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ABSTIlACT 

SiliceolJS t/olomill's are progressively melanlOrpllOscd through llie " . ./1, 
"~lOrnhlcndc" and "pyroxene Rranulill''' facies around a granilic slod; 12 I, 

LII.lcoln, Lewis and ~:Jark County, j'l'iontana. Contrasting inilial CIIlIlp",iil 

:ldJacelll.carIJOna!e.nch h.cds gave rise to mallY irreRlIlarilies ill lliis I"";:;, 
Infonnallv" reactIOn r"'allollships at bed inlerfaces. 

Thesc rclationships and application of Ihe phasc rulc, which is faeilial"I •. l 
app:~xi~nation of many of the heds to the CaO-MgO-Si0

2 
system, indicaI<' I,:, 

eqUlhlmull1 was allailled within bcds hut that chemical potenlial Rradimh ,.1 ; 

"inert" componcnts existed across hed interfaces, (2) thaI low-varianl ,I' , 

comn:on, hut lliat asse.mhlagcs willi large variance prcdolllinall', and (3) II." 
volalde conlent delCflllIned in part Ihe derived Illelamorphic assemhlage.,. 

Data on the composition and mineralogy of the Helena dolomite OIl"I.!. 

allow inferences concerning the specific reactions hy which the metalllo'"l.)'" 
('volv('d. fn.addilion, rongh limils Oil thl' lelllpl'ratures and lolaJ vo/alit .. pI.,. 

Ihese reactIOns occurred can he estimated hy a comhinatioll of Ii",,,. /,I'{r". 
('xpt'rinH'ntal data. 

INTI<OVL!CTION 

Application of the Gibbs phase rule to problcms iii lilt: 
petrology has furnishcd Illuch information concerning '''11./;' 

metamorphislll, particularly with regard to thc behavior ,,( , 
Such application, as recently reviewed by Zen (1%3), js d'/I' L 

proper identiiication of all minerals in a given asst'mhlagl', 011 II.. 
relations betwcen I he minerals, and on I he composit ions "j lilt 

a~I~.1 \l'1t.ole rock. Such dala Were oblained through pl'lr')gr.,p 
dlllractlOn and partial cheillical analdical studies of ;1 'I.', 

collected suitl' of hornfels around an q;izonal granili,' slo, I. '11. : 

Mountains of west-central Montana. 

Because of Ihe small grain size of these hornfels and Ih,' ,i .... 
of many of the minerals, particularly of the diopsidc .III.! I, 

mineral separations arc practically illlpossible. Thus, Ihe .Iq,:, 

mainly on thc absence or prescnce of minerals alld Oil Inlll Ii 

rallln Ihan on the composition of co-exisling milllTilk ", .• 
composilioJlal silllplicit\· of llIan\' of the beds illlOlI''; r,'/.",\, 
illfen'nct's l'onccrlling lill' atlainl~lent and conditio/ls 'Ii • 'i'i i 

particular, the carbonate I)('ds closely approxim;Jll' Ih,' ( I' 

system and the argil/<lctous beds lllay Iw interprl'll-i Iii 

CaO-l\Ig( )-SiO~-K:\/()~ system. 

The dala bears partintfarly on Ihe interprelalioll (It' ('( I 
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f \ I'll/t((''' or "initial value" componenls (Zen, 19(3) in an epi
nl.1I1 Ilwlaillorphic environment. The limitations of Ihe phase 
i".lilling such information have been reviewed most recently by 

,.,,1 hi,· (ll)()..j.). 
If, "';,01 dolomite (Knopf, 1950), from which the hornfels were 

! ''IIl,;isls largely of rhythmically inter/ayere<l argillaceous and 
.r, 'Illart/' heds on a hand specimen level.. At some places these 
i I,.' Iraced direclly into the aureole. Such localities allow direct 

"11 IIi 1I1l'lalllofphic assemblages in beds of contrasting composi
i :" II n,' subjected to the same temperatures and total volatile 

1';11'1 icularlr in tcresting and informative in this regard are 
"II,'.ls al Ihe i)()undaries of such beds and their indications of the 
:il"hilil \. of components under the influence of compositional 

i II, II of I he hornfels frolll western .Mon tana was suggested by 
i. (1')117) del ailed study of contact metamorphism around the 
\.!It' 'ilo.k, localed a few miles southeast of the area descrihed here. 

CIWI.()(:!C SETTINC 

I" ,llIill' Peak stock is about 12 miles east of Lincoln, Lewis and 
I 'ill ".1' , .\Iontana, and is but one of many late Cretaceous or early 

,pi!.onal intrusions on the north side of the Boulder batholith 
.1. 1')01; Pardee and Schrader, 1933; Knopf, 1913, 1950, 1957, 

,rtl. k, which was emplaced by magmatic stopping, is about 11 
" "i.lllll'll·r and occurs in olle limb of a broad fold involving the 
1,:l.ri.11I Ill'il series. The structure around the stock is thus rela
,111'1'1,· as shown schemalically by Fig. 1. Little or no doming 

,',ni," inlrusion of the stock. Only the area from which llloSt of lhe 
, "lllpJeS Were collected is shown in Fig. 1. The delails concerning 

, I, t lilt· of I hl' area, and petrography and mode of emplacement of 
" .Ii i! ,. I"'ak a nl! nearhy stocks are discllssed as part of lht' general 

"IIIII' Lincoln area (Ivfelson, 19M). 
j>i.'. bl'fl' adjacl'llt to the stocks, the Helena dolomite is essentially 
illrpliosl·d. It is the only formation in exposed contact with the 
", .iI; slock and is about 5,()()() feet thick. 

CONTACT AUl1EOLE 

, '''', _,I//n. On I he sou Lh side of the aureple, where I he Helena 
, , :.1\ he traced into the contact aureole (Fig. 1), the Ilrst macro
i,':I;',(' on approach to the granite contact occurs abruptly over 
1,,'1 and is Illarked by I he occurrence of ligh I-colored diopsidc 
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rocks.-Trell1olite rocks occur about 5 to SO feet further from the grallll, 
con tact than the diopside rocks Ilu ( are commonly drab-colored ;'1;': 

macroscopically indistinguishable from unllletamorphosed Helella <1"1,, 
mit e. 

Within ahout 30t! feet of the granite contact the rocks are CO;II'". 

grained, locally contain wollastonite and cordierite, and in places h;'I, 
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FIG. 1. Gcologic map of the Granite Peak aureole. 

been compositionally modified by reactions with magmatic solutiolls, 
Such reactions, many of which involved considerable bedding-plali(' 

replacellll'n t, Illainl y prod tlced and radi t it: game!, vesuviani te, cairilt', 
epidote and quartz-bearing taclites similar to those in the contaci 
aureole of the Marysville stock (Knopf, 1()50). 

In the following discussion, the trelllolite rocks define the "transitioll 
zone", the diopside rocks, the "outer coniact zone", and the wollastonitt'. 
cordierill'rocks, the "inner contact zone". The metasomatically :dtcrt',j 
rocks of the inner contact zone are the subject of it separate study .. \Jwh 
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. I AYFRS ~'ROM SOME SPECIMENS FROM TIlE TRANSITION 
1,\IIu: 1. MINERALS IN V~RLOUSO~ ," CO'll'OSITlON INFlmRED j,'IWl£ MINERALS 

O C JNTAC1' ZONF R[(.INAI. .. , 
;\:-/1J UTim t ... \ \ CI' lISTED IN Al'PROXIMATE ORDER 'I' . t Rrr \TlVE j BUND, N ; .•• 

I'IHiSI.:NT AND 1lJ·.1l ' •• , '. ... ('1/ \NITF CONTACT, MINI':UAI.S 
()~' J)ECUEASING DISTANCE I'ROM 1111'. , " " 
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. I I tl· t·, ) sit ion '\1](1 outer contact "I I he following discussioll IS l;tSe( on ~e 1.11,. {, T. II' 1 The 
/."IiI'S, reI)resentative assemblages of wlllch are IIste( III .l) e . 

I · II . n I by whole-rock x-ray 11Iincrals were identified petrograp HCI Y .1 ( . , ,\. _. ,'t.-
. .. " . I . 1 T'lble 1 refers to a c 1110ZOISI e diffraction sLudy. ChnozOlslte as usee II • " . ,,, '.' ot 

". , .. I The structural state of the leldsp.lIs \\.\s n ' III." epH10te group mille).! . 
,l'i<'rmined. 
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T,\B/'E 2. FSTHI \. /' , 
, .. "l'lW ~ANGE IN C(hIiPOSITJON AND PRINCIPAL l\IINERALS IN \\' 

( ONSTITllENTS OCCUR IN THE UNAIETHtol!P1fOSFD Hr'J )'1'1 \ DOl lIlt II . • • ' •. '., , .OAIITE 

COIllPOII"lIt 

SiO, 
('aO 

MgO 
AI,oa 
Kl) 
NaJ) 

"'l'Il 
",,,,0. 

Estimated rallge 
(lilolar 'X,) 

less than (, 
less than 2 

less than 2 
less than I 
less than 0.1 

25 ()() 
lO·W 
1030 

Principal phases 

detrital quartz 
calcite and dolomite 

~1(~lomitc, chlorile and perhaps magnesian illite 
~II~te, chlorite, other mica group minerals' 
Ilhte, d"tritalmicrocline 

d('(rit:~1 plagioclase and perhaps llliC,t groUjJ mill"I,tI, 
dolonllll' and pyrile 
detrital mica group minerals? 

J Kaolinite and montnlOrillonite were lIot -noted- -J'll-tl-lc--f~e--'-c' ----, ,- ---.
•• ·na ( oonllte. 

TABLE 3. l\[AGNESWU ANI) CAI.ClIJM CONTENT O.F l\IETAMOI!PHOSED ANlJ 

lTNMJo:TAMOI!1'1I0SIW HELENA .\I!(;ILLACIWUS BEllS 

SPt't:illh'" 1l0. 

2 
3 
·1 
S 
(, 

7 

\\'eight percellt 

MgO 

11.2 

B.3 
.J,B 

10.7 
('.2 
7.1\ 
9.2 

l\Jg/Ca molar ratio 
('a( ) 

5.2 1.7 
0,0 
0.0 
(). 1 1.6 
.J.7 1.8 
(,.0 1.8 
8.·~ 1.5 

Analyst: \V. G. AIeison - - ~ ---~

I. l~,II;lll:'a~llo~Vhosed argi"a~cous IJed. Diffractometer trace shows chlorite alld illite 
2. II It 1 ~':l.dl :1I110Ullt of ~aIClte. Quartz is principal constituent. (lidd 110. 441.'3) 

lJ nm, t.II1101 phosed argillaceous bcd. J nsoluble residue (10"/ Hel . I [' ) ',. ,II 
no. 1 pc.) ,(, sou JOn . (Ir, 

3. [JI~nH'tanlOrphosed i!llerhedded carbonate-quartz alld argillaceollS beds. Homo~. 
,c~llzed ~ample. Hel Insoluhle residue. (lield no. 7r.d) 

.1. .1 n"nol~t,'-qllarlz potassiUIII feldspar-calcite hornfels. lleginning of outer cont-lrl 
7.011('. (11<'1d 110. Bill) • 

s. Trelliolil<'",uartz--pla!':ioclas(' phlo!,:opil('-calcil,' hornfels. (luler 
no. l2a3) cOlltacl zone. (li .. l<I 

(,. Tremolik-Ilhlo!,:ollite-'Juartz cJiliozoisite-lllagiocJase hornfels. (Jlltel' 
(ireld no. H If 1.1) contacl zollt'. 

7. Trcmolite phlogop ite-(juartz-c1illOzoisitc J f I 
lOrn e S. Outer contact zone. (lield no. 44iJ) 
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The three zones correspond generally to the "albite-epidole hornfels," 
--hornhlende hornfels", and "pyroxene granulite" facies of Turner and 

\ crhoogen (19()(). 

/.;iriClice of isoc//CJ}/iw/lIIefamorpltis1Il. Table 2 summarizes the ranges in 
'!Imposition of the Helena dolomite near the Cranite Peak stock based on 

, II t he amounts of insoluhle residues illld their mineralogy, (2) x-ray diITraction determina
II.'IIS of their dolomite-calcite ratios (Gulhrandsen, 19(0), (3) calcium and magnesium con
I<lIh '('rable 3), and (4) an analysis p;iven by Knopf (Tahle 4). 

TABLE 4. CHEMICAL COMPOSITION OF A DOLOMITE SPECIMEN OF TilE 

lIELENA FultMATION (KNOl'l", 1%3) 

Weight % Mole (;-~ 
----------_. - ~-~----~--------------- ----- . - ------ - -. 

SiO, 32.88 28,78 
CaO 18.42 17.27 
j\lgO 12.89 1().1!2 
All);, 3.48 1.79 
FeO 1.93 IAI 

Fl'"O" IJ. J() O. ()(, 

Na()" n.73 n.m 
K,,() O.W t>.3·1 
Ti(l" t>.l·t o.()<) 
MnO 0,10 0.07 
1',0" 0.05 0.02 
CO, 27.71 JtU7 
II,() I 0.72 2.10 
II,()- O,O!) 0.2(, 

99.90 
HaD, SrO, S, F not detected 

Analyst: E. fl. Oslund 

These data and the mineralogy of the hornfels indicate that metamor
phism proceeded isochemically in the transition, outer and mosl of the 
inner contacl zOlle exn'pt wilh regard to CO2 and H 20. This necessitates 
large volullH' ch;Jllg('s of (he hOI'nfels due (0 loss of CO2 and H 20 perhaps 
lin Ihl' orcier of Ihose direcll), measured at Johnson ('amp, Arizona 
I('oopl'r, 1 ()5 7). 

On the basis of the derived assemblages it is convenient to describe the 
t'ompositioll of the Helena dolomite in lerms of the sy~(elll J\JgO-CaO
KAI0 2-AI 20;j wilh excess Si02 • This system can be graphically portrayed 
ill a tetrahedron (Fig. 2) on which the dolomitic. carbonate-quartz beds 
ilill be represented by Ihe single join t'aO-?vIgO with CaO-ljl\JgO-l, and 
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the argillaceous beds will plot on the magnesian side of the join an!! 
sli.ghtly within the tetrahedron because of the abundance 0/ mica group 

IllIIH:rals and sl1lall al1lounts of carbonate. As indicated by the derivl'" 
metamorphic assemblages (Table 1), many beds are of intermediate 
cOlllposi t ions. 

CaO-1VlgO-Si02-H20-C0 2 SYSTEM 

The carbonate-quartz beds principally contain assemblages of the 
following six minerals: quartz, dolomite, calcite, trdnolite, diopside and 
wollastonite. These assemblages are easily interpreted in terms of the 
system CaO-MgO-Si02-H20-C02.Minerals characteristic of quartz-frte 

CLAY MINERALS 

DETRITAL MICROCLINE 
KAIOl 

~ DETRITAL MUSCOVITE 
'~t PARAGONITf 

',,- MOLECUt [) 
OE1HiJAL 
810111£5 

/
CAIIUONATE QU~RTZJ 

BEDS 

CoO 
CALCITE 

, fAllO) 

• CO, AND H,O j 
t EXCESS SI02 AS 

QUARTZ 
... PYRITE 

... DETRITAL Fe AND 
Fe - TI OXIDES 

-- ."- -- ---

FIG. 2. Composition of Helena dolomite in terms of the system 
CaO-!I'!gO-KAIO.-AI20" with excess quartz 

carbonate assemblages, such 'as spurrite and monticellite, are not abun
dant in the (;ranite Peak aureole heca~lse of the abundance of quartz in 
the carbonate-quartz and argillaceous beds. 

According to the phase rule a maximum of three of these six minerals 
lllay co-exist at equilibrium in the CaO-MgO-Si02-H20-C0

2 
system if 

temperature, total pressure, and chemical potentials of CO
2 

and "H20 are 

externally control/ed, that is, if there are four independent variahles 
(1'= C+2- F= 3, where C= 5, F=4). These conditions are inherent 
asslllllpti'ons in (;oldsdllllidl's "mineralogical phase fule", and in Kor
zhinskii's c1assilicatioll i)f CO 2 alld 1I~() as "perft:l'Ily llIobile" compoll
('nls. In gl'll(:ral the Illillt'r;dogy of [he carbonate-quartz Ill'ds in Table I 
is consistenl with thl' Ih('sis Ihat Ill) <llld CO" were perfectly Jllobile 
<luring metamorphism. -
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However, four mineral assemblages in the CaO-MgO-Si02-H20-C02 

sl'stem occur in some hand specimens in two ways: (1) with three phases 
i;l individual layers, hut with four in the specimen as a whole (e.g. No.3 
and No.6, Table 1), and (2) as four phases in the sallie bed (e.g. No.7, 
Table 1). The former case is characterized by reaction textures at layer 
interfaces (Figs. 3, 4). 

Where four minerals co-exist in a five component system involving two 
volatile components, it is possible to write a devolatilization reaction 
Ill·t ween them (Korzhinskii, 1 (59). These react ions and their invarlan t 
point llIay be schematically portrayed as a function of two variables only 
1)\' assuming all other variables constant. For two volatile systems, a plot 
of the reactions as a function of the composition of the co-e~isting volatile 
phase and temperature at fixed total volatile pressure is particularly 
useful in interpreting metamorphic assemblages. Figure 4 shows such a 
plot for the reactions which occurred in the carbonate-quartz beds. The 
l'xcess of quartz allows plot ting of the assemblages on the single join, 
(·aO-MgO. 

The reaction of calcite and quartz to wollastonite is the only reaction 
noted in the aureole for which two-volatile experimental data are avail
abll' al pn'sl'nt (C)'('I'nW()(HI, 1%2). Although of particular inl(')'('st ·in 
this and many other metamorphic terrains, experimental studies of the 
remaining rea'ctions ar(' lacking. These reactions are shown schematically 

in Fig. " on data from the Granite Peak aureole and on the basis of the 
CO2 and H 20 evolved or added to the reactants (Greenwood, 1(62) . 

Sigllificance of inilial waler coillent. On the basis of lleld and petrographic 
features diopside was formed by two reactions at the beginning of the 
outer contact zone. Some dolomitic carhonate-quartz beds reacte(l 
directly to diopside (reaction 2, Fig. 5) although most reacted to diopside 
after the intermediate formation of tremolite (reaction 1, Fig. 6). 

These two dilTerent paths are evidently related to the initial volatile 
content of the rocks. Where the H~O content presumably was relatively 
low, dolomite and quartz reacted directly to diopside. For higher H 20 
contents, tremolite formed. These two reaction paths may be related to 
volatile composition at constant total volatile pressure by Fig. S. Al
ternatively, they may be shown in a more generalized manner on a 
('()~-H20 chemical potential plot at constant temperature and pressure 
(Fig. 6) as advocated by Korzhinskii (1959). 

Talc is comillon in the low tl'lll)lerature portion of contal't aureoles ill 
ililpure carbonate rocks (('ooper, 1<)57; Tilley, II).IX). Although searched 
for specilically, talc was nol Iloled in the transition zone of the Granite 
Peak aureole. The absence of tak is perhaps also related to the initial 
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FIG. 3. I.ayered horllfels, Oliler cOlilact zOlle. /lark layers are mainly '1uarl", IrcnlOlilc, 
and phlogopilic hiotite; lighl layers, diopside, quartz alld calcite. Note expansion of di· 
opsidc·rich reaction layer into quartz-trelllOlite-hiotite hlYl'r on lower Jeft hand side "I 
specimen. ,\clual size. Southeast side of Cranill' Peak. 

SkdCh shows dense reaction zonc of r1iopside helll'cell layers. Large emhaycd relict 
quartz grains in diopsi<Je-rich layer. Diopside showll hy high relief; trclllolite, elongate 
cryslals; phlngopilic hiolite, stippled; pyrik, opaque, Clilloznisilc and plagioclase occur ill 

hoth layers. 

volatile contcnl of the rocks. Intragranlll;lr JllIids of the I1t'len<l dolomite 
were presu mably low in II i), I hus prevenl ing the for III a I ion of [alt:. 

The isothermal co-existencc of the assl'mblages treillolile-calcite-quarll
and dolol1lile-Iluart% requires \'olatile compositional gradicnts at their 

J 
1 

i 
l 
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i 
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FIG. ,I. I.ayercd hornfels. /lark layers principnlly trelllolite, quartz, ca~citc, allcl p;11o~~
pil ic hiotite' lightla vcrs arc diopside, quart" and calcite. Notc concentnltlOll.o,f phf"(l~~:Pl::~ 

,. . I () t c lllt'lel 7,Olle soulheast 51< C 0 ,I ,WI C 
I.inlile in some areas at conlact 01 ayers, u l'r ( , . " ' 

I'<-ak. ,\clllal size. . I' f 1'1 I ng'lte 
Sketch shows details at a layer COil tact. J)iopside, IlIgh re IC ; trcllIO I e, co, 

([.I:;talo; phlo!(opitic hiotite, stippll·d. J\latrix IlHlillly quartz. 
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contacts. Figure 5 clearly shows this. If CO:! and H 20 were homogenized 

between such layers, only olle of these assemblages would be stable unlts~ 
volatile cOllJposition coincided with the reaction curve (1, Fig. 5). It is 

thus likely that on an outcrop and even hand specimen scale original 

T~,r-------------------------------------____ ~ 

ISOBARIC SECT/ON 
700 

TOTAL VOLATILE PRESSURE; 1000 BARS 

600 

50 

400 

/ 
I 
I 
I 
I 

FIG. 5. Volatile cOll1position-ten;peraturc diagram for reactions 
in the carhona(e-quartz beds. 

differences in volatile contents created compositional gradients ill tht 
lower Illdalllorphic grades. 

The con t act bet ween such asselll blagcs lila.,' be regarded as an isograd 

produced by pore iluid compositiolls rather than telllperature. The exis
tenet' of such isotherlllal isograds was predicted by Greenwoud (\ !)()2) Oil 

theoretical grounds. Tn this regard, it is illll'resting that such featllres 
occur only ill the transition and beginning of the outer contact ~on(', thaI 
is, ill the loll' (t;llljlerature portion of the aureole. 
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III the lerms proposed by Zen (1963), CO2 and H 20, although "bound

arl' value" components on an individual hed scale, behaved as "initial 

\';;Iue" components on a hand specimen or oulcrop scale in the low telll
jll'raturc porlion of the aureole. The "perfect mobility" of CO:! and H 20 
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FIG. 6. CO,-ll,() chemical potential diagram for 
reactions in (he carbonate-quartz beds. 

;tl higher temperatures in lhe aureole is schcmatically shown by lhe 
('on vergence of the two paths of ll1etamorphism shown in Figure (). 

Four phases in the ('a()-~'lg()-Si()~-lU)-('()2system in a single hed, all 

in mutual contact, such as in specimen No.7, Tahle 1, requires inlernally 

1I1IITered CO 2 and H~() fugacites, or disequilibrium if C()~ and Jl 20 are 

;1'SlIl1lcd to havl' been "periectly mohile." The latter is unlikely in view 

"I the evidence just presented and in tIl(' lextural equilibriulll of the 

Iltinerals. 
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CENTER or FRr-\CT\.lRE. 

, FIG. 7. Ilorn.fels, outer ~ontact zone. White layers mainly dinpsi<ic, quartz, and caicih· 
~.ray layel~s n1<lInly trelllolile and quartz. TrenlOlill', calcite, and quartz havt' reacted I,. 
form dlOpslde along fracture. :\ctual size. Southeast side of Cranilc Peak. 

Ske(ch shows detail alollg fracture. iliopside indicated 1,.1' high relief; Irellloiitl' i:. 
dongat(· errstais (luartz :lIId ('aicite in Ill:11 rix. 
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Si!!.lIilicliJ/cc oj inilial CaO-M gO ratio. As shown by Table 3, argillaceous 
Iwds lIlay contain CaO-.MgO ratios of less than one. Such beds, aIler 
IIldalllOrphislll, may contain tremolile without calcite. Where such beds 
.1ft' in contact with carbonate-quartll beds (diopside-ca.lcitc heds) in the 
1111lt'r part of the outer contact. lion 1', reaction 3 (Fig. 6) occurs (Figs. 3,.J, 

;). However, Ill'cause of the low dirfusion rates of "inert" components, 
this incolllpatibility is COllllllUllly preserved. DiITusioll was, however, 
,uJliciently rapid along fractures (Fig. 7) to allow rapid equilibration of 
lil(· assemhlages. 

Where reaction (3) occurred ,It layer intnfaces, the composition of the 

J'lIn' Jluids may have been maintained in the entire specimen at a molar 
I.!lio of {'()dll~()=3/1. This is the ratio at which reaction (3) proceeds 

.iI a maximum temperature for a given total pressure of volatiles (Fig. 5; 

.Ibn (;rc('nll'()(HI, 1()().~). Such bufferiJlg Illay contiJlue until either calcite 

IIf trl'llloli!t' is compll'tcly eliminatcd. This last prvcess will be strongly 
,"ntrolled by the diffusion rate of CaO (Fig. 7). 

Ca( )-i\1 g( )-1\.1\I()~-1\1~0:J-SiO~-C()2-1120 SYSTEIII 

The application of the phase rule to the argillaceous beds is compli
•. tlcd by thc larger number of constituents involved and resulting uncer
L1inties in assessing the behavior of components. Some simplitlcations 
Jlonetheless allow graphical portrayal of most of the assemblages by a 
fl'lrahedron. 

Componcnts which may be neglectetl occur in a single phase and arc 
n()t involved in "discontinuous" reactions, that is, reactions which pro
duce new phases at the expense of others on approach to the granite con
l.ld. TiO~(sphene), FeS2 (pyrite) and Na 20 (plagioclase, or rarely scapo
litl') are three such components. 

Components which are present in such small amounts that they appar
"lItly do not give additional phascs but rather substitute isomorphousl)' 
jllr major components may also be neglectcd in qualitative interprcta
lions. For cxample, FcO and MnO, which arc prcscnt in slllall amounts 
(I'able 2), probably suostilute for MgO. Similarly, any small amount of 
h',O:1 prcscnt initially suhstitutes mainly for 1\1 20 a in the epidolt, llIiJl
,r:ils or in cordieritl'. 

III view of this silllplilicatioll, reactions in the argillaccous beds may be 
I(·d!lced to the l 'al)-i'dgl)-Kl\I()2-1\12()a-Si()~-( 'O~-.II/) system. The 

<ollIlHl1ll'nt KAI()~ is preferred rather than K~() because reactions ill
r .. lving phlogopitic biotite and potassiuJIl feldspar involve transfer of 
I; ,0 and 1\120 3 as t he single componcn t 1\.1\102 • 

J t is now possible to port ray I he assemblagcs of t he argillaceous beds, 
.!Ild aureole as a whole, in terills of a tetrahedron. Si()~ need not be 

pllJlkd as a separate C()IIl]>OIl('lIt because of its preSL'lIce ill excess. 
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Similarly, CO2 and H 20, where they are "perfectly mobile", do not "iI, 

rise to additional phases. Thus, the assemblages may be expresse:; i .. 
terms of the CaO-MgO-KAI02-AI 2();\ syslem with exccss quartz. 

On this tetrahedron (Fig. 2), the assemblages derived from Ihe (.\1 

bonate-quartz beds reduce to the single join CaO-MgO. The Ireatmelll <,; 

the non-volatile components as a whole is given in Table 5 in terms dt 
lincd by l\:orzhinskii (lI)S(». 

Figure 8 summarizes the development of. the aureole in lerms of thl' 
let raheclron and the react ions rei a t ing one t et rahedron to anot her. Til", 
reactions are based maillly Oil petrographic data .. , In the transitioll ZOII<. 

the reactions ill argillaceous beds are particularly dillicult to infer IWralh 
variolls origillal mica group Illillerals were involved. "Illite" as used i" 

Fig. 8 applies 10 a hypothetical mean composition of the mica grollj' 

TABLE 5. TREATMENT OF COMPONENTS. Th:SIGNXI'ION OF COMPONENTS 

FOLl.OIVS TEI/MS DEFINED BY KOIlZIIlNSf(1I (19S9) 

J)derminin~ "inert" conipolll'nls ('aO, l\1~O, K,O, AI,(), 
Excess component SiO, 

Accessory (inditTcrent) components TiO" Na,O, S, 
Isomorphous Components FeO, 1"e,O" 'MnO 

-----~---~-~~---------------~ -~ ---~~-- -

minerals in a given bcd. Thus, reactions.'i and () are parlicularlr srlll'II!:I-
tit:. . 

Assemblages in the transition and outer contact. zones were deterll1illl'd 
eviden t I y by COlli pusi t ion and pressu res uf pore lIuids as well as t elll per:l
ture and thus alternative assemblages are shown in Fig. 8. 

The liVe phase assemblage potassium feldspar, quartz, diopside, trellll!
lile, and phlogopite o(,curs in some assemhlages in the oUler contact ZOlle 

(Tahle 1, nos. 3, 8). This assemblage suggests disequilihrium if the allO\'t' 
treatment of components is currect, that is, if there was not an additional 
determining "inert" componen t to t he four listed in Tahle S. H o ",eVt'1, 

this assemblage c10es not indicale that the beds were partiall\' rlosed 10 

volatiles because pOlassium feldspar, quartz, diopside, trel-nolile alld 
phlogopite include both Ihe reactants and products of a solid-solid /,('a(
I ion (liD. 7, Fig. S). The prohlelll as to whl'l her I his assemblage rdlech 
disequilibriulll or Ihe ciTed of an additional component may he resol\'l'" 

in part hy determinations of the mineral composilions. Thi~ is presently 
beIng allempted hy means of electron microprohe analyses as part of a 
general study uf I'omponent partitioning in the contact aureole. 

The validity of Fig. ?) in portraying the adual evolulion of metamor
phic assemblages in I he Cranile Peak aureole is suhject to t 11'0 important 
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I FQUJUBRIA IN CALC 1I0RNFHLS 

'Illilalions. First, a total of but 40 specimens were examined in detaiL 
i.n·n a single new assemblage may modify joins shown in a single CaO
\lg()·KAI0 2-Al t O;! tetrahedron. This is particllh~r1y tT~Ie for assemblages 
.:1 Ihe inner contact zone. As shown by the reonentatlOn of most planes 

KAIO. 

4&-- ---- tAI.O. 
MgO ---:::.:.: UN METAMORPHOSED 

" '., HELENA DOLOMITE 

I,~ \ COo\ 
~a "\1,6\ :RANSITION ZONE 

~c 2,5 ~ 
Q • QUARTZ CA P~ >_:::::.- ---
DO-DOLOMITE \ TR -- -----:-. CZ 
CA - CALCITE 2,6 \ 
IL = "ILLITE" \ CA 
TR = TREMOLITE 3 3 OUTER ~RT Of 
CZ = CUNOZOISITE \ \ K OUTER CONTACT 
PH = PHLOGOPITE ~ ZONE 
01 = OIOPSIOE PH 
K = POTASSIUM FELOS~R -, .. ,, ___ - ---
WO- WOLLASlONITE K - -. -::;,-;- CZ 

CO = COROIERITE ?IJJ-----____ -- __ ___ T 01 \ CA 

-- ----o~ CZ 8 
TR 01 ---- " 

KEY TO' REACTIONS ----------7 K INNER PART 
CA ~~FOUTER 

I. 5DO+6Q+H.O-TR+3CA+7CO, Pli -'''C ___ . ___ CO~b~~T 
2. 00+2Q - 01+ 2CO. --- __ -._:: -:._ CZ 
3. TR+2Q·3CA- 501+H,O+3CO, TR 0 -----
4.CA+Q-WO+CO. \ 
5. I L +CA+Q - TR+K+CZ+H,O+Co.. CA 
6.IL+CAtQ-TR+PH+CZ+H.O+CO, 4i9 

7.K+TR-2DI~+PH t KINNER 
6_PHt3CAt 6Q-3DI+K+H.Ot3CO. ~ONTACT 
9. 4CZ+601+5Q -14WO+3CO P~ ~_::_:):\:<-~ONE 

01 

WO 

FIG. g. Summary of developillent of assclllhla~cs in terills of the 
Ca()l\I~OK.\I(), :\I.J)" ('0, 11,0 SySlclli wilh excess quarlz. 

.Iilhin the tetrahedron on passage from the outer to inner contact zone, 

Illan\' other reactions in addition to 9 were involved. In the specimens at 
h:J1l11 there is lit tie direct textural evidence for these reactions. 

The secondlimitntion 10 Fig. 8 is in the restricted compositional range 
"j Ihe Helena dolomite. On'" stabilit\· relations in volumes of the tetra
h(,dron which are near the C;I()-MgO :ioin Illay be inferred from the horn-
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fels. For example, little information was obtained frolll the hornfels jll! 

the hehavior in the ternary K:\IO~-:\I~Oa-i\lgO with exeess silica. 

EXTERN" 1.1. \' ('ONTlWLI.EJ> V,\I( L\ ilLES 

I.ithostati,. pressure. The amounl of lilhoslalic pressure al Ihe lime ',I 
inlrusion of Ihe (;ranill' Peak slock is uncnlain hul limits may he ('SIal, 

lished. The principal source of uncertainty is in the eslim'ale of tht' 
amounl of erosion which occurred between lhe end of Mesozoic deposi· 
tion and the limeofintrusion of the Granite I'eakstock (Melson, 1966). 

Ahout 20,000 10 JO,OOO fed of sedimentary rocks were ahove 'lht 
lIelena formation at thl' l'nd of i\1('sf);t,oic deposition and ahout al Ih. 
time of late Crl'lalTous folding and faulting, or "Laramide orogelll·.·· 
The (;ranill' Peak stock was emplaced after folding and evidenl": ;tl 

about the same time as the Boulder batholith. It is dill1culL to pla;'c ,l 

lower limit on the amount of cover at the time of intrusion all hough ;, 
maximullllimit is ahout 2.S kiloi>ars assuming a mean rock densitv of 2.7 
gms/c('. Inasilluch as considerable erosion occurred hetween folding alld 
in t rusion, a nd on the hasis of considera I ions presen ted by Barrell (1 lJII; i 
for the :\1 arys\'ille stock, a value of about t kilobar was prol>ahh' attained 
at the present level of exposure, . 

Folatilt prl'sslIrl'. During nH'talllorphislll large quantities of ('()~-rirh 

volatiles were evolvcd produring volulllc changcs het W('('11 2() to 30 prl 

cent in the initially dolomitic carlwnale-quart;t, heds. Fluid inclusions iii 
qua rt z vei nk t sand d iOJlside crys t;tls req ui re t he presence of a fluid ph:b(' 
during their formation and suggest thaL volatile pressure equalled total 

pressure for at least part of the time. 
If, in response to rapid increase in temperature, volatiles were evolvrd 

rapidiy, volatile pressure may have exceeded the value of initial load 
pressure for a short tillle, part icularly in rocks of low permeability. II" 
regular breccia budies and dikes composed of hornfels occur in 1;la["r,o 
and perhaps formed when volatile pressure exceeded the strength of tht 

rocks. 
Fractures which sholl' evidence that volatiles moved along them art" 

locally abundant. In areas where such fradulTs gave access to the sur, 
face, the volatile pressure may have been slightly less than load pressurl'. 

The aureole thus contains fealures which suggest that total volatilr 
pressure varied from equal to initial load pressure plus the strength of thl' 

rocks, to perhaps less than load pressure. 

Telllpl'ratlll'c distriblltioll. The temperatulT at the granite contact may 1)(' 
infern'd frolll ('xperimental work Oil the granitl' solidus (Tut tie and 
Bowen, llJ.'ili). The composition of much of the stock, as indicated h: 
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H.odal analyses, falls ncar the granite minimulll at water pressures on the 
order of one to a few kilobars and is similar to that of the Quincy and 
\,'('sterI), granites which have experimentally determined melting tell1-

i".-ratures as a fUllction of water I~ressure, These curves sl~gge~.,t., tha~ 
I:iillimulll ll'mpcraturcs at the granite contact were around ,00 C. fOi 
1' .. lIer pressures of ahout 1 kilobar. Higher water pressures than lhe 

inferred 1,000 bars will not greatly lower this minimum temperature be~ 
t .luse the solidus is nol greatly lowered by pressure increases above 1 
I.ilohar. This contact temperature is in accord with the occurrence of 
\"ollastonile in the inner contact zone if C02 pressures were about 1 kilo-

1.;11' (I1arker and Tuttle, ll)S(I). 
\Iosl of the reactions which occurred in the aureole evolved a C02-rich 

tluid. On the other hand, the abundanl biotite and hornblende of the 
i!l"allite, and local abundance of chlorites in the hornfels at the granite 

TABLE 6. Al'l'ROXIMATE TEMPERATURES AT Wmcn REACTIONS IN THE 

CaO,i\JgO-SiO",CO",I£;O SYSTEM OCCURIUW IN TilE 

GRANITI.; PEAK Al1IlEOLE 

i(eaclioll Number 
(Fig. 4) 

2 
3 
4 

Approximate 
temperature (C) 

Facies and temperature range 
(Turner and Vcrhoogen, [(0) 

----- -----~.-- ---.-~----------------. ---------------

3S0 400 
·100 

.1(1) SOO 
6S0 700 

albite,epidote hornfels 430 
hornblende hornfels S00665 
hornhlende hornfels SOO (,65 
pyroxene granulite 70() 

('(Jiltact suggest H~O was an abundant constituent in the granite. It is 
Ihus likely that gradients in pore Huid composition occurred acroSS the 

inner conLact zone even though total volatile pressure may have been 

Illaintained at around 1 kilobar. 
The lack of chilled contacts and the abundant evidence of emplace-

Illl'lIt of the stock hy magmatic stoping (MeI:;on, 19()6) indicate that the 
,tock waS active o;er a considerable peri()(l of time. Aided by increased 

lOck concluclivit\· as a result of the movement of volatiles from the 
.turcole, the aure;lle thus may have approachecl a steady state tempera-

I lire gmdicn t. 
()n the basis of stability relations calculated by Weeks (1056) for the 

rearlion of dolomite and ;Illartz to diopsicie, a temperature of ·!OO° C. for 
:t CO

2 
pressure of 1 kilo/Jar existed at a minimulH of 700 feel from the 

~rallile contact where this reaction evidently occurred. Thus, if the tem
perature at the COlltad was ahout 7000 C., the temperature gradient was 

'>11 t he order of n.so (:. per foot. 
Tahle () gives the approximate temperatures at which some of the l'eac-
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tions occurred based on distances from the granite contact and the abo,. 
assumptions of the temperature gradient. These temperatures cOlTesp",,; 
approximately to estimates for the albite-epidote hornfels, hornblcndt. 
hornfels and pyroxene granulite facies of Turner and Verhoogen (1960). 

Because some reactions evidently occurred at different distances frill. 
the Cranite contact, particularly in the transition and outer COllt'lli 
zones, t hey probably proceeded or began over it temperature inter",.! 
Based on t he evidence of the previous sections, this interval and the !'l'a,. 
tion which occurred were related to the initial volatile content of Illc 
beds and interactions between layers of contrasting compositions. 

CONCLUSJONS 

1\1 ineral assemblages in the Crani te Peak aureole were deterlllinl'" 
primarily by temperature, externally controlled volatile pressures, and 

the initial content of non-volatile constituents in the Helena dolomile 
However, in the lower temperat ure portion of the aureole, the reactioli 
which occurred at it given temperature was evidently also related to Ih, 
initial volatile content, particularly of Hi). Thus, contrasting aSSl'I!l' 
blages, some of which are thought to represent· different facies and !clll· 

peratures in present c1assiJications, co-exist in the same hand specimen or 
outcrop. 

The textures and co-existence of such assemblages suggest that CIl; 

and H 20 may not be regarded a priori as "perfectly mobile" or "bound
ary value" components during metamorphism, particularly in the lown 
metamorphic grades. Disequilibrium in response, for example, to slo\\ 
reaction rates is lin alternative explanation of the isothermal co-existence 
of such assemblages. However, textural features and application of the 
phase rule to individual beds suggest that this co-existence is not a resull 
of disequilibrium. 
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