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APPLICATION OF SCHREINEMAKERS' METHOD TO A
 
METAMORPHIC AREA LOCATED AT THE NORTHERN
 

FLANK OF THE MENDERES MASSIF (WESTERN TURKEY)
 

O.CANOAN',O.CORA'
 

In the .tud'i un, \hi: rock .ucceslllan 01' ~ fl4Rnder.. "-••ir includes 

gnei•••• It the bIIsl .-.d sehillta It the upper 1.\411. The trt!f"ld or 

proor".lvR met8lTlOrph1111ll, I'rom g8rIWt-fllCI ach18tll It the top 01' tn. 
••querleo to the eUl1IlW1He-QIlm8t !;IndU•• lit the bohOlll wall drl!W"l DI'1 

11 811ll(l111'11UI PIT dllgr5ll IIrter the SchrelnE'Jllakefll l method. The /IlI!ta

morphlc tnnd bltglnnlng by ·1t1....,g1ne+ChIorl te+lIllscDvl tt· PIIragene.is 

pes.e. through the rielde where ·.t8Urolltl!+81~ndlnetqu.rtz (blotlt.)., 

·~I t.Lauroll t.+ky....,i h ...Ul1.-nl te(.t11DU te)- 8td ·1I.t-1dl..... 

ky.,H Ul1...1t.tl~u.rtz( tblOU t.)- •••ocl.tlans 1111 Itebh. AJ'OI.nd 

U. Inverl.-.t point or ((JJARTZ) the tram curve. ~ra em IInten 

the I'I.Id '-'w11l ·orthoc:ls5e+sllli..,1 te-I~lf111...-::o"lU(+blotlte)

p8rlg.,..is i. Itllbl., t.nR anHt of hIQh-or_ _tSl:lClrphillll. The 

dowrwerd bendlno al' this trend I. 11180 rerlecled by the tr-ro,.uon 

or kyenltl to BndlIueitl In pegmBtolds and .chllts. 

I. INTRCD£l ION 

Th. Menderu too.sir, U11Ch la 8x~ecl in WIts tern iIrl.tOUI, TUrkev, h 

located betWlil.. the h.1r-Ank.'1I lone in the north end ... t end U. 

Lye1., neptJQ pile (T.ur1d 8Irll) in U. aoulh. There hwe t:ean ....y 

dirruent lnterpretlt10rw ~.nling the orig1n or U. rOCk lM1!ts and 

the IIgI! of the _t.-oI1lhLc eYe'lu thet heve IIl'f-eted the H!ndera 

.....11'. 

-c.pllrbftent 01' Geological Engineering, University or Ookut
 

E'i10l, 35100. Bornavll/tzmlr-Turkey.
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There Bre three main hypo these concerning the Bge of the protol1 the 

and the timing of the last metBmorphism of the Henderes Hassif. According 

to tlnay (1949) and Schuillng (1962), the age of tha last metamorphism 

is Veriscsn. In contrest to this, the Jurassic age hes been suggested 

by Brinkmann (1966, 1967). Recent studies (Gutnic et 81., 1979; cealayan 

et al.. 1980 i ~engtlr et al.. 1984; Konak et al., 1987; Dora et el •• 

1987, 1990) have ehown that the sedimentation of the protol1ths or the 

IIchist Bnd mBrbles continued up to the Early Eocene and metamorphism 

of thll core end the envelope took place during the Late Eocene, in 

relation to the thrusting of the Lyc!en nappes. This metamorphism 

occured under HP/HT conditions. 

It is known since a lonq time that the northern pert of the Henderes 

Messif' , the Oemirci-GtIrdea SubmaesH, ie rich tn index minerelll such 

es garnet, staurollte, kyenite nnd stllimanite. In orDer to determine 

the metamorphic evolution in this port of the Hossif, the Schreinemeker. 

rmttu::l1009 q:pUed 0"1 a d"mt!cterlatlc area lEboo:n tte to.n!J of cmtrt:1 (nj Ebrlu (fig 1). 

li.l! te..e tD ~ Ltm tte fEet lh3t tile pn!Ill.l'lt. 'Wl\.caUal r:K S::ttn!1r"an::km"s rretNxl 

i8 r:K " prelllTl1rory rebm!. F'1..l1"th'r elttnnrt.ten en tte results Is 10 ~. 

II _ unCSTRATlGRAPllV 

The metsmorphic rocks of the Henderee Mesel f occur BS the bB8en'1ent of
 

the study area. The contscts between the allochthonous unlts,consle •. ing
 

of domtnently flysCh, ssrpenl1nlte and limestone, end the metemorphic
 

bssement are tectonic. Both the ellochthonoulI snd metamorphic units
 

are unconformebly overlain by the Nsogene aged sedimentary and volcanic
 

rocks (F'ig.2).
 

The flne-greined sillimanite-gsrnet gnelsses occur tn the lowest ievel 

of the study srea. Widespread pegmatit1c leucosomes produced during 

high-grade metamorphism are observed near the upper conttlcts of these 

rocks. The gnetsses are conformably overlaln by the kyanlte-beBring 

Bchtsta, sll11manite-garnet-kyanite schists at lower levels and 

.sillimanlte-staurolite-gernet-kyanite schiBts at the upper levels. 

Widespread kyanite-andalusite pegmatoid occurrences are Bleo observed 

in these kyenlte schists lJ1ich contain silllmanittt-qarnet mtca schlllt 

and murcovite-QU8rtz Bchist interiayers with highly variable thickness!!e. 
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THE GENERALIZED GEOLOGICAL MAP OF THE 
MENDERES MASSIF 
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rlgure 1: Sketch IIlIp er the Hende." .....H BI'Id locetlon or thl!! study ern 

{taken rrOft Ocra et.al. 1990}. 
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The kyenite schiata are conformably overlsin by the atsurolite-gsrnet 

ISchiatlS. Thealil rocks, \oI1lch ere intercalated with muecovite-quartz 

ach1l5t end IIlBrble with emery lenses, begin at the battom with rtne

grelned green andalusi tAl-bearing horizon end peas upward into the 

steurolite-garnet mica ISchiata with the disappearance of andalusite. 

The uppermoat 18vela or the IStudy 8res are fo~d by the gernet-mica 

IIcht-ts. The•• rocks, \oI1ich lire Intercelllted with lIlUacovlte-quarh 

ISchlst end merble, are charecterized by the lack of ataurol1te. 

Allochthonoue unite con8iat1ng of 8erpentlnlte, 'lysch, llmestone, 

end laterite of probably Mesozoic age overlis the metamorphic basement 

with tectonic contacts. 

Ths youngest uni t8 of the study arRa are Neogene lSedlmentary and 

volcanic rocklS. These continental lSedimenta and volcenic rocks 

unconformably overlie both the allochthonou8 units and the blSsement 

unitll. 

Ill. PETRIX>RAPliV [F I'ET~IC R((;KS 

The petrographic characterlatlcs of the metemorphlc unit8 which have 

been attempted to repreaent on the P-T diagram based on the 

Schreinemak8re' method er. Ihortly prelented below. 

The mine rei assamblage of thll flnll-gralned gnela8e8 W1ich occur at 

the lowest level of the met8morphic sequence er. querh-plagioc18ee

orthoclsse-biotite-muscovite-chlorite-alllimanlte-garnet-tourmaline

apatite and zircon. Sillimanlte fibrolitea occur at the plagioclaae! 

plegioclase, plagioclese!orthoclase and orthoclaae!orthocla98 grsln 

boundar1&s. The Ch8rBcterist1c mortar te:w:ture of gneissea appearing 

elsewhere in the Manderes Maaalf, ia alao exhibited In these rocks. 

The general mineral I!lssemblllge of the alllimsnite-garnet-kyenlte 

ISchia t8 is lIa quartz-plagioclase-kyenite-eilllmeni ta-garnet-bloti te

muscovite-chlcrlte-tourmaI1ne-apetlte-z1rcon end rutlle, 

Kyenlte-cryatals tend to replace by sericlte along frllCtures. Two 

typea of sllUmenite occur In these rocks. The dominant type is 

flbrolltic ISl111menite which developed et the plagioclsse!plsgioclage 
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grein boundariee. The eIIIImanIte whIch weB formed by trensformation 

kyenite ie the second group. 

SUllmanI te-steuroU te-garnet-kyani te schists consist of quarh

pIagioclsse-biotite-muscovite-chlorlte-slllimanite-andalusIte-kyanite

stBurolte-gernet-touImllltne-zirccn-apatite end rutile. Although all 

of the Al Si05 polymorphs are present in thIs unit, the most abundant
2 

le kyanite. Andalulllte crysWllms In these rockll two dtrferent 

wave. Molt of the andalusite formed by the polymorphic tranllfo~tion 

of kyanlte, the other type of andaluaite Is derived from .-.;scovite. 

The aill1manite generally occurs liS fibrol1te at plagioclllslll 

plegloclese grain boundaries and aa lsrger crystals related polymorphic 

trensformatlon of kyanlte aiml1ar to thJBe occurIng In the other 

kyenite-beering schIstB. The stauroltte porphyroblssts typicelly 

bre&kdown to chlorite along fractures. The sIllimenIte-st8urolite· 

garnet-kyanIte schIsts have lsnidoblsetic and porphyrobllllltic textures. 

Steuroll te-gsrnet comprIses two dIfferent rock groups. The green 

coloured, lIndllluslte-beerlng stourollte-gernet schhte, up to 15 m 

thick, occur st the lowest level of thh unit end pallsell upwerd into 

etaurolltll-garnet mica schists that contain marble end muecovite

querh schist interlByers. The minerel assemblage of the green 

ataurolite-gernet schista ere aB quertz-plegioclase-biotite-muscovIte

steuroli te-garnet-andslusi te-chlori te-apatite and zircon. ThlI 

IIndeluslte typically occurs in the flne-greined groun~ass end h 

derived rrom muscovite. The staurcUte-gernet mice schble ere 

rich-in biotite and muscovite and contain 9Il'I811 anhedral steurol1te 

and 8lmandine-rich garnet crystalls. The stauroltte-gllrnet mice 

schists are composed of quarlz-plagioclese-biotite-muscovite-chlorite

staurolite-gernet-spatIte-zircon-tourmaline. Gernet-mlca schlets 

occupy the highest level of the metamorphic succession and include 

mica schist garnet-mica Bchillt, IllJBcovI te-quartz schIst and marble 

intercalations. The mineral aasentllag. or the garnet-mice schist 

are qusrtz-piag ioclase-b lot! te-mueccvl te-chiori te-gsrnet-spati tl!# 

zircon-tourmaline. Garnet anhedral crystals, the only index minerel 

1n this unit, were widely altered to chlorite. 
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tv. APPLICATION IF SDllElNEHAKERS' t'£nm TO TI-£ t'£TNUW'HIC 

RIXXS (F TI£ 5TWY AREA 

The evolution or rnet.....crphllllll, the ~.lIrllnce end dlaopPII.rancll or kllY 

~lner.le end the .tebl11ty fields or the mln@rel ••eemblegee In regional 

metemorpt'ttc tllrnlns neve hem generelly npresented on PIT dlegr..... 

Two meln IMtnod. nevII bee" used ror these representetione. One la 

metntfllatlcIIl, mo.t notebly kllOWl't through tnll work or ~rllY and lII11l1emson 

(1918) III"Id ~rey (1936). Tn. allcend meI" lIne or repreellntetlon le 

geOllll!trIo, be..d upon grephlcel ....lyl1.. Tnll alliaBle. In thll lettllr 

method er. e IIlIrt.. or 29 ertlele. by 6chre1nllfllekllu (1915-1925). This 

grephleel epprosct't to ph.SIl, diagr~ n.e blllln adoptlld by most el..ele 

texts, 11.101. NIggll (1930, 1951+), KonMl".kl1 (1959) and Zen (1966). 

This geometric II'IIIthod Wl!!le applIlld to rocke or the atudy erea. The totel 

phasee or tne metamorphic units .re quertt-plegloclllse-orthocl••e-cnlorite

eteurolltll-lIlmendlne-.l11lmanltll-andlllueit8-kyenitll-epetltlI-bIotltll

1I'(j8covlte-llrcon-tourmel1ne tII'1d tttenlte (ng.) .-ld, tnllY conetet or 

"SiOz-AlzO,-CII0-KzO-NlIzO-'1I20-reZO,-MnO-HgO-T10z-PzOs-BzO,-ZrOz end 

HZO- (nO·')· 

Because or the l~o"lbllltv or eonet.ructlng eueh e complllx eyetlllll, 

some el~ltrlc.t1one on the phellle end c~onllnt nl.Jl'lbere were mede .-Kt 

all tne poeslble systeme were .xernlnlld by a cOPlpUter progrem (Cend.., 

et.al. 1990). Tounnel1ne, zircon, rutU. lIP_tite Md .phen. occur In 

111811 then 1 ...Ignt perc.nt or the rocks. So, these accessory minllrllle 

end aO!llll components sucn liS zrOZ' PZOS' Ti02 and 8Z0, can be omitted In 

the SyStlllll. PbglocleslI IInd blotlte en pn!llent In ell tlw ISllb. These 

mlnerllls WIIre Bssumed liS addl tlonal phaslle ""'Icn wen stable throughout 

the system and thererore BOIIlI! CO/l1Jonentll euch es, C.O end NB 0 IIIt!:r82
el1mlnetld. Ky&nlte, endaluslte, end slll1manlte en the polymrphs of 

AI SIO and ~l!rl! regarded aa e elngle phllse In the sy.tern.
2 S 

It 111 suggested that tne most appropriate syat., ror thle aree consIsb 

or the phesee of -Quartz-muBcovlte-cnlorite-etllurollte-elmandlne-AlZSIO S 
orthoclells- and the ~onenb or -SIOZ-AIZoS-reo-KZO". The quaternery 

system ~ith seven phases end the chellOgrltj]hlc relations were dr8ltKl In 

perllpectlve, in gram rormule proportions or tne oxidea, ere 8~ In 
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Figure 3:	 Mineral composition of the metamorphic rock units and appearance 

disappearance of the index minerals. 
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SiOZ AI20 3 F~O KZO H2 O 

Si02 IQz) QI.JARTZ 0 0 0 0 

FtsAl2Si3018 Ha IChl) CHLDRITE 3 5 0 4 

kAlJSijO, H~ (Ms) MUSOOVITE 3 3/2 0 1/2 

FeAt,Si20 12 H2 1St) STAUROUTE 2 2 0 

F',A',Si3Ot2 
(AIm) ALMANDINE 3 3 0 0 

At2SiO IAI-Silicate) AL.SlllCATE 0 0 0s 

J<AlSl3O. (Ort) ORTHOCLASE J 112 0 1/2 0 

The phases which are stable 
throughout the system 

ISO
• 

FeO 

-lgure 4:	 The quaternary system wi th seven phases and the chemographic 

relations drawn in perspective, in gram formula proportions 

of the oxides. 
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The elements of the main system (i.e., total number of the univariant 

points. total number of the uni vaTi ant curves l e. t. c) with the value or 
freedom F= -'1 calculated by the Gibbs-phase rule and combinatorial 

formula, are given in Table 1. These main system (F=-1) was divided 

into seven sUbsystems. The elements of thESE subsystems were calculated 

by the same Formula (Table 1) and all possible reactions between the 

phases For each subsystems wen~ writ ten. BecausE uf the compos! tional 

coincidences between the phases in the system, some degenerations were 

occurred. Therefore, only 13 distinct univariant reactions can be 

written for the main system. These reactions are as follows : 

1) Chior i te+4AI-Sil icate -::----Almandine+2Stauroli te+2H D
2


2) 3Stauroli te+2Quartz. • Almandinef5AI-Sil icate+3H O
Z

3) 4Quartz +3Chlori te+2AI-Si I reate ~ 5Almandine+ 12 H 0


2

I.) Ch lor i te+9Al-Slll. cate+H D~ 2Quartz.+SStaurol i te


2

5) 5Chlorite+2Staurolite~8Quartz* > 9Almandine+2H D
Z

5) Chlorite+9MuscDvite+7quartz. > 90rthoclase+5Staurolite+8H O
Z

7) Chlorite+2Muscovite+7Al-Silicate~20rthoclage+5Staurolite+HZO
 

8) Muscovite+Quartz ~ ~Drthoclase+Al-Sil~c~te+H2D 

9) 3Chlorite+6Staurolite+8Drthoclase ~ :> 7Almandine+8Muscovite+'1DH D
2

10) 35taurolitet5Drthoclase+2H2D~3Muscovite+Almandine+3Quartz 

11) 3Chlorite+2Muscovite+6Quartz ~ ~ 5Almandine+ZOrthoclase+14HZO 

12) 3Staurolite+2Drthoclase < • 2Muscovite+Almandine+3Al-Silicate+HZO 
13) 3Chlorite+4Drthoclase+6AI-Silicate~5Almandine+4Muscovite-8H2 0 

The uni varian t curve schemes of these seven subsytems have been drawn 

individually and then these subsystems were brouQht together for the 

construction of the main scheme of the system with B negative ~egree of 

freedom (F=-1) (Fig. 5). 

The mineral assemblages of the metamorphic units and the isograd map of 

the region based on the index minerals are shown in Figure 6. The 

metamorphic trend ranging from the upper level of the metamorphic 

succession, garnet-mica schist, to the hiQh-grade metamorphic series at 

the bottom, sillimanite-garnet gneiss, was drawn on this map. 
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Figure 6: The mineraL assemblages of the metamorphic units and the 

lsograd map of the region based on the index minerals (after 
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In o:a:"r to s impli fy this 11ain scheme, some of the invar iant points, 

which are believed to be not important in this region, were omitted Bnd 

a simplifip.d PIT diagram consisting of only the invariant points of the 

[ORTHOCLASE/MUSCOViTE] - [QUARTZ] - [CHLORI TE] 5ubsytems, was obtained. 

This diagrams was properly oriented based on the reaction which has 

been experimentally studied by Richardson (1958 ,Figure 7). Th8 reactior 

proposed for the formation of stauroll te in the pel i tic sch'i sts by 

Froese and Gasparrini (1975) is conformed by the petrograph ical anD! 

textural evidences of the study area and this reaction is also added to 

the schE'me. The metamorphic evolutior. of the region, from low-grade to 

high-grade metamorp~ism, is shown en this simplified diagram. The 

metamorphic trend which begins with "almandine-chiDri te-muscovi te II 

paragenesis in garnet-mica schists at the top of the metamorphic series 

passes through the fields where "staurolite+almandins+quartl(+biotite)", 

"almandine+staurolite+kyanite(+sillimanite) (+biotlte)" an~ "almandine+ 

ky<lni te (+slIi imanite )+quarU (+bioti te)" parageneses which were 

respectively observed in the staurolite-garnet schists, sillimanite· 

staurolite-garnet-kyanite schists and sillimanite-garnet-kyanite schists 

are stable .•Around the invariant point of [qUARTZ) the trend curves 

downward and enters the field where "orthoclase+sillimani te+almandine+ 

muscovite(+biotite)" paragenesis is stable, the onset of high-grade 

metamorphism. The downward bending of the trend was a result of 

decreasing pressure; it may have caused the common polymorphic trans

format i on from kyani te to andalusi te in k vani te-andal usi te pegmatoids 

and kyanite schists. It is assumed that the decrease of pressure in the 

region resulted fr~m the rapid uplift of the Menderes Massif durIng the 

Early Oligocene time and erosion of the Lvdan nappes rest upon the 

assH. The preserved remnants of the Lycian nappes at the study area 

supports this assumption. 

CONCLUSIONS 

I twas conc luded from the successi ve fac ies ser i es observed in thi!l 

region, that the study are located at the Demirci-G6rd~s Submas5if of 

the Menderes Massif was subjected to the Barrovian-type MP/HT metamorphi 

The appearance and disappearance of the index minerals ~~d the btabilit~ 

fields of the mi""eral sEsamblages di:!"<-rr.'li"e,~ for _hl l T!?ginn flttempted 
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Figure 7: Simplified univariant curve scheme of the study area., on 

the P-T path. _ 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



-184

to plot on the Schreinefllakers' PIT di agram of mul ticomponet system 

wi th a negative degree of freedom (F=-1). TIle metamorphic trend which 

passes from the low_gJ-clde into high-grar1e metamorphic series was drawn 

on the diagram oriented according to the experimentally studied reactions. 

The downward bePsliog of; the, trBn~, which was c8qsed rrum the decrease 

of pressure duri~g 'the, ll'Js t stage of the ,me~~ml;lrR~i5m is consistent 
·r 

with the observations of the widespread polymo~phic transformations of 

kyanite to andaiusite. It is consigered that the decrease in pressure 

1n the region resu Hed from the rapid upli ft of the Menderes Mass i f 

snd accompanying removal of We ?Verlying pile of the Lycian nappes . - .\ 

through erOSion. \ 

_This study furtt'ler supports -Wat the schreinemakers' method can be 

~uccessrui~y l.tppli~d to clarify the metamorphic terrains wi th success! ve 

subfa-c i~s serie~ and index minerals. 
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