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5 . /..(uKypac - 06AaKOBUOHble nAaZUOICila3bl U3 OtjjUOJIUm060-
ZO Maccusa 8 CB J2eUCKOM MOpe ocmp06 CaMOtjjpaKU, rpe-
14UR: OOKa3ameJibCmBO 0 ou,p¢y3UU zu(}pomepMQJibHblX t/11110-
UOOB. KyMMYJiliTHBHhle ra66po oCTpoaa CaMocllpaiH COJlep
liCaT HJMeHeHHble DJI8fHOJ:JI83bl C MHOfO'IHCJieBHbiMH Men
KHMH BJ:JIIO'IeHHJIMH. JTH BJ:JIIO'ICHHJI HCB03MOZHO p83JIH
'IHTb DOJl MHJtPOCKODOM, H OHH o6p83yJOT DbiJleBHJlHble IO
pH'IHeB&Tble JlO ceposaTbiX y11acnos s nnarHOVJ83ax. Aea
JIHJ MHJtP030HJlOM DOJC838Jl, 'ITO 06JI&IOBHJlHhle DJ18fHOVI83bl 
o6oraweHhl DO OTHOWeHHIO J( 'IHCTbiM y'lacnat.t, :a:enCJOM, 
H peHTreHOBC&:He Jl8HHhle y&:83biB810T Ha DpHC)'TCTBHe Mar
HCTHT8. KOJIH'ICCTBO JlOBOJlbHO HHCIO, 'IT06bl o6ecne'IHJIO 
o6p83osauHe MarHCTHTa nyreM JJCCCOJIIOUHH. TaiHM o6p830M, 
MHrp8UHll lKCJieJHbiX HOHOB H3 HJMeHeHHbiX MHHepaJIOB :a:e
JIC38, H DOCJICJlYIOlll8ll JlH«JJ«JJy3Hll C'IHTaiOTCll DpH'IHHOH o6-
pa30BaHHll MCJIJCHX cerperauHii MarueTHTa. CoCTaB «JJnJO
HJlHOH «JJ83b1 H OJCHCJIHTeJibHOe COCTOliHHe DOpOJlbl sepOliTHO 
CblrpaJIH B8lKHYIO pOJib B 3BOJIIOUHIO 3T0f0 npO!leCca. 

Abstract. Cumulate gabbros from the ophiolite ofSamothraki 
Island, contain altered plagioclases with numerous, tiny 
inclusions. These inclusions are indistinguishable by micro
scopic investigation and they form dusty, brownish to grayish 
areas within the plagioclases. Microprobe analyses indicate 
that clouded plagioclase& are enriched in Fe, relative to the 
clear ones, and XRD data provide evidence for the presence 
of magnetite. The amount of Fe20 3 in these plagioclases is 
too low to account for magnetite formation by c:xsolution. Thus, 
supply of Fe ions from altered Fe-bearing minerals and 
consequent diffusion are thought to be responsible for the tiny 
magnetite segregations. The fluid phase composition and the 
oxidation state of the rock must have played an important role 
in the evolution of this process. 
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Introduction 

An incomplete ophiolite suite outcrops in Samoth
raki Island (NE Aegean), where the ultramafic me
mbers are absent. Microscopic investigation of the 
cumulate lithologies revealed the presence of some 
plagioclases with peculiar features which contain 
numerous, tiny, dark-coloured inclusions. This phe
nomenon has been inferred in several lithologies, 
world-wide. It is commonly believed that they com
prise mainly oxides of transition metals, such as Fe, 
Mg, Mn, etc., though microlites of feromagnesian 
minerals are not absent. This paper aims to inve
stigate the nature and development of clouded 
plagioclases in the Samothraki gabbros. 

The occurrence of clouded plagioclases has also 
been reported from granites, gabbros and amphibo
lites elsewhere in Greece (Sapountzis, 1973; Kassoli
Foumaraki, 1981; Christofides, 1982; Christofides, 
Sapountzis, 1984) .. 

Geological setting 

Samothraki Island belongs to the Circum-Rhodope 
Zone (Kaufmann et al., 1976), a series of Triassic
Jurassic, continental margin sedimentary and volca
nic rocks that outboard the crystalline Serbo-Mace
donian and Rhodope Massifs. Extensive field mapping 
revealed the existence of two major units: the 
"Basement Unit" and the "Ophiolite Unit" (Fig. 1 ). 
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Fig. 1: Simplified geological map of Samotbraki island (after Davis 1963, Heimann et al. 1972, Tsikouras and Hatzipanagiotou 
1995): I. Neogene-Quaternary deposits, 2. Cenozoic volcanic rocks 3. Granite, 4. Basalt-massive dolerite, 5. Diorite, 6. Gabbro, 
7. Metamorphic basement, CR: Circum-Rhodope Zone, G: Guevgueli, 0: Oreokastro, S: Sitbonia, E: Evros, L: Lesvos, T: 
Turkey;•: sampling locations of clouded plagioclases 

The Basement Unit consists of a series oflow-grade 
metamorphic sedimentary and minor volcanic 
rocks, of shallow marine to terrestrial origin (Tsi
kouras, Hatzipanagiotou, 1995); their age has been 
determined as Late Jurassic on the basis of corals 
(Heimann et al., 1972). The original composition (i. 
e., sandstones, shales, conglomerates) and internal 
structure (i.e., rhythmic bedding, turbidites) of the 
Basement Unit resemble those of Alpine flyschoid 
·suites and strongly suggest that it was accumulated 
within a continental rift. Field relations require the 
Basement Unit to occupy the western flank of the 
rift, while the axial zone is occupied by the ophiolite 
itself. The rather coarse material, forming the lower 
parts of the Basement unit, overlain by finer-grained 
deposits, indicate decreasing with. time conditions of 
tectonic activity. The metavolcanics are only subor
dinate in volume and occur as syndepositional inter
calations, confined to the lower parts of the Base
ment Unit; their protoliths were probably rhyoda
cites to andesites and their origin is probably related 
to the initial stages of rifting. 

The Basement Unit is overlain by the Ophiolite 
Unit (Fig. 1 ). As a rule, the contact between the two 
units is faulted. However, there is evidence that the 
ophiolite has been transported only a short distance, 
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thus it is considered as a parautochthonous suite 
(Tsikouras, Hatzipanagiotou, 1998). A similar 
setting has been proposed for the Guevgueli and 
Oreokastro ophiolites at the central-northern 
Greece (see inset in Fig. 1, Haenel-Remy, Bebien 
1985; Bebien et al., 1986). The Samothraki ophiolite 
consists, from bottom to top, of cumulate gabbro, 
isotropic gabbro, hornblende-diorite associated with 
leucocratic rocks, massive dolerite and basalt; 
ultramafic members are virtually absent. Two ge
nerations of dolerite dykes occur within the ophi
olite (Koropouli et al., 1989; Tsikouras, Hatzi
panagiotou, 1998). K-Ar measurements on hornb
lende separates from the diorite suggest a Late Jura
ssic age (154±7 and 155±7 Ma), similar to those 
inferred for other north Aegean ophiolites (Tsikou
ras et al., 1990). 

Gabbros occur in three parts of the island (Fig. 
1 ). In the eastern part, the gabbro comprise the de
epest members of the exposed sequence and exhibits 
a coarse-grained, cumulus texture. Melanocratic 
enclaves extremely rich in clinopyroxene and poor 
in plagioclase occur within this gabbro. They form 
lenticular or spheroidal bodies in sharp contact with 
the host gabbro, varying in size from a few tens of 
em up to some metres. In the northern part, the 



gabbro shows cumulus texture, too, but it is medi
um-grained and passes upwards into isotropic rocks 
with subophitic texture. Gabbro in the southeastern 
Samothraki is fine-grained and isotropic. 

Diorite is restricted to the western part of Samo
thraki Island along a N-S trending narrow belt (Fig. 
1 ). Intense deformation along shear-zones and al
teration has formed a chaotic structure in this belt. 
The diorite occurs as small bodies or veins and is 
occasionally associated with minor leucocratic 
lithologies. These granitoid assemblages comprise 
plagiogranites and leucogranites and are found as 
randomly oriented veins with mutual cross-cutting 
relationships, pods or lenses, in sharp contact with 
their host rocks (Tsikouras et al., 1998). Diorite is 
locally observed to intrude schists of the Basement 
Unit. 

Hypabyssal massive dolerite rests directly on the 
gabbro and passes upwards into basalts. The contact 
between massive dolerite and underlying gabbro is 
magmatic, forming a transitional zone of a few met
res where these two lithologies interdigitate. Two 
generations of dolerite dykes occur in the ophioltic 
suite; both have a general WNW-ESE orientation 
and dip at about 65-80° to the NNE. The older set 
of dykes is more differentiated than the younger 
one, providing evidence for mixing of an evolved 
magma with a more primitive one derived from mel
ting of an adjacent subducted slab (Tsikouras, Hat
zipanagiotou, 1998). 

The Samothraki ophiolite is unconformably co
vered by neritic, clastic sedimentary rocks (i. e., san
dstones, shales and limestones) of Eocene age. The 
central part of the island is occupied by a large, Ce
nozoic, hybrid, post-collisional granitic intrusion that 
caused contact metamorphic phenomena in both the 
ophiolite and the basement (Christofides et al., 1990; 
Seymour et al., 19%). Two series of Cenozoic volcanic 
rocks occur in the western and eastern parts of 
Samothraki. Their composition ranges from rhyo
dacite to basalt and have been developed in a conti
nental margin (Davis, 1963; Eleftheriadis et al., 1989, 
1994). 

The Samothraki ophiolite is chemically similar to 
that ofLesvos Island (Tsikouras et al., 1994; Hatzi
panagiotou, Pe-Piper, 1995) and has been 
interpreted as representing a back-arc basin ophi
olite, on the basis of field relations and geochemis
try. Its magmatic evolution involves partial melting 
of a hererogeneous mantle under limited hydrous 
conditions (Tsikouras, Hatzipanagiotou, 1998). 

Petrography of the gabbros 

The coarse-grained gabbros consist mainly of pla
gioclase and clinopyroxene. Plagioclase is frequently 
poikilitically enclosed within the clinopyroxenes. 
Ilmenite, magnetite, titanite and zircon, with very 
rare traces of quartz make up less than 5% of the 

mode. Primary textures have been obliterated by 
deformation. Large plagioclase porphyroclasts and 
amphibole pseudomorphs after pyroxene lie in a more 
or less recrystallised matrix composed mainly ofNa
rich plagioclase. The melanocratic enclaves are 
coarse-grained, consisting almost entirely of clino
pyroxene (altered to amplubole) and traces ofanor
thitic plagioclase. Green inhomogeneous hornblen
de, actinolite, epidote, clinozoisite, chlorite, calcite, 
secondary titanite and Na-rich plagioclase are 
interpreted as products of ocean-floor metamor
phism. The upper plutonic members have subophi
tic textures with finer grained plagioclase and clino
pyroxene. Magnetite and ilmenite fill the interstices 
between these crystals. 

Alteration in these lower parts of the Samothraki 
ophiolite is not pervasive. Thus, relicts of primary 
igneous textures have been preserved due to low wa
ter/rock ratio, during the ocean floor metamorphism 
(Evarts, Schiffman, 1983). However, rare epidosite 
dykes and veins are present, probably formed by 
restricted hydrothermal circulation. Contact meta
morphism was observed in the specimens collected 
from the periphery of the Cenozoic granite. These 
samples display a schistosity and contain hornblen
de, actinolite, plagioclase (richer in Ca than that in 
the ocean-flcor metamorphism) and less commonly 
K-feldspar and p~logopite. 

Description of the clouded plagioclases 

Samples with clouded plagioclases were collected 
from the cumulate gabbros, which are located at the 
northern part of the island (see Fig. 1). Clouded pla
gioclases are not encountered from restricted outcrops 
but they are distnbuted throughout large areas of this 
gabbroic body. Nevertheless, their distnbution is not 
systematic in the gabbro and usually appear in inten
sively altered samples. A detailed study of thin sections 
indicated the occurrence of numerous, tiny, dark
coloured inclusions, within altered plagioclases (Fig. 
2). These inclusions are randomly oriented and usually 
distnbuted in irregular areas of the crystal or in some 
instances occupy the whole crystal, forming "dusty", 
brownish to grayish areas within the white plagioclase 
(Fig. 2a). In several cases it is observed that clouded 
plagioclases have fractures that contain tiny acti
nolite crystals (Fig. 2 b, c). The presence of the 
inclusions, which cause the cloudiness of the pla
gioclase, can be easily recognized but their exact na
ture is difficult to establish because of their very small 
size which is often close to or below the resolution of 
an optical microscope. The density of the cloudiness 
may vary in plagioclases from different rocksamples, 
as well as in different crystals and even in the same 
individual of the same sample (Fig. 2 c, d). Sometimes, 
these plagioclases show twinning which follows mainly 
the Albite and Carlsbad laws. 

Some samples of contact metamorphic basalts 
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Table 1 

Representatwe microprobe data of plagioclases from the Samothraki gabbros (Fep1 as total Fe). 

Sample No. s 35 s 179 s 119 s 132 

dear plagioc:lases clouded plqiodues 

Ab.3 Ab.6 Ab.4 Ab.5 P.l P.l P.3 P.4 Pl. I Pl.l 

Si0
2 

68.13 67.55 67.98 68.15 62.21 60.77 60.16 60.83 68.16 66.92 

TiOO O.o2 0.09 0.02 
All ) 20.35 20.28 20.17 20.16 24.36 25.07 21.95 25.03 20.19 21.44 
Fe20 3 

0.12 0.13 0.12 0.10 0.16 0.13 0.28 0.19 
MgO 0.11 0.01 0.01 0.09 
MnO 0.06 0.02 
CaO 0.72 0.83 0.72 0.67 5.54 6.58 0.65 6.15 0.76 0.88 
Na

1
0 11.17 11 .40 11.32 11.26 8.22 7.63 16.22 7.83 10.31 10.74 

~0 0.06 0.06 0.05 0.04 0.04 0.04 0.43 0.21 0.09 0.05 

Total 100.45 100.12 100.53 100.50 100.50 100.19 99.57 100.19 99.79 100.35 

structural formulae on the basis of 8 oxyJens 

Si 2.964 2.954 2.960 2.965 
AI 1.043 1.045 1.035 1.034 

4.007 3.999 3.995 3.999 

Ti 0.001 0.003 
FeH 0.004 0.004 
Mg 0.007 
Mn 0.002 
Ca 0.033 0.039 0.034 0.031 
Na 0.942 0.966 0.956 0.950 
K 0.003 0.003 0.003 0.002 

0.979 1.008 1.006 1.000 

Ab 96.25 95.83 96.32 96.60 
An. 3.41 3.86 3.38 3.19 
Or. 0.35 0.31 0.30 0.21 

and gabbros were moreover collected from the ther
mal halo, along the boundary of the granite. These 
lithologies contain subhedral, clear plagioclases, 
hornblende, actinolite, K -feldspar, epidote and quartz 
in their assemblages. The compositions of these 
clear plagioclases differ in these two rock-types: the 
contact metamorphic gabbro contains oligoclase 
to andesine while the contact metamorphic basalt 
contains andesine to labradorite (Tsikouras, 1992). 

Analytical work 

Microprobe data of plagioclases from five samples 
of the Samothraki gabbros with clouded plagiocla
ses, are given in Table 1. These analyses were perfor
med in the Department of Earth Sciences, Univer-

~ 

2.740 2.694 2.735 2.698 2.976 2.917 
1.264 1.310 1.176 1.308 1.038 1.101 

4.004 4.004 3.911 4.006 4.014 4.018 

0.001 
0.004 0.003 0.005 0.004 0.009 0.006 
0.001 0.001 0.006 

0.001 
0.262 0.312 0.032 0.292 0.036 0.041 
0.702 0.656 1.430 0.673 0~873 0.908 
0.002 0.002 0.025 0.012 0.005 0.003 

0.971 0.973 1.492 0.982 

72.65 67.57 96.17 68.88 95.51 95.38 
27.10 32.20 2.15 29.92 3.94 4.30 
0.25 0.23 1.68 1.20 0.55 0.32 

sity of Leeds, England, using a CAMECA CAME
BAX SX 50 microanalyser, equipped with and EDS 
and controlled by a Link system. Operating condi
tions were 15 kV accelerating voltage and 3.3nA 
sample current. 

Two analyses of clear plagioclases (Ab. 3 and Ab. 
6, sample S 35) are given in Table 1 for comparison 
with the clouded ones. All these altered crystals are 
products of the ocean-floor metamorphic episode. 

Microprobe chemical analyses of clouded plagi
oclases show the presence of Fe content, ranging 
from 0.10 to 0.22%. There are certain clouded pla
gioclases, which contain small amounts of Mg and 
Mn (0.01 -0.11% and 0.02-0.08%, respectively, see 
Table 1). Clear plagioclases from the Samothraki 
gabbros are Fe, Mg and Mn-free (table 1). 

Fig. 2: Photomicrographs of clouded plagioclases in Samothraki gabbro: a) cloudiness occupies almost the entire plagioclase. On 
the lower right comer an altered clinopyroxene crystal occur.~: sampleS 30, Nicols+: b) Plagioclase clouded in certain domains; 
microfractures filled with actinolite and an altered clinopyroxene (lower right comer) are also observed: sampleS 132, Nicols +; 
c)-d) Variation (both in size and density) of the cloudiness in a plagioclase crystal; microfractures ftlled with actinolite are also 
observed in c); samples S 129 and S 30, Nicols+ 
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Concentrates of clouded plagioclases were sepa
rated with the combination of heavy liquids and a 
magnetic separator. They were scanned at 1/r 29 
per minute, using a Philips difractometer, over a 
range of 40°-90° and Si as an internal standard. 
XRD data of these fractions revealed some reflec
tions, which correspond to magnetite. 

Heating of clouded plagioclase-concentrates up 
to 700°C, for ten days, caused no change in colour 
while heating up to 1 050°C, for the same period, 
resulted in the development of a light reddish tinge, 
probably as a result of iron oxidation. 

Discussion and conclusions 

Rather copflicting theories have arisen for the origin 
of clouded plagioclases. MacGregor (1931) 
considered cloudiness of plagioclase as a result of 
exsolution of Fe, contained in the plagioclase as solid 
solution, due to thermal metamorphism. Poldervaart 
and Gilkley (1954) attributed this phenomenon to 
exsolution, as well as, to diffusion of Fe supplied 
by the rock, und.er elevated temperature for a long 
period, in the presence of water. Carstens (1955) 
and Anderson (1966) described clouded plagiocla
ses, which probably originate from exsolution of 
Fe incorporated in the crystals during their growth. 
Philpotts (1966) and Murthy et al. (1971) rendered 
cloudiness of plagioclase to inclusions of ilmenite 
and hematite. Smith (1974) suggested that iron 
bearing minerals are responsible for this pheno
menon with the important contribution of water 
and the exidation state of the rock. 

Microprobe analyses of the clouded plagioclases 
revealed the presence of trace amounts of iron (0.1 0-
0.22% Fe20 3

). Such small amounts of iron cannot, 
upon exsolution, account for the abundant mag
netite inclusions observed. An alternative view must 
therefore be faboured that implies supply of Fe (and 
possibly lesser Mg and Mn) ions from an external 
source. It seems unlike that Fe3+ was initially in
corporated in plagioclases either by substitution for 
AP+ in the tetrahedral site (cf. Smith, 1974) or due 
to magmatic crystallization ( cf. Wones, 1962), since 
fresh plagioclases contain no such tiny magnetite 
inclusions. Notably clouded plagioclases were only 
found in the gabbro from the northern Samothraki. 
Plagioclases from the contact metamorphic basalts 
and gabbros are clear, suggesting that cloudiness of 
plagioclases is not related to fluids derived from the 
granite, during the thermal metamorphic episode. 

Hydrothermal circulation accounts for the ocean 
floor metamorphism, which has been imprinted in 
the Samothraki ophiolite. This episode is responsible 
for the formation of five metamorphic belts of 
increasing grade, from top to bottom of the ophio
lite, and the development of several hydrothermal 
minerals (e. g., epidote, chlorite, Fe-Ti oxides, etc.). 
These belts were defined on the basis of the 
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appearance of specific phases and pass downwards 
from zeolitefprehnite-pumpellyite transition through 
prehnite-pumpellyite, pumpellyite-actinolite and 
greenschist up to epidote-amphibolite facies (Tsi
kouras, 1992). Hydrothermal circulation is more
over indicated by the presence of some dykes and 
veins, extremely rich in epidote that penetrate the 
ophiolite, as well as, by the formation of rodingites 
at the expense of the diorite (Tsikoutas, 1994). 

Thus, Fe ions, which have formed these tiny mag
netite segregations, may have been derived from 
alteration of associated Fe-bearing minerals. It is 
likely that these Fe ions have been transported by a 
hydrothermal fluid and incorporated in the domains 
ofplagioclases (cf. Boone, 1966). The possible sou
rce of Fe (and perhaps minor Mg, Mn) which for
med, most likely by diffusion the observed magnetite 
inclusions, was the hydrothermally altered pyroxene 
into actinolite (as it is suggested by the microfractures 
filled with it) and chlorite, as well as the primary 
magnetite and ilmenite altered into Fe-Ti oxides. 
Scanning (SEM) and transmission (TEM) electron 
microscopic studies have revealed that such 
phenomena may have been caused by the develo
pment of micropores in the crystals (e. g. Montgo
mery, Bace, 1975; Worden et al., 1990). These mic
ropores are frequently sites of previous fluid inclu
sions. The origin of micropores is probably related 
to progressive dissolution-redeposition processes 
and coarsening of feldspars as had been described 
by Ferry (1985) for granitic rocks from the Isle of 
Skye, Scotland. However, Bertelmann et al. (1987) 
and Worden et al. (1990) suggest that micropores 
in feldspars can be formed from the exsolution of 
fluids dissolved in these crystals. Thus, in most cases 
they are related to rocks which have been derived 
from a rich in ~0 magma. In the case of Samo
thraki, magnetite crystals were probably grown in 
such micropores, forming the cloudiness in the in
vestigated plagioclases. Moreover the development 
of Samothraki ophiolite has been ascnbed to a mar
ginal (backarc) basin regime and hence a rather "wet" 
magma has been involved in the genesis of the 
gabbros (Tsikouras, Hatzipanagiotou, 1998). 

The development of actinolite in microfractures 
within the clouded plagioclases suggests that a 
hydrothermal fluid (possibly) mixed with fluids ex
solved from plagioclases) moved principally along 
these fractures. Even though hydrothermal altera
tion has affected the whole ophiolite sequence, clou
diness of plagioclases was developed only in the 
intermediate gabbroic member. Thus, one must 
assume that the amount and composition of the 
fluid phase, which buffered the oxidation state of 
these rocks, must have played an important role in 
the evolution of the plagioclase cloudiness. Howe
ver, the reason why cloudiness was not developed 
throughout the altered plagioclases of the inter
mediate gabbro (but only in certain domains, see 



Fig. 1), is not well understood and is possibly rela
ted to the density of the pre-existing fluid inclusions. 
It is well known that magnetite is stable under 
moderate to low/

02
• Such conditions in the ophiolite 

metamorphism are usually approached in the 
gabbroic member, due to low water/rock ratio. In 
this depth there is less available water and the litho
logies moreover are more impervious. This is 
probably the reason for the absence of clouded pla
gioclases in the eastern gabbro (i.e. deepest mem
bers and absence or extremely limited hydrothermal 
circulation). Thus, the oxygen is not an important 
factor in this stage of alreration and consequently 
magnetite rather than hematite may be stabilized. 
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