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Abstract. Glaucophane-lawsonite facies blueschists 
representing a metamorphosed sequence of basic ig- 
neous rocks, cherts and shales have been investigated 
northeast of  the district of  Tavsanli in Northwest 
Turkey. Sodic amphiboles are rich in magnesium re- 
flecting the generally high oxidation states of the 
blueschists. Lawsonite has a very uniform composi- 
tion with up to 2.5 wt.% Fe203. Sodic pyroxenes 
show an extensive range of composit ions with all the 
end-members represented. Chlorites are uniform in 
their A 1 / ( A I + F e + M g )  ratio but show variable Fe/ 
( F e + M g )  ratios. Garnets from metacherts are rich 
in spessartine ( >  50%) whereas those f rom metaba- 
sites are largely almandine. Pistacite rich epidote is 
found in metacherts coexisting with lawsonite. Phen- 
gites arc distinctly higher in their Fe, Mg and Si 
contents than those from greenschist facies. Hematites 
with low TiOz are ubiquitous in metacherts. 

Fe 2 +/Mg partitioning between chlorite and sodic 
amphibole is strongly controlled by the calcium con- 
tent of the sodic amphibole and ranges from 1.1 for 
low calcium substitution to 0.8 for higher calcium 
substitution. The A1/Fe 3+ partition coefficient be- 
tween sodic amphibole and sodic pyroxene is 2.1. 

A model system has been constructed involving 
projections f rom lawsonite, iron-oxide and quartz 
onto a tetrahedron with Na, A1, Fe 2+ and Mg at 
its apices. Calcite is treated as an indiffercnt phase. 
The model system illustrates the incompatibility of  
the sodic pyroxene with chlorite in the glaucophane- 
lawsonite facies; this assemblage is represented by 
sodic amphibole. 

Sodic amphibole compositions are plotted in 
terms of  coexisting ferromagnesian minerals. Five ma- 
jor  areas on the sodic amphibole compositional field 
are delineated, each associated with one of the follow- 
ing minerals: chlorite, stilpnomelane, talc, almandine, 
deerite. 

Introduction 

In Northwest Turkey blueschists form a coherent, 
discontinously exposed metamorphic  belt about  
20 km in width and 300 km in length (Fig. 1, inset). 
They flank the northern margins of the large ultrama- 
fic massifs in the eastern part  of the Izmir-Ankara  
ophiolite zone (Brinkmann 1972) forming a regionally 
metamorphosed eugeosynclinal sequence of basic 
volcanic rocks, cherts, shales and minor gabbroic in- 
trusions. 

Although the existence of blueschists in Turkey 
have been known for over seventy years (cf. van der 
Kaaden 1966), the first detailed study on their petrol- 
ogy was not published until 1967 by C ogulu. He 
worked in the eastern part  of  the Northwest Turkish 
blueschist belt in the region of Mihalli~ik, and dis- 
tinguished three metamorphic  zones: lawsonite, law- 
sonite-crossite, and epidote-crossite with an increase 
in grade northwards. He also obtained ages for blue- 
schist metamorphism of 60-80 Ma (@o~ulu and Krum-  
menacher 1967). Ltinel (1967) studied a small area 
of glaucophane-lawsonite facies blueschists south of 
Eskisehir (Fig. 1, inset) with special reference to the 
bulk rock chemistry and structure. Kaya  (1972) 
worked on the isolated small blueschist outcrops 
south of Tavsanh. 

Geology 

Throughout the NW Turkish blueschist/ultramafic belt the out- 
crops are separated by an extensive Neogene cover. A large area 
(20 to 45 kin) of blueschists, ultramafics and marbles protrudes 
from under the Neogene northeast of the district of Tav~anh (Fig. 
1, inset). During the course of the present study, part of this 
extensive area (30 to 13 km) of blueschists and ultramafics was 
mappcd in detail and over 700 rock specimens were collected for 
petrological investigations. In the studied area glaucophane-lawso- 
nite zone blueschists form a coherent, complexly deformed regional 
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Fig. 1. Simplified geological map of Devlez area, Northeast Tav~anh. Locations of analysed specimens and specimen numbers are 
indicated. The inset shows a simplified and generalized geotectonic map of Northwest Turkey, compiled from the geological maps 
of Northwest Turkey (Maden Tetkik ve Arama Enst. 1963, 1964) and the author's own observations 

metamorphic terrain. Towards the south they pass into an area 
of lawsonite-sodic pyroxene-chlorite rocks (Okay, in preparation). 
This narrow zone (2-3 kin) is in tectonic contact with an incipiently 
metamorphosed spilite-chert-serpentinite complex and an ultraba- 
sic massif. 

This paper deals with the northern glaucophane-lawsonite zone 
blueschists in the vicinity of the village of Devlez which form 
a broad southerly-plunging synform, lying on a very thick, massive 
marble series (Fig. 1). Occasional calcite pseudomorphs after lawso- 
nite in some impure marble beds indicate that at least part of 
the marbles have been metamorphosed in the blueschist facies. 

No grade change across the region is detectable indicating 
relatively uniform metamorphic conditions over a fairly large area. 
The blueschists do not show any evidence of polymetamorphism 
and retrogressive readjustment has been very minor. 

Rock Types 

The blueschists form a monotonous, metamorphosed sequence of 
basic volcanic rocks interbedded with cherts and siliceous shales. 
Small metagabbroic lenses and manganese rich rocks occur in mi- 
nor quantities (< 1% of the exposures), Metagreywackes, interbed- 
ded marbles and lenses of serpentinite have not been found in 

the blueschist terrain of Devlez. Occasional veins contain calcite 
and/or quartz. 

Basic metavolcanic rocks make up approximately 50%-60% 
of the exposures. Most are completely recrystallized with a penetra- 
tive schistosity and with no traces of their previous igneous mineral- 
ogy and texture. The common mineral assemblages in the metaba- 
sites are: 

sodic amphibole+lawsonite+phengite+sphene_+sodic pyroxene 
_+ chlorite _+ quartz. 

Sodic amphibole and lawsonite are by far the most common 
phases in the metabasites, usually occurring in roughly equal 
amounts (35%-50% each) and together making up over 80% of 
the rock. Phengite and sphene are present in virtually all metaba- 
sites as minor components (1% 10% each). The modal amount 
of sodic pyroxene is quite variable ranging up 25%. Chlorite and 
quartz are found as minor phases making up to 15% of the mode. 
Other phases which may be present in the metabasites include 
calcite, aragonite, almandine garnet and magnetite. Measured 
modes of two typical metabasites based on over 2,000 point counts 
are given in Table 1. 

Metacherts occur as thinly-bedded quartzites with black linea- 
tions due to the development of parallel oriented sodic amphibole 
prisms and hematite platelets (Fig. 2). Metashales tend to be rich 
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Table 1. M e a s u r e d  modes  of  typ ica l  

Metabas i t e s  

K33 K643/2 
(279) (326) 

Me tache r t  Me ta sha l e  
K460 K473 
(366) (367) 

Sodic a m p h i b o l e  45.4 36.6 9.8 4.5 
L a w s o n i t e  36.2 27.7 5.9 1.3 
Sodic  pyroxene  0,8 22.5 - - 
Ch lo r i t e  tr. 1.0 tr. - 
G a r n e t  - - 5.2 0.3 
Q u a r t z  - - 70.7 72.2 
C a r b o n a t e  6.3 CA - - - 
Hema t i t e  - - 4.8 1.8 
M a g n e t i t e  O. 2 - - - 
Pyr i te  - O. 2 - - 
Pheng i te  5.0 2.9 3.6 19.3 
Spheric 5.9 9.2 - tr. 
T o u r m a l i n e  0.2 - - tr. 
Apa t i t e  -- -- tr. tr. 

tr. <0.1 

The n u m b e r s  in brackets  p receded  by 122 (e.g. 122279) are  
H a r k e r  specimen numbers .  Al l  specimens  are kep t  in the H a r k e r  
Col lec t ion  in  the  D e p a r t m e n t  of  Mine ra logy  and  Pe t ro logy  in  C a m -  
bridge.  CA-a ragon i t e  r e t rog rad ing  to calci te  

in whi te  mica  and consequen t ly  wel l - fol ia ted wi th  a s i lvery-white  
lustre. Both  me tacher t s  and  metasha les ,  hencefor th  referred to 
s imply  as metacher ts ,  i nva r i ab ly  have  h ighly  oxid ised  mine ra l  as- 
semblages  wi th  a b u n d a n t  hemat i t e  (Tab le  3 and  Fig. 2). They 
m a k e  up  4 0 % - 5 0 %  of  the exposures  in the Tav~anli  area.  The  
m o s t  c o m m o n  mine ra l  a s semblages  in metaclzerts  a re :  

qua r t z  + phengi te  + garne t  + sodic  a m p h i b o l e  + hemat i t e  + l awsoni te  
• ep idote  • chlori te.  

Quar t z  is the d o m i n a n t  phase  in me tacher t s  m a k i n g  up 7 0 % -  
90% of  the rock. Phengi te  is the next  mos t  a b u n d a n t  minera l  

Fig. 2. P h o t o m i c r o g r a p h  of  a f e r romagnes ian- r i ch  b a n d  in meta-  
cher t  (K460)  i l lus t ra t ing  garne t  (g), l awsoni te  (I), hemat i t e  (black), 
crossi te  (s) a n d  phengi te  (p) al l  set in qua r t z  

fo rming  5 % - 1 0 %  of  the mode.  Garne t ,  sodic amphibo le ,  hemat i te ,  
l awsoni te  and  ep ido te  occur  in  var iab le  quant i t i es  each fo rming  
1% to 5% of  the rock.  Chlor i te ,  where  present ,  c o m m o n l y  makes  
up  1 % - 2 % .  Sodic  pyroxene  is occas ional ly  found  in some meta-  
cherts.  Table  1 gives the m e a s u r e d  m o d e s  of  one  me tache r t  (s.s.) 
and  one metashale .  

F ine-gra ined,  pale-green j ade i t e -quar t z - l awson i t e -pheng i t e  
rocks  wi th  a g ranob la s t i c  tex ture  (?meta -kera tophyres ,  Table  3) 
are found  in te rca la ted  wi th  the metabas i tes .  Other  rare  rock  types 
include,  dark-green,  s i l i ca -undersa tu ra ted  aeger ine-chlor i te - lawso-  
ni te  rocks  and  spessar t ine-brauni te  bea r ing  rec ta -manganese  depo-  
sits. 

Method 

Minera l  compos i t i ons  were de te rmined  for twelve  e lements  (Na ,  

Ca,  K, Fe, Mg,  Mn,  V, Ni,  Cr,  Ti, A1, Si) us ing an e lec t ronprobe  
mic roana lyse r  wi th  a Ha rwe l l  Si(Li) de tec tor  and  pulse  p rocessor  

Table  2. Mine ra l  assemblages  in 19 ana lysed  me tabas i t e s  

M M ~ M ~ ~Z M M 

Sodic a m p h i b o l e  x x x x x x x x • x x x x x x x x x x 

g a w s o n i t e  x x x x x x x x x x x x x x x x x x x 
Ep ido te  x • x 
Sodic  pyroxene  x x x x x x x x x 
Chlor i t e  x x x x x x x x x • 

G a r n e t  x x x • 
C a C O a  x x x x x x 

H e m a t i t e  x x • x 
Magne t i t e  x x x x x 

Qua r t z  x x x x x x x x x x x 
Alb i te  x x x 

Phengi te  x x x x x x x x x x x x x x x • 
Sphene  x x x x x x x x x x x x x x x 
Others  1, 2 3, 4 3, 5 1 

l :  apa t i t e ;  2: t ou rma l ine ;  3: relict  aug i te ;  4:  t a lc ;  5: pumpel ly i t e  

The  n u m b e r s  in  bracke ts  preceded by 122 (e.g. 122275) are H a r k e r  specimen numbers .  Al l  specimens  are  kep t  in the H a r k e r  
Col lec t ion  in the D e p a r t m e n t  of  Mine ra logy  and  Pe t ro logy  in C a m b r i d g e  
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Table 3. Mineral assemblages in 10 analysed metacherts and  metashales,  and 2 metakeratophyres 

Sodic amphibole x x • x x x x x • x 
Lawsonite x x x x x x x x 
Epidote x x x x 
Sodic pyroxene x x x x 
Chlorite x x x 
Garnet  x x x • x x x • x 
Hemati te  x x x x x x • 
Quartz x x x x x x • x x x x 
Phengite • x x x x x x x x x 
Sphene x x x x 
Apatite x • x x x x x 

(Statham 1976). The correction procedures are given by Sweatman 
and Long (1969). To check the accuracy of  the analyses an olivine 
s tandard supplemented by a jadeite s tandard was used throughout .  
The accuracy is estimated to be 2% for major  elements (more 
than 5% element present). The method  for estimating ferric ion 
in sodic pyroxene and sodic amphibole is given in earlier papers 
(Okay 1978, in press). 

Mineralogy 
Sodic Amphibole 

One hundred  sixty sodic amphibole analyses f rom 2l metabasites 
and 14 metacherts  are plotted in the Miyashiro 's  (1957) diagram 
in Fig. 3 and  eight of  these are given in Table 4. The actinolite 
component  in the analysed sodic amphiboles is usually small (Ca/ 
(Ca + Na) = XCa < 0.1). It is generally higher in sodic amphiboles 
f rom metabasites than  those from the metacherts  (Xca < 0.05), No 
coexisting calcic and sodic amphibole pairs are found in the Devlez 

area. 

Lawsonite 

The composit ion of  lawsonite is remarkably uniform and closely 
approximates  to the ideal structural formula CaA12Si2OT- 
HzO(OH)z with the only noticable substi tution being A1 by Fe 
(max. 2.5 wt .% F%O3). 

Sodic Pyroxene 

Sodic pyroxene is a common  constituent of  the metabasic rocks 
in the Devlez area. It occurs less commonly  in the metacherts.  
In the metabasites,  sodic pyroxene is found as xenoblastic grains 
showing occasional replacement by sodic amphibole.  However, 
such textures are lacking in the metacherts where idioblastic 
equigranular sodic pyroxene and  sodic amphibole  grains coexist 

stably�9 
Seventy-five sodic pyroxene composi tons  from 18 samples 

f rom the Devlez area, including the eight previously published, 
are plotted in the acmite-jadeite-augite ternary diagram in Fig. 
4; six of  the analyses are given in Table 4. As noted in an  earlier 
paper (Okay 1978) sodic pyroxenes from glaucophane-lawsonite 
facies metabasites tend to be enriched in the acmite component ,  
compared with the sodic pyroxenes f rom eclogites and higher grade 
blueschists. Jadeite is found in some rare, massive metakerato-  
phyres. 
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on the Miyashiro diagram. Sodic amphiboles f rom metacherts,  
filled circles; f rom metabasites,  open circles. G glaucophane;  FG 
ferroglaucophane;  R riebeckite; MR magnesioriebeckite 

Chlorite 

Small amounts  of  chlorite are found in about  one third of the 
blueschist samples studies f rom the Devlez area. Chlorite is much  
rarer in metacherts  only becoming a major phase in some rare, 
sodium-free or silica-undersaturated rocks. 

Chlorites show a wide range of ferromagnesian ratios (XF~ = 
0.2--0.6) and a restricted AI/(A1 + Fe + Mg + Mn) ratio (0.29-0.34). 
Chlorite composit ions are plotted in Fig. 5 and four chlorite anal- 
yses are shown in Table 4. Compared  with the chlorites f rom 
the greenschist facies, where the A1/(A1 + Fe + Mg + Mn) ratio 
ranges between 0.35 and 0.40 (Brown 1967; Cooper 1972), chlorites 
from blueschists are characterized by their higher silica and lower 
alumina contents (Fig. 5). The substi tution involved is Si(Fe 2+, 

Mg)=2Al .  
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Garnet 

The two major rock types in the Devlez area, namely metabasites 
and metacherts, contain chemically and texturally distinct types 
of garnet. Metacherts commonly have abundant small (<  0.1 mm) 
granular garnet grains associated with quartz, phengite, hematite 
and sodic amphibole (Fig. 2). These garnets tend to be rich in 
spessartine (>50%)  with very low values of  pyrope (av. 1%). 
Garnets of  this type are common in the Franciscan Complex (Ernst 
et al. 1970) and in New Caledonia (Black 1973). 

The second and much rarer type of garnet is found in rocks 
of basic igneous composition. These tend to be much larger in 
size (1 3 mm) and more sporadic in occurrence than the first type. 
They consist dominantly of  almandine-grossular components with 
lesser pyrope (8%-10%) and spessartine (1%-5%);  and are similar 
in composition to the garnets from type III metabasites from the 
Cazadero area in California (Lee et al. 1963). 

Garnets from 10 metacherts and 5 metabasites are plotted 
in Fig. 6 in terms of grossular, spessartine and almandine + pyrope 
end-members; six garnet analyses, three from metabasites and three 
from metacherts, are shown in Table 4. Garnets from the Devlez 
area show complete solid solution between almandine and spessar- 
tine. 

Zoning in the spessartine-rich garnets from the metacherts 
is difficult to observe because of  the very small size of  the grains. 
However, analyses of separate garnet grains in a single thin section 
usually reveal variations in composition between 20 30 mol.% 
spessartine-almandine with a fairly constant grossularite content. 
The grossularite contents of  all analysed spessartine garnets are 
relatively constant lying between 10-20 mol.% (Fig. 6). Only gar- 
nets from one metabasite out of five showed zoning involving 
an increase Of almandine towards the rim (Fig. 6, Table 4). 

Epidote 

Epidote is a rare mineral in the area; it mainly occurs in some 
metacherts in association with hematite and lawsonite. Twenty- 
three epidotes from 4 metacherts and 3 metabasites were analysed 
and these are shown on a histogram in Fig. 7a. Epidotes from 
metacherts are invariably pistacite-rich (27%-35% pistacite), and 
occur in much less abundance than the accompanying lawsonite. 
In metabasites, epidote is usually found as small, rounded inclu- 
sions in lawsonite porphyroblasts, suggesting that it is a relict 
phase from a spilitic protolith. Epidotes from metabasites are less 
pistacite-rich than those from metacherts, with pistacite com- 
ponents of 20% 28%. All epidotes contain small amounts of Mn 
which substitutes for Ca. 

The assemblage epidote-lawsonite-hematite, as found in two 
metacherts (Table 3), is compositionally invariant at constant 
P and T in the system C a -  A 1 -  Fe 3 + ; neglecting small amount of 
Mn in epidote (0.07 per formula unit) and Ti in hematite (0.07 
per formula unit). The pistacite component  of the epidote and 
the ferric content of lawsonite must be a maximum for this inva- 
riant assemblage under the particular conditions of metamorphism 
(Fig. 7b). Epidotes from the two metacherts have very similar 
pistacite components (31% and 32%); the lawsonites have rela- 
tively high iron contents (av. 0.08 per formula unit) confirming 
the invariance of the subassemblage. 

Phengite 

Phengite is the only major K-bearing phase in the Devlez blue- 
schists. It is an important consituent in the metacherts, and is 
common as a minor phase in metabasites. Sixty-two phengite anal- 
yses from 15 metabasites and 11 metacherts are shown in the 
A 1 - F e - M g  diagram in Fig. 8, six of these are given in Table 4. 
The Devlez phengites are richer in Fe, Mg and Si than those of 

the greenschist facies (cf. Brown 1967). In those from the metaba- 
sites there is not even an overlap between the blueschist and green- 
schist compositions (Fig. 8). All analysed phengites show very lim- 
ited solid solution towards Ca-mica ( < 1 tool. %) and no solid solu- 
tion with paragonite. 

Hematite 

Hematite is an essential part of  the metachert mineral assemblage. 
It occurs as abundant, small platelets closely associated with the 
other ferromagnesian minerals in the rock (Fig. 2). Fourteen ana- 
lysed hematites from 9 metacherts and 2 metabasites contain up 
to 4 wt.% TiOz and 0.2 wt.% V203. 

Opaque minerals are much scarcer in the metabasites. They 
tend to be either pyrite or magnetite. Magnetite often shows late 
stage alteration. 

Aragonite/Caleite 

Calcite or aragonite partially altered to calcite occurs in some 
metabasites as interstitial grains or veins. In some cases it pseudo- 
morphs lawsonite. No other carbonate was found in the area. 

In the Devlez area only one specimen (394/3) was found to 
contain pumpelIyite in a lamellar intergrowth with lawsonite. 

Ta/c 

Talc was only found in one of the analysed specimens (356) coexist- 
ing with chlorite and sodic amphibole (Tables 2 and 4). 

Quartz 

Quartz is the dominant phase in metacherts and is present in 
small amounts in many metabasites (Tables 2 and 3). 

Albite 

Albite is a very rare mineral. It was only found in two metabasites 
where it is pure albite with no detectable anorthite component.  

In the blueschist facies sodic amphiboles and pyroxenes take 
up only trace amounts of  titanium; subsequently sphene becomes 
a ubiquitous accessory mineral in metabasites. It is less common 
in metacherts (Table 2) where titanium enters hematite instead 
of forming sphene. Sphene occurs as poorly crystalline dusty brown 
aggregates. Rutile is not found in the area. Blueschist minerals 
notable in their absence in the Devlez area include stilpnomelane 
and deerite. The absence of these two minerals can be related 
to the lack of suitable iron-rich rock compositions and to the 
generally high oxidation states of  the blueschists. However, as 
stilpnomelane is an important mineral in the more reduced blue- 
schists, such as Franciscan metacherts, five stilpnomelane-bearing 
mineral assemblages were analysed: one from a meta-acidic rock 
8 km south of  the area shown in Fig. 1, and four Franciscan 
metacherts (from Healdsbnrg, Tiburan, Pacheco Pass, and Panoche 
Pass). The essential mineral assemblage in Franciscan metacherts 
is 'quar tz+sodic  amphibo le§  
chlorite' and in the meta-acidic rock from Tavsanli 'a lbi te+ 
stilpnomelane + sodic amphibole + quartz + ilmenite + lawsonite'. 
Sodic amphiboles coexisting with stilpnomelane have compo- 
sitions with Fe2+/Fe 2+ + M g  ratios greater than 0.5 (Fig. 12a) 
characteristic of reduced mineral assemblages which recrystallized 
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Table 4. Compositions of minerals 
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Sodic amphiboles Sodic pyroxenes 

357/1 643]2 182 380 381 460 473 33 471 643/2 182 381 395 

core rim 

SiOz 57.36 5 6 . 7 1  5 5 . 9 9  58.20 57.54 56.52 5 7 . 9 1  58.70 53.42 5 3 . 7 5  53.57 5 5 . 1 3  5 2 . 6 9  58.37 
AI20~ 11.00 7.83 6.46 7.72 4.87 3.80 5.72 6.70 4.52 5.58 5.47 8.50 3_77 19.59 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 
FeO* 10.47 1 5 . 1 2  16 .71  1 1 . 6 5  1 6 . 5 2  23.87 15.00 8.18 17.74 13 .85  1 4 . 8 8  1 8 . 4 4  22.97 7.55 
MnO 0.00 0.00 0.15 0.20 0.16 0.13 0.27 0.45 0.23 0.30 0.00 0.00 0.00 0.00 
MgO 9.86 8.89 8.79 1 1 . 1 6  10.39 6.57 1 0 . 6 7  14.00 4.00 5.55 4.93 0.91 1.52 0.00 
CaO 1.07 0.44 0.72 0.09 0.86 0.22 0.69 0.89 8.10 13.36 9.19 1.92 4.07 0.09 
Na20 6.72 7.23 6.97 7.76 6.84 7.46 7.22 7.26 9.16 6.36 8.81 1 3 . 1 3  1 1 . 5 6  14.38 

Total 96.48 96.22 95,80 96.79 97.18 98.58 97,49 96.18 97.15 98.75 9 7 . 0 3  98,02 96.58 99.97 

* Total iron as FeO 

Si 
A1 ~v 
AI v~ 
Ti 
Fe 3 + 
Fe 2 + 
Mn 
Mg 

Number of cations per 23 oxygens Number of cations per 6 oxygens 

7.97 8.00 7.99 8.01 8.07 8.03 8.04 8.02 2.01 2.00 2.00 2.01 2.00 2.01 
0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1.77 1.30 1,08 1.25 0.81 0.64 0.94 1.08 0.20 0.25 0.24 0.37 0.17 0.80 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0,00 0.00 0.00 
0.22 0.67 0.86 0.70 1.11 1.37 0.95 0.80 0.46 0.21 0.40 0.56 0.68 0.16 
1.00 1.11 1.14 0.64 0.83 1.47 0.79 0.13 0.10 0.22 0.07 0.00 0.05 0.06 
0.00 0.00 0.02 0.02 0.02 0.02 0.03 0.05 0.01 0.01 0.00 0.00 0.00 0.00 
2.04 1.87 1.87 2.29 2.17 1.39 2.21 2,85 0.22 0.31 0.28 0.05 0,09 0.00 

~2 5.03 4.95 4.97 4.90 4.94 4.89 4.92 4.92 0.99 1.00 1.00 0.98 0.99 1.02 

Ca 0.16 0.07 0.11 0.01 0.13 0.03 0.10 0.13 0.33 0.54 0.37 0.08 0.i7 0.00 
Na 1.81 1.98 1.93 2.07 1.86 2.06 1.94 1,92 0.66 0.46 0.64 0.93 0.85 0.96 

~2 1.97 2.05 2,04 2.08 1.99 2.09 2.04 2.05 0.99 1.00 1.01 1.01 1.02 0.96 

Jd 20 25 24 37 17 80 
Ac 46 21 40 56 68 20 
Au 34 54 36 7 15 0 

well within the magnetite stability field (Okay, in press). With 
these compositions the whole sodic amphibole field, with the excep- 
tion of an area around the glaucophane end-member, can be 
inferred to be potentially stable in the glaucophane-lawsonite facies. 

Element Partitioning 

T h e  v a r i a b l e  f e r r o m a g n e s i a n  r a t ios  o f  p h e n g i t e s  a n d  
sod ic  p y r o x e n e s  w i t h i n  a s ingle  sec t ion  a n d  the i r  
r e s t r i c t ed  r a n g e  do  n o t  a l l o w  re l i ab le  d i s t r i b u t i o n  

coe f f i c i en t s  b e t w e e n  t h e m  a n d  o t h e r  m i n e r a l s  to  be  
d e t e r m i n e d .  D i s c u s s i o n  o n  e l e m e n t  p a r t i t i o n i n g  is 

c o n s e q u e n t l y  r e s t r i c t ed  to  t he  F e Z + / M g  d i s t r i b u t i o n  
b e t w e e n  c h l o r i t e  a n d  sod ic  a m p h i b o l e  a n d  A1/Fe  3+ 

d i s t r i b u t i o n  b e t w e e n  sod ic  a m p h i b o l e  a n d  sod ic  py-  

roxene ,  

Chlorite-Sodic Amphibole 

F e 2 + / M g  ra t ios  for  s e v e n t e e n  coex i s t i ng  h o m o g e n -  

e o u s  sod ic  a m p h i b o l e s  a n d  ch lo r i t e s  a re  s h o w n  in 
Fig .  9a .  T h i r t e e n  o f  t he  pa i r s  c o m e  f r o m  D e v l e z ,  

2 f r o m  G f i m e l e  (Li ine l  1967), one  f r o m  M i h a l l i c i k  
( ~ o g u l u  1967) a n d  one  f r o m  P a n o c h e  Pass ,  Ca l i fo r -  

nia.  T h e  m a i n  e r ro r s  in t he  d e t e r m i n a t i o n  o f  t he  par t i -  
t i on  coe f f i c i en t  KD ar ise  f r o m  the  u n c e r t a i n t y  o f  fe r r ic /  

f e r rous  r e c a l c u l a t i o n  in sodic  a m p h i b o l e  m i c r o p r o b e  
ana lyses  a n d  the  m i n o r  u n d e t e r m i n e d  fer r ic  i o n  in 

ch lor i t e ,  
T h e  F e a + / M g  d i s t r i b u t i o n  coe f f i c i en t  is s t rong ly  

d e p e n d e n t  on  the  c a l c i u m  c o n t e n t  o f  the  sod ic  a m p h i -  
b o l e  a n d  r anges  f r o m  1.1 fo r  l o w  c a l c i u m  s u b s t i t u t i o n  
( 0 . 0 0 < C a / C a + N a < 0 . 0 3 )  to  0.8 fo r  i n c r e a s e d  cal-  
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Chlorites Talc Garnets  

27 33 356 182 356 357/1 471 380 460 473 

core rim 

SiO/ 27.75 27.68 28.77 29.17 61.28 38.14 37.85 37.87 36.99 37.25 37.57 
A1203 17.58 17.56 18,52 20.39 0.00 21.99 21.31 21.38 19.74 20.77 20.19 
TiO2 0.00 0.00 0.00 0.00 0.00 0.20 0.00 0.00 0.25 0.33 0.28 
FeO* 22.99 21.62 18.28 10.77 8.18 28.40 15.34 22.34 9.49 7.40 2.98 
MnO 0.69 1.23 0,32 0.52 0.00 0.84 13.7t 7,29 26.17 30.64 33.85 
MgO 17.67 19.19 21.47 25.12 25.72 2.25 0.00 0.32 0.27 0.27 0.29 
CaO 0.09 0.00 0.08 0.00 0.00 9.08 13.12 11.78 7.33 5.74 0,56 

Total 86.77 87.26 87.44 86.11 95.19 100.89 101.34 100,97 100.25 102.30 101.72 

Number  of  cations per: 

28 oxygens 22 oxygens 8 oxygens 

Si 5.85 5,78 5.84 5.78 8,04 2,99 2.98 3.00 2,99 2.96 3.00 
A1 i~ 2,15 2.22 2.16 2.22 0.00 0.01 0.02 0.00 0.01 0.04 0.00 

A1 vl 2.22 2.10 2.27 2.54 0.00 2.02 1.96 2.00 1.87 1.91 1.90 
Fe3 § . . . . .  0.00 0.04 0.00 0.13 0.09 0.10 

Fe 2+ 4.05 3.78 3.10 1.78 0.90 1.85 0.97 1.48 0.51 0.40 0.10 
Ti 0.00 0.00 0,00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.02 
Mn  0.12 0.22 0.06 0.09 0.00 0.06 0.92 0.49 1.79 2.06 2.29 
Mg 5.55 5.97 6.50 7.41 5.03 0.26 0.00 0.04 0.03 0.03 0.03 
Ca 0.02 0.00 0.02 0.00 0.00 0.76 1.11 1.00 0.64 0.49 0.56 

Total  19.97 20.06 19.95 19.84 13.97 7.98 8.00 8.01 8.00 8.00 8.00 

* Total iron as FeO 

Aim. 63 32 49 17 13 3 
Spess. 2 31 17 60 69 76 
Pyr. 9 0 1 1 1 1 
Gross. 26 37 33 22 17 19 

Phengites 

33 357/1 380 460 473 395 

SiO2 51.43 51.71 52.20 52.15 51.50 47.75 
A1/O 3 22.50 22.95 23.00 23.27 24.96 30.04 
TiO2 0.00 0.20 0.22 0.00 0.14 0.00 
FeO* 4.95 3.93 4.50 4.45 2.78 3.93 
M n O  0.00 0.00 0.18 0.12 0.13 0.34 
MgO 3.75 3.78 3.88 3.83 3.71 0.94 
CaO 0.00 0.16 0.00 0.00 0,00 0.00 
N a 2 0  0.00 0,00 0.00 0.00 0,00 0.00 
K 2 0  10.83 10.80 10,86 10.81 10,50 10.05 

Total 93.45 93.52 94.84 94.64 93,72 93.05 

Number  of cations per 22 oxygens 

33 357/1 380 460 473 395 
Si 7.10 7.10 7.09 7.09 6.99 6.57 
A1 iv 0.90 0.90 0.91 0.91 1,01 1.43 

AW 2.76 2.81 2.77 2.82 2.99 3.44 
Ti 0.00 0.02 0.02 0.00 0.01 0.00 
Fe 2+ 0.57 0.45 0.51 0.51 0.32 0.45 
Mn 0.00 0.00 0.02 0.01 0.02 0.04 
Mg 0.77 0.77 0.79 0.78 0.75 0.19 

4.10 4.06 4.11 4.12 4,09 4.12 

Ca 0.00 0.02 0.00 0,00 0,00 0.00 
Na 0.00 0.00 0,00 0.00 0,00 0.00 
K 1.91 1.89 1.88 1,87 1.82 1.76 

Total  14.0l 13.97 13.99 13,99 13.91 t3.88 

* Total iron as FeO 
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Fig. 4. Compositions of sodic pyroxenes plotted on acmite-jadeite- 
augite diagram. Sodic pyroxenes from metacherts, filled circles; 
from metabasites, open circles; from metakeratophyres, filled 
squares 
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Fig. 5. Composition of chlorites from Northeast Tavsanh plotted 
in terms of their Fe/(Fe + Mg + Mn) and A1/(A1 + Fe + Mg + Mn) 
ratios 
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Fig. 6. Garnet compositions plotted on spessartine-grossular-(al- 
mandine§ diagram; all pyrope contents below 9%. Gar- 
nets from metacherts, filled circles; from metabasites, open circles 
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Fig. 7. a Compositions of 23 epidotes from 7 blueschists plotted 
in terms of their pistacite components, b The compositionally inva- 
riant epidote-lawsonite-hematite assemblage in the Ca - Fe 3 + - A1 
system from two metacherts (380 and 459) 
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Fig. 8. Phengite compositions plotted on A 1 - F e - M g  diagram. 
Phengites from metacherts, filled circles; from metabasites, open 
circles. Compositional field of phengites from Eastern Otago 
greenschists (Brown 1967) are shown by dashed lines 

cium substitution (0.03 < X  ca<0.10) in sodic amphi- 
bole. A decrease in the partition coefficient, with in- 
creasing calcium content in sodic amphibole, is to 
be expected as the KD for actinolite/chlorite pairs is 
0.58 (Kawachi 1975; Coombs et al. 1976). 
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Fig. 9. a Fe 2 +/Mg ratios in coexisting sodic amphibole and chlorite, 
where Fe* =total Fe, Sodic amphiboles with Xca< 0.03, open cir- 
cles; sodic amphiboles with 0.03 < Xca < 0.1, f i l led circles, b A1/Fe 3 + 
ratios in coexisting sodic amphibole and sodic pyroxene 

The Composition of the Fluid Phase and the Status 
of C02 

The abundance of hydrous bluescbist minerals, such 
as lawsonite and/or sodic amphibole, in the initially 
anhydrous basic igneous rocks is prima facie evidence 
for the presence of fluid phase during the regional 
metamorphism. The lack of graphite in the blueschists 
suggests that the two main components of the fluid 
phase were H20 and CO2. The common occurrence 
of lawsonite-quartz and phengite-sphene subassem- 
blages indicate that the fluid was dominated by H20 
(Xco2<0.02, Hunt and Kerrick 1977 p. 286; Nitsch 
1972). 

In the phase relations analysis, CO2 can be 
regarded either as as mobile component like H 2 0 ,  

or as an inert component like 02 (Zen 1974). In the 
present study COz is regarded as an inert component 
(like TiO2), and consequently calcite (and aragonite) 
is omitted from the phase relation analysis as an indif- 
ferent phase (like sphene or phengite). The reasons 
for doing this are: 

1. In the Tavsanli area metabasites occasionally 
contain minor amounts of calcite, whereas calcite is 
lacking in all studied metacherts. This difference in 
the CO2 content between the two major rock types 
is most probably a primary pre-metamorphic feature. 
Spilites, the most likely protoliths of metabasites, 
might well have contained small amounts of CO2 
stored in calcite, which was preserved through the 
metamorphism; 

2. Most of the calcite-bearing metabasites contain 
the assemblage lawsonite+calcite+quartz (Table 2) 
which is a buffer for CO2 by the reaction: lawso- 
nite + COz = calcite + quartz + pyrophyllite + H20. 

Under most metamorphic conditions pyrophyllite 
is probably not stable relative to potassium-mica. It 
is unlikely, that this buffered assemblage could be 
maintained at an externally controlled chemical 
potential of COz; rather it suggests fCO2 was buffered 
at very low values by the mineral assemblage, 

3. No differences either in the mineral assemblage 
or mineral compositions can be detected between cal- 
cite-bearing and calcite-free rocks. 

Sodic Amphibole-Sodic Pyroxene 
Approach to Equilibrium 

Most sodic pyroxenes and amphiboles from the Tav- 
sanli area show zoning in their A1 and Fe 3+ com- 
ponents. Six relatively homogeneous sodic amphi- 
bole-sodic pyroxene pairs are shown in Fig. 9b; five 
come from Devlez, one from Mihallicik. The partition 
coefficient KD of 2.1 is quite different from 0.8 found 
by Onuki and Ernst (1969). 

The underlying principle of the phase relations anal- 
ysis is the assumption that equilibrium has been 
achieved between coexisting minerals at a single value 
of P -  T--X. This assumption is not strictly valid espe- 
cially for the lower grades of metamorphism such 
as the blueschist facies, where mineral zoning is com- 
mon, relict minerals are present and former mineral 
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Fig. 10. a NAFM projection of mineral 
compositions from quartz, lawsonite 
and iron-oxide (hematite) onto the 
tetrahedra N a - A I * - F e  2+ - M g .  Only 
some of the tie lines are indicated. 
AI* =(A1-2Ca). b Projection of 
mineral compositions from quartz, 
lawsonite, HzO and iron-oxide 
(hematite) onto the plane 
N a - A I * - ( F e  z+, Mg). The jadeite and 
augite contents of sodie pyroxenes are 
also indicated. A1 * = (A1 - 2Ca) 

assemblages may be recognizable. However, the es- 
tablishment of the ideal phase compatibilities at dif- 
ferent P - T - X v a l u e s  is important in understanding 
the evolution of mineral assemblages through meta- 
morphism. Phase relations established from equili- 
brated mineral assemblages can then be used to un- 
derstand the nature of 'frozen reactions' and zoning 
in minerals. 

Metamorphic minerals are assumed to have 
reached equilibrium in equigranular, schistose meta- 
cherts (see Fig. 2) and metabasites. Rocks with reac- 
tion textures involving replacement of sodic pyroxene 
by sodic amphibole are interpreted to be in disequili- 
brium. 

At 

/ / ~  *Quartz 
/ \ +Lawsonife 

/ \ +Iron-oxide 
A[bite~" ~ .1"120 

(Jn d e i f e ) ~ . . . _  ..~ ~ ire 

Fig. 11. Model phase relations in the glaucophane-lawsonite facies 
for moderate Fe2+/Fe2++Mg values (0.30-0.50) in the rock, 
shown on a NAF diagram. Sodic pyroxene field is stippled 

Phase Relations 

The minerals considered in this study can be rep- 
resented to a first approximation in the system 
Na20 - K20 - CaO - MgO - FeO - MnO - Fe203 
- A 1 2 0 3 - T i O 2 - S i O 2 - H 2 0 .  K20, MnO and TiOa 
are assumed to affect only the formation of the 
phases phengite, spessartine and sphene respectively. 
By considering quartz-bearing assemblages SiO2 is 
regarded as an excess component, and H20 is 
taken as a perfectly mobile component. The chemo- 
graphic relationships are further simplified by pro- 
jecting from lawsonite for CaO and from hematite 
for Fe203 into the system N a 2 0 - M g O - F e O -  
AlzO3 (NAFM). All projections are made from hema- 
tite although part of the sodic amphibole field, as 
well as almandine and stilpnomelane are only stable 
with magnetite. However, projecting from magnetite 
will only slightly alter the coordinates of sodic pyrox- 
enes and amphiboles in the NAFM system but will 
not have any effect on the topology. The algebraic 
procedure used for projecting phases is that given 
by Greenwood (1975). 

Phase relations in the glaucophane-lawsonite 

facies between the minerals sodic amphibole, 
chlorite, albite, sodic pyroxene, almandine, stilpno- 
melane and talc are shown in Fig. 10 a. In the NAFM 
diagram sodic pyroxenes project into an open ended 
'beak' shaped volume with the calcic end-members 
plotting below the A1-Fe  2 + - M g  plane. The posi- 
tions of different sodic pyroxene end-members are 
shown in a NAF triangular diagram (Fig. 10 b) where 
Fe 2 + and Mg are treated as a single component. The 
advantage of the NAF diagram lies in the precision 
with which actual sodic pyroxene and sodic amphi- 
bole compositions can be plotted. 

Figure 11 shows an NAF diagram for moderate 
Fe2+/Fe2++Mg values (0.3-0.5), where chlorite is 
the stable ferromagnesian phase. Here, the important, 
compositionally invariant assemblage is albite 
(jadeite)-chlorite-sodic amphibole plus the projected 
phases. Such assemblages are found in Northwest 
Turkey, in New Caledonia (Black 1973, p. 224) and 
in many other areas. 

At lower Fe2+/Fe2++Mg values (<0.25) talc, 
and at higher Fe2+/Fe 2+ +Mg values (>0.55) stillp- 



A.I. Okay: Glaueophane-Lawsonite Zone Blueschists From NW Turkey 253 

, . . . . . .  , ,  , , 
R 

% 
u 

D 

e 

o o o S T I L P N O H E L A N E  

i/ll///i//////,(///////~r~l~} ,//I//////11///11/i////////;,, ,,...,,,, , , �9 : , ~ '  : : " �9 ~ ,ll,,,~ll,, 71111111111111111~'il,'llll/#ll,,illil,I/,v/I/ll 
I l l l  

i l l  I I  ~ OI " 

m m �9 ~m �9 m m �9 

,o,, : , �9 # 

�9 . . ._ . . . . . . .  o ~ . . .  . . ,  . ~ : " . " : J  , - - ,  . 

" " '  " " " ;/i/tt/li, liD ; ; ;:i ; ;'llti,,Yi 
T A L E  

I I  I I __  I I ~ i t _ _  I ~ ]1 , I I . . . .  1 | ,  | I - I  I . 1 

G MR G MR 
Fig. 12. a Sodic amphibole composition in relation to the mineral assemblage. Sodic amphibole with chlorite, solid squares; with stilpnome~ 
lane, open squares; with chlorite and stilpnomelane, half-filled squares; with almandine, open circles; with talc and chlorite, open trzkmgles. 
ll Phase relations of sodic amphibole in the glaucophane-lawsonite facies. Sodic amphibole compositions which may coexist with two 
ferromagnesian minerals are ruled. Iron-oxides most probably can coexist with all sodic amphibole compositions. Albite is restricted 
to glaucophane-ferroglalscophane solid solution 

nomelane are the stable ferromagnesian minerals 
coexisting with sodic amphibole. The change from 
one ferromagnesian mineral to another occurs at ap- 
proximately constant Fe 2 +/Fe z + + Mg and therefore 
cannot be successfully illustrated on the NAF dia- 
gram. 

A peculiar problem in the Devlez area is the pres- 
ence of almandine garnets with 25%-35% grossular 
component coexisting with Al-rich amphiboles. When 
projected from lawsonite for Ca on the NAF plane, 
the garnets plot near the Fe 2+, Mg (F) apex; since 
chlorite coexists with comparatively Al-poor sodic 
amphibole, garnet-amphibole and chlorite-amphibole 
tie lines cross. 

There is no textural evidence for any disequili- 
brium between coexisting lawsonite and garnet. Fur- 
thermore garnets from the Cazadero area metabasites, 
coexisting with lawsonite and almninous sodic amphi- 
bole (Coleman and Papike 1968, p. l 11), have similar 
grossular components (25%-30%; Lee et al. 1963, 
p. 472). It seems that the blueschists of the Devlez 
area recrystallized at the critical P -  T conditions cor- 
responding to the chlorite-garnet transition. 

Instability o f  Sodic Pyroxene + Chlorite 

Sodic pyroxenes contain proportionately higher 
amounts of  Na + Ca than sodic amphiboles, conse- 

quently they are restricted to the sodium-rich corner 
of the N A F M  diagram. They are separated from the 
ferromagnesian minerals by the intervening sodic am- 
phibole compositional field and albite-sodic amphi- 
bole tie lines (Fig. 10a). Thus acmite- and jadeite-rich 
sodic pyroxenes cannot coexist with ferromagnesian 
minerals, instead sodic amphibole is the stable phase. 
Obviously sodic pyroxene can coexist stably with so- 
dic amphibole in assemblages free of any ferromagne- 
sian minerals, as in the sodium-rich metacbert 381 
(Table 3). 

The coexistence of sodic pyroxene with chlorite 
and sodic amphibole in many blueschist metabasites 
from the Devlez area is due to an imcomplete pro- 
grade sodic amphibole producing reaction involving 
sodic pyroxene and chlorite (Okay in preparation). 

The Composition o f  Sodic Amphibole 
in Relation to Mineral Assemblage 

All phases in the N A F M  system have tielines extend- 
ing to the sodic amphibole field; therefore the compo- 
sitional field of sodic amphiboles can be used as a 
plane on which other phases are projected in terms 
of  actual sodic amphibole compositions (Brown 
1974). 

In quartz-bearing rocks, sodic amphibole can be 
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regarded as consisting o f  five major  componen t s  
(Na20 ,  MgO,  FeO, A1203, Fe2Oa), consequent ly  any 
three phases in the N A F M  diagram plus iron-oxide 
should coexist with a single compos i t ion  of  sodic am- 
phibole. Sodic amphibole  coexisting with two other  
phases in the N A F M  diagram plus iron-oxide should 
be composi t ional ly  univar iant ;  the compos i t ion  
should vary along a line on the Miyashiro  diagram. 

In  Fig. 12 a sodic amphiboles  are shown in terms 
of  coexisting minerals;  the figure includes sodic am- 
phiboles f rom Gtimele (Lfinel 1967) and f rom stilpno- 
melane-bearing Franciscan metacherts ,  as well as so- 
dic amphiboles  f rom the Devlez area. The  sodic am- 
phibole composi t ional  field is divided into four  major  
regions each associated with one o f  the following fer- 
romagnes ian  minerals:  chlorite, almandine,  talc and 
s t i lpnomelane;  a fifth ' deer i t e '  region is present 
a round  the riebeckite end-member  (Muir  W o o d  1977, 
p. 256). 

Spessartine-rich garnets are stable with all sodic 
amphibo le  composi t ions  as an extra Mn-bear ing  
phase;  only a lmandine  with negligible spessartine 
c o m p o n e n t  is restricted to g laucophane  (s.1.) bearing 
assemblages (357/1 and 536). However ,  as discussed 
earlier, a lmandine  might  represent a higher grade o f  
metamorphism.  Sodic pyroxenes are no t  shown as 
they do not  coexist stably with the other  ferromagne-  
sian minerals, lying on the opposi te  side o f  the sodic 
amphibole  composi t ional  field (Fig. 10a). 

The  posi t ion o f  univar iant  lines on the sodic am- 
phibole field will depend to some extent on the cal- 
c ium content  o f  the sodic amphibole  which has an 
impor tan t  effect on the FeZ+/Mg part i t ioning be- 
tween sodic amphibole  and  other  minerals. Variat ions 
in the calcium content  of  sodic amphibole  and uncer- 
tainties in the ferric/ferrous recalculation will result 
in composi t ional  bands,  rather  than lines, on  the sodic 
amphibole  field, mark ing  the coexistence o f  two ferro- 
magnesian  minerals (Fig. 12b). 

Brown (1974) first related sodic amphibole  com-  
posi t ion to coexisting minerals in the blueschists f rom 
Shuksan. The main  difference between the d iagram 
here and Brown 's  d iagram (1974, Fig. 11) is in the 
t reatment  of  iron-oxides;  as m a n y  of  Brown ' s  amphi-  
bole assemblages lacked iron-oxides, he assumed that  
iron-oxides were not  stable with fe r rog laucophane  
and g laucophane  composi t ions.  However ,  sodic am- 
phibole composi t ions  f rom Nor thwes t  Turkey  de- 
mons t ra te  that  this is not  the case (Okay,  in press); 
the absence o f  iron-oxides in some assemblages is 
possibly due to low amount s  o f  ferric ion in the rock 
giving increased composi t ional  freedom. 
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