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GIRIS

Metamorfik kayaglann calisilmasinda giintimiize
kadar kullanilagelen klasik petrografik incelemeler so-
nucu elde edilen izograd haritalar1 yardimiyla, calisilan
bolgedeki metamorfizmanin basing ve sicaklik kosulla-
rina bir yaklasimda bulunulabilmektedir. Buna kargin,
jeokimyasal analiz tekniklerinin geligmesiyle birlikte
bir kayag icerisindeki tek bir mineralin ve cevresinde
yer alan diger minerallerin kimyasal birlesimlerinin be-
lirlenmesi olanakli olmugtur. Dolayisiyla, bir kayac
icerisindeki minerallerin kimyasal bilesimlerinin belir-
lenmesi ve bunlar arasindaki reaksiyon dokularinin c¢a-
listlmasi, metamorfik petrografinin ileri ve temel un-
surlart arasinda yerini almugtir.  Bu  analizlerin
gerceklestirilmesi icin ise Elektron Prob Mikro Analiz
(EPMA veya EMA) yontemi olarak isimlendirilen nok-
ta analiz yoOntemleri kullanilmaktadir,

Metamorfizmada etkin olan basincin belirlenmesi
jeobarometre olarak isimlendiriimekte ve met doniisiim
reaksiyonlarindan gidilerek hesaplanmaktadir, Meta-
morfizmanin sicaklik kosullarinin her ikisinin birden
belirlenmesi yontemi kisaca Jeotermobarometre ola-
rak isimlendirilmektedir,

Termobarometre hesaplamalari kesin ve goreli ter-
mobarometre olarak iki tiirde yapilabilmektedir, Kesin
termobarometre hesaplamalari, kayac igerisindeki mine-
raller arasindaki reaksiyonlardan gidilerek katyon degi-
sim oranlarinin belirlenmesinden itibaren hesaplanmak-
tadir. Goreli termobarometre yontemi ise daha yaygin
olarak zonlanma gosteren granat gibi minerallerin kim-
yasal bilesimlerinin belirlenerek kristallesme kosullari-
nin ve dolayisi ile P-T evrim yolunun belirlenmesi ilke-
sine dayanmaktadir. Bu derleme calismasinda,

jeotermobarometi'e hesaplamalar ile iligskili yontemler
kisaca anlatilmaya calisilacak ve Yildizeli yoresinde
yapilan ¢alismada elde edilen sonuglar 6rnek olarak ve-
rilecektir. Metamorfik kayaciarda, metamorfizma ba-
sing ve sicaklik kosullarinin belirlenmesi icin Ikullani-
lan mineral parajenezlerinden bazilari sunlardir;

Jeobarometrelen

Granat - rutil - ilmenit - alliminyum silikat - kuvars
(Bohlen ve dig. 1983a),

Granat - plajiyoklaz - ortopiroksen - kuvars (Newton
ve Parkins 1982; Bohlen ve dig, 1983c),

Granat - plajiyoklaz - kuvars - klinopiroksen (Per-
kins ve Newton 1981),

Granat - sillimanit/disten - kuvars - plajiyoklaz
(Newton ve Haselton 1981; Anovitz ve Essene 1987;
Koziol ve Newton 1988),

Ortopiroksen - granat (Barley ve Green 1982; Har-
ley 1984a),

Granat - kordiyerit - sillimanit - kuvars (Mensen ve
Green 1973; Aranovich ve Podlesskii 1983),

Biyotit - muskovit - klorit - kuvars (Powell ve Evans
1983; Nurminen 1987),

Plajiyoklaz - hombiend (Plyusnina 1982),
Fenjit (Masonne ve Schreyer 1987),
Jeotermometrede kullanilan parajenezlen
Granat - klinopiroksen (Ellis ve Green 1979),

Granat - ortopiroksen (Marley 1984b; Lee ve Gan-
guly 1988),
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Granat - biyotit (Ferry ve Spear 1978),

Granat - kordiyerit (Thompson 1976; Perchuk ve
Lavrent'eva 1983),

Granat - amfibol (Graham ve Powell 1984),

Ortopiroksen - klinopiroksen (Lindsley 1983)
JEOTERMOBAROMETRE
CALISMALARINDA KULLANILAN
REAKSIYONLAR

Bu boliimde jeotermdbarometre calismalarinda kul-
lanilan ve deneysel olarak hangi kosullarda gerceklesti»
gi belirlenmis olan reaksiyonlar topluca verilecektir,
Ayrmt{u bilgi icin verilen referanslara bakilabilir,

Tek Degiskenli Reaksiyonlar

Cesitli metamorfik fasiyeslerin jeotermobarometre
kosullarinin belirlenmesinde kullanilan mineral reaksi-
yonlar1 sunlardir:

(1) Grossular + disten + kuvars = anortit
Ca,Al,Si,0,, + 2A1,S10, + SiO, = 3CaAl,Si,0,

[GASP, Goldsmith, 1980; Gasparik, 1984; Chaterjee
ve dig.., 1984; Koziol ve Newton, 1988],

(2) Grossular + kuvars = anortit + Vollastoﬁit
Ca,Al2Si,0,, + SiO, = CaAlLSi,O, + 2CaSiO,

[WAGS, Newton, 1966; Gasparik, 1984; Chaterjee
ve dig. 1984],

(3) Kuvars = koesit
SiO, = SiO,

[Mirwaid ve Masonne, 980; Bohlen ve Boettcher,
1982],

(4) Yadeyit + kuvars = albit
NaAlSi, O, + SiO, = NaAlSi,O,
[Johannes ve dig., 1971; Holland, 1980],

(5) Aimandin + ruﬁl = ilmenit 4- disten / sillimanit +
kuvars

Fe;ALSi,0,, + 3TiO, * 3FeTiO, + ALSiO, + 2Si0,
[GRAIL, Bohlen ve dig., 1983a],

(6) disten = sillimanit = andaluzit

Al SI0"A1Si0,

[Holdaway, 1971; Robie ve Hemingway, 1984; Sal-
je, 1986]

(7) Aragonit = kalsit
CaCO, = CaCO,
[Crawford ve Fyfe, 1965; Johannes ve Puhan, 1971],

, Yukarida verilen 7 reaksiyon, 6zellikle diger termo-
barometrelerle birlikte kullanildiginda, yeterli termoba»
rometrik bilgiyi olusturabilir. Termobarometre i¢in kul-
lanigh olan diger basit reaksiyonlar ise dehidratasyon
ve/veya dekarbonizasyon reaksiyonlandir, Bu reaksi-
yonlarda; dehidratasyon reaksiyonlar: i¢in P,,/Ps> de-
karbonizasyon reaksiyonlan icin Pcos/Ps ve akigskan
tiirlerinin her ikisini de igeren reateiyonlar igin ise )
Pcoa/Ps haktanda yeterli bilgilerin bulunmasi gerekmek-
tedir. (Greenwood, 1962; Kerrick ve dig., 1974; Flo-
wers ve Hengleson, 1983). Ornegin; en diisiik derece-
lerde, akiskanlarin diisey yondeki hareketinin bir
sonucu olarak Pf, Ps den 6dnemli dl¢iide diisiiktiir ve Pf
in 6nemli bir kismini P* olusturmaktadir. Ust amfibo-
lit ve granulit fasiyesi kosullarinda ise P,20JPs den
onemli olctide daha az olmaktadir (Essene, 1989),

Basit Kimyasal Sistem Reaksiyonlari

Basit kimyasal sistem olarak olusan bazi reaksiyon-
lar, termobarometre. igin kullamigh olabilmektedir, Bu

reaksiyonlarin baslicalan sunlardir:

MgO - SiO, - Hz(_)
(8) Antigorit - brusit =s forsterit + su buhari

Mg, SiA(OH), + Mg(OH), . 2Mg,SiO, + 3H,0
(Chernosky ve dig., 1985; Day ve dig,, 1985; Herman
ve dig., 1986),

(9) antigorit = forsterit + talk + su buhari

5Mg,Si,0,(0H), - 6Mg,Si40,(OH), + 9H,0 (Cher
nosky ve dig,, 1985; Day ve dig*, 1985; Berman ve dig,,
1986),

AR03 - Si0O, - H,0
(10) kaolinit == pirofillit + su buhary

ALSi,(OH), + 2SiO, * AlLSi,0,(OH), + H,
[Thompson 1970a; Haas ve Holdaway 1973; Hemley ve
dig., 1980],

(11) pirofillit s altiminosilikat + kuvars + su buhan
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A128140‘,U(OH)2&,S ALSiO, - 3Si0, + H,0 [Haas ve
Hold away 1973; Hemiey ve dig,, 1980],

Ca0-5i0,-CO,
(12) kalsit + kuvars = vollastonit + karbondioksit

CaCo, + SiO, = CaSiO, + CO, [Greenwood 1967;
Tanner ve dig., 1985],

(13) vollastonit + kalsit = tiileyit + karbondioksit

2CaSiO, + 3CaCO, = Ca58i,0,(CO,), (Treiman ve
Essene 1983),

MgO « ALQ, - Si0, * H,0-
(14) klinoklor = forterit+enstatit+spinel + subuhan

Mg.ALSi,O, (OH)g = Mg;Si0, + 2MgSiO, +
MgALO, + CO,

.[Fawcett ve Yoder 1966; Staudigel ve Schreyer
1977],

(15) Mg - kloritoyid + kuvars = talk + disten + su

buhar
3MgALSiOs(OHX + 4Si0, =
3A1,S10, + 5H,0

[Schreyer ve Seifert, 1969; Seifert, 1974; Chopin ve
Schreyer, 1983],

Mg,Si,Q,,(OH), +

CaO *Al1,0, - S10,- H,0

(16) margarit + kuvars = anortit + aliiminosilikat + st
buhar

CaAlSi,0ii(0H), + SiO, = CaAl,Si,0, + ALSiO, +
H,0

[Chateijee 1976],
(17) margarit + kuvars = zoyisit + disten + su buhmi

4CaAl4Si0, (OH), + 3Si0, * 2CaAlSi,0 ,(OH) +
SALSIO, + 3H,0

[Perkins ve dig,, 180; Nitsch ve dig., 1981; Jenkins
1984],

(18) prehnit=grossular+zoyisit+kuvars + subuhan
5Ca,Al,SiA,(OH), = 2Ca3Al,Si,0,,
+2Ca,AlSi,0,,(OH) + 3Si0,+4H,0

[Liou 1971a; Perkins ve dig., 1980],

(19) prehnit = grossular + lavsonit + kuvars

2Ca,ALSi,0,0(0H), « CaALSI30, + CaAlSi,0,
(OH),7H,0 + Si0,

[Perkins ve dig., 1980],
(20) zoyisit + disten + kuvars = anortit + su buhan

2Ca,ALSi,0,,(OH) + ALSIO, + Si0, = 4CaAl Si,0,
+H,0

[Jenkins ve dig,, 1983,1985],

(21) klinozoyisit+disten+kuvars=anortit+su buhan

2Ca,AlLSi,0,(0H) + ALSIO, + SiO, = 4CaA1251208
+ H,0

[Jenkins ve dig., 1983,1985],

(22) lavsonit + k’ﬁvars + subuhan = 16montit
CaAi2Si,0,(OH),7H,0+2Si0,+2H,0"CaAlSI40,,.
4H,0

[Thompson 1970b, Liou 1971b],
FeO - A1,0, - SiO,- H,O

(23) almadin + siilimanit + kuvars + su buhan = Fe -
kordiyerit

2Fe,ALSi,0, + 4ALSi0, + 5Si0, + nH,O =
3Fe,AlSi,0,,, nH,0

[Richardson 1968, Weisbrod 1973],
Na,O - ALO, - SiO, - H,0

(24) paragonit + kuvars = albit + aliiminosilikat + su
buhan

NaAl_Si,0,(OH), + SiO, = A1 SIO, + NaAlSi,0, + H,0
[Chaterjee 1972],
(25) yadeyit + disten + kuvars + su buhan = paragonit

NaAlISiA + ALSi0, + SiO, + H,0 = NaAl;Si,0,,
(OH),

[Holland 1979],
(26) analsim + kuvars = albit + su buhan

NaAlSi,O,, H,0 + SiO, = NaAlSi,O, 4- H,O [Liou
1971c, Thompson 1971],

(27) yadeyit + su buhan = analsim
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NaAlSiA + H,0 - NaAlSiA . H,0 [Newton ve
Kennedy 1968, Manghnani 19701

K,O - ALO, - SiO, - H,0

(28) muskovit + kuvars = aliiminosiHkat + sanidin +
su buhan

KALSi,0,,(OH), + SiO, = ALSi0, + KAISi,0, +
H,0

[Storre ve Karotke 1971, Kerrick 1972, Day 1973,
Schramke ve dig,, 1987],

FeO-FeA-SiO,-H,0
(29) Grunerit = ferrosilit + kuvars + su buhan

Fe,SI30,,(OH),=57FeSiO, + Si0, + H,0 [Miyano ve
Klein 1986L

Ca0 - MgO - Si0, - H,0 - CO,

(30) tremolit + kalsit + kuvars = diyopsit + akiskan

Ca,MgSi,0,(OH), + 3CaCO, + 2Si0, =
5CaMgSi,0, + H,0+3CO,

[Slaughter ve dig,, 1975; Eggert ve Kerrick 1981],

(31) diyopsit + forsterit + kalsit = montisellit + kar-
bondioksit

CaMg8i,0, + Mg,SiO, + 2CaCO, = 3CaMgSiO, +
2CO, [Sharp ve dig,, 186],

JEOTERMOBAROMETRIK DEGERLERININ
TANIMLANMASINDA KULLANILAN
MINERAL REAKSIYONLARI

Metamorfizma basing ve sicaklik kosullarinin belir-
lenmesi amaciyla kullanilan termobarometreler fasiyes-
ten fasiyese degisiklik gostermektedir, Ornegin; diisiik
sicaklik metamorfitlerinde, kabul edilebilir termodina-
mik ve deneysel verilerin bulundugu diisik simetrili -
sulu silikatlar bol miktarda gortilmektedir, Orta sicak-
liktaki metamorfik kayaglarda ise, cogunlukla granat,
epidot ve homblend gibi refrakter minerallerdeki kar-
magik zonlanma ile dahada karmasiklastmlmis komp-
leks bir P-T ge¢cmisi korunabilmektedir. Biytik olglide
basit - susuz silikatlardan ve hornblent/biyotit gibi
kompleks sulu silikatlardan olusan yiiksek sicakliktaki
metamorfitler ise progressif metamorfik gecmisi pek
koruyamamaktadirlar. Cilinkii bu metamorfitler, meta-
morfizma sirasinda etkin olan en yiiksek P-T kosullan-
n1 maskeleyen retrograd donisiimlere ugramuglardir.

4

Zeolit Fasiyesi

Zeolit fasiyesinin basing ve sicaklik kosullarini be-
lirlemek amaciyla bazi arastincilarca vitrinit refleksi-
yon yOntemi, sivi kapanim ve silikat mineralojisine yo-
nelik c¢alismalar gerceklestirilmistir. Bu fasiyesin
kosullarinin belirlenmesi agisindan zeolitlerin ve preh-
nitin durayliliklan Uzerine gelistirilen ¢alismalarin kul-
laniglt olabilecegi ileri surtlmektedir (Liou 1971a-b),
Ancak, burada dogal ve sentetik fazlarin diizeni/
diizensizligi ve kimyasi hakkinda belirsizlikler bulun-
maktadir (Essene, 1989), Dahasi, bu dehidratasyon den-
gesinin iokasyonlan, ag¢ik kirik sistemlerine, yiiksek de-
recede tuzlu akigkanlarin varlifina ve diisiik derecede

" metamorfize olmus karbonlu litolojilerideki yiiksek

CH4 e baglh olarak P,,,<Ps tarafindan siddetli bir sekil-
de etkilenmektedirler. Arastirmacilar, diyajenez, hidra-
termal sistemler ve diisiik dereceli metamorfitlerde yap-

~ tiklart calismalarda termometre olarak illit kristalinitesi

(Kubier 1967; Kisch 1980a-b, 1981, 1987; Frey ve dig,,
1980; Thompson ve Frey 1984), vitrinit yansimasi
(Kisch 1980a-b, 1981, 1987; Frey ve dig., 1980; Teich-
miiller 1987) ve konodont renk indisini (Rejebian ve
dig., 1987) kullanmiglardir. Ancak bu termometrelerin,
metamorfizma kosullarinin belirlenmesi agisindan bazi
giicliikleri oldugu bilinmektedir, Ornegin, izokimyasal
olmayan illitin olusmasi ve ayrismasi rcaksiyonlan,
feldispatlan veya alkali metal iyonlanni ve smektiti, il-
lit ve detritik yiiksek sicaklik feldispatlarinin igerildigi
reaksiyonlar1 kapsayabilir (Ahn ve Peacor 1986), Diger
taraftan vitrinit yansimasina gelince; grafitlesme dere=
cesi dugsiik sicakliklarda deformasyonla artmaktadir.
Kontakt halelerde bolgesel metamorfitlerdekine gore
grafitlesme daha ge¢ olugmaktadir ve modal karbon,
metan ucuculugu ve gecirgenlikle korele edilebilmekte-
dir (itaya 1981; Wintsch ve dig., 1981; Okuyama - Ku-
sunose ve itaya 1987), Benzer problemler konodont
renk indisi icin de gecerlidir (Rejebian ve dig,, 1987).

Yukarida sayillan bu yontemlerin yanisira, diisik
dereceli metamorfik kayacglarda termobarometre calig-
masi, bu kayaglardaki mineraller arasindaki durayli izo-
top fraksiyonlanmasmdan da elde edilebilmektedir (Fri-
edman ve O'neil 1977; Bottinga ve Javoy 1987),

Analsim + kuvarsin duraylilig1 zeolit fasiyesinin ter-
mal sinirlarini olusturabilir (reaksiyon 26). Bu reaksi«
yonun termal sinin 180*C dir (Liou 1971c), Buna kar-
sin, bircok zeolit plimpelliyit fasiyesi sinirlan iginde de
durayli olabilir,
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Piumpelliyit Fasiyesi

Kalsit - dolomit ve durayli iZotop termometresi ya-
rarli termometrik bilgi olusturabilmekle birlikte piim-
pelliyit fasiyesi i¢in birkag¢ sistem kullanigh termometre
olusturabilir. Reaksiyon 18 ve 19, prehnitin tist durayh-
Iik smirim olusturmaktadir (Esserie 1989), Diistik si-
caklik metamorfik sistemlerine uygulanabilen epidot -
prehnit dengesi hakkindaki veri, termometre olarak kul-
lanilabilmektedir, Bu denge hakkindaki deneysel veri
Liou ve dig,, (1983) tarafindan elde edilmistir:

(32) prehnit + hematit = epidot + su buhar1

2Ca,ALSi,0,(OH), + Fe,0, = 2CaAlFe" +
Si,0,(OH) + H,0

Yukarida verilen bu denge, basitliginden ve piimpel-
liyit fasiyesinde hematitin yaygin bir sekilde olugma-
sindan dolayr termometre olarak kullanilabilmektedir.
Demir - plimpelliyitin duraylilig1 su reaksiyonlarla ve-
rilmektedir;

(33) demir-piimpelliyit+oksijen=epidot+su buhari
4Ga,Fe,+ Fe,+AlLSiA3(OH),,2H,0+0,
=8Ca,ALSi;0,,(0OH), + Fe,0, + 6H,0

(34) demir - ptimpelliyit + oksijen = prehnit + hema-
tit + su buhan

4Ca,Fe, + Fe, + AlSi O, (OH)3 , 2H,0 + O,
-8Ca,ALSi,0,,(OH), + Fe,0." + 6H,0

Reaksiyon (33)iin sicaklik araligr 250 - 300°C arasindadir
(Liou 1979). Piimpelliyit fasiyesinin P-T sinirlan 5 kbardan
diisiik basinglarda 200 - 3CXTC arasindadir (Essene 1989).

Yesilsist Fasiyesi

Yesilsist fasiyesindeki termobarometrik calismalar
daha yiiksek dereceli metamorfik kayaglardakinden da-
ha azdir. Granat - biyotit (Ferry ve Spear 1978; Ferry
1980, 1984; Hodges ve Spear 1982) veya kalsit - dolo-
mit (Ferry 1979; Nesbitt ve Essene 1982; Di Pisa ve
dig., 1985; Anovitz ve Essene 1987a) termometrelerin
disinda bu fasiyeste kullanilmasi i¢in birkac termoba-
rometre daha diizenlenmistir. Diger taraftan, bu fasiye-
sin sicaklik limitlerini daha iyi tanimlamak icin durayli
izotop jeokimyasi calismalari da gereklidir. Basit de-
¢idratasyon reaksiyonlari yesilsist fasiyesi kayaclarina
nadiren uygulanabilmektedir (Essene 1989).

Powel ve Evans (1983) asagidaki reaksiyona gore

bir barometre dnermistir:

(35) fenjit + klorit.= muskovit + tllogopit + kuvars +
su buhau

8K,MgALSi AlO, (OH), + 2MgALSi O10(OH), -
3K,A1,S1,A1,0,0(0H), + 3KMgS%AL0,0(0H), +
14Si0, + SH,0

Yesilsist fasiyesinin termobarometresi 300 - 550°C
lik bir sicakligi ileri stirmektedir,

Yesilgist - amfibolit fasiyesi sinin 450 - 550*C ara-
sinda degisebilir (Essene 1989),

Amfibolit Fasiyesi

Amfibolit fasiyesinde tennobarometre kullanilarak
yapilan modern petrolojik ¢aligmalar cok yaygindir, Bu
fasiyes icin Ferry ve Spear (1978) in granat - biyotit ter-
mometresi, dogal ve sentetik fazlarin benzer ‘olmasin-
dan dolay1 ¢ok kullanighdir. Ancak, burada biyotitteki
Fe’"/Fe’" ve O/OH m roliine dikkat edilmelidir. Kalsit
- dolomit termometresinin ise pik metamorfik sicaklik-
lart verebilecegi ileri siirtilmektedir (Essene 1983).

Ghent ve Stout (1981) granat - muskovit - plajikyok-
laz - biyotit toplulugunu baz alarak amfibolit fasiyesi
icin alternatif barometre gelistirmistir:

(36) pirop + granat + muskovit = anortit + filogopit

Mg,AL5i,0,, + Ca,ALSi,0,, + KALSi,0,(OH), =
3CaALSi,0, + KMg,Si3A10,(OH),

1t
(37) almadin + grossular + muskovit = anortit + annit

Fe ALSI30, + CasAUSi{jO" + KALSi,0,(OH), s
3CaAlSi,0, + KFe,Si,Al0, (OH),

Degisik arastiricilar, muskovit - almandin - annit -
sillimanit (MABS) barometresini kullanmisglardir (Spe-
ar ve Selverstone 1983; Robinson 1983; Holdaway
1988):

(38) almandin + muskovit = annit + Ssillimanit +
kuvars

Fe3Al1,Si,0,, + KALSi,O1,(OH), - KFesSisAlOio
(OH), + 2A1SiOs + 5KX

Amfibolit fasiyesindeki kayaglain termobarometrik
incelemeleri, bunlarin sicaklik araliginin 500 - 700°C
ve basing araliginin ise 3 - 12 kbar basing araliginda
olustuklarint gostermektedir.
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Granulit Fasiyesi

Kantitatif termobarometre, granulit fasiyesinde, di-
ger fasiyeslerdekinden daha basarih bir sekilde uygu-
lanmaktadir. Granat, piroksen, feldispat ve olivin gibi
susuz minerallerin granulit fasiyesinde yayginligi ve bu
fazlar i¢in belirli minerallerdeki izomorf kangim verile-
rinin kullanilabilirligi, kat1 ¢6zeltiye sahip minerallerde-
ki ug tliye bilesenlerinin aktiviteleri icin diizeltmelerin
yapilmasina da olanak tanimaktadir. Granulit fasiyesin-
de, bagarili bir sekilde kullanilan termometreler; man-
yetit - ilmenit termometresi (Buddington ve Lindsley
1964; Anderson ve Lindsley 1988), granat - klinopirok-
sen termometresi (Pattison ve Newton 1988), granat -
ortopiroksen termometresi (Harley 1964b; Sen ve Bhat-
tacharya 1984; Lee ve Ganguly 1988), M feldispat ter-
mometresi (Sen ve Bhattacharya 1984; Harley 1984c,
1985; Anovitz ve Essene 1989; Haselton et al. 1983;
Brown ve Parsons 1985) tir.

Barometre olarak (1), (2), (3) nolu reaksiyonlar ve
agagidaki reaksiyonlar kullanilabilmektedir:

(39) ferrosilit = fayalit + kuvars

Fe,S1,0, = FeSiO, + SiO, (Bohlen ve Boettcher
1981),

(40) almandin + sillimanit = hersinit + kuvars

Fe3Al,Si,0,, + 5ALSIO, = 3FeAl,O, + 5Si0, (Boh-
len ve dig., 1986),

(41) almandin + korund = hersinit + sillimanit +
kuvars

Fe,Al,Si,0,, + 5A1,0, = 3FeAl,0, +3Al,Si0, (Boh-
len ve dig., 1986a),

(42) grossular + almandin = anortit + fayalit

CagAljSijO6 + 2Fe,ALSi,0,, = 3CaAlSi0, +
3Fe,Si0,

(Bohlen ve dig,, 1986b=c),

(43) grossular+almandin+kuvars=anortit+fenrosilit

Ca,ALSi,0,, + 2FeAlLSI30,, + 3Si0, -
3CaALSi,O, + 3Fe,Si,0, (GASF, Bohlen ve dig.,
1986bnc),

(44) grossular + pirop + kuvars = anortit + enstatit

CaaAljSig0” + 2Mg,AlLSi,0,, + 3Si0, =
3CaAl,Si 0, + 3Mg,Si, 06 (GAES, Newton ve Perkins

1982; Perkins ve Chipera 1985),
(45) grossular + pirop + kuvars = anortit + diyopsit

2Ca,AlLSi,0,, + MgALSi,0,, + 3Si0, =
3CaAlLSi,0, + 3CaMgSi,0, (GADS, Newton ve Per-
kins 1982; Moecher ve dig., 1988),

(46) grossular + almandin + kuvars = anortit + he-
denberjit

2Ca,ALSi,0, + FeAlSI30,, + 3Si0, »
3CaAl,Si,0, + SCaFeSijO¢ (GAHS, Moecher ve dig.,
1988),

(47) grossular + almandin + rutil = anortit + ilmenit +
kuvare

Ca,ALSi0,, + 2Fe3Ai2Si0, + 6TiO, =
3CaAl,Si,0, + 6FeTiO, + 3Si0O, (GRIPS, Bohlen ve Li=
otta 1986), ;

(48) pirop + diyopsit + kuvars = enstatit + anortit

Mg,AlLSi,0,, + CaMgSi,0, + S0, = 2Mg,Si,0, +
CaAljSiA (Pana'*“'1- '°8), ‘

(49) almandin + hedenberjit + kuvars = ferrosilit +
anortit

Fe,ALSi,0,, + CaMgSi,0, + SiO, = 2Fe,Si,0, + Ca-
AL,Si,0, (Paria ve dig,, 1988).

Bircok granulit fasiyesi bolgelerinde 700 veye
850°C sicakliklar i¢in 6 -8 kbar arasinda basinclar kay-
dedilirken (Perkins ve Newton 1981; Newton 1983;
Bohlen ve dig., 1983a-b-c; Bohlen 1987; Moecher ve
dig,, 1988) bazen 10 - 12 kbar gibi yiiksek basinglara
(O'Hara ve Yarwood 1978; Sanders ve dig,, 1987; Ano-
vitz ve Essene 1989) veya bazen de 4 - 6 kbar gibi dii-
stk basinglara (Phillips, 1980; Schreurs ve Westra
1986; Anovitz ve Essene 1989) ve 900 - 1000°C lik si-
cakliklara (O'Hara vé Yarwood 1978; Ellis, 1980; Har-
ley, 1987) ulasilmustir.

Eklojit Fasiyesi

Bircok aragtirict tarafindan eklojitierin P-T kosulla-
r1_konusunda arastirmalar yapilmistir, Granulit, granat
- granulit ve eklojit arasindaki gegi§lc'r degisik bazaltik
bilesimler icin yiiksek sicakliklarda (1100 - 1200*C)
meydana gelmektedir (Ringwood ve Green, 1964; Gre-
en ve Ringwood 1967, 1972; Ito ve Kennedy 1971),
Amfibolitten granat amfibolite - eklojite kadar gecisler
dogada nadir olarak goriilmektedir, ancak, deneysel ola=
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rak, P,,, = Ps i¢in 675 - 700°C ve 15 - 25 kbar F nin
tam altinda yer almaktadir (Essene ve dig,, 1970), Ba-
zaltik bilesimdeki kayaclar icin eklojit mineralojisine
gecig buyuk olgude P ,,, ya baghdir. Disten, zoisit ve
kuvars kabuksal eklojitlerde yaygin olmakla birlikte,
cogu eklojit topluluklar1 granat, klinopiroksen ve rutilde
bagka birka¢ minerale daha sahiptirler. Manto nédiille-
rindeki (Sobolev ve dig*, 1976; Smyth ve Hatton 1977)
ve kabuksal olusumlardaki (Chopin 1984; Smith 1984)
eklojitlerde nadir olarak koesit (SiO," nin yiiksek basing
modifikasyonu)  goriilmiistiir. Amfiboller (glokofan,
barroyisit‘, hornblend) ve mikalar (fenjit, paragonit, filo-
gopit) eklojit 6rneklerinde goriilmekle birlikte, bunlarin
eklojitik topululugun bir boliimii olup olmadig1 veya
sonraki retrograd olaylarla olusup olugmadig1 belirsiz-
dir, Granat - klinopiroksen termometresi, eklojitler icin
uygulanabilir (Krogh 1988; Pattison ve Newton 1988;
Essene 1982; Koons 1984), Aynca termometre i¢in du-
rayli izotop caligmalari da kullanilabilmektedir (Matt=
hews ve dig,, 1983; Robert ve dig,, 1985; Agrinier ve
dig,, 1985), Barometrelerin cogu, yiiksek degiskenli
topluluklar1 olduklarindan dolay: eklojiiiere uygulana-
maz. Buna karsin (1), (3), (5), (40=49) nolu reaksiyon»
Jlar ve asagidaki reaksiyon kullanilabilir (Essene 1989):

(50) yadeyit + lavsonit = zoyisit + paragonit + ku-
vars + su buhari -

NaAlSi,0, + 4CaALSiA(OH), . H,O =
2Ca,AlSi,0,,(0H) + NaALSi,0,(OH), + SiO, + 6H,0
(Holland 1979)

Mavisist Fasiyesi

Bircok arastirict tarafindan mavisist fasiyesi kayac-
iarinda’ jeotermobarometre ¢aligmalar gerceklestiril-
mistir. Mavisist fasiyesi, ilksel olarak yadeyit, glokofan
ve/veya lavsonit gibi yiliksek basin¢ minerallerinin var-
lig1 temelinde yesilsist fasiyesinin ylksek basing esde-
geri olarak ayirtlanabilir, Onemli mavisist fasiyesi den-
ge reaksiyonlart (19), (22), (23), (28) ve (50) nolu
reaksiyonlarla asagidaki reaksiyonu kapsar:

(51) lavsonit + albit = zoyisit + paragonit + kuvars +
su buhar1 "

4CaAl,SiA(OH), H,0 + NaAlSiA =
2Ca,ALSi,0,,(0H) + NaAlSi,0,(OH), + 2Si0, +
6H,0 (Heinrich ve Althaus 1980) 50 ve 51 nolu reaksi-
yonlar yaklasik 400 - 500°C sicaklikta, lavsonit - albit/
yadeyit mavigistlerini, paragonit - zoyisit/Krinozoyisit

mavisistlerinden ayirir ve mavisist fasiyesi kayaglan
icin kullamigh termometreler olusturur, Mavisistler
icin klorit - fenjit termometresi ve durayl izotop jeo-
kimyasi verileri (Brown ve dig., 1982) termometre ola-
rak kullanilmaktadir (Essene 1989). Mavisistlere uygu-
lanan termometreler fenjit igeren reaksiyonlardir:

(52) fenjit = K - feldspat + klorit + kuvars + su buhan

3K,Mg,ALSi,0,(OH), = 6KAISi,0, + MgSi,0,,
(OH), +2Si0, + 2H,0

5K,MgALSi,0,(OH), - MgALSI30,(OH), +
2K,ALS%0,0(0H), + 6KAISI,O, + 2Si0, + 2H,0 (Vel-
de 1965).

(53) fenjit =K - feldispat

3K,Mg,ALSi,0,0(0H),=4KAISi,0.=K,Mg,Si0,,
(OH),+68i0,+4H,0 (53 a),

6K,MgALSi.O, (OH), = KjMgsSi"joO~OH), +
3K,AL,SIL,0,, (014 44KAISLOS + 6Si0, + 4H,0 (53 b).

Diger bir termometre de Sassi (1972) ve Sassi ve
Scolari (1974)" iin, artan basinclarin deneysel indeksi
olarak fenjitin b, hiicre boyutunun belirlenmesi ilkesine
dayanir, Nitsch (1980)'in deneyleri, smirit mineralinin
(sulu Ba - Al silikat) mavisist fasiyesleri i¢in gergek bir
mineral oldugunu ileri siirmekte ve smirit/selsian reaksi-
yonlanni kalibrasyon kosullan olarak ileri siirmektedir:

(54) smirit = selsian + H,0
BaAl,Si,0,(0H),. H,0 = BaALSi,0, +*H,0

Glokofan dengesindeki uygulamalar asagidaki reak-
siyonlar1 kapsamaktadir. Ancak bunian termobarometre
olarak kullanmak zordur (Essene 1989):

(55) glokofan + kuvars = albit + talk

Na,Mg3ALSi,0,(OH), + 2Si0, = 2NaAlSi,0, +
Mg,Si,0,,(OH), (Koons 1982),

(56) glokofan = yadeyit + talk

Na,Mg.AlSi,0,,(OH), = 2NaAlSi,O, + Mg,Si,O,,
(OH), (Essene ve dig., 1970; Carman ve Gilbert, 1983).

(57) glokofan + lavsonit = klinozoyisit + klorit + al-
bit + kuvars + su buhari )

5Na,Mg3Al,Si,0,,(OH), + 12CaALSi,0,(OH), H20
* 6Ca,AlSi,0,(0H) +  SM&AI"ia0"OtOg +
10NaAlSi,0, + 7Si0, + 14H,0 (kalibre edilmemis),

.
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(58) glokofan + klinoziyisit + kuvars + su buhar1 =
tremolit + klorit + albit

25Na,Mg Al Si 0,,(OH), + 6CaAl3Si30,(OH) +
78i0, + 14H,O = 6Ca,MgSi,0,2(OH), +
9Mg5ALSI, O (OH), + 50NaAlSi,0, (Maruyama ve
dig.", 1986; Cotkin 1987; Holland 1988).

Yapilan termobarometre ¢cahgmalirinin ¢ogu, mavi-
sistlerin 250 - 45CTC lik sicaklik araliginda dengelendi-
gini gostermektedir, Basinglar ise 5-12 kbar arasinda
degisir, hatta, bazen eklojit fasiyesine gegis kayaglarin-
da 12 - 16 kbara kadar yiikselir (Koons 1986), Bu so-
nuglar, mavigist - eklojit fasiyesi sinirmin 15 kbar yaki-
ninda oldugunu gostermektedir (Essene 1989),

Kontakt Metamorfik Fasiyeslerf

Bir¢ok arastirict tarafindan bu fasiyeslerde termo-
barometre caligmalart yapilmistir. Bu fasiyesler igin
kullanisli jeotermometrelerin bircogu termal olarak bol-
gesel metamorfik fasiyeslerdekilerle. aynidir (albit - epi»
dot hornfels = yesilsist; hornblend - hornfels = amfibo-
lit; piroksen - hornfels veya sanidinit = granulit). Dustik
sicakliga sahip kontakt metamorfitlerde kullaniglt ter-
mometreler kalsit = dolomit ve oksijen izotop sistemleri-
dir. Dolomitle dengelenmis kalsitteki MgCO, icerigi
300 - 600°C arasinda diizenlenir ve ¢ogunlukla orta si-
caklikh kontakt metamorfik ortamlarda korunur (Esse-
ne 1983; Wada ve Suzuki 1983; Morikiyo 1984; Ano-
vitz ve Essene 19&7a).

Dusiik dereceli kontakt metamorlitler icin kullanigh
olan kantitatif termobarometieler bulmak zordur, An-
cak, bu tiir kayaglarda, dehidratasyon ve/veya dekarbo-
nizasyon reaksiyonlari termometre olarak yaygin bir
sekilde kul_lamlmaktadlr (Essene 1989),

Diger taraftan, yiiksek sicaklikli kontakt metamor-
fitler igin ise kullamigh olan termobarometreler bulun-
maktadir, Ca - silikatlar ve Ca - Mg silikattan iceren
sistemler, yiiksek sicaklikli termal halelere uygun bir-
¢ok termal duyarli faz dengesi igerirler, (Winkler 1965;
Turner 1968), CaO - SiO, - CO, - H,0 (Treiman ve Es-
sene 1983) ve CaO - MgO - SiO - CO, - H,O (Skippen
1974; Slaughter ve dig,, 1975; Egger ve Kerricrk 1981;
Sharp ve dig., 1986) sistemlerindeki reaksiyonlar, kar-
bonath kayaglar i¢in termometreler ve CO, barometrele-
ri olugturur (Essene 1989), Granat - kuvars - plajiyoklaz
- vollastonit mineral toplulugu piroksen - hornfels fasi-
yesinde yaygindir ve termobarometre olarak miikemmel

bir sekilde kullanilirlar, Sanidinit fasiyesinde metamor-
fizmaya ugramig pelitik kayaclar, termobarometrik po-
tansiyele sahip tek degiskenli iki reaksiyon igerirler,

(59) korund + sillimanit = mullit
ALO, +2A1,810, = 3A1,0,, 2Si0,.
(60) sillimanit = mullit + tridimit
3ALSi0,= 3A1,0,, 2Si0, + SiO,

Kontakt metamorfik kayaclar 200 - 1000'C arasinda
degisen genis bir sicaklik araliginda olusurlar. Cogu
kontakt haleler P<2 kbar da olusur; P>4 - 5 kbarda ise
bolgesel metamorfitlerden ayirtlanamazlar.

BAZIONEMLIJEOTERMOBAROMETRE
HESAPLAMA YONTEMLERI

Metamorfik kayaglardaki c¢aligmanin ana amaci;
orojenik kusaklari olusturan karmasik jeodinémik su-
regleri agiga cikartmaktir. Bu sonucu elde etmede
onemli bir adim olan metamorfik kayaclarm kantitatif
termobarometresini hesaplamak icin iki ana yaklasim
bulunmaktadir. Birinci yaklagim, kayacin jeolojik gec-
miste bir noktada dengelenmis oldugu basing ve sicak-
lik kosullarmin belirlenmesini amaglayan konvansiyo-
nel yontemdir. Bu yontem, kesin termobarometre olarak
bilinir ve kayacta etkin olan fiziksel kosullarin kesin
degerlerinin miimkiin oldugunca dogru bir sekilde be-
lirlenmesi ilkesine dayanir. Ikinci yakksim ise, kayacta
hakim olmus olan fiziksel kosullardaki degisimlerin
belirlenmesi ilkesine dayanir, Bu yontemde; referans
olarak alman basing ve sicaklik degerlerine gore hesap-
lanan P ve T degerleri kayactaki P-T evrim yolunu veya
basing - sicaklik gecmisini agiklamaya caligir. Bu yak-
lagim, goreli termobarometre olarak bilinir ve bu yon-
temde P ve T degerleri kesin degerlerin tizerinde olabilir,

Goreli ve kesin termobarometre arasindaki en 6nem-
li fark; herbirinden elde edilen bilginin tipidir, Kesin
termobarometrenin uygulanmasindan elde edilen sonug-
lar; bir kayag¢ veya kayac grubunun kristallesme tarihce-
sindeki bir noktada dengelenmis oldugu basing ve si-
caklik  kosullandir. Bu sonuglar, dengelenme
sirasindaki kabugun termal yapisi ve derinligini ortaya
¢ikarmada kullanilabilir, Goreli termobarometre, T ve P
veya bir P-T evrim yolunun hesaplanmasini kapsar. Bu-
rada, kabugun zaman igerisindeki evrimi hakkinda bil-
giler elde edilebilir, Jeotermobarometrenin her iki tipi
de, analitik hatalar, kalibrasyon hatalar1 ve termodina-
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mik veri ve ¢ozim modellerindeki hatalarla etkilenen
belirsizliklere sahiptir. Bircok termobarometre, hesapla-
nan sicakliklarda £25 - 50°C ve basinglarda ise £0,5 - 2
kbarlik hatalara veya =%J5 » %10 luk hatalara sahiptir,

Plajiyoklaz - Hornblendi Jeotermobarometresi

Amfiboller, metamorfik kosullarin genis araliklar
icerisinde, sicaklik ve basincin iyi bir indikatorii olarak
bilinmektedir, Perchuk (I970), jeotermometie olarak
birlikte olusan plajiyoklaz ve amfibollerdeki Ca:Na ora-
nimin kullanilabilecegini ileri stirmustiir. Bilindigi gibi,
metamorfizma derecesinin artmasiyla Ca - amfiboller-
deki Al igerigi de artmaktadir (Leake, 1962; Kostyuk,
1970; Hietanen, 1974; Graham, 1974). Plyusnina (1982)
tarafindan gelistirilen plajiyoklaz - hornblend jeotermo-
barometresinde, sicakliga bagli olarak plajiyoklazlarda-
ki Ca/Ca+Na oranindaki degisim ve basing - sicaklik
degisimi ile de Ca - amfibollerdeki Al1,O, iceriginin de=
gisimi deneysel olarak belirlenerek jeotermobarometre
olarak kullanilmaktadir. Plajiyoklazlardaki An igerigi
diisey eksene, Ca - amfibollerdeki Al igerigi yatay ekse-
ne yerlestirilir (Sekil 1), Izobarlar, P ve T'nin her ikisi-
ne bagli olarak Ca - amfibollerdeki Al igerigine gore,
izotermler ise plajiyoklazlardaki An icerigine gore isa-
retlenmistir, Sonucta birlikte olugan Ca - amfiboller ve
plajiyoklaz bilesimlerinin isaretlenmesi, onlarin denge
P-T kosullarim1 belirtir. Bu jeoterniobarometre meto-
dunda, P (febar) 6l¢iimiinde =1 kbarlik ve T (°C hesapla-
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Sekil 1. Plajiyoklazlardaki  3Ca ve hornblendlerdeki
icerigi ile basing-sicakhk arasimdaki iligkiyi gis-
terir diyagram [Plyusnina, (1982) den alinnugiir].
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masinda ise 10 - 15°C lik bir standart sapma s6zkonusudur,

Metapelitlerde Jeotermobarometre ve
Sicaklik - Bilegsim T*X (Fe-Mg).Iligkilerl

Birlikte olusan fazlar arasindaki elementlerin siste-
matik paylasilmasi ve disiriibisyon (dagilim) katsayila-
nndaki sistematik degisimlerin incelenmesi, ulasilan
metamorfizma derecesi hakkinda genel bir fikir verebi-
lir. Sekil 2'de gosterilen klorit ve biyotit arasindaki Fe
ve Mg paylagimina bakildiginda, dagilim katsayisinin
(KD =* (Mg"e)Bi / (Mg/Fe)Chl = 0,91, oldugu ve or-
neklenen aralikta metamorfizma derecesine bagiml ol-
madig1 goriilmektedir, Diger yandan, granat kenar zonu
ile biyotit ve granat kenar zonu ile stavrolit arasindaki
Fe-Mg paylasimi, metamorfizma derecesine sistematik
bagimlilik gostermektedir. Sekil 3, analiz edilen ornek-
lerdeki ferromagnezyan mineraller arasindaki Fe ve Mg
un dagilimini 6zetlemektedir. Biitliin fazlar, metamor-
fizma derecesinin artmasiyla daha magnezyumlu bilesi-
me sahip olmaktadir. Buna karsin, metamorfik akigka-
nin bilesimindeki yersel degisikliklere bagl olarak
metamorfik derecenin ileri evrelerinde bazen demirce
zengin bilesimler de gozlenebilmektedir (Lang ve Rice,
1985). Uygun reaksiyonlar icin deneysel diizenlemeler
ve tormokimyasal veri kullanildiginda, analiz edilen mi-
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Sekil 2. Birlikte olugan klorit ve biyotitteki Fe/My oran
larint  karsilagtiran  diyagram. Semboller,” farkl
zonlardaki” mineral giftleri i¢in kullaminugtir: klo-
rit-biyotit zonu (+); granat zonu (siyah daire); stav-
rolit zonu (igi bojs kare); gegis zonu (i¢i bos daire)
(Lang and Rice, 1985).
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Sekil 3* Artan melamorfimia derecesine gore, Ornekler
deki Mg/Fe oraninin logariimik élcekte isaretlen-
mesi (Lang and Rice, 19&5 ten alinmistir).

neral topluluklarinin denge kosullarini tahmin etmek
olasidir. Asagidaki hesaplamalarda, gazlann standart
hali ilgili sicaklikta ve 1 bar basingtaki ideal gazdir; ka«
ti fazlar icin, ilgili sicaklik ve basingta saf uc iiye mine-
ral bilesenidir. Ilgili fazlar icin termodinamik veriler
Cizelge 1'de toplu olarak verilmistir, LnK = A/T + B +
C (P-1) T seklinde ifade edilen denge sabitleri Cizelge
2'de goriilmektedir. Cizelge 3 ise kat1 ¢ozeltiler igin ak-
tivite modellerini tanimlamaktadir. Dogal mineral bile-
simlerinden itibaren sicakligin hesaplanmasinda deney-
sel kalibrasyonun kullanilmasi i¢in Cizelge 4'te verilen
aktivite - bilesim iligkileri kullanilmaktadir,

~ Fe - Mg granat ve biyotit kat1 ¢ozeltileri arasindaki
Fe - Mg degisimi iliskisi Ferry ve Spear (1978) tarafin-
dan incelenmistir. Bu iligkiler termometre hesaplamala-
rinin temelini olugturmaktadir (Cizelge 3). Pelitik bile-
simli  kayaciarda, aliminyum silikat iceren ve
icermeyen kayaglardaki termobarometre hesaplamalari-
nin yapilabilmesi i¢in literatiirde aynntilan verilen bazi
deneysel kalibrasyonlann yapilmasi gerekmektedir.

Ornek olarak, aliiminyum silikatlardan yalnizca dis-
tenin bulundugu topluluklarda jeobarometre hesaplama-
larina bakildiginda diglenin katildig1 asagidaki reaksi-
yonlar ve bunlarla iligkili deneysel kalibrasyonlar
kullanilmaktadir. Distenin varligi durumunda, var olan
metamorfik kosullarin disten - andaluzit ve disten - sil-
limanit siirinin tizerinde oldugu bilinmektedir. Boylesi
bir durumda st basin¢ limiti granat, ilmenit, disten ve

kuvars toplulugunun yardimiyla belirlenebilmektedir,
Granaiin bilesimine bagli olan bu limit almandin +
3rutil = 3ilmenit + disten + kuvars dengesinden gidile-
rek hesaplanmaktadir. Deneysel verilerden elde edilen
inK, Cizelge T6& verilen (3b) igin, (2) nolu dengeyle
iligkilidir, (3b) dengesi, analiz edilen granatlardaki al-
mandinin indirgen aktivitesiyle diisiik basinca dogru
yer degistirir,

Granat, plajiyoklaz, disten ve kuvars toplulugu igeren
kayaclar i¢in toplam basincin dogrudan hesaplanmasi

3 anortit = grossular + 2 disten + kuvars dengesine
gore yapilabilir. Bu jeobarometre Ghent (1976) tarafin-
dan Onerilmis ve Newton ve Haseldton (1981) tarafin-
dan yeniden duzenlenmistir, Newton ve Haselton
(1981) tarafindan ileri siiriilen forrrﬁiUeme ve aktivite
modellerinde Mn - bagimli bazi parametreler kullanil»
maktadir (Hodges ve Spear, 1982), Anortit parcalanma
reaksiyonlarinin  deneysel  ¢aligmalanndan  (Hays,
1966; Hariya ve Kennedy, 1968; Goldsmith, 1980) uc
uye dengesi icin bir P-T esitligi tiretilmistir: P = 711,9
+ 22,77 T (bar, K)

Plajiyoklaz - granat - muskovit - biyotit toplulugu
ise asagidaki denge reaksiyonuyla iligkilidir:

Fe ALSI30,, + CagAljSiAa + KALSI,0 (OH), =
3GaALSi,0, + KFe AISiA,(OH),

Bu denge, basinca duyarli ve "o ya bagimh degil-
dir (Lang ve Rice, 1985), Aliiminyum silikatlardan yok-
sun olan topluluklara uygulanan bu dengeyi, bir jeoba-
rometxe olarak kullanmak igin bazi  deneysel
diizenlemeler yapilmaktadir (Ghent ve Stout, 1981;
Hodges ve Crowley, 1985).

Granat - muskovit - biyotit - plajiyoi(laz - Al - silikat
termobarometresi

Granat - muskovit - biyotit - plajiyoklaz mineralleri-
nin bilesimlerinin belirlenmesiyle asagida verilen de-
gerlerin hesaplanmasi ve formiillerde yerine konulma-
styla, metamorfizma basing ve sicaklik kosullan
belirlenebilmektedir. Bu yontemde, degisik jeotermo-
metre ve jeobarometre hesaplamalan olmasina karsin,
burada jeotermometre hesaplamalan Ferry ve Spear
(1978), Ghent ve Stout (1981) ve Newton ve Haselton
(1981) tarafindan onerilen esitliklerle yapilmaktadir.
Ferry ve Spear (1978):

10 e ———————————————————— Jeoloji Muhendisligi
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Cizelge 1. Segilen fazlar igin termodinamik veri (Lang ve Rice, 1985’ ten)

Cp
a bx103 X103 \ AG® AH® 8%k T
Faz_ _ J_ggli J gg_l-‘lzﬁ J molflK?l Jbacl. 3 mol-i _J[ggli I | moli_lgi_gs
a-kuvars  46.94a 34309a -11.297a 2.2688a -856239a -910648a 41.338a 848
(2.324)
B -kuvare 60.29a 8.117a 0a 2372 .
rutil 62.861c 11.358c -9.9886¢ 1.8820d -889446d -944750d 50.29d
ilmenit 138.49¢ 3.8835¢ -64.1485¢c 3.1690d -1159170d -1236622d 105.86d
silliman.  167.46a  30.922a -48884a  4.990a -2427101a -2573574a 96.776a
disten . 173.189a 28.520a -53.899a 4.409a -2430720a -2581097a 83.68a
<848 408.15a 140.75a -78.37a 11.528a -4941125e  -5277200e  298.7b
>848 448.06a 62.17a -44.48a
grossular 435.207a 71.182a -114.299a 12.53a 254.7a
pirop 11.370d
Fe-atav. 1733.8f 335.2f -469.4f 44.88a -22240858f - 885.0i
23748945f
998.94f
Mg-stav. 44307h
Anortit 264893a 61.898a -64.601a 10.079a 205.4a
albit(low) 258.2a 58.16a -62.80a 10.007a -3708313a -3931621a 207.2a 623
(high) 258.2a 58.16a 62.80a 10.043a =3700786a -3920617a 218.8a
Fe-biyotit 445.30a 124.6a =80.79a - 15.432a =4799701a -5155504a 398.3a
Mg-biyot. 420.95a 120.4a -89.96a 14.966a -5841646a -6226072a 318.4a
Mgklorit 671.53j 176.2a =156.8a 20.711a =8207765a -8857377a 465.3a
21.1g -8283000a -8958489a 380.0a
Feklorit 712.12§ 183.1a -145.5a 21.342a 595.7a
Muskovit 408.19a 110.37a -106.44a 14.071a -5591083a -5972275a 287.9a
paragonit 407.6a 102.5a  -110.6a 13.253a -5548034a -5928573a 277.8a
kaleit 104.52a 21.92a -25.97a 3.6934a 92.68a
Zoisit 444.00a 105.50a -113.57a 13.59a 295.98a
grafit 16.86a 4.717a -8.57a 0.52982a 0 0 5.7405a
H20 30.54a 10.29a 0 - =228589a =241818a 188.72a
O2(g)  2996a 418  -1.67a - 0o 0 205.029a
CO2(g) 44.22a 8.79a 8.62a - ~394392a -393522a 213.685a
H2(g) 27.28a 3.26a 0.50a - 0 0 130.54a
CH4 - 23.64a 47.86a -1.92a - =50739a =74810a 186.155a
Cp=a+bT +cT2
a- Hegleson ve dig., 1978 f- toplamdan hesaplanan
b- Hegleson ve dig., 1978' den hesaplanan  g- Lang ve Rice, 1985
¢ Robie ve dig., 1978 h- Griffin ve Robie, 1973
d- Robie ve dig., 1978 i~ Lang ve Rice, 1985
e Lang ve Rice, 1985 j- Toplamdan hesaplansn Cp
Jeoloji Muhendisligi
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Cizelge 2. Metaperlitierde gézlenen reaksivonlar icin denge sabitleri (Lang ve Rice. 1985)

Denge Denge A B c Kaynak
no ] -

(1) 1/3Alm+1/3Mg-Biyo=1/3pirop+1/3Fe-biyo -2089.04 0.782 -0.00956 a
2) Disten=sillimanit -742.33 1.3034 -0.07045 b
(3a) Almandin+3Rutil=3ilmenit+sillimanit+2kuvars 488.14 2.2381 -0.2346 c
(3b) almandin+3rutil=3ilmenit+disten+2kuvars 1230.47 0.9347 0.1672 ¢
@ 3anortit=grossular+2disten-+a-kuvars 5663.57 -18.1318 0.79624 ¢
()] almandin+tgrossular+muskovit=3anortit+Fe-biyo. -8747.0 19.98 2.414-Vgr/R d
6 paragonit+a-knvams=albit+disten+H20 -9383 18.01 0.1348 b
(7% "1/2Fe-stav.+12.Skavan=2/3alman +23/6dist +H20 -13456.8 20.379 0.32414 ¢
(%% =7668.0 14.915 0.32414 [
(8  C(grafit+O2=CO2 47456 0.1193 0.06372 b
()] CO+1/202=CO2 34052 10.472 b,e
(10) H2+1/202=H20 20627 6.4238 b
(11) CH4+202=CO2+2H20 96175 . 0.1401 b
(12) almandin-tmugkovit=Fe-biyo+2dist-+Hkuvars -2339.01 2.1317 -0.1173 b,c
(13) 3anort.+kalsit+HH20=2zoisit-+HC 02 8132.5 -14.14 0.8119 c
(14%)  3Feklor.+Smusko.=5Fe-biyo.+8dist tHkuv.+12H20 -128687 224.37 2.5011 b
(14*%) 92370 193.62 2.5011 b,c
(15)  Mg-klor.~forsterit+enstatit-+spinel+H20
(16) Mg-klor.+dolomit=spinel+forst. +kalsit+H20+CO2
an Mg-klor.+nusk =Mg-biyo.+disten+knvars+H20
(18) 1/5Mg-klor.+1/3Fe-biyo.=1/5Fc-klor.+1/3Mg-biyo.  -20.88 <0.0953 0.00348
(19)  1/5Mg-gran+1/4Fe-stav.<1/3Fe-gran +1/4Mg-stav.  1787.8 -1.8627 0.00917 f

LoKn = (An/T)Y+Ba(Ca(P-1)/T) (bar, K)

a: Ferry ve Spear, 1978 d: Hodges ve Crowley, 1985

b: Hegleson ve dig., 1978 e: Robie ve dig., 1978

¢: Lang ve Rice, 1985 f: Lang ve Rice, 1985

. o . IRTInK Ganguly ve Saxena (1984) T(°K) =
3RTInK 10=12.454-4.662TCK)+0.05Pban) 1o O IMaTFe(D] W+FeMg[(X Fe-XMg)-0.8/R+1510X C4gr+2089:+0.00956P(bar)

) 0.7820-1nK*
(Xpyn?" Xann)3 .
Kl:T—a XMg Gr*XFeBn 7
(Xphl) (Xalm) InK#= = In(MfJFe)G¥
Xpe Gr*XMgB; (Mg/fFe)Bi

xphFMg /(Alyy+Ti+Fe+Mn+Mg Xann=Fe/(Fe+Mg) Jeobarometre hesaplamasi (Newton ve Haselton, 1981) ;

Xpyr=Mg/(Fe+Mg+Mn+Ca) Xalm=Fe/(Fe+Mg+Mn+Ca)
P= Po - RTLnK
VAdis)
T("K)=2089+0'00956 P (bar)
0.780 -InK*
Newton ve Haselton (1981) :

PO =-1.17 + 0.0238 T (°C)

K [1661-0.755T(K)1Xg r(Ca)*+2089+0.00956P(bar) Jeobarometre hesaplamasi (Ghent ve Stout, 1981):
TCK)=
( 0.7820-1nK* -1.802 P = 4124.4 - 22.061 T + RTLnK 4
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Cizelge 3. Kati ¢ozeltiler igin aktivite | bilesim modelleri

Bilegen ~ aktivite modeli kaynak
Almandin n,]m-(yalm'xﬂ“ge):‘;XFLFG—Fel(F&Mﬁan;)
Yalm=*P[(1/RT)*(-We Newton ve Haselton
WeaMg = 13807-6.3 Gou K) (1981)
(botdn diger W degerleri yaklagik 0 dir)
Pirop/Almandin ay,; /a1, ﬂﬁs‘ypmﬁl(x@"?e‘Tumf
M Yp.fmm ideal
@ OpirYalm)™ Ganguly ve Saxena
exp[(l/RT)‘(WFeMgO(Fe—XMgHWCaXC&WMn}Mn)] (1984)
Wc;‘Wcm,fWCaFe=l2 55K

WMn=WMgMn-WFeMa=12.55k
WFcMgié%75Mg/(M5+Fe) +10.46Fe/(Fe+Mg) kj
(3npirkyalm=exp(1/RT)*(We v 'Ca)

o wc,Ms-lsso';«s 3T Qoulegxy
Fobiyotit  apebiyo = (XPWOpo)?; Xy ~Fe/(Fe+Mg+Mn) ideal
Mg-biyo B fg-biyo =xbiy °M '
Grossular  8grg=Ygeo* X80

an:‘ ﬂP{[Wc.MS"CXZMfXMgXpe)]IRT} Newton ve Haiclton

(1981)
Wcms=13807-6.3T (joule) Hodges ve Spear
Anortit agn = {DXPo (143PL - )2)/4} exp{[(1=XC,)2]fI']‘(1032+4726XC8)§982)
xPlc,scu(c;mm; Newton ve Haselton
_ (1981)
Albit ag1=XPl\s tn“,al 0 Orville (1972)
Paragonit 2pa~Tpa "X\ p* ﬂw)?*xoﬂz Pigage ve Greenwood
(1) Ypg=exp{(URT) Py (W a+zcwm-wpa>xpal} (1982)

R e e e S
2l pa= e {(VRTIXZ g W o1 W 1+
pngmelchel(wﬂwa:cel gxlio:;]l;xp Plgigei(gé)remwood
pa~X N a(1- XTI Msp,=Fe+Mngop(A1V!) (1982
=(1- xnmN,)(l-x%'%,

ML L

2 12957+ﬂ 3138P+0.710T (Jmﬁe, bar, K)
meg-18016+0 2389P+1.6543T (joule, bar, K)

Fostavrolit  ag,=X®8; ~[Fe/(Fe+Mg+Mn+Zn)]4 ideal
Zoisit 8,0"X,, ideal
X, o=(AIVI-2)/[(AIVA-2)+Fe3++Mn+Mg]

Jeoloji Miihendisligi m——————— | 3
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Cizelge 4. Amfibolit rnegindeki hornblend ve plajiyoklazlar
dan elde edilen EMA analiz sonuglari ve katyon de-
gerler (Ornek no: MA-472)

Homblendler/Hormblendes
Oksit 1 2 4 6 7 9 2B
Onide
K20 077 109 095 080 123 08 132 106
Ni0 0.00 000 013 000 000 0.08 0.04 0.00

Na20 1.50 180 167 150 135 1.56 172 177
CaO 11.53  11.87 1179 11.83 1162 1151 1159 1171
FeO 14.50 1642 1505 1629 1628 1569 1639 16.32
MgO 1245 1118 12,02 1255 1100 11.89 1119 11.18
Tio2 0.65 110 068 064 094 058 066 072
MnO 0.39 042 035 029 028 020 029 0.8
Al2O3 908 1082 973 935 1120 984 1018 11.05
Cr203 0.02 008 001 000 000 011 000 0.11
8102 4397 4221 43.05 4415 4202 4353 4191 4249
H20 1.96 1.97 195 199 19 1.97 1.93 197
Toplam 9682 98.95 9739 9938 9938 9777 97.22 98.56

Katyonlar/Cations
K 015 021 018 015 024 016 026 020
Ni 000 000 001 000 000 001 000 000
Na 044 052 049 043 054 045 051 052
Ca 189 193 193 19 190 187 192 190
Fe 185 208 192 204 207 199 212 207
Mg 283 253 274 281 250 270 © 258 253
Ti 007 012 007 007 010 006 007 008
Mn 005 005 004 003 003 002 003 002
Al 163 194 175 165 201 176 185 199
si 672 642 659 663 642 663 649  6.46

OH 1.00 100 1.00 1000 100 1.00 .00  1.00
Top. 1667 1684 1678 1675 1685 1671 1688 16.81

Plajiyoklazlar/Plagioclases Katyon

Oksit/oxide 3 5 10 11 Cation 3 5 10 11
K20 031 029 033 039 K 0.018 0.017 0.019 0.022
Na20 6.91 664 7.11 722 Na 061 0.58 062 0.64
CaO 7.39 777 7.46 . 6.81 Ca 036 038 036 033
FeO 027 008 010 o 1§ Fe 0010 0003 0003 0.006
A2O3 2526 2601 2537 2441 Al 1.36 1.39 1.36  1.32
8i02 57.08 57.02 5767 5792 Si 2.62 2.60 262 266
Cr203 005 008 0.10 011 Cr 0.001 0003 0003 0.003
Top. 9736 98.08 98.18 97.16 Top. 500 499 501 500

17K 4 = —Xan)® Kapp)?
(Xms) (xgr)3 Kalm)?

Xm s=A1‘”/(AlV L+ Ti+Fe+Mn+Mg), Xgr=Ca/(Fe+Mg+Mn+Ca),
Xan=Ca/(Ca+Na+K)

Granat - muskovit - biyotit - plajiyoklaz jeotermoba-
rometresi yontemi

Birlikte olusan granat - muskovit -plajikyoklaz - bi-
yotit toplulugu asagidaki dengeyle iligkilidir:

Fe3ALSi,0, + CaAlSi30, + KALSi0,
3CaAlLSi,0, + KFe3AlISiA (OH),

Bu denge basinca duyarli ve fH,O0 dan bagimsizdir
(Lang ve Rice, 1985). Bu denge, ayni zamanda, aliimin-
yum silikat polimorflanndan yoksun topluluklara uygu-
lanir (Ghent ve Stout, 1981; Hodges ve Crowley, 1985),
Bu durumda, yukanda belirtilen topluluktaki mineralle-
rin kimyasal bilesimlerinden gidilerek basing ve sicak-

Iik hesaplamalar1 yapilabilmektedir, Bu yontemde jeo-
termometre hesaplamalar1 icin Feiry ve Spear (1978)
hesaplama yontemi ve jeobarometre hesaplamalan icin
ise Ghent ve Stout (1981) hesaplama yontemi kullanil-
maktadir. Bu yontemde, toplulukta alliminyum .silikat
polimorfu bulunmadigi icin Newton ve Haselton (1981)
yontemi kullanilmamaktadir,

Biyotit - mtigkovit - klorit - kuvars
jeotermobarometresi

Bilindigi gibi fillosilikatlarda oktaedrik ve tetraedrik
bosluklar belli katyonlar tarafindan doldurulmaktadir.
Bu bosluklar1 Al elementinin doldurmasi ise metamor-
fizma agisindan bazi 6nemli ipuglari verebilmektedir.
Oktaedrik bosluklarinda aliiminyum iceren mineraller,
tetraedrik bosluklarinda aliiminyum igeren mineraller-
den daha yiiksek basinclarda durayli olmaya egilimli-
dirler, Muskovilin uc tuyesi olan Mg«Al seladonit
(KMgAISi,0,,(OH)2) hicbir tetraedrik aliiminyum iger-
memektedir. Dolayisiyla seladonit ug tyesi, yiiksek ba-
singlarda, muskovitte daha 6nemli miktarlarda buluna»
caktir. Bu karsilagtirma, seladonitin jeobarometre
olarak kullanilabilmesini miimkiin kilmaktadir. Selado-
nit baklandaki termodinamik verilerle (Velde, 1965) ku-
vars, .alkali feldispat (ortoklaz), muskovit (muskovit ve
seladonit ug iiyeleri), biyotit (filogopit uc liyesi) ve klo-
rit (klinoklor ug¢ tiyesi) minerallerini igeren reaksiyon-
lardan gidilerek jeobarometrik hesaplamalar yapilabil-
meklerdir. Bu reaksiyonlardan jeobarometre
hesaplamalarinda kullanilan en onemli iki reaksiyon
sunlardir:

3KMgAISI,0,(OH), = KMg3AISi,0 (OH), +
2KAISi,O, + 3Si0, + H,0

Bu reaksiyonun KI denge sabiti minerallerin aktivi-
telefinden gidilerek asagidaki bicimde hesaplanmakta-
dir. Ideal durumlarda a (aktivite) degerleri X (bilesim)
degerlerine esittir.

logKllogacel + loga,hl + 2logakf, + 2logaH20 +
3logaq,

Burada hesaplanan degerler Sekil 4'e aktanldigmda
metamorfizma basing ve sicaklik degerleri bulunabil-
mektedir (Nurmien, 1987),

4MgAISI40io(OH)2 +  MgSAI2Si3010(OH)8 =
KAI3Si30io(OH), + 3KMg,AlISi3010(0OH)2 + 7SiO, +
4H20
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Sekil 4. Klorit ve muskovitin bulunmadigi denge 1 igin
denge sabiti konturlar (Nurminen, 1987).

Bu reaksiyonun denge sabiti ise

Kayagta belirlenen biyotit* muskovit ve klorit mine-
rallerinin kimyasal bilegsimlerinden gidilerek elde edilen
inK degerleri Sekil 5' deki diyagrama aktarilarak bu re-
aksiyonun gerceklestigi basmc¢ ve sicaklik kosullan
hakkinda bilgi edinilmektedir (Powell ve Evans, 1983),
Ayni reaksiyon i¢in Nurminen (1987) tarafindan hesap-
lanan 16gK") degerleri icin P-T diyagrami Sekil 6' da
goriilmektedir.

LogK(kfs).=-loga hl-41ogacel+71ogaqtz+logamus+31ogaphl+41ogaH20

Fenjit jeotermobarometresi

Fenjit, bilindigi gibi muskovit - seladonit kat1 cozelti
serisingin orta tiyesidir ve kimyasal bilesimi;

(KAL[AISI0,J(OH), - K(Mg, Fe)(Fe; Al
[SI40,](OH)2 seklindedir. Bu mineralin P-T durayliiik-
lan hakkidaki deneysel gozlemler Velde (1965) tarafin-

~ dan yapilmistir. Crowley ve Roy (1964), yaptiklar de-
neysel calismalarda K,O - MgO - A,O, - SiO, - H,0
(KMASH) sisteminde ideal muskovitten fenjite kadar
bir kansabilirlik araligt tanimlamiglardir, Yaklasik

basing/pressure (kbar)

2

300 400 500 600 700
sicaklik /temperature (°C)

Sekil 5. (2) notu dengenin InK degeri icin kaniurlan-
mis basmg-sicaklik diyagrami.

400°C ye kadar degisen sicaklik ve 4 kbar gibi uygula-
nan deneysel kosullarda birim formiilde fenjitteki Si -~
3.5 tir. Velde (1965, 1967), muskovitten Al - seladonite
kadar artan basing ve artan sicaklikla karisabirligi ve
bu degerin jeotermobaromefre olarak kuUanilabilcegini
belirlemistir, Aynca, degisen P-T Kkosullariyla duray-
siz olan fenjitlerin K -feldispat, filogopit, kuvars, su ve
Si' ce daha fakir fenjite ayristigi belirlenmistir (Velde
1965,1967), Velde (1965)" nin elde ettigi sonuglar, esas
olarak diisiik sicakliklarda, metamorfik kayaciarda bu-
lunan dogal fenjitlerin olugsumuyla uyum icerisindedir,
Muskovitler ise goreli olarak orta - yiiksek sicakliklarda
olusan kayaclar igin tipiktir (Ernst, 1963), Yaklasik
%7Q kadar yiiksek bir seladonit igerigine sahip fenjitler
ise, mavisist fasiyesi kayaglanndaki gibi, yiiksek ba-
sin¢ metamorfik kayaclarmda gortliir. *

Fenjit jeotermobarometresi Velde (1967) tarafindan

" Onerilmis ve P-T diyagraminda beyaz mikalardaki mak-

simum Si igerigi egrileriyle gosterilmistir, Ancak, mak-
simum Si igerigine sahip fenjit, yalmzca K - feldispat,
kuvars ve trioktaedrik mika ile beraber olustugunda
gozlenmektedir (Masonne ve Schreyer, 1987).

Sonug olarak, fenjitlerin kimyasal bilesiminden elde
edilen Si degerleri P-T diyagramina aktarilarak (Sekil
7) metamorfizma kosullan belirlenmektedir.
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Sekil 6» K-Feldispatm bulunmadigi denge icin denge
sabiti konturlan (Taranmig tistnuar, Log K= 2,0,
33 ve 5,0 icin hata bantlaridir, Nurmirmn, 1987),

YILDIZELI METASEDIMANTER
GRUBUNDA YAPILAN '
JEOTERMOBAROMETRE CALISMALARI

Yildizeli yoresinde yilizeyleyen metamorfitlerdeki
metamorfizma kosullarin1 belirlemek amaciyla derle-
nen kayac Ornekleri lizerinde mineralojik bilesim ve mi-
nerallerin birbirleriyle olan dokanak iligkileri gozon{ine
alinarak jeotermobarometrik c¢aligmalar gergeklestiril-
mistir (Alpaslan, 1993). Bu Orneklerde ‘yapilan galis«
malar sonucunda MA - 472 nolu Ornekte plajiyoklaz -
hornblend, MA - 299 nolu 6rnekte granat - muskovit -
biyotit - plajiyoklaz, MA - 413 nolu ornekte granat -
muskovit - biyotit - plajiyoklaz - disten ve MA -141 ro-
Iu Ornekte ise muskovit * biyotit - klorit ve granat -
muskovit - biyotit - klorit jeotermobarometresi ¢aligma-

" lan yapilmustir.

Sicaklik belirlemeleri: Birlikte olusan granat ve bi-
yotit mineralleri arasindaki dengelenme sicakligi Ferry
ve Spear (1978) ve Newton ve Haselton (1981) jeoter-
mometre hesaplamaianna gore Fe - Mg degisimi kulla-
nilarak hesaplanmistir. Beraber olusan biyotit ve klorit
arasindaki Fe - Mg degisimi de diger bir termometre
olarak (Grambling, 1990) kullanilmistir. Amfibolitler-

20 . -
8-

200 300 400 500 800 700
Sicaklik temperature (°C)

Sekil 7. K-feldispat-kuvars-filogopit iceren toplulukta,.
fenjitin ‘birim formiiliindeki Si icerigini gdsteren
basing-sicakhk diyagrami (Masonne ve Schreyer,
1987" den sadelegtirilerek alinnugtir). .

de ise amfiboUerdeki Al igerigi ve plajiyoMazlardaki
Ca/Na orani jeotermobaromefre (Plyusnina, 1982) ola-
rak kuHanumistir, i

Basing belirlemeleri: Metapelitik kayaglarda yapi-
lan caligmalarda (Alpaslan, 1993) jeobarometre igin Ug
metodun kullanilabilecegi belirlenmistir:

- Granat—Al—silikat—pléjiyoklaz (GASP) jeobaromet-
resi (Newton ve Haselton, 1981),

- Al-silikat minerallerinin bulunmadig: topluluklar-
da garanat-muskovit-biyotit'plajikyoklaz jeobarometre-
si (Ghent ve Stout, 1981)

*  Fenjit-klorit-biyotit jeobaromettesi (Powell ve
Evans, 1983)

Plajiyoklaz - Horn blend Jeotermobarometresi

MA - 472 nolu 6rnekte yapilan EMA analiz sonugla-
rindan (Cizelge 4) gidilerek hesaplanan plajiyo_l_glélzlar—
daki Ca/Na oranlan ve hornblendlerdeki Al igerigi he-
saplanarak iligkili diyagrama aktarilmig (Sekil 8) ve
amfibolitlerde eticin olan basing sicaklik kosullan”elir-
lenmisiir. Sekil 8' de MA - 472 nolu drnegi etkileyen
metamorfizma kosullarinin 545 - 560*G ve 3,64 - 4.72

kbar arasinda degistigi goriilmektedir.
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Granat - muskovit « plajiyliklaz * disten
jeotermoharometréii

MA-"- - 413 nolu ornekte bulunan granat, muskovit,
biyotit ve disten minerallerinin EMA analiz sonuglarin-
dan (Cizelge 5) elde edilen parametreler, metin icerisin-
de verilen hesaplama yontemi ile ilgili formiillerde yeri-
ne konulafak, bu kaya¢ orneginin asagidaki basing -
sicaklik kosullarinda metamorfizmaya ugradigi belir-*
lenmistir: :

sicaklik CC) basing (bar)

551-489 5365 - 6770
(Ferry ve Spear, 1978) (Ghent ve Sout, 1981)
572-500 5560-7496
Newton ve Haselton, 1981)

555-489 5240-7040

(Ferry ve Spear, 1978) (Newton ve Haselton, 1981)
Granat - muskovit - biyotit - plajiyoklaz
jeotermobarometresi '

MA - 299 nolu kaya¢ Orneginde gdzlenen granat,
muskovit, biyotit ve piajikyoklaz mineralllerinde yapi-
lan EMA analiz sonuclar (Cizelge 6) yardimiyla hesap-
lanan parametreler ilgili formiillerde .yerine konularak
bu ornekte etkin olan basing ve sicaklik kosullan belir-
lenmistir. Bu Ornekte, sicaklik belirlemeleri Ferry ve
Spear (1978)' e gore, basing belirlemeleri ise Ghent ve
Stout (1981)' e gore saptanmustir. Yapilan hesaplamalar
sonucunda &rnegin 667-612°C sicaklik ve 7505-8673
bar basin¢ kosullarinda metamorfizmaya ugradigi be-
lirlenmistir,

Muskovit - biyotit - klorit jeotermobarometresi

MA -141 nolu ornekte gerceklestirilen caligmalar-
da, bu kayag orneginde klorit - muskovit - biyotit jeoter-
mobarometresi yonteminin uygulanabilecegi. belirlen-
mistir. Bu amacla, 6rnek icerisinde gozlenen klorit -
biyotit - muskovit minerallerinin kimyasal bilesimi
EMA yontemiyle belirlenmistir (Cizelge 7), Analiz so-
nuglarindan gidilerek hesaplanan InK degeri 11.4529-
114338 arasinda bulunmustur. Bu deger, Sekil 9' da
verilen diyagrama aktarildiginda; ornegin etkileyen ba-
sincin 5,0 kbar vge sicakligi”-ise 450°C oldugu belir-
lenmistir.

0.5
0.3
0.4 ’
£Cap 05 10 15 20 25 30 *Alus

Sekil 8, MA*472 nolu dmekteki plajiyoklaz ve horn-

blend minerallerinin kimyasal bilesimlerinden be-
lirlenen degerlerin P-T daiyagrammdaki gosterimi
(tarali alan),

Yildizeli Yoresinin Metamorfik Evrimi

Yildizeli yoresinde yapilan jeotermobarometre ca-
lismalar sonucu elde edilen basmc-sicaklik degerleri
tek bir diyagram tizerine aktarilarak (Sekil 10) yore igin
metamorfik basmg-sicaklik yolu belirlenmistir, Buna
gore; ilk metamorfik evre oldukga yiiksek bir basing
aralig1 ile belirlenmektedir. Daha sonra ise metamorfiz-
ma kosullarinda bir digme gorilmektedir. Bu dustisiin
ise, metamorfitlerin sig kabuksal diizeylere ylikselimi
sirasinda olusan dekompresyondan kaynaklanabilecegi
sOylenebilmektedir.
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Cizelge 5. MA-413 nolu drnekten elde edilen analiz sonuglari

Biyotit Muskovit Granat Plajiyoklaz
Biotite Muscovite Garnet Plagioclase
Oksit/oxide 19 17 2 11 9 14 4 5

Si02 3533 3278 4549 4393 3815 3741 6267 6144
TiO2 171 146 064 0358 0.00 0.00 011  0.00
Al203 1928 1878 3625 3524 2181 2180 23.14 2341
FeO 1644 18.05 1.06 167 3619 29.52 0.00  0.00
MnO 000 017 000 000 061 4.12 0.00  0.00
MgO 961 875 058 062 336 181 0.00 0.00
CaO 026 022 000 000 195 5.75 434  3.95
Na20 021 012 09 09 000 000 -902 877
K20 894 885 1063 1035 0.00 0.00 010 013
Top. 9178 89.18 9561 93.95 10207 10041 9938 97.70

tox 4,655 4.887 3993 4.108 9 10 2672 2714
Katyon
Cation
Si 5505 5328 6.046 6002 5992 5968 2785 2775

Ti 0.199 0178 0.064 0059 0.001 0002 0.003 0.000
Al 3520 3598 5678 5675 4.038 4098 1212 1.246
Fe 2,129 2453 0118 0191 4754 3938 0.000 0000
Mn0 0002 0024 0000 0000 0080 0556 0003 0.000
Mg 2220 2120 0.115 0116 0786 0430 0000 0.000
Ca 0.042 0038 0000 0000 0328 0983 0206 0.191
Na 0.062 0.038 0246 0267 0004 0000 0777 0.768
K 1767 1.835 1801 1.804 0000 0000 0005 0.007
Top. 17.44 1762 1607 16.12 1598 1597 4991 4.987

Mg/Feigry= 0.166 - 0,109 Mg/Fe(pi) = 1.041 - 0.855

LnKd(gr/bj) =-18359 - 2.0597  Ppgr) = 7000 - 8000

J)ECE(F) ="0.055 - 0.167 XAlm = 0.799 - 0.666
)

= 0055 - 0.167 XAn(pliy= 0.209 - 0.198
L) 268 - 0321 (el)

Termometre hesaplamast
=12 Ferry ve Spear (1978) ’
= 12.454-4.662T(°K)+0,057P (pary+{ BRTIK 1)/ (Mg/F' Ag/Fep;
Newtonve}hselwn(q);g)l) DAMER gy MaFeipl
T(K) = [1661-0.755T(°K)]* X gr(C:a)*+2089+0.00956P (yq7)}/(0.7820-InK*)

Jeobarometre hesaplamast
Newton ve Haselton (1981)
P = (Po-RTInK)/VA(gig) Po=-1.17+0.0238 T (°C)
Ghent ve Stout (1981)
~1.802P = 4124.4 - 22.061 T +RTInK4

Cizelge 6. MA-299 nolu érnekten elde edilen EMA analiz

sonuglar
Biyotit Muskovit Granat Plajiyoklaz
Biotite Muscovite Gamet Plagioclase
Oksit 29 26 5 23 32 28 1 11

4 Oxide

§i02 3537 3697 6595 6546 44.19 4543 3590 3848
Tio2 114 167 000 000 055 054 000 004
AlRO3 1811 2022 1961 1925 3360 3408 2063 2245
Cr203 000 015 000 000 000 011 000 000
FeO 1313 1194 025 000 249 270 1513 1598
MnO 068 065 009 011 013 014 2165 2133
MgO 1333 1397 000 000 077 081 322 3.35
CaO 011 000 063 05 000 000 073 116
Na20 015 000 1079 1072 052 050 0.00 0.00
K20 1002 964 018 018 1089 1070 0.00 0.00
Top. - .
Total 9204 9521 9750 9622 9262 9461 97.26 102.79

tOX 4637 4410 2699 2729 4.146 4.076 10 9
Katyon

Cation )

Si 2729 2713 2962 2974 3049 3.055 5948 5982

AV 1.271 1287 000 000 0951 0.945 0.00 0.00

AV 0376 0462 1.038 1031 1782 1780 4.029 4.114
Cr 0.000 0009 0000 0000 0000 0006 0.000 0.000
FeZt 0.847 0733 0009 0000 0144 0.153 2097 2078
Mn 0.044 0040 0003 0004 0008 0008 3.036 2806
Mg 1.533 1528 0.000 - 0.000 0079 0082 0795 0.776
Ca 0.009 0000 0030 0.024 0000 0000 0130 0194
Na 0.022 0000 0.940 0944 0070 0.066 0,000 0.000

K 098 0903 0010 0010 0959 0926 0.000 0.000
Ti 0.066 0092 0000 0000 0029 0028 0000 0005
Top.

Total 7.883 17767 4992 4.987 17.070 17.049 16035 15.955

MgfFe (gr) = 0.379 - 0374  Xplm =0.346 - 0.355
MgfFe (bj) = 1.717- 1.976 J;s, =0.021 -0.033
LnKd(gr/bj) =-1.5822 - -1.6645 1j) = 0.031 - 0.025
P ) 00, a8 - 0032

X = 0.031 - 0,025 g =0.602 - 0.324

Hpir = 0.131 - 0.133 InK4 = 1.654 - -0.130
Termometre hesaplamasi: Ferry ve Spear (1978) ve Newton ve Haselton (1981)

i Jeobarometre hesaplamasi: Newton ve Haselton (1981) ve Ghent ve Stout (1981)
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Cizelge 7.8 MA-141nolu érnekten elde edilen EMA analiz sonuglar

Biyotit/biotite Klont/chlorite Muskov./musc.
Oksit/oxide 23 18 19 6 10 7 9 19
8i02 3652 4066 3029 3259 3803 3868 4650 4527
Tio2 0.97 0.28 0.13 0.00 0.05 0.06 0.11 0.36
A1203 1742 2947 1848 2764 3117 33.08 3357 3186
Cr203 0.97 0.28 0.13 0.00 0.00 0.00 0.00 0.07
FeD 10.14 505 13.48 4.06 5.72 2.15 1.99 2.43
MnO 0.34 0.28 0.35 0.31 0.23 0.06 0.33 0.07
MgO 15.54 7.00 19.40 827 1086 4.00 1.25 1.10
Ca0O 0.00 0.10 0.50 0.31 0.41 0.18 0.00 0.02
‘Na20 0.30 0.00 0.00 0.00 0.00 0.00 1.19 L12
K20 9.40 5.83 1.50 0.01 0.01 0.02 7.30 9.63
Top./total 9063 8867 8433 9219 8648 8823 9224 9193
tOX 4.60 433 4.88 6.45 5.50 5.84 4,07 417
8i : 2.79 2.93 246 350 3.48 3.76 3.15 3.14
AV 1.20 1.06 154 050 051 0.23 0.84 0.85
AM 0.37 1.43 022 299 234 3.55 1.84 1.74
Fe2t 0.65 0.30 091 036 043 0.17 0.17 0.14
Mn 0022 0017 0024 0028 0018 0005 0019 0.004
. Mg 177 075 234 132 148 0.58 0.12 0.11
Ca 000 0008 0044 0036 004 0.019  0.00 0.001
Na 0.045 0.00 000 000 0.0 0.00 0.157  0.151
K 0919 0536 0155 0001 0001 0002 0632 - 0.853
Ti 0.056  0.015  0.008 - - - - -
Cr 0.000 0.000 0000 000 0.0 0.00 0.00 0.004
Top./Total .84 7.07 7.72 875 883 8.33 6.89 7.03

LnK = 11.4529 - 11.4338

INK = (Xoe*Xpnr”) / Kea™* X i)

Xcel = 4 Xg, A*Xug, ™ X, w*X’DMz*X“s;’i T*Xzon,v
Xmus = 9.38 Xy 2*X%0 X g™ Xan, 74X si, *Xouv
Xphl = 9.38 Xy A*XzMg.Ml*XMg, MZ*XM,T*X3Si, T*XZOH,V

) , ” 3 8
Xclin = 64 XBMg, MZ*XZMg,M*XAl.MJ*XAI,T*X s T X oHy

J Géol. 24; 617-632 granulites. In: Saxena, SK (ed) Kinetics and equ-

Bohlen SR, Wall VJ, Boettcher AL 1983a, Experimen- ilibrium in mineral reactions, advances in Physi-
tal investigations and geologic applications of (,\:?l lGecﬁhem;s[rz, 3, pp. 141-172. Springer-
equilibria in the system FeO-TiO,-Al,0,-SiO,- criag, New xor
H,0. Am Mineral 68, 1049-1058 ool , Dietz JM, Zéc CP, Governale RC 1986a,

1983b, Experimental inves- Thermobarometer for corundum-bearing pelites.

tigations and application of garnet granulite equi- Geol Soc America Abstracts with programms,
libria. Contr Mineral Petrol 83, 52-61 18, 545

, - 1983c, Geobarometry in === , Liotta JJ 1986, A barometer for garnet amphi-

Jeoloji Miihendisligi mo——————————————— e | Q



Jeotermobarometre

2

300 400 500 600 7700
sicaklik / temperature(°C)

Sekil 9, MA-141 nolu drnekte muskoyit, biyotit ve klorit
minerdllerinin kimyasal analizlerinden hesaplanan
inK degerinin Muskovit (sela) + klorit = muskovit +
biyotit + kuvars f su reaksiyonu icin hazirlanan P-
Idiyagraminda/d = konumu,

bolites and gamet granulites, J Petrol 27, 1025-
1056

Botlinga Y, Javoy M 1987, Comments of stable isotope
' geothermometry: system quartz-water. Earth and
Planetary Sei Lett 84,406-414

Brown WL, Pafsons L, 1985, Calorimetric diagram app-
roaches to two feldspar geothermomertry: acritic.
Am Mineral 70, 356-361

Buddington AF, Lindsley DH 1964, Iron-titanium oxide
" minerals and their synthetic equivalents, J Fefrol
5,310-357

Camian JH, Gilbert MC 1983, Experimental studies on .

glaueophane stability. Am J Sei 283-A, 141-437

Chateijee ND 1972, The upper stability limit of the as
semblage paragonite-quartz and its natural occu-
rences, Contr Mineral Pefrol 34,288-303

Chaterjee ND 1976* Margarite stability and compatibi
lity relations injhe system Ca0-ALO.-Si02-H20
as a pressure-temperature indicator. Am Mineral
61,699-709

Chaterjee foD, Johannes W, Ldstner H 1984, The
system Ca0O-Ai20,-Si02-E,0: new phase equi-

10 +

basing/pressure (kbar)

mus+kuv = KF+ sillsakiskan

0 }

400 500 600 700
sicaklik / temperature (°C)

SekU 10, Analiz edilen oOrneklerden elde edilen basing
: ve sicaklik degerlerini gosteren basing-sicaklik di-
yagrami, Aliiminyum siUkat ti¢lii noktast Holdaway
(1971 y den alinmigtir. I¢i bos ok, olasili P-T yolu-
nu gosterir,

libria, some calculated phase relations and their
petrological applications, Contr Mineral Petrol
88,1-13

Chernosky JV, Day HW, Caruso LJ 1985, Equilibria in
the system MgO-SiOZ-HZO: experimental deter-
mination of the stability of Mg-anthophyllite,
Am Minemi 70,223-236

Chopin C 1984, Coesite and pure pyrope in high grade
blueschists of the western Alps: a first record and
some consequences. Confr Mineral Petrol 58,
255-262

Chopin C, Schreyer W 1983, Magnesiocaipholite and
magnesiochloritoid: two index minerals of pelitic
blueschists and their preliminary phase relations
in the model system MgQ-Ai20 Si0,-H,0. Am
J Sei 283-A, 72-96

Cotkin SJ 1987, Conditions of metamoiphism in an

Jeoloji Mihendisligi



Jeotermabarometre
|

early Paleozoic blueschist Schist of Skookum
Gulch, northern California, Contr Mineral Petrol
96,192-200

Crawford WA, Fyfe WS 1965, Galcite-aragonite pqui
libriaat 100*a Science 144,15494570

Day HW 1973, The high temperature stability of mus
covite plus quartz. Am Mineral 58,255-262

Day HW, Chemosky JV, Kumin HJ 1985, Equilibria in
the system MgO-SiC "H30: a tehrmodynamic
analysis. Am Mineral 70,237=248

Di Pisa A, Francheschelli M, Leoni L, Meccheri M,
1985, Regional variation of the metamorphic
tarnsect across the Tuscanid I Unit and its impli-
cations on the alpine metamorphism (Apuan
Alps, North Tuscany), Neues Jahrbuch fur miné-
ralogie, Abhandlungen 151,197-211

Egger RG, Kenick DM 1981,'Metam0rphic equilibria
in the siliceous dolomite system: 6 kbar experi-
mental data and geologic implications, Geochim
Cosmochim Acta45,1039-1049

,Eliis DJ 1980, Ossumilite-sapphirine-quartz granulites
from Enderby Land, Antarctica: P-T conditions
of metamorphism, implications for garnet*
cordierite equilibria and the evolution of the deep
crust, Contr Mineral Petrol 74,201-210

Ellis DJ, Green DH (1979) An experimental study of ef-
fect of Ca upon garnet-clinopyroxene Fe-Mg
exchange equilibria, Contrib Mineral Petrol 71,
13%22

Ernst WG (1963) Significance of phengitic micas from
low grade schists. Am Mineral 58,255-262

Essene EJ 1982, Geologic thermometry and barometry,
In: Ferry JM (ed): Charecterization of Meta-
morphism Through Mineral Equilibria, Reviews
in Mineralogy» 10, pp 153-206, Mineral Soc. of
America. . o

Essene EJ 1983, Solid solutions and solvi among meta-
morphic carbonates with applications to geologic
thermometry. In: Reeder, RJ (ed) Carbonates:
Mineralogy and chemistfy, Reviews in Minera-
logy, 11, pp 77-96, Mineral Soc America

Essene EJ 1989, The current status of thermobarometry
in metamorphic rocks! In: Daly JS, Cliff RA,

Yardley BWD (eds) Evolution of metamorphic
belts, Geol Soc Special Publication 43, pp. 145

Essene EJ, Hensen BJ, Green DH 1970, Experimental
study of amphibolite and eclogite stability.
Physics oof the Earth and Planetary Interiors 3,
378-384

Fawcett JJ Yoder HS 1966, Phase relationships of chlo-
rite in the system MgQ-AlsCVSiOa-1"O, Am
Mineral 51,353-380

Ferry JM, Spear FS (1978) Experimental calibration of
the partitioning of Fe and Mg between biotite
and garnet. Contrib Mineral Petrol 66: 113-117

Ferry JM (1979) A map of chemical potential differen-
ces within an outcrop, Am Mineral 064 pp. 966-
985

Ferry JM 1980, A comparative study of geotHermome-
ters and geobarometers in pelitic schists from so-
uthern*central Maine. Am Mineral 65,720-732

Ferry JM (1984, A biotite isograd in south-central Main-
ne, USA: mineral reactions, fluid tarnsfer, J Pet-
rol 25,871=893

Flowers GC, Hegleson HC 1983, Equilibrium and mass
transfer during progressive metamorphism of si-
liceous dolomites, Am J Sei 283,230-286

Frey M, Teichmuller M, Teichmuller R, Mullis J, Kun
" ze B, Breitschmid A, Griiner U, Schwizer B
1980, Very low grade metamoiphism in extermal
parts of the Cental Alps: Illite crystallinity, coal
rank and fluid inclusion dato. Eclogae Geologi-

cae Helvetiae 73,173-203

Friedman I, ONeil JR 1977, Compilation of stabile iso-
tope fractination factors of geochemical interest.
Data of Geochemistry, 6 th edn, US Geol Survey
ProfPaper440KK,61pp,

Ganguly J, Saxena SK (1984) Mixing properties of alu-
minosilicate garnets: constraints from natural and
experimental data, and applications to geother-
mobarometry. Am Mineral 69,88-97

Gasparik T 1984, Experimental study of subsolidus pha-
se relations and mixing properties of pyroxene in
the system CaQ-AliOg-Si0" Geochim Cosmoc-
him Acta 48,2537-2546

Jeoloji MUhendisli(i m—— ) |



Jeotermobarometre
L

Ghent ED, Stout MZ (1981) Geobarometry and geother
mometry of plagioclase-biotite-garnet-muscovite
assemblages. Contrib Mineral Petrol 76,113417

Goldsmith JR (1911) The melting and bearkdown reac
lions of anorthite at high pressures and tempera-
tures. Am Mineral 65,272-284

Graham CM (1074) Metabasié amphiboles of the Scot
tish Dalradian. Contrib Mineral Petrol 47, 163-
185

Graham CM, Powell RA (1984) Garnet-hornblende ge-
othermometer: calibration testing and application
to the Pelona schist, Southern Califonia. ] Me-
tamGeol. 184: 13-31 :

Gramblingj LA,, 1990, Internally-consistent geothermo-
metry and H,O barometry in metamorphic rocks
the example garnet-chlorite-quaertz, Contrib, Mi-
neral Peirol.,105, p. 617-628

Green DH, Ringwood AE 1967, An experimental inves
tigation of the gabbro to eclogite transformation
and its petrological applications, Geochim Cos-
mochimActa 31» 767-833

Green DH, Ringwood AE 1972, A comparision of re
cent experimental data on the gabbro-garnet-
granulite-eclogite transition, J Geol 80,277=288

Greenwood HJ 1962, Metamorphic reactions involving
two mineral components. Cornegie Institue of
Washington Yearbook 61,82-85

Greenwood HJ 1967, Wollastonite: stability in H,Q-
CO, mixtures and oecurebce in a contact meta-
moific aureole, near Salmo, British Columbia.
Am Mineral 52,16694680

Griffen, D.T, and Ribbe P.H., 1973, The crystal ehe
mistry of staurolite, Am, J, Sei,, 273-A, 479-495

Haas H, Holdaway MJ 1973, Equilibria in the system
AL O,-SiO,-H,0 involving the stability limits of
pyrophyllite and the thermodynamic data of
pyrophyllite. Am J Sei 273,449-464

Hanya Y; Kennedy GC (1968) Equilibrium study of
anorthite under high perssure and high tempera-
ture. Am J Sei 226,193-203

Harley SL, Green DH (1982) Garnet-orthopyroxene ba
rometry for granulites and peridotites. Nature,

300,697-701

Harley SL (1984a) The solubility of alumina in orthopy-
roxene coexisting garnet in FeO-MgO-ALO,-
SiO, and CaO-FeO-MgO-AlL0,-SiO,. J Petrol
25:665-696

Harley SL (1984b) An experimental study of the partiti-
“oning of Fe and Mg between garnet and orthopy-
roxene, Contrib Mineral Petrol 86: 359-373

Harley SL 1984c, Comparision of the garnet-
orthopyroxene geobarometer with recent experi-
mental studies and applications to natural as-
semblage, J Petrol 25,697-712

Harley SL 1985, Garnet-orthopyroxene bearing granuli-
tes from Enderby Land, Antarctica: metamorphic
pressure-temperature-time evolution of the Arc-
haean Napier Complex, J Petrol 26, 819-856

Harley SL 1987, A pyroxene-bearing meta-ironstone
and other pyroxene-granulites from Enderby
Land, Antarctica: further evidence for very high
temperature (>980"C) Archaean regional .meta-
morphism in the Napier Complex. J Meta Petrol
5,341-356

Hays JF (1966) Lime-alumina-silica Yb Carnegie Instn
Wash 65,2347239

Haseiton HT, Hovis GL, Hemingway BS, Robie RA
1983, Caiorimetric investigation of the excess
entropy of mixing in analbite-sanisine solid solu-
tions: lack of evidence for Na, K short range or-
der and implications for two feldspar thermo-
metry, Am Minemi 68,398-413

Hegleson, H.C., Delaney, J.M., Nesbitt, RW, and Bird,
D.K., 1978, Summary and critique of the thermo-
baromettic properties of rock forming minerals,
Am,J.Sci,,278-A

Heinrich W, Athaus E 1980, Die obere Stabilitatsgrenze
von Lawsonit plus Albit bzw. Jadeit, Fortschritte
der Mineralogie 58,49-50

Hemley JJ, Montoya JW, Marenko JW, Luce JW 1980,
Equilibrium in the system AlO,-SiO,-H,O and
some general implications for alteration minera-
lization processes, Economic Geol 75,210-228

Hensen BJ, Green DH (1973) P-T grids for silica-
undersaturated granulites in the system (MAS

22— ) € 0|0ji M{ihendisligi



Jeotermobarometre
[ e

(n+4) and FMA (n+3)- tools for the derivation of
P-T paths for metamorphism, Contrib Mineral
Petrol 5: 255-271

Hieatanen A (1974) Amphiboles pairs, epidote mine-
rals, chlorite and plagioclase in metamoiphic
rocks. Northern Sierra Nevada, California, Am
Mineral 59,22-40

Hodges KV, Spear FS (1982) Geothermometry, geoba-
rometry and the A12S105 triple point at Mt Moo-
silauke, New Hampshire, Am Mineral 67, 1118-
1134

Hodges KV, Crowley PD (1985) Error estimation and
empirical ~ geothermobarometry for  pelitic
systems. Am Mineral 70,702-709

Holdaway, M.J., 1971, Stability of andalusite and the
aluminium silicate phase diagram. Am, L Sei.,
271,97431

Holdaway MJ, Dutrow BI, Hmton RW 1988, Devonian
and Carboniferous metamorphism in west-
central Maine: the muscovite-almandine geoba-
rometer and the staurollite problem revisited, Am
Mineral 73,20-47

Holland TJB 1979, Experimental determination of the
reaction paragonite=jadeite+kyanite+H20 and
thermodynamie data for part of system Na,O-
ALO,-Si0,-H,0, with application to eclogites
and blueschists. Contr Mineral Petrol 68, 293-
301-

Holland TJB 1980, The reaction alhite”jadeite+quartz
determined experimentally in the range
600+12QQ°C Am Mineral 65, 129-134

Holland TJB 1988, Preliminary phase relations invol-
ving glaucophane and applications to high pres-
sure petrology: new heat capacity and tehrmody-
namic data, Contr Mineral Petrol 99,134442

itaya T 1981, Carbonaceous material in pelitic schiste
of the Sanbagawa metamorphic belt in Central
Shikoku, Japan, Lithos 14,2‘15—224

Ito K, Kennedy GC 1971, An experimental study of the
basalt-garnet granulite-ecligite transition. In: He-
acock JG (ed) The structure and Physical Proper-
ties of the Earth's Crust, Am Geophys Un Mo-
nograph, Series 14,303-314

Jenkins DM 1984, Upper-pressure stability of synthetic
margarite plus quartz, Contr Mineral Petrol 88,
332-339

Jenkins DM, Newton RC, Goldsmith JR 1983, Fe-free
zoisite stability relative to clinozoisite. Nature,
304,622-623

Jenkins DM, Newton RC, Goldsmith JR 1985, Relative
stability of Fe-free zoisite and clinozoisite, J Ge-
01 93,663-672

Johannes W, Puhan D 1971, The calcite-aragonite equi
librium reinvestigated, Contr Minemi Petrol 31,
28-38

Johannes W, Bell PM, Mao MK, Boettcher AL, Chip
man DW, Hays JF, Newton RC, Seifert F 1971,
An interlaboratory comparison of piston-cylinder
pressure calibration using albite breakdown reac-
tion, Contr Mineral Petrol 32,24-38

Kerrick DM 1972, Experimental determination of mus-
covite+quartz stability with P,20<PTot, Am J Sei
272,946-958 ,

Kerrick DM, Crawford KE, Randazzo AF 1974, Revi-
ew of metamorphic mixed volatile (H20-CO2)
equilibria. Am Mineral 59 729-762

Kisch HJ 1980a, Incipient metamorphism of Cambro-
Silurian clastic rock> fiori the Jamthland Superg-
roup, centarl ScanBdinavian Caledonides, wes-
tern Sweeden: illite crystallinity and vitrinite ref-
lectance, J Geol Soc London 137,271-288

Kisch HJ 1980b, Illite crystallinity and coal rank associ-
ated with lower grade metamorphism of the Ta-
veyanne greywacke, Hevetic %one, Swiss Alps.
Eclogae Geologisches Hevetica 75,753-777

Kisch HJ 1981, Coal rank and illite crystallinity associa-
ted with the zeolite faci¢s of Southland and the
pumpelliyite-.eanihg facieb of Okago, southern
New Zealand. New Zealand J Geol & Geophys

- 24,349-360

Kisch HJ 1987, Correlation between indicators of very
low grade metamorphism. In: Ferry M (ed) Low
temperature metamorphism, pp 227-300, Blacki-
e, Glasgow

Koons PO 1982, Experimental investigations of the be-
haviour of amphibole in the system Na,0-Al,O,-

Jeoloji. MUhendiingi i s’ il BN



Jeotermobarometre
_ i

SiOrHjO at high pressures, Contr Mineral Petrol
79,258-267

Koons PO 1984, Ymplications to gamet-clinopyroxene
geothermometry of non-ideal solid solution in ja-
deitic pyroxenes, Contr Mineral Petrol 88, 340-
347

Koons PO 1986, Relative geobarometry from high-
pressure rocks of quatzofeldspathic composition
from the Sessia Zone, Western Alps, Italy. Contr
Mineral Petrol 93, 322-334

Kostyuk EA (1970) Statistical analyses and paragenetic
type of the metamorphie amphiboles, Nauka,
Moskow (in Russian)

Koziol AM, Newton RC (1'988) Redetermination of the
anortite breakdown reaction and improvement of
the plagicelase-garnet-Al,SiO quartz geobaro-,
meter. Am Mineral 73: 216-223

Ktogh EJ 1988, The gamet-clinopyroxene Fe=Mg geot-
hermometer-a reinteipretation of existing experi-
mental data, Contr Mineral Petrol 99,44-48

Kubier B 1967, La cristalHnite de Finite et les zdnes to
ut a fait supérieures du metamo”hisme: Etages
tectoniques, A la Baconniere, Neuchatel, 105-
121

Lang HM, Rice JM (1985) Geothermonetry, geobaro-

metry and T-X (Fe-Mg) relations in metapelites,
Snow Peak, Northern Idaho, J Petrol 26, 889-924

Leake BE (1962) On the non-existance of a vacant area '
in the Hallimond calciferous amphibole diagram.
Japan J Geol Geophys 33,1-13

Lee HY, Ganguly J (1988) Equilibrium compositions of
cqg-existing g”net and orthopyroxene: exj«ri-
mental determinations in the system FeO-MgO-
AljOj-SiOj -and applications. J Petrol 29: 93413

Lindsley DH (1983) Pyroxene thermpmetry Am Mine
ral 68:477-493

Liou JG 1971a, Synthesis and stability relations of preh-
nite, Ca,AlSi,0,,(OH),, Am Mineral 56, 507-
531

-------- — 1971b, P-T stability of l6montite, wairakile,
lawsonite and related minerals in the system
Ca,Al,Si,0,Si0 H,0. J Petrol 12, 379-411

- —__ 19710, Analcime equilibria, Lithos*4, 389-402

—— 1979, Zeolite faciés metamorphism of basaltic
rocks from the east Taiwan ophiolite. Am Mine-
ral64,144

—, Kim HS, Maruyama S 1983, Pr¢hnite—épidote
equiliMa and their petrologic applications, J Pet-
rol 24,321-342 o '

Manghnani MH 1970, Analcite-jadeite phase boundary,
Physics of the Earth and Planetary Interiors 3,
456-461

Maruyama S, Cho M, Liou JG 1986, Experimental in
vestigations of blueschist-greenschist transition
equilibrian: pressure dependence of AI203 con-
tents in sodic amphiboles-a new geobarometer.
Geol Soc. Am Spec Paper 164, i-16

Masonne 1U, Schreyer W (1987) Phengite geobaro-
metry based on the limiting assemblage with K-
feldspar, ghlogopite and quartz, Contrib Minemi
Petrol 96,212-224

Matthews A, Goldsmith JR, Clayton RN 1983, Oxygen
isotope fractinatioh involving pyroxenes: the ca-
libration of mineral pair geothermometers. Geoc-

- him Cosmochim Acta 47,631-644

Mirwald PW, Masonne HJ 1980, Quartz”coestie transi-
tion and the comparative Mctional measurement
in piston-cylinder apparat,us' using talc-alsimag-
glass (TAG) and NaCl high-pressure cells: a dis-
cussion. Neues Jahrbusch fur Mineralogie Ma-
natshefte 1980,469-477

Miyano T, Klein C 1986, Fkuid behaviour and phase re-
lations in the system Fe-Mg-Si-C-O=H and appli-
cations to high grade metamorphism of iron for-
mations. Am J Sei 286,540-575

Moecher DP, Anovitz LM, Essene EJ 1988, Calculation
of clinopyroxene-garnet-plagioclase-quartz geo-
barometers and applications to high-grade meta-
morhic rocks. Contr-Mineral Petrol 100,92-106

Morikiyo T 1984, Carbon isotopic study on existing cal
cite and graphite in the Ryoke metamorphic
rocks, northern Kiso district, central Japan.
Conto- Mineral Petrol 87,251-259

Nesbitt BE, Essene W 1982, Metamoiphic thermometry
and barometry of a portion of the Southern Blue

Jeoloji Mithendisligi



Jeotermobarometre

ﬁidge Province, Am J Sei 282,701-729

Newton MS, Kennedy GC 1968, Jadeite, analcite, nep
heline and albite at high temperatures and pres-
sure™ Am J Ssi 266,728-735

Newton RC 1966, Some calc-silicate equilibria. Am J
Sei 264,204=222

Newton RC 1983, Geobarometry of high-grade meta
monphic rocks. Am J Sei 283-A, 1-28

Newton RC, Haselton HT (1981) Thermodynamics of
the gamet-plagioclase-AljSiOs-quMtz geobaro-
meters. In: Newton RC, Navrotsky A, Woods BJ
(eds) Thermodynamics of minerals and melts.

Springer, Berlin, Heidelberg New York, pp: 131-

147

Newton RC and Perkins D (1982) Thermodynamic ca
libration of geobarometers based on the assemb-
lages garnet-plagioclaze-orthopyroxene-(clinopy-
roxene)-quartz* Am Mineral 67:203*222

kitsch KH 1980, Reacktion von Bariumfeldspat (celsi
an) mit Hg() zu Cymriite unter metamorphen Be-
dingungen, Fortschritte der Mineralogie 58, 98-
99

Nitsch KH, Stone B, Topfer U 1981, experimentalle
Be“stimmung der Gleichgewichtdaten der Reakti-
on 1 Margarit+1 quartz=I anortit + andalusit /
disthen + 1 H2CX Fortschritte der Mineralogie
59,139-140

Nurminen KB (1987) A recaiibration of the chlorite-

biotite-muscovite geobarometer Conttib Mineral

Petrol 96,519-522

O'Hara MJ, Yarwood G 1978, High pressure-
temperature point on an Archaean geotherm,
magma genesis by crustal anatexis and consequ-
eness for garnet-pyraxene thermobarometty* Phil
Trans'Roy Soc London Series A 228,441-456

Qkuyama-KusunoseV, itaya T 1987, Metamorphism of

- carbonaceous material in the Tono contact aureo-

le, Kitakami Mountains* Japan, ] Metam Geol 5,
121439

OrviEe, P,M., 1972, Plagioclase cation exchange equi-
libria with aqueous chloride solution: results. at
700 C and 2000 bars in the presence of quartz,
Am, LScL, 272,234-272

Paria P, Bhattacharya A, Sen A 1988, The reaction gar-
net+clinopyroxene”2 orthopyroxene+anorthite: a
potential geobarometer for granulites. Contr Mi-
neral Petrol 99,126433

Pattison DRM, Newton RC 1988, Reversed experimen
tal calibration of the garnet-clinopyroxene KB
(Fe-Mg) exchange thermometer, Contr Mineral .
Petrol

Perchuk LL (1970) Equilibria of rock forming minerals.
Nauka, Moskow (in Russian) )

Perchuk LL, Lavrent'eva IIV (1983) Experimental in
vestigation of exchange equilibria in the system
cordierite-gamet-biotite. Kinematics and equilib-
rium i"i mineral reactions. Springer. Berlin Hei-
delberg New York. pp. 199-239

Perkins D,’Newton RC (1981) Charnocite geobarome-
ters based on coexisting gamet - pyroxene-
plagioclase - quartz. Nature 292,144-146

Perkins D, Chipra SJ 1985, Garnet - orthopyroxene -
plagioclase - quartz bafor’netry refinement and
application to the English River subprovince and
the Minnesota River Valley, Contr Mineral Pet-
rol 89,69-80

Perkins D, Westrum EF, Essene EJ 1980, The ther
modynamic properties and phase relations of so-
me minerals on the system CaO-ALO,-SiO,H,O.
Geochim Cosmochim Acta 44, 61-84

Phillips GN 1980, Water activity changes across an
" amphibolite-ipranulite faciés transition, Broken
Hill, Australia, Contr Mineral Petrol 75377-386

Pigage, L.C. and Greenwood, W.R., 1968, Intcrnally‘l
consistent estimates of pressure and témperatue:
the staurolite problem. Ibid, 282,943-969

Plyusnina LP (1982) Geothermometry and geobaro
metty of plagioclase-hornblende tearing assemb-
lages Contrib Mineral Petrol 80,140-146

Powell R, Evans Ja (1983) A new goebarometer for the
assemblage Dbiotite-muscovite-chlorite-quartz. J
Metam GeoL 1,331-336

Réjebian VA, Harris AG, Huebner S 1987, Cnodont co
lor and textural alteration: an index to regional
metamorphism, contact metamorphism and
hydrottiermai alteration. Geol Soc Am Bull 99,
471-479 )

Jeo’loji MUhendisiigi I ——————————— ) 5



Jeoiermobarometre

Richardson SW 1968, Staurolite stability in a part of the
system Fe-Al-Si-O-H. J Petrol 9,467-488

Ringwood AE, Green DH 1964, Experimental investiga-
tions bearing an the nature of the Mohorovic dis-
continuity, Nature 201, 566-567

Robert C, Javoy M, Kienast JR 1985, Coefficients de
distribution et mesures isotopiques 180/160:
comparisions thermometriques et barométriques
sur quelques et micaschistes de la zone Sessia-
Lanzo (Alpes italiennes), Bull Minerai 108, 699-
711

Robie RA, Hemingway BS 1984, Entropies of kyanite,
andalusite and sillimanite: additional constraints
on the pressure and temperature of the AlSiO,
triple point. Am Mineral 69,298-306

Robie RA, Hemingway BS and Fischer, J,R, 1978,
Thermodynamie properties of minerals and rele-
ted substances at 298,15 K and 1 bar pressure
and high temperatures, Bull. U.S. Geol. Surv,,
1452

Robinson GR 1983, Calibration of the muscovite-
biotite-quartz-aluminosilicate geobarometer, Eos
(Trans Am Geophys Un) 64,351

Salje E 1986, Heat capacities and entropies of andalusi-
te and siiiimanite: the influence of fibrolitization
on the phase diagram of the Al,Si0, polymorphs,
Am Mineral 71, 1366-1371

Sanders IS, Daly JS, Davies GR 1987, Late Proterozoic
high pressure granulite faciés metamorphism in
the north-east Ox inlier, north-west Ireland. J
Metam Geol 5,69-85

Sassi FP 1972, The petrologic and geologic significance
of b, value of potassium white micas in low-
grade metamorphic rocks. An appliactions to the
eastern Alps, Tschermaks Mineralogie Pétrog-
raphie Mitteilungen 18,105413

Sassi FP, Scolari A 1974, The b, value of potassium
white rhicas as a barometer in low grade meta-
morphism of pelitic schists, Contr Mineral Petrol

«chramke JA, Kerrick DM, Lasagga AC 1987, The re
action muscovite + quartz = andalusite - K-
feldspar + water. Part 1, Kinetics and mecha-

26

nisms, Am J Sei 287,517-559

Schreyer W, Seifert F 1969, Compatibility relations of
the high pressure phases in the system MgQ-
OHjO. Am J Sei 267,371-385

Schreurs J, Westra L 1986, The thermometric evolution
of a Proterozoic, low-pressure, granulite dome,
S W Finland, Contr Mineral Petrol 93,236-250

Seifert F 1974, Stability of sapphirine: a study of the
aluminious part of MgO-ALO,-SiO,-ftO. J Geol
82,173=204

Sen S, Bhattacharya A 1984, An orthopyroxene-garnet
thermometer and its application to the Madras
charnockites, Gontr Mineral Petrol 88,64-71

Sharp ZD, Essene EJ, Anovitz LM, Metz GW, Westrum
EF, Hemingway BS, Valley JW 1986, The heat
capacity of monticellite and phase equilibria in
the system CaO-MgO-SiOrCQOj. Geochim Cos-
mochim Acta 50, 1475-1484

Skippen GB 1974, An experimental model for low-
pressure meta morphism of siliceous dolomitle
marble, Am J Sei 274,487-509 -

Slaughter J, Kerrick DM, Wall VJ 1975, Experimental
and thermodynamic study of equilibrium in the
system CaO-MgO-SiO H,0-CO,, Am J Sei 275,
143-162

Smith DC 1984, Coesite in the Galedonides and its imp-
lications for geodynamics. Nature 310,641-644

Smyth JR, Hatten CJ 1977, Coesite-sanidine grospydite
from the Roberts Victor kimberlite. Earth Planet
Sei Lett 34,284-290

Sobolev NV, Yefimova ES, Koptil VI, Lav rent'yev
YuG, Soboiev VS 1976, Coesite, garnet and
omphasite inclusions in Yakutia diamonds-first
finding of coesite parageneses, Doklady Akade-
mii Nauk SSSR 230,1442-1444

Spear FS, Selverstone J (1983) Quantitative P-T paths
from zoned minerals: theory and tectonic appli-
cations, Contrib Mineral Petrol 83, pp: 348-357

Staudigel H, Schreyer W 1977, The upper thermal stabi-
lity of clinochlore, MgSAl [A1Si3010] (OH)S$ at
10-35 kb PH2,. Contr Mineral Petrol 61,187498

Storre B, Karotke E 1971, An experimental determinati

Jeoloji Miihendisligi



Jeotermobarometre

on of the upper stability limit of muscovi-
te+quatz in the range 7=20 kb water pressure, Ne-
ues Jahrbuch fur Mineralogie, Monatshefte 1971,
237=240

Tanner SB, Kerrick DM, Lassaga AC 1985, Experimen
tal kinetic study of the reaction calci-
te+quatz”woliastonite+carbon dioxite from 1 to
3 kbar and 500-850'C, Am J Sei 285,577-590

Teichmuller M 1987, Organic material and very low
grade metamorphism. In: Frey M (ed) Low tem-
perature metamorphism pp 114-161, Blackie,
Glasgow

Thompson AB 1970a, A note on the kaolinite-
pyrophylite equilibrium, Am J Sei 268,454-458

Thompson AB 1970b, Laumontite-albite equilibria at
low temperatures. Am J Sei 269,267-275

Thompson AB 1971, Anlcite-albite equilibria at low
temperatures. Am J Sei 271,79-92

Thompson AB (1976) Mineral reactions in pelitic rocks.
Calculation of some P-T-X (Mg-Fe) phase relati-
ons. AmJ Sei 276: 425-454

Thompson AB, Frey M 1984, Hiite crystallinity in the
Western River Formation and its significance re-
garding the regional metamorphism of the early
Proterozoic Goulbura Group, District of Mac-

Jeoloji Muhendisligi

kenzie, In: Current Research, Part A, Geol Sur
Can Paper 84-1 A, 409=414

Treiman AH, Essene EJ 1983, Phase equilibria in the
system CaO-Si0,-CO,, Am J Sei 283-A, 97-120

_Turner FJ 1968» Metamorphic Petrology, Ist edn,

McGraw HiU, New York

Velde B (1965) Phengitic micas: Synthesis, stability
and natural occurence. Am J Sei 263,886-913

Velde B (1967) Si*" content of natural phengites. Cont-
rib Mineral Petrol 14,250-258

Wada GF, Suzuki K 1983, Carbon isotope'thermometry
calibrated by dolomiite-calcite solvus temperatu-
res. Geochim Cosmochim Acta 47,697-706

Weisbrod A 1973, Refinements of the equilibrium con
ditions the reaction Fe - cordierite = garhet + sil-

- limanite + quartz (+H,0). Carnegie Institute of
Washington. Geopyys Lab Yearbook 72,515-522

Winkler HGF 1965, Petorogenesis of metamorphic
rocks, 1st edn, Springer Verlag, Berlin, 237 pp

Wintsch RP, O' Connell AF, Ranson BL, Wiechmann
M3 1981, Evidence for the influence of f,,, on
the crystallinity of disseminated carbon in gre-
enschist faci¢s rocks, Rhode Island, USA. Contr
Mineral Petrol 77,50-73






