 0030| 0236 0292 01611 0174 | 0078 0150 0273 0.110

CCr 0000 0000 | 0000| ©0000§ 0000| 0000 [ 0000 0000 0000
CFe3 0000| 0000 | 0213 025%| 0095 | 0671 Q067 03% 0519
CTi 0010f 0102| 0174 0172] 0032} 0179 | 0042 0249 0115
CMg 4048 3019 | 2512 2785 3536 | 3209 | 3481 2544 2987
Cre2 0905| 1605 1764 1585 1136| 0828 1236 1483 1208
Cvn 0007 0039} 0046 0041] 0026) 0035 [ 0023 0055 0060
CCa 0000| 0000 | 0000| 0000| 0000| 0000 | 0000 0000 0000
Sum C| 5000] 5000 5000 5000] 5000| 5000 [ 5000 5000 5000
BCa 2000 1925 1895 1907] 1904 | 1851 1937 1838 1822
BNa 0000f 0075| O0I05| 0093] 009% | 0149 | 0063 0.162 0178
Sum B 2000| 2000 2000 | 2000] 2000] 2000 | 2000 2000 2000

ACa 0l6l1f 0000 | ©0O0O( 0000| 0000| 0000 | 0000 0000 0000
ANa 0145| 0216 | 0346 | 0258 0078 | 0341 | 0183 0432 0.179
AK 0050 0090 | 0145} 0134} 0038 | 0099 | 000 0133 0085

Sum_A| 035% | 0306 0491 0392| Oli6| 0440 | 0232 0565 0.264

\alyses of amphiboles from fresh as well as al-  hornblende was identified only in one sample from
red granodiorite samples are givenin Table 2. the central granodiorite intrusion (SER92-11a,b).
slight increase in Si with decrease in Al, Fe, Ti,  Rarely occurs the reverse variation that is start-
hile Mg and Ca increase express the chemical ing from actinolitic-hornblende core evolving to
riation from core to rim. The chemical evolu-  Mg-hornblende composition in the rim (SER540,
on cause the compositional variation from Mg-  SER54p). Such compositional variation in amphib-
rmblende to actinolitic hornblende in the rim (mag-  oles is associated with bleached zones where
atic fractionation). Amphibole with high hydrothermal alteration cause the replacement
chermakite content core, evolving to actinolitic  of Mg-hornblende by actinolitic hornblende. Finally
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Figure 2. A. Classification of amphiboles from fresh
granodiorite (=), altered granodiorite (o), partly al-
tered granodiorite SER63 (u) and skarn (<) of the
Serifos intrusion. B. SumA+CAI+CFe3+CTi versus TAI
plot, presenting the combination of tschermakite type
and edenite type cation substitutions in the above
amphiboles.

there is no differentiation in amphibole composi-
tion from the outer intrusion with those in the cen-
tral intrusion.

In amphiboles from altered samples, actino-
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lite replaces Mg-hornblende starting either from
the edges or the centre of the crystal. In the
bleached zones actinolite is predominant and pri-
mary hornblende is extinct. Actinolites from the
thoroughly altered granite in the endo-skarn zone
(Table 5), are very poor in Al, Ti and alkalies and
enriched in Mg, compared to actinolites replacing
hornblendes in the slightly altered granite.

The compositional variation in amphiboles of
both the fresh and the altered granodiorite is the
result of combination of tschermakite type and
edenite type cation substitutions (Fig. 2A-B). The
observed progression from tschermakitic horn-
blende to Mg-hornblende, which is predominant in
amphiboles of the unaltered granodiorite, marks
the tschermakite type (HELZ, 1973) substitution
(AIAl <=>MgSi in the C and T sites). The parallel
increase in Na, K in A site and Al¥, with decreasing
Siindicates edenite substitutiom NaK* + AV <=>
[P+ Siv. It has been found that such an increase
is directly dependent on temperature (HELZ, 1973).
It was found that in amphiboles from the altered
parts of the granodiorite edenite type is the main
cation substitution.

Mafic enclaves

Hornblendes in the quartz diorite and tonalite
enclaves often form aggregates, together with
magnetite. Mg-hornblende and tschermakitic horn-
blende (Fig. 3A) are the two varieties identified
(Table 3). Concentric compositional zoning is pro-
nounced in these amphiboles. Detailed analyses
on the compositional profile of these zones show
systematic variation from core to rim. One type
of variation show increasing silica from core to
rim, with parallel decrease in Al, Fe, Ti, and in-
crease in Mg. The observed compositional varia-
tion corresponds to tschermakite type, while
edenite type cation substitution is subordinate (Fig.
3B).

Rhyodacite dykes

Representative chemical analyses of amphib-
oles from the rhyodacite dykes are given in Table
4. Mg-hornblende (SER100a) which evolve to
actinolitic hornblende and actinolite (SER100h),

- Tunua MewAoyiag. A.M.O.
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TABLE 3. Representative chemical analyses of amphiboles from the Serifos mafic enclaves

Sample | SER22f | SER22j | SERe2! SER30 (core) | SER30 (rim) | SER93-2d
sio, 4613 | 4875 4679 4448 4813 4376
TiO, 120 076 091 169 099 236
ALO, 774 560 759 922 659 1191
FeO 1510 1418 1366 1549 1370 1011
Cr0, 000 000 000 000 000 004
MO 051 055 048 026 028 009
MgO 1234 1367 1343 1223 1425 1614
Ca0 1176 1198 1188 1143 1159 1176
Na,0 140 094 136 158 120 202
K,0 072 047 049 079 056 059
Tota | %690 | 960 9659 97.17 9729 9878
TS 6845 7151 6891 6570 6985 6171
A 115 | 0849 1109 1430 1015 1829
Sum_T | 8000 | 8000 8000 8000 8000 8000
CA 0198 0119 0208 0173 0112 0149
cer 0000 | 0000 0000 0000 0000 0004
CFe3 0410 0441 0469 0662 0640 0963
CTi 0134 | o084 0101 0188 0108 0250
Mg 2730 | 2989 2949 2693 3083 3393
CFe2 1464 1299 1213 1251 1023 0230
CMn 0064 | 0068 0060 0033 0034 0011
CCa 0000 | 0000 0000 0000 0000 0000
Sum_C | 5000 5000 5000 5000 5000 5000
BCa 1870 1883 1875 1809 1802 1777
BNa 0130 0.117 0125 0.191 0198 0223
Sun B | 2000 2000 2000 2000 2000 2000
ACa 0000 | 0000 0000 0000 0000 0000
ANa 0273 0150 0263 0261 0141 0329
AK 0136 | 0088 0092 0149 0104 0106
SumA | 0409 | 0238 0355 0410 0245 0435

after replacement of hornblende, are the amphib-
oles observed in the dykes (Fig. 4A). Reverse com-
positional variation is also noticed in some horn-
blende grains, having Act-hornblende core
(SER100c) and Mg-hornblende rim (SER100d).
Actinolitic rims on zoned Mg-hornblendes, and
the existence of primary actinolite in the
subvolcanic dykes with lower Ti and A", could be
an indication of an increase in oxygen fugasity,
due to higher water contents at the late mag-

matic stages or a decrease in temperature as
the crystallisation proceeds from Mg-hornblende
composition to actinolite amphibole (HELZ, 1973;
HAMMARSTROM & ZEN, 1986).

In some cases random actinolite formation at
the expense of primary hornblende, is attributed
to hydrothermal alteration.

Asit is shown in Fig. 4B, in the fresh amphib-
oles only a minor substitution of tschermakite type
occur, while in the hydrothermal actinolites, edenite
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Figure 3. A. Classification of amphiboles of mafic
enclaves from the Serifos intrusion. B.
SumA+CAI+CFe3+CTi versus TAl plot, presenting the
combination of fschermakite type and edenite type
cation substitutions in the above amphiboles.

type substitution, similar to that found in the am-
phiboles from the altered granodiorite, predomi-
nates.
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Figure 4. A. Classification of amphiboles from
rhyodacite dykes of the Serifos intrusion. B.
SumA+CA+CFe3+CTi versus TAl plot, presenting the
combination of tschermakite type and edenite type
cation substitutions in the above amphiboles.

HORNBLENDE GEOBAROMETRY
The Al-in-hornblende barometer has been
proven to be useful empirical geobarometer for
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TABLE 4. Representative chemical analyses of amphiboles from the Serifos rhyodacite dykes.

Sample | SER100a | SER100k | SERIOO | SER100 SER100f SER100g SER100h
(core) {rim) (altered)
Si0, 4830 50.17 5256 4686 53.39 5393 5422
TiO, 150 102 022 199 024 0.18 013
ALO, 642 549 326 828 299 241 252
FeO 1186 1251 1347 1222 1105 1072 10.75
Cr,0, 001 001 004 002 003 001 002
MO 0.18 026 016 023 012 016 019
MgO 1520 15.70 1580 1497 17.39 1747 1721
Ca0 1211 119 1264 115 1284 1258 1256
Na,0 157 146 068 203 0.72 056 056
K,0 052 035 030 045 021 024 018
Total 9767 9893 9913 9855 9398 9826 9834
TSi 6.998 7128 7463 6.705 7513 7616 7652
TA 1002 0872 0537 1.295 0487 0334 0.348
Sum_T| 8000 8000 8000 8000 8000 8000 8000
CAl 0033 0047 0009 0.100 0008 0017 0071
CCr 0001 0001 0004 0002 0003 0001 0002
CFe3 0284 0499 0389 0593 0318 0325 0262
CTi 0.163 0.109 0023 0214 0025 0019 0014
Cvg 3283 3325 3345 3193 3648 3678 3621
CFe2 1153 0387 1211 0869 0982 0941 1007
Cvn 0022 0031 0019 0028 0014 0019 0023
CCa 0000 0000 0000 0000 0000 0000 0000
Sum_C| 5000 5000 5000 5000 5000 5000 5000
BCa 1880 1821 1923 1763 1936 1903 1899
BNa 0.120 0.179 0077 0237 0064 0037 0.101
Sum_B| 2000 2000 2000 2000 2000 2000 2000
ACa 0000 0000 0000 0000 0000 0000 0000
ANa 0321 0223 0.110 0326 0132 0057 0053
AK 0096 0063 0054 0082 0038 0043 0032
Sum_A| 0417 0.286 0.165 0408 0.170 0.100 0085

calc-alkaline plutons and volcanic rocks
(HAMMARSTROM & ZEN, 1986). The premise of
this barometer is the assumption that the tem-
perature of hornblende equilibration was in the
vicinity of the solidus and therefore approximately
constant. This is because below about 2 kb the
temperature of final crystallisation increases rap-
idly with drop in pressure (HOLLISTER et al., 1987).

Because the applicability of the barometer de-
pends strongly on the P-T sets selected for the
calibration of the Al-in-hornblende system in the
different studies, it is selected a calibration set
similar to the crystallisation conditions of Serifos
granodiorite. JOHNSON & RUTHERFORD (1989),
experimental calibrationis considered more appli-
cable for the Serifos pluton, since the study is
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TABLE 5. Chemical analyses of amphiboles from
the Serifos skarns.

Sample SER93-14a | 'SER93-14b
S0, 5401 5435
TiO, 003 001
ALD, 195 162
FeO 1055 1087
Cr,0, 001 002
MO 010 009
Mg0 17.16 1677
Ca0 1303 1324
Na,0 026 023
K,0 009 007
Total 97.19 9727
TSi 7730 7812
TA 0270 0188
Sum_T 8000 8000
cAl 0059 0086
cer 0001 0002
CFe3 0118 0000
CTi 0003 0001
CMg 3662 3503
CFe2 1145 1307
CMn 0012 0011
CCa 0000 0000
Sum_C 5000 5000
BCa 1998 2000
BNa 0002 0000
Sum_B 2000 2000
ACa 0000 0039
ANa 0070 0064
AK 0016 0013
Sum_A 0087 0116

based on a similar composition system with P=15
kb and T=720°C. Indication for estimating emplace-
ment depth of a pluton is the metamorphic as-
semblage in the contact aureole. Formation depths
of the irregular-shaped andradite-pyroxene-mag-
netite skarn suggest formation depths of 3-35
km (SALEMINK, 1985).

Figure 5 presents the variation of Al tot in

WYnoiakn BiBAI0BAKN "OedppacTog

amphiboles from the Serifos pluton vs. pressure,
according to the selected equation of JOHNSON
& RUTHERFORD (1989). The selected amphiboles
which were used for the geobarometer calcula-
tion correspond to rim compositions of fresh and
fairly homogeneous hornblende crystals from the
granodiorite intrusion. The pressure is estimated
from the following equation: P = -3.46(*0.24) +
4.23 (+0.13) (Al"), and r? = 0.99.

The advantage of this experimental calibra-
tion is that it minimises the error to less than
20.5 kb at the low pressure end. The pressure
determinations for the Serifos intrusion vary sig-
nificantly as for the mafic enclaves range from
1.0 to 2.2 kb whereas for the granodiorite from
0.33 to 1.7 kb. According to field relations
(STOURAITI, 1995), it is likely that the pluton con-
tains successive injections of melt that came up
and crystallise at different depths. Under such
conditions a wide pressure range of 2.0 kb would
be expected.

DISCUSSION - CONCLUSIONS

The majority of the studied amphiboles ex-
hibit compositional zoning. This is the result of dif-
ferent cation substitutions that take place (HELZ,
1973) under varying physical-chemical conditions.
This compositional zoning is more pronounced in
the mafic enclaves. The Mg/Mg+Fe™? ratio of
tschermakites in the enclaves is comparable with
Mg-rich hornblendes from gabbros and andesites
(DEER et al., 1966).

The mafic enclaves contain the common Mg-
hornblende, which is similar in composition with
the main granodiorite hornblende however it tends
to be more Mg-rich. Granodiorite hornblendes dis-
play generally lower Mg/Mg+Fe*? ratio, relative
to the enclaves, due to higher Fe'? content. More-
over it is noticed that the Fe™® /Fe* ratio is in-
creased in the mafic enclaves and the subvolcanic
dykes {up to 0.5 a.pf.u), similar to hornblende com-
position from the recent andesitic lavas on the
flanks of the Aegean Arc (MITROPOULOS &
TARNEY, 1992). In the tschermakite variety, Ti as
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16 Figure 5. Al inhornblende
b e W Bl M N |\ — as a function pf pressure.
-------------- e Lines for all calibrations are
.78 (1992) shown for reference. Pres-
121 . sure for Serifos amphiboles
=10k , were calculated according to
8 . JE JOHNSON & RUTHERFORD
8| Hollsteretal(1987) ¢ .- "J&R (1989) (1989) experimental calibra-
o . tion. (S: SCHMIDT (1992);
6 | J&R: JOHNSON & RUTHER-
FORD  (1989);, H&Z:
4 HAMMARSTROM & ZEN
L/ (1986)).
2 d,oﬂ/ Serifos data
T ! 1 | ! ! !
0.5 1 1.5 2 25 3 3.5 4

Al (tot)

well as AlY have a positive correlation with T and
a negative correlation with oxygen fugacity. The
elevated content of Ti- and Al relative to the
other more evolved amphiboles, suggest
crystallisation from a higher temperature mafic
magma.

Finally the observed instability of hornblende
as seen clearly in the mafic enclaves as well
as in the dykes, indicated by the partial re-
placement by biotite, suggest relatively mod-
erate H,0 content and clearly water undersatu-
rated conditions of the granodiorite system at
the low e.g., 2kb, shortly before its final solidifi-
cation.
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