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1 \ l'OX CUC Gco thcrmomctry of Some Granulite Facies Hocks 

i: ,c:cr n. H em in,; 

i " pa rtm ent. of ) le tnlltl !'gy nllri :\[nteria,b Science, J.l'hig lt Unin:!'" ity, lle lhle lwlll, 
J"'i lilsylv1111i n ' 

J: (·pived F eb ru" ry 25, 1.870 

.. h,'!(oci. \YOL'd'~ll( l - BH-nlj() temperatu res for th e co()xist,ing pyroJx ene~ of equilibrated meta ­
Ji.o":' pil i(; w eb in the' lwn;l,i f:n'"" granul ite sllufacies fall in the r<1nge i SO- SfiO" C. Minimnm 
t , ln pel'ntur," ""timnlci; kr g,1l!lu iiies ineludc 7GO-7!)O~ C, from th e d r:hydration of hornblend e; 
tc, em ori.hop.'. m:<, ' De as:ccmbli,,,i', [llIll nboll t 800° C, from oth er l:\'idcJlce. The IJjToxone 
t ~ l ilpCrn1 Ili·t\;.; EifC gcnE-rEdly (:on;:;istt~ ilt, ,;y jth t.hese t.UJl11Jcl'atul'c E':3t ilnatcs, and arc. cert.ainly 
not too 10',1' 01' u, c,r '" ',"hat l .:,0' tut) hig h . l'yroxenc tell1pcmtlll '{',,; io t' the threc subzon cs of 
1l ,.'Jken Hili ;! ri,,,t d;h:-~ jn "rp ,~sl: '-<\"?Y from t.he ort,l!opyroxene isogrild and a re suffic iently 
j ' ""i"".., thn t. .he' (!:ffcrt'l1u' h·ot" ' .. [-'1 , the lowest and interm edi nte s ubzones is stat isticn.Ily 
~i:': ! l ifi ean t;. rJ \' : ': lp!:'~"HtE'f:>3 f!)~' p::r('.~~'':l1es jn pyroxe ne-g ran uli te :-::u bfaC'ies l'oeks are g r cn t e l' 
t l. ', n ~GO° C, T;,~ ,n : :crn,~ l ,'0 " ' lokl,('y , precis ioll a ncl [tJlparcll t ac:curacy of t.he \Yood-and­
lL n tlo 1'yI'O_\ ';' ,'" ,:c,:,-,[b" n];O lLd('~ no l i".,,, m otamorphic temperature r;: n~e Ill a lw i t an importan t. 
t" ,j, 

i ' l,;\.<e eql<il ib.-iHln tt;;;f' "i;,:;,', ,): '(;a'[ const.raint s to lw pu t on t.he eOJlciit.ions of 

)[;alioCi 0:;.:' :2' _ ;' - ~ " - : "y' , , " The eoml) o;;iti o ll ~ of cOf' xi st ing minera ls lll Cl:'-

i ' in ir. c1, ny) ' ,-, ",' J:'f' (c,,:i : ilute ,~;f ,!t,'~e co ne! it',ions, HOI\ eH'r , the widely llsecllllag -
1. ' 'i ri' -iit:nt'nih: " :,'-;CIl1UU~'3 ;'D:fe1'" rc -equiJihmtion dlll'ing ,d O\I' cooling [1 ~i:l ] , 

1; , " !! wtll :[i(.' millerE:.1 ct:'>s~ L; hhges l4]. B ecause of ]0',\' diffus iu ll rates, pyl'­
P " ' tJ8 COil i ]1o<t ien:': ,'_'nl1 ,u be fi:-: t ' l ! n,t or nea.l' I)('a k t em pc·rat uff's . A SOUl i- e ll1pi ri ca 1 

(' \j>i 'h's ioll fUi' i'fjuilibr!mn tL-wpf' l'd ure In t el'llIS of th c UJlllpo '-iitiollS of (;ocx is t,ing 
on hOlJ,YI'OXl'JlP and augite hil S been duve]oped from e:.;:perill1ental da,U~ [5]. A 
Cfl ill putcr progntm , 13.':a ii evi.Jk from t lli s au t ho r on rcqll c,<t. h as berm writ,tc'n foJ' 

, II;i < \Yooc1-and-1l0l1U\i) [l,Y!'Oscnl' gf.'othel'llloll1et.e r ll s ing th r'i l' H:S:'; UlllptioJ)s on site 
I: " i.l j ,;-·,k'ics and t'heir fina l equation IlltudJer 27 [5J. T il e jJ rog l'am has IW(Jn u,;cd 
t oo ulJt nin pyroxene t eJJlPt\ l'attll't~s fo r tel'r()st.l'ial g ran11l ite,c, rle"cl'ibec1 1)('1011', rtn (l 

" i ·" for luna r rocks [-1 1, 

" , . 
1] "' ( ' I I~ S IO!l 

T:l ll per alu l'0 cbt.a f ol' t.I lP Brok en l .-l ill lI ul'llhlcnde g rall u li l e~ (Jf .:\eil' 80llt It \Yales 
I:; :-; I an, g iven in Ta b'" 1. 'J'1t(,se gnLlllljitr~ ,.; OCe llI' adja u 'nt to 11 111pilil w lil c- f clc ics 

1',;, -1;,,; i n ,,' Ili eh mllscoviie is l'cpIaecci /ly l; iJlillwnite and o l' t lloclase_ /\,,;sulllillg 

H :d e l' PI'l'sSill'e cqu al to iotal p l'es" lIJ'c \\'i til itl t,he il ll Jplt i lJolit c fncie", t il e ill t u'­

" " t ioll of t. lw IlHi scovite rl c il.\ 'rll'a t ioll CUI'VC ID I Il 'illl t IJf; anda lusitc-sillilllnnite 
i!!\' l' l';-; ioll CU I' I'D defin es n minimulJf t.cmppra t,uJ'C rUI' tli c,<c rocks. Thi" is al.JOll{', 

(i ·: 1 C, us i",,!; t lte d ,tla. of I'J01, 01' ahout G2GoC, u :-< ing l l lc' d il L l of 1'[ I J. 'J'J w int c r ­

"" " l ion of ' the 1l111s('oy i te d ehy d rat,iun CLll' ve " 'itlt till' eul'I'L' fo r lJPgi'ltling of melt,ing 

l ! (" Jlltrit., ,\IilH: r;t/. l'etroL, Yo l. :iO 
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206 ' H., .lI. Hell' ins 

Tabl e 1. '.I'clllpl'l'at,Ul'e cs t,illlatcs for Broken Hill !'Ooks [3, H, 7, S]. For explanation soc te x t 

Facies 

Granulite 

OrtllOpyroxcnc 
i~ograd 

Amphiuolitc 

Sillimalli tn·ort hoelase 
isograd 

Zonc 

3 
2 
1 

T Cll1l' (: ra t IU'C 
(0 C; s,p,) 

84:1 
838 ± S 
808 ± 14 

< 7\J0, ~ 7GO 

> 6S0 or > H20,. 
~6GO 

Me thot! 

Pyroxene gco thCl ~moJl1c tcl' 

Hornblende dehydra t ion! 
melting curves 

i\Iuscovite dchy dmtion/ 
anchlus it.e invc/'i;ion/ 
m elting curves 

of g rani te [1 2 ] d efine::; an additional pel'llli:;';iIJle t emperature of G60° C, Possible 

condi t ions for the transjt,ion frolll the alllphibolite to granulite faci es were defined 

by the expel' iment,a! d ehy c1rat iOIl of Broken Hill hornblend c t o an orthopy roxene 

assem hInge [R.J. The d ohy e!l'ul iOIl t ook pln ce in t.h e l'oclu~ with n o appa rellt. m elt.ing 
of the hornblellde or of g ranodio t'itic g ne isses l7]. Th e t e ll1pernt.nre of t. hi >:: ortho· 

p y roxenc isogntd \ 1'[1.S th ercio re less than about 790° C lJut n o l; necc<'fHll'ily lo<'s 
titan 700° C, from thf: ini el';;ee ti on of tho hOl'llhI Clldr.e llelty dl'atio ll Clirvc wit,1t the 

hornblende m clting cunr [8] and th e g ranite IllelLing <:ll!Te 1I2], a t 11 watei' 
pl'cssllm Ie,ss I hall total prcssnre, 

T Cll l iJeral.lll'(!S calcula tecl fuJ.' th e py roxene,.; in t.h e Ul'Okcn Hill g ranulites, ll s illg 

the dat.a of [GJ , a t'c 80S ± J,l cC (s.c ,) fat' th c l(J\n!!.' zone , 83.') :1.: So C for the inte r· 
Il1cdia.t.c ZOlle and 8,t3 ° C for I hc II ig hc r ZOl lO , Th ese es timate:; excced t.ho~c for 

t.h c o l' t hopYl'OxeJl c isogrud , ane! incrcase <twa." frolll it, d cs pite th e fa et that, :-:i III pIe 
parti t iull coeffi(:i ellts fo !.' Jlyroxe!l(!s d o not vary ;-;y,,;( emati call y a cross Lhcse 

zon cs [~] , Th e pyroxe ne t Clllpnmtu/'Cs <Ire internally cOll s is trnt HIl(1 \'el'.\- }Jrcci:-:c , 

Th c es tim a tes for t he 1(J\l'e l' <lIlt! intCl'llwdiate ZO Il CS \n~ I'C fo und by T·tcst. La 1)( : 
s ign ifi cu nLly diffel'c llt nt tIl e 00 % ]c n:/ , Sin ce the PYI'OXCII (' t e lllpe raturl's arc 
hig he], lImn those {Ol' th e or tho pyroxen e i,.;ugratl Lhey m e broadly reasonable. 

HOII'lwel', in so fa r as t1H~ telllpc ratures fo r th e orthopy ro xe ll e isograd nre Ill<lxi -
11111111 es t.ill1 ut e>::, it is l'oncc il'aiJlc tllu\' th e pyroxc ll e! t,oIl\jJcmhlJ'c>:: arc Itig h(·r t.lHlIl 

true te lllpe l'ulul'e~ , I'erhup,,; by as mll ch as ;)O"C. 
,PYJ'Oxenc l e lll]l( 'mt,IlJ'(!s for o t llel' hfJl'Ilbl l' nd c'granlllit e >' llbfa e ie>:: J'(ll'k s nre 

g iven in Tabl e 2, TIH:Y in c llld e ' S·b ± SoC ro t' p,\' I'OXCllC gll c i :;,~ h()IU F iuhnd r I:~ J, 
840 ~ I ~ [)OC for Qu uil'ading mafi c g l'Ullulit cs, \y , Am;tl'1t1in [1 -b'l and S·I!) :-1: 12° C 
for l\tIl a r>1. l' lIlhi g rannliLc:i, lllelia ItG]. 'fhp P,\TI) Xe IWS o f c,hal'no r; l,ifl'>' yidd 

Lempcra tlll 'l'S of 8.t l ± JJ oC [·.1-1 ro J' :fIJadras IlGI and 8Gf) ~ D~ C' for Kuncl a palli , 
Tneli a, 1.17J. '.I'h esf: t ('l lll'l'rallll'Cs ill Ihe rangc 7S0-8(j()OC a re gC IlC'J';llIy (!ons i>:: kllt 

with Lll e Broke ll H ill dat a and abu Il'iHI C>' tiIIlUtU>' Ja r g rallllli(·(' .fac ies tell1pl~ r . 

a\'Ul'es frolll o t h r r liues of c\'idr nec, Granulit p:; s u(:h as these t end h) h(, a ",soc iatL'r1 

witJl g l'Ullitl'SOt'W]H'Csell t th e rf's ir. lllC: of ]Juetinllll clt.ing lI S] , .Frol/1 L1 w dis l· LI ,~,.; i()1l 

alJuv e, horllbl ende d ehy dl'a tio ll th erefo re to"k place at 11 lllillilllUIII of 7(iO'o(, and 

prokdJly at. a lJout 700°C, S ut h Hrg ume llts Ieel to a millimulll es timatu of SllOuC 
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J' , ;oIe :2 , Compa l'i~o ll of pYl'oxene t empcl'atures \I ' ith m iniull'lll t empp.l'Htul'c l' " tiIlJatE'~ for 
gri\ll,tlit e fades J'oeb ; 

I'" ',)S"j((' Hor k t .... pl' , locat ion, 
"'l lJe rnttu'(' r efc·renf.'c 

' : "c,) 

... : - -- 11 

·, ·t:: !-; 

P y ruxcnc gneiss, 
Dc-lali'are [22] 

H CC' l'ysta ll izE'd ll ol' ite ~ 
Qli ~ b ec [n] 

Pyros',lHO gnei~~, 

Finbnd [L3] 
C ~· fln u l jt(,. 

\\', A~ I , t i'i,dia ri+] 
G l' ;::;:l~d ; r':', 

S . l li!,li~.} [ 1,-); 
Chh !'llf)(:k i t t-:' . 

~~l::d : .... t.$ I i Ci] 
!.Tr l i!~ 'J" !~ ! ;~ '. 

::" . .i n:! i ~ ! ~ 1 ~i i 
.:. \ ',' ' :""\''": ;, ;i ' ~-,: , ":,: ,j !.j , f', 

Min imum 
t CllJpemtn I'c 
cst,jlllate (0 C) 

7GIl 

800 

soo 

7;)0- 820 

1)00 

LOC'i\tinll, me lh od , refc rence 

Acli l'C>mb d,s , 
p vrt hi tc-gaI'llet. [2 ) 

Adi('(Jlldacks, 
hornb lende dehydra t ion [2] 

Adironda cks, corona assemblages 
[HIJ 

:\ol'\I'ay, hornblende 
dehydration [20J 

Xonmy, fluir] in clusions [21J 

_"-,,, ',Td ;, i ,k:" f! !'ar'ln[;!,' ," 1, :': ), .,\ddit ion a l csLilllat (,,, of llllt1 lllHllll t cmp C' ra tu res 
_, ~di 1 ,; ~j;'.1ri C j.~~ r c}c k:; .q; '(: 7 iii)'-' C f rorl] Pf'l't lli te-ga l'll c- t a~~e Il1blagc !-:i [2 ] and SOO ~ C 

h :;l i: i)j''' n~l ;]" ,'l~ rJJ1)lag'"8 ! j f,ll, HOJ'llbl t'llcl e d e hydrat ion \\"tiC:' (!,;; timatcd to ha n ' 
"'iiTt:U [iL ! :')rl- s=.:ft: i :l 2":u; ',i'C'g i li ll g ran ulites [20J \I 'hil c C'02-l'i ('h l'Iuid inclusion:; 

il i the S"[) ;I,' En:');: " il!cii "ate tf~lllpCl'HtI lI '(~S of al.)()ut 800 ' C [2 1.j, Thc pyrOXl'ne 
1 I" ti p f' r;jt;H'C" ~ nl'(, g(, :w!'nl!y highr r tha n tlwsc UlinillluUl c,-;;t imatc;; for thc gnt ll u li te 
1: , i (~ ,; b u t , :,i n(' (: the ro" I;" in q ucst ion are not. illlill ed iately ncljaecnt to ulllLJlJ i­
j , ,

li tc: -ft1 C'il'S l 'i: i: ;';;;: tli" [eJii ij('ruture,'i n eed not bc clo~(' to thc millimulll cstimat e," , 
l h" p,)'J'Osr'!H: t unpc ,ai !Ire,", t he reforc appnm' ]'ca ~() nabl,\' a cc urat e nne! arC' (' ('['_ 
l ii' l IIy 1 e;i~ than ;'i(rc too hig h , 

1',l 'l'uxC'ltf'c: 1!'<J1ll til C JlOrllbleuci e-fr('( , \\' iIJllillg tOIl gnei,< ,< COlllple X, Dda \l'arc [::?:?] 
.I i" ld it U:IlI[iemtlll'C' of 8Ci 7 ± WC, \lhi(,1t is hig her tita n th e es(, im at e::: fo r 'th e 
h" l l rl,1 ellde-gran1l 1i te Dubhcics , Rl'er,Y,;ta lli zed nDl'ite" in t hc Gl'cll\ ' ill e of Qu e beC' 

[~: , i ~'icld p,)'roXl' lI PS t eJllpernLlII'eS of tl57 ± 1 L ° C f or Il orn lJl c ncle -granulitc :-< ub­

fa, ir_'" te l'l'ain (Bell ea u-D(?SHlI!nicrs arca) and SUS J~ -l )C fur pyrox(,IlC'-g ranuli tr 
,<u i, fae; iC'" l.e r l'i\ ill (C rell\' ill e 'L'c>\\,ll ship), ,],hll ~ h()l'IlhlCl1 rh:, bl'C'n kd ,) \\-n <lPp C'i1l'," C'Olll ­

pl"il> nt, ((!IJl]le; l'1ltu l'('s of n,IJOlt t 860" C in granulit e fa cie,; roek", 

The Itol.'nblencle -gr[l,lIulit u suIJ£aeiu!'< j'oc,!;:s desc rilwd i\ 1)0\'(: hn \'(' P Y I'U XCIl(> t l' lll-

1"'I 'n t ures in t llc rallg (! 7G(l to SGO°C, d e"pit:o a I\' iek' range: of \I 'hule rock an rl 
It .... l'I)senc cOlllpo,-;it io llS, For three of th ese arca:" oth (' )' l'(Ir kC:' are pn'scll t. \\'h ich 
~: i'" , PYI'OS(; llU t-r'lllpera t,ul'cs di scordant \\'itlt ll, u,'ie of th e main ro ck ' ,I'l'u, Tl w:-;C' 
il l , :dtl'i.l.1Jlaf ie g )'illlllli tcs at Ql1uirncling [al \\'hi ch ~'idd 80:3 ± 19"C; Llih'" and 
I ; 
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208 R . H . Hewins , 

lell!';e!';, principally ultramafic, Hmong thc massi vo chaJ'nockites at Kanda palli [17 J 
which yi(~ld 958 ± 43°C; and a ehal'l1oekite nmollg the gmnulite!'; at Amaravathi 
[15] ,,'hieh y ielcb a tClllperat.lll'e of 888°C. It i!'; po!';s ilJle that all these temperatures 
repref;e nt sollle partial equilibrat.ion from original igneous temperatm·c,q. SUeil a 
process might be expec ted for late igneous rock!'; cooling 'in [t metamorphic enYll'OlI­
ment. An igneous tempemture (1059 °0) '\'a !'; obtaincd for eoane-grained nOl'ite 
associated " 'ith recrystallized norite in Grenville Township [23]. The :\IecJden­
b1ll'g gabbl'O [2-1] y ields a pyroxene temperature of 022 ± 0" C. This is 10ll'el' 
than those t.ypical of mafic igneous rocl;:s, e,g. 1003- 11500 C [3] for Bushvelcl 
cumulates, 1000--1060°0 fm the mafic llOJ'ite of the Snclhury ~jcl(el Irruptive [25], 
and l104°C for the Guadalupe hypersthene ga bbl'O [24]. The temperature estimnte 
and n-;Let-ion texL m o!'; [24] sugg-e;,t, tha.t the Mecklenburg gaubro has und ergone a 
degn~e of sllb-solidtls re-cquilibmt.ion. Adja cent recrystlLlIizecl amI Tll1l'ccry;;t,al­
lized met.agaJJbl'O [2..1J yi eld st.illlower temperat·m'es , 8(34; ± lO ~ C aJlel 876 ± 7° 0 
respect.ively. Ho\\'cver, pyroxclle compositions \\'cre not completely r e-cquili­
brat.ed, for the loca l met.amorphic m cks ar c upper t1.l11Vhibolite facies only. In 
these cases, (partial) prco:ervu.tioll of igneOlls t extln'"s supports t.lw r E' -equilibl'<1-
tion hypothesis, In t.he case of the rocks occurring \\"ith t.h e granulites, an origin 
as late igneous rocks, partly re-ccluilibmtcd, is poss ihle ancl\\"ould explain the 
(I iscordant. telll pl'J'n tUl'es. 

COJlclllsions 

.1. '''ood-a nd,HallllO py roxene t.elJJpe ra.tlll'l',~ for g l'i1l1111itos are interna lly con ­
s istent, prccisc and gcncrnlly concordan t \\'jt h othe,/, tCllljlerntll n , estilllatt ,,; . Th ey 
arc certainly not too 10\\' O/' more than 50° (00 hig h. 

2. Homblencle-g mlllllit c subfacies rock!'; crystallized at t cmperat.li l'l'3 ill the 
range 780- 8!iO°C nncI pyl'oxnne-grnnlllite s llhfaeic,s rocks ttt hig her tmlljlPl'at-lII·l's. 

AcI.-lIo//,lcdyelll, ·/I !s. F. J. 'l'urnp,r point.('d out; som e \'alllable I'eferen c(,s and som e d d icicnc ies 
in an ea rly vcr,iOll of the IItanus('ript. The conljJ lJt€' 1' program rXTJL\IP \I"a " writ ten fo r a 
Ilinar p et.ro logy proj ect ~lIppo l' t.t'd by NASA Gran t XC:R-3H -007-05G to J, 1. Golrbt c in, Data 
handling techniqllc~ al'(' s imilar to t hose of J. C. r:' lIGklidge. 
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Hl'Okcn H ill di st ri ct., New ::lold.h \\'aIPs, Part II Pyro xe ne's , gal'lll'l s . 11lag ioc- lases and 
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