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METAMORPHISM ON NAXOS: _
PETROLOGY AND GEOTHERMAL GRADIENTS

J.- BEN H. JANSEN and ROELOF D. SCHUILING

Vening Meinesz Laboratory, Department of Geochemistry,
State University of Utrecht, The Netherlands

GL03331

AB3TRACT. The regional metamorphism of metasediments and related rocks on
axos, Greece, is in general of the kyanite-sillimanite type, although locally the three
; ates have been found in the same rock. From a study of the metamorphic
eneses in pelitic schists, marbles, meta-volcanic rocks, metamorphosed ultramafic
nd meta-bauxites, it can be inferred that the metamorphism took place within
1 ncreasing temperature range from about 400°C in southeast Naxos to
central part of the metamorphic complex under a total pressure of
und 5 to 7 kb. The geothermal gradients responsible for the regional metamorphism
he Cycladic Massif were significantly different over horizontal distances of 10 to
; 30°C per km in the western part of the metamorphic complex on Naxos, 22°C
in southeast Naxos, and less than 15°C per km on the islands of Ios, Siphnos,

i
he

INTRODUCTION

e island of Naxos, Cyclades (see fig. 1), Greece, is roughly oval-
and measures about 20 by 85 km. Geologically, it consists mainly
med metarnorphic complex and a pluton, granodioritic in com-
vhich occupies the western part of the island (fig. 2). Naxos
t the Attic-Cycladic Massif, of probable Alpine age. Age
ow in progress indicate a Late Tertiary age for the
¥ h is intrusive into the metamorphic complex. Rb-Sr
ages are young, ranging from 6 to 13 m.y. for muscovites from the
: migmatites and gneisses to 40 m.y. for muscovites from
~grade micaschists of the metamorphic complex. The biotite of
anodiorite shows a mineral age of about 12 m.y. (Priem and others,
Andriessen, personal commun., 1975). Fossiliferous unmetamor-
phosed Permian limestones have been found on Naxos (Marks and
schuiling, 1963) and on Mykonos (Papastamatiou, 1963). On another
iland of the massif, Antiparos, the Permian seems to be slightly meta-
morphosed (Anastopoulos, 1963). According to our present interpreta-
tion, the Permian in the central part of the Cyclades belongs to an
aliochthonous tectonic unit emplaced during the Miocene (for Naxos,
Jansen, 1973).

The contact relations of the granodiorite show unambiguously that
it is intrusive into the metamorphic sequence. It has developed an
aplitic, tourmalinerich border facies near the contact with the meta-
orphic rocks, and veins of aplite and granodiorite cut through the
country rocks. The latter show evidence of contact-metasomatism, as
exemplified by skarn formation and minor scheelite mineralization, and
contact-metamorphism of the andalusite-sillimanite type (fig. 3).

The main part of the island consists of a metamorphic complex, the
core of which is formed by a migmatitic gneiss dome. This metamor phic
complex consists mainly of an alternation of calcitic and dolomitic
mnarbles with mica schists. The carbonate rocks are predominant in the
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upper pa t of the sequence, whereas in the stratigraphically lower part
mica 5c1L,.t gneisses, and amphibolites predominate. There is also a

marked variation in lithology along strike. Minor, but distinctive rock

types are formed by metamor phoscd ultramafic rocks and by metamor-
phic bauxites which occur in most of the marble beds throughout the
whole mctamorphic series (fig. 2). This rather spemal htholooy lends
support to the thesis that the whole metamorphic series is part of one
single tectonic and stratigraphic unit and is not composed of different
unrelated tectonic units superimposed on each other. However, the two
different, discontinuous horizons of ultramafic bodies may also be con-
sidered as remnants of ophiolites emplaced along premetamorphic thrust-
planes. Although folding is faitly common, there is a general lack of
large scale isoclinal folding, apart from some flow-folds in the high-grade
marbles. Isoclinal folding with limbs up to a few meters are found
through the whole sequence.

There is a very pronounced north 15° east lineation in the meta-
morphic rocks, which has also been noted in other metamorphic massifs
in the Eastern Mediterranean, such as in the Rhodope Massif, the Kaz-
Dag complex, and the Menderes Massif (Schuiling, 1962a). This direc
tion of lineations and fold-axes has been interpreted as evidence of
Hercynian events in these massifs (Trikkalinos, 1947; Schuiling, 1962a).
In the light of the fact that updoming with a north 15° east axis and
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metamorphic crystallization seem to be Alpine events, this interpretation
must be abandoned, at least as far as the Attic-Cycladic Massif is con-
cerned.,

Tt seems unlikely that the migmatite dome, as it manifests itself
within the metamorphic complex, is part of an earlier basement, that
was rejuvenated during regional metamorphism. As can be seen from
the map of figure 2, certain marble beds enter the migmatite dome, as
es also a discontinuous horizon of metamorphosed ultramafic bodies.
it is likely, therefore, that the migmatite dome is a high-grade, partially
melted equivalent of the mica schists and gneisses that lie on top of it.

Lo

METAMORPHIC ZONES
tamorphic grade of the rocks increases in a regular way with
istance to the central migmatic dome. The mapped isograds:
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Tig. 4. Range of occurrence of distinctive minerals in rocks with pelitic- and.
carbonite-rich compositions in the metamorphic complex of Naxos, Greece. Dashed
parts of the line indicate minor or rare occurrences. ‘Andalusite occurs on the western
side of the migmatite dome, and staurolite on that side scemingly shifts to a higher
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and zone boundaries make 2 division in metamorphic zones possible, For

of the individual zones the reader is referred to figure 3.

The metamorphic zones, together with the isograd or zone boundary
that marks the beginning of the specific zone, are described in order of
Increasing grade of metamorphism, The range of occurrences of distinc-
tive minerals of the pelitic- and carbonate-rich rocks is given in figure 4;
of the amphibolites (and their low grade equivalents), of the metamor-
phosed ultramafic rocks, and of the meta-bauxites in figure 5. A selection
of representative mineral assemblages observed in thin sections is ar-

ranged for each

distinctive rock type in all the metamorphic zones ip

table 1. The location of these samples is given in figure 6. Some addi-
tional data on lithology and veining of each individual zone are given,
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ssible. For. he zones are named after the most characteristic or a frequently-

o figure 3. occurring mineral or mineral assemblage.

i

boundary DIASPORE ZONE (1)
1 order of

of distinc-
n hgure 4;
metamor-
A selection
fons is ar-
¢ zones in

The lowest grade of metamorphism is found in southeastern Naxos
where the rocks consist mainly of marble with several lenses of meta-
bauxite. A few pelitic schist horizons also occur, sometimes with inter-
calations of layers of presumably metavolcanic rock. These layers are
tzken to be the low grade equivalents of the amphibolites. Only one
body of metamorphosed ultramafic rock is found in this zone (fig. 2).

are given.
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The pelitic schists show the typical greenschist facies assemblages albite-
quartz-chlorite-sericite, occasionally \nth actinolite or epidote. From the
beginning of the metamorphic range, iron-rich mica schists contain
chloritoid, and sodium-rich schists contain paragonite. P)rlte sometimes
occurs in large crystals with cube-faces pr edormnant. The impure mar-
bles in this zone locally contain ankeritic carbonate, Ni-bearing fuchsite,
or piemontit& Some small lenses in the marble even contain glauco-
phane with epidote. Quartz, epidote, albite, actinolite, chlorite, and
muscovite are the more common minerals in the marbles. The predomi-
nant iron-oxide in the low grade marbles is hematite. Graphitic sub-
siance, as a residue of organic matter, is present in these, mostly blue-
oravish marbles. Pyrite is trequent along discrete horizons. '

T‘le metavolcanic layers locally consist almost completely of glauco-
phane. The assemblage oluvcoph'me—epldote is normally found together
with chilorite and almte. Paragonite, actinolite, and garnet may also
occur in these schists. In the chlorite—epidote schists the small crossite
0‘5:—"11 show thin rims of actinolite. Small biotite flakes are ob-
fophane-—artxnohte~chlor1te schists.
sed ultramafic rock the minerals chrysotile, talc,
orize, ci i te, and actinolite occur. The assemblage

Gufe) is plesent in the center of the ultramafic
impumeablhty of the rock, which permitted
ively low oxygen fugacity. In all the other rock
ic is hematite.
eta Lavxltes in the marble are characterized by the assem-
- dlins pu”(‘~Cﬂ]OlltOLu—-ﬁLm'ltlte In addition, they may contain pyro-
vllite, kyanite, and minor kaolinite, which possibly represents a pri-
mary rvemmo*‘p?nc phase. Rarely are muscovite~paragonite schists found

B

2810

slong the contact of the diasporite with unpule, schlstose marbles. The
“bunaa,nl} occurring contorted quartz segregations frequently contain
albite, epidote, chlorite, and calcite crystals.

CHLORITE-SERICITE ZONE (11)

This zone starts with the 4+ corundum isograd, which marks the
reaction: diaspore into corundum plus water, The -+ corundum isograd
is defined in the field by the first appearance of corundum in meta-
bausite lenses and is based on approximately 25 observations (fig. 3). In
the lowest-grade part of zone 1I pseudomorphs of corundum after dia-
spore indicate that the reaction is prograde. It should be noted, however,
that all emery deposits, up to the highest grade of metamorphism, can
contain secondary diaspore, especially along fissures, and the retrograde
reaction may produce reverse pseudomorphs. The lithology in zone II is

s baa

intergrowt

about the same as in zone I. Metavolcanic rocks are also observed as

components of conglomeratic layers in a rather thick marble bed. Only
two meta-ultramafic bodies crop out in this zone.
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Mineral assemblages in the pelitic schists and marbles are similar to

those in zone I, although on approaching the -+ biotite isograd para-
gonite disappears from the mica schists and ankeritic carbonate and Ni-

bearing fuchsite from the marbles. Talc starts to form typically in the

siliceous dolomitic marbles in this zone. Some phlogopite and rarely
margarite are seen in the impure marbles. In the white marbles graphite
locally occurs concentrated in small black spots or in thin streaks, where-
as most of the marbles in this zone remain grayish colored and contain
graphite dispersely distributed through the marble. Pyrrhotite appears
near the - biotite isograd. Especially in the marbles and in the emery
deposits, the hematite gives way to magnetite about halfway between the
+ corundum isograd and the — chloritoid isograd. Of course, the hema-
tite-magnetite reaction is dependent on oxygen fugacity as well as tem-
perature and total pressure and is, therefore, not very suitable for com-
parison with the mapped isograds, which are mainly dehydration re-
acticns. Magnetite appears and hematite gradually disappears over a

: chloritoid isograd.

. occurs only near the 4- corundum isograd. Most sodium-
an actinolite rim, which is better developed than in
nineral assemblage in the metavolcanic rocks is chlor-
ite, with biotite and garnet as minor minerals.
: and in zones I1I and IV diopside is not found
metamorphosed ultramafic rocks; it appears again with tremolite
gh grade part of zone V, and with enstatite and forsterite in
zone V. A similar disappearance of diopside in the intermediate zones
is mentioned for the Swiss alps by Trommsdorff and Evans (1974). Sec-
ondary chrysotile is often observed in later fissures, a phenomenon found
even in the forsterite—enstatite ultramafic rocks from the highest grades
of metamorphism. The minerals talc, actinolite, chlorite, antigorite, and
gedrite also occur in these low grade wltramafic rocks. The assemblages
actinolite—tale, actinolite—antigorite, talc-antigorite, and chlorite-gedrite—
magnetite are found. The emeries in zone 1l are characterized mainly
by the assemblage corundum-~chloritoid-hematite. Pyrophylite and kao-
linite are absent, and kyanite has been observed in only one emery de-
posit halfway in this zone. Margarite appears near the -+ biotite isograd.
At the high temperature side of this zone tourmaline  begins to .appear
in quartz veins, whereas albite and epidote disappear beyond this zone.
Only in late, secondary quartz veins are albite and epidote still found.
BIOTITE—CHLORITOID ZONE (11I)
Although in a few presumably metavolcanic rocks within zone I and
11 some local biotite occurrences have been found, the -+ biotite isograd
can be mapped rather accurately in rocks of pelitic composition. The
isograd, as drawn in figure 3, is based on approximately 30 field obser-
vations. Wherever this isograd could be studied in detail, the transition
zoue was not more than several tens of meters wide. In this transition

.
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zone, some beds carry biotite, whereas others do not. Very suddenly after
passing through the transition zone, all the pelitic schists carry biotite,
sometimes very abundantly. It seems strange that the inevitable differ-
ences in chemical composition between adjacent beds apparently had so
lictle influence on the appearance of biotite on Naxos. There is a strik-
ing coincidence of the disappearance of the assemblage chlorite-musco-
vite with the + biotite isograd, suggesting that this assemblage plays a
key role in the reaction by which biotite forms in pelitic schists.

The mica schists become more abundant than the marbles in the
sratigraphically lower part of the metamorphic sequence (see cross sec-

fw &
ion of fig. 2). This change in lithology becomes marked toward the —

monly been situated more or less at this grade of metamorphism. In the

welitic schists, the place of albite is taken by oligoclase. Whereas the
biotite—chiori

nly rarely observed. Albite gives way in the marbles
toclase with an anorthite content of more than 15
oritoid isograd. Hornblende appeared halfway
opite is more common than it is zone 11 In
the assemblages talc—calcite—quartz, muscovite—
iscovite-quartz are observed.
n this zone are represented mainly by am-
ineral assemblage is epidote-biotite-horn-
se for the high grade part of this zone, the assemblages of
zone 1 vemain stable in the low grade part. There are no real meta-
uliramafic Lodies in this zone; only a few small phlogopite-actinolite—
chlorite—talc lenses are found.

In the emery deposits within this biotite-chloritoid zone, margarite
Is a very common mineral. On Naxos, margarite appears in this rock
tvpe in the higher grade part of the greenschist facies and persists up
into the kyanite-sillimanite transition zone of the amphibolite facies.
This conflicts with the idea that margarite is confined to the greenschist
facies. The experiments by Chatterjee (1974) and Storre and Nitsch
(1974) show that the stability field of margarite is markedly displaced
toward higher temperatures under increasing water pressure and in the
absence of excess silica. The emery deposits contain characteristic min-
ersl assemblages: corundum-chloritoid-kyanite-magnetite or hematite
for the massive emery, corundum-calcite-margarite~chloritoid along the
contact with the marble, and epidote~kyanite-chloritoid-margarite in
scliistose parts of the deposit. Most of the primary quartz veins contain
Iinerals found also in the surrounding rocks. In secondary veins the
minerals calcite, chlorite, albite, epidote, and hematite or limonite occur.
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KYANITE ZONE (V) .

This zone begins with the disappearance of the chloritoid in the
ironrich pelitic schists and in the emery deposits. Although the —
chloritoid isograd is based on only about 10 observations, the chloritoid
seems to disappear at more or less the same grade in these two rock types
with very ditferent bulk compositions. The excess silica in the pelitic
schists and the excess alumina in the emery deposits suggest we are deal-
ing with various breakdown reactions. In the pelitic schists the break-
down reactions are not yet clear. In the emeries the appearance of
staurolite coincides with the disappearance of chloritoid. Apparently the
transition reaction is chloritoid + kyanite + corundum into staurolite
4+ water. In the pelitic schists, kyanite appears 2 few hundred meters
after passing the — chloritoid isograd, and staurolite a bit later. Chlorite
is rave in zone IV—when observed it is mostly retrograde. It is remark-
able that most staurolite occurrences are in the kyanite-bearing mica
schists, which contain no chlorite as a primary metamorphic phase.

In the impure marbles several mineral reactions were identified at
etamorphism. OF course, most mineral reactions in the
2ad dolomitic marbles are not only a function of temper-
sressure but of the H,0/CO, ratio as well. Shortly after

d isograd, the first appearance of the typical talce-
lages was observed in the siliceous dolomitic marbles.
is rare in the high grade part of this zone. Just before
isograd the last dolomite-quartz asserablages occur.
ende hecomes a part of the impure carbonate assem-
blages at about the grade where chlorite plus actinolite disappears. On
approaching the -+ sillimanite isograd, green hornblende, scapolite, and
grossular appear. The assemblage muscovite-quartz disappears in the
calcitic marbles hallway into this zone. The plagioclase becomes rich
in anorthite; for example, the assemblage phlogopite~tremolitc—corun~
dum—anorthite-calcite is locally observed near the - sillimanite isograd.
The calcitic marbles gradually become more and more clearly white and
well crystallized. Only a few marble beds remain grayish, and most of
the graphite is concentrated in gray thin streaks.

The amphibolites also show an increase of the anorthite component
in the plagioclase but not as much as in the marbles; it never exceeds 70
percent An up to zone Vp. Near the 4 sillimanite isograd augitic diop-
side becomes a part of the amphibolite assemblages. The metamorphosed
ultramafic rocks are characterized by the presence of magnesite. A few
lage talc-magnesite and talc-anthophyllite, and
he + sillimanite isograd, show the parageneses

these grades «
impure cald
2

ature anda

passing

outcrops show the assemb
other localities, closer to t

talc-magnesite-anthophyllite and talc-forsterite-anthophyllite.

The emery deposits in this zone commonly contain the typical assem-
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Along the contacts with the marbles the margarite-anorthite-

aurolite-magnetite. Some schistose emeries
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corundum

“fact concentrated in seemingly late
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assemblage is found. Magnetite is the predominant iron-oxide. Musco-
vite-kyanite paragenses are observed with tourmaline and corundum in
veins through the high grade emeries. The locally frequent occurrence
of aplites and pegmatites begins after passing the — chloritoid isograd,
and they become more abundant toward the migmatite dome. The
quartz segregations in the pelitic schists of the kyanite zone commonly
contain large kyanite crystals, which are often deformed. Typically in

1

—r
4]

a7z formed around the quartz segregations.
KYANITE-SILLIMANITE TRANSITION ZONE (V)

The first appearance of sillimanite, in most cases fibrolite, marks the
inning of this zone. Although the zone is limited in width, it is of
lar interest on account of the fact that it contains two, locally
e, Alsilicates side by side. Near the northeast side of the mig-
me, the zone is exposed over a width of more than 1 km, but
least partly, an effect of topography. An average true thickness
m is more nearly correct.
tion zone evidence of reaction between the two Al-

in the mica schists and quartz segregations, and it is

idiimanite. These features do not say anything
the reaction. An increase in temperature (pro-
: pressure (retrograde), or both changes combined,
he same result. Strictly speaking, it depends on the
ragrade character of the reaction whether the zone be-

-

Lhis situation may indicate that a sillimanite producing reaction occurs
it the mica schist, whereas the kyanite-sillimanite transition has not yet
taken place in the quartz segregation, because the overstep is still too
sall. Because the kyanite is sometimes bent and deformed and the quartz
sexregations are often slightly distorted, it can be concluded that the
Keanite was formed relatively early with respect to the sillimanite. The
reverse situation, sillimanite in the quartz segregation and kyanite in the
mica schist, is rarely seen. In most cases the two Alsilicates occur side by
side without any evidence of reaction. The kyanite is more frequently
deformed, but one should bear in mind that the kyanite formed earlier
and had already undergone a part of the metamorphic history before the
sillimanite formed.

Near the southwest corner of the migmatite dome, the three Al-
silicates occur together, sometimes even in a single hand specimen, for
about 3 km along strike, in the direct prolongation of the traunsition
Zone between the kyanite and sillimanite, Some of the andalusite is in
fact concentrated in seemingly late quartz segregations, but in the same

dolomitic marbles large tremolite crystals with clear white calcite
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segregations kyanite also occurs, commonly without evidence of reaction.
The andalusite in these segregations in very well crystallized and not
deformed, whereas the kyanite crystals may be deformed. Only in a few
thin sections does andalusite form a rim around the kyanite. The partial
reaction of kyaunite into sillimanite, commonly observed in other parts of

the transition zone, is rare in this andalusite-bearing part of the zone. -

In a few cases the fibrolite is found as pseudomorphs after kyanite. No
textural relations between fibrolite and andalusite have yet been ob-
served. The Alsilicate-bearing schists in this part of the zone are inter-
calations in amphibolites and in Al-poor biotite-schists, and, therefore,
no continuous cross sections through the zone can be studied. Neverthe-
less the andalusite in the low grade of the zone is always found with or
near kyanite, whereas in the high grade part always near sillimanite. In
both circumstances the andalusite is the less deformed and more euhe-
dral Alsilicaze. Most observations indicate that we are dealing with a
“retrograde direction” of reaction, and probably we may apply this idea
for the whole transition zone. As proposed by Thompson (1970) anda-
lusite may form when the pressure drops to the point where kyanite and

.
sillimanite are coexisting phuses, and this seems to be the case in the

ic complex on Naxos. In the southeastern part of the zone the
ic conditions were near or just above the triple point of the

Alsilicates, whereas in the rest of the zone the conditions were so far

,_.
.
Yoo
i

site anc
is in no way
diorite (hg." §).

granodiorite, the metamorphic grade decreases considerably, moreover
the contact metamorphism is restricted to a few tens, with a maximum
of a hundred, of meters along the border of the granodiorite. 1f the
andalusite formed at some later time during the contact metamorphism,
then it would he a strange coincidence that the andalusite so faithfully
follows this transition zone of the Alsilicates.

In the pelitic schists staurolite, not uncommonly associated with the -

three Alsilicates, disappears on the southwestern side of the migmatite
dome near the — kyanite isograd, whereas it has disappeared on the
eastern side more or less with the + sillimanite isograd. The apparent
shift of the staurolite stability to higher grade metamorphism on the
southwest side of the dome is due to the fact that the transition zone of
the Alsilicates is displaced toward a lower grade of mectamorphism.
Cordierite is not found anywhere in the transition zone, despite careful
scarch. Almandine-rich garnet commonly occurs in this zone. The main
mineral assemblage is quartz—plagioclase-muscovite-biotite-kyanite-silli-
manite-garnet or staurolite. The paragenesis kyanite-almandine-biotite

.on Naxos: Petrolog)
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suggests that the staurolite-muscovite-quartz already reacts in the kyanite
nne.

The marbles, in general, contain mineral assemblages similar to those
found in the high grade part of zone 1V. In addition they show vesu-
vianite and xanthophyllite. The mineral vesuvianite is found in this zone
with grossular-diopside-calcite-epidote and quartz, and the xanthophyl-
lite with grossular—vesuvianite and calcite. The frequent occurrence of
aplite veins at these locations may indicate that silica and water were
added to the marble during the formation of vesuvianite and xantho-
phyllite. Plagiociase with scapolite is almost pure anorthite; muscovite
disappears from the impure marbles. The siliccous dolomites start to
contain the assemblage diopside-calcite with or without quartz. For-
sterite has no: been observed, probably due to the high aluminum con-
tent of most doiomite—calcite marbles in the high grade parts of the
metamorphic complex on Naxos.

The amphibolites conrai and more diopside, K-feldspar, and

grossular. The hornblende is green colored. Scapolite an ears. Although
Enl (=

enstatite~macnesiie mi still | stable association in the ultramafic
rocks of this ; 2as not yet been observed, One of the
. ubiramafic rocks shows the e ite—talc assemblage in a matrix of
~olivine—tren hophyllite. Enstatite~talc represents the high pres-
suce equival af shvHin ile that mineral is found in the same

In . PUps nenr i Kyanite isograd the assemblages diop-
e are found. Antigorite is secondary.
nafic bodies the assemblage garnet—

v deposits in this zoue are rave. They

neral assemiblage of zone 1V, Indeed, they still

ontrast to the pelitic schists. This fact seems to

sizgest that staurolite plus corundum has a farger stability field than

stiurolite plus quartz. Pegmatites in this transition zone hecome abund-

ant, and their mineralogy is dependent on the country rock. Pegmatites

in the pelitic schists contain quartz, oligoclase, K-feldspar, muscovite, bio-

tite, garnet, tourmaline, and beryl. Those cross cutting the marbles con-

twin quartz, andesine, K-feldspar, biotite, garnet, diopside, and tourma-

line,

SILLIMANITE ZONE (V)

The disappearance of kyanite from the pelitic schists and gneisses
lorms the low grade boundary of this zone. The zone is extremely vari-
able in thickness, depending on the location of the 4 meltphase isograd.
As mnight be expected, sillimanite-rich layers are very common in the
Wica schists, The sillimanite normally remains fibrolitic in this zone.
Locally, rocks of pelitic composition become gneissic and sometimes
develop into augen-gneisses, in which K-feldspar is the predominant
mineral. The assemblage K-feldspar plus sillimanite is found locally.
‘Hmvever, the muscovite—quartz assemblage in other places remains stable
to the outer parts of the migmatite dome.
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In the marbles epidote becomes rare toward the higher grade of this
zone, and blue-green hornblende disappears from the amphibolite strezaks
in the marbles. The assemblage biotite—diopside—h.ornblende—anortlute—
calcite is frequently observed. The ma.rbles in this zone are very well
crystallized, and they occasionally contain gray, graphite-rich s_trea.ks. Pyr-
rhotite seems to be more frequent than pyrite. The az‘nphlbohtes are
similar to those of the previous zone. Epidote and chlorite become rare
toward the migmatite dome. )

The ultramafic rocks start to contain the assemblage':s enstatite~
forsterite-green spinel, clinochlore-brown §pmel, and enstatxts%dxopmde.
Cummingtonite, anthophyllite, and actlnohtef are observed_as intergrown
assemblages. The highest grade emery deposits are found in tl}e sillima-
nite zone, and their mineralogy is the same as in the previous zone.
Staurolite remains stable in these outcrops. Margarite as a primary phase
has disappeared before the — kyanite isograd. Along the border with the
marble anorthite—calcite-corundum assemblage is observed. The pegma-
tites cross cutting the ultramafic rocks are strongly desiliciﬁedt and _tl}ey
consist of the minerals phlogopite, anorthite, corundum, chlorite, zoistte,
tourmaline, and beryl.

AIGMATITE ZONE (V1)

for anatexis marks the beginning of this zone, which is
niematite dome in figures 2 and 3. The classical phe-
hat can be observed here include irregularly con-
schistosity planes and separation of the gneissic
dark, iterich patches (still showing schistosity) together
with light-colored isotropic granitic parts. Anatexis is also egn*essed by
flow folding and by the development of pegmatitic pods, which may or
“may not show s

I
harp boundaries with their surroundings. All these phe-
nomena are considered as evidence for the appearance of a new phase
in the pel‘ltic rocks, namely a granitic melt, and the begipning of these
phenomena has been marked as the highest metamoyphxc _15':og1~a(1_on the
map. As regards the mineral assemblages of the migmatific gneisses, it
should be noted that some parts ave the crystallization products of
granitic melts, while others are dark 1'estites_, and st.iH others are formed
by late stage pegmatitic pods. The following major ass.en.\bluges have
been found: oligoclase—quartz—K-feltlsl)a1‘~xlllxsF0\‘1te or h.xoute, OCCaSIF)D‘
ally with tourmaline or garnet for the pegmatoxd .rocks, OIISOC].RSG—.(IL}ZH tz—
K—feldspar»biotite for the granitic parts, and o]lgoclase—.b‘lontcimlhman-
ite-guartz-garnet with commonly K-feldspar f(?r the pelitic restites.
Siliceous carbonate assemblages in the migmatite are Characterx%ed
by occurrences of diopside, hornblende, anorthite, grossular, ph]ogopltg,
and quartz, In addition, biotite, scapolite, :u}d sphene have. been [Ou{l .
Sulphide assemblages such as pyrrhotine—pyrite are present in these high
grade marbles. All these minerals commonly occur in dark streaks par-
allel to the boundaries of the marble layers. These streaks, therefore,
probably represent the original sedimentary layering, possibly enhanced
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by metamorphic differentiation. The marbles within the migmatite con-
min virtually no primary epidote, The calcite marbles are extremely well
arystallized and probably metasomatically cleaned. Graphite is not found
in these high grade marbles, they are all clear white. Probably the
raphite is more or less oxidized graduﬂly throughout the metamorphic’
-quence and completely burnt away in this migmatite dome. The ob-
servations of the reduction of more and more felnc iron toward the
higher grades is compatible with this gradual disappearance of graphite.
Iu one desilicified schist lens in dolomitic marbles near the deepest-
(\I)OSCCL part of the gnei‘s dome, some sapphirine has been found. The

[
ot
S

association consists of sapphirine-spinel-corundum-anorthite-calcite and
phlogopite. Apparently the desilification is a consequence of the abun-
dant formation of phlogopite and tremolite at the contact between the
mica schist len ¢l the surrounding dolomitic marble (although most
of the tremolite here may be of later formation).

Amphibolites consist of the same minerals as described for the silic-
cous streaks in the marbles. The mineralogy of the few metamorphosed
vlramafic rocks preserved in this zone is similar to the mineralogy of the
rocks occwrring ; preceding zene. Chlorite and talc are secondary
minerals here. in migmatite dome no emery deposits have heen
found. Beryl, iz, monazite, and xenotime commonly are a(:cessory
winerals in some of the larger pegmatitic dikes,

&
<

S OF METAMORPHISM

uperature o ) g xul retamorphism on Naxos. The
bosrads, as ¢ -d in t} {fiz. 3), can be used to determine pxes-
ce-tempe g,:xdmom on the basis of relevant experimental data.
Sone audmo“aﬁ.p~ rclogic information is also used for the estimates.
The pressure-teraperature relations for the metamorphism in some areas
of Naxos are converted in figure 7 into inferred vertical geothermal gradi-
The temperature estimates are based on the assumption that the
tutal pressure, being locally more or less equal to the water pressure,
was wround 5 to 7 kb, as explained below.
The diaspore dehydration curve is based on data from Kennedy
(1159), Fyfe and Hollander (19()1) and Haas (1972). The temperature
h'r the + corundum isograd is estimated at about 420° to 440°C for the
relatively high pressure mvolved (from the kyanite occurrences it can be
interred that the total pressure was at least about 3 kh). The + biotite
isugrad is taken to be about 500°C based on the experimental meta-
morphism of pelitic clays (Winkler, 1957; and unpublished work at our
laboratory). The disappearance of chloritoid in the metamorphic series
di\cs place in the temperature range of 540° to 580°C. The — chloritoid
rve, as given in figure 7, is based on several reaction curves established
)f-' Richardson (1968) and Hoschek (1969). The Alsilicate diagram as
given in figure 7 is intermediate between the diagrams of Althm:, (1967)
and R;chardson Gilbert, and Bell (1969) and is consistent with the
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1 A

600 700 °c

relevant mineral reactions under condition P water
tions in different parts of Naxos, Greece, SE, E,
rmal gradients during metamorphism for re-
sspectively SE-, E-. ¢ : 1, dehvdration curve of diaspore (Haas, 1972).
I, formation cf ¢ in pelitic rocks (Winkler, 1957; and our data). III, compilation

ns of chloritoid (Richardson, 1968; and Hoschek, 1969); IV, break-

of breakdown react ‘
down reaction of muscevite plus gnartz (Evans, 1965); V, minimum melting curve of
granite (Luth, Jahns. and Tuttle, 1964;; VI, average phase diagram of the Al-silicates
(Althaus, 1967; and Richardson, Cilbert, and Bell, 1969). For further explanation, see

section “Conditions of Mctamorphism.”

¥ig. 7. Equi
equals P total,
and W indicate

experimental data of Newton (1966). This diagram fits better with the
other P-T estimates for the metamorphic conditions on Naxos, but,
especially due to the disappearance of chloritoid and to the appearance
of staurolite, it differs from carlier estimates made by one of us
(Schuiling, 1957, 1962b) as well as from the experimental work of Hold-
away (1971). The temperature of the transition zone of kyanite into
sillimanite can be estimated at about 620° to 660°C. Under the condition
water pressure equals total pressure, the beginning of melting of granite
would be around 630° to 640°C for the high pressures involved (Luth,
Jahns, and Tuttle, 1964). Our present estimate for the beginning of
melting at Naxos is between 660° and 690°C, because CO, was almost
certainly a major component of the fluid phase (Kreulen, personal
commun., 1975).

All the mineral occurrences and mineral assemblages mentioned in
the petrological description of metamorphic zones I to VI are consistent
with the general trend of temperature estimates (Jansen and Schuiling,

on Naxos: Petrology a;

in preparation). The temperature e:
also in good agreement with oxygen
cies in metamorphic temperatures, a
oxygen isotopes for a few mineral ff
morphism. These minerals, especial
gone Isotopic reequilibration durin
thermal event (Rye, Schuiling, Rye, 2
Our pressure estimates are bases
assemblage of glaucophane with epi
high pressures for the low grade rc
sonal commun.). The distribution
estimate of these relatively high j
most of the Barrovian-type of metar
under conditions on the high-press
west side of the dome the conditio:
lower P-T conditions near the wipl
blages, observed in the emery depos
the east side of the dome may sug
(1974, that we are dealing with a
that the disappearance of the prima
coincides roughly with the beginnir
the gneiss dome, although in some j
plus quartz remains stable, provide
more than 3.5 kb. This estimate be
into account the composition of pla
occurrence of kyanite close to the b
corner of the migmatite dome poii
about 6 kb. The assemblage talc-ma:
the Mgrich sapphirine + calcite oc
migmatite dome may be used as ind
under the temperatures and total
Seifert, 1974). In other places assemD
in zone Vy and vesuvianite—occurren
with diopside—epidote—grossular, inc
water in the fluid must have been
and Johannes, personal commun., 19
The conclusion of this section
took place within a gradually incre
400°C in southeastern Naxos to ahc
migmatite dome, while the total pr
of 5 to 7 kb for the whole complex. ]
that the composition of the fluid pl
from place to place, although in n
which both water and CO, plaved a




hiism

)

tion P water
ecge, SECE,
hism for ve-
(Flaas, 1972
Lmuplhx ion
IV, break-
ing curve of
Al-silicates
lanation, sce

v with the
‘axos, but,
\ppearance
one of us
k of Hold-
‘anite into
» condition
-of granite
ved (Luth,
cinning of

was almost

1, personnl

ntioned in
- consistent
Schuiling,

1249

on Naxos: Petrology and geothermal gradients

in preparation). The temperature estimates from experimental data are
also in good agreement with oxygen isotope work. Noticeable discrepan-
cies in metamorphic temperatures, as determined by fractionation of the
oxvegen isotopes for a few mineral pairs, occur at higher grades of meta-
morphism. These minerals, especially the micas, have appavently under-
zone isctopic reequilibration during cooling, or possibly a later alpine
thermal event (Rye, Schuiling, Rye, and Jansen, 1976).
Our pressure estimates are based on the following observations. The
age of glaucophane with epidote and calcite suggests moderately
nressures for the low grade rocks in Naxos (Ernst, 1968, and per-
v)nﬂ co m.-un,/\,. The dlstribution of the Alsilicates provides a good
estimate of these relatively high pressure conditions, especially since
most of the Barrovian-type of metamorphism on Naxos has taken place
tions on the high-pressure side of the triple point. On the
f the dome the conditions must have been confined to a bit
ditions near the triple point. The kyanite—epidote assem-
z-x*ed in the emery deposits near the — chloritoid isograd on
of the dome may suggest, according to Storre and Nitsch

'—‘ fD
w

under <

beginning of melting in pelitic rocks around
1 in some parts of the anatectic rocks muscovite
e, provides a local water pressure estimate of
estimate becomes on the order of 4 kb, taking
sition of plagioclase (about 10 percent An). The
ose to the beginning of melting in the southeast
corner of the migmatite dome points to a minimum total pressure of
about 6 kb, The dssunbla«w alc~maO‘nesite—anthoplwllite in zone IV and
the Mgrich sapphirine + calcite occurrence in the deepest part of the
migmatite dome may be used as indications for local high CO, pressures
under the temperatures and total pressures involved (Johannes, 1969;
Seifert, 1974). In other places assemblages like anorthite—zoisite~corundum
in zone Vg and vesuvianite—occurrences in zone Vj, sometimes associated
with diopside-epidote-grossular, indicate that here the mole fraction of
water in the fluid must have been very high (Storre and Nitsch, 1972;
and Johannes, personal commun,, 1975).

The conclusion of this section is that the metamorphism on Naxos
took place within a gradually increasing temperature range from about
400°C in southeastern Naxos to about 700°C in the deepest part of the
migmatite dome, while the total pressure must have been on the order
ot 5 to 7 kb for the whole complex. In a number of cases it can be shown
that the composition of the fluid phase was locally buffered and varied
from place to place, although in most cases a pervasive fluid phase in
which both water and CO, played a major role, was presumably present.

remains stab
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GEOTHERMAL GRADIENTS DURING METAMORPHISN

Naxos, and as we know, the Cyclades in general, are unusual in
showing a transition range of metamorphic facies from glaucophane
schist into the migmatites of the amphibolite facies. The two facies are
commonly considered to belong to different metamorphic facies series
(Miyashiro, 1961). None of the Cyclades shows the complete, continuous
range of metamorphism, although Naxos displays almost the complete
range. Fieldwork in the Cyclades by Marinos (1942), Davies (1966),
Dixon (ms), and by the department of geochemistry of the Vening
Meinesz Laboratory has shown that on some islands a true high pressure
glaucophane schist facies has been developed. On Ios, glaucophane,
columnar calcite taken to be pseudomorphic after aragonite, and pseudo-
morphs after lawsonite have been found. In a meta-bauxite lens the
mineral assemblage diaspore-kyanite-chloritoid occurs. On  Siphnos,
glaucophane and jadeiterich pyroxene are found, and on Syros, law-
sonite, glaucophane, and the jadeite-quartz assemblage occur. On both
pical of the high-pressure assemblage, and
logitic rocks. On other islands normal
greenschist facies or am facies, with or without migmatites, are
found. For instance, on Ky s the assemblage quartz-albite-chlorite-

haracteri 1e greenschist facies wheveas no glauco-
rrence of migmatite and of the minerals stauro-
o5 indicates a metamorphism in the amphi-

islands columnar calcite is ty
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bolite facies.
At present there are few petrelogic indications of more than one
cycle of regional metamorphism on the Cydades, except for a weak,
il

ing conditions on los and southeast Naxos, as can be seen from the
existence of actinolitic rims around glaucophane crystals. Preliminary
RDb-Sr muscovite ages also seem to indicate a rather long Alpine meta-
morphic history, but data are as yet insuflicient to sketch the different
stages of metamorphism in time. The close spatial relation of otherwise
rather different metamorphic facies can be explained in our opinion by
accepting that the geothermal gradients present during the regional met-
amorphism of the Cyclades varied over rather short distances. A model
to explain such variation has already been set up by Richardson (1970),
and the Cyclades may be a very good example for this model. In figure 8
we have attempted to sketch the distribution of isotherms during the
final stage of mctamorphism on Naxos, after the updoming of the mig-
matite, as well as their distribution in the high pressure metamorphism
" as found on Ios.

The diapiric rise of the migmatites and the updoming of the
metamorphic rocks around it have the effect of enhancing the contrast
between metamorphic rocks, both as regards the temperatures of meta-
morphism and as regards their metamorphic facies. Over horizontal
distances of 10 to 15 km on Naxos we find regionally metamorphic rocks
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which erystallized under geothermal gradients ranging from 30°C/km
tor the western side of the migmatite dome to 22°C/km in southeast
Naxos (fig. 7). Over distances of only a few tens of kilometers from Naxos
to the islands of Syros, Siphnos, and a part of Ios, the geothermal gradi-
cats may drop to 15°C/km, or even Icss. Unfortunately, the fragmentary
exposure of the geological elements of the Cycladic Massif and our re-
sulting incomplete knowledge do not allow a conclusion on whether the
Cycladic Massil is an example of an ancient paired metamorphic belt.
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