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Abstract .  The transformation from blueschist to greenschist 
facies forms a major part of the Alpine regional geodynamic 
evolution of the Cyclades. The transition in metabasic rocks 
on Sifnos involves the retrogression of eclogites, blueschists 
and actinolite-bearing rocks from high-pressure conditions 
which have been estimated at 460+ 30~ and 15 • 3 kb. 
Petrographically observed parageneses are interpreted by 
a sequence of hydration and carbonation reactions involv- 
ing the breakdown of omphacite and glaucophane-bearing 
assemblages to albite + chlorite • actinolite • calcite assem- 
blages. The retrograde processes are calculated to occur 
at pressures of 10 to 8 kb during the isothermal uplift of 
the Sifnos units. Oxygen isotope analyses of different rock 
types show that interlayered lithologies have experienced 
a large degree of isotopic equilibration during both meta- 
morphic phases. However, chemically equivalent rocks 
show systematic increases in 6180 from lowest values ( ~  8 
to 11%o in metabasics) in the unaltered blueschists in the 
upper stratigraphic levels to higher values (>  15%o in meta- 
basics) associated with greenschists in the deepest strati- 
graphic levels. Relict eclogites enclosed within greenschists 
have the lower 61sO values typical of unaltered blueschist 
facies rocks. These isotopic gradients and the c513C and 
6180 compositions of carbonates demonstrate an infiltra- 
tion mechanism involving the upward movement of laO- 
enriched fluids whose compositions were buffered by ex- 
change with marble units. Calculated minimum fluid/rock 
ratios for the blueschist-to-greenschist transition decrease 
from ~ 0.4 in the deepest studied level (Central Sifnos) and 
~0.2 in the intermediate level (Kamares Bay samples) to 
an assumed value of zero in unaltered blueschists. These 
ratios may be lower if recycling of fluids occurred between 
schists and marbles. Infiltration of fluids became inhibited 
as the transformation advanced as a consequence of "seal- 
ing effect" of the hydration and carbonation reactions. Al- 
though infiltration most probably was a pre-requisite for 
the regional occurrence of the blueschist-to-greenschist 
transformation in the Cyclades, the evidence on Sifnos does 
not suggest the introduction of large quantities of fluid. 

Introduction 

Concepts of metamorphism have been considerably ad- 
vanced by evidence that fluid infiltration processes may in- 

Offprint  requests to .' M. Schliestedt 

fluence regional metamorphic evolution (e.g., Rumble et al. 
1982; Ferry 1983; Graham et al. 1983). Stable isotope stu- 
dies have been particularly valuable in the identification 
of the nature and role of the migrating fluid phase because 
the externally derived fluids may often be in isotopic dis- 
equilibrium with the rock units into which infiltration is 
occurring and bring about clear isotopic signatures of the 
exchange process (e.g., Bebout and Carlson 1986; Greig 
et al. 1986; Wickham and Taylor 1985). Our present work 
concerns the regional metamorphic processes in the Cyc- 
ladic metamorphic complex (Fig. 1) where studies on Naxos 
and Sifnos have identified remarkable 180 shifts accompa- 
nying fluid infiltration (Rye etal. 1976; Matthews and 
Schliestedt 1984; Schliestedt et al. 1987). 

The Cycladic crystalline complex is an Alpine, collision- 
type, orogen, whose geological evolution is dominated by 
three major events: an Eocene (40-45 Ma) high-pressure 
metamorphism, a low- to medium-pressure metamorphic 
overprint and a regional scale intrusion of granitoids. The 
second metamorphism has been dated at between 25-19 Ma 
(Schliestedt et al. 1987 and references therein) and slightly 
predated the granitoid igneous activity which continued 
throughout the Miocene. The metamorphism was dom- 
inantly at greenschist facies conditions but occasionally 
reached amphibolite facies, as in the case of the thermal 
dome of Naxos, for which Rye et al. (1976) demonstrated 
the development of large 6180 gradients between the high- 
grade migmatitic core and the lower-grade margins. 

In contrast to Naxos, where the high-grade overprint 
almost completely obliterated the earlier high-pressure 
metamorphism, the metamorphic sequences on Sifnos 
(Fig. 1) feature excellently preserved high-pressure meta- 
morphic rocks and greenschist facies assemblages. P - T  
evaluations from oxygen isotope and M g - F e  exchange 
thermometry and univariant equilibria show that the high- 
pressure, blueschist facies, metamorphic assemblages equili- 
brated at 460 • 30 ~ C, 15 • 3 kb, and the greenschist facies 
assemblages around 400~480 ~ C and 4-7 kb. The resulting 
broad, clockwise P - - T  loop suggests that the transition 
from blueschist to greenschist facies conditions involved 
a near-isothermal pressure release. 

The deepest exposed unit on Sifnos is the largely meta- 
basic Greenschist unit of Central Sifnos (Fig. 1), in which 
earlier high-pressure assemblages containing glaucophane, 
omphacite and garnet are almost completely replaced by 
a lb i te -  ep ido te -  chlorite___ calcite • actinolite assemblages. 
The high-pressure assemblages are preserved intact in the 
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Fig. 1. Geological maps and sections. The inset 
map shows the geological units of the Cyclades. 
The geological map of Sifnos displays the four 
main lithological units together with the three 
main sampling locations: Blueschist Unit 
(Vroulidia Bay); Greenschist Layer within the 
Main Marble (Kamares Bay); and the Central 
Sifnos greenschists (Kastro-Katavati area). The 
two sections show the interlayered rock units at 
Vroulidia Bay and Kamares Bay, respectively. 
Legend (Vroulidia Bay units): VR1 Upper 
Marble; VR2 interlayered blueschists and jadeite 
gneisses (Fig. 2a); VR3 jadeite gneiss; VR4 
micaschist with calcite lenses; VR5 coarse 
eclogite; VR6 chloritoid-bearing blueschist; VR7 
blneschists with minor eclogite intercalations; 
VR8 chlorite-actinolite schist; VR9 garnet- 
micaschist: VRIO eclogite; V R l l  blueschist; 
VRI2 interlayered eclogites and metasediments. 
(Kamares Bay units): K1 Main Marble; K2 
contact zone marble; K3 micaschist; K4 and K5 
interlayered sequence of greenschists (containing 
relict eclogite lenses) with quartz-micaschists and 
albite gneisses (Fig. 2b) 

upper stratigraphic levels as the Blueschist unit of Northern 
Sifnos (Fig. 1). Separating the Blueschist unit from the Cen- 
tral Sifnos Greenschist unit is a thick marble unit, the Main 
Marble, consisting of almost pure marbles, with intercala- 
tions of schistose rocks exhibiting the greenschist facies 
overprint in varying degrees. 

Indications that fluid infiltration was involved in the 
blueschist-to-greenschist transition on Sifnos came from the 
oxygen isotope analyses of minerals for geothermometry 
(Matthews and Schliestedt 1984). 61sO analyses of coex- 
isting minerals (e.g., quartz, white mica) from greenschist 
facies assemblages in Central Sifnos were found to be sever- 
al per mil heavier than from the same minerals in equivalent 
rock types of  the Blueschist unit. These enrichments led 
Matthews and Schliestedt (1984) to propose that the 
blueschist to greenschist facies transformation occurred in 
the presence of 18U-enriched fluids which infiltrated up- 
wards, but did not penetrate through (because of the imper- 
meability of the Main Marble) to the upper stratigraphic 
levels where the blueschists were preserved. 

The transformation from blueschist to greenschist is a 
regional process in the Cycladic complex and indeed is most 
probably typical of Alpine-type orogenic cycles involving 

a broad clockwise P - T  loop. It is clear, therefore, that 
our understanding of fluid infiltration processes would ben- 
efit from a detailed examination of the petrology and stable 
isotope geochemistry of the blueschist-to-greenschist trans- 
formation on Sifnos. To accomplish this we have examined 
in detail sections at three levels in the Sifnos stratigraphy 
(Fig. 1): a) the high-pressure, blueschist facies, metamor- 
phic rocks at Vroulidia Bay, b) greenschist facies intercala- 
tions within the Main Marble unit at Kamares Bay and 
c) greenschist facies rocks from Central Sifnos. These three 
sections, representing upper, intermediate and lower-ex- 
posed levels of the Sifnos stratigraphy, are examined for: 
(1) the isotopic compositional relationships among different 
interbedded rock types of the same unit, (2) the nature 
of the blueschist to greenschist facies transition as expressed 
stratigraphically by the change from complete overprint at 
the lowest levels to preservation of blueschist facies at upper 
levels, and (3) the quantities, mechanisms and direction of 
fluid mobilization. In view of the probable involvement of  
marbles in the 18U-enrichment of the infiltrating fluids 
(Matthews and Schliestedt 1984), we have made a compara- 
bly detailed study of the carbon and oxygen isotopic geo- 
chemistry of carbonate assemblages. 



Analytical procedures 

Analytical procedures for carbon and oxygen isotope and chemical 
analyses of whole rocks and minerals have been detailed in Mat- 
thews and Schliestedt (1984) and Schliestedt (1986). The chemical 
analytical data are presented together with modal estimates in Ta- 
ble l. Oxygen and carbon isotope data are reported in the 6 nota- 
tion in Table 3. 

Petrology of the blueschist to greensehist transformation 

Field relations 

Schematic sections of the lithologies of rock units along 
the northern shoreline of Vroulidia Bay and the greenschist 
layer within the Main Marble unit at Kamares Bay are 
given in Fig. 1. 

Units of the Vroulidia Bay blueschist section have been 
described in detail by Schliestedt (1980, 1986) and Schlie- 
stedt and Okrusch (1987). The section is composed of 
interlayered metabasites (blueschists, eclogites, chlor i te-  
actinolite rocks), meta-ac id i tes  ( jadei te-quartz  gneisses) 
and metasediments (ga rne t -  micaschists, ca lc i te-  epidote 
schists, quartzites and marbles). The interlayered units dip 
approximately 40 ~ NW and are concordant with the mar- 
bles of the overlying Upper Marble unit (Fig. 1). A particu- 
larly notable feature (Fig. 2a) is the repeated interlayering 
of basic and acidic lithologies on the scale of tens of centi- 
meters (e.g., layers VR 2 and VR 12 in Fig. 1). 

The greenschist facies layers at Kamares Bay form part 
of an ~ 50 m thick intercalation of silicate rocks, concor- 
dantly enclosed within the Main Marble. The lithologies 
were sampled from the lower contact with the marble to 
about the centre of the intercalated unit (Fig. 1, bottom). 
All interlayered rocks display the early NW ( ~  48 ~ dipping 
structures, despite the overprint. Equivalent assemblages 
to those of the Blueschist unit are metabasites: greenschists, 
meta-acidites: albite gneisses and metasediments: mica- 
schists and quartzites. Field evidence of the transition from 
blueschist to greenschist facies conditions is provided by 
the presence of relict eclogite lenses within the greenschist 
layers (Fig. 2b). At the contact with the Main Marble a 
1 m thick marble layer is observed (layer K2). Thin veins 
of coarse-grained calcite cut across all lithologies. Meso- 
scopic interlayering of acidic and basic rock layers, similar 
to that noted above for the blueschists, also occurs in the 
Kamares section layers K4 and K5 (cf., Fig. 2b). 

In contrast to the strongly defined interlayering in the 
Vroulidia Bay and Kamares Bay sections, the Greenschist 
unit of Central Sifnos consists mainly of thicker units of 
metabasic rocks intercalated with metasediments. Sampling 
was made well within the unit, away from any prominent 
marble horizon. 

Petrology and geochemistry 

The Vroulidia Bay Bluesehist unit is characterized by a wide 
variety of mineral assemblages that are typical of the higher 
grade (ga rne t -  ep ido te -  bearing) parts of the blueschist fa- 
cies. Depending on the bulk-rock chemistry, typical miner- 
alogies are: (cf., Table 1) epidote + garnet + glaucophane in 
pelitic metasediments, jadeite + quartz in meta-acidites, gar- 
net + epidote + glaucophane + chloritoid or omphacite in 
blueschists and eclogites, and chlorite + actinolite in magne- 
sium-rich metabasites. Figure 3 plots the bulk chemical 
compositions of all analyzed rocks in an A1203 + Fe203 - 
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Fig. 2a, b. Field relations, a Blueschist unit, Vroulidia Bay, unit 
VR2: interlayering of blueschists (dark) and jadeite gneisses (light 
grey); b Greenschist layer Kamares Bay, unit K5: albite gneisses 
(light) interlayered with greenschists (dark grey); omphacite-rich 
eclogite relict is shown on top left corner 

FeO + M g O - C a O  triangle. The various rock types of the 
Blueschist unit show well defined fields for each type. 
Schliestedt (1986) has demonstrated that the eclogites, 
blueschists and actinolite-bearing metabasic rocks represent 
rocks of different bulk chemical compositions which recrys- 
tallized under the same blueschist facies fluid-pressure and 
temperature conditions. 

In the Greenschist layers at Kamares Bay rocks of chemi- 
cal compositions equivalent to those of Vroulidia Bay (Ta- 
ble 1) are composed of albite + quartz + white mica in meta- 
sediments and meta-acidites and albite + epidote + chlo- 
rite + actinolite or calcite in the metabasites. In many sam- 
ples, the development of reaction textures and the presence 
of relict minerals provide evidence for the earlier high-pres- 
sure metamorphic phase. As noted previously, relicts of 
omphacite-rich eclogites are occasionally well preserved. 
The development of greenscbist facies assemblages is not 
accompanied by large chemical changes (Table 1). Only 
rocks of units K3 and K4, which are close to the marble 
contact, show enrichments in CaO which presumably reflect 
introduction of calcite. The similarities of the interlayering 
and the chemical compositions, and the evidence for the 
blueschist to greenschist facies transformation, clearly iden- 
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Table 1. Mineral assemblages and bulk-rock chemistries 

Blueschist unit, Vroulidia Bay 

VR2 VR6 VR8 

wt% 76-311 84-71 84-73 77-312 84-72 84-74 600 76-290 77-569 84-78A 84-78B 

SiO2 74.4 78.0 71.2 51.7 48.5 47.5 54.6 46.5 45.0 44.9 44.2 
TiO2 0.25 0.17 0.23 1.17 0.66 0.65 1.16 0.72 0.65 0.65 0.73 
AlzO~ 12.0 11.7 14.1 16.1 16.0 14.7 15.4 12.7 11.0 10.0 11.1 
Fe203 2.26 0.93 t.01 2.68 2.34 2.15 5.90 2.19 2.38 2.02 2.71 
FeO 1.84 1.55 1.93 8.98 5.76 5.81 6.12 5.81 6.25 6.30 6.22 
MnO 0.08 0.05 0.07 0.15 0.15 0.15 0.32 0.13 0.12 0.16 0.16 
MgO 0.72 0.95 1.11 3.84 8.95 9.26 3.94 14.6 18.7 20.2 19.6 
CaO 1.28 2.10 4.08 5.19 6.77 7.61 7.96 8.71 9.26 8.16 8.70 
Na20 5.17 0.83 1.32 4.34 4.71 4.72 2.08 1.45 0.87 0.97 0.89 
K20 0.31 2.55 2.18 0.32 0.39 0.36 0.56 1.21 0.11 0.47 0.15 
P205 0.04 0.02 0.03 0.15 0.17 0.12 0.06 0.26 0.23 0.26 0.27 
CO2 0.6 0.1 1.2 2.8 2.6 3.5 0.25 1.2 0.05 0.55 0.15 
H20 0.8 1.7 2.3 2.3 4.1 3.9 2.2 4.6 5.3 6.1 6.0 

~, 99.75 100.65 100.76 99.82 101.10 100.43 100.55 100.08 99.92 100.74 100.88 

Quartz �9 �9 �9 o + + + + - - - 
Albite + + + . . . . . . . .  
Jadeite o + + . . . . . . . .  
Omphacite . . . . . . . . . . .  
White mica o o o �9 + o o o - o o 
Chlorite - + - + + + + o �9 �9 �9 
Glaucophane o - + �9 �9 �9 �9 o - - - 
Actinolite . . . . . . .  �9 �9 �9 �9 
Garnet o o o �9 o o o . . . .  
Epidote + o o -- �9 o �9 o o o o 
Sphene - - - + + + - o + + + 
Rutile + -- -- + -- -- + + - -- -- 
Calcite o - + o o o - o - + - 

�9 > 20, o 20-2, + < 2 vol. % 

A 

C ' ~  F 

Fig. 3. A I 2 0  a -k F e 2 0 3  - -  FeO + MgO -- CaO (AFC) triangular plot 
of whole-rock chemical compositions of  blueschist (heavily stippled) 
and greenschist facies rocks (light stippled areas) from Vroulidia 
Bay, Kamares Bay and Central Sifnos. Data sources Table 1. Le- 
gend: see Fig. 9 

tify the  K a m a r e s  Bay sequence  as be ing l i thological ly  equiv-  
a lent  to the  in te r layered  b lueschis t  rocks  o f  Vrou l id ia  Bay. 

Mine ra l  a s semblages  o f  the  Greenschist unit of  Central 
Sifnos are typical  o f  g reenschis t  facies cond i t ions ,  Rel ic t  
h igh -p re s su re  minera l s  such  as g l a u c o p h a n e  are  o f t en  pres-  
ent  as a r m o u r e d  inc lus ions  in ep ido te  or  albi te  and  occur  
m o s t  f r equen t ly  in calci te-r ich parageneses .  All the exam-  
ined  rocks  o f  this  s tudy  co n t a i n  vary ing  a m o u n t s  o f  calcite 
(Table  1). The  chemica l  da t a  p l o t t ed  in Fig. 3 s h o w  tha t  
the c o m p o s i t i o n s  o f  the  greenschis t  facies rocks  o f  Cen t ra l  
Sifnos vary  f r o m  those  o f  the  or iginal  b lueschis t  facies rocks  
t o w a r d s  the  C a O  apex.  I t  is a s s u m e d  tha t  these  t r ends  repre-  
sent  the  m e t a s o m a t i c  i n t r o d u c t i o n  or  r emobi l i za t ion  o f  
Ca  z +- a n d  CO2-bea r ing  so lu t ions  in to  or  wi th in  rocks  t h a t  
were  or iginal ly  s imilar  in c o m p o s i t i o n  to the  b lueschis t  fa- 
cies rocks  o f  n o r t h e r n  Sifnos.  A t  the  same time, wa te r  re- 
qu i red  for  h y d r a t i o n  reac t ions  m u s t  have  been  in t roduced .  
O n  average  the  H 2 0  c o n t e n t  o f  basic  rocks  inc reased  by 
1.2 w t %  dur ing  the  t r a n s f o r m a t i o n  f r o m  blueschis t  to  
greenschis t  facies a ssemblages  (da ta  in Table  1). 

Mineral reactions in metabasic rocks 

The  t r a n s f o r m a t i o n  f r o m  blueschis t  to greenschis t  facies 
a s semblages  is bes t  expressed  by reac t ions  occur r ing  in me-  
tabas ic  rocks.  A n u m b e r  o f  reac t ions  can be obse rved  in 
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Table 1 (continued) 

Blueschist unit, 
Vroulidia Bay 

Greenschist Layer, Kamares Bay 

VRI2 K3 K4 K5 

wt% 84-65 84-66 84-46A 84-52 84-47A 84-48A 84--48B 84-49 84-53 84-57 84-54 

SiO2 74.0 52.8 45.4 44.2 42.2 76.5 71.7 68.3 70.6 73.3 53.3 
TiO2 0.27 0.83 0.34 0.45 0.67 0.19 0.36 0.33 0.30 0.27 0.82 
A120 a 13.3 14.0 10.3 11.6 14.1 12.4 12.7 15.2 15.1 14.6 13.9 
Fe203 0.63 2.27 1.39 3.00 6.08 1.69 2.42 2.47 2.15 1.83 3.76 
FeO 1.46 4.72 0.59 1.69 1.57 0.78 1.28 1.78 0.72 0.91 4.26 
MnO 0.07 0.15 0.08 0.10 0.09 0.05 0.10 0.08 0.05 0.06 0.12 
MgO 0.88 6.21 0.54 1.88 4.10 0.62 1.28 1.27 0.87 0.85 8.15 
CaO 3.17 10.4 19.0 18.0 15.0 1.64 1.11 4.60 2.80 4.09 6.29 
Na20 1.74 5.36 0.28 2.15 1.98 3.83 2.04 1.57 5.04 3.25 3.93 
K20  2.09 2.05 2.33 1.67 3.90 t.55 3.64 2.46 1.41 1.69 1.99 
P205 0.01 0.11 0.13 0.15 0.08 0.05 0.11 0.07 0.05 0.05 0.41 
CO2 <0.1 <0.1 16.8 13.2 8.1 <0.1 <0.1 <0.1 0.15 0.15 0.35 
H20 1.7 1.1 2.7 2.8 2.6 1.1 2.7 2.2 1.7 1.5 3.4 

99.36 100.00 99.88 100.89 100.47 100.40 99.53 100.33 100.94 101.55 100.68 

Quartz �9 - �9 o + �9 o o o o + 
Albite - - o o o �9 o o �9 �9 o 
Jadeite . . . . . . . . . . .  
Omphacite - �9 . . . . . . . . .  
White mica o o o o �9 o �9 o o o o 
Chlorite - - o o - + + o o + o 
Glaucophane - + - - + . . . . . .  
Actinolite . . . .  o . . . . .  �9 
Garnet o o - + - + + + + - - 
Epidote o + -- o �9 + o o o o o 
Sphene + + - + + - - - + - + 
Rutile - . . . . . . . . . .  
Calcite - - �9 �9 o . . . . .  + 

thin sections. T w o  o f  these react ions ,  i l lus t ra ted in Fig. 4a  
and  b, show the b r e a k d o w n  o f  o m p h a c i t e  and  g l aucophane  
accord ing  to the reac t ions :  

o m p h a c i t e  + pa r agon i t e  ~ g l a u c o p h a n e  + albi te __ ep ido te  

and  

g l aucophane  + ep ido te  ~ chlor i te  + albite.  

On  the basis o f  the react ions  tha t  can  be observed  pe t ro-  
graphical ly ,  it is possible  to cons t ruc t  a reac t ion  sequence 
for  the b lueschis t - to-greenschis t  t r a n s f o r m a t i o n  in me ta -  
basic rocks  (Fig. 5). All  assemblages  are  p ro jec ted  f r o m  epi- 
dote ,  quar tz ,  H 2 0  and  CO2 on to  the A1 + Fe  3 + - - N a ( A 1  + 
F e 3 + ) - C a ( M g + F e  2+) p lane  ( K o h l m a n n  and  Schliestedt  
1979). Blueschis t  facies parageneses  are  represented  in 
Fig. 5a  as three phase  assemblages :  G1--  O m  -- Act ,  G1--  
O m -  Pg, G 1 - - P g - - C t d  (for  n o t a t i o n  see cap t ion  to Fig. 5). 
A p p a r e n t l y  cross ing tie lines invo lv ing  garne t  are  due  to 
the c o m b i n a t i o n  o f  Fe  2 § and  M g  2+ in the d iagram.  

The  t r a n s f o r m a t i o n  f r o m  blueschis t  to greenschis t  as- 
semblages  involves  first the b r e a k d o w n  o f  omphac i t e -bea r -  
ing assemblages  fo l lowed by the d i sappearance  o f  g lauco-  
phane  (Fig. 5 b, c). Greensch is t  facies assemblages  (Fig. 5 d) 
are  represented  by the  parageneses  A b - C h l - - A c t  and  
A b - - A c t - - C c .  Both  parageneses  are  observed  in the  
greenschists  at K a m a r e s  Bay. 

In  greenschists  close to the marb l e  con tac t  and  in the 

greenschists  o f  central  Sifnos, act inol i te  is n o t  f ound  or  
is m i n o r  (Table  1). This  is t aken  to reflect  h igher  Xco2 in 
the fluid phase  (Har te  and  G r a h a m  1975). 

W i t h  one  except ion,  the reac t ion  sequence  presen ted  in 
Fig. 5 involves  react ions  o f  hyd ra t i on  and  ca rbona t ion .  The  
reac t ion  processes  are  thus  dependen t  on  the  avai labi l i ty  
o f  a f luid phase.  

The  P - T  cond i t ions  o f  the re t rogress ive  reac t ion  se- 
quence  are  b o u n d e d  by cond i t ions  for  the equ i l ib ra t ion  o f  
the blueschist  and  greenschist  m e t a m o r p h i c  assemblages.  
The  P -  T cond i t ions  no ted  in the i n t roduc t ion  (Blueschist  
un i t :  460_+30~  P n u i d = 1 5 q - 3 k b ;  Greensch is t  un i t :  
,-~400M80 ~ C, Pnuld= ~ 4 - 7  kb) are  well  cons t ra ined  for  
the blueschist  facies m e t a m o r p h i s m ,  but  less well def ined 
for  the greenschis t  facies m e t a m o r p h i s m  (cf., M a t t h e w s  and  
Schliestedt  1984). In  o rder  to fur ther  cons t ra in  the physical  
condi t ions ,  we have  ca lcu la ted  a n u m b e r  o f  P - T - - X c o 2  
equi l ibr ia  a m o n g  phases  invo lved  in the  blueschis t - to-  
greenschist  t r ans fo rmat ion .  The  ca lcula t ions  are  m a d e  using 
the p r o g r a m  T H E R M  (kindly p r o v i d e d  by Dr .  T.J .B.  H o l -  
land)  which  utilizes da t a  f r o m  the recent ly  publ i shed  ther-  
m o d y n a m i c  da tase t  o f  H o l l a n d  and  Powel l  (1985), aug-  
m e n t e d  in the case o f  ou r  ca lcula t ions  by unpub l i shed  da t a  
for  g l aucophane  (T.J.B. Ho l l and ,  pe r sona l  c o m m u n i c a -  
tion).  The  ca lcula t ions  are  o f  equi l ibr ia  in the system SiO 2 - 
A120 a - M g O -  C a O -  N a 2 0 - -  H 2 0 - -  C 0 2 .  C o m p o s i t i o n s  
o f  e n d - m e m b e r  phases  and  the s to ich iometr ies  o f  the se- 
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Table 1 (continued) 

Greenschist Layer 
Kamares Bay 

Greenschist unit, Central Sifnos 

K5 

84-58 77-534 84-55A 83-26 83-37 77-507 77-511 76-156 76-163 

49.7 55.6 52.9 41.4 39.7 49.9 50.6 41.9 46.8 
0.81 nA. 0.66 0.61 0.08 0.74 0.64 0.96 0.86 

13.6 9.1 11.9 12.5 4.67 17.3 16.3 15.1 18.0 
2.42 4.2 3.46 2.46 2.11 0.82 1.12 2.08 8.90 
5.18 3.0 2.54 3.18 0.50 6.55 5.76 5.20 1.32 
0.14 0.1 0.11 0.11 0.02 0.08 0.10 0.14 0.13 

10.8 7.8 7.22 3.86 0.30 2.67 2.70 4.65 3.23 
7.95 13.3 11.1 17.9 27.4 8.52 8.96 14.0 12.2 
2.36 7.0 4.36 2.91 0.86 2.47 2.23 3.31 2.64 
1.97 n.d. 2.53 1.69 1.50 2.86 2.52 0.85 1.16 
0.37 n.d. 0.50 -- - 0.31 0.21 0.16 0.13 
0.4 n.d. 0.6 9.3 17.5 4.4 6.2 8.1 1.9 
4.1 n.d. 2.0 4.2 5.5 3.2 3.3 3.5 2.3 

99.80 100.1 99.98 99.67 100.14 99.82 100.64 99.95 99.57 

+ - -  - -  + + + o + + 

o + + o + �9 �9 �9 �9 

0 -Jr" 0 0 0 0 �9 0 0 

0 -- + 0 + 0 0 �9 0 

. . . . . . .  + o 

�9 + o . . . .  + -- 

o + o o + o o o �9 
+ + + + + + + + + 

+ + + �9 �9 o �9 �9 o 

lected equilibria are presented in Table 2. Although not 
strictly necessary from a thermodynamic point of  view, the 
reactions are chosen so as to correspond to the chemo- 
graphically deduced sequence of  reactions shown in Fig. 5. 
The calculations are made for representative compositions 
of  Sifnos mineral phases determined by microprobe analy- 
ses. These compositions are detailed in Table 2 together 
with appropriate activities of  end-member components. 

The calculated equilibria are presented in Fig. 6a on 
a P -  T diagram for the hydration reactions 1 to 4 in Table 
2 at Xco~=0 and in Fig. 6b on a P-Xco~ diagram for 
reactions 4 to 6, assuming a representative temperature of  
450 ~ C. Approximate P-T conditions for the blueschist and 
greenschist metamorphism and the curve for the jadeite + 
qua r t z=  albite reaction after Holland (1983) are also shown 
in Fig. 6a. 

At 450 ~ C all four hydration curves plotted in Fig. 6 a 
group around 9 kb and are in good agreement with a recent 
experimental investigation of  reaction 4 (Maruyama et al. 
1986). The slopes of  the curves are shallow and even a 
generous estimate on errors and temperature variations 
would give 10 to 8 kb as a reasonable estimate of  pressure 
conditions at Xco2 = 0. The influence of  Xco2 variations is 
illustrated in Fig. 6b. The two hydration-carbonation reac- 
tions 5 and 6 are of  a maximum type, whereas hydration 
reactions, such as 4, only show a significant pressure de- 
erease at high Xco2. Thus, at pressures of  around 9 kb the 

hydration equilibria are occurring over a wide range of  
Xco~ and reactions such as 5 are only stable at low Xco~. 
Whereas the occurrence of  lawsonite pseudomorphs and 
of  H20-rich fluid inclusions point to very low Xco~ condi- 
tions during the blueschist facies metamorphism, Xc% may 
have increased during the greenschist facies overprint as 
indicated by C h l - C c - E p  assemblages (reaction 7, 
Fig. 6b). Without  a more detailed study, it is impossible 
to make any more firm conclusions about Xco~ conditions. 

Stable isotope geochemistry 

Oxygen isotope evidence for fluid infiltration 

Matthews and Schliestedt (1984) based their arguments for 
the involvement of  fluid infiltration in the blueschist-to- 
greenschist transition on the enrichment of  180 of  coex- 
isting minerals in Central Sifnos greenschists compared to 
blueschists in northern Sifnos. Consequently, if movement 
of  180-enriched fluids occurred, the Kamares Bay green- 
schist facies layer should also show higher fi 180 composi- 
tions than found in the blueschists. We explore this possibil- 
ity and the inferences of  the oxygen isotope data for the 
mechanism of fluid infiltration by first considering 6180 
relationships between an interlayered eclogite-jadeite gne- 
iss-metasediment sequence at Vroulidia Bay with a litholog- 
ically equivalent interlayering of  greenschists (containing 
relict eclogites) and albite gneisses at Kamares Bay. 
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a (AI, Fe 3+) b 

Act~ A 
P P g ~ G a ,  Ch, g ~ G a  

Na(AI, ge 3§ Om Ca(ge 2., Mg) Ab Om 

C 

tt Ab 
Cc Cc 

t 

Fig. 5a-d. Petrographically deduced reaction sequence for the 
blueschist to greenschist facies transformation in metabasic rocks. 
The breakdown of blueschist facies assemblages (a) to form 
greenschist facies assemblages (d) is interpreted in terms of a che- 
mographic sequence of reactions: (a) ~ (b) Om+ Pg = Ab + G1 + 
Ep+H20, Gl+Ctd+HzO=Pg+Chl;  (a) ~ (c) Om+Pg+H20=  
Ab+Chl+Ep; (b)--+(c) GI+Pg+HzO=Ab+Chl+Q,  Ore+ 
H20+COz=Ab+Chl+Cc+Ep,  Ga+H20=Chl+  Ep+Q; (e)~ 
(d) GI+Ep+H20=Ab+Act+Chl .  Mineral abbreviations: Ab 
albite; Act actinolite; Cc calcite; Chl chlorite; Ctd chloritoid; Ep 
epidote; Ga garnet; Gl glaucophane; Om omphacite; Pg paragon- 
ite; Q quartz 

The relationships are described in Fig. 7. It is evident 
that the Kamares Bay greenschist and albite gneiss samples 
are 2-3~o enriched in 1sO relative to equivalent eclogites 
and acidic rocks in the Blueschist unit. The lowest 6aso  
values in the Kamares Bay layers occur in the partially 
overprinted eclogite samples, which have compositions 0.5 
to 1.2~oo lower than in greenschists. 

The data emphasize two critical aspects of  the fluid- 
infiltration model: 1) the Kamares Bay samples show aso- 
enrichments relative to equivalent blueschist facies rocks 
in northern Sifnos, 2) the higher c~180 of greenschists at 
Kamares Bay, compared to eclogites they enclose and from 
which they are derived, is consistent with the infiltration 
of ~ SO-enriched fluids into this section. 

Two other features evident in Fig. 7 are the homogenei- 
ty of  isotopic compositions of samples within any particular 
layer of  the Vroulidia Bay site (at least over the 5 m scale 
of  sampling) and the fact that acidic rocks have much high- 
er 61sO compositions than basic rocks in the same section. 

The isotopic compositions of rocks and minerals at equi- 
librium are dependent on their chemistry. Studies of frac- 
tionation (e.g., O'Neil and Taylor 1967; Wenner and Taylor 
1971 ; Bottinga and Javoy 1973; Matthews et al. 1983) iden- 
tify the importance of the S i -  O - Si, S i -  O - A1 and Si - 
O -  M 2 § bonding in dictating the equilibrium isotopic com- 
positions of  minerals. In this respect the higher fi 1 a o values 
of the acidic relative to basic rocks are consistent with the 
known fact that the greater the SiO2 content of a rock 
the greater its ability to concentrate 180 (Taylor and Ep- 
stein 1962; O'Neil and Taylor 1967). 

Several attempts have been made to interpret the oxygen 
isotopic compositional behaviour of rocks and minerals in 
terms of their chemical components (e.g., Garlick 1966; 

Broecker and Oversby 1971). The simplest is the empirical 
chemical index of Garlick (1966) 

I -  (Si + 0.58 A1) oxygen equivalents. 
Z" cations 

This index is plotted in Fig. 8 against the coefficients AQ_ 
M~ .. . .  1 in the high-temperature mineral-mineral equilibrium 

relationship 10001n~=AQ_Mi .. . .  l = A x ~  where Q is 

quartz. The A coefficients used in Fig. 8 are taken from 
the calibrations presented in Matthews et al. (1983 a, b) and 
Matthews and Schliestedt (1984). Excluding the points for 
calcite and ruffle, all data fall on a reasonable linear rela- 
tionship between A and I, which can be expressed by the 
regression equation 

A Q - M i  . . . .  1 = 6.15-6.32 x I. 

The minerals for which the linear relationships are observed 
include the components Si - A 1 -  K - Na - Fe z + - Fe 3 + - 
M g - O -  H. Thus, to a first and surprisingly good approxi- 
mation it appears that the isotopic behaviour of rocks and 
minerals at equilibrium will show a linear dependence on 
the Garlick index. The slope of a 61sO vs. I plot will of 
course be dependent on the temperature at which the assem- 
blages equilibrated. The major exception to the linear rela- 
tionship is calcite which should be excluded from any plot. 
In practice this entails subtracting the CaC03 content of 
a rock from its whole-rock analysis prior to calculating 
I and correspondingly analyzing the isotopic compositions 
of  a whole-rock sample from which carbonate has been 
removed (cf., Table 3). 

Figure 9 plots the filSo compositions of whole-rocks 
from the three sample areas against the index I. Also repre- 
sented on the diagram are isopleths showing the isotopic 
compositions of HzO in equilibrium at an assumed repre- 
sentative temperature of 450 ~ C (method of calculation is 
given in the caption to Fig. 9). 

Both the Vroulidia Bay blueschist facies samples and 
the Kamares Bay greenschist facies rocks show linear trends 
which are sub-parallel to the isopleths of water composi- 
tion. Waters in equilibrium with the blueschist facies sam- 
ples mostly range from ~10  to 12%o, and in equilibrium 
with Kamares Bay greenschist facies samples from ~ 13.5 
to 14.5~oo. Thus, the interlayered rocks of both units appear 
to have experienced a substantial degree of isotopic equili- 
bration. The smale-scale features noted in Fig. 7 are seen 
to reflect the general tendency of interlayered rocks to ap- 
proach isotopic equilibrium during both the high-pressure 
metamorphism and the subsequent overprint. The two relict 
eclogite samples (50,534) from Kamares Bay plot within 
the general field of  Vroulidia Bay compositions. A more 
overprinted eclogite sample (55A) is slightly enriched in 
fi 180 relative to Vroulidia samples, but still falls below the 
Kamares Bay greenschist facies field. 

The Central Sifnos greenschists show a steeply trending 
variation of fi180 with L Sampling of this unit was distrib- 
uted over a much wider area than in the other two units 
(see Matthews and Schliestedt 1984 for detailed locations) 
and, in the absence of a number of more acidic rock types, 
it is impossible to say whether any significant approach 
to isotopic equilibrium has occurred between the generally 
macroscopicly interlayered lithologies of this unit. Compo- 
sitions of H20  in equilibrium with the Central Sifnos sam- 
ples vary from approximately 16-18~o. 



Table 2. Details of the model reactions used in the P -  T -  Xco~ calculations of Fig. 6 

SiO2 A1203 MgO CaO Na20 H20 COz 

A Endmember compositions 
Jadeite (jd) 2 0.25 0.5 0.5 0.25 0 0 
Diopside (di) 2 0 1 1 0 0 0 
Glaucophane (gl) 8 1 3 0 1 1 0 
Paragonite (pa) 3 1.5 0 0 0.5 l 0 
Clinozoisite (cz) 3 1.5 0 2 0 0.5 0 
Low albite (abl) 3 0.5 0 0 0.5 0 0 
Clinochlore (din) 3 1 5 0 0 4 0 
Tremolite (tr) 8 0 5 2 0 1 0 
Calcite (cc) 0 0 0 1 0 0 1 
Quartz (q) l 0 0 0 0 0 0 

B Reaction stoichiometries" 

(1) 2 di+ 11 gl+6 pa+ 8 H20 =28 abl+6 clin+ 1 tr 
(2) I jd+5  gl+3 pa+4 HzO=14 abl+3 clin 
(3) 5 g l + 3 p a + 4 H z O = 1 3 a b l + 3 d i n + l q  
(4) 25 gl+6 cz+7 q+ 14 HaO= 50 abl+9 clin+6 tr 
(5) 5 gl+2 cz+6 H20 +4 COz = 10 abl+3 clin+4 cc+7 q 
(6) 15 gl+4 cz+ 10 H~O +CO2 =30 abl+ 6 clin+ 3 t r+2 cc 
(7) 3 t r+2 cz+ 8 HaO+ 10 COz =3 clin+ 10 cc+21 q 

C Representative mineral compositions and related activities b 

Omphacite (Nao.53Ca0.46)o.99(Alo.44Feo.o 8Feo. 1 oMgo.38) 1.o0Si2.o 106 

Glaucophane 

Epidote 

Paragonite 

Albite 

Chlorite 

Actinolite 

(NaL95Cao.oT)2.oa(Mga.o 1Fel.o4)a.o5 
(All.voFeo.25) 1.95(Alo.osSi7.9s)802z(OH)2 

Cal.99(Alz.a4Feo.60Mno.01)2.958ia.05011OH 

(Nao.96Ko.06)~.oa(Al~.gvFeo.03)z.oo 
(Al~.oaSiz.97)40ao(OH)2 

(Nao.97Cao.o 1)0.9s(All.00Si3.02)4.0z08 

(Mg2.76Mno.ozFe1.84)g.62Al~.z6(Al~.oaSiz.g7)~O~o (OH)4 

(Cal.74Nao.33Ko.oz)2.09(Mg3.36Fel.z~Mno.ozAlo.35 
Feo.04)5.0~(Alo.z~SiT.79)aOEz(OU)z 

aj~ = 0.44 ~ 
adi = 0.38 r 

agl=0.I8 d 

acz = 0.36 e 

apa ~ 0.92 f 

a.b = 0.99 g 

a~li. = 0.074 a 

atr -~ 0.074 d 

Calculated with the program (T.J.B. Holland, personal communication) 
Calculated according to the program AX (T.J.B. Holland, personal communication) 

e 
a j d  ~ Xjd ; ad i  ~ Xdl 

d Ideal mixing on sites 
acz= (Xc,) 2 (xM. M1) 

f Solution model of Chatterjee and Flux (1986) 
Solution model of Newton and Haselton (1981) 

15 

P 

kb 

10 

15 

P 
kb 

10 

300 400 T ~ 500 600 0 0-2 0"4 X 0-6 0.8 1.0 
C02 

Fig. 6. P-- T and P -  Xco2 plots showing schematic paths for the 
transition from blueschist facies (heavily" stippled) to greenschist 
facies (lightly stippled) conditions. The following equilibria, calcu- 
lated with the thermodynamic dataset of Holland and Powell 
(1985), are shown: 
1 2di+11 g l + 6 p a + 8  H20=28 abl+6 c l in+l  tr, 2 l j d + 5  gl+ 
3 pa+4 HzO = 14 abl + 3 clin, 3 5 gl+3 pa+4 H20= 13 abl+ 
3 clin + 1 q, 4 25 gl + 6 cz + 7 q + 14 H20 = 50 abl + 9 clin + 6 tr, 5 
5 gl+2 cz+6 H20+4  CO2=10 abl+3 clin+4 ce+7 q, 6 15 gl+ 
4 c z + 1 0 H z O + C O z = 3 0 a b l + 6 c l i n + 3 t r + 2 c c ,  7 3 t r + 2 c z +  
8 H20 + 10 CO2 ~ 3 clin + 10 cc + 21 q 

The 61 s O compositional ranges of the three sample ar- 
eas show a systematic increase from the lowest values in 
the Vroulidia Bluesehist unit, to an intermediate range at 
Kamares Bay, and to the highest values of the (stratigraphi- 
cally lowermost) samples in Central Sifnos. This inverse 
correlation of 6180 with stratigraphy suggests the infiltra- 
tion of ~SO-enriched fluids, which either decreased in 61sO 
as the penetrated upwards or became volumetrically less 
adundant .  The preservation of the blueschists in the upper 
levels of the stratigraphy suggests that these rocks did not  
experience much infiltration, i.e., fluids did not  penetrate 
through to this unit. Fluid-rock ratios and the mechanisms 
of fluid movement will be discussed in detail shortly. The 
identification of ~80-enriched fluids suggests that marbles 
were involved in the buffering of the isotopic compositions 
of the infiltrating solutions. 

Isotopic compositional relations among marbles 

The previous discussion has identified ~80-enriched fluids 
in the blueschist-to-greenschist transition. The principal 
question adressed here is how the compositional relation- 
ships are expressed in marble units and carbonates occur- 
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Fig. 7. Comparison of the isotopic compositional relationships of 
two interlayered units: an interlayered unit of blneschist facies 
acidic and basic rocks in Vroulidia Bay (Fig. 1, unit VRI2) and 
a lithologically similar unit from the Kamares Bay section which 
has experienced the greenschist facies overprint (units K4 and K5, 
Fig. 1) 
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c ien ts  (see text for details) 

ring within the three sample  areas. Carbon and oxygen 
isotope analyses of  calcium carbonates are presented in Ta- 
ble 3 and plotted in Fig. 10 on a 81aC vs. <~180 diagram. 

The isotopic analyses can be loosely categorized into 
three groups: 1) High 8~so (>24%0) and ~ 3 C  (>0~o) 
samples of the Main and Upper Marble units (Fig. 1). 

2) Low 8180 compositions associated with carbonates 
of  the blueschists (8 i s :  = 13 to 17~o ) and greenschists (15 
t o  21%o).  

I I I I I /  I I �9 
_ Greensehist Uni / 

1 7 C e n t r a l  S i f n o s  zx / 

14 

13 

11 
R 

10 

x + 2 L : 2 :  + 
~ / �9 Jadeite gneiss - 
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, . 

Chlorite-Actinolite rock 
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0"3 0"4 0"5 0"6 0"7 O ' S  0 . 9  

C h e m i c a l  I n d e x  I 

Fig. 9. Plot of 61so against chemical index I for whole rocks in 
the three sample areas. Isopleths showing water compositions in 
equilibrium with whole rocks at an assumed temperature of 450 ~ C 
are obtained from the Ao.mm++,~ vs. I relationship of Fig. 8 and 
the quartz-water calibration of Matsuhisa et al. (1979) 

3) Low 813 C ( _  6 to --12~oo, 8180 = 2~25~o) composi- 
tions from calcite veins which cut all lithological units. 

Within these three categories of carbonate compositions 
it is possible to discern several additional trends and distinc- 
tions. The Main Marble calcite samples have higher 8 i s :  
compositions than Upper Marble samples. Both groups 
have isotopic compositions in the range of marine sedimen- 
tary carbonates. Carbonates within the blueschist facies as- 
semblages are lower in 8180 than those within greenschists. 
However both groups of carbonates show a similar trend 
of decreasing 813C and increasing 8~80 towards the low 
813 C compositions of  the late vein group. This is consistent 
with the petrography, since both the blueschists and 
greenschists are frequently observed to contain small cross- 
cutting calcite veinlets. The isotopic trends can thus be 
viewed as arising from mixing of late carbonate vein compo- 
sitions with blueschist and greenschist carbonate composi- 
tions of ~6180,  13 15~o; 813C, 0-2~o, and ~8180,  
15-18%o; fi~3C, 0-2%0, respectively. These differences in 

180 between the blueschist and greenschist facies carbon- 
ates parallel the differences between the silicate whole- 
rocks, and point to influences of the ~80-rich fluid. 

Isotopic compositions between those of the Main Mar- 
ble and the greenschists are observed in the thin ( ~  1 m) 
contact band of marbles occurring at the Kamares Bay 
contact (Fig. 10 and Fig. 1, unit K2). These transitional 
compositions must reflect a diffusional gradient between 
Main Marble compositions and those at greenschist values. 
Similar transitional compositional 81sO zones have been 
observed at marble contacts within the high- and medium- 
grade schist sequences on  Naxos (Rye et al. 1976). There 
does not appear to be any corresponding boundary zone 
in the adjacent schists of the Kamares Bay samples (Fig. 9). 
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Sample description and location Carbonates 

613C PDB 

%o 
180 SMOW 

700 

Silicates 
6180 SMOW a 

%o 

Chemical index 
I a 

Blueschist unit, north side of Vroulidia Bay 

Unit VR2 (Interlayered blueschist and jadeite gneisses) 

77-311 A Jadeite gneiss 
84-71 Jadeite gneiss 
84-73 Jadeite gneiss (10 m updip from 71) - 1.84 16.03 
77-312A Blueschist 
84-72 Blueschist 
84-74 Blueschist (10 m updip from 72) 

Unit VR4 (Micaschists with calcite lenses) 

76-309B Calcite lens 0.12 14.96 
84-758 Calcite lens 0.52 15.35 
84-75C Calcite lens (100 m updip from 75 B) -0 .15  16.04 

Unit VR6 (Chloritoid-bearing blueschist) 

84-600 Chloritoid-blueschist 

Unit VR8 (Chlorite-actinolite schists) 

76-290 Chlorite-actinolite-rock 
77-569 Chlorite-actinolite-r ock 
84-78A Chlorite-actinolite-rock (at contact with mica- 

schist) 
84-78 B Chlorite-actinolite-rock (0.5 m above 78 A) 
84-77A Calcite vein (late) -8 .53  24.61 
84-77 B Calcite vein (late) - 8.55 24.73 

Unit VR9 (Garnet-micaschists) 

84-79 A Garnet-micaschist - 0.21 13.25 
84-79B Garnet-micaschist -0 .36  13.09 

Unit VR10 (Phengite-rich eclogites with blueschists) 

76-241 Eclogite 
76-565 A Mixed eclogite-blueschist 
76-566A Eclogite -4 .09  17.35 

Unit VR12 (Interlayered eclogites (omphacitites) and quartzose metasediments) 

76-94 Eclogite 
76-95 Jadeite gneiss 
76-96 Eclogite 
76-97 Quartz-metasediment 
76-100 Eclogite 
84-62 Eclogite (~94 ;  7 m along strike) 
84-63 Jadeite gneiss ( ~  95; 7 m along strike) 
84-64A Eclogite (~96 ;  7 m along strike) 
84-65 Quartz-metasediment ( ~  97; 7 m along strike) 
84-66 Eclogite ( ~ 100, 7 m along strike) 

Greenschist facies layer in Main Marble, Kamares Bay 

Unit K1 (Main Marble) 

84-60A Marble, ~ 15 m from contact 2.39 26.83 
84-60B Marble, ~ 12 m from contact 2.27 27.29 
84-51 A Marble, contact 2.39 25.42 

Unit K2 (Contact zone marble) 

84-45 Pink marble at contact 2.29 23.93 
84-43 B Pink marble, ~ 5 cm from contact -0 .04  22.92 
84-43 A White calcite cutting 43 B 1.52 23.90 
84-43 C White calcite cutting 43 B 1.62 23.24 
84-51 B Marble, ~ 5 cm from contact 0.09 20.43 
84-51 C Marble, ~ 5cm from contact 0.88 23.72 
84-42 B Marble, ~ 50cm from contact 0.34 21.13 
84-42A Vein cutting marble at 42 -8 .04  24.83 
84-42 C Vein cutting marble at 42 - 8.10 23.57 

12.80 
12.62 
12.64 
11.08 
10.47 
10.40 

11.48 

8.55 
8.94 

9.00 
8.79 

13.95 
12.68 

10.68 
10.86 
12.67 

11.28 
13.14 
11.13 
13.89 
10.39 
11.04 
12.60 
10.99 
13.46 
9.84 

0.875 
0.878 
0.847 
0.730 
0.668 
0.668 

0.718 

0.601 
0.577 

0.567 
0.562 

0.842 
0.828 

0.701 
0.696 
0.686 

0.696 
0.865 
0.708 
0.873 
0.716 
0.708 
0.861 
0.712 
0.862 
0.710 
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Table 3 (continued) 

Sample description and location Carbonates 

dl3C PDB 

%0 
c~180 SMOW 

%o 

Silicates 
6 1 8 0  S M O W  a 

Too 

Chemical index 

Unit K3 (Micaschists) 

84-46 A Micaschist + contact zone marble - 2.44 21.64 
84-52 Micaschist + contact zone marble 0.25 17.46 
84-46 B Coarse vein cutting 46A -7.57 23.62 

Unit K4 (Interlayering of greenschists with quartz-micaschists and albite gneiss) 

84-47A Greenschist, ~ 3 m from contact -1.41 18.96 
84-47 B Calcite + galena vein cutting 47A 1.05 17.01 
84-48 A Quartz-micaschist 
84-48 B Quartz-micaschist 
84-49 Albite gneiss (=jadeite gneiss) 
84-50A Eclogite relict 

Unit K5 (Interlayered albite gneisses and greenschists containing relict eclogite lenses) 

84-53 Albite gneiss 
84-57 Albite gneiss 
8 4 - 5 4  Greenschist 
8 4 - 5 8  Greenschist 
77-534 Eclogite relict 
84-55A Eclogite + greenschist + carbonate veins - 7.98 23.33 
84-59 Calcite vein between 54 and 55A -7.21 24.04 

Greenschist unit, Central Sifnos 

8 3 - 2 6  Greenschist, NE Artemon 16.93 
83-37 Marble, W Kastro 1.40 15.60 
7 7 - 5 0 7  Metasediment, W Kastro 0.27 18.21 
77 -511  Metasediment, W Kastro - 1.82 18.68 
7 6 - 1 5 6  Greenschist, Katavati 0.20 16.59 
7 6 - 1 6 3  Greenschist, Katavati 1.58 15.87 
83-38 Matrix carbonate in greenschist, Kastro 2.09 15.96 
83-25 Matrix carbonate in greenschist, Artemon -0.19 16.76 

15.65 0.838 
15.90 0.756 

13.87 0.681 

15.33 0.876 
15.48 0.837 
15.18 0.819 
11.76 0.720 

15.38 0.829 
15.50 0.845 
12.96 0.686 
12.90 0.651 
11.78 0.720 
12.48 0.696 

15.69 0.676 
16.64 0.722 
17.49 0.732 
17.44 0.748 
14.64 0.683 
15.60 0.681 

a Values of the Chemical Index I (Garlick 1966) are calculated after subtraction of CaO ~ CO2 = CaCO3 from the whole-rock analyses. 
With the exceptions of sample 566A, all silicate whole-rock analyses were made on samples which had been acid-treated to remove 
coexisting carbonate or contained negligible carbonate 

4 

2 

0 

- 2  

o 
e~ 
tO -6 

I I I I I I ! ~ I - Upper /&"-~'~ 
Marble ~ ' t  &'~ 

- / M  a i n ' ~ 7 " ~ x  & A  
/"~Oo--"""~'"~- �9 ~ / ' -  - - f f J ~  ~A ~ Marble 

edm = ~ �9 ~ Marble in the contact zone 
- ~ .  "D N, ~ x - -  ~ between Main Marble and 
C a r b o n a t e s ~  \ ~ �9 Greenschist Facies rocks, 
in Blueschist ~ ~ ~ J Kamares Bay 

Facies rocks ~ O  I P o . h ~ , . ~  Carbonates in 

Sample locations 

�9 Blueschist Unit 
Eli Kamares Bay Greenschist layer 

X Greenschist Unit, Central  Sifnos 
�9 Main Marble Urlit 

Upper Marble Unit 

I I I 
14 16 18 

Greenschists 

Late veins cutting all 
lithological units 

[ [ [ [ [ ] 
20 22 24 26 28 30 

6 TM 0 SMOW 

Fig. tO. 6~3C PDB vs. c~IsO SMOW plot of 
carbonates. D a t a  sources :  Table 3 and Matthews and 
Schliestedt (1984). Two samples (76-57, 83-Ky-27B) 
ascribed by Matthews and Schliestedt to the Upper 
Marble unit are considered here as belonging to the 
late veins on account of their petrography and low 
613C 

Transit ional f i iSo  values reflect diffusive broadening of  
sharp composit ional  contrasts occurring at marble-schist 
contacts as a result of  advection (infiltration) (Bickle and 
McKenzie  1987). Diffusing CO2 might have exchanged 
more readily with carbonates than silicates in this zone, 

bringing about  late diffusive broadening after the passage 
of  the main advection front. 

The isotopic results for the carbonates clearly support  
the viability of  marbles as the agents of  buffering the carbon 
and oxygen isotopic composit ions of  the iSO-enriched 
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fluids. There is no evidence for the introduction of any 
exotic carbon component during the blueschist to greensch- 
ist facies transformation. Only in late veining is the presence 
of an exotic (and hitherto unidentified) isotopic component 
indicated. 

Fluid-rock exchange systematics 

Calculated oxygen isotope compositions of H20  in equilib- 
rium with whole-rocks at 450 ~ C are (Fig. 9) : Vroulidia Bay 
blueschists ~10-13%o, Kamares Bay ~13.5 to 15%o and 
Central Sifnos ~ 16-18%0. I f  these gradients reflect upward 
movement of 1SO-enriched fluids, then the lower fi180 
values at Kamares Bay relative to Central Sifnos reflect 
either a) lowering of fluid/rock ratios as fluids moved up- 
wards and/or b) isotopic compositions of fluids progressive- 
ly decreased on upward movement as a result of exchange 
with silicates. The fact that blueschists are preserved in 
northern Sifnos is taken to mean that migrating fluids did 
not reach these units, i.e., it can be assumed that at the 
Main Marble-Blueschist unit contact (Fig. 1), the infiltrat- 
ing-fluid/rock ratio is zero. 

The suggestion (b), that the gradient is brought about 
simply as the result of progressive decrease in 6180 during 
exchange appears untenable because it would require quite 
large fluid-rock ratios to occur at high levels in the Sifnos 
section. Additionally the fact that the fluid must see a lot 
of marble at all stratigraphic levels (the Kamares Bay sec- 
tion is enclosed by marble [) suggests that the fluids entering 
any level of silicate rocks will be enriched in 180 prior 
to infiltration as a result of exchange with marbles. In other 
words, fluids decrease in 6180 within silicate units as a 
result of fluid-rock exchange, but on, exiting from the sili- 
cate units, may subsequently be raised agaifi in fi180 as 
a result of  exchange with marbles. 

Minimum water/rock ratios can be calculated for the 
Kamares Bay and Central Sifnos greenschists by assuming 
that the initial fluids entering the zones had their 6280 
buffered at equilibrium with marble. The average 6180 of 
the Main Marble is ,,-27.4%o and, using the calcite-water 
equation of O'Neil et al. (1969), a ~18Oi(H20) of 25%0 
is calculated. Water-rock (W/R) ratios are calculated using 
the open-system (single pass) equation of Taylor (1977): 

( , ~ ' 8 0 I _ 6 1 8 0 ~  
) r o c k  

( ~ 1 8 ~ _  fi i ~ I ~ w ~  = exp ( W / R ) -  1 

where the superscripts i and f refer to the initial and final 
states. The calculations are made using rocks of metabasic 
composition. Initial compositions are assumed as at Vrouli- 
dia, where a mean fi 18Oi(rock)= 10.8%o is calculated from 
the data in Table 3. Corresponding calculated final condi- 
tions at Kamares Bay are 6180y(rock)=13.2%o, 
f i l sOf(H20)  at 450~ and in Central Sifnos, 
c~ 18OY(rock)= 15.3%o, fi lsof(H20): 15.9%o. The resulting 
open-system water-rock atomic percent oxygen ratios are 
0.2 for Kamares Bay greenschists and 0.4 for Central Sif- 
nos. Since these ratios are expressed in atomic percent ratios 
they are also total fluid-rock ratios and independent of 
Xco2, provided that any CO2 was also initially at equilibri- 
um with the marble and remained at equilibrium with HzO 
during exchange. 

The calculations are of minimum fluid-rock ratios and 
ratios would, for instance, be larger if the initial water com- 
positions were lower than the assumed value. On the other 
hand it must be recognized that we are arguing that the 

buffering of the initial compositions of the infiltrating fluid 
is a local process (i.e., within or adjacent to present Sifnos 
units). This raises the possibility that some local recycling 
of fluids may have occurred across contacts between mar- 
bles and schists, and consequently that lower amounts of 
fluid could have been involved. 

The isotopic data has identified the history of the com- 
ponent of fluid flow upward through the stratigraphy. Flow 
of fluids along the strike of silicate units parallel to the 
concordant contacts between silicate units and marbles 
must also have occurred and, if the units were inclined 
as at present, brought about both dispersion and additional 
upward movement of fluids normal to the stratigraphy. 
Consumption of H20  and CO2 during the blueschist-to- 
greenschist reactions could also have contributed to the de- 
crease in fluid/rock ratios. As noted, the average increase 
of H20  content in metabasic rocks is 1.2 wt%. Compared 
to water/rock weight percent ratios (assuming all fluid were 
water) of ca. 0.1 (Kamares) and 0.2 (Central Sifnos) it is 
clear that the progressive removal of the fluid phase during 
hydration reactions could have occurred as fluids infil- 
trated. 

Conclusions 

Petrological and isotope studies have shown that the trans- 
formation of blueschist to greenschist facies assemblages 
on Sifnos occurred as a consequence of the infiltration of 
180-enriched fluids whose initial isotopic compositions 
were buffered by exchange with marbles. The retrogressive 
processes represent the isothermal decompression stages of 
a broad clockwise P - T  loop (Matthews and Schliestedt 
1984; Schliestedt etal.  1987) whereby blueschist assem- 
blages formed at 460+_30 ~ C, 15_+3 kb were transformed 
into greenschist assemblages at pressures of 10 to 8 kb. The 
transformation involved extensive hydration and carbona- 
tion for which the introduction of a fluid is necessary. Cal- 
culated single-pass minimum fluid-rock atomic percent oxy- 
gen ratios are 0.2 (Kamares Bay) and 0.4 (Central Sifnos), 
though the fact that extensive buffering of the 180 of the 
fluids could have occurred locally allows for the possibility 
of lower fluid rock ratios, if recycling occurred across mar- 
ble-schist contacts. 

Fluid infiltration in prograde metamorphism is fre- 
quently associated with the occurrence of devolatization 
equilibria. Negative A Vs and positive overall volume chan- 
ges (A VR) on fluid release are considered to facilitate the 
effective mobilization of fluids (Rumble et al. 1982). On 
Sifnos fluid infiltration occurred in a relatively high-pres- 
sure hydration/carbonation reaction setting, where both the 
A VR and A Vs terms may be positive (e.g., the hydration 
reactions of Fig. 6 a). The available pore-space for fluid 
movement would therefore decrease as reactions proceed 
as a consequence of the volume filling. Infiltration would 
become inhibited as the transformation advanced. More 
complete reaction would be favoured for the earlier reacting 
omphacite-bearing assemblages than the later reacting glau- 
cophane-bearing assemblages (Fig. 5). This indeed is the 
general observation on Sifnos where glaucophane-epidote 
is the most commonly preserved relict assemblage. 

Transformation from high-pressure blueschists to medi- 
um-pressure greenschists is regionally typical of the Cycla- 
dean evolution, In this context, the relatively low amounts 
of fluid calculated for the Sifnos infiltration are appro- 
priate. The fluids must be presumed to have come from 
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a source which is either deeper-seated dehydrat ing  meta-  
morphic  rocks or  a crystallizing magma.  In either case there 
is p robab ly  not  enough fluid available to mainta in  high 
f luid/rock rat ios o f  regional  extent. 
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