T VA

‘ NATIONAL LIBRARY B\BL!OTHEQUE NATIONALE

AR '_ e OTTAWA , OTTAWA
a, ,f""' o ‘ © . \:.' . - CANADA
-
- NAME OF ; AUTHOR..gf.cSp.LaP.:\..P buf.).?.c: ..............
TITLE OF THEsrs./.\{!.n'z‘r.“.'l;....t.n.w L..l..k.d.. hetuba (LS !
’ v zﬁ Ty ’Mﬁ? )\ »}rra. (fx i, %ﬁu? < (kL4rl¢
: /Q Z\Ci . "" ......... U PR
’ ﬁ /'j\"_ e . . ] \\. N ,
UNIVERSITY ....... R S e
DEGREE FOR WHICH THESTS WAS PRESENTED. .. Aol :
YEAR n—,us DEGREE GRANTED. : ..,('.c/..fa ...... e e {\'/7 g
L v :

Perm1551on is hereby granted to THE NATIONAL LIBRARY.

s ~  OF CANADA to m1crof11m th1s thes1s and to lend or sell. copies

of the film.

. / The.author, reserves other publlcat1on rlghfs, and
iek neither the the51s nor exten51ve extracts from it may bev
‘lﬂipr1nted or otherwise reprbduced w1thout the author’ S

wr;tten perm1551onf
. (Slgned).ggag;%wex.%i..LL{“L%ES%\
| SERMANENT ADDRESS: .
‘ <ode cw .C‘.C!L!:.F.A
DATED Scpt. . 29, (T2 e .
NL-91 (10-68) © )\ 4T ;



.
Al
%
M
.

.\;‘

e

A

'

\

RS,
oMa_in

LI //;'




\\ \
\\\5\\ \\\ \\\\\ o

e

\‘ ) \\8\\\\\\ \\\5 \/\/\/\\/ %\\ A

“ W\\\\\\ \ \\\\5\\
\ A 5

g ‘ ) \\\\\ |
» \\\;\\\\. \ \ \\ ! \'l“\“\\‘.\ .

\\\\\



N \\68 ) \2

P L UTON IC ROCKS

- [\\\\\1\\\\\\\\\\] Aplite




R




.
RN
s ey
///"/ " \
I4 7 "//I/ \
I .
! e e
; RN
\ Y.
2 4Pt
. 8
A ///,,,, \

.

St 0,0,

il vy /// 205 ow

et T /// ‘I \'
e s e,

oy NPy, //,,/, N \)

20 |

ooyl

)

.,

1

PR 2N
}._ﬁ—€

o



’BRITISH COLUMBIA oo SALBERTA

I MONTANA

z!
Ql .

¢

Kilometers’

ey



"\\\\

\]\\ T

’ X\\\\\;x\\

NN, :/M/\)Q‘

. ,/;// ////

/)y

| %%Qi??ﬁ% 7 A

IIIIIIIIIIIII

<E

111111111111

RDE/-<-J FORMATI'@‘NT

7////

'/~

>r‘—

s

]O

P 1 UTON IC ROCKS

Apllfe

Pegmohfe |

G ran Té

METAMORPHIC ROCKS

. " [ITI H'

H il

Amphlbohfe

 Biotite Amphibolite + Epndofe o
/\/\Grble(mcl Tr- Di- Phl-
 Musc, &Talc) o

Blohfe Tremollte DIOpSIde Gnelss

T Biotite- Tremohre-- :
= Diopside -K- Feidspor Gneuss

Actmohfe Peg mohte |

Dnopsnde vems

RECENT

: z\

Sond ond Defrnfus |






- 10

SCALE_IN_METERS ~
(N METERS

lor Ty ey,

£ T i ’
. "//:’/// 1111,

Ly yRa y 7.
'r’////, /'/{//; ////// ’/‘A

ppatps s A




N Slocan

Lake

Kumberley.
Koorency *
Bay

* o .*Pincher
 Fernie{ . TCreek

BRITISH COLUMBI\ 1ALBERTA N

0.

| .Kibmerers(.v BN
2040\ 60 80 100

METAN\OR PHIC
KOCTENAY BAY BRITISH

FIGURE 3



———— ——— v
-

\ Blohfe Amphlbohfe + Epldofe

7 Matble (el Te- Di- P
// 6/ 7] o /\/\usc &lalc)

L j/

LLLLLL

O

<

5

LL’._ // '''''' o }/J Bnome Tremohre éuopsnde Gnelss
2 %*m“*““*“ Blohfe Tremolnre—
Wi
[
%
<

R —r e e e

R Diopside -K- Feldspar Gnelss

W// Achnolnfe Peg mohfe

10 Dlop5|de vems

R : Vo B .
. v . . I
- - it
‘ E I . N i RS20
N ; 'P‘ll ,,.7 :
. . N : :
. .// ,', ‘ s
1y ) .
L/ //’,'//// , /////’,’///‘
,,/////-,/ Tl iy, I U
¥ 7000700 vy,
bl L/ / "

@'_. ‘#7

B ,_0 So mple locohon

Dlp ond sfrlke of beddmg

AP
COLU/\/\BIA

W
R ae



. . -
- . A | ) ~
7,'“- .1 o - =4 VVVV"‘F-‘ EEBCHY) & ewry s =
"++++ B o o e A A A 2 et it S A Bl }'A |- (
\ —1 = L = INVVVY = [T Vi C ] »
AR [ doa Y v V v Ve oV A 2
Ly L 2T ] TR R v vy ALV [ p
g J. [ ‘I, S=TVVVVKES VVYVVVV/‘_ VA= L R

. + [ TS vvvvve =l o] - bl \ &
L. S I I L EIE =Yg , 1A’ vf"?;"

- r H++ PG o

+ 4 ‘ T vvvvvvr
t+ L+ TV >
++++ + w; V= [
-+ + + + %g8 B i e N 1 S .
+ 44+ 7 rl ! S e N B

= |

'-‘ -+ + n B [C re k . = == o e — Ay - ‘*l} -——:El’ii{.-‘\+ A\
o N T\ -~ s 5 e S R L
s -+ 4+ : + ’ = = =Sz = =l AI z,A.+ B

++ + T W+ + ‘ Y e e - b\
++++ + = S — 1 = OVf-
++++ — i 4 : : - ] - [ =V :
P+ E++ + + v = [T oAl
S o o e R e LY S Bl N e e e A el e Ve —J
AP T b o R s A AN el BN Py e . i ol (P

tH+tt 4+ vk ) el el B e e > VN B N IR
S N PN YV~ T~ Tols __j‘%vv —2 |4z Y

)
,!_'
]
—
]
7

l

- “Lendrum -
PFrtt+++++ ++4+ (=%

o R Pt A S R i i e £ g e S A - L i

& sl R T U = i e = =22 A / : I2RB’

TR i S S S| o e R e | N e N -

BT e e st i 0 B Ml e M= e i

+ '+ 4+ 44 VV‘XL~ = J=T=- Al -

ettt A et WET [T PR S wiETES A

LT T e S e e =L~ [f= == &V - '

.t + + + T T e e e e e -
SRR R S S X T \YJTLJ“"‘ “l_fl-‘-‘ bl i W, P e A’

t + + o+ + + 4y '

PN
e TR I S e e e ey e == W Sy O
‘ =2 | ~
O
—

L
I
I
1
]
)

R i R A AT e ur N TA N il '____"vvvv:-,.‘—,

O\-8AT-24

| I'RBT-I.;(_‘(




— = =
— = A=

|3'

WP—I.'.' o "l;l_;

I2RBT -4

 12RBT-3Y

R l/?RT-ne—l__|_.;_v'(.___-
o | 7RT—|5 — | — 1A | '— l—/:;—.}"'

2 onreTeep L b— | — | — | — ,3-7
~ MRBT2=1 O7R7- |4 i | ,

lVb Aj;ff!f*_“J 57ﬁl”%“ | —a [P5"

. ‘ _ 3/83‘[*7*‘|-‘|—"_'~‘| i i

g = | A G e A | — A
WA 7.R_TL'O.;‘_A_] i

_ 7RT-8 'S TRT-6 ' o T

. 7RT5 ] O—7RT-7 4 _L| A=

7ccTal T ;
:.j 7CCIAZ— | — |___ | 'l

_T7rCTON. cerT N o




il

+ + + + + o+ 4+ 44

+
+

o+ T+ o+ 4+

+
o+
.+.
+
+
+
+
+
Ty
+
+
+
+
+

+ + o+ + 4+ + o+

T Taa]-de

+ o+ +‘+'+-+++++t——,----—'—l?77'|

= | < |oéT-|6 - .

+ Fot k4 4+ o+ L
+ 4+ + + Fr o+ o+ +

S S R S S S SR S S
+ + + 4+ -+ 4o+

I0BT-13

+ + A+ 4, + 4+ ]

HORT-12

. 4R
- j..b‘i ° J
oV TgarrFour

i0BT.-15.

[0BT-14

o e ¥ oo b T e e O - - = 2 BRY-IOT—OU o
+ + + + o+ 44+ 4+ AT- 15— BAT-IC i
LA S Rt A N IV Y i = o iz AT-l2=" = , TCCT
+ o+ 4+ T [r g [RATa v vBATIL /T A TRT-4.} _ ]!_
RV S M R S S S B s Bl S e ' - 0

S S S S R i S T o] i i e [ A , TRT-3f" o
oA o+ F F 4+ RGeS =S VS —-8AT -9C TRT-2 Iy
S A i S S R = e e T e i HeLl R 2RT - L=

N L S S S SR S T SR o M I I R 4
ot o+ P+ o+ + + 4o+ PR A 7CCT-I9

I0BT-17

o At o+ 4
- T T T4 4 4 ++

St + =+ 4

-+ + + + ++
—_— 1 [ 1 2 ' 20



LE { 1

N R U S GO
-IF.-YCCT—MI o l
| TCCT-13- | -— |-
7CCT 7w ACCT 10O A
-—(E 6CCTRO | A
O—-6CCT-9. |
L 33 4 _6CCT5 >
— TR o sicT-a AN
CTIE |- 6CCT-6 @—6CCT-3 SONONN NN NN
“TTteccT-7 : ~ BTN
CeTa6 TTCCTAL | S t\ SN
\ ‘ N I l N, \‘\,\\A\\ \\
2 - o : A NN
Al | A — | A | DOUTOINNAN
| l I ‘ ] ‘ ' |32 NN N \‘\'\-\"\'\\“
. / , —_— — SN N0
d BERENG N oL ~
AREA OF FIG.3 | A A NS R VTN
. ) i L N \\ NN U
- A=yl INNSCSR NN
: o o M TN NN
o 90BTEY | — | e ] BN R
A e ] — DTN AN
. e BT- N NN AN
" A _8CBT-TO { - 6LBT-271Q BT TN L N NN
© [/ — | == = ]a 68600 echrea R 6LBT-2h (N N NN U C Uy Y
9¢BT-2—Q l : | SCBTS oy R Samic'h: ) -k RN ¥
Bl '—"—l’_—' [ I - ‘ 6CBT-1 ) __5LB8T-2 A N NN \\ SN
A | - A" 60;’/ O 6CBT-2 . YO SI;B‘T/'TZI N '\\.\ - NN NN
A‘__{___._._ ,_“\—*I— L ecnt 3 . . A IO
Ly A ] ks BT-20F + R NN
——~l—.—1-é—— ——‘——i——l——— SN \ ++++‘+«<\‘\\\\\_.-\\ \
: PP , : ‘ IICRT-19 S it i I ENEENENE A ST
-9ceT-3%l - p| — | — | — | =1 — | — 8 1 b4 oSO UNNN N
| | — | — |- TOKICBT-I8 N 4+ + £ NN )
‘ '9¢BT-5 l A — O 1CBT-17 AT A NN
‘ __—._ l . - +.+.1\'\ '\ AR \\\ N
B C ] ' — HCBT-16. ~ FOSLBT-I9 ~ N N> N U
— 74 L T TN ~_\‘\\\.\\
‘” — ) 5LBT-18JO + + TN RN
s+ 9CBT-4Q L) I N N T
s ++'+'\\ \\ . - <N N\
. : —+ : \\. N ~ N\ \\
e ++;+‘ \ N N . \\
— FE 0D i AN
— H 4 A+ NN N
[Tk b +++ 4+~ NN\ v
. _,++ + ++ Gray Lree NN
] "—I+ o '
— — <+ + b DN Y NN N
—_ ) 4+ . , ++++‘1\'\'\'\'\\\\\
— e ____ __}_++  +++<+‘|\\\\\,.\ .\\\
i £ 3 o S ARNEEEF IR B B Sl AR SN
Sy M+ : SRR e NS NENEND N
HeBT-1- Q= 7= — 40 oA NN N
N T T, CH A AR N NN
= p S S SRR SRR T SN RN
HeBTHZ W _j:‘+ P + 4 + ++++"-\‘\\\\\.\\_\ SN
HCBT- . ! ' N o AN
11ICBT-14 — 1. ) A4+ + +_+J\4‘\A\ NN NN
N NCBTAS o + 4+ + 4+ N Y AN
, v ) ’ reo FoF oA K ONN N AN
. 1* . T S OUN NN ‘
. o N +~+++\\‘~.\\\\ NN
' : L ! N J'\. O SIS
: « : 1 N NS T TN N NN N
4 a{ S o ONN \_\\é\ ~\_\.‘;\7'\.»,,_:\I \“\
N 1 SRS N O YN Ny N T
- . TSN . AU
. » o c L AN NENENQN N \\\ NN RN
. . . L A AVRNIAN
| SLBT-I7-£@N NN N oS v O \\'\: :\
. I . - \\\\,-\_ \\.\,\ N I ,\,\\‘
: N X = SN NN
| '\‘\"\'V{\ \3\\ AR SON N N
. . TN e NN
=4 S o SLBT-Bfa >N N NG N N NN
—____i—_-— _” ,4'+ + 4+ + + + ﬁi\ - . ! SLBT- '\.\\_\.‘\. \\ N \ BNIRNAN \\.
SR s s e e e I N TSN Y N
T T T A+ 4 . SR 5LBT-4 -,\.\.\n‘-'\,\;.. N NN
. A+ + A+ ENE N : A NN SO U Y J
e T earakeere 0 SLBTE \['\'\.\g'.\\ NSNRAN S |




A _
© | — *—] — | —
e Al
A — | A
A'______
— === —
| = —|
]
| T K-T o
++++++++++ INTRUSIVES . - —_ — — - HAMILL GROUP
[ T} R-J . FTNSS]|PE OHORSETHIEF M F 4 v -
. S : NN N S . St o+
\ T SLOCAN GROUP © RN\ | CREEK GROUP W+ o+ o+
T . : > ' : Lo + + + +
' ‘ : : o H + + A
OSample location. Filled circles indicate + + + +
R microprobe anclysns , o+ + + o
fvvvvvvvl R N . : + 4+
, ~ VVVVVVVY . (Iy Fault Lo £ g ++++++'++-‘
i il L v NNV Y M KASLO GROUP - - - < , |
. V.M DSt > _ : , + + 4+ 4 A
: . / Contact . FEAIANRIN

/ e+ o+ 4 -
/5 anke and dip of beddlng or schls'{osuty + + + +

~ —]—— | R-Cpm-Cp?,

+ o+ o+ 4
—— " . / Hornblende lsograd . RS IR
2| —"|"—| MILFORD GROUP. . | _ AR TR
' C e :' Garnef Isograd ' ' “"_*_ + + _h'\"
» , . Geology- offer Fyles;h967) an Crosby(l968) -+ ++"j<-:
— —] ‘C v S » e -ond in conjunchon vmh ﬁuns (pers comm, ++++ g'\"_'_\
LA x| - ©1970-1973), lnterprefohonb SR Winzer [©+ ~NND
.~ | LARDEAU GROUP ~ NN
— ’ oL . ' . N \
For detailed structure see’ Crosby (1968) < \ \ N
. KN N N ~
c or Fyles(1967) = o EEEE NANANEN \\
R L ‘ ' o S SR NN NN
BADSHOT FORMATION o NN NN

S GEOLOGICA
— L 'CENTRAL‘KO

~117*00°




) HeBT-1- X
<§\ — 2
‘\“~\\\JL\BT42
I1CBT:
IICBT-I4

SRR N
_+.+/.Q\\ \\il\\\

AT RN :
,\t\:\\\ \.\ \\\\\ \)
\\\\\\\\\\\\\
NN \\\\\\ NN R N
\\\\\\\\\
\\\\\\\\
\\\\\\\\\
N UNY YN NS
| 'L'\\\\\ RN

NN N .\‘\.

+ + +. 4"+ N > LN
+ 4 NN
+ ++++'\\\\\"\\ <
X ot b e ]
+‘++++,\\ NS o
! St I b S NN
! + +.+ + hK S Qe
T A R NN T N N

i1CBT-I5

!
. - lsLBT-I7

SLBT-I6_Jg ~ N \é SN
SLBT-15g ~ ~ N>. \\ A
5LB8T-14
5.8T-l
* 5LBT-12

Rt I I NN
+ + +++ ¥ RN NN
+++++< N NN

. .

\-t{"',j? N N AN

~ N v .\~‘ NN
\\\ ~N N DNl N\ .
\,\ \
AN N
4 N \\\3‘\ “ : \‘ ~
NN N Y N S N
DUONONN TN

\'\;\_\ . ) . RN
N NN NSV \ \"\"

\A\\\\_\\\';\ N
) A._\S\ o N
\r\"\\e\\\’\\ )

SN T \\\ “ h b ~

S5LBT-5¢C

DN NNIN U NS N
O NN NN \\\L\\
~ \\4LBT 2. J
< pokdrtCrd fev N}
= LoS ~ NN
.\\_\7\‘\ \‘li i (\\
N NN TS /
NN
Ny \.\l\ \\\‘\ﬁb

5LBT-4

4LBT-3 & -

4| BT-F SN
~N

~
NG

O
N

3

T

—

Tl 116°4



SRR

.

- —_— —
¢

TNC s

. NN
\:’:\V\‘-‘
NN N Y

S ERINNE

- N N

oSompIe tocafion. Filled circles indicate

HAMILL

P€ HORSETHIEF

chREEK

microprobe analysis

'J_E Fault X
/Con’fuct

/5 Strike and dip.of bedding or schistosity

/ H-ornblende

Isograd

"/ Garnet, Isograd
:

Geology after Fyles(1967) and [:rosby(l968)
and In conjunction with Ransom (pers. comm.

1970-

70-1973),
2

lnrerpre‘tm‘ign by S R. Winzer

GROUP

GROU

+ + + +

H- 4+ + +

o N

&\\\ N

+ o+t oty

R
+ *F 4+ + + + +’\‘\\\\\\
+1~++++++\\ ‘
+ + + o+ o+ 4L

N

+ + +<\

+ + 4

\\ N/

\\\\\\\
AN | ~
\\\\
\\

\\2%

-

SN0 N

+oF o+ NN

++&\\\\\§\\
-+ AN
+\\\\\\\\-\ SRR

\\ ~ \

\\\

\\\ \\\7

2 =
o+ 4+ + +t+
R S T i :
—rt + + 4+ + S
T+ 4+ + 4 + 423 870BT-€
'+ + + + + +
—F 4+ + + + + +-\{g\
i+ + + +e\$ 'P
+ + + c(er++\\\ 4 IOBT-5
-+ + + o4+ -\
P OO + + +-w>
ST+ 4+ 4+ :
s S T S + 4 \\22 :
R e RN \4\ 08T -4
+ 4+ o+ 4+ 4 A HN
-+ + + + 4 ++l_\\_\_\.\ 0oBT-3
o NS

\\\\\.\\\\\\ N

oot (G
T

» BLBTS |

5L8T-14 |
5L8T-17
SLBT-1Z

SLBT-t

SL{BT-i
5LB’

, ) . : I Q
| N
i For detailed structure see Cr}o;by(lsee)/ U U NN N N Y NI Y
or Fyles(1967). NN N NN NN \\\f\\\\\
' ' /\\\\\\\\\\\\ \\.\
TION B \\\\\\\\\\\\ AR
. - / —— P N N NN NN

|
 GEO
CEN‘T

of the

OGICAL MAP
AL KOOTENAY ARC

BR TISH COLUMBIA

: / SCALE ISOOOO
'?gquiH;P lqoo __ 2000 3000 4qpo
- R METERS ) ‘
“ FIGURE 2
¥ _




+ Y T
iy v Lo e
“ , . A I s ALTRRUA
- . P N . ERETS I R B ot BEEEENE B o ¥ 4 T
A RTIIN RIS T P N S U TR ARRENS RN !
-' ) .
SOMY QUL i O A ARG
: ’ .
.
.,
— - M .
TR, o~
SUTE [ X .

SULYTYUED O T wACUTLY OF CRADUATE S STUT NS T AT RUEUARCH
CLLPARTOAL TULTFLL 08 T Riff\“J'ZT-‘\Z{T.:’..‘{'.’.‘S' TON TR Dy
OF DOCTOR CF DHILOSPHY
~ - . : et b -~
¢ !

EOMONEON, ALBERTA .

, FALL, 1973 ‘ o L L
i
) 4



THE, UNIVERSITY OF, ALBERTA

o

N

FACULTY OF GRADUATE STUDIES AND RESEARCH

»
-

The undersigned certify that they have read, and.
recommend to the Faculty of Graduate Studies and Research
for acceptance, a thesis entitled 'Metamorphism and Chemical
Equilibrium in-Some Rocks from the Central Kootenay Arc'

submitted by Stephen Randolph Winzer im partial fulfillment
of the requirements for the degree of Doctor of Philosoohy.

(/, (

N )b//j

+ ./

. ‘ ‘“‘\/\L»y[llv/_‘bamﬂ"

DR R R R R I SN B )

Ehtelnal anmlne*

B Y R A



.’ o : ‘ ABSTRACT

Earlier hypocheses concerning the tyvpe Ahd deyrae of metamerphism

in a portlon of the central boctha» \ab are fevised in tlie light'of'new

‘-\,,8. . i 4

© darta, Electron microprobe rnalvscs of wmicas, anphlLoles,'clJrop/voxenes,
‘\ carbonates, féldspars, scapoiite, ecpidote, garnet, staurolitc and sphene

from metamorphic rocks are pfescntedu‘ Chemical analyses wareTobtained
. on all rocks trom wﬁlck mineral analy:és were taken, 8110WLﬂg dlSCU””lOH
[ k)
of controls on mineral ccmao ition by bulk rock,com0051t10n. *ﬁ

analyses from lower to higher'grade allow systematlc changes in mlqeral
- »

conmposition with grade to be evaluated, and reictions resulting in wide-
. . . . \

spread assemblages to be discussed. The following veactions can be -

“shewn’ to 6ccur in rocks from the central Kootenay Arc:

. 1) ”Phenglte + high Mg/Fe chl + Squ ~>bi + lower Mg/Fe chl +

less phengltlc mu + XHZO

- 2) Phengitic mu + 1.33chl + cc + 2.65gtz + 2ilm or mt —»bi + gnt
© -+ 0.16 calcic plag + €Oy + XH»O. . g

3) '2Fe —ep + 0. 16Al-act + 1. 20 low An plag + 0.71 {ImTpAl-ep + '
‘ hb + higher An plag + 0.70 sph + 0.20 Ab + 1.50 qtz

4) Fe-ep + 0.75 chl + 0.60 low An plag + 2cc-?§Aléep + hb +
v2.50 qtz + 2C02 + XH20 . . E

5) Tr + 3cc + 2qtz-—-}5di + 3co + H,0

2
- 6) SDol + 8qtz + HZOr—}Er‘* 3ce +'7CO2

)

Reaction 2 defines the garnet 1sograd and takes place at about

4309C, Reactians 3 and é-deflng“the hornblende 1sograd and’ take piace

at slightly lowér fgmperaturesiﬁ Reactfons.l and 2'may take placé sfﬁhl—

T
taneously in areas smallnr than a thln sectlon, as may reactions 5 and

y

I




6., Lenction D takes plice at temporvatures eq4[ve}:nt.tovthuse of tﬁe
hornbleqdn icograd in rocks qfisgitnble eowpdg{tion. _Temperatzr:; did
not exceed_SEOOC'in Lhe_highesteg‘nde rocks.

K and ﬁa ean bc.shown.tc be mobile dgriné forﬁatiUn oﬁ metemOrphie
minerel assemﬁlages trom carbonqte—rieh'roeké,‘ca1Cw§ilicates‘nhdlumphi_
_boliteé. The reeetioes Lake,piacc under Qaryieg'cendiLions.dE f07’
‘PCOZ and‘Puzo-i\iE§2'behaves esvan éne?t ot~jnitialuvaluo nbmpouent'ie
carbenate-vich rocke. | |

Detailed ﬁerk'on a small area at-theyhighestVgraéeiiqdieates tnat
chemicalleqﬁilibriumhwns not a{tained,v Eleyeﬁ biotiteéambhibple'pairs

were analyzed for trace clements Ga, Li; Cr, Cu, Co,;Ni; ﬁn,‘Rb, St and

Ra as-well as major elewments. An addicional 12 Pd*t "ucLe analvzed for

major elements, including Mn. ~ Rb/Sr and K-Ar JsoLop N analyses were also

()u

carried oul. Fe and Ti are not equilibrated b hornblende-biotite -

Ly

s : s o ox }~ s
pairs, while Mg closely approaches' equilibrium.” " Cu, Co, Wi, Zn, Ga,:Li,

Rb and Ba.are not.equilibrated, fion studies. Mn, Cr

-

and St ampear to closely appLoach LQUl%&b,A 7 in mos{ of the eleven

open to K;vNavaﬁd,possibly Q1 and Al‘g‘

v

Ten K-Ar ages were obtained fromrﬁidtites on which'trace element

‘analyses were pevformed.. They yleld a mean age of 52 i>3 my and qpread

in_age:fromk47*to-57 mf, The elcvmn blOtlte hornblenﬁ% palr were»ena—,'
lyzed‘fpr Rb and St iéotopes.v An age of 48 + 3 my was-obtained from one‘
pair théugﬁt to'represent‘cemplete recryétgllizatibn of thc mineraisf

Thls age is in’ good a"rcement with tHe K- Ar ages. Rb/Sr *isochrdns“ f;r

the eleven palrs analyzed indicate xncomplete hOWOanlZdtlon of 1sotopes

resulting from overprinting and lackiof equilibration{; The ageipattérn
. ' L 4 .

N - ~



indicates overprinting of ou easlicr jurassic W7 wetanerphism by a

later eveant occurring batwveen 50 and 70 my ago.

The . Kootenay Arc has a Tong metamorphic history, bepionine with

i
i

Precambrian and Paleczoic sedimentaticn irn a continental ruarpia shelf-

N ‘ : ' . L
slope-rise sequence. The first metamorphic event occurred during the
~Jurassic (?), but its character is uncertain. Further metanorphism .

occurred between 50 and 70 my ago, and is characterized in the central

~.portion of the Kootenay Arc by a high pressure inidrmediate temperature -

facies series lying thween‘Barrovian and Glaucopliane schist, Although
o B : S R _ X
‘the:development of the Kootehay ‘Are can be related to- the iovencnr of
the North American plate from Triassic to present time, evidence dees
' ' ) e v .
not support placement of a subduction zone.in rhe region occuplied by the
L . S _. ’ ) . "
Kootenay Arc. . ‘ . o s
-y .
-
.
) , ,'1)
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CHAPTER I

.
o

STATEMENT OF 002 PROBLEM : : ' .

Two major problems are discussed in this thesis.,  The problems.

~
7

are interrelated,‘bﬁt for purposes of clarit{ they will be dealt with

separatelv. The first problem concerns the conditions of mecamorphism

in, the central Kootenay Arc of British Columbia and stems from the dri-

aim of this project to'invgétigate the nature of chemical equili-

glnﬁ

brium in rocks of medium metamerphic grade. - -\

[
N

For the last 75 years it has been kncwn that metamorphic rocks of

medium and perhaps higher grade crop out in a rather narrey band on the
east and west.sides of the central gortion of Koottnay lake. Crosby
) (1968)‘diécussesrfhesé‘rocks and- has placed Barrovian isograds on his

geological map. Fyles: (1967) has doné similar:work in the araa of Ains-

worth. on the west side of the lake. ' Regional reconnaissance by this
TR e . » . ‘ o

“avthor in 1970 revealed.s@vefal-inconsistenciés‘in'Lhe previous work.

4

3

An gxpénded regional study was undertaken to better define the type and

;"A'degreekof metamorphism-in the area, particularly with respect to reac-
tion isograds and stably coexisting assemblages. Several lithologies
L o o ‘ & : .
are present in.the region studied. Tlye l}thpzbgic variation compli-
) .v : N A IR
cates clarification of the metamorphic re%ﬁ}ionships, but . intensive

a-

chemical study of the Kootenay rocks has provided a somewhat clearer o

ical equilibrium in rocks from:the”i

», - interpretation.

i

- The question of. chem

P B . g !

L et s OEERE. L e . L. : >

grade portion”% L el E@@;enay Arc comprises the sdcon
- o ' . P L= .




of Lhis thesis. Discussions of mctanorphic pocreeenesis have long

‘beean domirated by an essentially static approach o the question of -

' . y . . . . -
metamorphic reactions and phase assenrlases, For the most part,
regional mLLamOthLc LPrr 1ins have been viewod as clesed systems in
which chemlcal c'u1llbrlum s been atcained or’c]oscly approached

in all phases present. This interpretation has allowed the use of the

phase rule of Cibbs to couistruct essentiall§'static diagrams cf stably
. ' S ey o . ) . ’

coexisting-minerals in'a rock system. lMore recent.work,~e$pecially"

with the electron microprobe, has turned up several inconsistencies

w1tu1u the older model. Garnets and awphiboles, as well s feldspars
» - D . ) e '
and epidote, have been shown to be zoned. Seome ‘studies of trace ele-

ments bhOW that contiguous coex xisting minerals are out of equilibriom
. - . S . - . )
with each other for scme %%ements but-not for others.. Other work has

indicated that there are dumains of equiliprium, and that these may be
very small.v Isotopic studies iRdicate that‘models,-involvinn incompletn

- :
eqULllbratlon may be. propOb d fcr some mLLdm”lDH1C terraiuns,

The econd half of this thesis dis usses and tries to quantify the

degree of. un111br1um or dis cqulllbrlum in a small -chemically.diveréev

o

section of the Arc. To tn1u cnd maJor minor and trace element mlneral
. . oS » :
chemistry, Rb/Sr and'K/Ar,J OthP data, wholé rock chemistry and more

classical_lethods in petro raphy and- patrology have been applied to

carefully se leutcd rOCka from thls sectlon.

GEOLGCIC SETTING ' " R ' : =
Ihe Kootcnay Arc is a narrow. band “of nghly deforned Prgudmbrlan,

Pale0201c ‘and h850201c rocks’ stletchlng from Revelstoke Brltljn Colum—

’bla SOutheast;‘SOuth and southwgst to WashiugtOU state_(Fig. l).} The
R S B | . ST

Arc may extend for more than 100 km into the state of Washington, but
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co;telations bheyond Motaliun.Fqlls’nre oncertuin. Rocks «ithin the

mootenav Arc have expericenced varying degrefis of regional ahd tontutt‘

mttamOLphlsm lhe.hlghest grados ate from the central portion of -

the'Kootenay Are where kyanite aud sflllmanite have been tqoorted

(Fyles, 1067 Crosby l9o85. . : . ,‘ i _— :
- ‘ - ’ J

The re‘lon ‘has a- fllrly long his tory@of exploration, s;lmulated

ot

by the 0ccdrrence,throu0hout the Arc of both small and laro deposits

f

of ore. Flrst reports of mapplnn in- tne KooLenay Arc were from Gthcrlﬂld

in 1920 buL geologlcal e<oloraL10n predqtes this report by a rumber ofz
y2ars. lht first detallcd maps. are attributed to hﬁlker.(1948) Cairnes

(1978) and Walker and Bancreft (1929), whlle later norke?s 1lclude Rlce
P

'(l94l) Park and Cannon (1943), Little (1960), Fyles‘and Eastwoog (1962),

<

Tyles (l9b4 1967) and Frosby (1968)
Thl éludy concerns the centrll porrlon of the hootcnay Arec west

of the Nels@§~bathollth (Fig. 1). The central part of the Kootena%\Arc

x

has. been mapped by Rice (1941), by Crosby (]968) and in‘part by 1'*yl“‘es
(1367),’ Mapping bv Cominco geologist Pz 2ul Ran<om tontwnued untll l97l
k \

NhLle thlS ‘author collecced in the area during the l970—7fg72>field

. sceasons. ‘Notattempt at exhaustivekmaopino has been made Ly this auLhor.

-

The map nreSLHted in Flg 2 is the result of a synthDSJs of the present
work and’ that of Tyles (1967) and Ransom’ (pers. comn. 1972 1973)

‘ Correlatlons both w1thln and outside the map area ares compllcated

B
. - A

by the intense dtformsmlon and moderate metamorphlsm of the rocks.

Although metamorphlsm has not always destroyed orlglnal beddlng, it‘has v

destroyed sucl

's. as grading and crossfbedding; and'extensive
reated-structdfes which simulate bedding. . v

formations are similar, making transitions dif-~



ficult or impossible to map. One marker hovizow exist: (the, lowor-
~widdle Cambrian Badshot Formation), and noot Lithologic maprine was
. C » ) 05 pring

1
done by using this formatioq ;s a vefcrence, - The map presentad should
be con81dered with these problem~vin mind, '!

LITHOLOGIES

o

Precambrian Horsethief Creek Group
I ‘ ' -
V_'\ .. . . - " N . il
The Horsethief Creek Group marks the top of the Windermere Group

"y . -

es.mapped by Walket (1928)5 It conﬁormiblv overlies the Toby F@éilomf
_eraﬁe dnd conformably underlleq the Ha milb Group. Tn the type ared,
the iorsethief Creek Group consists of gray-green to‘pufpliqh slate;

with several beds of ientlculdr conﬂlororatv and quItZLtP and numerous

thin 1nterbeds of bluewgrqy, crysta111ne mostly»no —magnesian‘lime;__

~ N'}t;}‘l S ~ W
stone (Walker, 078) In the mdp area rhe foLmatlon &ﬁ{ F

Lompgsed/of
rusty-red, greenlsh of bl1cl phyllites andipluish-gray‘carbouates “
with occasiodal blocky bands of reddisn QJ rpzite:' The phyllites
contaln‘muscovﬂpe chlorite de cmall amounts of b‘Otlté‘th Larbonate
whlie the more grgenlehgphyllltcu contain aCCLQOllt agd:chlorite.
qubopates‘contain calcite, dolomitc, quartzvandvmuscqvitef Rocks ef
the Horsethief Creek Group afe‘exposed grom rokhért Beech‘ north.tev

the .contact with the Crawford Bay Stock, and along the extreme north-
s D

o

east n edge of the map area. 1xan51t10n between the HOLSethleE Creek |
Group and the lover member of the Hamill Group 1s obscured bj hLLamor—

phism and foldlng.

Cambrianlﬂamill (Croup
The Hami’l .vcour was.placed in the Preeambrlan Wlndernere Group

by walker (1928) Walker and Bancroft (1929), and Rice (,1941‘)_.  This



Jcorrclations. T ' . T

Hby ClOab] (19631*/énd two fOfmlLlOHS ‘are deflned by Fyleo (1964) f'om

assieniment was made because of the absenca of fossils in tlie area and
still remains uncertain today, as good fossil localities do not exist

for the Hamill Group throughout much of the Kootenay Arc. Little (1960)

* matks the Cambria-Precambrian boundary at the lowest formation bearing

Lower Cambrian fossils, which/in the ilelson area is the lower limestone.

of the Laib Croup (Reeves momber) . Park and. Cannon (1943) report A

3

" fossils (0lencllus) from the Quartzite Range Formation, which has been

N

correlated with the Yamill Group (below the Reeves mewber) and a lower

Cambrian age may be assigned to the Hamill Group on the basis of these -

v

W

In the map area the HuﬂLll Croup i3 separated into two'diﬁisions
{

a

the "Buncan Lake area. The Lowcr member (Iarsh Adams Formﬂtlon) is a-
micaceous, locally garnetiferouquuartzite and-gray mica schist with

thin Jlenses of buff wveathering limestone (Fy]eéiwnd Eastwood, 1962}

Fvles,'l964). Wheeler 61963)‘describesfintercalated greenstones

o
t4

within the Hemill Group in the Rogers Pass area., - These greenstones are

'described as amyOdaloidhl and pillowed, occurring with breccia. . They
N w .

-

: rapldly thin .and dlL ~out to the south No SGCHuiﬁtercalations are

F

reoorted by Fyles and hastwood (1¢ 67) or: by Fyles (1004)A and no green-

Q
R

.stone members hav; been observed w1th1h_the formatlon by the author.

P
Crosby (1968) coanders that dmph1b01]te° represeutatlve of the green~

stones do’ occur w1th1n the Hamlll Grﬁhp on the east shore of the lake

but the auLhor con51ders these unit

- N .

\f"

R

to be'infolded Lardeau Group.

In the map area, Hamlll’hr’ ﬁV/oeks are represented by massive

-

4 .
meStones containing calcite, dolomite,

)

. tremolite, dlops1de and phlo o) Lte or by calcareous bChlStS w1tb quartz,



{
foldspar, muscovite, biotirc or ¢(hlorvite and epidote. Dark gray or

| ! . & - . . . . .
silvery gray quartz, foldspar, biotite, muscovite, garnei scalsts
L ) : . . F
appear on the west side of Crawford Point and the west side of Craw-
ford Bay and are probably represcentative of the Hamill Group.

- Cambrian Badshot Formation

The Badshot Tormation is the best marker horizon in the Kootenay
Arc. In the type arca (Badshot Monmfain, Ferguscn Arca) {Fyles and

Lastwood, 1962) the Badshot Forwation is a massive limestone with

dolomitic and siliceous layeérs-up to 305 m thick. ' In the map arca it
raugesefrom 15-100 m thick and is repeated several times by isoclinal
folding and thrust faul®ng: The Badshot Formation has been corrcdlated

with therlower member of the Laib Group (Reeves member) hy Little (1960),

w . - . . - .
and wIth'the Badshot Formation in the Rogers Pass area (Hheeler, 1263).

It may grade 1nro ‘the HMaitlen phv]llte of the MctdLLve Quaeravg
;Washiggton'(Little? 1960).A lhe R>dssot Formatlon is piaecd in the .

Cambrian on tﬁe basis of these correlatioﬁs,;ps thc‘Reeves limcstoneix'

centelns afcheorsath1ds whlch are also Jound 1n the Badshot EOLmﬂelon -

inrthe Rogch-Pass area. Assumiug the corre lgtlon to be valid, Lhe

amb1gu1ry of the aée of both tbe Badshot Formation,and the overlying

‘.
'

Lardeau Group are rcmoved plac1ng both in the Cambrian and nut in the

pre- Cam rian Klndermete Group as suggested by earlier workers (Ualker,

‘~f751§28; Walker and Baneroft 1929 Rice, 1941),

In the map area, the BadshoL Formatlon is represented by pure mhlte,

COarsely ctystalline dolomitic marble, which often contalns ‘smaller

amounts of dlopside ‘tremolite gndAphlogopitel On the eaSt side of

Crawford Bay, the Badshot lormatlon lies in contact with a small pegma?

t1te body,'and w1thﬁf1%frn of the contqct dlspllys a spectacular range -

S
3
v



. of pegmatitic crystals of diopside and tremolite up to 1.5 m long and

. o
50~-75 ‘em thick.- The Badshot. Formation is also correlated with the

famous Bluebell Limestone, host” of _the Blhebell orcbody.

..T1ld au Group ‘ .

The Lardeau Group lies firmly in tle Cdmbrlan and has been di v1ded
into six formations by Tyles and Eastwood (1962) and Fyles (1964), |
They are the lndex, Triune, Ajax, Sharon Creek, Jowctt}anderoadviem
'Formations;: The ahthorvconsiders»that'onlg the Thdex.Formation'and
‘possibly theblriune Formation: are represented in the map area. Rocks

~of the Lardtau Group have been 1ntensely deformtd and possibly intruded

-~

Ly basic sills of hjslu wce, hence‘lithological diffeventiations are

.impossible to make with any degree of confidence, In the type area,
the Index Formation is divided into a lower carbonaceous and siliceous

argillite interbedded with limcstones and slate, and an upper quartz
R 5 e :

“muscovite-chlorite metavolcanic intercalated with limestone. “No Such

-

division appears pos51ble in the nap area, as all types Aare complexly
ca 2

1nterfolded by tight 1soc11nal folds. Onjxhe_west 51de'of Kootenay':
Leke, the Princess andanrly Bird Formations‘may-oorrelate‘with‘the
Triune Formation (Fyles,pl967). The lithology of the Lardeau Croup rn
the map area is very 51m11ar to that of the Hamlll Group*}hd even more
closely resembles that of the Milford Group. The author considers'that't
the Lardeau Group‘may be.Separated:from the Hamill'Group hy its, amphi-
‘bolite content andlgenerally higher limeStohe‘content{ blntercalated

pods of amphibolite and limestohe appear to be common in the rocks of
( B
the'Lardeau Group.  On this basis, Lardeau Group rocks appear to repeat

w1th1n the envelope of the Badshot Formatlon in the northeast quadrant

e

“ -



of the map #nd to be interfolded-with Lhe Hamill Croup: thrroggucut

EN

'tlizlnap arca. - V% ‘ . - BRI E“
Thc'Lucdcnu Groép‘in‘the map aréa‘is'rebrasgntcd by a larpe wari-

ery of rock typcé and minerai'assgﬁb}nges. chéﬁish bﬁﬁdcd calc-s;li—

cates and¢1apée nmﬁﬁibolite boudins a;e\thc‘mést commbnu:Og& types,

N .

Cale-silicates  vary frem 10 - 50% calecite 4 doluummite, and all coatain
) . . . \ . )

diopside, tremolite-idctinolite, hornblende, epidote, microcline and

placioclasc with varying amounts of biotite. Minor chlorite occurs,
i ik 5 - ’ - _ ; - 5

T4 3 .

and scapolite has developed in many samples. Amphibolites contain
varying arounts of biotite, clinozoisite, chlorite and actinolite with

‘or.without garnet. Lower grade equivalents ‘contain. larger amounts of
s 0 .- . . ' R . . B L »
-chlorite and actinclite. Interbedded with the above are thin layevs

ous® schist and a few bhands of pelitic sc¢ st

of calcareous, micace
~containing garnet at hipgher zrade. As the ¢ L side of the luke is

approached, an increasing numnber of largely corncordant pegmatites occur,

. . C AR T . .
: . . . . 3 . : PN 4 . e .
and small to mediumisdized discotdant dikes .of aplite-cut the various
“ ' f~" : ) - S ‘u o .
" membevs. o, . . i ~ ‘
#, Milford Group . R o oy . .J/ﬁaj\\\d/f_

IS

“Rocks of the Milford Group crop out' in ﬁhg”weste:n‘portions of
, e A . Bl e o

the map arca and are quite similar in'lithOIOgy‘to those of the Lardeau

" Group. The #ilford Group is difficult to.distippuish because Kaslo .

3

Group rocks have bEGn)infdultéd.ih%o'it, producing patches of amphi- -

bolfte-almcsf‘ihdistinguighébié from ‘t‘nose_{.in»:t"he.I_.:u'déwau,G"roﬁp'._'-f'I‘h:;v’~
Milfordidioup épééarsvt¢.span é'éonéideyabierMC;nt‘bf ggoldgic timé,
.being“;o;féleud~outsidé;of.éhe map éreé.yigh:fbgks;of'Cafggﬁifé%ous;
Pefmianfand ,~iaésic age.  Qi1fod.Groﬁba£bcks aﬁpéarli?ﬁthé Eergu;f
son_aréé_(Fyles'aﬁd E#%tw06a4,19§2),Laslwel£ aslihr£bé Dpnc5n Lék§ .



area (I'yles, 1964) and may be fouhd south-of the map' area (Rice, 1941,

4

Little, 1960). The HllLOxd CLuup congisis of limestones interbedded

with'catcdreous aud;doq~énlcarcous schists and quartzites., In the

Alnbwﬂxfn—husLo arti they are: intruded by sills of Kaslo age {Fvles, =
BRI L “' ' . . ) .
' »19‘67). LA T : - ' - ;

- . a

"Milford Group rocks are represented by massive to thinly banded

dolomitic limestones which appefir bluergray in fresh outcrop.* Thin

bands of rusty—Weathcfing calcardous muscovite-biotite: >ChlSt locally

garnutiferous,~are fourd ]ntLrdededuthh the carbonate%. Hineral
o o ; -
assemblages .are similar f@ thosc of Lardean Group rockb with trgvollte—

1

pitlogopite "gnefssesg" and JlOpSlde act1nol1te—mlcrOPllno—nla"1oclase—

quaruz banded gncloqos._ lbL haslo lﬂLfUSlVGb art biotite athLbUlltLS

occasionally garn;tﬂteroua.‘

.Kaslo CGroup
. i

A thick series of andésitic Vqlcanics and ascociated diorites
occur in»the type area of Sloban and Upper ‘Arrov Lakes \Calrnes 1928).

They overlie rocks of the Milford Group in tne tvpe arga and dre thus = .

>

~of prbbable‘Trlassic age, In the - presenr map area th0/ are COﬁSIdude
to be 1ntrus1ve into the Mllford Group, and are reprgsonted therp by.
Lhornblende schlsts_and ghelsses.' o . : .

Sloban«Qfoup_

- The Slocan Group is represented by a small outcropping in the

extreme northwest corner of the map area. Rocks of the Slocan Group

are,interbeddéd gray and white, flne—oralned cr1n01ddL limestone, dolo-=

mlte a d slate or argllllte overlylng the Kaslo volcanLCD. The Slocan

N Group is also con51dered to. contaln sone volcanLcs (Cairnes, "1928), but

e
5



EE

Slocan Group in the Triassic. No samples from the Slocan Group were

obtained for this study.
Intrusive Rocks
- The entire Kooténay Arc 4is sandwiched between large granitic,

granodioritic and syeniticeintrusives of -Jurassic-Cretacequs, and Ter—

tiary age (Fig. 1). Little (1966)“considcred‘that rocks of the Kootenay

[ AN

Arc were wrapped'arodﬁd;the Nelson Batholith, but examination of the

work by Fyles and EdStWOQd (19625 and Fyles (1964, 1967) shows that the

u_Aréﬁextends well beyond the Kuskanax Batholith to the north, and corgpp-

lation with rocks and structhre in Washington extends the Arc well to

'thevsouth‘of the Nelson Bafhblith,r These large batholiths provide a

barrier (or tramsition) between the Shuswap metamorphic complex to the

west and the folded metasediments to the east. Extension of the Shus-.

wap complex into- the United States indicates that_this‘ié true for the

whole of the known Arc.
“The largest intrusives are composite batholiths of Jurassic-Creta-
ceous ége;T IntrUsioﬁ:oftthese batholiths has deformed the metasediments

of thevArc and created mepambrphic aureoles up to 1.4 kmlwide{' The
large batholiths are granodioritic, with granitic. and sometimes more

basic portions;1often'porphyripic with large phenocrysts of potassic

”feldépar.x Smaller intrusives include the Crawford Bay Stock and

numerous .aplite and pegmatite bodies tod small to map. The Crawford

‘Béy‘Stock_is described as a porphyritic biotite—granodiorite by Crosby

(1968). Thin sections examined'by the authof.indycaté that it has

: ; ' Yoo P , ' ,
syenitic affiliations and that some parts of the body are quartz-syepite.
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The -smaller aplite and pegmatite bodies are often syenitic (espe- %?
. ' ) ‘ "v ‘
cialiy the aplites). These bodics may be citber concordant or discer-
dant, but the larger pepmatite hodies are largely concerdant, while
most of the aplites, cbserved were discordant., Some of the smiller
bodies have associcted aurcoles up to 10 ecm wide. Many of the smaller

“bodies, and poftiQns of. the larger intrusives, have textures indicative

of cataclasis. : . N

-STRUCTURE

Structure infthe Kootenéy Arc is complex in détail,‘but in general
remains,femafhably'Coustdht throcughout thé cntire aEC’lengﬁh. The‘
strucﬁure is ﬁéfinediby:N to NW Lregding,-nqrthward plunging iéoblinal "~
folds, with deviations from the trend in the vicinity of .the batholiths.

-Axial planes are nearly‘vertical or dip to the west at high anglés.

4
1

'This'pdtterm of.diﬁ cﬂanges'locally, and probab?ybchang;s‘régionally
as thé curvatdrg of the arc chénges:'_For ins}hnce, in the Ferguson
areé, axial‘plQRQS'dip southwest at 70;-8(5O (Fyles and Eastwcod, 1962),.

- whereas in che ﬁetaliné Quadrangle, dip of che axial planes_is approxi-
. mately SOglséutheasf (Park and'Canhon; 1943);1‘Féuité treﬁd in the same
direction as cthe gtrike of the axial.ﬁlanes of the folds?-excepp for. 
r;dial fblds‘which}are'relatgd to theibathéliths (Litflé, 1960).

" Three phéses of»foldinngere.réqogniéed‘in>the greé'byHCrosby (1968) .

»Phasg I and Phasé TI folds are éo;aﬁiai, vith a ;hifd phase having axial
Pléhes ép?roﬁimately Pcfpendiculap t;'the.fifgt twvo, All é;thors work;'

s,

ing in the Arc agree that twdbgﬁﬁs

w?*of foldiﬁg’exist;'but‘Fyles (1964,
1967) and Fyles and Eastwcod (1962) do not recognize'Phase.iII:as such

“and group this type. together with minor folds in the area to the north
. . o - . ' . N . .

_and south of the map area. -There is some ambiguity in. the definition

~ . . s L . . . ~



of the phases of folding, esprcially in vegard to scale, Phase I folds

are defined by. all authors as isoclinal, and can oaly be recognized by

, ' I ’
~study of Phase TI folds, buf no Phase T closures have heen ohsorved,

Phase II folde.arc.more'epen tﬁan Phaée I. thre'refolded Phase T

folds.ate'prcscnt, they ncqu‘re the Sl>hdpe of the Phlo@ IT felds :
| Cxosby (1966) define ‘Phase II folds as the smaller of the tWo,t.

in direct contradistinction to Fyles (1964) who defiﬁes’them as large

antiformal or synformal foids. Crosby finds Cliat Phase II folds may

be defined in large outcrops. by lineation, axes of minor folds and

cattitude of the first foli atlon In the central Kobtenay Arc, identi-

ﬁication'is‘mbre difficult due to poorer outcrop and difficulty with

delnlClOn #f local’ stratlgraphy.u'The present author,suspecté that

,9'

'anse I and II folds have been WLgldentJfLLd in porttons oL Crosby's

work due to the above factors;

Unlike the Phasé I and 11 folda, the miﬁor folds (Phase III of

Croao/ 1968) are rtadlly Ldentlflab]e in outcrop. "They are’ crenula-

tions of variable spaCing along schistose beds, with axés,dipping to

the west.
o ¢

. General structural styles can be recognized, hewever, and will be

- briefly mentioned here since.they have bearing on the genesis of the

“Arc.  The structural style appeavs to change from more open- isoclinal

"folds to the west to tight isoclinal folde in the east. Isoclihal folds

4 2

may be recognized on both-sides"of'the lake, but the west side is com-

. L L .
plicated by a series of'faults and bv the prcsence of the Nelson Bathao=

1lith. }yles (1967) considers that there is no complete st¥atigraphic

" Y
sectlon on the western marglu of the area and descrlbes the structure

and stratigraphy in terms oftfour,fault slices. Examination of ‘his

4
.
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;trucﬁural cross;oecticnn shows éomplex]y felded and sheared Kaslo
and Milford rocks adjdcencﬁto the batholith Qith'folds opening as the
" lake shore is approached. Thé recks are folded into isoélinalvfolds
interrupted by faults and di;tiqguishnble between fault slices only by
careful stratigraphic mappigg. On the eastern shore, thc’felatively‘
less competent Lardeau pocks are overturned to the:easf: and foiding
) .q}beCQmes\tighﬁér,as the eastern margin of the map area is approached.
» Tight is§clinal‘folds and thrust fauiLs have repeﬁted the Badshot aﬁd
0 -  info1&ed the Hamill and Lardeau Groups, This sﬁyle‘ofvfolding resembleé
) the "fan" type structures Ffarther to the north. :Part of the structural
7{ ditference may be d;:j?g’vnrying.litﬁologies across the section and to-
\}‘ ﬁlthéueffects of the intrusioﬁ Qf the Nel§on Bathblith, VThese'prdblemé

zwill»be more fﬁlly discussed in the conclusions.:

T S

Ml
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CHAPTER TI

WilOLE ROCK CHEMISTRY AND METAMORPHIC HINERALQGY

IﬁTRODUCTORY STATENENT _ " ) ‘ R

Crosby (1968).dcfinédAmégemorphic isoérad;‘bu@ed on classical
index minetqls foﬁnd'in the ﬁelitic vocks frﬁm che /re, On rthis basis
he,idcptifigd.thgfchlorite, biot;te, garneﬁ,.séaurolitc{ kyénite gnd
silliﬁénitc iségradsf Ip the course of thfs study, it becéme obvious
that the ﬁetam6rphic pitturc civen by Crosby waé in need of revigion.

The first problem lies in definiticn of ifogprads. Acteal pelitic rocks

e ' = . , . S W . :
are rare in the central Kootenay Arcy most wicaceous schists examined

contain®™modal caleite, plackng -the rock in a different chemical sys-

-

tem froﬁﬁthat of pclites. _Thc‘éccohd problem lies in the féct that
"the rocks are polymetamorphic and that a léfef retrogréséive‘event
has éffected parts of the region stgdied. Ietngressive'éEfe*ts have
caused misidéntif&cation of index minerals such as kyanite 5nd siiii—

manite. ECrdsby (1968), in his modal analyses, lists up to 30% pseudo%

morphous kyanite and swall (generally < 17) percentages of sillimanite

’ frqm»relativély few rocks., Pszudomorphs after cordierite are also men-

AR

. . h . ' . B
tioned. These recks cowe frofy Riondel penipsula., from near-the sum-

°
3

mit of Bluecbell Mountain, from Woodbury Point_aﬁd from the south- ¢

western section of the map area near the lake shore. The ‘author has

i

examined about 400 thin sections audvpolishdd thin sections from the

central Kootenay Avc and has failed to find sillimanite or_kyénite_on



16

E

. 4 Ll N .
any repional scale. HNo cordierite Gtas been ideatified. The two occur-

cences of sillimanite fedqd by the authoT are from the immediate contact o
. . X » . .

“with the Cravford Bay Stock,  and oné occurrence of kyanite + staurolite-
: o ' Lo I :
from Woodbury Point is found. sandwiched between two syenitic bodies.
No rock found outside the aureoles of intrusive badies has yielded any
of the three higher grade index minerals.
The third problem lics with thepsuperposition of the stratigraphy,
structure and isograds. Both Crosby (1968) and Fylks (1967) recog-

nized the fact that the iSograds trenﬁ north-south, parallel to bedding,:

strike and axial plénes éf ﬁhe folds. Becaﬁse of the varied litholo- .

gies acrdés éec;idh;_éne rock typé'caﬁnot be used to define the,entire
éeriesjof'metamdrphic;changes. - The Lardeau erup.rocks span'tﬁc 1afgest
;gm??fatgre-prc§sure ?) éradient; but thé%&?te Qdmposed mainly of cql— ;
_éd%eégs aﬁd basié»li;ﬁpiogi@s. Isograﬁs,ltﬁeﬁeforé, must bc defined /.

fof dany 11thqlbgiés, and régctions.;re prbbably more indicative thén

i;dex hiheréléT | 71 . : : ' :

S AMPLING PROCEDURE ‘ , - : \

An origiral aim of this project was to discuss chemical equili-
brium in metamorphic rocks of moderate metamorpnic grade. To dorthis,

it was nec¢essary to control as many natural variables as possible,

]

Because the conditions of certain reactions differ from others on tie

R

&

basis of bulk chemiétry;'fugacity cf'volatiles, eth; thevmaximum‘ﬁﬁem-

ical variation was sought in‘Ordér to allow the breoadest generalizations

Lol P

"to be médé? At the same time, it is desirable ‘to choose an area where
:\ . . . .

\

the intensive variables.T and P

N 3 . ; “, .
tot .. are comstant for the ramge of chemi-

cal variation. An area 125 m square juSt‘nprth of Kootenay Landing was
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chosen fov its chemical variability. Because littic section is inter-—

sected, it is likely that T and Ptot' wvould be,the same for all samples:
: . - . | . .
L S C ,
collected. Some 108 samples were collected, about &5 of them in tra—

5

' ) - p . . . " N ) 7 " . N .
verses across. the small point (Sec fig 3-for sample lOCﬂthhG). Care
. . . . o
was taken. to sample across “bedding” and across. conLactﬁ*bJLL peenatite
and aplite bodies. Sample spacing is tight, so that all variations

could be examined. A‘l samples were thln onncd ar.d examined care-

’ Lt
-

fully -before chodsing suitable : assemblages for microprabe study. - Forty- -
four ‘assemblages were chosen for further examination, and LOQ%LSthg
" 1. tota 1

phases within these slides were anquzed oy elehtlon mlcropr be.
In additiong. it was necessary, because of the uncertaintics found
in the regional studies, to try and d=fine metamorphic isograds and
S M

. metamorphic reactions withih the region. To this end, regional recor-

naissance and collecting was undertalen. | Two hundred rocks.were col-
Leécted in: the region outlined in Fig. 2 (sample locatieons in Fig. 2), .

and several hundrea Qpeciméns in the Cominco collecéiou were exaumined.

From .all‘the rocks, 28ispécimgqs Wére chesen for further analysis byv
electron"ﬁicroprbbe.' These sampleé’wére‘chOSGn with the following
‘criteria in mind:‘ i) Peliﬁiﬁlkocké fféﬁ all grades neéded to be pxamined,:

.since the greatest amount of quantitative data exists for these rocks.

o

2) Where possible, calc-silicate and amphibolite rocks were collected
immediately adjacent to the_péliteé. Specimens of these rock types
were collected near the pelitic rocks whvr ﬁéy were not directly - adja-

cent, 3) Rock tprs ‘'were chosen to be- Leprgsentatlv of aésemblages

.wfound for the same or.similar ‘rock typéé at the same grade from the
. A » ; r :

200+ thin sections previously examined. 4) Samples were collected as-

L

- far as possible from known large intrusives bearing visible contact



.

avreoles, except where the asserblage was uniquc {as in 12Wr-2; 2

-

and 11CB8T-15). Focks weve unwedathered - nd sho/cd few, "if %ny, sigas :
VA : . g -

of retrograde nctamorphism.

Rocks analvzed from:both‘chc Point and the rcgion are represen-
tative of all rock types fonnd in the area with the exception sic
lamprophyre dikcs. The following sections deal with rhc chemistry,

mrncralogy and petrology of these rocks.  The treatment of analytical

methods can be found in Appendix 1.

WILOLE ROCK CHEMIST:RY R _ (_\

| Becauée a great many studies of netamorphic'petrogencsis lack
comprchCnsive data on‘compoeitronvof the rock system in which tie mctd«
morchic#minerels formed, conclusione r'on,ceml.lm_, chemlcal varwatjonb w1th
grade are always’ hamnorcd by doubts as to the controls of bulL ChtTlat Ty,
Some circularity exists in any'reasoning concerning chemicai controls
on mincral Composition, since-the;rock ccmposrtion-is'the-result of'tne

sur of the compositions of the mineral constifftents. Ratios of major
vcomponents.méy not be controlled by bulk composition alone, but may be,

<

1nflucnced by the coexisting mineralogy, ebpec1ally in systemg smaller

than a hand speclmen or thin sectlon.. O “$

"Wholeérock'COmpositions were obtaincd'in ‘two wdys. Roeks from

v

Kootenay Po;nt were anaJy7ed by Y—ray fluorescence in the laboratory

c

of J. G. dolland Durham Unlvcrs1ty (Table . Standards were‘included_

inthe run to-c eck‘the accuracy of the XRF data. The XRF data from
¢ f , o :
Durham‘are n

too'satisfactory‘for quantitative analysis, and large

errors §¥e encountered in A1203; Mg0 and]NaZO values. WNecessity dic-

/

o | | : : A
_tdtes use of the data .within thib.thesis/ but they are'useful“only for v

- .
B} : TN
- . s : .
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lilustration of treads. Katios of. mlements are not very accurnte,
e,pLClely w1th regard to At203, but’ they should, when used in =uffi-

cient numbers, allow trends to be disceirned, Further discussion of the

T

accuracy of these résults can be Found in Appendix-1. Whole rock compo~—
NN ’ - -

sitions were detormined. for the 28 regional rocks studied following the

.method of Friedman (1960)_(Table 2).  The pr oredure wds modified to the .

“extent that chemical analyses of minerals from thin sections were used
in the calculation. An analysis of “standard T4—=8 was made as z check of
. . v 1

~acecuracy. CompariSon of results indicated that analyses :ice accurate to
"within * 5% of the total for mast major elements., Largar differences
B R ‘ . Y ’ ’ . .

cw

are noted for minor elements and forvNaZO andlK_O., bee Appendixz. 1 for

discussion of resu;ti. Modal analyses of both the reﬂloual metarorphic”
«,‘_\ X
rocks and rocks from Kootenay~P01nt may be found in Tables 3 and 4.

Rocks from the P01nt are, with a few e"ceotlnuu, divisabie into rwo‘

w . . °
]

Lategorles on tne basis of both Niggli values and ‘comparison wiih the e
: ’ - {
'.ptots of VlnAler (196/) (Flg. 4).. The larger group, characterized. using

Niggli values as femic«calc—alkaline or femic silicate rocks, plot in

the region delimiteq_byywinkler as ultrabasic or'basaltic rocks., The
SET '
remaining large group -of rocks are charactarffed by Nlopll values as
Ty o : : BN
femic siiicates, but the- si value 15 verv much lower than that for the

- : \\ (]
other group, ref1ect1ng a oreater amount of tarbonate. hot all°ﬁ%cks

1n thls second groun are’ true carbonates however >. a8 examination of - sl
) o TR » R
Table 4 will show. Several are more 51llceous than a try gérbonate, -
P 3 Pl
‘ . . % ‘ . ¢ . .
coptalnlug up to 305 tremollte but:the nature of the si calculaticn is . ¢

‘such that al + ¢+ alk + fm is used as a factor. 'Thus, high Ca0, Mgo,

FeO rock:‘(éueh as would be expected of rocks containing calcitef )

v
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‘two groups. These rocks (18, 21, 38, 40, 42 and 43) are. charactetized

N 4
" , : v

dolomite-tremnlite anld/or diopside) give very low si vaiues.  In

! 5 ¥ 5L

these «cases, my is quite high, indicating the presence of magnesiom
.. b
silicates and deldmite. No true calc-silicates exist, there being not
‘o ,
. : ‘.

encufgh Si%5 (or, in some cases, (a0) to produce a true cale-silicate

s , 5 “

L\ t . .

assemblage. In the first group, by contrast, the mg value' is lower,

but more variable. The chief wvariation is in A1203 (Fig. 4). The

rocks are grouped within a fairly narrow rawpe of MgO + FeO; the remain-

‘ 1

der of their position being detérmiuéd chiefly by Al,04 (and Ca0)
pos. ’ 2¥3

- variation. This variation is reflected in the modes, in which rocks

&

lying closer to'the A &épx contain more feldspar or biotite (or horn-

blende) than those lying farther away. Those lying near the C-F base

—
. . N R + k4
contain more tremolite-actinolite, diopside ov carbonate and lese feld-
a :
spar or hornblende.

'Six rocks do not fit into either of thz first two groups aceerding

to the Niggli values. All but two lie within the fringe areas of the

ip .

&

“either as calc-alumino-, alk-alumino- or calc~alk-aluminosilicates.

Four of the éix lie close to or-in basalt—andesite'group‘(18, 21, 42,
43).
Some rock compositions lie outside the ACT and AKF plots‘(S,'39,

. = % . . ] . .
44) . The reason for this can be traced to the accuracy of the analyses.

If a large ervor in Aly03 occurs, and the error places the aiuminum

content below the’ real value, the A’componeﬁt of the ACF diagram becomes

negative, placing the point below the C-F line.  Points that plot out-

. . . . Ty, . © o ) ’ﬂ
"'side the ACF diagram generally have negative A values. Those rocks

falling outside the plot afé generally high carbonate rocks, wiﬁh low

-

si values, similar to these plotting in Group 2.

29
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_,’".m.

Regicnal rotks, in contrast to-those from the Poinc, are a consi-
derably more heterogencous: group” Their compositions are represented

on ACF and AKF diagrams (Fig. 5) and their medes ave given in Table 3.

-

The analyses are presented in Table 2, Comparing Tig. 5 with those of

v v . 3 -
Winkler (1967), it can be seen .that the rocks fall into all EoUr,fields

represented. The largest number of rocks do not fall within any group,
‘but approximate clay or clay-carbonate mixtures. The next largest’

. group plots in the graywacke field, followed by ultrabasic and basaltic

¥

rocks éﬁd finally marls.

~

“Using the Niggli values deriyed for these rocks, séven-types may

" be recognized; cight when the-si value is used. .These' seven types

encompass nearly the entire range of silicate rocks given by Niggli
“,‘." . .61' . ’. - N ) . . N .

e M 1

(1954), including femic-calc-alkaline, fémic silicate, calc-silicate,
2 R : .

> -

: calc—alumino—si%§éate, alkali-calc.aluninasilicates, alkali®alumiho-
. e BCE . o ‘ L

.

) . . ' "."“'c'. S e . . P ~‘ . 4 ) »
silicates gga'ﬁﬁuan051llcates. Generally, the rocks with low. si

va%yes are femic, but have hig&»ﬁg_valuek,’as with the Poin;“rOCRé,

’

C . el . : ,; R
- The rocks with higher i&gﬁdlues have lowér mg values. The carbonate-
. g . . .
rich rocks are higher in mg zenerally, but some contain considerable

, JrBIEL ng ; s ‘ , ‘

~

y . "."_“" A. . _ . L : . ) " . . . . s~
iron, resultfng in lower mg values. This iron is not held- in the car— -

‘bonates, but is held mainly in sulfides. R R ’§

The chief compositional differences between the Point rocks and
the regional rocks are silica and alumina content. They~3lso differ

in variability; a function of their sedimentary parentage. The rocks

corresponding chemically to graywackes clearly derive from scdiments,

-as do the high carbonate rocks, but thése falling near or within'the

basalt-ultrabasic field may be deriVatives of wolcanic or mixed vol-

31
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caniz and sedimentary recks. The enachenates ale never pure, always

centaining up to 30% detrital quarcz ond rYeldspar (seen only iu the low

grade vocks). Although several formations arve identified in the avea by

Tyles (1967) «and cothers, lithologies within any one formaticn may be

much like those in soothev, chemically and petrographically.  The chief

problem lies in their lack of continuity éither along the strike or

N

across the 'stratigraphic,section. This dack of continuity necessitates
caution in defining metamorphic grade in the region.

/4 K : N : ) .
In summary, the regional metamorphic rocks are found to be hetero-

gencous, indicative of diverse origins for the various rock types.

~ Rocks from a' rest®icted arda show less’variation, but define twe dis-

tinct groups. The compositional variations indicated in this section:

.

: e e . e w
will be applied in ext section decaling with metamorphic mineralogy

b

in order to separate bulk rock compositional controls on mireral com-
pal - : C C

v

- i,
“ position from other variables.
METAMORPHIC MINERALOGY .
. - - e . L4 . .
Musgovite = .- o ' _— _—
o - : . . o .- ~ . N - ' §

"Muscovite is perhaps oiie of the best indicators of pressure-~
temperature conditions of metamorphism, in the absence of the classical
index minerals andalusite, Lyanite and sillimanite¥ Where index miner- .

‘als are absent or multivariant and non-isochemical rock systems d?@"f

 present, muscovite provides perhaps the best indicator of metamorphic

grade (see Butler, 1967). Work bj'Lamberq (1959),rErnst_(l963); Veldé
(1965, 1967b, 1968), Butler (1965, 1967), Brown (1967), Mather (1970),
Ernst et al. (1970} and-Cibriani.gE_él, (1971) have established thé;i'

relatipnships between phengite composition and pressure and temperature

.
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of metamorphism. Yoder and Eugster {i955a, 1955b), Velde (1965,

l9d7b5,Iiyama (1964§45nd others the‘eetnblished-scability ranges,
extent of muscoviteepuragonite‘solidegoluﬁion with temperature and
composition.of the fluid'phnse,'and‘reaction curveg for important
metanorphie rcactions.ﬁ;Brown (1961), Gﬂidotti (19695, ﬁcnk (1970)

others hav: discussed Lhc relatlonehlp betweon muscovite composrti

work has establlshed‘derrnlte»ﬁattcrns within which composition of
thte mlca varies w1th tempelaLure and pressure.
velde (1967a, 1967b 1968) and Buflcr (1967) believe that the

composition of the rock does little to influence the ccmposition o

" .muscovite with respect to si4t and'Al, and to a much lesser extent,

and Mg. . D1 agreement hae been e*prcssed by Brown (1967) and b) CLluOttl

and

on,

2

£

‘Fe

Py

(1969), but both authors agree_that systematic changes in Si, Al{ Mg

o . . . . . . ] ) . e
and Fe will take place with grade. In all cases studied, buik rock com-

position seems to play a_ much more subducd role in establishing mu
P , T 1. _ T : L ' '
covite composition than for ferromaguesian minerals” like biotite,
e M . . . . ) i "
muscovite compositions cannot be shown to be completely independen
. B . T 3 ) . . .
. - 5 .

”buikvrgckﬂébmpoéitiontin aii'cases,' Guidotti (L9é§)'has;shown tha

'nmuseoVite-compositional variation may be influenced.by wiperalogy,

' espe‘lally with respo;t to” A1203 contgntq. Hefstates that muscovi

G-

but

t of

t-

-

tés,

buii—rgzz_zgagsgifibn\and Loexl‘Lynv mlneral phases. This volume of -

vshould"only be used"aS'gradevindicators\wheﬁe;they coexist with K-feld-

'spér, a case sertimes‘found in pglitic rocks but not in rocks of glaucoé .

phane schiét facies. Erast et-al. (1970) ha?e,demenstrated that sjs—v“

i teméticﬂvariations‘in_white micas from-the glaucophane schist faci
of

"N

A

es

cﬁﬁ%ie related/fc dlrferent metamorphic'environments; evgn in the absence
K:

feldspar ClprJanL,'at al §1971), using seyeral hundred'énalyzed

~



'appears to beva correlation’between Fefand i, with Fe rising as Si.

»dralaA !does n@g chdnge sig anlcantly .Further detailed d}scussioﬂé

by the muscovites from the SanbagawaK(Shirataki)'region of Jaﬁaﬁ

. I o i
musceovites, bave related composition o tempqrature“dnd pL0< sute of

T

formation. . g

' ) C
. e, "

Thirteen mUSCOVlteS from reglonul mctamorphic rocks
/ £

centrtl Kootcnay Arc have been annlyacd by Plectlon mlcroprob fof

twelve elements. Two pairs Erdm the Same slide havc been -artyzed to
. . . 4 R

Tghe”k for vallatlon ‘within a. q1n01e thln eectlon. fnalyses Are- pre-

scntcd in Table 5. All mu3tovites LQ&VLSL w1th ellher chlorite or

’

blOtlte or both, ﬂnd all ex cept ALBT la 4LBT—Ib, SLBT—lS and 10BT-17

ccexist wltth—felospar, thus satisfyinp Guldottl trlterla fOl usage

as aan indlta*or of metdmOLPhlc grade (Gu1dotQ5, 1969). Lcw grade

. i

©

assemblages contain 51gmat1cant amourits of ca‘tlte or dolomlte o bocnb

LLBT-1 contains 16;6%fdolowite;‘doldmite contents of all other rocks.

are’ genarally small (see Table 3 for modqlﬁan@iy@es).' e

o ; .

~Inspection of Table 5 shows that' the; foilowing gengrclizations can

~ ' . .
~~ : . o

be wfade for the'muscdvites in this-work,7”l)fAn increase in-silica is

< . ~

ﬂ. .
lIV,- There

\,o

o v-,"

viﬁcteaées, ut~1t ls’much lebb strlklno than the trend for Mg Octahe-

Ja e ‘-.. X - .
. S
b

:' . E ) . .

° . y PR . . N . ’ . . .
concerning tlie comp031t10nal-gelatlonshlps between elementsfw1th1n the

N ‘ : 1 Fa

muscovites will be andled in the sectlon on metamorphlsm sinee these
relationships can be shown to belrelated to'metamogphic graden‘.Fig: 6
o R . rg . ) - . .

a.plet of muscovitelcimpbsitioﬁs on a po;tionfof'tbe AFM diagran modi-

& . ‘

3

fied for total Fe’as FeO. In aod1t10w’f6‘nu3tov1tes fron the gootenay:

/""-<\ . . v; - ~

‘Arc, muscovites from other metamorphic dreas are plotted for éompari—

son. The plot shows three trends of interest. 1) The field defined

S

f .
[ . A

P L]
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overlap the low-grade muscovites [rom the Keotensy fre.  2) Musco-

vites from Otago, New Zealand and from the. Scottish Dalradian overlap

. o l )
part of the range shown for the Kk(gfnny'muscoviLQS, but both Dalra-

dian and Otapo muscovites are less magnesian.  3) lfuscovites from the

kvanite and sillimanite zones fall above the range shown forelvotenay

mnuscovites,
Three muscovites deviate {rom the trend, 11CBI-15 (2), 1onr-8a, b

.

(1,5) and 5S5LBT-3 (12). fhey more closely approximate the trend of

Mather's muscovites. Sample 11CBT~15 is within the aureole of the

Crawford Bay. stock and hos' been reset by contact metamorphisi, - Because
of this later event, the muscovite has lost Mg and pained Na, but Fe .

d

has_nppalently remained constaat. S5LBT-3 comes from a rock which is

‘very\{ow in i§0n‘(0.06Z). For this reason it has picked up considerably

'MuséoVite’analyses from-Mather (1D70), qudotti_(lQGg) ahd Albee

v .

more magnesium in relation to iron, even though the magresium in rela-

b 1 . .
. - N . . . . . .
“tion to iron is fair%y'low. The)e is no ready explanation for the

. ,
behavior of 10B71-8a, b, however, \is no nearby igneous body is present,
' ’ , . '. V ., . \ e . N

and the rock composition is not radically different “from the others
- e S L ]

lying within the trend.

TN

plot for bUScovites1erm tha Kootenay Are, &

Fig., 7 Es an AXF

Py

(1965) are blotted'fdrgﬁomparison " This ﬁlot:shows the familiai'phen—_

gite fréend illustrated'by Lambert [{1959) and later authors.. Muscovites

overlapping in composition those . g

from the Kootenay Arc are phengite
: ey Are A ‘

of Mather from the biotite zone and those of Albee from the kyanite iso-

i o

grad. : ‘k
|
VafiationL in'muscovitevtompogitionbwith rock composition are

~

illustrated in Figs. 8 and 9. Figl 8 illustrates th%ﬁrélatipnship ; -

>

€
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Q.

NGZO Muscov ite

o 2 3

[ 1

.

O
e
0o

R 1

Neg0 Rock

' F1g8 Na,0 -,foc}'c plotted against Na,0 in muscovite. Numbers

" correspond to analyses in Table 2.

41



2D .7 /
SO ul -
tgad : , . ‘ :
Fig. Ya. Fe0 muscovite plotted against FeO rock
5[ )
0)4_ -——'-—-—__‘_"l‘_'_.__‘->f' !
;= T S ‘il% .
> // -
O . !
O 3 s ’
Sf) ) /102- ,
23 . /. N
s C ,
.. - ' 10 .
’ ‘ e ({5" 3 S ,S)n
O 4 , 3 é “ P
q) N ' 8 o ///’
Ll.. ’ B ‘v/, ’;—6(/
. _/',r // - - o
N -
o DT S - . o '
Odrl 1 1 1 x S ] %P;!J
O 2 4 6 8 .10 1z 24
FeO (%) Rock
4r DI DO ST
/
3t o “,”/ [ o
L @ - :

-MgO Muscovite
— : HQ
"1

&

[]
\
QL—
v
D
\
\
\

1 - 1

0 24 5 —i6 2 1
 MgO(%) Rock

Fig. 9b. Mg@ muscoVite_ploEted against MgO»roqk._ NumberS'correspond

3

‘a4

v‘ to-ana1ysés in Table 7.
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'ﬂZO'andvmuscoviﬁe Na,0. The correlaticn is positive, but

only very 51?% lependence is indicaced. Coﬁéiderable scntgef_oQ0urs
0. Perhans more ﬁpftinentvtovnrguménts yét
to be developed is the rgl@tion betwgdn Ye, Mg and the péspective.roék
values. Figs. 9a, b illustrnte.thcsé relations. FeO-in nuscovite*

shows no relation to Fel in the rock, while.MgO shows séme'correldtion

but considerable scatter. DMg/Fe ratios show a positive correlation,

ratio

[N

but with the same scatter shown in Fiz., 9a, b.  Any rock MNg/F
may result in different Mg/Fe vatios in the muscovite, thus only the

. . ., A . N '
most general correlation can be said to exist. No relation between

Si0, in the rock and Si0 in muscovite can be found, thus supporting

the findings of Velde (15673;'1967b,‘1968) and Butler (1967). ' ‘

Biotite
Biotice is present in most rock types frem the central Kootenay

Arc. Ie#tural relatiqns’are simjlat‘injall rbék'typés. Biotite is
usually the mineral giving the rdck i;s folintion, but éﬁccp£ions occur,
especiaiiy in' rocks containing,scapbiité or in focks’éf loWerfg;ade. “In
the iatfer typ@s, biofite cuts across foliatiénfor‘ig‘pOrphyroblaétic._

Porphyroblastic biotite is found wost commonly in chlorite-muscovite- -~ = &

N

catrbonaté rocks, where the porphyroblasts may be ten times the size of

N s

. T . . Iy s . . C - . . 1
the groundmass grains.. Bictites 1in scapolite rocks are euhedral and - A
o2 g - : o

fresh. They cut across lineations shown by amphiboles, ot banding

'_eausédvby alternating layers of feldsbar_and amphibole or diopside.

-

Euliedral biotite grains'mayjalso be- found superimposed. over large amphi-
bole grains.

Biotites from' the region and the Point are génerally subhedral,

) -



occasionally anhedral or euvhedral. In . some cazas the.  arve tue genera-
tions of biotite (on textural! greounds), ond vresent a naller subhearel
grains, the other as large anhedral to subhedral porp:  oblasts. The

smaller grains may be poikilitically enciosued i amphibole or garact.

On the Point, biotite is found to foim monomineralic. pods cr lenses.

Biotith also forms 'selvages'" at contacts between small pegmatite bodies
v . _ »

and the country rock.

Biotites range in color and pleochroism, but this range is nnt
systematically correlated with grade or rock type. Chlorite-musco-

[GTN :
V1Le schists may yleid blotlteq pl ochroic yellow-green to ollvt, cr

Cyellow to brownish‘red ox brown. Red biotites are more common clong
.the east and west shore of the lake, where the metdmorphism has reachad

a maximum, but .they may. occasionally occur at lower grades as well.

Biotites from calc-silicate rocks are oftea ncatlv colorless, pleo-
chroic to a very -pale vellow. -Optically they resemblé“phlogopite,
but significant iron is present, making them magnesian biotites.

In relation to otner minerals, biotite appears to be in textural
. B \- ' ‘ -
equilibrium in most cases. Grain boundaries betyeen amphibole, feld-

. spar, or muscovite are usually smooth, and triple junctions often gccur..
In other cases, however, bictite is ragged, with serrated terminations.

- Many biotites have chlorite growing in cleavage traces, cccasionally

. . . . i Nr t
\ . . i .

feplacing'more than half of the grain. '

Blotltes were analyzed from rocks representative of regional

metamo%phism of pelitic, amphibolitic and ealc—silicic rocksslandiall

s

rock'types_present_on’Kootenay Point. In- three sectlons two'biotites
. 2

'v

]

t

from dlfferent parts of the sllde were analyzed to te for variation

3

PR

A4
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-

in biotite composition within siale slide. IMinerals coexisting with

the biotites may be found in the modal analyses preseunted in Tables 3

: Bl
and 4. Pertincat assemblages are lis ted on selected Flwur(s

-

Goncral rhomLstLy ~Major element chemistry fcc the 46 biotites

studied 1is %Fesenled in Tables 6 aﬂd 7. Table 6 contain analySes‘of/

biotitec from rez Lonal m€L1AO;phl" rocks, and Enble 7 presents

analyses of biotites locat d on Kootenay Point. Biotltesifrom reglonal

mctamorphlc rocks were analyzed for 12 elements, 1nclndln Ba, I and

Ccl, whilcebiotites.from'Kootenay Point were analyzed for l LlcmGnL: by
electron microptobe.l Eleven trace elcments were analyzed u31un bulk

samples of eleven biotites éspecially selected dnd oeparaLed from. the

Kootenay PolngzsgiieqffTﬁEfErace element andlyses will be presented in
4 later section. - Biotites from the Kootenay Arc show deficiency in the
A . , o .

Y 51te , based on calculation to 22 oxygens. Recalculation of the

struétural formula tc 16 cations reveals that excesse usually occur in
the Y-site, balanced by deficiencies in the ¥-site The oxidation
SRS : e >

state of the iron as well as the presence of an. elemcnt not analyzed

contributes to thevlow totals where the rotal fa lls below 944. Bio— -

_:tites'with'6 - 7% water are'no; generallyvfound; 4 - 5% .is a more
reasonable.figure;, Barium was. not deteimined for biotites from the v
‘ POlnt bnt rcoional biotites may contain up}to‘0.43Z of the axige.'

' L*thlum may also be present 1n olgnlflcqﬂt quantlnges.

The major elements “are bel'eved to be accurate to w1th1n +3% of - ///

- - 1

the amount shown Wlth T1, Mn, Ba, Cl and ¥ somewhat less accurate.

\

Fluorlne amounts are uncorrected for flcorescence atomic Humber and .

¢

absorption effeCts.‘ (See Appendlx 1 for further dlscusoion )

The blotltes from the Kootbnay Are encomp ss the entire.composi—
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tional range of antural biotites given by Fostar (1960) (Fizs. 10, 11).
; s € PO LR : . 25
. . - . . ‘ >
Firg. 10 is a plot of biotites fromsthe ropgional melamorphic rdclos.
1 ; .

- ' . -‘ H ' . - . ) . .l
biotites from regional metamouvphic rocks are iron-bLiotites with 2 much
smaller group of transitiopal mngnesi&n biotites. The magnesinn bio-

tites coexist with LlCWO]]LC*dLOp\Ld“— calcite ﬂnd dol OmL}P Fig. 11

shows the compos 1L10naL va11al10n for biotites from Kootenav Point.
The lower Mg group overlaps the group shown .in Fig. 10, The Coaposl—

Al ) ‘ - . y 3 N - )
tional trends in biotite can be related to mineralogy,_,as can be.seen

[

from the zones dclimitcd at the right of Fig..1ll. TIncreasing Mg cqnteqéﬁ

' N d

. o - s
is found’ln bLOLLLLS COC\lSLLDb w1th ep- hb hb-cc-dol-act-di and tr-alr--
t

¢ v ' v L

+

A . D .k A : . , '
ﬂectlvely,- The roglonal biotites do not ;ghow such sharp

minerﬁlpgﬁ_.l dcpendence, but do show sage dependence on grade.

The large cumpositional range of biotites makes/exanination of com-

L ee s \?/'.-’."7 1l . ' ) ’ . v . .
positional controls within the'biotite groun poszible.: Such aa cxamina-

1~

i . ©oy (o

tion is desirdble from the standpdint of “understanding the substitution

e - : , . :
S L ' K : = - o R
scheme for biotites” and understanding which elements. are likely to be
[ YU e e ' L "_Y - ) . o ’ ) g

Y

coh;rQlled primarili'Ry;bulk chemistry and whicli-b

. > < + . . - ’
I, ) . o i R
~of fermatioh. o : L4 C e A
) . . - . v ) . ! ) . N ) ) "
L ¢ K g e R e L g : . .
The substitdtion schcmc ﬁor blotlhcs has hccu,exnmlncd in detail by

»

Ry

hou«o» ( 9(0) (row]qy,and ng“(1904) %ud OG ég;gl..(lgéﬁjt  bthér;;;
. T Sl o
ﬁ }

- ‘ . - + '. U K \\’v B
éoquLbuL'ons hﬁvv “bea nadﬁ by ones (19670 Seifert.a nd SChrCyLL
; .

(1971) dld“{c1tan (1972) These 1nvesL1:nL10n> havg dpflﬁ >d sub;titu—

. - . e
.

tions 1nvol"1ng octahgdral and’ Lgtraheoxg] LJELOUS and have suggest ed”

e
\

relhtlojbnlps bh;

e X—Site_éations,'anignﬁ and octahcdral and tetra-

~hedral cations. ‘The following paragraphs will examine the relationships

N

e hj s . . . . L . - :
“betueen X, Y and Z Nite gations and-the F ahﬁ Cl anicns, The discussicn

will be qualitavive, since structural parameters. and amounts of

v I

hanging conditions -

S1
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Fe have not becn detewmined, but the relationships shoulid provide.
. : 't : :

some insight into the relationships between the different-cations.

ions,

Y-site caticns: Replacement of Mo in phlogepite by R

2+

dnd replacement of Mg by Fe on an lon for ion basis pwoduces the dif-

- .

ferent compositions o{ the blOtlLL group (Fogter, 1966) Foster (1960)(5\‘

considers that the FeZtz2 Ng cxchange prOCLLOQd independe ently of the

Mg = R3+ o chqnge based on absence of correlation b tween Fe?l and

_amount of R3+_present. Wones (196 7) considers Mg = Al and A1‘—’Fe3+

. . - . o v
Aincreasing R:E content. Flgs. L3.and 14 ploL G%Lraledxal Al Qgainst Ti, -

zfrom Lhesu dLﬁﬁnaQF dnd the * fact rhat octahedral Al shows thq same .

?tlcnds as totrahedral Al, burt \Ltq more scgtLeJ~

gubstitution possible. ‘Reitan (1972) suggests @ositivé correlations

between octahedral Al,'tetrahedrél Al and Fe/Fe + Ng;'tECrahedral Al,

Fe/TFe-+ Mg, Fe + AlVI/Eioct and A1V1/ Zoct and negative correlations
J '

betwecn ocLﬂhedral A] ";oct and i; tetrahedral Al sand Mg, and no cor-
0 - oy -

.relation between octahedral Al and Fe or tetrahedral Al and Fe.

Fig. 12 illustrates the relatiouship between Mg and 2 oct For all

)
«

biotites studied. This relationship is the same as that found by Fester

N Lo
e
R B

. y . v oL . . . . ‘, LA 'u' i ' 5 -
(1960), wherein a‘decrease in‘Y-site occupancy is correlated with

PO
~ . s

/

Fe, Ig and Ee/Fe + Ng dnd octah*dral Al agalnst 71 and tetrahedral Al.

Allvother'relntinnships MEtween octahedral cationsAgan be~determined

.

< e L '
Both octahedral and

- « »

tetrahedral Al»flSG:W%tp an.;ncrease-in Z oct. The trends for .octahe-

. . - v . .. ' -3
e o . ! cO 1A ) .
dral Al and Fe suggest thdt a correlation ehtsrs’between Fegqp, and
3+ : B ‘. . v ; ,“ 'l: . N ' - ’ .7\ - . . . . 3 .
R7 , and this fact, coupled with the negative trend for Mgy sugcests®

. 5
-

— 3

o= R and Mg ‘* rest

e substitUtions may not be independent as

P

stcd bv PosLer (1060) ‘ClK LHLerepGHdPPLO carmpr R COHf’FﬂLd
. - 5. o *
AN 4 -

sugy
L] - - N

be ause no 1 5* dvtelm1nquons have been mndc."Thege’dbtcrminutions

B . ‘ e e
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Fig. 12. Y-site occupancy (& occ) against iz (calculated

‘on the basis of 22 {0)) for all biotites. Numbers refer ¢
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analyses in Tables 6 and 7. ) \ '
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would be useful as the data from this study suggest couplaod substitutions
£ ALVT b ove Mg, i : i
o Yeg= g, Y1 wust also PlltlngﬂtE in tth suvstitutrion, since

’

it corrclates positively with Al. -

-

Z—sité‘cations&j The Z-site is normally occupied uy ALt and Si,

but some Fe3t and Ti wmay ‘also be present ( owley and Roy, 1964; Deer et

al., 1966). S5i for Al exchange can be shown to take plaze in.éynthctic.
phlogopite up to Si Al, (Crowlcéy and Roy, 1964). The substitutions in
Al ] .

the site are coupled with.octahcdral cations, as has bern demons trated

&

for muscovites. The correlations between tetrahedral Al and Fe, gz, Ti

and octahedral Al -indicate coupled substitutions invdlving thase catiOns.ﬂé

Figs. 15 and 16 illustrate the correlation between Siyand Mo /AL and

- S1i and AlYI. _The two plots together indicate substitution involving

Mg + SLEf'AL‘(of Mg +'SiT=22Al os in muscovites). This substitution
scheme is well knowvm, but the plots of tetrahedral and cctahedral Al

against_Fc,,Ti'énd Yo indicate that the octahedral-tetrahedral exchange

"

may involve related Fe3 Mg and ALZS 2 Mg substitutions in the Y-site.

v >

-X—sjte cations’

K, Na and Ca occupy tn@ 12- fold alte in micas,
dnd thelr relation to octah oral and Lc;rdh drul catxfns is not well

dﬁderstood.. Foster (1960) suggrsted a relationship hqtﬁcen K -+ Mg and

3

5N \
Al3%. Flg l?=§hows a po$itiVa rclationship ggtween'KZO and Si0.,, (wt 7).
. ) t - ~ Q ‘.h . . 4 ‘. T ‘
This plot, coupled with those pralxogslv W‘Ptl nd, suriésts a relation-
N . .. - ’ r*

ship.of the type postulated by-Fr;tcl (1960). This relationship also

indicates that X-site deficiency decreases with increased Siand Mg

content (i.e., ﬂas biotite becomes mwoTe phleponitic):  Tols can be con-

firmed by plancing at Tobles 6-and 7, notiny that biotites with higzh,

e e ) 4 ) - . - . . . . ¥ “,. . ‘ ° ’
$i.content have the lease anount of deficlency ig thn X-site. -

- k)
- .
v Lo
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ro
~
_%

Mg/Al
o

0.8

T 4\(8 ,‘ ' T ‘ . ' o
04 L LBV D] - I B - 1 1 J//l//,
15 ' 16 R VO 18 19 O

.....

Si‘(oo) » ] *’,//'//

~Fig. 15. Mg/Al plotted against Si (%) for all biotites ana]yzedi

. . £ . | . | . |

~ Numbers correspond to analysessin Tables 6 and 7.
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4
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' 32 .37 42
. v 3y 25 o 18 O 4 .
IO— ‘t: ’,} . 2728 "3 33,8 34 29 'Z?/A‘(S) ‘g dé‘,g 46
v 249
| %E‘ 23 X az T30 HO 39 g
52 883 nud 505" ug .
ol . 2\, S g
o 8 O O 8 1
R 0 3 'l
. -\< - W
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-'6 1 . — 1 1 L L — " gt
233 34 35 56 - 37. 38 09 40 41 42" 43

' . Si()z (%)
‘ Pig. l7. K,0 (%) ‘plotted agéinsﬁ?SiOz‘(Z),:for all biotites

“analyzed.

2
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_Numbers correspond to analyses in Tables 6 and 7. -
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Aqlgns I+ CL may alxo\bc celated, to substituticons in cthev sites®
- ‘\"Q- ) ) P . . ’ . ' s . .
in biotites. tn Fig. 18, F +-Cl has been plotted agaiast SiCy (wt %).

& _ . . , . _
-This plot shows two trends. [rom Si0, 33 to 38 wit %, a linear decrease

"

L}
»

in T + Cl-is found. . For values of 8i0y beydnd 387, [+ .Cl jumps. sud-

.

’ : . . o -
denly and shows a general .incr This breazk correspends to the
4 (Fig. 15). Consideration of ¥hese

Al ~..

two plots leads to the hypothesiS'that more F +-Cl will substitutesin

) N - ) - . - ° L . ’ 3 )
biotites .with higher phlogepite  content, rather than-higher Ti content
o S ¢ . C

as suggested by Deer et al. (1966). , a

’

o

Biotite composition in relation to Bhlkuchemistry:_'Bulk rock

“~chemistry can be expected[ézﬂ;ZfluenCQ-the amounts. of caticns pesent
- . - S . v

: ‘ . : ' , . . ' A o
in all sites by its influence on biotite domposition. Bulk chemiktry

_is known to influence Mg and Fe ratios in hiotiges, and other octahedral

" cations are affected. Mg/Fe ratios commonly vary ecccerding to bulk com~

position,‘grade'and character of coexisting minerals in metaﬁofphic‘
rocks. TFig.'19a is a plot of Ng/Fe2+ in biotite againstHMg/Fe2+ in the

rock'ervbiotites from the Point. The plot indicates a strong correla-

tion between rock add'mineral‘tompOSiFion. The dependence of mine:qlogy;

on Mg/Fe rock ratios is further demonstrated by the limits for coex
ing minerals shown along the top margin of Figure 19a. A regular _ue-
cessidh'from hornblende or hornblende—epidote bearing rocks through

hornblende—actlnollte to terOlltL lepSlde ca1c1te dolomlte is shown.

“Fig, l9b is a similar pJot for blOtlteS from the reglon. Flg ZOa

.ox

tHe dependence@of Wg/Al ratlos of biotites on rock Hg/Al

for biotites from the Point, as_well as indicatrng’the successive disap-

'

‘péarance of plagioclase and potassium feldsﬁar with‘ihqfeased Mg/Al

‘.

62
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. S . o
rh’b» ipf’ Mg-Hb + Di+ Ce- : , Tr-2ct + Di+ Ce 7 Dol ’ . . /\) .
~ | Plugs qu Tr-act Cc ¥ 90l 5 Mogn , . o ¢

\ ol

0/2? 7'1 ‘ I " 1 M’- 1 . 1 1 'b » _._J
02 3 a7 T eI

T

! 1 . 1 ) - 1. .

2 3 4 5
/Fe Rock |

Fig. 19a. Mg/Fe bi against M“[%e rock for. blotltes from'hootenay Point.
Coexisting minerals for varlous Wb/Fe ratios in rock are given along the
upper edge. :

'Fig.‘l9b. Mg/Fé bi against Mg/Fe rock for blotltes from re01onal neta-
morphic'rocks. Mlnerals shown 1n Flg l9a do not correspond to Fig. 19b

Numbers refer to analyoes in Tableo 7 and 6 reopectively
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g

Fig.VZO.b; Mg /Al biotite against

metamorphic rocks.

/Al Ro

Field cerresponds to the pla
20a. Numbers refer to analyses in Table 6,
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Mg/ Al Rock
N - - el )  39§§-~
2F // oFig. 20 a. Mg/Aar.
' ’ “Wictite against Mg/al 7
, 21C ; AL L
\_ 7 g ! . 7. . ‘rock for biotites from - -
® . e LI | ' - Kootenay Point. reld- .
— s PR /,84&MWAH55) spar fields given by’
= ", o ‘§’ dashed and dash-dot’
Vs . . o . .
9 } - ’ | $ e lires. Nunbers refer to
M ‘8 | . ' analvses in Table 7.
— ‘{10 /- ; i { .
< 08 18, 7
0.0 0wy - Vd .
o 26 -
= Ll
t O l/ 1. 1 \

J
2 3
ck .
Mg/Al rock for biotites from regional
gioclase field of Fig. -



ratio. More than one trend is shown on this ploclv Within ;hc ulagtn—
c1&so'field, the biotites show a lircar trend with a ctécp QLopn; A
-similnr'But lcss wg&l defined trcod.is,co be fouod botgcﬁﬁ the m@rgin
- of the plagioclase field and thé feldsparfftoc field. The general crcnd B
is one of increasing Mg/Al-rutio in biotitc‘wiﬁh iocroasingvﬂg/Al for

the vock, but withid fairly narrow Mg/AL rock limits, a steep linear (?)

s .

- 4 7
Mz/Al biotite, Mg/Al rock corrvelation exists. Fig., 20b, a ploL cE Mo/Al
. . 4

for repional bidtites Further illustrates the relatioasiiip aqver a small

Mg/Al fock ratio voriation. It is csscntidlly congrucnt to the plot of

Point biotites lying in'che plogioclaS£ fielq. _Thioiplot.must be'inter-‘
pretcd with more. care, howcvcf, aé it includes biotites‘from different
ﬁctomorphic grddcs; Both plots indicatc the in!&zﬁepondcoce éf vz, Fe

'and_Alﬂvalues (and heuce ocfahcdral occupancy) on rock comp051t10n.

Fig, 7la and 2]) indicate Lhe relationship becucen Ti'in biotite

N ¢

1nd Ti in the r0ck and’ complcte the demondLratlon ot dependcncé of octa-
) hcdral site composition on rock composition. Plots,of,SiOZ in biotite
. . K k e .

against 5i0, in the rock  {not shown) indicate, contrary to Rimsaite

v

Vv

\‘ﬁ1964)? chat more_siliceous biolites are oof correlaced‘with'ﬁOre
siliceous rocks, at‘least'with:feépoct to.biotites‘in tha Kootenay Atc.
No corrclotion between rock ano biotite Sidé is'fouﬁd, The redéons-for .
this lack of corrclation are-cdmpléx, io’that{ in very low silica rockog

-”biotitepmay be fhe only siliceous ﬁ%pcralt 'Thé-biotites lowcst in 810,
boccur in fairly siliccoué rocks: No.relation exists becéeen rock: K20
and biotite KZO’ ThUo; both the 1ntcflayer cat*on K. and the tetrﬂhedral

catlon Sl appear to be unrelatcd to bulk conp051t10p of the rocks under

con81dcration. R a7
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Surmary: Tetrahedrally coerdfhaced caticns are SHOQH to bL rolntod
o - v - SR R A ¥

to octnhedrally coordinated catlons and Lnterlayer catﬁpns,m,AnLong F
.. ) ‘ : Sy v ,

Th)ﬁ: < '."“. :

.y

n B Lol
and ‘Cl -are cor related wrth tettdhLdIdl and 1nte§1aVCr catlono o

4_; "’,,

FEREE

octahedtql catlonw Mg and Fe LOfl&LgE& strcnOLy wlth bulk,chtmlstrv bdt“

Ti and Al are 1ess'ltronply 1nfluencgd 51 1°Aﬁptx1e}atedmlo 1ock com—

il
'r;"' A

position, while Al is‘weakly correlat%ﬁ teo Alliﬁ;the:rock;,Ilntetlayen B
cations ar#!\nrelated to rock comp051Llon, R R RIS /
G R

L

The best indicators of grade WOUld(bﬁﬁTl, K. %J ot pOb¢l)1y Al

since they are lebs afﬁected by rock comp091tlon, but 1he may dopend

-

on anion avallablllty or ocLahedral substltutlons whlch are strongly

related to bulk chemistry; Mg “and Te@c%nlents are thc leaggzrejlaﬁq%, ;.v“

51nce they are strongly corrtlateo w1tﬁjrock tomp051t10n.///‘

,iy R :‘ S :v RO »%3;

' ' . . . . DR v Cr e Te .
. ., ' . co > a8 ST
Chlorite . . o T B 3;‘ SRS
D S gl Lo . - -

Chlorlte is found at all metamorphic grades %n’ Lhe Arc, out is -1,‘

- generally retrograde formlno as a result of altetaLLon of blotlte and

w? oo .
AN » - ,._\ R

garnet. Chlorlte from the chlorite zone g%d frqnvthe blotlte 1sograd
\l
is dlstln?ulshable optically from that formed by alteration. The
reglonal assemblages in which chlorite is "demonstrably stable on pettro-
\ .
graphlc grounds aré\ﬁtz<ghl phen°1te—cc, qtz chl-tr-act-cc- dol or qu~

chl—bi—phengite * cc. Rocks from the chlorite zone are rare; most

rocks are transitional "biotite isoéﬁﬁdv rocks in which a small amount

‘of blotlte has been forme&\ Chlorites coexistinw with or withcdt bio-

t1te are optlcally SLmllar° pale green, pleochr01c to yellow or pale

yellow with low blrefrlngence colors, often brown at extlnction; They
. :

do not show the blue anomaloua extlnctnon colors eXhlbltLd by’ chlorites

\
(pennlnltes) whlch resutt from alteration of biotite or garnet. Only

£y

68 -



- TABLE

~

,Si LLECTRON MICROPROBE AHALYS&S OF CHLO

MITTAMORPHTC, ROCKS

! 1

3
Ox Wt SLBT-1(1) %LBT~]7 SLQ?—IS
$Si0p - .. 25.59° . 25.64 25.83
Ti0y, _ 0.10 0.10 0.04%
A0y, 21.56 19.80 20.09
FeO 20.61 25.18 24,08
Mno 0.09 0.13 - 0.19
MgO 18.35. 16.89 17.03
Ca0 0.00 7 0.0z 0.01

Nay0 0.00 0.00 - °0.00
K,0 0.07 0.12° . 0.05
Bao 0.00 0.02 0.02
Cl'\ 0.01 0.06 1 0.03
F o\ ~0.10 0.04  0.04
Total. . 86.48 87.99 87.41
HyO% . . 13,52 12,01 12.59

si ‘ 2.662  2.693 . 2.712

a1tV 1.338 1.307 1.288
Total tet. = 4000 4,000 <4 .000
A1VI 1.306 © 1,144 . 1.199
Ti .007 .007 .003
Fe , 1.79% ;  2.212 2.115
Mn . .008 .012 .017
Mg o 2. 845 2.644  2.666
ca =~ 0 .002 ,001
© Na 0 0 .0
K ' 009 .06  .007
Total 5.968 6.087 6.008

*Hp0 is determlned by dlffetempe from 100%.
-a maxinum value as Fe903 has ‘Wot been detprmlned

H20 is not used in further calculatlons.

r%
N

]

RITES

4

4LBT-1(2)

25.87
0.05
21.19

120,19

0.09
19. 44
0.00
0.00
0.04

0.00 .
0.14
-0, 09

37.14
12.86

. STRUCTURAL FORMULA ON THE BASIS OF 14 CXYGENS

2.699

1.301
4,000

1.305
.004

1.824

.008

13.023

0

0 -
.005
6.169

This i

FROM REGIONAL
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-

four rocks contained suitable chlorite~grade or transitioual 4>acwb1n0es,
. - ’ - / . .

and’ chlorites in these rocks werc examined by electron microprohe, Two

. : o . . ‘ . @

different grains were examined in 4LBT-1. Results are presented in g

Table 8. All chlorites belong chemically to the ripidolite group, but

Pl

an, exact typc cannot be established because ferric iron was not deter—
. . R . N . [

\

mined. , L, o .. o .
Fig, 22 illustrates thc‘eohpesiﬁionqu'chlofites‘from the Kootenay

Are in relation to chlorites from the Franciécaﬁ,,Sanbagawag Dairadiah

and Otago areas. “The composition of the Kootenay chlorites o&er;aps

that of the Sanbagawa district, and the edge. of the field of the Dal-~

radian chlorites.,

y

Rock composition appears to affecc the composition of chlorites
= g : -~ ' ‘ .
with respect to Fe and Mg, but not with respect tQ»A1203., Since there
3 ) . . ‘ . ) Ay ) A

are few analyses, the relationships are tentative. The concentyation

of Mg in chlorite decreases with an increase in the concentration of M}

in the rock, while .the amount of Fe increases with increase in Te con—.

£

centration in the rock.. The-var%iiion betueen grains in-4LBT-1 (1,4)

: . . e . ' R
is greater than -he variation in the entlre'group,wﬁuggestnng tnat the

_trends are at best approximate. The reabons for LhJs varlatlon are

obscure, but ‘are probably related to areas of 1ocal varlatlon in Mg aﬂd

' Fe w1th1n the thin sectlon. Dolomlte is found in patches and strlngersr

throughout the rock and likely influences the local aveilabilipy‘df:Mg.

Amphibeies

.Amphibolesjare found in all rock types found in the central Koote-

_nay'Arc.  Tremolites, actinolites and hornblendes can be identified
optically. Tremolites. are colorless, non-pleochroic aud usdally.sub—

N -
P



S~

.8

- Fig. 22, AFM diagram for chlorites’
from  regional metamorphic rocks.
“Plotted for comparison. (squares)
"are chlorites from other.metamorphic
facies series. . -
. : . S TN &
'D17-22 Dalradian (Scotland)
Zmn:mﬁ,nwow0v . —_—
Gl, 2 Goat ountain, Calif.
" Ernst et al, (1970)
024-27 Otago, New Zealand
Cooper (1972) o
S Shirataki,- Japan :
Ernst et al. (1970)

Numbers ref to
analyses in Table 8.

rl!.
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hedral or anhedral; They octur only in carbonate-beariny rocks, ~

- . . '

coexisting with d*0p>1du orlnavnobianlbLotitc.' Yo talc hos Leon identi-
: a . - 4 o . b} ]
-fLo ~despite flndlnﬂ rock, WLLhﬂ qowpv fepl Later microprobe analy- .

a i}

-~ A L .
5es‘alwaysjppnfirm d the mida as A magnesian bLoL te. This lack of

.
. \

talc is. probdb]y due to LhL presence of iron axd aluming in all tremo-

.

lite—bearing rocRs, and,no pure; iron-free tremolites are found.

% - G i

Actint®ls s

s

(rathetr than tremolité) forms in rockg azith somewhat

. - .' i . 1 - * . y y o 3 . ' . - » .
higher iren ‘pnt.‘ It may be cplorless, but.it is usually pale green

.and pleochroic: In mbre basic rock types the mineral is 41thnLtlj blLG.

. o o
ok d

Ac¢tinolite coexists w1th d10p31d biotite and oftem feldspar as well as

. quartz and carbonate. "It also forms pods )f-large:radiating'crystals

several centimeters long. Thege DodC’may b 957% or more actinolite.

ALLanllte alse forms rims around hornbl %S and patches with{§;>~'

[ o . '\/' . - N

7

horubldnde grains. , S

' On téxtural grounds, both tremolitemand_actinplite often appear
to be out of equilibrium with the rest of the mineral gssemblage. Tremo-
; ) : . ‘

lite OC?QIS in tWO)genqrati?ns in many rocks éndbfrequentiy is found as

a'coarsé grained anhedral grain surréunded by.smaller, clegrly yhungefi 3;
acicular masses. Ihe.larger older gralns are often shot[thruugh Ulth h?.'. .
hblebby calcite ahd occ551onal dolomite. ActhollLes aud dolomltes often

~

grow with randem oriénta;idn in a rock, although in banded calc 5111cates'

-_from the regnon,’they may be. allgned parallel to the bandlng even when :4
: . : : 57
anhedral and corroded o ‘ L "_5 S : f‘\“}: ' : 'ﬁ

‘vHornblendé; eXCept where zodéd,,éshall§ appears.to be’appfoaghing
teg;hral_equilibrium with the;rest of the mineréié in a secg}onj‘ Zoning “

of amphiboles 'is common in rocks from the Kootenay Arc. . Hornblende, R

usually dark gfeeh or'§oméwhat,bluish—gfeen, always forms -the core,

.
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while ‘antinolite is present as a v 'm, s patches wj;hin the amphibdle,
or as separate grainu.poexisting with zoned amphiboles, The tgxtutal
relationships of tho,zoned améhiboles are described by winzer (1973)
kAppendix 4). |

| Hornblende coexisuS with_biotite, epidote,. feldspar, garne;,'and
quartz, but not with diopéidc,,.lt is dsually éhﬁhedral éhd often
poikilitié, encloSing~Eiotiﬁés,vfeldspars.?nd quartz. A fow hornbleudés,

. v ) . . §
' P . . L e ’ N
have very fine, colorless cummingtonite exsolved within the.central por-,

tion of the grain,,but this‘has only been observed where the amphibole i

is zoned. "No other varieties of ;mphibole have been found in any of the °

rocks studied.

. B L
All amphiboles studied are calcie or-subqalcic; most belonging to

the series actinolitc—pargasiiig;ngnblende. Twenty-eight amphiboles

Point-wexre_analyzed aund are

from differeht rock types from Kootenay

 Table 9. Table 10 consists of 12 amphibolcle

- presentcd i

~—.

metamorp, ic rocks. The range of compositicns in terms of A-site occu-
md tetrahedral -Al is illustrated in Fig. 23.. The larger number
of amphiboles studied fall near the actinolite corner, between ALLY 0

pang

v o _ . _ , » o
and Al 0.7  with the smaller group clustering between hornblende and
pdrgqéitic hornblende, Some amphiboles plot off this frend, with a sug—

gestion'of_a series .along the héfnblénde-éctinolite join: 6CCT-la (35),1

375—140 (3), 7RI-17 (29), one tscher akitic 5mphibole,'lOBTf13 (30) and
8AT—8 (36),vanfédenitic amphibole.," ielinesvjéin pairs of amphiboies
.ﬁqéxistiﬁg>inba singlé,thin section; “Té—éA 1,2 (13,22);.5LBT—22’A,B:(él;
' -.38);'.Thc;e:amphiﬁoles indicate!sblvi and misCibility,gaps in ﬁhe_série;~

-and will be discussedAlatér;"

Perhaps more useful from the standpoint of classification is

78
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Fig. 23. A - site occupancy against tetrahedral Al for all amphi- -
boles analyzed. Numbers correspond to analyses in Table$ 9 and 10.
A - site occupancy is'calculated as Na+K, as ferrous *iron has ot

been determined. S 2
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~

‘Lcake's plot (Leake, 1968) for cuiciferous and sub¥ca1ciforwus amphi--

boles (Fig. 24). By this clagsilication, thp larger

-

G

rroup of Kuotenay
amphibdlcs are tremolites, some quite near the ideal trenmolite cowposi~’
tion, with a few tremolitic hornblendes. The more basic\dmphiboles are
' tschermakttic or pargagitic hornblendes, with three edenitic hornblendes .
v ) -
and two ts chermdkLLes Four amphLbolce plot as magne91o—aornblendcs4
-

Four‘amﬁhiboles, 24, 25, 26 and .28 lie outside the plot, w1th 51.78 g

The reason for this is most 1li¥ely error in the analysis,

. o S U U
Examination of both plots togétherfreinforqss the impression of a .

compositicnal gap between the‘tsehermekitic and gzrgasitic amphiboleas
(hornblendes) and the dctlnolltes. The greater number of actinolites
aare aluminous, aﬁd a mlethllty gap 1y1ng beatween pargae1t1c “hor -nblende/
alumlnous actlnollte has been proposed by Read ( ‘ )73) and also by Ulnzer

(1973) (Appendix 4). The awphlbolcs ev;mired by Winzer are zoned par— 4

gdb;tlc hornblendes, with aluminous aCLanlltC rims."

N SOlld solutlo appears possible between aluminous actinoli:eéacti—

uol;te and perg331 ic h01nblendc a'umlnoue actholxte, but the two
series are separe ed by a mlsc1b111ty gap located near AlIV‘; 0.7,
A 0 35 The _egree of'separatlon between coexisting pairs within the
same sllde, or zpned amphlbolee w1th a sharp break between rim apﬂ eore;
.mafks the‘width of the solvus between elumlnovs acflnollte actlnollte
and alumlnous cfinolitc—pqrgasitic hornblende. Fig. 23 illustrates_
‘both minimum Andvmaklmum w1dths for ehe solvus. 'Between 10 and 12 the

q_gap'ls about/ 0.2 structural formula unlts w1de in Al . ‘The maximum =

width 1s aoput 0 8 structulal formula uﬁits, AlIV The 1ange of solid

/

solutlon 1s¢g1ven by Lhe range of values on both 51des of the gap, but.

caution must be used in this interpretation as the amphiboles from the

v



~8.00

" 7.75

7.50

7.25

~— 7.00
w

6.75

6.50

6.25

6.00

Fig. 24.

,9 27
20

,‘x_,ag"

Richterite

Ca+ N0+K L

Classification of analyzed amphivoles.
compOSthonal fields after Leake (1968).

to analyses in Tables.9 and 10.
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Numbers 24, 25, 26,
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v _ ' o .
region form at vafying‘tempefatuces and préssures. The amcunt of Al203
presentAin an amphibole depeeds'to:some exteet on the.zmount of Al,04 -
preSenE in the rock, as will be discusced shortly, bue the férmation
ef amphiboles with speeific aMoJ;ts of A1V and wa + K appears pb depend
largely upoe physical condigionseof formation.
L%ake (léGS) sﬁggested that a relatlonohlp existed be*ween AlIV
and the max1mn@/amount of A1VL that would be oresent in the amphibole
latt;ce. He further suggested that high pressure favored higher octa-
hedraf.Al in amphiboles based on;behevier of other mineréls with oeta—
hedral Al olteb and octahedral Al values in amphiboles cde%iéting with
kyanlee, Jddelte and glauconhqnc. Fig °5 is a plot of AlIV vs. ALVI
for all amphlboles sLudJed in the kootcnay regicn, They ohow‘conclder—
- able range, and all except 6CCT-1a (35) fell below  the waximum Al\’1
pelmlsb;ble. Th*s tﬁend is produeed by at least tro factors, rock com-,
p051t1on and’ phy51cal conditiorns of metamorphesm | Al/Mg + Te roek
aoalnst Al/Fe + Mg amphlbole ratios “show Lhat amphibele’Al/Fe + Mg
ratios 0enerally correlate pooLL1v01y wdth AL/FE + Mg ratlos The
“/‘dependence of Al also lS related to K and Na value) (as K + Na values
: ! : "
1ngrease Wlth Al values, see Robinson, Ross and Jaffe 1971) and is
omplexly related to the rock m:ﬁeralowy notably plagioelase (Leake,
il965 1968) Flg 23 lllustrates ‘the 1nterdepend nce“of We + K ane
'.tetrahedral Al Comparlson of the analvses w1th the traces given in
Wlnzer (1973 Appendlx 4) will show that the same substltuLlov scheme
eperates in the amphlboles from the Koofenay region as operates fer the
zoned amphlboles from Yootenay P01nt as well as for gedlltes (Roblnsen,

Ross and Jaffe 1971).

In order to know the dependenice of Al.in any structural Site'on
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Fig. 25. OGctahedral Al plotted‘against tetrahedral Al for all’

0z 04 06 08 10 715 T8 20
TETRAHEDRAL Al

amphibeles aralyzed.. Tielines join coexisting amphiboles and

‘core-rinm compositions for zoned amphiboles dezcribed by Winzer - '

(1973,

Appendix 4). Numbers refer to analyses in Tables 9 and

.10, Heavy diagonal line refers to the  maximumdamount of octa-

“hedral
1965) .

T4

fee T

41 for a given amount of tetrahedral Al (after Leake,

Car
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external conditions amphlbole compositional dcpcndcnce on rock composl—
tion must be dlscussed _’Intcrnal COndltLoos arc;gcncrally not dlscusscd,
as rock coméosltions’are not often detetmlﬁed.. Regardless of tﬁe mioer;
alog{cal detetminant for foak compos 1t10n,Aamph1bole @omp051tlons cannot
be comparcd uscfully without thelrock analyses ‘as the next figures will
show. When AlIV and AlVI are plotted agalqﬁt Al/Ig + Te ratio in the
rock, only a general positive relatiohship is ‘noted. Plots of Fe/I +
Mg rock against Fe/Fe + Mg amphilbole for. both Polnt apd region indlcate
linear p051t1ve relatlonshlps between the two ratlos (Flos 26 a, b).

One can establlsh that complex relatlonsh1ps 1nvolv1ng p031t1vc and

negatlve correlations betwetn MgO- and FeO exist for different amphlboles

and that these relatlonshlps are dlfferent when orade is added as a

. thlrd varlable F;g 27a plots Fed against rock FeO for amphlboles
7 4«

from the Point and sho@@ two 1ntercst1ng things. Tirst as e<pected
. ~’ D

1ncreas1ng FeQ in tH%wamphlbole is correlated gentrally with 1ncrea51ng

~FeQ in. the rock

two distinct’fields are present, and the relation-
:7 fields are different. At lower FeO values, actinoT

3 1tes are found . and with some. scatter ‘they show a

; relatlonshlp with rock Fe0. Mg0 plots (not shown) show,
?§énd, a less Well—defioed.case.' The‘tschermakitic, pargasi—
tic ‘and edeoitlc Hornblendes cotrelate positively Gdth increased MgO
.content but with c0n31de:§Ple scatter. ihé opp051te is true for amphl—'
boles from the region, There is nO well deflned correlation for FeO

but Mg0 in ampglbole showS ‘a p051tlve correlatlon with Mg0 in the rock

(Flg. 27b) These two plots suggest a control'independent of rockvcom—

: position, at least for MgO in aCtlnollteS and to some extent FeO in

hornblendes. The hornblendes débrease in iron w1th increase 1n T oo
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’ . N i
rock FeO, while with increased vock 50, rthey pain some HoO

feO. Trenolites,
. C

on_the other hand, gain VeQ with increasing rock FeO. and may. gain Moo as

well, but\they respond to MMgO in a more

er suggest that different coupled substitutions accur in the

complicated way. -These relation-
| i :

shiﬁs furtl

‘trenolites . compared with horanblendes,

»
W

oles. The tféndeare.distinctly different. Fig. 28a, for amphiboles

from the Pcint, shows a definite positive trend, while‘thbsc from the
region (Fig. 28b)'db nOt.show a similar, well-defined trend. There is
a suggesﬁﬁ@n of an increase with rock Ti0,, but only for the last three

7

samples: ° Comparison with Fig, 27 indicates that Fe and Ti are linked in
a latticeé substitution schene, but where temperature znd pressure vary

as wkll as composition, the link ‘'seems to be suppressed. Further dis-
cussion of these variables will be presented in the metamorphism section,
. . _ [ )

LA e

- . ’i\
- Qo mTs ‘ ' ! SRR : v
f Pyroxene occurs in siliceous carbonates and calc-silicates from- the

Pyroxene

Kootenay region. Pyroxene is fouhd with calcité, ddlomite and tremolite

’ .

'in siliceous carbonates, and with actinolite, actianolitic-hornblende or
magnesio-hornblende, epidote and biotite in the more mafic calc-silicates

and "amphibolites™. All”pyroxenes/found are clinopyroxenes, anddno

orthopyroxeqes_appeér. The assemblages diopside-enstatite-(ox hypers—
thene)'hornbiénde ofvdiopside—hornblende*are absent, except for 5LET~22,~

- 3

which contains zoned amphiboles and salite. = . L e

Pyroxenes in the Kootenay Arc appear in a few different textural .

‘relations. In rocks from the Point, they occur as pale green crystalsg

- ra : . B : .‘ . A ~ .
up to several centimeters across, or’ as green or white crys s several

r

-

87




Ti0,(%) AMPHIBOLE

O

TT !
. | @ -
) - R
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e 8 - . .
= v o3z
<< ; .
< ' 3 .
& 50 \% ' 33 :
9 7 %4. - % ¢ %935 3 .
- ; 39, : : :

L : é\
_, | TIOZ /o) ROSK/

Fig., 28 a.© TiOz amphlbole against TiOp rock for amphlboles from
Kootenay Point, Vumbers correspond to- analyses in able 9. 7

Fig. 28 b. Tib2 amphlbole against T102 rock .for ampnlboles_from
regional metamorphlc rocks. Numbers correspond to analyses in
Table 10.° . : Tos
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-are similar, but in some rocks they occur in bands with actinolite,

Ly ) )
millimeters across. In thin section, the larger grains tend:to be poiki-
8 : ' : ' o>
litic,'énclosing'actinolite,‘tremolite or magnesian biotite. The larger

[
~

grains are gencrally subhedral and sometimes anliedral or blebby. = Smaller
. N . . ’ . . ._

grains ave often cquant and euledral to subhedral, ‘occasionally growing
o . ) . . . ‘ : - -

together as aggregates. -In regional rocks pyroxene textural relations

microcline andAphlogopite;and usually appeér less stable. Smaller

grains are anhedval ang blebby} In both regional and Point rocks, pyro-
.8 _ e S A 3 ) > PY

xene can comronly be found in a reaction relationship with actinclite

>

and carbonate:
Twenty-one pyroxenes werc analyzed by electron microprobe for nine

elements. Thirteen were cellectcd from Kootenay Point, and of the Chlr" S
. e B L . ' . ¢ . . - B '"‘l/\f’>” s .

teen analyzed, four are from one thin section. Eight pyroxeﬁés frcn

N

"regional rocks wvere analyzed, of which Lwc'were taken from the same thin

diopsidefhedenberglte,fhoét?heingveither diopéide or salite, using the -

fe

IISection."Thenahalyses are prcsented fn'Tables'll and 12. MMolecular

end—members are - calculated for CaSlO3—Te5103—M0 iOB—NaZSiOB, but oﬁly

the end members ‘for CaSJ_O3 feSlOB—Mg8103 are plotted on aupyroxehe guad- :

rilateral "(Fig. 29)- Pyroxenes from the Kootenay Arc lie along thie join

“

3

'classification QfADeer, ﬁQWlQ and Zuséman (1966) . fAll’except lOBT-ll

*(l), a ferrosalite,’plct heér'the_maximum permissible CaSi03“CCntent;

>

s,
N

All cpntaln'frOm just leés;than\l to ZZ:jédeite.(based_énvthe Na-calcula-

.tioﬁ).A Sample IOBT ll (1) contalns 6.5% jadeite component All pyro-

. ~
*)

‘xenes dev1ate from the 1deal d10p51de—sallLe—ferrosallte comp051t10n in

J

that they contalﬁ 51gn1f1cant alumlnum. Almost two- thlrds of thc 3yro—

-lvxenes studled contaln more octahedral alumlnum than tetrahedral alumlnum'

L
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S A
Ferroaugite %
. : 8
e
\D’.
®

Subcolcxc Augite $ubcolc‘i“c Ferroougite

: Mognes:u intermediate Cernferou
4 : ngeomre P:geomte Plgeomfe N
A

MgSlO3 | f N - - - FeSiog - ¢

-Flg._ 29. The pyroxene quadrvilateral, after Deer ot al.(1966). All .

pyroxenes analyzed are plotted as numbered circles. Numbers cor—
: o ‘h . ) :

. respor ! to analyses in 'i“ables 11 and 12.



the significance of this occurrence will be discussed later.
. : .

N !

The grouping of pyroxenes on an ACF plot (not shown) is quite close

and is a result of the lack of significant solid solution of soda or

alumina in the system. The pyroxenes studied are dependent on rock com-

position for their Fe/Fe + Mg ratios, as can be scen from Fig. 30.

Rocks from Kootenay Point form an almost linear relationship when
: . » - .

. i ! . ’ K R : )
Fodde + Mg ratios are comparcd\ indicating that the composition: of .the

‘ p ~ . B - e - —,_*/':4_
rock was the prime control, grade being equal. . Pyroxenes f{rom the

. region show more scatter, with only two lying on the line detérmined by

pyroggnes*ffom the Point. Al/Mg + Fe ratios for pyroxenes and rocks

show no systenmatic variations. ' 7/

>

. Epidoté

. : . ' . - . .
Paragenesis :of the epidote group in the Kootenay rocks is complex,
: P . . . .
In no rock studied can it be said that epidote group minerzls are

stable. They are usually found to be in a reaction rclationship with

one or more of .the follo&ing: amphibole, calcitefplagioclése¥quartz

or possibly diopside. Epidote'grdup minerals occur in rogké’of varied

cdmpositional t&pe,'from pelitic or calc-pelitic rocks to amphibolites.

Chemical data for epidote-group minerals.is_limited to four thin sec-

tions and five analyses. Two analyses are from basic rocks, (one-or-two -

émphibqle gneigsés) (TB—llb, T4-8b) of-Kootenay_Point, the other
téree from two régioﬁal metamorphiq rocks, béth c&lc—silicatés.
Analyses are presented in Table 13.

-Examinatipd of Téble-lB reveals that “he epidéte-gfoup‘miﬁeralé'

aqalyzed?aré§§fw in "pistacite" content (calculated as moles--octahe-

9.28

dfal rFe3t/a1 + Fe3t, all Fe as Fedt), They rahgé from Ps -

Y . L3

94

.
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Fe/Fe+Mg PYROXENE
o |

®)

N

d
=
f&a
! )
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T
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d

Obs v ’ ’ . ’ ' ; Faai?

;

: 21 S !
o .
o~ -, . 1 L
.0 Ol 02 03 04 05 06 0
- Fe/Fe+tMg ROGCK

ot

7 08 09

Fig. 30. Fé/Fe';ng‘pyroxeﬁ¢ plofteé against Fe/Fe + Mg?roék for. 
~all pyfoxenes anglyzed. Scatter is caused by pyroxehés from
_regional‘metambrphic-focks.which do not fall along the line
'defined by pyroxénés from the Point. ZNumbe?s correspond;to énély—

ses in Tables 11 and$12.
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TABLE 13.

1

11

Ox Wt T3-11
$10, - 37.06
Ti0, 0.18
Al1,0 24,
Fe§o§ ’ 11.70
MnO , 0.13
MgQ ' 0.21
Ca0 21.41
Na,0 - - 0.01
K90 - 0.09
. Cl . 0.01
.. Total 94,91
Hzo* : 5-09

L9

2

w .

.99
11
.92
.79
.08

N

. o
NNOODODD WO OVLWLMO

712

-

.07
o

Vo)

.19

" STRUCTURAL FORMULA ON THE

©+2.993

Si - 3.015
"Al 0
Total . - 3.015,
Al 2.327 -
Fedt . 716
Total - - 3.043
~Ti - .011
Felt o -
Mn - .009
Mg . .025
Ca . 1.866
Na ' - .002 .
K : .009.
Total 1.922
Ps 23.67

..007

13,000
2.399
.580
2.979
.007

.005

.011-

2.002
-0

- .007

2.032

T4-8

.00

.81

.09 .

e

-11CBT-7

38,13
0.16
25.46
10.11
0.03
0.09
26.52
0.00

0:07
\ ND

. 10%.55

BASIS OF

2.950"
.050
3.000

- 2.272

.589
2.861
-.009
s
.002
.010

2.199

0
.007
2.227

19.43° . 20.23

?

4
C7RT-7(2) 7RT-7(1)
38.96 139,

" 0.05 0.08
30.29 1 29.11
4,85 5.68
. 0.04 0.06 -
"0.04 0.05
24,03 23.88
0.00 0.00
0.0 0.08
' ND§ ND
98.34" - 97.96
1.66 2.

OXYGENS
2.989 3.015
011 o ®
3.000 3.015
2.728 2.6
.280 .330
3.008 2.995
- .003 .N05
. .003 .004 -
-.005 .006
1.975 1.977
0 - 0 ,
.008 . .008
1.994 12.000
9.28 111.08

ELECTRON VICRO?WOBE ANALYSES OF EPIDOTES®

5

02

04

65 "

.*HZO is determined by difference from 100%. ¢Tdtal Fe as

Fe203.

ND = Not Determined

H,0 is not used in further calculations.

T 96
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| R : : &
q3 u7., 14 8b nnd P3L BRI C .0 ':uv 1dc1tlf11bln as eptdttc, w1th
_ i 4 ST R
ZVr{SOP opt g+ ) and deflnl%e pleochrgtam. The others are clinozoi-
AN - E ’ . E
51tcs (col@mhoos,,plcochr01em falnt 0 "f ty'ZVneGO opt ). Both
dlthounh epldotes from lower '
grade ﬂptddh' np;ite os cwblages show normal colors. .
E S . o . . [ po
s apridote",QHﬁgmdn“rals are compoaJtlonale comple\ beim‘7 ahie 0
S . , g :
incogporate largevamcunts'of rarc-carths and other trace elencnts xﬁ%
the lattice. Examlnatton of tre mlnordls studled shows that 0cnerally (j

AR ]

low totals are encountered, except for llCBT 7 The low totals can be .

oroduced by 1) a certaln amount of water (up to. 1 (01) per fOLmula
unit):or 2) by the presence,'lnrlarge amounts, of rare—earths\or cther "
trace elements. Up tdIZZ H.Ovis cncountered (Deer How1c and-/ussman,
1966), whlch is enouOh to account for the.cotals of 7RT-7A and‘é but :
bnot‘enough for T3-11t and T4-8b. ?3—llb is especially low,.and the 16?
‘Ca suggest hlch rare earth content (undeteraned) 'Qtructural formulae

(calculated thh all Fe as Te3+) are guod with the exceptlon oi llCBT 7
“which has a bit too nuch calclom; No error is 1nd1cated in the raw
.data) but_calcite is present'inveeveral epidotelgrains,npossibly pro- .
ddcing above nornal calciumlcounts.

Clan70lSlLe shows. conQIderable varlablllty w1th1n -a 31ng1e sllde

a vaflance suspected from Optlcal data. 7RT-7 (l) and (2) have qulte
: different,AI/Mg + Te ratios.’“Iron—poor epidotes and c11n040151tes
' observed in thin sectlons from rocks at lower and higher grades are
‘often zoned “with 1ron—r1ch cores and 1ron—poor (nOn pleochr01c) rlms.
:Also,-two epldote group minerals wdll appear in the same silde. ’Inl
v7RT—7, the two aréﬁ?robably related to dlfferent vo]ume chenlvtrles _..."f;'ﬁ

@-

during’ formation, but in other slides a plepchroio-epidote coexists
. , - xSt
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1Y

~with-a neon-pleochroic ¢linoZoisite, Neither ean be said to Liave been in
stable equilibrium, however.

Strens (1964) postulated a miscibility. gap between 'Psl3 and _Ps,74 in
: P S o 2

the epidote-clinozoisite series from the Berrowdale Volcanics. lioldaway

(1965) also postulated,a'gap in the series for rocks formed at lower.
temperature. Chemical analyses of epidotes from che Kootenay rocks do
not confirm the cap postulated by Strers, since pistecite_contcnts of

19 —u25'are»fdundf The eeexistence of two epidotes, as well as zoned
chdOtO;; could.indicaﬁe the.pfesence of a ﬁiscibility gar. Novehemical
daea were taken on these eomplex lover grade epldotes however‘ so the
presence_of-a gap cannot bc'coefirmed.

'There ie a distinct cﬁange in parageneéis and amoent of-enidote‘eé
cne moves from the'lcwer grade eastern aesenblage tomards Lhe higher— l —f\;—’\w
| - grade "fsemblqgea 1lcng tbe ldke Shore.. The 10w10 rade ascen l;gi, which:
\appeafs stable is an epédg}esactinol%te—hoﬂdﬁlende—épheﬁenealcité assem-—
-biege. Thevepidpte, pieochréic>colorless te etraw vello&, is suﬁﬂedral
dnd oftén p01k111t1cally enclosed in anhedral actlnollte The actino-

W

llte pleochrorc O(colorless to(5 X pale green or blUlSh green, cén_—
talns ntmerous’ inclusions of calcite. Variatiens of the low grade pare;
genesis are 1) hornblenae, zoned or with patches of actlnollte CODYlSthg'
with aetinolite and epidote; or c11n010151te or~both (Biotite -nsually
green, may also be pleeent,, 2) banded cale- 5111cates w1tH muscov1te—

_ calc1te-ep1d te quartz and blotlte. -Feldspar or quartz-rich bends alter;

(7
‘otefrich bands. These dre tructaa
NS o ‘ - ‘

e :
nate with ep @gfgilicates,,derived'

~

from shaley or-saﬁdy'merls;,-A;{higher grades, epidote dimin{iiei in

importance within the slide. dﬁg'the agtmnolite-calcite~quartz Thcks
olit q ,

”;Q;e becomes embayed or



&
granular, [t dis often poikilitically encl sed within the hornblende.

Plaggoc]asé increases in An content, and clinozoi%ité incréases in
importance, while the epidoté hgcomes iron-poor. In_tﬁe dalc{silicates'
~ (where cljnozoisitefgbpeqfcd to be more abundant thaﬁ épidoté)vepidote<
(and c;%nozoisite).disuppéarupr decrease in importance while actinolite 
and diépsidc begin to form. At the highést grades, clinozoisite coexists
with hornﬁiﬁnde or with diopside, but not in apparent.texﬁural equili-
brium. It is always anhedral and deeply embayed and appears in the
-procéés of being absorbeé by either hornblende,.tremoliﬁe-éctinolite
or diopside.
Oné_pther paragenesis of intéres@\is that in pelitic rocks, In

.. “ .

this parageuesis, clinozcisite occurs as very small grains in muscovite-

o

biotite-plagioclase—quartz-K-feldspar "schists". It is commonly observed

oy .

to be breaking down to muscovite and plagioclase.

Feldspar i

Feldspar occ#rs in all but the most.calCareous rbck tyﬁés in the
Kootenay Arc. It éccurs as‘anhedral'gréins; uSually»untQinnea at loWer.
grades?'béboming.progréssivelv-more codplexly twinned‘as grade incfeases.
.flégioclase feldspars at higher.gfades ére often zoned with Eigher An
,cbrgs'and_fg;egiAﬁ,rims. A few cases éf reverse zoning have been
obéerved optically, but this:typebof éoning hgs not .been confirmed By
léfer microprobe'an;lyéis. : ) o L

fétéssiﬁm feldspar is also auhudraliand usually untwinned at the

—

~lower grades. At highér‘grédes, .. roeline twinning develops. All

potassium feldspar is either untwinned or optically identified as

mierocline. Microcline twinning may cover the entire grain or:;




T1-5
T2-15
115-45W

T2-9(1) .

72-9(2)
T4-8

75-90E
- 240-137E

T4-4b-

37551400
. 240-137E
168-140E

T2-5a

198-146E

190-120E

L Tl-4

T3-11"
T2-4

e

[e¥=JeR-No¥oNalcRalfoRa)

KOOTENAY POINT, B.C. :

~0

.18
.22
.28
.25
.28

.18

.13

.81
.. 04

.81
71

.92,
19

.39

.20
.23
.16

14

ORHEFERFEFEFROOMO NN~ N»W®OW

) NaZO?'

.16
.58
.37 ¢
.24
.89
.04
.19
.66
.75
.48
.50
.43
.25
L1700
.15 -
.09 -
.07
.04

Ca0

a1 O Ut

L O O0O00DOOWVY O

.05
.61
.36
.99
.70
.58
.87
.76
.61
.54
.64
.02
.03
.05
.05
.01
.06
.01

OCOR OB ks 2

Oor

.09
.23
41
.43
.56
13
.30

-

Z

.06
.79
.71
14
66
.03
.20 .
.92
.10
.51

Y Q

Ab. Vi
74.08 .y24.83
72.57 " 26.20
71.71 7%6.88
70.32 128,25
§7.01 47 31,43
61.99° 36.88°
61.51  37.20
60.78  38.40
58.04  40.90
54,71 44,50
54,58 44,72
12.77  0.10,
11.21 . 0.13
10.73 :© 0.24
10.56 0.24
10.02 0.06

0.61 0.2

8.46 0.03"

Iy

s
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sent in patchee, often ns hghost” twins which appear fuzzy and ill-
defined.
o Wyrmekltlc intergrowths of quartz and feldspar are prcsent
th@oughout Lne Kootenay Arc. Myrmekite occurs where microcline and -
_plagioclase are‘in contaCt, and quartz is‘pfesent. It occurs ln rocks
v-containing scapolite, inﬂplegioclaee—rich amphibolites and in calc--.
v,silicates, but appears abeent f;om-cnlc—pelitic.nr pelitlc roEks.
| Plagioclese is usually dominant overvpotassium feldspar,'excépt
where diepside is pfesent.' In this case, nicrocline_occnrs,»ané is‘
dnminant‘ovef plagioclase. In rocks‘containing diopside, both plaglo—’v
clase and K—feldepar may be present 1n 31gn1f1cant percenta es.
Forty—six feldSPars, inclusing twelve of the orthoclase—;lbite
. g/\np and 34 of the plagloclase series, were’ analyzed either partlally ,
or completely by electron mlcroprobe. Elghteen partlal analybes were
made on rofks frdm‘Kootenay‘Poine,‘ehe remainlng-twenty—eignt from
.regional metano;phie rocks., N
Table 14 lists partial analyses for feldspars from,Kootenéy Point.
Only the characterizing elementslce,yNagand K were deternined; The
remalning elements Were‘calculeted frnm'stoichldmetry during‘fhe
~adjust progfam‘ueed for correctiqn.‘belecnlar pereentagee AbfAnrQé are
glven infthe table. Table l5-presents énalyeee’for 28 felnSpers;
from'?eglonal metamofphic‘recke;' Barium was;not determined,vbutviqhis
prebablyvpresent in gfeatereorvlessef amounts ln the feldspafs from

the region. Two of the analyées were for thre: elements only.
. > . v

Where two 1dent1f1able feldspars were : ':ent, both were analyzed

The two feldspars were usually plagioclase and mlcrocllne or untw1nned



Kl, R ) 195

AT 3,
. ' ) ;
K-feldspar. The presence cf two plagioclases in some thin sectiang. was

cenfirmed optically. Thin sections were stained with cobaltinitrate
" prior to point counting to discriminate between K-feldspar and plagio-

clase. s ‘ G

© Potassium fcldspar:  All K—feldspars analyzed are microcline, or

grains show1ng parchec of microcline twinning ln otherwrsﬁ oprlcally

.

' \
homogeneous gralns. Analyscs 1ndrcate that for rocks from Lne 1eglon,

the mlcrocllre plots w1th1n the maximum mLcrocllne composition Oiven

%-
by Deer, et al. (1966). However, these microclines cannat be‘ealled

maximum microclines without substantiation by X-ray. Sample number
5LBT-22 (21) shows considerably more albite substitution than the others.
. . . / . . .

This sample exhibits an odd paraggnesis. Two amphibcles, epidote and
plagioclase (albite), as well as a greenish clinopyroxene (?) cocxist

with the mictocline (Winzer, 1973, Appendix 4). The two amphiboles are

1nterpreted to result from a retroorade reactlon formlng dCflnClH!L rlns

arourd pargasitic hornblende cores (as well ns fornlng separate actinc-
. ) - pn)
lite grains). The retrograde reaction 1nvo]vcs llberarlon of sodlum,

whlch goes into plagloclase 1ncrea51ng the albite content

The feldspar ternary dlagrams (Flgs. 31 and 32) 1]1u9trate that

ent in thc C mlcrocllnes
.
Fig. 31, a,plot of all feldspars from Kootenay Point; indicates a range

very llttle of the anorthlte molecule is pres

N

,'1n albite conteut in microclines of!from 8 to 13/ The system is not
.exceSSiVely high‘in soda, howeVer, but significant amounts’oﬁbscapolite

are fourd in 168-140E (12) and T2-5a (13). The other rocks contain no
e

Plagioclase: In the last ten years it has beéﬁ recogn17ed that

scapolite, - -

metamorphlc plagloclases do not shon complete SOlld solutlon between the'
q
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twvo end-members olbite and anorrhite (Christie, 19625 Lv .us, 1964;
Crawford, 1966; Hupahashi, et al., 1958; éartﬁ,-l9§9; Leake, l970;
Cooper, 1972; Smith,. I¥72), The‘morehreccnt aurhors (Crawford, 19663
:Huﬁahaéhi,vet 511, 1968; Cooper, . 1972) have empirically demonstrated
sﬁapevand.location of solvi iq,the series, mainiy the paristerite s0l-
Qes between Ano 25 Smith,(l972) has produced a tentatiVe’phese dia-
gram putting temperature*and préssures,on’feldspar fermation and grving
‘pesitione and shapes forvrhree soivi in the system.

" No attempt was made to undertake'avdetailed‘statistical analysis

of feldspars in the Kootenay rocks. Optical and electron probe rocon—

-rff§§2;ce work.indicates that tworplagioclases occur iniroeks_of'hand
specimen size from all over thelregion. Usually, en urntwinned plagio@
'claseﬂwill cqexist'ﬁirh a twinned plagloclase of ‘higher An confent;
Becau"e of‘the difficulty of.distinguishing the untwinnéd'albite from
the quartz, the untwinued albite is often everlooked, and Qaé not and;
‘lyzed7by.electrdn probe."fntwinpcd plagioclasefcan»be ﬂistinguished
Afrom unt?innedvortﬁoclase by co~§lt1q1trate stain, but only: Lhrouen
‘2V or rofractlve 1ndex measurementc-may the untwrnned plagloclase be
'dlatlngulshed from quartz. |

Regioﬁal recbeneissénee froﬁ lower to higher grades wili'reveal‘rhe
shape bf/rhe-éeriererice solvus if rock composition dces not'signiri—
eaﬁtly influeﬁee the compoeition of the»plagieclase,vor'if the posrﬁioﬁ
vof the gap:re not infihenced'Significaerlj'by rock eompoeitien; The
work of Crawford'(1966), Huﬁahashi, et al.,(l968) and:Cooper’(l972)

‘1nd1cate that the perlsterlte gap GVLsts reoardless of comp051f101 when”

the temperature and pressure conditions are such that the solvus is

108

N

_1ntersected. It would seem logical that'rock composition and paraéenef -



tic history would determlne the composition of Lh%Ennmixed plagioclase,
' = .
and further coollng would result in intersection of one of the solvi in
the series. With prograde'metamorphism, the situationm would work in @
‘reverse, but would likely be considerably more complicated because a
high-An unmixed plagioclase will not nucleate. [nstead, plagloclase
on elther side of the gap may nucleate at the same tlme
Figs. 31 and 32 indicate the compositional range and forbidden

areas for plagloclases from the Kootenay Arc. The only gaps are in the

hlgh An group, between AnAS—AnSS and AnSS—Ango, but this docs not uegate

’ presence of other gaps, because beam movement w1ll integrate m1croscop1c‘

intergrowths in an unmlxed plagloclase.- A1l plagioclases_studied have

some substltutlon of the E\AlSLBO8 molecule (up to 2@). Plots of Ca/Al

i

- Na/Al \/Al and CaO/Na7O in the rock against An content of the plaglo—

clase reveal no direct comp051tlonal dependence between feldear and-
’I\\: ‘. . .
rock Instead the feldspars tend .to cluster around certaln anorthlte

contents regardlesc of rock ratlos. For instance, seven 11e between Ani

and Anls; with'a gap between’An5 and Anli. The bulk\of the pla01oclases

'fall between An26 -and An45, essentlally the area between the An-rlch
’ llmb of the perlsterlte solvus and the An poor limb of the Bégglld gap.
W1th1n these ranges Ca/Al and K/Al ratlos in the rocks may vary by a

factor of lO Na/Al by a factor of 3. The data do not eliminate compo- .

51t10nal control but they do suggest tﬁat external condltlons of forma—,

tion (P,T at least) exerted more influence On'plagloclase#composition.

Scapolitel\r o h’ R o

S aphllte is restrlcted to metamorphic rocks, but may occur at all

_grades and in a ‘wide varlety of assemblages. Until recently, little

was known about the structUre and stoichiometry of.the*scapolite series,
. . T . . .

109



;
but work by_éhaw (1960a,b) and Evahs, er o1, (1969) has es r“blfsned
working para meéglo for JLdelnw the range and reliability of scapollte
analyses, #wo schools of thouOht have emerged regardlng the origin of
' acapolite ih mctamefphic rocks., One gr0up (White, 1559; Hietanen, 1967;
Ramsay and'Davidson, l;70) subscrlbes to condltions of brlgin which are:
essentially«isochemical and with ﬁaryingvfugaéitiea of the volatiles Cl1,
Co, aad S0,. The other group has prescnted a wetasonatlc orlgln for
scapollte (qhaw et et al., 1963a,b; SHaw, et al s 1965' Marakushoe léGé)v
‘Reeent papers (Haughton, 1971; kerom, 1972) dlscuos scapollte paragene-
sis in equlllbrlum with pla01oclase, contraalctlno earlier statements by
Snaw,that no relatlonshlp e\1sts between plagloclase‘and ScapOlltC coﬁéo—
éitlonlin the‘same roek.v The paragenes1s of capollte is compleg.
. Marialiéic scapolites may form by elther 1sochem1cal metamcrphlsm of
halite—bearihg be s. or by Na-K metacomarlsm. Meicnite would appear'to.
vbe ﬁetaeemaeic‘ ngever, its formatlon by 1sochem1cal mctam01phlsm can
net be ruled out, Scapollte in airock almoqt certalnly reflecrs chan*es
in the fugac1ty of Cl, 804 and C07.>
Vlne scapolltes in five th1n sectlons from Kootenay D01nt were.ana~
: ~ : :

lyzed for seven elements by electron microprobe (see Table 16). All

‘scapolltes analyzed fall near the comp081L10n of miz zonLte (Me70, Shaw,

et al. s 1965) ranglng from Me68ﬂ2 - Me74 b All are»high carbonate‘
.melonltes but Th- 4a (4) and 199 146E (6) contain con51derable 804.
Qtructural formulae are calculated on the basls of lZ(Al + 581i) x 103
after Evans, gg_al (1969) Comparlsons hlth Evans scapolltes afev
generally good but some dlfferences occur. - Evans, Eﬂiiil (1969)

/
belleve that the ideal structural formula should calcul&te near 4000 -

‘for W (Ca + Na + h) The range. is 3927-4068, but Shaw (1960) reportS'
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ranges for microprobe analyses of 3900-4120 and for wet chemica. analy-
- ses 3754-4326., The scapoliteszpresented here. range from 3725-4016.
. » . , .
Using Evans' eriteria, l99~146E1(6) ¢and alf scapolites'from section T4-2 ‘
are deficient in Ca + Na 't K, Low analvtical totals for T4—2 (2) and (3)'
. : PR

may indicate a-deficiency, but totals for T4-2 (1) and 199 146E (h). seem
reasonable.  Sr was.usuallv present in trace amounts. ‘Other unanalyzed
elements such & Ng,~Be or Fe may be present ifh significant amounts,-thus
giving low totals.. Another deviation is in the sum of the volatlles
Evans, et al. (1969) feel that C1 + C + S should sum to lOOO but pre—
vious uork, as well as thelr own,‘lndleates a range of from 26lfll53.
Scapolites from Kootenay Poirt show 1 range of 651-1584 (C1 + C + S).

This part of the structural'formula_ls sensitiye_to small errors in ana-
lysis of major elements 'because'CO2 is’determined.byddifference and has a
very large atomic proportionr For the.above'reasons, T4-2 (l),l(Z)‘and
(;3, and posslbly Té—&a (4)“give large excesses for volatiles. CO deder—
mined for other scanolites‘mav beEas.hlgh as 4‘8? Thus, all but. T4-2
(l), (7) and (3) have reasonable amounts of COZ,'whlle T4-4A has consider—
lable sulfur. Figs. 333, h, c and d illustrate structural formulae trends
for atoms Si plotted agalnst Ca.and Na + K Cl against Ca and C + S

' against Ca. The plots illustrafe the problems dlscussed above ‘and’ suggest

“that the'analysesvrall into two. groups, those with Si in evcess of that

- . . 6

requlred for the amount of Ca or Na + K present, and those def1c1ent in Si-

“for the amount of Ca or Na + K present., The ev1dence 1s 1nconclu51ve, as

kY

thev"deflcient scapolltes plot near the line glven bv Shaw (1960) The.

'.plot of C+.5 agalnst Ca 1llustrates the dependence of C on the analvtical

_total and is nct as 1nstructive as‘the other two plots. The comparisons
suffer from the fact that the analyses of Evans et al. (1969)

do not contain data od metamorphic grade. Thus, they cannot

Koo
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be compared tO_KOOtendy_scapoliteS. o However, the Kootenay ana-
-lyses exhibit some error. An ervor invthe standards is possible but ;
‘does not, <p111@ the  two grouplngs of scapolites, ‘since the same stanF
-darde were ueed for both.; The dlfferences at least, ‘arc real and
roproduc1ble w1th1n each group‘ ?E - : . o o v
Scapoltte in the hootenay area occurs ‘in dlfferent parageneseG,

%
The assembla?es for. the analyzed scapolltes are as follows:

4y To-4A Hornblende -plagioclase ([HAO) quartz-—-
o oL biotite-clinozdisite~ scapolite
(5,9 - T2-18 Dicpside-plagioclase Ang4_og, Ang blotrte—
_ ' ' calcite-dolomite-quartz- scapolite-sphene
(6) ", 199-146E - Tremolitic hornblende— —Aluminotv . ~ctinolite—
_‘J .- diopside- b10t1te—calc1te-dolor'te—ecapollte
(1,2,3) T4-2 “Actinolitic hornblende- -biotite-cpidote—
: cllnozorelte—mlcrocllne albite- —quartz-scapo- -
: lite ' g
(7,8).  56-20E ' Scapollte diopside- blOtlte calcite- dolomlte

quartz sphene

Other scapolite bearing assemblages from the hootenay region are:

>

29-36 1Hornblende -quartz- plagloclase K-feldspar-
_ biotite-sphene- chlorite-epidote— —~scapolite
-18-4 Quartz-biotite- plaeloclase~muscov1te calc1te
- dolomite-scapolite
3/8-3 Quartz-plagioclase (Anjs)-K-feldspar. (7)—;
Voo o ; scapollte—blotlte—nuscov1te -epidote -

SLBT-20 Calcite-dolomite-quartz~ plagioclase- scapollte—
e lepSlde tremolite
9CBT-2 ~ Diopside-actinolite- plagloclaet (Anyg)-
- L .scapolite-Mg biotite- -sphene-quartz
9CBT-6 Calcite-dolomite~diopside~actinolite- plaglo—
' .clase-microcline-epidote-scapolite~ -phlogo-
p1te quartz (p0531b1y magneSLte)

There are 51m11ar1t1es ‘between all L rageneses. Flrst all scap?
‘lltes regardless of thelr locatlon, grade, or rock type are- melonltlc.
Second where dlopSlde and scapolite. occu; together they are accompa—'

"nled by calc1te dolom;te and either quartz or an amphlbole with a hlgh

tremollte content ‘ Thlrd the scapollte is usually seen to be replac1ng'

.plagloclase, and if‘more than»one plagioclase is present, repfaces,the‘

114
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, By
plagioclase with the higher anorthite content. Tourth, meionite con-

. s .
tents are higher by up to 40% than the anorthite content of the plagio—

clase they are replacing, and higher by up fo, 707 than the An content
of the plagioclases they coexist with (ﬁéually albite). Fifth, scapo-

lites occur in calc-silicates or amphibolites but do nct occur in
i S ) )
5

pelites. Sixth, where amphibole is presc. with scapolite, ‘the amphi-
bole is almost alWays zoned.i
A typicalvscapolitized rock has 5-107% scapolite in anhedral irregu-

lar grains up to 6 mm long. In the same thin section, less irregular,

anhedral, poikilitic‘grdins of scapolite and scapolitized feldspar cores

both appear. Both textures indicate growth of scapolite following crys-
tallization of the main minerals in the rock. Magnesian or ferfomagne~
*sian silicates are usually anhedral, blebby and poikilit: , with the

amphiboles generally fresher than the py:oxengs, 'Amphiboles are often

zoned, with a continuous change from darker green cores to blnish-green

f

rims. The amphibole is usually hornblende " at the core, with incredsing
actinolite towards the rim. Pyroxene is small, rounded and often embayed.’ -

The exception to these general disequilibrium textures is found in .bio-

tite. Biotite is.euhedral® to subhedral, forming fresh flakes often

présenp asva réndomly ofie;ged métte supefimposed Qﬁ ali éthe: minerals. =
. it iéNEEIEETItieaTT§ enclOs;é invamphibole and scépdlite;. Epi@oﬁe aﬁa'

, ) o o o . _
cl;nozoisite are anhedral and irregqlar; often poikilifié, ehclosiﬁg
small ;punded quartz grains, and seem to have beén in ghg process of
'beingr§§§i§¢ly incorporated into amphiboleband éiéﬁsidéixw |

Feldépar,-whére present)ﬂprovidés moxre inte:éS;ing téxtureé. Both
.feldspars méy bg:present, but thré ;hey are, micfbciine is doﬁinant.
‘Thé plagioc1asé present is usuallyvﬁntwénned albite,,ﬁut where écapolite

~
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is minor, twinned feldspars up to AnQO nre present. Mvrmekitic rnterf
growths of quartz and feldspar are common. 1ue plagioclase may be zoned '
or patchy, with several irregular zoned regions inmside a SLn"le. raln. S
Anorthite rich cores are often.replaeed by scapolite,

In the diopside—seapol{te rocks C“lthe and dolomite are found 1n
aoparently stable Coexlstence with quartz. In samole 56&20H,‘very 1it;
tle feldspar is present, and the rock 1s really compo ed of a‘fev large
31eve lilke grains- of scapollte polkllltlcallv enclosing anhedral‘diop—‘

1 '.(
side, ewuhedral biotite, oalcite, dolomite and quartz. The'carbonates o
and quartz are roundcd anhedral grains. Carbonabe'sometiﬁes‘oceurs in

-

stringers between quartz, didpside and scapolite. .

—

The petrographrc ev1dence Lndlcates that scaoolr is reﬁiacing’

feldspar in the rocks from “the Kootenav Arc. Texturés,of”mlierals.in
bUL suggest also the stable coe<1stence of calcite- oolomlte and’
quartz. The cémposition'of'th@‘scapolites indicates'that‘they formed
under very hlgh PCOZ low fCl'aﬁﬁ variaole.fs. The paragenesis of

scapollte xlll be discussed in more detail in the next chapter,

-

"Carbonates . .
Calcite, dolomite and maénesite»are present in rocks from the
Kootcnay Arc. Ca1c1te—dolom1te and dolomlte magne51te are found in e

stable. coex1stence with:one another but ca1c1te and maoneSLte are not'

» .
. s . !

as would be‘expected from phase relations among the carbonates at

moderate to hlgh pressures (Goldsmlth 1960 Goldsmlth and Graf 1960 .o .

Goldsmith and Heard, 1961 Goldsmlth et al., 1962 Rosenberg, 1967
1968)
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A variety of texturcs‘is DrOSthGd by the carbonates, ‘At the lower
grﬁdes, calcite orcdomlnates in the rocks studied, but dolomite is

usually'prescnt. -Quartz,tfcldSbar~und mica (muscovite or biotite) are

usually present in the more ‘acidic rocks; chlorite, epidote and actino-
lite, with quartz and feldspar, in the more basic rocks.. The lower
grade carbonates are usually rounded, anhedral, sometimes embayed grains

with smooth boundaries“to neighboﬁlng carbonates (whether calcite'or ’

R
~

dolomite). The calcites are cloudy or dusty locking and are usually
twinned. - The dolomites,‘on the.other haﬁd, are usually- smaller more

rounded, untwinned-and clear. Both carbonates‘appear to coexist stably

v

I3

with ‘quartz and‘feldSpar.

* At the higher grades, a considerably greater variety of textures

is encountered. Both calcite and dolomite are coarser than at lower

grades. They, may be present as separate grains, apparently coexisting

bly, since boundarlcs are smooth and triple point'" junctions apnear.

’Calc1te .may enclose ragged, 1rre°ular dolomlte ‘or vice versa, or cal- ;
gite may be present as stningers and blebs between dolomite grains. No
/ﬂ\true oriented, exsoldﬁion'textures are‘seen,'but some of the blebby

N

gralns appear to have exsolved from the larger host carbonate. Many
e .
caf‘onate grains 1close silicate phases, usually tremolite or magne-
& . ) : .

"sian ' “tite, but also quartz and.feldspar. At higher grades, quartz

and © _dspar occur, ‘again apparently stably, with calcite and dolomite,

Scapolite may also coexist with both carbcnates as mentioned in the last
section. * In.some cases, where inclusions of biotite or  tremolite are:

found in dolomlte, all7ar1n red stain reveals a r1m of calclte separatlng
L4
the dolomlte from the SLllcate. The graln is otherw1se'homogeneous,

-

ThlS texture 1is’ taken to 1nd1cate that the slllcate has leached Mg (and

N BN

~
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possibly Fe) from the host dolomite during its formation. Anether #

¢
h

interesting texture consists of numerous blebs of dolomite enclosed

. 0

within large tremolite crystals. Calcite may also be enclosed in tremo--
lite, but it is usually present in lenses outside the grains, or mixed
with smaller .fresher- grains of subhedral .remolite.  In some, cases, the

blebs show preferred orientation along cleavage. The larger treﬁolite»
grains appear to be breaking down, S . - _/ﬁ'

. . B ..' .
‘Magnesite, recognized only in rocks from the Pointhas a different

‘ i
habit from calcite or dolomite, occurring as aggregates of small anhedral
' ' . ~ o o . : K .

rounded grains miked with nearly colorless biotite and very small flakes'

of gfaphite. The aggréga;gsjappear'as irregular pockets, rather than

w

anhedral and ragged or wispy, whereas biotites in the same slide from
v ‘ - o - 4 ,
_the dolomite areas are subhedral and generally ifresher in apvearance,.

Sixteen carbonates from Kootenay Point (Table 17).and nine calcites

from the central Kootenay region (Table.l8)_were analyéed By electron
. - v :

micropfobe; Carbonates cannot be distinguished from one another withdﬁtﬂt-

3
-

staining. Since staining ruins the polished surface of a probe sectiomny

s

areas were chosen and grains. picked for. analysis by reconnaissance.

" Only three elements were determined“Qnﬁcarbonates~frbm,thé‘Point, nine  °
. -em wer . Hned. S L€ JRRE

on carbonates from the region. The absence of dolomite analyses from.

3o
’

. L = CoL i
the region does not reflect thg,absence of that mineral, but rather ‘its.

R .

N

9

SRR Qe

. . b .;2‘, : - . } ) R "A..,.-"“/‘ , ‘)'r"A'JA‘ R
presence ia such small»amouhg"tﬁht it was .not easily. found ‘during recon-.

naissance with the microprobe. “Later staining turned up delomite in many .
P . ’ o . B ’ B S - N T .

o 0.1 .0

of the regional rocks (see-modal analyses, Table 3).':°Ne.gsid¢rites or-
-ankerites were found in any of the rocks studied;’ E@}iﬂ.' s

Examination of the st%uctural'formulaégéaleﬁlgté
) ~ . - te Ty N .
~ v oo . o R - ; . 4 /

dfqn:;hg;basis'ofnl

_as yveins or stringers. The biotites within these aggregates are usually -

v

S S . —~——
oS ! ’ .
A i .

.
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6 (0), and the totals for the oxides indicdtes.immediatniy that almost | .
all the earbonates sLudled are delCient en Ca % Mg + Te. Cccupancies
ran efrom 1. 8”8 2 064 end only‘the magnesites show;occqpancies over
2. OOO the idea1 vdlue. -Deer,jet‘ai; (1966) report val¢/g fé;? 1.99-
2x02 Several possible reasons exist to gxplain these 101 totels. ‘
FirSt;'in carbonates frem ‘the Point, neithef'Mn: Ba or Sr were deter- -
“mined:for eny;of the earﬁqnates. Me ean be present in amoﬁnté°6f 3%> )
or more in calcites and'dolohieés, but'S; and ﬁa éhould be insignifi-
cant. The carbonates. from reéionél meﬁamdfphic‘;ecks have iittle Mo,
: . : N _ ‘
however; (to..64%), and there is no real reason to eipect higher values
for the cafbonatesfffomvtﬁe-Poiﬁt: The’eecond reason involves the pos-
sibility of'weveleﬁgﬁh:shift giviné &ifferent'peek-poeitiqhs for Ca and
Mg instandafAS.andvkn the sambles.; The;standards used were both
‘silicétes (woilaétdﬁite fdr.Ca, olivine for ‘g and Fe) The difference . .-
in oondlng.energees for the respect;ve elements betteen standard end E v
sam%le‘could be enough to'give a peak;sﬁift resulting in lower7apparent
conéentratiees, especially.for Mg;\ A'third poesibiiity is that the
' beam volatizes .the sample. ‘Care wds. taken 'to move the beam qulckly. ’

over the specimen, and beam current was kept low (O 1 mlcroamp) How- s

:ever, low totals 1nd1eate .that some volatlllzatlon could have occurred
The finalAreasen iSZerrqr in Fﬂe standafd.' Errors in Mg in the.etan_
dard oliyine used wohldéintroduce diéprdpdrtibnate errqrs in megnesitea
beeapse fhe sample has a Mg'concentratien'about 20%»hiéﬁe; than the | o
-standafd;' Even.aesmallﬁstaﬁdafd error would éive an enhancee error for
'Mg-ie the saﬁple.' Caleium velues{ere similer._ Thue,;the error mglti—

plication would be less..



‘Sphcno, Stnurd}ite and Garnet
'Sphene is ubiquitous'in amphibolites from the'Kootenay‘Arc,

‘being present iniamountsgup to 6% (se= modal analysen,‘Tables 3,4). Tt

is also;preeent Sibcalcfsilrcnte‘rocbs and occurg as an accessory in
nearly all rock types._.In the amphibol%}es,'spbene occurs as euhedral

to subhedral crystals up to 6 mm long. In caIC¢ ilicate’ rocks 1t is

'often "Qranular"; present in aggregetés of smaller‘rounded grains, OTr
occurs as 1arge (5 mm) 1rre~tln7A rounded;grains. In'a,few cases, sphene
has'yellowish'cores of'rutlle. Five sphenes from amphlbollteb (bLbT 22,
‘8AT 8 .6CCV 8) and calc- srllcate rocks vere - analvzed fcr’nine'elements
(Table 19)._ Sphenes froin the anphlbolltee have hl;her A1203 + TeO “con-
tents than those from the calc¥silicates, and generally lower tltanlum.
Calc1um is hlnher in tbe calc— ilicate sbhenes; These differenceS'
probably reflect avallablllty of the major cations, and partltlonlng;
eSpec1ally of Tl, between the magor pheoeo.' The presence of hornblende

dr biotite wenld be important in determlnlng the avallabllrty of 51tes

for Ti. - -

IFStaurollte ‘has been fdund in only one small area of the central
Kootenaf_Arc. It'occure es'anhedral; yellowlsh falntly pleochrorc
porphyrbblasts in a:rock.eontdining two ’porphvroblasts" of kyanlte in
a matrix.of quartz, feldspar, muec?mite and biotite, and as small.euhe—i
dral crystéle in another location én the same -area. 'Other:thin sections .
.from the same hand speelmen conta1n garnet, mostly hlghly cbrrpded and

absorbed into the matrlx of quartz,‘feldspar blOtlte and muscovite.

Six elements were determlned on one.of the gralns (Table 19), confirm-
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ming the presence of staurolite. Adding 2% Hzé“io thé’total bridgs it

up to 98%, indicating analytical deficiency, but elements such as zinc
.0 . L.
were not determined. . - . ,

.Garnet is present in apphibolites or pelitic and cal¢-pelitic rocks,
but-absent}frong&alc—silica es. Garnet also occurs in/the fine-grained

i & -

3

microgranites (aplited) and some pegmatites from the area, - Dodds, (unpbl.
M.Sc. thesis, 1965) reported on garnet from schists, amphibolites and
igneous rocks in the central Kootenay ‘Arc. He found that garnet from

amphibolites was richer in the grossular and pyvrope molecules than those.

fsts or igneous bbdies) He nbtgd that changes of:CaO, MgO,
MﬁO and FéO with grade we%é slight, and that values of &aO, MgO, FeC and
_MﬁO were similarxwhether'thelsample came from the“sillimaﬁipe.or‘bibtitgs_
zoné of Cfosby (unpbl._fh.D. thesis, 1960).'.Dodds furtﬁér noted the
absence of gafnet ffom some amphibolite; whiich ere iocated quite ﬁeat_

garnetiferous bodies. He was not able to explain'this,phenomenoﬁ_fully,

as ﬁe'hadvno‘analyses for coexisting minerals in any of the‘amphibblites.

=

“The,pfésent author hgsffound the same phgnomena, but it appears that
garnet forms in amphibolites'containing'pargasiﬁic_ot tséhe:mékitic
.hbrnbiende..’rAmphiboliteé" containing:magnesio—hornbleﬁde orzgrémélitic
hornbiende_aré‘frEe_of g%;net.' Anoﬁher peculiatlgarnet paragenesis Qas
. ) . - : »
noted iﬁ core from exploratibn holé 2114 (ComincoQBluebe}l Mihe)!\ Here.
a §mall 5ed of ampﬁibolite‘a féQ feet thick is iﬁ.cdﬂtacf_abovg anq_v:
beiow hith,biotitefmuscovite;quartéffgldspar gneiss, . Garnet ig‘présént"
g . . . . .
1iﬁ amounts of > 20% néar the_coﬁtacts, but dies off “to nil at the éen-‘ ';\‘i
ter of the’body. Grainvsize décreases'from a‘féw millimeters col 1 ﬁﬁv
_ beforé;disappearing altogether. COntacts‘betweenithe gnei;s and thev.

amﬁhibdlite are sharp.
: . '



_Garnet - fromothge central Kootenay Arc shows a variety of textures

“be being consumed by other miner-

) . w N
~.»t is generally filled with inclusions. M38st

appear to have grown in place, displacing the surrounding material so

s ) . : o ’ : : N

'that‘quiation'bends around the griin. In some cases, mica outlines

the garnet perfectly; in others 'selvages' of plagioclase, quartz and K-

feldspar Separ%}e.the garnet from the mica minerals,(see also Dodds,

1965). Some garnet is stretched, often elongated to fouf times its
. =%
. .Y : . " n : “~,».
width, but few appear to-be "rolled"”. L &
Five garnets,ain four rock specimens, were analvzed by electron
microprobe. The analyses are presented in Table 20, Totals from theSc

garnets are somewhat high; reflectiﬁg zoning in the grains. They range

in comp051t10n from almandine 61 5- 77 1, grossulat 26.0- 17 1. However,

the twd amphibolite garnets (12WP-2 and 6CCTf8).show significdntly

'higher'almandine'contents than those of Dodds.'” Part of this difference

ol

is due to the probable presence of- andradlte (CaO + Fe203) .. The  amount

cannot be. calculated because Fe3+ cannot be determlned on. the 'probe.

Spessartine and'pyropeZCOmpqnents'ate small but variable:. Spessartine

~is higher in:the amphibolité,gafnets'than in the scﬁist_gatnets;'pyropeﬁ

shows the reverse. I o ,
The advent of the electron micfopfobe has prompted more detailed

studies of mineral composition on the microscale, and few minerals have

'shown'morefsurprises than garnet. Early studies.BV Hollister (1966‘

e

1969), Atherton and Edmunds (1966) and later wgrk by Atherton (1968),‘

Edmunds and Atherton (1971) "Fediukova and Vejnar (1971) and Kurat and,

Scharbert (1972) have established that garnet from reglonal and contact
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TABLE 20. [LFLECTRON MICROPROBE ANALYSES OF ﬁﬁRNET
" : iy :
~0x Wt 7RT-17(2)  11CBT-16  12-WP-2  JRT-17(l)  6CCT-8

$i0, ©37.50 37.50  37.76 37.89 38.10
Ti0, _0.01 0,15 - 0.21 - 0.02 0.11
"Al,04 21,27 - 20.99 21.43 21.31 ©21.39
rel ©33.36 ¢ 31.89 31.87 31. 84 25.76
Mno ‘ 1.23 ©1.31 2.10 1.40 2.55
MgO 3.46 . 2.86 2,45 3.10 .. 2.69
Ca0 6.73 7.07 6.62 4,98 10.91 -
Na0 0.01 - 0.00 0.03 0.01 0.01
K20 0.05 - "0.01  0.08 . 0.04" ~0.06 .
3 2.55 100

Total 103.64 ©101.87 10 .59 . 101.59

TONS TO 24 OXYGENS'

Si - 5.842 5.908:  .5,922  6.010 5.949
Al .158 .092 - .078 0 . .051
Total . 6.000 6.000 6.000 . 6.010 - 6.000
Al . 3,748 . 3.806 3.884 . 3.984 ° 3.886
Ti .001 - .017 .023 . .002 T.012
Total 3.749 3.823 © 3.907 3.986 3.898
~ Fe - 4.346 4,202 4.180 - 4,224 3.364
" Mn .162 , L1758 0 - .279 .188 - .337
Mg .803 .672 573 . .733 . .626
Ca 1.123 1.194  1.113 .846 ~1.825 ~
Na - .003 0 .009 - .003 e
K ’ .010 S .002 .016 .008
Total =~ 6.447 °  -6.245 1 6.170 6.002 L167
Alm 74.5 73.9 74.0 77.1 61.5
Spess. 2.8 3.0 4,9 -3.4 4.1
Pyr 7.7 6.6 5.7 7.0 6.4
“Gr . . 15.0 16.4 15.4 6.0

’ N.B. These analyses are from arbitrdrily se .cted komagoneous
areas within the. garnet and therefore do not ne ssarily reilect
- the average composition of the grain.
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metamorphic rocks is commenly zoned, z2nd that zoning reflects grpwth -
. . K ‘. ' . U o

conditions at the time of formation. 7The work of these authors has 'led

.
R

to unravelling of physical conditions in polymetamorphic rocks,

- Garnet from the central Kootehay Arc is z.ned. Several grains

)

. ' g £
were chosen for traverses by electron microprobe. Two were® nnlyzed

¢+ quantitatively at gtations 10 and 20 microns apart.g Several grains

‘were traversed using a Rikadenki three pen reccrder. Comparison of

3 "
7
/

these results for four elements (Fe, Mn,‘Mg and Ca) indicates at least
three types of garnet zoning. -Examples of the three types‘are'given in
Figs. 34 — 36. , _ , T - S

- The first type, illustrated by 7RT-17 (Fig. 34), gives a relatively
simple trace.. The major zonation acrose the 2112 micron. traverse is in

calcjum and magnesinm. Calcium ehanges slowly from a low of about 4.6%
e : R o

\uncorrected) to a hlgh of about 7%. ~The changes in magnesium and iron

arevopp031te the calcium trend. The Mn trace shows little change until

" the margins of the grain are reached, whereupon a sharp rise occurs.

The‘garnets from 7RT—l7, a garnetifetous biotite—quartz—feldspar gneiss
with minor blLe ~green. aCtanllLlC hornblende, are large and nearly rec—_
. ) ¥ .
: tangular 1n’shape. They contain large inclusions of bwotlte (aligned

- TR
Ty |

-w1th1n the oarnet in thL samébdlrectlon as the rock follatJon) quartz

and feldspar. Smaller garnets are scattered throughout

The second tYPe Of garnet zonlng is illustrated by traces for. 1°WP?§g
B : £ F
(Flg 358 and 35b) Two garnets are;presented,‘one large, the othegﬁ?_‘

. ‘ o o g,w
- P z .
;n@boﬁt 1/3 the»size Qf the. first. The smaller of ‘the two is a somewhat

cqrroded grain show1ng four good cr)stal faces.v "It is free of-incldéions.
The larger has good crystal form, but many inclusions df'quaftz, feldspar

and biotite. The garuets coéxist with hornblende. Scme of the'hornblende



(t}‘

{ -

grains'arc‘Opticully zonéd, with olive green cores and bluish-green rims.

séal separate blue- grecn actinolite grains appear as ‘well.,  The zonihg"

Lraces are more cowpl X than those of 7RT- l7 First, calcium and iron

show pronounced variation on either side-of the center of the grain. The

zoning for the two clements is antipathetic, and is reflected to some
< . N ) . R .

extentﬁ

¢

in the Mg trace as well. Mn, on the Qther hand, does not show a

similar trace. ¥For the larger grain, the Mn curvVe resembles a depletion

i

curve placed off-center, Mn rises again towdrds the grain margin.
i

This trend is clearer in the smaller grain, which one could imagine as

being the'larger grain cut offvat the Mn peak. The trace is similar

r

" to that of the right hand portlon of the larger grain,

w

The'thlrd, and most complex type of zonation is demonstrated by the

L

“trace for llCBT—16 (Fig._36)r 'Thisrgarnet comes_from a porphyroblastic

s

‘biotite-quartz feldspar schist which- contains only three or four highly

.corroded garnet-grains. The narnet chosen for traversing is part of a
knotty glomeroporphyroblast which outlines a larger original garnet.

About half of the gdrnet has been replaced and many inclusions oceur

oD"":.f‘ .
e

in the remalning portion. The complex trace.does'not result from tra-

- versing inclusions,’however, since the station plots agree with the .4
1 . o - . i . . ] -

inténsity trace.' The garnet»would appear -0 be a series of 'smaller

grains which have coalesced but not "homoge%izedV}'AEach smallerﬁsec— -

tion shows ‘a similar trend, enriched dg, Fe and depleted Ca, ‘with Mn

e -

_sular (Ca) and spessartine'(Mn) components show very sharp rises, with

concomitant drop in almandine and pyrope..

'sharply enrlched near the edges. In_thev"between -graipS‘portion, gros— .

One factor is. constant fpr"all‘garnets;an]does not‘show5a symme t¥i~

YN

w S .
e
s

cal depletioh pattern, and it is alwaysﬁsharply:enriched-at the'edge-qr'

-/
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. -

near-edge areas. Most authors zgree thac an increase in¢n neav the

é:}(cdgc indicateg growth under conditions of falling tewperature, and 1t

is difficult.to see how a simple Rayleigh fraction model-can fit a Mn
enrichment at the margins. o Eo o .

‘Zoning in the Kootenay garnets arisés from complex interactions

_ .‘ _ i ‘ 2
between the garnet and its .coexisting minerals. In view of the zoning
found within the garnets, it is not surprising that those studied by

T

Dodds failed .to show Systematic trends in bulk composition with grade.
‘ . . . i %i‘. N . ) N
The petrogenesis of the Kootenay garnets wﬁll bé Qiséussed in the next:

i

section.

©

-

Nty
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,has outlined temperature and pressure regions in which certajin assem-

HIC PIUTILOGY
-

The Jdegrea und type of meturorphizw in che central Koctenay Arc pre-
sented by Cresby (19€8) is in necd of revision., Darrovian zcucs of meca-

[

morphism,  determined by the first appearance of certain index minerals,

‘ : ) : ) , 0 ‘ ' : ,
do not precisely reflect temverature and pressure of metamorphism. ‘Modern

“faterpretaztions are based on the identification of reactisn isograds

cwithin field seitings. Several examples exist of the successful annlica-

tion of ghis type of .studr (Albee, 1985; Mather, 1970; Guidstii, 197G;
"Cooper, 1972);  Uafortunatels, in order to successfullv complete a
] s/ i VA ] L b L

detailed stody of iscgrads, the area must be well mapped ond contain
rocks of similar chemistry cropping out over long distances., Neither

criterion is met in tHe ceniral Keootenay Arc. - Qutcrop is unot usually

~

more than 10-207, and we®l cxposed rocks are confined to shorelines,

creexbecs and ypoadcuts, The rapid change of litlology along strike and

& \ Co . L
P c. . - 3 . . ~
across tHQISECthH causes large VarthLOﬂS 1nv§h6'comp05Ltan of the weck

¥

: . A
system so that continuity of one rock composition is almest iwpessible-to
" establish, .
/ , .
Another comwonly used manncr of characterizing metsmornhic facies is
. b : . ng

{‘ . . . : .
that of mineral assemblages, summarized by Turner (1970). Winkler (1967)
o R } "

g

blcges are stable. The problem with this approach is that most of the
guantitative work on pressure and temperature at which assemblages are

stzble is Jlimited to .rocks of peliric composition. Reactions producing

s v

, 133
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%%?% characteristic asscublages in siliceous dolomites-are also vell quanti-

fied. Very little work of a quantitative nature.has been done on rocks

-

-of intermediate or basaltic composition, or on rocks which would be clas—< .

sified as calec-silicates, "dirty" siliceous limestones or calcarcous
pelites. Unfortunately, rhe last three. rock types abound in "the central
Kootenay Arc, and the first two are virtually absent,

Anether method'of‘establishing the effects of metamorphism is to

 study systematic changes in minérals. Systcnatlc channcs may often be

correlated with Changes in Orade and may, in comoariSon with the same

e -

mlncrnls from Slﬂlldr rock types in other arcas, be used to GCfan the

e

" metaworphlc env1ronment 1n the area chosen for study

Thls Ldst method,,and thaL of as semhlages, will be used in this
. I '

Y

".study to dcflne the. - bvpe and cxtent of mcLahorphlsm in the hootenav Arc,

[ . . f‘v‘-’ o : '.4.
. »

and to compaxe Lhe wetamorohlsm rn tnls area with that of other metamor-
i lrv 9.‘ . L . ,a .

phlc betts ing mht world 1n order to deduce the evo1ttlon of thls pdlt of

'1'.? . » . - - N . . B )

the Kootena& Arc.. fhe mlneral gloups whlch shOW systematic changes will

. z } e - . ‘1 EERS : .

» be dlsCUssed flrst ~in the‘same order as they were presented in the min-
eralogy sect&on. ‘These7miherals-Will then be related to one another to
deduce reacttons ﬁn progress and to atLempt to quantlfy the condltlons'

o’ e U - . L,

1. under whrch thcse reactlons are caking place e

A

<

\K Orade 1ndeh for ‘the central Kootenay Arc must flrst be deflned

7

Enrller work by Crosby (1968), Fyles (1967),*L1v1ngstone (unpbl. M. Sc.

©

theSis,v1968),vRansom (pers. comnm., 1972, 1973) and work by Lre author
establishes the fact that the degree of metamorphwsm increases from east

to west, at least.as far as the west side of Kootenay Lake. ”From the: -

West 31de of the lake toward the contactieureole of the Nelson batholith,

4 e : J
“ metamorphic grade falls accordingvto_Fyles (1967) and Croiby (1968);

«
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Thris deecreasge in metamorphic grade was based on the interpretation of

!

both kvanite and sillimanite isograds lying near the lake shore.. Rocks
containing sillimanite have been found by the wvriter only in the contact

zone of the Crawford Bay Stock. Livingstene (unpbl. M, ‘Sc. thesis, 1968)

reports one section containing sillimanite in a fine-grained muscovite -

- aggregate from the north shore of Riondel peninsula. Samples collected
from this area by this author are sillimanite fre¢, and Ransom (pers:
comm., 1972, 1973), a mine geologist .at Riondel, reports no,sillimanite.
Kvanite is restricted to a small pod with#n ten feet of the contact with

. PR - ) ‘ . - ' . . |
a large syenitic bodv on nghbury Point. Retrograded kyvanite extends
about "15 meters from the body, but is not: found elsewhere to the north or

south, despite rocks of favorakle composition. These observations sug-
gest that neither zone exists in regiohaluexpenﬁézand,inteﬁprétations of
S

2

declige in, metamorphic gradé within the area west of the lake shore to

s . > . f

the contact aureole of the Xelson may be. in error.
* Given the situation outlined, a grade ‘index may- be defined by
N ’
o . A

measufing the disténte‘fromfthe east ;ide,of the mép sheet to any‘giveﬁ‘
;amplé location to the west,\ﬁith>the reasonable assunption that as one
:goéslfayther west, grade increases.; Rock$ lying at the eﬁtreme‘éastefn
edée_of the map étea are:in Fhe ch}e;}§§ z5ne or at ﬁhe Biotite ispgféd..

.One‘problem in adopting this method of indexing 'the rocks is that iso-

»

. _ R _ w o _ , o
grads may be folded, or may not be parallel to the map edge. .All struc-

tural trends in the area are generally north-south, however, ansthere .

is no field evidenée for folded or deformed isograds. The gradefindéx

.is read in kilometers west of the map edge. Majimum grade lies along the

western shore of the lake‘or under the lake itself.
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Muscovite

¥

Some  mus‘covite paragenctic relations have been discussed in the last
scctio”ﬁ However, it is worth elaborating on the changes in tevture with

~increasing metamorphic grade. Low grade muscovites such as those: coex—

~Isting with chloritd, actinolite cor epidote and the minor bictites of the
-lower,grade rocks are similar in habit. These muscovites are fine~-grained
subhedral flakes, often bent, giving the rock its foliation. The musco-

vites often show both foliations in a section, being bent by fé' Glomer—

T

oporphyroblasts composed malnly of muscovite also occur at lower grades,

and muscovite can be seen to be an alteration product of rounded, presum-
ably detrital, grains of feldspar. The grain size of muscowvite increases
) ' . S Y

with grade, but it reaches its maximum size very quickly (Letween points
g > v L . ) Yy 1 p

3 and 4) and does not change significantly: in' size thereafter.  Glomero-
porphyrcblasts consisting largely of muscovite occur at ‘all arades ‘as a
result of>retrograde_metamorphism of feldspar apd of kyanité on Woodbury

-
v ‘

-~

Point. Muscovite is almest always iﬁtimately associated with biotite at

)

higher grades, although in some rocks it occurs in layers. of practically -

pure, muscovite alternating with layers of biOtite~énd feldspar + quartz +

muscovite + biotite.

Cipriani et al;'(197l) have produced seVérél diégrams indicating the

relation between substitutions of Mg—Fg, Mg=Na, Fe4Na,‘FerSi,and Na-§Si

and temperature and pressure of formation. Their work is empirical, com-

paring a large group of muscovites from different parageneses, and it

Ny

——does not take into account variations in partial pressures of oxygen, @ .
C02 or water. Nevertheless, systematic trends do’appear.

- Muscovites from the Kootenay Arc follow somefof the trends_estaé



137

1
s

blished bv CLprlanL ot al. (19717,.bdt'not others; In gcneral, LTl

vites '{rlo Lhe LOOgOHGV Aic do not fqll 1nLo Lhe [Le]d" dpflned for” thc

- .o a

dlfoLLnt meLa1orpn1c grades dLLamchd on LheLL plots.,~Espccia]]y Fe~-Mg,

Il" . ',‘\

L;

Fe:ﬁgfgnd\Fe—Si arefnbg;xpﬁt %al&homghwfon,Le S b nd In—Wg thg reneral |

. E W ?
PR g Lo e

trend~with increasidg,tgmﬁeratung

(L’, - ,'4

i -/j7
. - i
’ s Qo

of'CiDriaﬁi et'al. (1971)‘t6 Qﬁtabliéhrfhcit”réfatiod with cbmpositional

]

field s [ound in tne sLudy of whlte mLcas fron several othcr localities.

*Fig.. 37 is a plot of Mg VSPNa‘in'struﬁtuﬁal'formUla’units,

PRYS

' considered as roughly coinéiding with P (Mg increasing).and T (Na, (para-
. 'A . ' ; “ 7 b. ° -\'-:‘vlu L ' .:.,' E N v - ’ ) l T

gonite) increasing). -,The plot inditates the relative range 9f P endfT
: o T . o o e T : R S ) »

indicated for Kootsnay muscovitqs;¥as}we11'us indicating the jpossibility -

that iwo sets of muscovite exist,. - =~ = .7 o= o

[«]

Fig. 3& is a plot of silica in ‘structural formula units agaiust the -
fegtent of silica contén;_fodnd_by Cip;iaui E£;§l3v4197l). _The' spread:

- for rocks from tﬁe Krt is not great.and,dogs not seem to be combétible_withn
théhgrade 1udlCdt xd by Clpr1an1 eL al (1971) on the basis of assop@lage
and other critéria of:grade from roqks df_the Kcotenay Arc.  As both Si.

@

~and Na content in muscovite are considered to be indicators of. temperature,

a plot of Si against Nq'wasiéonsttubtéd (Fig. 39). “his. plot -eliminates

. . P

some ‘of the problems of plotting Mg agdinst Na or Si, since Mg-conteat '
'iS'SensitiVe.to pressureL ,The.trend here!iS'pethaps moré indicativé of
temperature Lhange in the Kootbnay Arc, espec1allv when coﬂpared thh

micas from the Moine_Schlsts,'M 2ine and Vermonu. The LLend is systcma—

tically towards lower Si'and higher Na contents»with grade. Kdétenéy
muscov1tes fall p&gwcen chlorlte zone and. kyanlte zone ds_emblaves with .+

) oL . R N “
the exception of IiCBE 15" “A further indication’ of grade dependgﬁce»has

s
3



<7 . ‘ L

loXaiu

T

08

T

0.7

0.6}

0.2k

20 Ol 02 0% .04 05 W .. .
o NoTozé(o .

Fig. 37.. Mg (structural, pl~-tc’ against Na
(structural) for muscovit s o~ regional meta--

o @ orpnlc rocks., Fields are tLhuse glven 1n‘C1pr1an1"
et-al, (1971).  HH =-wery high pressure (glaucophane -
SChlStS), H - hlgh pressure; L - low pressure.
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"Fig. 39. Si (structural)*against Na (structural) for musco-
. vites from regional metamorphic rocks. Samples plotted for -

comparison are as follows: D (Cl) Dalradian, chlérite zone
‘(Mather, 1970); D(ii) Dalradian biotite zcune (Mather, 1970);

© L (Bi) Moine Schists (Lambert, 1959)7; L ¢Ent) Moine-Schists,

garnet zone (Lambert, 1959); Vt (K),Vermont Kyanite zone .
(Albee, 1965); M(S) ilaine sillimanite zone (Guidotti, 1969),

- Numbers. refer to analyses in Table 5.
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been given by Dutler (1967} r mult#varlant rocks. Fig. 40 gives a

2

plot of Fe total (as Fe0) ag 'anst Al, O3 wt. % in muscovite, TFields

of stability are defined by id l;nes. The fields defined by Butler

(1967) must be looked at with some care, since not all his museeyltésh
coexist with K—feldsparl"SLBT—B falls ocutside the plots because of

. : L
its exceptionally low Fe content. It can be seen imm@diately that

this plot is omnly useful for rocks from Barrovian-type assamblages,

because for micas subjected to higher pressures, Mg content will affect
total iron present in the muscovite. Also, K-feldspar must coexist

with muscovite in ordér to be certain that A1203~values férjmuscovite_

R

are dependent only on T and P. The range of stable compcsitions for

chlorite and biotite zone should be éktende&: Butler (1967) mentions

that the flelds delineated are dpproximate. Examination of Butler's .

plots shows chlorite asscmblage micas plotting inte fho almand1n° fleld

- but not‘the staurolite field.

Examlnutlon of the calculated structural formulae glven in TabAe 5

.shows‘a deficiency in the X-site for all muscovites analyzed. This defi-

<

c1ency has been reported elsewhere (Cipriani et al., 1971) but 4

.

been suggested that the defic1eucy decreases with grade. Var1a|

octahedral and tetrahedral Al are also said to occur with grade.

tematic changesvare not well'demonstrated by any of thé~tlhiree variables

. from muscov1tes 1n the study area, althounh botn AUV and Aﬂ’
slightly with grade.‘ The lowest X-site occupancies are found in musco-

vites of the lowest grade, but scatter-at higher grades encompasses

nearly t&& EB}?%e range. The sum of the octahedral site catlons does not

N
s

. '( 'l
vary with grade 1nd1cqt1pg'%hat the substitution scheme 2R3f+“‘"R2+ + S1
R

works without fllllng empty

At

-t a ahedral site- positions as suboested by

»]
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Fig. 4C. Plot of Fel' (

ﬁmmwvmmw.amnmaummwwo rocks (gfter Butler, 1967).
samples are the same as for Fig. 39. F

Butler (1967).

FeO (%)

L

e

) against Al,0, (%) :or musccvites fro
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1
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Foster (1956).
Despite Lho problcms nﬂntloned exam*ndtron of the fipgures and
comparison of kooLenav nuscovite lompobltloﬂg w1Lh Lnose of other areas

revells several Lrend which are of value in reconstrycting the regional
metamorphic history of the central portion of the Arc... lrrst, examina—~

tion of‘Fig. 6 indicates that tbe’muscovites from the Arc fall in ‘a high

pressure series intermediate betveen Ganbaga"a and Barroviuan (or Otago)

t\

’ .varletleo. Prebsure e:tlmates for the Sanbaoawa (thratakl) belt are
from 4-7 kb, and, 1ntersectlon of part oF the Fran01ecan trend w1th the
lowest grade mica from the central Kootenay Arc indicates that rhe upper

portion of the pressure range for the Sanbapawa rocks would be fevored
: )

That the entire serles is of hlnher pzessuregorlonﬂ is also sugeesttd
' e
“by a tomparlson of Barrovian and Otago mlcas\w1th t@g Kooteqdv low grad”
micas. Tke Koottnay muscovites p1ot tlocer to the Al-Mg'side of -the AFM
L ‘4 . - ."0 )

triangle rov1dinqvan extension of the Franciscan and Sanbarawa trends.
o‘,pb.'t. ! - &

to hiéher temperature.'

vSecondh paraoonlte content (Va) Jnd silica content ‘of muucovvtes nay
Cop ; - :
“be ueed as estlmates of- temperature (}Lg. 39) when plotted along with

.

muscov1tesjfrom other localitics. The 51lrca iron plot of C1p1ran1 et al,

(1971) is not wnully rellablt for these icas, probably due in part to the

,effect of, prescure on the position ef thenica with respect to the Fe
”ex1s. Figs. 39 and AOlillustrate.the ranée of temperature (grqde) aﬁd

- compare the Kootenay rockslwith rocks-frem:other metamdrphie areas,
Theseﬁplote'also‘illestrate‘tﬁe yariaSility cf.temperature—dependent ang
compositioqeaependent index minerals.on the aevelepment of mineralogy
‘coexisting with-hqscdvite; nFor exaﬁple, the<MOiﬁe.Sehists contein;bio;
tite, but mescoviteihes Si and;Na contents indicativevofjloﬁer tempera? -

o ) - ! . B .A _v.Kb



v

tures (7051, iambert, 1959), whereas mugcovites, of Mather's chlorine zone

plot in' the .same range as Kootcray muscovites coexisting with chlorite.

* The trend for muscovites from gavnet, kyanite and sillimanite zone: indi--

e

cates that the partiticning of Si and Na with- 1d{rea~1ng tPTerl'Ul is,;

" osimilir in dtﬁferent areas and does not seem' to be graatly- ]nf7ULnCGd by

. YR

. . o »
pressure. .1t hao already -bren dcmonstratcd that rock compo»1t10n ndq -
little influence on these two eléments. Fig~ 39 illustxatcs a change
of Na.content with grade and illustrates the unusual'§Qsitloﬁ:of musé635h

. . L.

“

;rom a rocRyvety close to the contact with the Crawford Eéy Stoclk.

ites in this rock show blastesis and are growing across normal foli--
‘on, indicating late postkinematic growth. A small amount of fibrolite

, . SR } ] . : -k o
“is present in the section. The Na centeat of.-the mica, then, reflects

ailattr»thermaf‘event and is not part of the regional pattern.. 12WP-2A

trom Woodbury Point also falls outside the trend shown by ‘the renainder

” “ . . _‘ \ . X ’
of muscovites from the area. The explanation is somewhat more-difficult,

. YL '

since no large stock-exists in the area. The rock was collected from a

.schist batween two syenite dikes of considerable exten® and contains

- - N E g
: . s

kyanite-staurolite and garne e The aluminosilicate may alsogbe a thermal
X : , - :
° . . - ) R A Fa -
phdse (it occurs as a porpnyroblast), as suggested in the previous sec-

tion.
Y

o ki

Plots involving Fe'and Al are less reliable indicatots of grade,
althcugh trends are oeherally adhered to. .The best examﬁle is that of

A1203 and- Fe0 plotted by Butier (1967) ‘for Ardnamurchan (Fig. 40)

® . ' -

Using_this plot most Rootenay rocks fall into the Almandine zone, a con-
clu51on in 'some cases cleariy contravened by ,ssewblagp and extmlnatlon

of the ‘other’ plots. Fe and,Mg can be demonstrated to decrease with - b

grade, but the 'systematics of this decrease are probably. controlled by
. EN oA - v e

o - . e . A S
a . . ;
: > : : ’ !

| oo
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o ‘ . / Ll - B :
total pressare, mineralogy), and pescibly variatioos in partial pyessure
of yolatiles such as CO,,; 0 and ii,0. . b
~ p '

R .

« Ve can conclude with reascnable certainty that the muscovites indi-

3
. 5
. : , & . )

‘cate a kigh.pressurc, modogatelynhigh tempcrature suite of moetamorphic’

¢ ) 7_”; ST | qy

rocks. We may .also conclude that the highest-gtade reached was equiva-
2 - 7 . 3 : O O Q

i

- : Y A O - g S .

. i ' s . S : E 3 ,.': -
j -lent” to the sfﬁﬁrollte zene, -as-spggested. by the data shown on TFigs. 6,

<40 and 41. .
‘Biotite o

- . . . ' . ot v
. . N . BN

G T g P : . . v o
- . 'No, transition between chlorite zone and biotite zone rocks may be.
. . B . ) X ' ’ o . »q ) g A
,deﬁined_over any lqrge_area'ln the‘Kootenay région. The two low—gtade
. ( w . N
. . : _ R

assemblaves plesent are dlst;nclly dlfferan and cannot be related

P - . Lo & o .' N
"in detail from chlorite zone'to biotite zone. Blotltos in’ lower graqP ‘kk-

)

. pelitic rocks are plLOChIOlF pale yellow to reddlsh—broun and occur 1d
. o ) ‘(\ . A v N
two habits.within the same sectiom. The biotite is inti@gtely intex—v
: ’ . . : oL - . T

i . . N = N . .
Lo . i S 4t e . ' .q . .
mixed with musggylte, usually forining smail gralns present ln cleavage ,
. . ' ] N “ " . T R " -

7traces; and it also pccurs as porphyroblasts. Vhlch .cut across foliation.
S B o . .

. s . . . ‘ L . } ) . ‘ . N
In this. form the biotite.is often pqikiicblastlc, gnc1031ng quartz,
) R & ) . o IR . A S ' "

‘fbldspar and muscovite grains.. The poikiloblasts are often brown.or
' ' B ceoL : N o . N A ’
ollve OLcen. Cﬁlotité}is preéent in “thesg rocks but is notjﬁecessarily“ .

B & . R RN
1pt1mately abSOyldtﬁd wf%h blOtlte._ K—feldépac 13 usually preoent rn '1-‘ )

P . -,-l N ’ ° . .o S
; - ) ! W T
sﬂall amounts detectablewonly by-stalnlngw’ : . - S e

. N v 4 L~

The cecond lowe grade assemblwﬁglﬂvolves more bas1c rocks, with

\\;;-associaﬁbd minerals chlofiﬁg, calcitegér dolomi?é, quértzf gpidoté,,acti;»
’noliterééd magnetite. Biotitéfié'the énmg golor iﬁ'fhESe‘rpéks; pleé—
chroic yoblowish browngﬁo rﬁgt? rcddi;hfbr§Wn. ~In thé_bdéic rdéﬁs; bio-
\ oo : L ‘ S o Coa - _
tlte‘lb wntlma;ely 53'ociatéd:w;th‘chlorite and mav be fouﬁd»grp@ing'in )

'

©
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A

cleavage traces of chlorite. Rutile and sphene may alsp b present,

although rutile, wherc prresent,. occurs in very small amounts.
. .

Pocks containing calcite and dolemite, feldspar and nuscovite are
: - K H ’

alwvays blothc—ﬁree in _thetse low oradus. All three assemb¥ages are

“intermixed spatially. Biotite*free,t&ofcarbonate rocks may be feund far-
ther east than rdigk of pelitic composition containing biotite, and vice-
: £ . ‘

~.

‘versa. - The; same observatlon hOldb fnr blOulLeS found. 1n more ba51c

‘assemblagesl Tor -this, :and the other reasons mentiomed, no biotite iso-

o

: - . B R P1 N :
grad can be deflnedvyi the map area.

v All major and minor clenents in’ bionites from the realonul rocks
N [Ee i =

¢
.

'were Dlotted ag ajnst Lne grade. 1ndL\. No gystenmatic relationship'could

H v

be found betyeen grade and K;@, NaZO, HnO,,0ctahedraIly and;tgprnbedrally
. ) e . 'h' T . .

coardinated,aluminum or Mg/Al ratio. ' The $iOj plot shova a Sll"ht ten-.
dency for hlnne: silica biotites to be present in hlgher hrad ,roc&s, but

sca{ter in Lhe diagrams makes any conclusion tenuous. Alumlnum (Al1‘)
H . L ..,

. ' . . o ) . . = ad REEEE
shows almost.no Qhangc with‘grade. “Fluorine and chlorine show@&oﬂwell“,

o

detlned trendb, but fluorlne is’ somcvhac more . enrlched in hlghnr grade : ()

. ’ “ ""JA . 2. et .
.rocks than in leer grade roek;, and a deflnlte flnorlne anomaly is . i dl—

‘v, : '.)"
cated on the west shore of Lhe lake b] high [lqorlne leues for 8AT~18

* ) . ¥ .

IR v "“ﬁ‘

.

‘BAT*S and lGBT 13. Tﬁl» pattern lb in oencral agreement vz“b the uork ' Lo

4 o0 - e \(\qi—
of Vunoz and: }ugs*e} (L909) wHPre tluoflnatlcnl0f}hydroxv~atea minerdls

. .
- . _; y . ‘ 4 c

,;-13 found to be favored oy an 1ncreaoe in LenupratLre. ‘Thenanomalously .

. N e
. te

:high'fluorine gélnes £or" the samples mentioned may‘be due to the presence

- . . . . )
-

of  thermal watets ip the general area, but no dita exist to test thlS .
. - : ' o ‘ - .

C‘ hybdthégis, Thé high fluorine’cpnténtbmay also be related to high .

"phlogopiyfe" content, as more phlogopitic biotites contain. more fluorine




&

Ti, Mg, Fe and the Mg/Fe ratio in biot (os do shew dependdiice on
. v )

grade.  Ti, Mg, Te and the ln/le ratio for Hlotites f{rom the veglon dre
x‘i plotted against the grade index in Fig. 41. Magnesiun can be scen to
decreage to a low lying between points 8 and 10, with iron showing: the

opposite trend.. The Mg/Fe ratio. shows a very linedg «dccrease to the

. region of point 8, with an incrpase beyond showing SOchhat'mdro'scatter.
The trends shown here are opposite to those found: in some metaworphic
- rocks (Engel and Ingel, 1960; Sncllfﬁg,ll957). ‘Increase in Fe with

inéreqslng grade has been reported by De Vord (1955), iyashiro (l953f
- ' o t L AN
1958) and thse (1968). The blot is anqulous from another stand;;lht,
which willlﬁg'mentionéd here?but‘wﬁicﬁ yill becomé_clcd%ervds systehatic
véri;tions in other ﬁinetals atébdonéia;rtdﬁ 'The‘fﬁflectioﬁ'polntAfot‘.4, .

all four plots obcurswbetween pbints’S—lO Aﬂhereas fltld ev1deqce and

¢ -

that of the mus covites 1ntlcates that tht cuannﬁtlon of- “et’norpﬁiSm

‘ShOle occur bctween p01nts 19 and l3 IE ‘the Mo, ‘Fé, Mz/Te and Ti‘tregﬁ%
. _»\‘,_ R . B . 1) )
are soltly dependtnt on-metan orpnlc ﬁrade then the 0v1denct pre;ented

) ;5' . P . - . N ) § o . 'l
< ine thc plot ouhocsts falllﬁ" gradt WEbL of kootenay Ldke. - Howaver, LT v

-

e endence of,M . ?e, Tl and the Mg /Fe ratjo-on. rocL comu051tlon was o
p g g i b _,

ve -

-

*" shown in the last sectlon. -Th ng?e ratrbs fe(“biotité afe 'cluster;'é-d'J
- "» [P d .

3 ro- . . . -

o o
s except. for roéks contﬂlnlng actlnollte lepSlde and car)onate. \The A SN

) N / ‘ /\ . ‘. ?‘)} e aw ‘Rl -' s 2 ‘ix e BN i = h
lese de§§—ﬁénc¢ of thL blOfLIQ “g/}e ratlo on'ﬁ&ck_compooitlbn su Es I

- “° A} V j :
. - - . P LA g
~some control of the ratio: bv rock compcsltlon. The TlO pqu shows con- 4
[ - « . - - e ,-

t:;~23ide:ahle,scatter and’ also some control by rock comp031t10n.- anmlx'

?

H
[

.shows the sape trend as that vshown in Flg 41,

- . e

“e

.suggéétion, then, that the Fe, Mg—and Wg/Fe ratio is controlled b”

. q R e - . b ” H
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3

_dofi@gd catirely by the Hﬂ/ﬁehrutics.ﬂnd contents of the biocite. rf

.

they ave, it is obvious’ that a statewment £o the effcect chat rock compo-

sition controls hiotite.composition is circular or bascd on thd assump-
) . Ed . , g

.

tion’ thap ‘the pre~biotite rock did not change ip composition with increase

. in metamorphisin. Mpre will be said about thid ptoblem later. Increased

F)
.

Ti may indeed be favored by higher temperature, but no firm statement ,can

i rd
(S N .

be wpde for biotites from the central Kooténdy'irc. Both températuga,and‘

_'giopal.cffect§,cou1d be bperating."

sappearance of .magnetite from chlorite-muscovite rocks sug-

Yhat it maysbe a source for iron in biotites,,as well -as a source .

y

for titanium, since Ti may be high iua magnetite. Systematic clianges in °
-t . ‘_‘ . . ] RPN . -, . 4‘ ) . ' ' .
modal amounts of+*minerals :¢cannot be used as "indicators of products and

. - . ) . ‘ : ] ' . . ) . . '
‘reactants because the varlalions are so great that any trends are masked.
’;‘ _Assemblages in more basic rocks are,more difficult cto interpret,
1S¥?Ce'the'5ource?f9?'h20'beqpme%;fH£§§£0358h¥ﬁmﬁw“@@ﬁﬁﬁwm@nffC is only
afeFace of K-feldspar, but considgrable biotite is presentyn ., -

. ¢ -
T N . . . » .

- Two' carbonate; ‘BWiotite-free rocks are more easily interpret
. . . R R A . . Ay

‘)d,,

ae g . A ' . Eagd
o B ¥ . . .
. e

because: although. all the ingredients are present to:form bictite,

5

- ¢ : . ‘ . v . IS = ! ) L 4
‘magnesium (and possibly some of the giren). would have to comé from dolo-,

-

o e e e S - T S L R ) . L . . ‘ ) R
CMTTE Reactions :involviglg dolkomite imvolve llbergtlon;ofjcoz.q,The‘ - S
reasoning ig~ circular, but it may be implied that PCOZ is too high . im -, -

‘these ‘rocks' to.allow the reaction to proceed at  temperatures fqund in.
- > ‘v S . . . L ‘ :' . ) s . \- C . s ‘.‘:7 eoa \‘ \ o )
the low grade rocks. , - s g - R S
o DA o . ‘ R - )‘ .
o - _ S
- .
- G e - °\ v
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The similaritiés of structure in the mica group and boLuc en the
migas and chloritc,suggcst that some relation bétieen Lnten51vo variachs

=
. N

and COAPOb]tlon nxnnt”be e ULLteU Lor chlorite as well as for muscovite. -

In the earlier mineralogy s@ctlon, chleorites were plotted on an AFtl dia--

gram (Fig. 22), .along with chlorites from other regions. Although the
; . , , : _ . ) .
dorrela;ions are not nearly as good as those of the white micas, some*

rg*atlonsh ip does ex 155 between compos 1t10n and mgtamorphlc condltlonu.,‘

S _ , . .

‘1h; hlgher presaure moderate thermal~crad1ent rocks of the- S nbagawa

(5hirataki) produce chlorites w1th,H1gher molecular amounts of magnesium

and .generally lower amounts of alumlnum than rocks from the lower pres-—
: . . o ' v "’ . X
sure moderate thiermal gradient rocks, of. the Dalradian and Otago. Furthet,

. i g ) : ! . - N 2 . . E " ’ -
chlorites from zone.I of Shirataki are somewhat more magnesian, than those

-

of zoues'II and -IIT, suggesting cxpulsion of magnesium with risivg tem-

. . et . <N, g N o ST 3 ) Y :
“peraturéy: Otago chlorites show .this trend also, but Daltadian chlorites
- > : - s ‘ thatla ;
o s R S T ; j
are variable. That p;essure ana temperatire exert-the dominant control | ~

ie

4

vis'su°°ested by th fact’th-t bulk composxtlons of ~arks taken from the

A . . .
llteraLure do not vary grea'1y.\»However gres - aution nwst be used in -

~ . L <a

’ihterprctﬁng thesé trends.

~ .
X . ’

Perhaps mord ipporrant is.cocristing mineral-

. ) & SO .‘ ) ) - o
ogy; especially wherdgkiotite is cqncerncd. The sasition £ the Kaotenay

&

.. ' ’ - Rt . o
chlérites;is withiﬂ the ‘Sanljagawa trends, suggesting similar pressures,
if not temperatur of foﬁﬁation. _Such a position is reinforced by the

) N ‘o, .
'trcna of mLscov1teo show1 1n the last bECt]Dn.

. . H , v Sy . . R
~ N i o
S

Some'coﬁpositiohal Va&iation with grade is_indicated.=‘Inspection of

th& data (Table 3) shows tne follouljg l) Tetrahedrai Al shows no change

€ ,
e w1th g*ade but a1Vl and fg both degreaSp thn’lncroa51n gradc. 2) Fe

S



:
N TI

increases with increased grade. 3) Total Al decrzases with increasing
5 s o i " o . ,- ’ :
otade, tlicvdecrease apparently resulting (rom deerzasing octahedrally -

7

coordinated aluminum supplanted by Fe. - Thuz, chlorite becomes more iron=,
] N ] . . ps . B

. ' ) T ~ o
rich with increasing metamorphic grade, at least in the lower grades.

Amphiboles

-
‘

Amphiboles do not, in general, show 'systematic opticdal variation

with grade. Amphiboles are iantifialeAeitherlas actinolites, tremo~

lites or hornblendes optically, but no significaant textural changes

are undergone eXcept where zoning is encountered. ' Low rrade asscémblages

'contain either actinolite~chlorite or actihOlite—cﬁlorite—epidote, higher

rade assembl rres, hornblende-biotite or horablende-clinozoisite. More
A . .

§ hagdnesian assemblages contain diopside and actinolite. - Some systematic
S e I o ‘ .
trends ‘may be discerned in amphiboles, however.,

As*was illustrated in the last section, amphibole compnsition’ with”

respect to octahedral c1L10ns is dependeht on rock compo>1t10n. Varioos

e - . - . . e . ~
al - .
i B . . . - . N . . -

authors (Leake, 1965a b 1968; Kostvuk and Sobolev, 1969) have: sugge ted

O

that amphlbdle CompOSltlonS may be rolated to grade. Lcame (1965) sug—

[ o

gested‘that Ti should increase with grade, ut wqrned against use of'this

{

N

element unless the rock contalned rutlle, lene or 1lmtn1te 1ndlcaL1ve

[

P <L e Toow s s

of(Ti saturation; Leake (1965) also 1nd1cated that an increase in ‘octa=

RN - . ) . -

T T S, - ) . R ) . .
- ~hedrally coordinated aluminum would.correspond‘to 1ncrearrng pressures-

&

of metamorphlsm, and ‘that a maximum amount of 41V waé possiole for
any given,AlIV content. kostyuk and Sobolev (1069) takc a statlstltal

appréach to tﬁe problem as did Leake (1963a , and 1968). Kostyuk and

1 l

Sobolev (1969) compare the composltlons of a”phlboles from dlfferent

metamorphlc fac1es-t&a1m1ng qn the basxs of statiQtlcal nnalxses that

-

N
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amplhiibotles from different facies may be tdontitied in’ this navver,
Sevcral_amphibolc variables icre_plbfted against grade feor vocks
from the LLHCF&J koot;nay Arc., No syste.atic variation with grvade was

s

found for any variable exCept Mg in actinolites, which was found to

S
>

increaséﬁwith grade, but only on the basis of four data points. Mo
v : % U . ,

trends ag

were discernible within the hornblende series, including

W

i A, - - Co . T
Ti whch Ehows no significant trend with increasing grade.

B N

Fig. L3 is an illustration of the variance between Al total (struc—’

tural)- and Fe/Fe‘+ h the £ vafue of'Kostyuk'and S6bolev;‘1969). Com—~

-parison‘ofvthis’blo &h that of Kostyuk and Sobolev (1969 p. 72) shows

that amﬁﬁibbles fro
v
dot%) plot w1th1n thﬂ

@?ame'g de in the amphlhollta deLeo (unnumbcred

4
%gids defined for sreencschists and winchites, and

‘for amphlbollue FSCLQ¢ rocks of dlffelenL cgmpos tion as well as horn-

blehdés from’granites.- Recalllng }lg. 25, discussed in the min¢ralogy"
-section and comparing wi th Fig. 3 of Kostyuk_ana Scholev (1969, p- 74), -

it may be. seen that the octahedral and tetrahedral aluminum valués encom—
pass rocks of -grecnschists, clnc‘ltes glaucophane’schists, granulites

kyamite—bcaring roces and amphibolite facies rocks.
” . _ S

. The aboence “of s"%Lum&tLC chonncibﬁith’gradé dnd the groupinzs of .

'

'«umgnlbol ,-un plots, of the. tvpe given by. novtvuk ond :Sobolev (106 ) llon‘

v N f

tfate scvcral pdintq, both about ‘the netamorphlsw 1n the Central \ootenay

. ! . - °
- : - S et

Arc and alout the use of amnhibolés as'indicétors‘of metamorphic grade. .
. ° . ) ‘ . B . . . . ’ ..
- o . . . R ST e ) ; ) K ’ BN

. First, the lack of compositional variation could be due toﬁsevcral factorg.

’

‘The first is that there is no ggeat o mperature gradlent across the area-
studied. " That there{i&.atqradic?t tas been illusprated by tﬂe muscoyites,
but the indication {rom-fthe study of the mitas is rhat the regional gra-

[

dient was nor sreat. Yemperature measurenents have been moada- using the
. - & PN - N i, . [ i
® ‘- e - S - < o

»
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calcite-dolanite gecthermometer, and they indicate a difgﬁréﬁ;q,of about
130°C between peints 2 and 10, These temperatnte geasurcrpnts will be
disciissed in more detail later.

The second reason for lack of definable variation is that variations

in rock composition mask -temperature-induced variations. Thé scattnr in

compositional trends from regional rocks may be explained by temperature

effects, but thé\gwo cannot be Separated.
The third, and perhaps most interesting reason lies in the crystal-
chemistry of the calcic amphibole,group. Miscibilit 2aps within the

group have been proposed by several authors ‘(Klecin, 969; Cooper and

Lovering, 1570; Cooper, 1972, Winzer, 1973, sce Appendix 4), TYor amphi—

‘boles in the Kootenéy Arc, the gap lies somewhere in the region of-AlIVv

e

. 0.7-0.8, as illustrated by zoning in amphiboles from the Point, and as o

illustrated by pairs from the region/(?ig. 25)., Kostyuk and Sobolev

(1969) did rot take intc account the effect of a miscibilicy gap on

7

the distribution of amphibolegii?iositions in plots like those of Fig.
25.and 43. Four variables are involved in determining the position.of
an amphibole on a plot such as in-Fig. 43: T, P, composition and the width

of the solvus for hornblende~actinolite or pargasitic hornblende-alumi-

¢

nous actinolite. Composition and. thermal history will determine the -

. < .

‘ position of nn‘améﬁibcle o’ ‘these plots. ‘This explains the groupings of

? . .
- . . a
dots on Fig. 43, and the reason that so many paragenetic groups are

'included. A fifth variable that cannot be discounted is whether the

1

~which it was subjected. This important factor will Be discussed more

fully later on. ’
The two plots do indicate something abour .the metaForphism in the

e

+
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Kootenay Arc, despite the foregoing restrictions. Fig. 25 is an indica-

tor of pressure during métaﬁorphism. It 1nd1c1tus thaL anphxboles formed
under condlLlons of fairly. hlgh presqur, but does not 1nd1gaté alone, or
in conjunction with Fig. 43, whatvtﬁe the mal'Conditioné were at the time.
Another 1ntérest1nw factor can be determined from e\amiﬁation of
‘Figs. 23 and 25. Because the rim actlnolites or acLlnolltlc hornbiOndes

are a small portlon of the volume of the whole rock gnd beunuse they seem

~ to. 1nteracL only with the minerals nearest them ('ﬂ%7er, 1)73 Appandlx
4), we may state that they are examples of amphlboles formed in a rock

of known ComprlLlOH (the-com0031t10n of the core hornblende and remain—'

. ; . - 25t
N ing:@}?ggéls‘;n the rock). We know, then, the origﬁn§i T%CR.COWpObLtIOHS o
and the;parent amphibole composition., The tieclines JOlnlng rim and.core

. . b N

are rotaLed towards the maximum llHC of Leake (1965) and fhe Lompo

: S s -

Llons of the rim actlnollLes lle in the zone of CdlClC ampliibclas from
glaucgphanitic schists, thus indicdting §hq possibility that the ri

-amphiboles formed under conditions of higher pressure than the core

P

hornblendes.

Pyroxene o . - o .
) ~ . N -(‘ . .

. o | : | o :
Pyroxene, like biotitce, shows an odd inflection around point 9.

Fe/Fe+Mg ratios plotted for pyroxenes from the regional rocks (Fig. 44)

show a trend opposite that of the whole rock trend and opposite that of

biotite. This trend sgusyests that the pyroxene boccomes increasingly mag-
a ’ ’ )

nesisn with increasing grade, and where it coexists with biotite comgetes

N

with that mineral for thc available magnes Lum in Lhe rock. This trend is
3 U

Lhe same .as “that for aCLanlltL, Huv?esting.thnt e must bc expelled;

<

p:csumably.to po into biotitb where present.  Al/Mg + Fe ratios show the
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same trend as Fe/Fe + My, but with even more scatter. Pelations involv-

L ' . .
A

ing Al are, probably sinilar to those in amphiboles, being related to.

felgbplr where present. LT . ) o ’
Pvroxene compoesitions bhOW the genoral efrect of pressure, as well
" . . M A
as being strongly dependcnt on rock compOlelon with respegt to Wp and

[T
LA

Fe. The presence of OCtﬁh;dl‘llV COOfdlndLCd aluv:num is lnd]C tive of
I )
.forﬁ@tlon under’ hl?h pressure (Voder, 19SOa b Foluman “and FlarL, 1968;
A

yDoBréﬁsev, 1968 Idmdﬂ]U?la and liowie, 1972) The lePQLdCS and salites

. '
5

studied are-higher in A1203 than those of the Blhhblh (Bonnlghsen, 19663

LY

or of the Glen U}quhart area (FranciS, 1958, 196*) athough they are’

o I ‘ ' TP - . .
nearer to the Glen Urquhart area 'in comp051tlon. ,They are'51lear-to

pyroxenes from the Grenville prov1nce of Gntario. (S aw et al., 1963a, b).

Sysfématic analyses of mécamorphic clinopyrokeaes are motably absent

" from the literature, hence they do not as yet serve as indicators of

grade. Température and ﬁressure does a¥fect the composition of pyro— -

xene (Dobretsev, 1968). Thus it is worth looking at metamorphic pyro-

- xenes as possible indicators of metdmorphic grade.

o

Epidote - . . RN - o o . » .

»
)
~ . : f . M

Systema;i¢ﬂcheﬁibal,analyses‘for epidote group minerals were not,
“undertaken, due -to.scarcity of proper rocks. Rocks -donated by Cominco

]
I

" S ] o : ’ . s :
latér.in the course of this work contained iron epidote and-actinolite,
. . ) . :‘\ - - e 7 » N b

but clinozoisite is:the common mineral in the rocks studied. Lower
omiy . : ) ‘

grade rocks lying alpng the eastérn margin of the map area contain epi¥

dotes, which, by their birefringqncc, color and pleochroism are irom
epidotes. Assemblages, with grade”index, are as follows: .

[N T

<
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- . T ~ w \L/“
- : | :
- .;m , ‘v~Grdde Index . . 'Assemblage . o L
”,l t L7 “  Ep + act + cc + sphene + apnhite A
o a l.r Chl +wep + qtz + carb + bi + mt |
P 3.k - . Musc #'plag + ep + An 15 + qtz + mt + hem
i 3.27° -~ Act + ep t+ bi + mic + plag + Ab ollg + qtz +
4 . o mt + hem '
U T Y S U act + ep + ce + plag (An57) + qtz +
L e . } sphene 5
- 4.3 Hb + act + gp + mic + plag (An5 ‘?”‘%;{&tz +
"jﬁ' N - carb + bi + sphene St
. S ;

Racks¥f romythe Point and the higher~gfade areas of the region bear‘
N ' . ] ' .

| = i ’ ol ’ >
_colorless, non-plcochroic epidotes with low pistacite contents, closely

. ! . o , .
resembling clinozoisites chemically. These epidote group minerals coex-

“ist with hornblende,fdfbpéide ‘and actinolite end:are found in scapolite-
i X L -~ - . N . .t .

‘bearing rocks. They are more eomplex than the lower4grfd§_ggﬁddteslin
_ ) - o .

that thiey often appear. zoned, and show compoSitional variance within the

\

! - o T ) . : . . : .
v same“siide. 'The zoned’epidotes have epidotercores and clinozoisite ' rims,

,w1th sharp demarcation between the two. In the'higher grade rocks,f~ﬂ
[ epldote group minerals are presenft in- small 1mounts (Oenerally) but may‘

reach 10%: Examination of the assemblage data glven aboeghand the ana-"

.

sesﬁ%or ”epidotes from the Point and hlgher—grade reglonal rocks indi-

cates systematic changes &ith grade. Two ehemical groupingstexiSt to

compllﬁate the matter calc- pelltes and metabasic roc&s, both bearing

N

iepidote.v The metaba51c rocks show the most dlselnct. trend, with the
lowest" grade assemblage con31bt1ng of : ep—ect without horn-

‘blende, or ep—act alblte -oligoclase and blOtlte wﬁlle the hloher grade m
rocks ‘contain hornblepde and plagioclase of higher An content, - Also of

‘ . emetlte as. grade 1ncreases;1

. - , : ‘ . : L
Rocks from - the Poinf contain graphite and are devoid of magnetite or

interest is the absence of magnetite'

hematite, all'ﬁ&oﬁ‘mlheraké-being‘presehtnas sulfices. The graphite

nT

)

~
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and low prstac1t ConLent or(epldotes from the D01nt lndLC&tL> low

' * -

fO R nnd the magnetite and hemattte'ln the iron—epidote’ro&ks»indi—

2 : : C . ot . :
cat.n_s ]11"er EO (Strens, 196-'4;.Holdax-.ra,y., 1965, 1966', 1972; Boettchér, : .
19 70 Couper 972){_»T§us; weﬁmay establish tﬁat»conditions'bccomé
more, reducing from lover grade rocks to hiOher ogaTe Locks within the - ok
rcgion, Turtlel dLscu551on of volat11e partlal plessure will be made -

3 . . . ~
somewhat Eurtner on. ‘ ' T i o <

.

Plagioclase - S

8 e ) o, o e (q .

The coﬁolexltles of - the plagloclase serles render s1mple 1nterpre—) v
tatlons.of metamorphlc chanats nLth grade of dublous validlty ‘However,
RN work by Evansu(l964) Crcwford (1966 1972y and Cooper (1972) among
‘others, have turned up conslstent dlstrlbutlons of feldspar composltlons

. -

W1th rqde.' lne \1stence of the erlsttrrte a and its closure w1th
g g\\ p gap

Flg 45 is a plot _of thD composltlon of all plagloclases analyged

by electron mlcroprobe from rocks in tha . Kootenay Arc agalnst the . glade

-

‘index. It must be empha31zed tbat these are not coex1st1n§ plagloclases

v

but come from dlfferent rock samples. Samples 1- ll all come from the

Point, from similar rock types As was dlstussed ealller rock CQmpOSi?

tlon does not seem to exert a prlmary control on pla

&

. : S . :‘,s.“. . @
oclase‘comp051tlon.

: Thus; it is 11kely that e1ther temperature and pressu and/Or coexistingt
mlneralogy exert the prlmary controls.

Plotted on'Fig. 45 are the positions of the Perlsterlte Bdggild

and Huttenlocher gaps. after the data of Smlth (1972)." It 1s 1mmed1ately

obv1ous that plagloclases of all grades plot along the margins of the
~

. . ‘ = N

S
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peristerite gap and that at highcr grades (notably from che Roint),

. ! ‘v

P o f . . \ . ’ :\.;f__“_‘(" Ty v
feldspars plot within the region of . the Bégg ild gap.  Because Tho baam
f ‘ 7
: ' ' v : v %
is movel avound the feldspar grain duriag analysis, an unmixzed plagio-

clase may’go undetected nnd plot within Phe of the ngS. The bulk of

thc'planlucllshs dndl"”ﬂd‘i@ll between Lhe solv1p athouﬁh ilve [a]l
w1Lth the bévwlld bOlVHb ind;cating thdt‘théy ;efe'cither forme d
'temperatureé abové'ié or represeﬁé avdiSGQuiligsijfs?qu. The data are
not'consigpent,.ét %ighgr gr;&es,'w%th thqseiof the zone bctwbpn the

o . » LT o
almandine and staurolite isograds (Crdwford, 19663 Smith, 1972),
: ) o ‘ - S ‘
Recodnaissance optical stdies reveal wany rocks at all grades : N

2 1Loman e des |

i
1

BN

which contain more than one plagioclase, but firm conclusions may not

be reached without furtﬁef study of plagioclase cOmpoSitions3by‘eIéctr6n
T Caoe A . ' : : ‘ e Ty .

microprobe. This work is suggested to further quantify temperatures of

formation of Kootenay metamorphism,

s . R . . RN

.

The lack of truly consistent results.is due t0vlack of complété -
systematlc ddta on fPldspars from the kootenay Arc. .Furthef compli—

tlng factors are retrograde rearrlong 1nvolv1n" feldspar oUCh as thosc

forming‘zoned amphiboles. The feldbnar problcm is dlso tied to the © { L

..

epidote broblem, sinCeireactions invdlving epidote and actinolite or |
chlorite forming hornblende produce anorthite. Before discussing this

problem in more detail, it is perlaps valuable to discuss -the carbonatés,

for they provide temperatufé data and data pertaining to.theé fugacity
of C®2 in rocks from the Arc, important factors in the p:oductidh of

oligoclasé and feldspar of higher An content during metamorphic reac— -

tions. . .



Carvonates

L - . . v
.

Ca1c1Le, when’ FOQ”LSCIFP w1th uOlO“lLL in ‘the prescace of suffi-

LlonLly hl?h PL02'f0 CLab1117o noth LaLbunate>;\n@zbn used as a ther—.

- . -~ . . .
; :

mow e (GoldsuLtD and FrAL, 1960; Cpldsmltb and‘huard l961 Rosenberg,
1967, 1958; GbldsmiLh~nnd'£ewton; 1969). -Ccr;éim-stipglutidnsjmust be

‘ mct,_and'some cxtrapulaﬁionsfmadg (HGfmAnn and Morteant, 1972).  Tirst,
MnCO3 mu tﬂﬁc-olescnt in’ nLglivlbln amountb. For the use of'Qo%dsmith,'

¥
B

and Newton's (1969) cupve lcCO3 shuu]d Be ob ent ‘ot preseht in small ,
amounts.’ Thcvcff cts of MnCOj on UbbhOlldUb Lelatlons in thu caLbondte"
" . . o / . . -

Have ndt been worked out leLO3 oGLVLb to dL enscvtemperaturcs (}qe.,

nore FeCO., is pLesent Ln wolutlon at loxer tgnpcr?tureq t1an g CO. ) uwen

PR o _
- . L E ‘ : ' Ty .
]Ln,order,tO'usé thejunique polybaric curve qf Cold%»-

present with MgCO3f
. + 7 L ;
.smith and Newton (19€9). pCO' must be.demonstrably high enouzh.to have
' o L z2 L ST, T e
stabilized»boch.cafbg tes.. oo B N L ’
) . , . B R PR . . ‘.' B A I 3’-
. Sevaral COQ»lQElng Larbona es from'the,Kco:enay rcgionywergjana;v :

ly/cd bv Llequon mLcrowrobe.“ Coe isting 03101tc and doLomlfn were Ana=
) : i o yo.
lyzed from thc Poxnt, but only calc1te from regjonal rorks Ldb nna;yznd

>

® although later stalnlng of sectlonq dumoﬂstrated the pxesenco of dolo—

T

comite. As was mentioned in'thé mineralogy~s¢¢tion,>theﬁgarbonaucs appesr

"to be.in textural eQuilibrium;v In fi&e séCtiOﬁs, two carbonates wera

c

found to CO»XLSC "1th elthor quart4 or tremolLL :Itqisfdifficultfto~
: : = : : e S » -
'detCrmine thé stabilitonf tremol;te, asﬂ ll seutlonq.”ontaining tremoF,.

lite show signs of textural diseqvilibriu'éﬂﬁQuartz appears stable 1n .

the presence of both carbongtes/in lower and hlgher grade rocks.“The

’
RS

presence of either silicate’ w1th calc1te and dolomlte is 1nd1cat1ve‘z»

of high PC02

s pf?baoly PCOZ f Of?—l'o'(ECOZ F )(Sklppen, 1971), thus.

]
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satisfying conc of tie recuireuwents’ for use of the curves, Haldg s neg-

ligible In,allycarbonates wnalyzed for Lhateelpment, and there is no rea-

L
son to bn\pect that cd1b01'LL3 from the p01nt qhuuld CCULJln creater

\

amounts.. In eow 1]1Huﬂ ulrh WﬁCO FeCO4 is presant in snall amounts, -
3’ 3 P . >

» 3

with the exceptjgn Qf 5LBT—17.T Tnus, most criteria are f{ilied allowing
~the use of the mignesian ¢ 110Lfe—dolom1to; reathermometer. The five sec—
. ' t )

_tions:sclected are:, SLBT—B, SLBTf%7, 55420W, 215--70W and T1-6c, 5LBI-3"

and JLSI l7 are froi lew- ‘radeﬁcﬁlorige—muscovitefﬁiotite schiétég‘the

reaaining thfee eﬂrbonates come from the Point;

Two ﬁempetd?ures wereiobtaiﬁed for 5LBT—3,:with a spread of 350C.

-vThbsﬁspread‘is proBably due-to varidiions in\cﬁemistry due to inhomoge-
'néitiee smeller than a thin section, or tﬁey<eould be que to disequilii
brium. l*Téféffive’ﬁt‘e*teﬁperatGYE“forFJLBT=17:*the‘éeme”excrapointionﬁﬁr“f_‘“
thnt of hormann dnd Mortlvnl (1972) was used. The'ihtefpreﬁatigne ef the

remainiﬁg three are straightforward, s:neither contains much on The

- temperatures derived are:

Low-grade’ I ¥ootenay Point-

SLBT—BA'f“ZEBOC h 53_2Uw T 5339¢C o
- SLBT-38  393°C - —~fl=6c - 488°%C - - o
© . 5Lpr-17 423%C 215-704 soooc

Fhe unlque poljbarlc curve of Coldenlth and. Newton (1969) 1s ohown 1n

. Fig. 46. One further caucion,must‘be exercised. "As all carbonate ana-

* .

elyées are low from the structural standpoint, it is possible that errors
k8 ‘ o B R .
are'present in the'MgCO3 and‘FeCO3 components. Theseierrorslshould‘be‘

«

’esmall olnce the . 1arge comwarlson errors will be in Ca. -Temperatures

~;should be takeerés +30°C about twice the error glven by Goldqmlth and

Newgon'(1969).

P
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Garnet . . ' )

Partitioning of magnesium and iron between garnet and biolite has : /

- e

been discussed by LiVinostone;(lQGS). L1v1ngstone s distrlburion coef- o
flClentS “can only bc ushd to indicate relltive “change with grade, since T

the methods uSed to obtaln Mé/ﬁg + Fe iatios for garnet and biotite pro—

]duce larve/untlitaintles. Correlation between garnet comp051txon and .

wetamorphic zones delimited by.Crosby (1968) for the central Kootenay

oy

.Arc were discussed by Dodds (1965). Dodds found that correlation was

poor, but he did not have enough evidence to revise existing isograds.
f _ | » ‘ |
e - . ' N
& . No'extensive work was undertaken on garnets from the ceantral por-
L _

tlon of the Kootenay Arc, since the study of Dodds (l965) established

w1th certainty the comp051t10nal ranges Qﬁhgarnets from three of" the

iy
rOCk types preseant. Electron mlcroprobe traces ‘were undettaken co .\\

' LStabllSh zonin0 tlends and have been dlSCUSSLd earlier. The metamor-

phlc implications of the zoning trends dre now dlSCUssed
. - \ . ) .
The sharp rise in MnO at thL margins éf garnets can be interpreted

7]

~in three 'ways. Edmunds and Atherton (1971).believe that increase’in MnO
1s caused by falling growth rate as supersaturation is relleved Falling = -

. R \\ o .
growth rate changes the effective distribution coefficient Kuraf and

Scharbert (1972), in a study of zoned garnets from Moldanublcum granu;

‘ 2
. - : L . N
lites, arrived at the concldsion that the increase in MnO was.due to

p

garnet’growth during'a period of falling temperature.» Grant and Weiblen

(197l) arrive at a model 1nVOIVing resorbtion of 1n1tially homogenized {\‘\

. "
’ garnet coupled with decrea51ng outer shell radlus and decrea51no temper— 'U'j>

dture to explain increase of MnO at the margin. The latter two studies

weré, made on garnetsdfrom granulite facies rocks or.second sillimanite

N



167

zone rocks.
The paragencsis of the Kootenay garnets, allows discrimination be-
tween the hypoth-sis of Fdmunds and Atherton (19/1) and the hypotheses

of Kurat and Scharbtrt (l977) ﬂnd Grant and Welblen (1971). ..Roc§s from

.the central Kootendy Arc containing garnet show ev1dence of retrogression.

\
-

'Gnrnets from amphibolites coexist with hornblendes which, are zoned (see
also Dodds, 1965).° Actlno Lite r1ms are forned on hornBlendes fron rocks
containing zoned garnet wnereln the,rlm is enriched in MnO (6CCT—85.

_ Sclvag s .of plagloclase biotite, quartz and occaslonallv actlnollte are
renorted oy Dodd< (]96)) to surround garnets ln some anphlboljtes.

These celvaoes are clearly retrograd , as no orthopyro;eue 18 formedlln
.theirocks.(Dodds;L1965). Garnets fronf%chlsts also c/how an enrichment

" in MnO'at'the‘rim. fRetrogr de effects may be esfggllshed'ln sehists‘as j-M
Well: 12Wp-2 contains corroded kyanite porphyroblasts surroundedlpy

muscovite and tontalnlng small euhedral staurollte crysta]s. Laroer,Cor—

» ‘ -

roded stdurollte Crys als occur in adJacent sectlons. It is probable,
then, that garnets grew under.condltlons of decreaslng temperaturc during.
»formatlon of the r1m but the. data avelleble dc notvindicate whether or
~not thgy-formed aCCL[dlng to the model of Grant and WeiBlen (1971).
Garnets with selvage r1ms sugg3st resorbtlou of gérnet butt no-zoned
._garnets‘wlth selvage rims wefgjstudled by this author.

| KMn for garnet cores and rock were calculated for zoned garnets,‘
as %ere KDMg/Fe for blotlte—garnet palrs. The results are. 1nconclu51ve.
KMn for all but-12WP-2 .are aoout 8 12wp-2 calculates to 52 5
_K Mg/Febl —-gnt glves values of .23-.34 for 7RT- 17 11CBT-16 and .17 for

12WP-2. Both dlstributlon coeff1c1ents f1t a staurollte ~zone 1nterpreta—

tion for lZWP-Z, but the others.are found in granulite facies rocks or .

o B
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. an

plutonic vocks. Thest values cannot be easily compared, however,

.because higher Cal gornets do rot show the same trends as lower -CaO
-‘:, \ R . . . . . : .
g %drn(tb wrth 1ucreas“ng metamorphic grade (Lyons and Morse, 1970).
.

t

Phdse Relﬂrjons nnd Nétﬂ“orphle Rtaotlons | :;J( S /”;' : .
(- N
. \Thebnreeediug discussion_brings‘tonlight'a number of'imnortnnt fac—- ;//
tors relatiné to a definition of ‘the Conqitions of.metamorphme in the - -
céntral Kootenay Arc. VBriefly notéd,bthey are: ~ “' . .

1)  In the study area, mno sharply /defined transition exists between

)

. : . .
2) In chlorite, Mg and A1V deereaée and'Fevincreases'withJ%rade.

chlorite and biotite zome for any rock type.

. 3) The. change in metamorphic,%rade indicated by changes in musco~
' B _ L T : s . ‘ ) TN
vite composition is small. '

4) The change between bLOthe zone rocks and rocks contalnrng

.~
i

garnet or hornblende occu*s 1n the tastern quarter of the map area. e

Ny

'5) Compositiona} changes'in minerals snch as garnet,‘hornblende,
biotite and pyroxene are not e ”tematiC'in rocks above the garnet or
hornhlende "isograds'. _ilf _ . ’ B

| ’6y ‘Iron epidote is found inblower‘gradefrocks; eluminous epidote
or clinozoisite at higher grades. k B

1

7). The perlcterlte gap 1is not ~completely fllled anvwnere 1n the’

area, but the Bégglld gap appears closed at the eastern shore of ’ the

\

lake. ’ | L. | . . . te B

8) Temperatures‘obtained\indicate a differencerf‘lOO-ISOOC
: L
9) Garnet compos1t10ns are LOPSlStent for blOtlte and garnet zones,

but not for hlgher grgdes of metamorphlsm. : ' . o -



v, /
10) A regional retrogressive event is suﬂwo,tod by g aruet and* -
amphibole zonution and by retrogresiion of kyanite on NooJLur; P01nt

‘Fig. 47 and 48 illustrate phase relations:in calcaréous and non—
L2 ' , . . ; . . s i v
.caleareous'pelites from the regiqnf The diagrams dO'not illustrate’the' o

- . . v

CKst relatlonshlp thWELH rock COHpOSJthn and mlnerjlovv, because the

+

ACT and AhT faces of the ACKF tetrahtdron aqe-pﬁéjected onto the ‘flat .

t . @

plane of the paper Rock compositians ar culqted for either ACF or ., b‘

-~ AKT and are pLoLted in whtthever triangle they f#ii: The projection is ,

By .-

used to- 1llueraLe coe\lstence of h—feldwnar calc1te—d016mite and_plagié

oclase witlhh the other pha*es present,’ Two rocks p]ot OUtSLdG the def1ned
4

S °
%PfIleS (lOBT 4, 6CCT 1), probably due to the prOJectlon but 0331b1§
o ) . :
: because\of error in the rock analyéls. . . \\‘.—.A_'-%,

o+

Ihe‘phas relatlons in calcareous pelltes flon\the thLral KooL u

‘jArc_ill;strate chaqges in coexist?ng phases with incteasing grade,fﬁﬁ?
lower grades chlorite%phengitic musepvite—calcitefK—feldspar and"plagio_
clase coexist'with or without hiotite.;‘Thezhresenee of both assemblages
suggests that: 1) the area containing muscovite—chiorite ahd museovite—‘
bietite—chlorite assemblages is at or below the:EOQditions of the biotite

isograd; 2) the reaction forming biotite involves .chlorite and phengite

'»eombining to form biotite,.less phengitic muscovite, and ' more irom-rich

] hlerite by'the foilewing'reaction:

i) 2Pheng1te + hlgh Mg/Fe chlorite +.5 qua1t2¢—‘b10tlte + lower
Mg/Fe chlorlte + less phengitic muscovite +. XH,0

1

Such a reactiqniwould be consistent with trends of chlofite and'musco—

+

vite comp081tipns acrOSs the reglon prior to ‘the appearance of garnetg~

The reactlon cannot be quantlfled further due to lack of data.

i

The entrance of garnet in the Kootenay rocks.marks;the exit of sta-
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‘ble prograde chlorite from the asnemblages'given in Fig. 47. 1In cal-
carcous pelites, the_incoming of garnet torrelates with absence of car-

'bonnte thus blenklng both the chlprltc—blotlte and tﬁéjcaltlte chlorlte

v

tielines. One cxception ocnurs (29-14), but the garnet in this rock is

~.clearly unStable'and is breaking down to biotite, chlorite, quartz and
feldspar. Tbis rock lies within the‘biotite—chldrite—mustovite field.
"The‘assemblages are: - : ) N
e : v

l) Chlorite-muscovite~ calc1te quartzéK—feldspar plagioclase-

magnetite (1lmen1te) biotite . o
2) Plotlte—quartz—k feldsnar—muscov1te—ga1net plagloclase— L
. magrnretite (ilmenite) _ U

h

The garnets in assemblage 2 are/lntlmately assoc1ated w1th 1lmen1te, mag-
‘netlte\'quartc, blOtlte at 3 very_small amount Of muScovitew A few
gralns of yellow1sh chlorlte are found assoc1ated Wth blOtlte where gar—
| net is not.present 'and cons iderably more nusCOVlte is found mixed w1th ,

blOtlte in areas where garnet is absent »These relations suggest that
chlorite_and muscovite are reactants and'biotite'a product of the gar-

"net-forming reaction. A few grains of plagioclase are also associated

with garnet. Textural relations must be used with some care, because
. ' . A : oy
‘retrogression has occurred in many rockS‘containing_garnet;

M

Using comp051t10ns of mlnerals from gagnet free rocks of lower -
grade’and garnet bearlng rocks of hlgher gv\de, a reaction of. the fol- ..~
lowing form can be“writtené' o T

2) Phengltlc muscovite + 1.33 chlorite + calc1te + 2,65 quartz +>‘-

.2 ilmenite or magnetlte-—“Blotl te + garnet + 161 calc1c_u
plagloclase +~C02 ‘and XHZO - :

Thls-reactlon,waS‘balanced for.major“élements using analyses of
N ST . '
. . & .
muscovite from 5LBT-15, chlorlte frpm SLBT 17 (both close to the tran51— ‘

o

tlon to garnet—bearlng rocks) garnet from 11CBT—16; biotite'from

}g 'v L ..’g | g.\nr



‘11CBT-16, and calcite from 5LBT-17. The reactions were written using

anhydrous formulapa, XHZO is used among the reactants singe the amdunt
of water produced is uncertain. The difficul&y with the reuaction is the
necessity4fo; Fe, Ti, and Mﬁ. No anglyses ha&é been made of oxide
phasés,ubut ﬁﬂalysésﬂfrom Deer, et dl.‘(l966) for iimenige may be used
to balﬁnce.the equation. Magnetite will_supply'enough Fe and Ti, but‘

& . . - ' . ' . o
‘leaves ? dhortage ©f Mn., Jones (1972) propesed a reaction involving fer-
roan dolomite as a source of Mn. Carbonates from this region do not con-

“tain enough_Mq to form garnet with the amount of Mn present, Ilmenite
ié pfesent in low grdde rocks and occa;ionally in:higber grade rocksi’
but the highest‘proportion'of iron bearing minerals are'sulfidés. Fur;
ther Qork on ail opaque phases is neéess Ty to fuftﬁér qﬁantify rea&tions
of this typg.

‘The reactioh prpposed is a simple forﬁvof what i?fﬁrobably-a nore 7

. . 7 .

. complex case. First, muscovite.is present in rocks from both sides of :

the reaction isograd, as is @lagioclase, Muscovite EecomeS‘leSS'phen—

-

“gitic above the isograd, while plagioclase increases in ancrthite con-
. ' /. - ] T : .

tent. The ﬁbcbnd ob servation is consistent with the reaction. The first
i - - - . . . N
may also'befconsis,en: as long .as muscovite is not pgesent in signifi-

cant amouqts-adjacznt to growing garnet. Reédpions 1 and 2 méy well bhe-
;jcgﬁpled, one occurring in one small volume of rock, the other in an'adja—_
cent vo;uﬁe. . This suggestion would be in line with optical observations,

but fufghe wdrk.aéréss tbelisograd woﬁl& be'pgeded to confifm it. Fur- '
Ehéf,quénpt‘iéation'of this Eeaction3will be ngf;cult'in the‘centralS
:Kmotenay Arc becaﬁéé of.laCk of cbutrol}én oﬁtcrop. . 2

The rééction pfoduces a.very iron—riéh Biétifé, ébnsistent with'

increasing iron content of biotites in the region with increasing meta-
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morphic grade. This reaction alone cannot expldin the trend, howoever,’

b

L N . : . , - . .
as it is by far more common to have biotite without gacnet, cven at

higher grades. The increasé in iron content of biotites at'higher

grades may be tied Lo consumption of irdn oxides, as they are decidedly
. 3 ' . ' -

less prevalent at higher grades. .

Reaction 1 takes place at around 400°C asiindicated by the calcite-

3

dolomite geothermoheter. Reaction 2 occurs between 400»and>5000C; but a

more pre” Lbe eallbrntlon i's not posslble. Temperatures nearer 4300C are
[ . .

2 ; \\\

lar assemblages lle within 2 or 3 -km of;5LBT—17. - The temperature
. : N
derlved for 5LBT-17 -was 4230C.)

Ehese tenperatures compare favorably w1th those of HMueller and
‘Schneluer (1971) fon:garnets formed in the Stavanger arou of Norway.
In their rocks, tenperatures range from 400O 5°O°C bet”e“n zones T and
1fr.- The paragenesis of'garnet from ZOne II more closely’approxrmates
the paragen851s of oarnet from the\central kootenay Are. Temperatures
su?gested by Wueller and Schnelder (1971) for zone II garnet‘ lie:

_between 4759-5259C at P=3- 5 ‘kb. However;, they do not nention reactions
} \\} . . .
1nvolv1ng carbonate. - Reaction- temperatures proposed by Jones (1972) for

’productlon of almandlne from the Horsethlef Creek Group 1n the Esplanade

4

range of Brltlsh Columbla are 1365°C at P 3 9 kb. The reaetion proposed 4
PP é u:} - .

for the productlon of garnet in the central kootenay takes place at
higher'total preSSure_thanﬂefther of the above' reactions, but tempera— e

‘tures appear tofbe somewhat’loWer than for_tﬂe Stavanger-areas,

yoe

‘The last: assemblage inditated for pelitic or calc-pelitic rocks

~

. N \ - © .
,is'illustrated in Fig. 48, This assemblage is difficult.to evaluate,

because it is uncertain whether staurolite is actually stable} “The
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prebence of cuhedral staurolite cryFraLC csSOCJdte with retrog led
hyanlte suggests that staurolite is table.h The aevemblage.iS'

Blotlfe -+ muscov1te + qugrtz + carnet + staurolite + pla“lOLlaSL.
The rcaction producing th;s aSSemblage cannot be pieced together from
existing‘dato, since only cne sample containing staurolite hae becen found
in'the stody arca.. Tub reactions producing staurolite are conoidereo

'(den Tex, 1971): .

a) 8 vhlor1t01d + 7.5 A125105<— 15 etaurolltc 4+ .5 qﬁartz + HZO

b) chlorite + muSQOV1te<r.staurollte + blOtlte +. quartz + H,0

2
Both. occur between 515—600°C, between~2 and 20 kb P = Ptotal. The .

’
|

first reaction is unlikely, since no chldritbidVhogwbeen-found_;nvthe :
: B o ,

entire region. However, the textural relationships do suggest the

involvement of kyanite.' The second reaction is 90831b1e but no stable

chlorlte 1s(qeen to exist in othar otaurollte—rree acsemblaoes from thls

1

area. The main'problemiis the Supply of iron, biotite coexistiug with the

staurolite;- Reactlon temperatures for the productlon of statrollte are

consistent with Lhose founu across the lake on Kootcnay P01nt

“In the more basic rocks from the reglon, deflnltlon of cvgn approx1—
mate reactions produc1ng blOtlte are a problem. dost«lower grade rocks

contain epidote, actlnollte, chlorite, carbonate and feldspar, often both
plagioclase and K-feldspar, 4LBT-2 contains a trace of muscovite.. Bio-
tite occurs in small amounts in the.lower grade rocks, becoming a major

. co . o ol ) . ’ -

constituent»only_after_the formation of,hornﬁlende, Biotite appea s with

UK—feLdspar in basic metaigneous (?) rocks. ‘Biotite may form bx rea tlons

g

1nvolv1n% carbonate, chlorlte and muscov1te in basrc metasedlments.

The most important reactions\involving basic rocks are ;hose'pro—

1

ducing hornblende or diopside. As was mentioned.in the discussion



.\ o . '
involving epidotes, lower grade assenblages contain epidofe-actinolite®

A

biotitetcalcitefalbite-oligoclase-microcline*quartz, and higher grade

assemblages carry horn_blende—actinolitc—epidotc—cliuozuisiLe—.\n38 57
plagioclase-calcite-quartzibiotitezsphene, Tha dSSLmbldQO change, coex-
ST . :

istcncé of actinclite and hornblende + er .dote, und the sharp rise in An’

conLent of plagioclase otrOH”lj Suggesis a reaction 1avolv1n epidote +

actinolit: or epldote +}phLor1Lc + Calc1L ‘to form horvblendc 4 plaglo—

. % . k . } AN
~¢clase of higher An content, Two reactiousvcan be postulated:

- 3) 2Fe epidoté + .6Al-actinolite + 1.2 low An plagicclase -
0 .71 ilmenite ¥ Al epLdote + hornblende + hlfher An plegiociase
‘ + .7 spnen‘ + .2 Ab + 1, 5 quartz
4) . Fe epidote + .75 chlor1te + .6 low An plagioclase + 2 -calciteg®
- Al epidote + hornblende + 2.5 quartz + 2C05 + XH,0 -

Both reactions are complex and are difficult to balance for certain

elements. Reaction 3 requires consumption of épidoteAin a ratio of 2

. ’ : . _‘. . . .
to provide enough aluminum for the formation of horublenge, aluminous epi-
. : . ‘ \ ’ T ’ §\ ' . . N i .
babte and plagioclase with higher An content. Iron is also required,
1 , .
. . . . . (3 . 3 .
o, . ) L. . e ’ - )
again for the formation of hornblende. Betause of the large amount of
epidote consumed, Ca is left over, te"be combined with excess Si and Ti
. . B v . fﬁf D T : : o
in ilmenite :o form_sphene. Tgpée exchanges are all consistent with’
. ( .

M-observed mlneral assemblageg’ except for the small amounté of ilmenite~-
magnethe found in all rocks. _The major propleﬁ lnvolves‘Navgiven off

7by tﬁeVCOﬁsﬁmption of low An'plagioclase..'Na muétleither-lgavejphe.sys— 
. tem, or'fcrm‘alﬁiteQ K élso poées’a.proﬁlem, which is‘eveﬁ greétef,jds
it is ﬁeeded in the hornblende, andvno.K.Eontéining phases occur among'

" the reactants. 7The formation of Ab and a plagioclase'with more anorthite

'

content is not inconsistent with feldspars onléither side of the three

solyi in the series. Thiéﬁgtill 1é3Y¢55the problém of K. - The other 9057AL
_ o o Y ‘ T . o 7

'd . - P e
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sibility is LnlL th ntdﬁtxkn is d]lu'nemLc“l and involves a ¥ tich
aqueous %u]ULLUH VhJcn e‘chdnweq K for Na, forming,hornblcudc and: taking
. N . ) P ,g_, ’
of[ the excﬁss Na. Reaction 4 may.- be balanced as is, with suitighle epi-
o - - _ |
ad with suitable placioclase composition (ulhite wich
e . '
mount’ of pOLl*SLum) [n the presence of potassium and

-

dote coripositic

a stynificant

~aluminum in SU'fLClenL quantlLles biotite wohld form as well, -However,

no QL”HIflCdHL amounts of h felds par or muscov1te are presgnt in the

lopwer grade'rocks.’ Thls problem will be discussed furthe} prese 1tly \

.

These two ps&ctlons are supported by the dec13n in epidote across

the "isograd" and the replacewenL of dCtanllte by hoth lende, in rocks
of suitable compusition, In_calcareous_rocks~containing chlorite instead

of actinolite, the epidote- cnlorJte tieline woula'be Rroken bv Lompletlon

of the reactlon. In actinolite- epldote rocks t on]y <han0e is «n the - /,)
‘pObLClOH of Lhe hornblende epl(oLe artlnollee—e idete tieiine< "Huweve%,

if calclte is not present in excess, ;his‘mineral will dlsappeﬂr duflng

“-the course of the 1cacti{n vreaking the hofnble nde calc1Le and calc1te—

‘epidote tie]ines. Sphen éppears as a new phase. N

The form of these reactions is dlfforent from those propoeed by

Cooper (1972) £0r metam rphlsm of b151c rocks of the Haast Schist oroup

of Southern_New Zealand, whe1c1n calc1te is not 1nvolved and epidote

s ¢

diéappears from the trofk durlng the reactlons - That epidote reméins
‘can be-seen by examining Tables 3 and 4 anmlnatlon of Table 13 ShOWS

’ that epldote analyses were not carrled out on roekQ below the 1 1orhblend°

-isograd". Therefore, compositional comparﬁsons are based on optlcal dif-
. . : ‘ . v
;ferences between epldotes from actlnollte-epldote and’ chlorlte epldote

assemblages xi:i L@6sp of the hloher grade . yocks. R T

v

,These reactions are.important becausevthey clearly define a reaction

\e
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]>Obrdd in the aren ”Hth Spc%”ll“ cJo«ﬁl\ coincides with the gnviaet

" isograd dL[)HCd for nore pelitic rocks Bqthipelitic and basic rocks

abOve.(fUrtheriwest than) the hornblende "isograd" may contain sarnet,

Carnet'ptoduetidn in basic rocks is another problem that cannot be

clearly resolved within the study area on the basis of the data aveilable.

i ’ ! e B .

The presencesof Al-epidote in hornblende-biotite rocks at highér grades,

- and the lack of it in garnetiferous amphibolites suggests a reaction

- involving Al-epidote to produce garnet w‘th the Orosgular centents indi-

cated in the Kootenay region.* Sueh reactlons are possible when epidote

and c11n040151te are found in the presence of plag1oela°e but they are

dependent on the fug uc1ty of oxyren in. the rock (Huldawaj,_l972) he

reactlons produc1nf7 hornblende 1n ba51c rocLs from the Haast Schist PR St

Group (Cooper, 1972) also take placo at the almandine isograd, indicaliu%,

that the two 1°ograde may be coincident in othcr‘metamoqphic belts, as///

well as~indicatingvsimilarities between the two areas.

In rocks with higher magnesium cont%nt, the garnet .and horn ende
= | _ R N
isograds coincide with -the formation of diopside in rocks co 'qining

actinollte,,dolomite and calcite. Any'rock above or alor the zone 1nd14

. 3

cated by the oarnet and hornblende 1oograde may ‘contain d10p51de + tLemo—

©

lite- aotlnollte % calc1te ~~dolom1te i magnesiﬁ§,+ quartz ® K-feldspar

t plagioclase i‘Al—epidote,i-biotite * bcapollle (Tables 3 4 Appendlx'

'3), Tremollte is not. common from rocks in té//central Kootenay Arc.

Actlnollte 1s by far Lhe ‘more prevalent m'neral Rocks from the Point

contaln tremolite and the reaction:
5) . Tremolite .+ 3ealciteb+ ZQUartzi;35diopside‘+ 3C02 +'H2
can be‘seen in progress. ThlS reaction occurs at temperatures from

..400 -540°¢C (Sklppen 1971 F1g 9) at varylng PCOZ Using the indepen—’



ddnt temperature measurcments for calcite-dolomite formation cn the Point,

. . PR ) .

mdle fraction C02 can bé variously cstlmaggd at between 0.3 and 0.8 for
. L. : - \

the reaction. The pure reaction glven above is not common anywhere in

Lhc Arc, however. Biotite is almost nlways present, and microcline is
~a common constituent in cqlc slllccous rochs, alon7 with pLa*Loclase.

}

. ) P o
TFurthermore, reuction relationships seen in thin secction indicate that
' Lromollte or actinolite and lepSlde are be1n forwcd at the zame time
E} in some rocks. Staining of carbonatt by alizarin red solution reveals
p
a halo of calcite surrocndlng the chmolltc, indicating thdL the growxng
chmollte depletes the dolomlte of mlgne51um. In low gradn rocks, quartz’
crystals are enclosed in dolomite, indicating that[the reaction:
6) 5Sbolomite + Squrtz + HZO““tromollte + 3c11crte 1 7CO2 takes
1 ‘ i
place with rising temperature. Concurrent with this reaction, consump-
tion of tremolite and the production of diopsjde occurs as indicated by
. roaction 5. Reaction 5 occurs between'520~5&OOC at higher mole-frac-
vtiOns of COZ; but the temperature of formation has been demonstrated to
be 1ndependent of CO2 above XCO2 -2 (Ninkler‘ 1967) . Reaction 6 has
not g;gn evaluated e\perlmentally, but probably takes placc at somewhatv'
m‘
lower temperatures.
! " A o B ¥ : -
Tex tural evidence supports the occurrence of both reactlons and
may help to c\plaln rocks in which tremollte occurs: in two habits.
Larger subhedral and sometimes euhedral tremolrtes and actlnolltes are

formed by reactlon 6 at lower temperatures, but the flelds of stablllty

///,—hof both tremolite and dlop51de ovellap in the area, partly due to vary—

ing PCO and,partly due to the fact thatwthe system. is complicated by
) . o o -t . . o : s
the presence of aluminum and iron. Smaller, fibrous tremolites and cor-

roded tremolite porphyroblasts,deVelOp in rocks where'reaction 5 has
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&
¥

bepun. A number of rocks containing both dolomite and caleite show
both reactions taking place sirultancously,
‘Asscmblages containing diopside-+ .tremolite—actinolite + calcite,

dolomite or calcite + dolomite alone are not coumon in any set of rocks

from the Kootenay Arc. Rock$ containing pure trerolite and diopside are
nonexiggcnt; Most assemblages contain high magnesium biotite (not phlog-
. W8 ) g
. "‘\l ) | . '-?' : . .
opite)’, microcline and plagioclase with varying amounts of quartz in
addition to diopside and: dctinolite. These assemblages indicate that K,

-—

Al and Fe were qléo present im the system,

An immediate problem arises when lower and higher grade rocks arg
o . ; : ' 0

compared. _Rocks lying below‘the.hornblende_and géfnet isqgradé cod%gi. v
significantly less.K—feldspar + bioﬁite'(lZZ) ?han'roéks lyiné abo§¢ the;f
wlsograds (18.32).’ Thus, no lower;gfade‘rock_is available which can iso-

‘ chemically produce the améunts QE microcline and biotite prescnt‘in the
higher gt;de rocks. The>boﬁassium problem also occurs in bagic rocks
(feactioﬁﬁé). The possibility of forming'biotite by:potaséium metasof
matism in the central Koofenay Arc was réised by Dodds (1965)‘and'tiving— i
st§ne (1968), but no qﬁantiﬁagive data wére provided. - The data pre-
sented in this study provide some supporting»dbsérvations for metasoma?
tic introduétion of various cations. First, biotite docg not always
pafallel foliation in regional or‘Pointvroéks. It may gro&_;cross-foli:‘ Y

ation or be randomly oriented in thin section. As was mentioned pre-=

~
)

viously, this random .texture is common in tocks containing scapolite.
The second fact, noted by Crosby (1968), is that amphibolites from the
B ) ) . . b 4. . . . . ) - ' o . i o
central Kootenay Arc’ oftén contain considerable ‘amounts of microcline and . *

a

~biotite, more’ than expected if a rock of basaltic composition was the ~ Ca

source.  Amphibolites in the Kootenay Arc .ma

;e T,

¥. originate by metamorphism




v : S ‘
of scdiments or_by.metamotphism cf tuifs mixed @ith detrital waterial, a
factar which would cause variablc amoants of microcline’and bictite to
Be present, Bulk ﬁhemiStry plets indicate that the roéks lie in basal;,
andesite or ultrabasic compoSitiqnal fields, indicating that they codl&

. . ; . . . )
. R : . . N \ R :
be derived from igneous rccks. Reactions may be written to explain

zoniug in amphiboles without recourse to the addition 6fﬂextra components
A(Qinzcr,;l973, Appcndix 4). lowever, zpnlng may be a late stage, pdétA
metasdmalic effeat. |

Diopside;actinolite—carbonata rocksﬁcdntainingllarge amounts of bioQ”
tite and microcline canﬁot be- produced from rational sedi@;a%a;y»ora
igpeoué'rock4compo$ition5‘withoqt aaditioh_of a; least-KzO;v Biotite in
»these racks is daite often random in orientation ahd'coqﬁgicuously aub_
:'hédral in fofm, as cémpared to bther'minérals; _ o

Ce

v

H

‘That migration of catlons took place may bellll@ ated by examin-
ing the map of Kootenay Point (Fig. 3). ‘Several pgga, lensesiand irregu-

larly shaped bodies of monomineralic or almost mgwomineralic rock exist

-tcrops df_the same extent’

ea. The monomineralic P

) 3@@%
YgfidStay range in size from bandg

: V

several meters long. "Within suchvmonominefalic areas, the mineral is .
: ‘ : ”
randomly oriented 1n sprays or mattes., Thln se;tlon exagfnatlon reveals

that 957Yof the slide consists of tha mlneral in questlon,)w1th small
amounts of_other minerals cormon to tha area_,iﬁ

The preéence of scapolite fufther canfifmsvthe migration'bf fiuids.A
Scapolite replaces -plagioclase in.éome rpcks, or g?ows’independently in -

others, poikilitically enclosing‘biotite,'diopsidé; amphibole and quartz

B
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as well as accessory minerals.
These factoms, added. to the enrichment of potassic minerals above
the hornblende and garnet ‘isograds, provide sufficient independeat evi-
. N ! .

\d@nce to suggest that at least potassium has been added to rocks of

h{gher gréde, but not all rocksvappear to be equally affected. TFor

-

instance, there is less reason to suspéct that calc-pelites have had

szeﬁﬁﬂﬁéd ét higher gradeg.' Some amphé?blites would diso‘qpﬁéar,tb have
ﬁndérgoné3isochemical“metamorphism. The large compositional variability
of rocks from'thé;céntr§l KootenayvArc éould be expiained by metasomatié

introduction of materia} into-certain rock types, such as siliccous

magnesian carbonates,

3 ~y
v -

| . In contrast, the vafiatiQns,caﬁ also'bé{explained'by sedimentary -
facieé change. _This argument can be supported to some cxtent by
oﬁserviﬁ&»that the'hornblendefand garﬁet isograds‘lie close tb_the
inferred contact betweén Horsethiéf Creek Group rocksvénd ﬁhe Hamill
formation in,;he squthern pqrtion of the map afea and Hamill and Lar—i
_deéu Formations in the horth;‘ Most of the samples. from the. central
and western portioné of the map area come from the Lardeau Forﬁafion,
‘but séme»from the‘soutﬁwestern'pdrtion are from tthMilford Croué.;‘
ﬁs%ng this argﬁmént;'the rockiéomposit;on would be said to.cqntroi
the'assémgiéées,foundl J

\'Agninstigpe above are the foilowing argumeﬁtsi l)' In Fhe néffﬁ—

eastern portion of the map area, the isograds do not conform to the con-
tact, and as was ménﬁioned in the discussion of geologic sépting, Lar-
deau Formation and Hamill Group rocks are infolded in this regionm.:

2) The prcsence‘of scapolite and random orientation of biotite with the °

N

<
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textures -described. earlier, suggest iudeopeadently the introduction of

material.  3) The prescncc of monomincralic zones suggc@js independent

migration of material, as it is impossible to flnd a parental. rock w'th

: ~
actinolite or biotite composition.

With these»argumépts in mind, we can reconsider the recactions tak-

irng place in actifolite- lopside-microcline-plagioclase-biotite vocks as
_ t l . . N - . .

invol&ing esseﬁtially ineft cdmponehtsﬁcao MgO, FeO A4203 (7\ and

5102 (7 and morc mobile componans KZO and: Nazo . Coupled-reactions
involving the'breakdown of actinolite in the. presence of quartz, watér

_and dolomite, with’ﬁbbile K would form biotite and pyroxeﬁe. Reactlons
1nvolv1ng the brnakdown of plagioclase ‘in the presence of dolomite would
form scapoliﬁe and’biotite,»liberating,A1203ifor the formation of micfo—
cline. further disCuSsion of these.reactions-will be saved for‘tha

-last scction’ follow:ng dlSCU“”lon of chemical equilibrium.
Status of COp ST ' : ' L

The.statué'of COZ.iS.of'interest in any metamorphic area, .Zen Y1961)

discussed the p0351b111ty that CO, might be’ an "1nLernal value component"

2

- in some metamorphic rocks. Wlnkler (1967) ulSCUSSGd varlable wolecular
proportions of CO2 in metamorphosed siliccous limcstonesﬂ Evidence for

the value of X_.. .in rocks from the Kcotenay Atc comes from the assem—

COy
blages present. If calcite and dolomite are present with quartz or trem-

olité,_in;i? area where the temperature can be.shown to be high .enough

~to cause a réaction_to take place,vtheﬁ the molecul;rvamount of>C02 must
be high. - The diagrams of Sklppen (1971) 1nd1¢?tc that, for T = 530°C

XC02,= 0.81aE”PCO2 + PH20 = 2 kﬁ. Inspe;tlon of Table 4 11d1caL¢s one
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..ase of tremolite~nc@inolite—calcitemdolomite4diopside coexisting with

biotite (T2-18b). -There are more numerous cases of treme litc ca]cite—
dolomite-diopside with biotite‘and schpolite or with plagioclase, but

- o

without quattz. . The first assemblaue suggests Xy - 0.65 at P +
€O, CO2

.

PH o = 2-kb. However, it is not dh_invariant assemblage, thus any exact
2 . ' : .

Cco
2 - .
Two assemblages containin" both carbonates, biotite quart? and

definition of X is not possible.

mic1ocline or gla°1ocldse, but-lac&ing lepSide (108T- 3) or diOpSlde
and Lremolire (8AT 18) can_be fbund in Table 3. These assemblages,would

only fail to rd%ct if PCO,2 were high enough_to prohibit the decarbpnation'
reaction. ‘; L, o - iﬁ .

.;‘:: Further corroborativc evidence that PCO2 wa5~high‘in some rocks
;lleo in the presence of high carbolate ‘meionites in assemblages from.the

-—
‘o

Pownt and from regional rocks.” Scapolites from the region were not ana-

l zcd but they are optically Similar ‘to those from. the P01nt These

-ucapolites nave quite low Cl‘contsnts, variagle S and hlgh CO2 The-

fact.that their composition was unrelated to plagioclase conposition but

:'%as falrly uniform regardless of assemblage indicates thatAtheir para-

© l - - . L » —»" . ) : - - .
ﬂ.mygéne51s is related to PCO .. The evidence 1nd1cates that scapolite formed .
Y at highP__ ., o R
R However, other assemblaoes are found which do not r‘ontain both car-

N

bonates, or which contain assemblages like tremolite—calc1te diop31de
w1th biotite or feldspar but no quartz or diOpSide quartz with some cal—

cite, These assemblaoes suggest that decarbonatlon reactions were able

--to_proceed, thus implying a lower PCOZ The.low PCO2 rocks lie within
150 m of those with high P yllndicated. Thus the effect.cannot be one
w COy » N ' o
of temperature. hﬁkdata indicates that PCO varies from 'rock te rock,
| » ' T C0, “ e
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—and. thus is noc toquollLd from the -external thllonmcnt making it an

-
'

internal’ value comeﬁtnt and sugzesting Lhat some rock> are closed to

- CO,. Puttingfthig statement another way, C0, is iuterhnll§ buffered in

fweli.Qﬁderstood, but it is likely that P

£1cant {evels to stabilize carbonate .in the pre

" Status of Oxygen

sy

someﬁrocks but not in others. The moke,fraction CO2 is likely-sigﬁifi—

-

cant in most rocks from the central Kootenay Arc, simply because of” the

presence of carbonate in nearly all rocks. Equilibrium coexisitence-of

carbonate with silicates other than quartz, calcite and dolomite is not

t remain at fairly signi-

om
) CO2 -
eldsparsfand'

chlorlte-ln reldtlon to" phlogoplte or hornblende respectlvely, but at a

9uff1c1ently low level to Drevent 1ow temperature dl soc1atlov of musco-

A j

e

vite.

The croésing of .the hornbléndevisograd corralates with the disap-

pearance of magnetite and hematite from most rocks in the central Koote-

'nay_A;érand correlates with the appearance of low iron, high aluminum

.

- Opaque minerals in rocks above the hornblende and gérﬁet isograds are

:7epidote; The,chdngé from iron epidotes to aluminous epidotes iss corre-

. ) . _ - o ) o i :
‘lated with change from oxidizing to reducing ¢onditions (Holdaway, 1972).

a

°

| néinly sulfides pyrl*e, pyhrrotlte, chalcoc1te and‘chalcoperxe w1th

5

tarbonates contalnrng conblderable graphlte. Graphlte occurk throughout

the central portlon of the kootenay Arc, in low and in hlgherkgrade ro_ks.

'The'presence of graphite indicates lcw oxygen fugacity, but exact oxygen

fugacities depend on'T and PCOZ (Nokleberg, 1973). Tﬁe data indicate a*

"

~change from oxidizing to reﬁuéing conditions across the'hornblende and

v

garnet isog§3&&> Systematic work on sulfide phases, present‘fnrafl ro§k$



types, would allow further quantification of oxygen fugacity, and it is

. : : R ’ RTINS '
. recommendéd that such wor’. Lo undertdken in future studies within the -

. Rootenay #Arc.. It would be ol considerable use in quantification of
AN . .

" reactions suggcstcd earlier. e : ’ N
. .

Pressdre—Temperature Conditions of Metamorphism in the Centval Kootenay

.

avs,

Pressures durlﬂ% metamorphlsm ‘in the Kootena" Arc were hlgh pro-

Arc:

'bably‘between 6 and 8_kb for the range of temperatﬁrei indtcated. Oof

thisipressure, Py o was less than P and in some rocks P
' . 27 . SRR

total? total =

PCO . ~Pressures derived from comparisons of muscovite, chlorite and
amphibole compositions indicate’ a facies series between Barrovian and

Clducophane gchist. -~ | . =+
Thermal gradients in the region are fairly low, as indicated.by
- ’

lack or large changes in composltlon for muscov1te, amphlbole, DlOtlLe'

»and pyroxent w1th change in gﬁade and by temperatures derlved through

thc use of the galc1tefdolom1te,geothermometeny Anotler indication of

low thermal gradients'may be‘Tound by combarihg dlstrlbutibn'COefficients.
for hornblende blotlte, amphlbole—pyroxene and b10t1te—wuscov1te.

"

5 MgACt Dl 5 Kp ACt Di and YU FeBl M are the only dtctrabutlon ~coef~

4

':f1c1cnts shpw1ng systematlc chanoes w1th grade. ‘KD Fe ACt D} 1ncreases

‘in a 1Lnear manner from 0.85 - 1. 75 with grader}hcrease,
: . N\

~D -
'decreases ftqmnl.ZS to 0,55vover the,samp_;ntervaf. The change in- .
f Kb MgAcﬁ_Divis don—linegt. KD FeMu"Bi decreases ftom 0.16 to 0}03-from

low to hlgh grades. The plot of K FeMu"Bl shows con51derable scatter

D

and is non—llnear. All other dlstrlbutlon coeff1c1ents for all other

" octahedrally coordlnated catlons show random dlstrlbutlon of K,D with
L T

B
N

@
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"grade. Tt is veasoncble to assﬁﬁe that they do so hecause of lack ofﬁ
strong thermal gradients,?buﬁ lack of equilibratidn‘or cffect of other -

cations on partitibﬁfrelatiohs must be sonsidered. The latter two
: . 'y . : . PR

SEE ' . . T o . .’ : g
reasons will bé discussed more fially in the last chapter.
~Only two isograds can be mapped consistently over any distance
in the central Kootenay Arc. These ave the garnet and hornblende reaction

isograds defined by reactions 2, 3 and 4 respectively. The two lie about
. ) . ) _.‘3%:, . ) D.? : . . ' oo
1.5 km apart in the southern half of the map area, but may coincide in

the northeastern sgqtibﬁ of the region. The tremolite isograd is also
’prescnt'but is uot'para%lel to the others, an occurrence found in .
other areas (Hutcheon and Moore, 1973).. This isograd cannot be riapped

in the area. Reaction temperatures fo? these isograds lie betwcen 430

r

“and 500°C. Temperatures above the isograd did not rise significantly,
over 530 C, basedﬁon the incoming of»staurolité’ahd on the calcite-dolo-
‘mite geothermometer. Comparison with the almandine isograd-in the'Haast

'Sghist Grcup,(Coéper;’l972) and with the hornblende -isograds of the
Bessi-Ino district in Japan (Banno, 1964) and the oligoclase isograd

of the Haast Schist Group (Cooper; 1972) indicates that‘@he position of
the isograds is similar to thosevinuthe Haast Schist Group. The horn-

blende isogrédjinvthé ceﬁtral~Kootenay.Arc is reachéd before the alman-.

dine gafnet igéérad. Futthermofé, ﬁhe.rééétiqn producing hornblende in
the'cenfral Kéoﬁénay Arc inVéi?éé‘épidqte—éctinolite’;r chlqrite%epiddte
and'albitic-plagioclaseur;thér than alﬁité—aétinolite—chlorite,.and{thé.
amphiﬁblé.produced;is more caléic; Na,0 cbhtents are generally higher
,thén KZO'cdhtenﬁs, apprOachigg é% in sgme cases, but tﬁey“are not as-high

‘ as those found in the lower, temperature-higher pressure regions of the
Bessi-Ino dic rict. This is probably a function of temperature in the

v
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. e Lo - . o
Kootendy Arc, but it may also be a function of somewhat loewer pressures.,
Soda contents of amphiboles pfoﬂuced in the reactjons presented in this
. . . & ' .
study are slightly higher than those from the Haast Schist Group. It is

‘more difficult to ‘evaluate the significance of the reaction producing

‘gamet in the Bessi;lnq di;ﬁrict in comparison with-tﬁat‘of the'ccngral
Koétenwy'Arc; The mqin;differences appear to be the presence of biotité
in central Kootenay Arc, and the différeﬁces in MnQ contentlbeﬁweéh. A

.ﬁéth garnets, Aﬁéunts of -MnO in garnet are strongly relatéd to oxygenA

fugacity in some rock types, but may be unrelated to metamorphic grade

e

(Mliller and Schneider, 1971). As do-temperatuieéaare”given by Banno

(1964), dirzct qomparison is_not ﬁossible, but:the gmpression’given_is
'that'the prodgction of alﬁémdiﬁe_éccﬁ;s at higher teﬁperaturés in the;'
Kootenay Arc:-' | |
. - o :

fhe orderléf'isograds differs from the~Qalradianj§f Scotland in -

that hornblende appears before garnet, but the picture is not complete
becduse the biotite isograd cannot be defined in the map area. 'The two
isograds may nearly coincide, as was indicaced earlier by coupled reac-

tions involving phengite and/chlofite‘producing biotite and garhet in the -
same rock. ¢« The indication of all data available is:that the metamorphic

facies series is intc¢rmediate between thé Barrovian and the Glaucophane
: A E crm \ ~ancophane.

E

_ schist facies.. = : : _ S

8
2.
S

s



* . CHAPTER IV w

CHEMICAL ANﬁ'IébfdeC~EQUILIBRIUM‘. .
‘ The problem of chemieai equilibrium in metamorfhie reeksﬁis'iﬁper-'“::
rant,.since mostydiscussibﬁs éf‘tempereture qr pressure regimes of meta—
fmorphism presuprose that_minerals in theirocks‘in.questioﬁ have reached
‘a stete of true eqﬁilibriuﬁ. “The nature of this equilirrium and»éhe
rdegree of étrainme;t of:equilibripm ﬁeve been the‘subject of considerable
discussipn (Thompson, 1955; Korzhinskii, 195?, 1966,>l967;'Kte€2, 1959,
'1960;'wé111.§nd Fyfe, 19647‘1967; Moxam, 1965;.B1ackburn; 1568; Saxena,
l969a, aed ethers); Discussioes of‘chehiéal eqeilibriu§ involve use,bf
the phase rule; textural-relationships, inﬁerpretation of the geometryi“
of 301n1ng tle 'ines of coex1stlng mlnerals (Zen‘ 1961) end the use‘of
; partltnon dldgrams (% retz, 1959, 1960 Moxam, 1965; Saxeﬁa; 1966, i968a,
vb l969b &Gorbatschev 1969; Kwak 1970; Lyons and Morse, 1970 end
B others).' A con51deruble number of papers use one of the above NGLbOdS
.tquererhine how closely the'system has approached'equ111br1um.' |
Two basic problems compl'cate the. study of equllrbrlum in metaﬁor~

Qyiceroeks. The first is that all factors of equlllbrlum rn a svstem at_v.
. the tiﬁe of metamorphism.are pot‘knqwn} The second‘is that a natural

_ metamorphic system is, because of changing conditions, one which has not

reached évsuaole or sLPady sLare ,equiiibrium. The first problem leads
. A j
S

" to-c1rcu11r1Ly of reasonlng in’ appllcatlons of Lhermodvnamlc parameters

- »

«a

v

o o ey



o metamorphic rocks, One casily appreciated example is the ovaluation
< Lo .

o

of temperature based on the presecnce of cortain phases. The detersina~
’ g ) € ’

tion of temperature usually necessitntes-some assumptions about the |
nature of volatile ¢ 1poncnto whlch are sald to haVc been perLHL This

problem can be dlmlntsned to some extent by dlrv*t'mensurement of e APQi T

/ . V e et e T Rt o

oS- o0 O fLULd 1nclus1ona, orby- uolnp'd”tﬁcfmometer which is based on-
51mple subsystems which are relatively less affected by changes in the
larger system, The second problem is much more difficuli, since it

| . . M .

involves reaction kinetics and necessitates de VLatLOﬂ from-assumptions
of clasglcal thermodynamlcs rclatcd to tV&lUerOH of meL1morph1c re
tlons. An example is the study -of HGLQmOIPhLL rcacLLondwtn e\perlmcntal
bystems. Hth all qulllbrla are based on reverSIble Ltstanb, Usu11ly

in closed—éégtems with simple mineralogy. In-a,natural syétem;;however,

‘Treactions proceed irreVersibly.(Korzhinskii, 1957). Because oE the

P2

irreversible nature of natural reactions Lho Concept of 10ca] or
mosaic equlllbrlum has been erected to allow handling oF reactions: in

* - the dynamic state (Korzhinskii, 1957; 1970 IhOupSOﬂ, l9)5 ©1970).

- ¢

In order to study the concept of equxllbllum/;n metamorphic rocks
.- and to demonstrate eff ects of 1ncompl te equlllbrlum or dis COULllbrltn
-a small arca of.the Central Kootenay Arc was selected for concentrated
, o ) ‘ o ‘ :
study, This area was chosen because-of’}ts Small size;.a;lowing i and B
='Ptbgai.ditfefences to.be‘ignoted and_because of wide variqtion in
chemieal4comoooition, te#ture ano minernlogy.' Tnis.vatiation Qithin.
very’narrow PT . llmits, allows compqoltional controls of such varlables
es partltlon coeff1c1ents to be de termined . -
Manyiof the rocks'studied‘containvtextural'évidence of diéeonili—n'

/
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briwn, These textuves are: 1) Zoned winerals: garact, epidote, amphi-

B

bole and plagioclase feldspar; %) Ragged or irregular boundaries on min?

P

“erals: garnet, biottte, feldspars, amphiboles and epidote, as well as

e
—

—redrbonates; 3) Presence of incompatible mineral assemblages at.tewpera-

tures ;#pparently beyond their reaction limits: dolomite, calcite and
quartz; tremolite, calcite and dolomite.
Ogher rocks, often in direct contact with rocks showing ex?nples.of
R . & : B
the above, have textures vhich would be interpreted as indicati&é of
: » . ’ - ‘ | ;
equilibrivm. . Minerals are optically unZoned, boundaries are smooth with
~many "triple junctions' indicative of boundary adjustment to equilibrium

conditidns {(Spry, 1969) and no incompatible phases are present. These

:?Ocks'qre.separated from those showing:disequilibrium textures by sharp

-

"+ .boundaries. Thus, both taxturally‘equilibrated and non-equilibrated

rocks coexist side by side unddr the same conditions of temperature and

4 . ! - "
“Rotal pressure.’
APPLICATION OF THE PUASE RULE
‘Adherence to the'phase rule is-a heceSsary but not sufficient con-
" ditibn for an assemblage at equilibrium (Zen{ 1961),. The Gibbs(Phase

qué‘was derived for essentially static systems, but Korzhinskii (1957)

lﬁh'

'démonsﬁrgted that the phase rule could be ‘derived for and applied to sys-

temg undergoing_dynamic change. It has also been demonstrated that the
phdse'rule_may-be'appiied to syétems containing mobile components

(Thémpson, 1955, 1570; Koréhinskii; 1957, 19?0) thus éttending its pos-
’Aiéble usé’to:open‘systems. -

o Accurate definitién éf'inertband mobile. "ﬁoneﬁts muét first be
made béforé'applicafiop‘of the phase rulé;is ﬁbssiblg. UDifferentiation_
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betwoén'incrt‘and mobile co*ponontq is one of the graatest problems in
the applicntiou of the phuse rule to mctamorphic rocks. The LdLHLLflCa—
tion oLvmobLle components depends upon reco"nltlon of an npen or a

closed system at the time of formation of the mineral asse%blagc. We

are ]mmedlatgl) coufronted with the necesswtv of m1k1n9 ass umptlonb as
'to'che nature of the”system'at the time'of'formatioh. Some of'ghe assump-
tions coﬁcernlng K50 and: C07 have already huen dlscuésed 1,0 and‘COzf
have been con51ugred mobile by many investhators but Zen (1961) raised
the question‘of CO2 being an inpeyﬁal'vaiﬁe,compoﬂent. Fluid inclusion
work sunpests ‘that CO2 may exist as a 5eparare phaoe (Smith and L1Ltle
¢959 Takenouchl and- Kennedy, 1065 and Roedder 0 1972). WHZG can‘reﬁsonaf
bly be conSLdered moblle ;n rocks_bearingahydrousﬂéhases, bﬁt ﬁhe.actual
_composition éf'fﬂe‘flﬁid‘pﬁase”may-intrbdﬁcélmore mobile or inert compo-
nents into tHe sYstéh. " |

Deflnltlon of the number of 1ndependent 1nerL componbﬁtb s ﬂnother
g .

difficult problem. Korzhlnskll (1937 P l%) states that: ".,..the
number of independént components. is theismaiigst"number of those chemié
cai-donstitueﬁ£3'whose gombination‘(additioh.o;”gubtraction)‘can give -
the compositionsiof All possibie phases in‘the-syéfem, ingludihg pﬁasés
of &afiable cbmpositidnf" ﬁe goes on to define‘inert-and peffectly
mobile qomponénts gs.those'compohents Qhose_mésses or molar amounts ére
'éduilibriﬁm factofs of~the Systeﬁ (inerc,components) or whose chemical
popentials; activities and concentrations in one:of:the.phaécs_{ihciudihg'
partial vapor pressures) are eqpiliﬁrium factors of fhe System'(pepfeqtly

mbbile component). .

Using the assemblages without incompatible phasésv(See Table 4),

_the phase rule can be applied to rocks* from Kootenay Point. Comparison
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of Fe/Mg ratios for biotite, pyroxcne aud~amphibolé in SitglC.SQCtLOHS
indicates that tﬁese fwo’éléménté c&ﬁhafwﬁémi?égfed as one component.
Cz0, A1203,1Na20, K50 and.SiO‘2 are the other maior componc;ts; but where
-splhene is preseﬁt as a éeparate phase, Ti_()..Z canuot be copsideﬁed'as an
aécessory component, and must‘bg used as énother independent componeﬁt;
‘Uéing Gibbs' ruie,'the vériahée.of systémé from thef?pihﬁ is beﬁweén 2
and 8, with onlyitwo.divariant dssemblagqs (T2—18, T4-2). The péh;iuder
are trivarianﬁ, quadribalent or multiVa:;ad;, it is ihte;esting to

note that the two divarient assemblages are scapolite-bearing. If we use

N f’v"n

the Korzhinskii rule J, +. J
T in - e

Mo

C + 2, where Jin~are the independent

..

intensive parameters T, E,)&;.,..,Mjand Jex’the extensivé parameters -

(equivalent to phases) defined for the system at eduilibrium, the vari-
_ _ | . : | T . .
ance described above becomes.the maximum number of intensive parameters.

As T and P for the system are constant,'thg variance fs the mauimum

A_number of mobile components present provided the system is in equilibvium,

Thus,'thé'phase rule alone cannct tell us if" the rocks being studied

~are in equ\librium. If we make the QSSuﬂ%tion that they did reach equi-

librium, the phasénrule would indicate some information about the num-

/

ber of pdssible mobile components in the system,

PARTITION;STUD%ES S | . kS
Anotﬁer'pdssible apprcach to the problem of defining‘chémical_

equilibrium in a rock system is to study the partitioning of major and

v

stem has reached chemis
- cal equilibrium, then everywhere within that system, the chemical poten-—

trace cations between coexisting phases. "If a sy

tial of each ion must be the same. Or, if stoichiometric requirements

result in different chemical’pétentials for the samé»elcmen; in differ- .

»
’
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1 . i . Ka . t.i‘ . N ’?
ent phases,' dG must be at a m%nlmtm (\loce.\JOG ).
. - . g»? . A . B .
are‘not'satxsfled,,reactlons and‘re rrangemcnt of phases. auu componen
' & i . .

are possible. The dcpcvdence of partltloﬁiqp

‘9 .

f elements on equxlr%
; ¢ ""o :

<
A

- De Vore, 1951; hretz, 1939)

DN
a

, ‘ - 4G
B T
1-X. - X '

where X. and X. are’the mole fractions of the eleoent in phaoe i ahd
phase 3 respectlvely, G is the free'energy; R is the gas oonstqot,‘andh'
"T the tempereture.' This relatlonshlo deflnes the dLstrlbutlon coeffl—o
oieot (KD) which should‘be coustantxfor any set.of mineral pairsiwhico
‘have attaioed equilibrium at oonstant_T and P. iﬁis ie,eo because the»
relatiooship is derived from the expreéssions defining the chemical poteh-

N

tial of an element in each phase:».Qi? =»$Lg_ + RT1n f X{?

b

= w©° e x b
AL —-'g'.i 4 RTln f X

i s
A‘and 4{.3 = JLib at'equilibrium; The equatlon also 1llustrates the
dependence of the distribution coeff1c1ent on T, where T affLLtb AL
differently in the two phases (Saxena, 1968). _The distribution coeffi-
»cientvhas potential as é thermometer.' However,if, the activity coeffi;‘
-Cient,nmust be defined for reai,‘non—ideal-systems before. any toetmo~
A@éter can be put to uee, andﬁtﬁie‘has proyed generally impréetieaoie,
Minerai pair?.of different cOmposition coexisting in different,
fécks may be-used to define the distribotioo coefficient,gtaphi3a11y by
plotting the‘concentrationé,of the‘element in queetioot ‘The points will
~describe a ourVe or>avstréight line (at more diéﬁfe_concentrations)‘

pessing thtough the origin with.élope equal to KD.f'For dilute solutioﬁs, '



-and provided T was constant during formation of the mineral pairs.

late'isotopic:changes " and Changes;in the age of minerals with possible

. b ) .
. . = N - / . . H
~ Table 21, Rb-Sr isoe;;e\aﬁté are presented|in [Tab ? 22, and K-Ar isotopev

dix 2, (

\\/ 4 | | 195

“the relations takes the form v. @ (Kretz, 1960).

Plets. of Xia against Xib should provide a graphieal'illusfration of
the degree of equilibration of a'system, providing the distribution coef-

ficients are independent of crystallographic factors or other elémentS;

Trace elements are particularly sensitive indicators of equilibrium,

since, at low concentrations, small changes in chemical potential will

_produce large variaticns in the distribution coefficient.

2

,Iwenty—ﬁhree pairs of coexisting amphiboles and biotifes from rocks

) \ . '» . ) . . B - .
located on.Kootenay Point were analyzed by electron microprobe. Two.

pairs from the same thin section; lbcated less than 10 mm apart were also

eanalyzed. Four palrs contain phases 1ncompat1ble with each othcr and

show dLobGUl]lDrLLm textures (T2 2, lOD lOl ©72-80 ‘and T3- 2b) Two

4

: others (Tl 8, 199 146) contain trace amounts of ”lncompaflble" phases

f.but_show textures 1nd1cat1ve of equilibrium. Eleven pairs were further

anelyzed'fdr.eleven.trace elements, Ga, Li, Cr, Cu, Co, Zn,'Ni,’Mn, Rh,

' 'Sr and Ba. -'A Rb-Sr mineral isochron was derived for the twenty=-two

. .
L

" minerals in these eleven pairs, and nine of the biotites were dated by

the potassium—argon,method.' The latter work was done in order to corre-

|

e

varying degrees of equilibration. Trace element data are presented in

: &3
data in Table 23. Major element values are taken from Tables'6 “and 9,.

,Error limits for trace element and isotope data are presenpedﬂin Appen-
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TABLE 21. -~TRACEL ELWMENT CO?CENTRATION (PryM)

IN MINERAL PAIRS FROM KOOTENAY POINT

Sample

I (11b)
T1-9 (B1i)

(H1b)
T4-2 (Bi)

30-13E (Hb)

30-13E (Bi).

T3-12a (HD)

205-50W (Tr) -
205-50W (Bi)

240-137E (Hb)
240-137E (Bi,

‘T3-12a (Bi)

T4-6a (Act)

T4-6a (Bi)

T2-15
T2-15 (Bi)
T1-1 (Act)
T1-1 (Bi)

199-146 (Act)
159-146 (Bi).

(b))

&
Iy

Ga

11

15

29
15

16
30

42

Li

30
292

53

356

32
291

59

374

14
1263

12

287

39

270

11
152

- Cr Cu

687 16

792 24

724 23 .

651 29

213 - 25

329 13 -

182 9
199 8

22 4
69 2

720 4
745 28

362

66 4

199 6

284 16

27 . 8
6

166

49 19
58 12

58

46 3
5

Co

13
67

20

[eaR1 @)

Zn - Ni
95 190
181 261
162 75
#Fp6 141
95 32
139 217
132 102.
124 79
.54 s
41 8
91 292
147 325
59 5
167 5
4977718
136 60
56 11
78 68
140 18
247 11
7% 8
140

"14-

o

1242
680

2666
1613

1649

1282

1633

1018

665
196

1349

899

980

585

2156

1375

310
337
983
774
754
462

Rb

15

635

35
739

12
450

17

394

23

1012 .

15
V476

598

Srv

70
36

69

27

.92
62

2

z0

27

11

162

75

208

92 .

84

15

829

196

Ba

221
926

. 62
440

37

735

526
1003

140

3674

11
'810

22
536

38
3815

48"

871

25

926
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TABLE 23, K-Ar Is0ToPIC DATATKPR MI

K40/k = 0.000119 atomic

K40: Xp= 472 110710 -1

K40:flg=-o.585 x 10‘1°”y;

-1

. Sample ‘ KZO Ar40r
' percent _cc.,STP
205-50W 9.90 1,718 x 10 5.
T4-2 ~ 8.06 1.396 .
. T1-1 - 9.06 1.665 "
T3-12 - 7.92i 1.319 . »
T1-9 . 8.78 1.508 "
199-146E © 8.20 - 1.287 .
T2-15 9.05 1.518. v
30-13E . 8.52 1.640 "
T4-6 + 8,96 1.700 v
T1-8 o 9.39 1.633 "

CAS FROM hOOTrJAY POINT

' Ar 401‘
Ar40 tOt

0.88:
-0.68 .
“0.82

.JOMC'SO’

~0.75
.59
.65

0.78 .

0.53
10,63

49

.57

age

m.v.

+
+
+
+
+
+
+
+
+
+

52
52
55

51
47

c
- “

57

52

£

WWWLWwLwwwwwon



" PARTITIONIKG OF MAJOR AND MINOR ELEMENTS

.peting for a site can be considered to occupy any of four sites in amphi-

20

200
4

) J
. ¥ . . . . .
Conc@ntration of elements in biotites and amphiboles are generally

calculqted as atoms of element divided by £ Fe + Mn + Mg + T1, after

kieLz (1959) Moxan (1965) Calculatlon of concentrations ﬁs a problem

Tsince sites are not equ1valent in the amphibole group and may not be;

equivulent in the biotites. An octahedrally coordinated. element com-
hole; M1, M,, M3 and M. The.Malsite,fhowever, is filled with Ca or Na
in the calcic and subcalcic amphiboles, leaving only,three sites dvail-
able for 51gn1f1cant substitution. For ionscwith.éffinities‘for‘Mg, Mn,
Ti or Fe, the thlee sites are considered to be equally available, unless
a relationshlp exists between‘the element or 1ts partition coefticient

and an element ex1sting in another site, Octahedrally coordinated Al

is the usgal element showing relation hlp%’to Ti, Mg cr Fe. Among the

L

'maJor and 51gn1ficant minor cations, only Ti appears related to any other'

element “this being octdheﬁral Al Calcu]ating concentratlon s the

element over 2.oct Y Al nakes little difference 1n the plots, however.

-

‘Alkalis also present difficulties, as:the site for‘K 1n_amph1bole is not

always present (or occupied) Here, qpncentratioﬁjis celculated as

-y

"K (Rb or Ba)/Ca 4 Na + K. 'Howeuer, this calculation may not.always he L

.“ R
correct. a

Iron oo S : , s .

1o . S

Thevpartition diagram for iron (Flgf~49a) shows two groupings One

( \f‘& . 9

group is characterlzed by K = 0. 96 Jcontains the hornblendes 1nclu—

ldlng zoned parga51tic hornblcnde (24 —.37 TZ 15, T3 lZa, 30 l3F) With

yo-
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close to the line defining the distriburlou”coefficient: The dichotomy
represcnﬁing.the miscibility gap in rhe amphibole'series.is well.repre- '
sented in this.plot. .For rhe tremolitic'and actinclitic amphiboles)(be
(below fe/g_oet ; 0.4), the distributionvfs considerablf more erraric.
T4T6(1) amg T4-6(2) (located less than lO mm‘apart) shOW‘quitevoifferent
distrlburion eoefficlents. - Thé olfferenee between the distribution
coefflcients isloutside the’error range of the analysis ahd reflects
crosslng tielines, interpreredhby Zen (1961) as(ihdlcating diseqhilibrium.
The conclusion drawn from\thisrdiagram is that'equilibrium with respect
to iron‘was closely-aoproached in.rocks‘containing horhblende;biotite
pairs, regaraless of zonlng, but was not establlshed 1n actlnollte—blotlte
or tremollte:hlotite pairs, The.plot_of Al amphlbole/Al V'biotite

(Figf 49b),shows no.relatiohship to Kb%;— b’other than to indlcate.twoﬂ

groupe of amphlboles (actiuollte and hornblende). Within each group, the
Bi-ACK ’

~general conclu51on is that KDFe lsnsmaller (closer to 1.in this case)
+~ Bi-Act S ‘ R -
‘than is KDFe;‘ ~, but both groups,Show complete scatter with no real

trends indicated. Ploct"ng the actinolite group as Fe/g.nct + AlVI

decreases the scatter in F1g 49a somewhat but  the relationships

Stlll hold. No change occurs in the hornblende group, suggestlng some

.-

.;control by Al at lower Fe concentratlon.

Magnesimm
| “In coéntrast to iroh, the magﬁesium plotl(Flg. 50) shows:lesslSCatter
for“thé actinolire”group and somewhat more scartervfdr the.hornhlende;
bﬁﬁ the general indication is for_a‘elgser approach to apparent equili—~
. ‘ v ’ .

brium for this element in both groups. Samples 190-120 and T3-9 are con-

"spicuously outside the trend, in agreement with the iron-plot, indicating

<.
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O9r L.

N

0.8

. - ]
o7k ‘
, o NI
0.6 | "o
a
0.5 ‘-.'vKD=VO.94 :
. 6
Oé -

Mg/ZOct Biotite
- O o
S

O
N\
T

7
X

fo:‘bj‘“.' S e

YO .". . 1 B Al 1 __1; ' [ : lv". ! .".'1 |
© 0l 02 .03 04 05 05 o1 08509 10
' o ,Mg_/ZOcT,.Amphibole,; - ’

Fig. 50.  Partition diégram for Mg.. S&mbo’*Tahd}nhﬁbefS‘asvin Fig.

sty

49, - Unnumbered, unfilled square lying above“thg~line is 190-120, o
;that lying below is T3—9.; Both are near #7. - " ’ '
N B /
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that both elements are disequilibrated in these two specimens,  There

is a suggestion that'KDNg is higher for hb-bi paive than for act-bi pairs.

tal

557Howevcr, the scatter in hbébifis,poo lafge'to be certain. Scatter among

- -~

the holnblende aroup could be due to zon1ng (whlch produces larwe chunges

in Mg), but only T2- 15 and 240 137 are conwplcuouCIV zoned (Sce Ninzer,

1973, Appendix 4). - .

B

N~

Manganese o . B o 57
The'Mn plot'(Fig..Sla) ogain'appears to show two‘groupnngs although

~not.all mcmbers of the iron ot magnes1um groups plot in the same Mn
‘ v . . # '

group. The actlnolltes gcncrallx plot in.a scattered group Wth a small

KD‘ Sample 30 13 could belong to this group, but may be dlcequLlIbrated

-

“due to zonlng. Some samples “do not belono to cither grouv It has been

. -amph-bi

suggested (Sakena, 1968) that Ca in amnhlbole influences KDMn
amph~bi

Ca ions to 23 oxygens were plotted against KDMn

the sa mples

divide ;nto two groups, but no relation between or within groups' oan be

found. No‘relationship'exists between Mn and other elewments, suggesting
‘that deviations from the pattern are due to incomplete equilibration of -
.- the pairs. Among the'pairs,'those with actinolite show more scatter, but

‘a majority of pairs fall near the,meah KD,’indicating relatively close

1

v;vapproach to apparent equlllbrlum.
o it is. 1nterest1ng to compare a plot of PPM Mn <b1 agalnot roexistluo
‘Jhb) dctermlned by atomic absorptlon W1th the p;ots of Flg 51la (Flg 51b)
- Thebllnear nature of‘thls plot is otrlklng, with three samples_dezéating
2 : . . _ , :

| signiﬁicantlyb(30—13E, T4-2" and ZOS—SOW). The positiOQ of‘?442 on ;his

e

plot is odd,‘as it falls close to the line in Fig. 5la.- The deviation

.
T

v'of 30 13E 15\\\ be expected 205—50W does not appear on Fig. 5la as Mn

N . : “

NG,
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concentration was pelow thg}getection limits of the microprobe. .Tig.
| . . (%0 }, ’ .

" 5le¢ is a plotlof‘Mn/i“oct for amphibole and biotite using the bulk
bi-amph » : ‘
_separates. KDMn is slightly higher than for the microprobe resuits,

but the distribution looks quite similar, suggesting that Mn distribu-
tiens wi€;;;'5m311 domains have. the same KD as the bulk samples, indicat-
ing similar approach to equilibrium on microscale and macroscale for this

. o ‘ /' ) . . i
N - - 3 N v 3 ' (;" )
element., . Because the concentrations of the other major cations‘ngs deter—

mined only for closely coe>1st1ng m1nera7s, the concentretiou diagram\

|

'(Fig 51c¢) is not strlctly comparable. Two separate lines of ev1dcnce

suggest that Mn may equ111brate in laréer volumes of rock T4 6(1) and
,(2) show quite similar KDMn (Fig Sla) and'traces for zoned ampniboles
1nd1cate v1rtually no change 1nan across strongly zoned amphiboles

(Winzer, 1973, Appendix 4). | o Sl

~Titanium : . : : ﬁ ~—— - : : o B
-Ti/Z oct is plotted for amphibole and biotite in Fig. 52a. Com-

plete lack of correlation is found w1th KD ranging from 0 8 - 15,
< amph-bi o
FNRAY Amphibole/Allv Biotite was plottcd_against KDTl to test for

correlation_betveen tetrahedral Al and Ti distribution (Fig. 52b). The

plot is equivocal. Upﬁto K Ti = 0.4, a linear relationship exists
- amph-bi D. :
between KDTi. - and tetrahedral Al., Beyond this’ p01nt, no rel%fionship

exists. Tt is pos31ble that all plotted p01nts show corplete scatter
- amph~b1i

above KDTi = 0.3. Comparing the two plots theye is no certain/ .
‘ . amph-bi N ’ S

relationship between KDTi | and tetrahedral Al,. and scatter in the

3

. distribution of fircannot be completelyiexplained by control of this

‘element in either actinolites or'hornblendes.' No other elements show
any correlation with Ti, indicating that Ti hasbnot_eqnilibrated; - Simi-

(]
'
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lar scatter has been found by Moxam (1965) ;. Saxena (1968), Gorbatschev
(1969), and Annersten and Ekstrom (1971). “Moxam- (1965) ascribed this
N . i . .

‘ . : /

scatter to inclusions of rutile in biotite'or amphibole, but. the micro-
probe analyses rule out this pbssibility. :Gorbatschey (1969)‘found‘
similar scatter in his amphibole-biotite pairs (also analyzed by electron

microprobe) and'concludedkéhaﬁ despite some depgndence on octahedral
Al,.the titaniuﬁ did ndt equilibrate. A third possibility.doés suggest
‘itself, however. ifvthe minéfél.paifs in que;tidd do not exchange Ti
;;Qith:each other, but depend on consumption 6f another'phasb, theﬁ Ti
is détermined by the othernﬁhase,.and the di;fribugioé'cbefficieut of
each'ﬁair ié‘a function of the behavior of Ti=in;ano&heriphase. inp
_roqks,f:omQKgopenay.quﬁp,'spbengviswgémmon in rdgks:cqntaining horn-
1 A - S .h,‘__fﬁ?f . hb-bi
- 'blende. There does not seem to be.a relationship bgtyeen KDTi and
‘ r?cks contaiging or devold of sphepe{. In éreaé where KDTi:is de;ermined,
the presence:of rutile;-sphenei ilmenigé df magngtite shouid be_récofdéa:

<

W\~/£ﬁgugh‘data'from widely spaced and differing areas migﬁt allow this

* ‘problem to be solved.

“Aluminum o S o j“ ; N
" ‘No ratibﬁally intefpretable distributionjaf either octahedral‘o;
tetraﬁedralVAlbwaS-found‘befweén biotitesfénd‘?mphiﬁoies studied'pﬁ

"Kootenay Point. This finding is.in contrast. to that of'Annérséenfahd

& . : : . . ) . .
Ekstébm (1971) whérein_a fairly strong pbsitivé relétionship wasffound'

.forfrocks from a méfémofphqsea_irén’formation_at aﬁpfoximatelyfthe'
same grade. | |
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TRACE ELEMUENTS

Gallium-

Gallium may substitute in positions occupied by either‘iron or alu-
minhﬁ (Goodman, 1972). Plots of gallium againstviron and gallium against
‘qlominum for biotites and‘amphiboles frovaootenay Point do not show good o
‘correlatioh in thewactiholite group and their cdexistihg blotites, but
some p051t1ve correlatlon is found for Ga-Te in h(rnblendes 3nd their
coexisting biotites. Flgs. 53a and 53b ohOW galllum 1n PPM for amphi-
bole plotted-ageiust blotite (53a) and concentratlon of galllum in amphi-
’boles agaihst‘biotites (calculatedbas Ga/Ga + Al ¥7Ee}. This plot is
:fverratic{ indicétiﬁg.that Gahis hot equilibrated.betgeen the two hinerals,

since the scatter does not appear to be caused by control of another

element. The scatter is well outs#de the error range of determinations.:

thhlum'
thhlum may be found either in tetrahedral or octahedral sites. Its

size and‘charge indicate that it would be found in 51testoccup1ec.by»Fe;
Mé, Al or Ti; Li plotted against the above:elemehts yields*ﬁo,relationf
ships between'themf Lithium was also plotted.against K and Na, agaih
. without producing any sighificaht aSsociations. Fig. 54 illustrétes the
'distribution of lithium; It is sQ&Shgly tractionated into biotites, pro—'
bably due to the avallablllty of octahedral 51tes for monovalent cations.

. amph~bi
KpLi is calculated.from Li/ Z oct less Ti. The variation is consi-
derable, due to the high slope of the llne No definite conclosions can
be reached w1th respect to - equil1bratlon of lithium, but conalderable
scatter ey1sts in the plot. ‘The distribution is more orderly than that

of galllum, suggestln perhaps, a closer approach to equlllbrlum.

0N
v
)
Y

v
~
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L
kg
O35L Fig. 53 a. Parti- .
_ tion diagram for Ga.
# :

Symbols and Numbers
cas in Fig, 49,

K1 2.35 calculated for

number 2. Kj0.56 cal-
culated for number 3.

)

0O 0l 02 ~ 03
Ga/Ga+Al+Fe Amph

L

TOr » X \.\"’ N N
) wog - Fdg. 53 b, 'PPM Ga
60 : . - , ‘f‘\*{r , biét’ite plotted v
' : against PPM Ga amphi-
S0F bole. o
. - .‘ . .
40" o - o " Symbols and -numbc:rs
. ‘ as in Fig. 49.
300, s
: o
L0r L& 8 s
10F -4, & |
g s
O :

01020 30 40 50 €0 70
- Ga PPM Amph:
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Li - PPM Biotite .
(@]
o

100

50

O S | N
' 0] 50 . 100 150 .
T . Li PPM Amphibole

. Fig. 54.- PPM Li biotite plotted against PPM Li

amphibole., Ky is calculated as Li/€ oct Bi/ Li/
Z. oct amph, <% eet = Fe + Mn + Mg. Symbols and

numbers as in Fig. 49. Ky = 23.8 calculated for:
numnber 7; Kp = 6.3 calculated for pumber 4,
. _ e
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Nickel - B
Nickel should substi;gtc for iron or magnesium in the'silicaté lat- >
tice. Plots of Fe‘andng agéiﬁst PfM Ni-;eyeai séme interesting rela-
: : -t t
* tionships. First, only the faintest’relationship exists between Ni and

Fe in either actinolites or h¢rnblendes and their coexisting biotites.

. . : ) . :
Nagnesium;*on>the,éther hand, shows aﬁ'interestipg relationship between
Mg and Ni in the hornblende group (Fig. 55a). A‘nonlingar,relationship

exists up to about 80 x 103 PP maghesiﬁm, whereupon,fhe rélatioﬁship‘

_ changes to one in which Ni is independent of Mg. The.actinolite group

is uniformly low, and neither biotites nor actinolites show any relation--

‘i_ X . V e . 3 . .. .
- ship between Mg content and Ni content., Plots of Ti against Ni show no
relationship. - "
Fig. 55b illustrates the partition of Ni betweép‘biotite‘andﬁhorn—'

blende. The distribution coefficiedt'is éalculated,as Ni/é‘oct,:and
ﬂrénges‘ftom'O.Sl - 5.56. The distribution may be honlinear% as indi-

cated by 205-50W, T2-15, T4-2, T1-9 and 240-137. Unfortunately, T2-15,

.

T1-9 and 240-137 are zéned, ﬁlthough T1-9 is only‘slightly zoned. Zoaing
‘hppeérs to influence the pattern %omewhat,,although unzoned minerals do
»notIShéw,any'systematic,treﬁds.: Nickel would appear.to be diéequili—

.Bratéd fpr both groups. The grouping of nickel suggests aﬁdiffereqt

. : : ’ : v
~origin for the’"amphibolites". High nickel values are to.be expected in

basaltic or ultrabasic rocks,_thué the,highér,values fbrvamphibolites

A

suggest..an igneous parent}.

Chromium : o B _ . 7
Loen . N

Cﬁromiﬁm has a more regular distribution Ehan'nickel; ‘The general

_group relationships are the same as .for Ni, except that the Mg dependence
- . - 9 . . . o
: N o

AN



‘Fig. 55 a.

PPM Ni (both dmphl—
beles and biotites)
plotted against

. PPM Mg x 103

for aﬁphlbolcs and

blomltee.

Squares - amph”' »le,

Circles - biot_._e.
" Tilled squares -
actinolite.

“u

~.

7\_’_

Fig." 55 b. |
DartLtlon dlagram
for Ni , Symbols
and numbers are
as,nm Flg 49.;
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shown by Ni is not shown by Cr. Fig. S56a illustrates the range of con-
centration and dggr%é of scatter. ‘Some of the scatter may be due, as
‘with nickel, td*goniug in amphiboles. Fig. 56b plots Cr/Ejoct and gives
the-avéragq;distribution Qgefficient (0.93) for Cr. T1-1 lies conspi- -

cuously off the trénd, which may be due to disequ%libriﬁm., Chromium

would;éppéar-to be very nearly equilibrated within the rocks studied.

'Co§alt : | | IREE «‘ : " » :>>
Cobalt shows a very interesting trend. Two populations égist, with
sepérate distribution éoeffiéients, as illusérated in Fig. 56. 30-13 is%r
_ R , ; o R
offléither trend, which could be. due to zoning, altﬁough T2—15, also
Zéﬁeq; féils)right on the second'tpend. :The diégribhtion within éach
;rend'seems quité}fegular; 'Plofs qf’Co‘égaiﬁst Fe, Mg'and Ti_show no.
.qorrelatioh‘betwéen these elements othér than groﬁpigg,in éctiﬁolit¢13nd
LornbleAAe‘groups. Ti piéttéd[agaiﬁst CO<showé a vé}y genegal.iﬁcrease
‘iﬁ CQ in'bgth.biOFite and amphibole;aszi incréases. Kp shéws no feia_
tionship to Ti; Fé or Mg. No explanat?oﬁ‘canAbe féﬁhd-for-the f@d popd—
iationsf Actinolites énd'hgrnbléndCS«may beﬁfoundyin é;ch group( C;.
_éhoﬁsuén'ambigudus:trend, probaélyvindicating-diequiliﬁriﬁmiwithin all

ot

"« tocks studied, but the two trénds may be due to some other undetermined
- factor. 7 . R : o

" Zinc-

‘

-

' Zinc‘méy sub§£i£ﬁﬁe'fdr.Mg’of Fe . Silicates dLich have OH bonds.,
. ' I .

- (Zemann aéd Wédepohl; 1922). 'Plots.of.Mg‘and Fe againsthn do nqt show".

| any teiatﬁgﬁship Bétwegn_the two. bTi-ﬁlécEéq againét Znishoﬁs a.wéak’.

. Q?fnblendésv;ﬁd‘th?ir ;Qexiéting'biotites. - The trend -

fot;amphiboléS’iévstrongéf than the "trend" for,Biotitesy but is~4

negative trend for

-
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Fig. 56 a. - 800p - o s
PPM Cr biotite .- 100 - PN .
"against PPM Cr , , . s
600 . \

* amphibole.

S
Q

Symbols and riumbers
as in Fig. 49,

L 1%}

FPM Cr Bictite
WD o
O
(@)

o}
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0 200 400. 600 - 800 -
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| . od
Fig.-56 b. o7t
" Partition diagram S
for Cr., Symbols ..*_‘l_’ o6
and numbers as Re)
in Fig. 49. o 0%
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| Fig. 57. PPM Co v'bliotité -agai‘nst PPM Co amphibole.

Bi-Amph f”
KyCo Lalculated as Co/cht bl/ Co/i oct mpl..
F

, 'Symbols a&d numbgrs as in Flg. 49 . K= 4_4 calcu-

D .

“

la'te__d.wf'o}g. v;_r’lumberr 9.
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very weak, 110- 58 rr1Vcs/t.he dlstvlbutlon pattern for Zu- in biotite and

amphibole.. There is con51derable scatter in this'plot,_and no readily :
o . : amph-bi . o
apparent. groupings appear. K in . varies from O 67 to 2. 52 calcu-

lated as;Zu/Zn + Fél+ Mg. Calculatlng KD as’ én/g;oct does not substan—

tlally change the relatlonshlps. The dlstrtbutlon coeff1c1ent was. cal—

culated in terms of Fe and Mg% because these two elements .are clos cst to
Zn in behavlor.' Zn does ‘not appear to be equlllbrated in the rocks

' studied.

Copper s

-

Copper values for blotlte and-amphlbole ar low.: Cu shoWSﬂﬁo

o A
1? :

elatlcnsnlp to other octahedral catlons. Flg.; lustrates the dlS-”

trlbutlon of,ﬁu between amphlbole and blOtlte from Kootenay Point. Con-
slderable scatter is ev1dent Flg '59b plots Cu/Z oct for the palrs.:KD*

varies between_0.42 and 2'38, U81ng only pairs w1th unzoned amphiboles
produces no difference in‘thevplots. Cucappears to represent disequili—
'brium\igﬁrocks from Kootehanyoiht; ,
.Bariiim, ’ T - |

Duefto its- large 51ze barlum can-only flt inte the 12- fold- 31tes of -

’

amphlbole (the A—51te) or blOtlte‘ For thlS reason, calculatlon of

barlum concentratlon 'in the calc1c and subcalc1c amphlboles may be made‘

as Ba/Ba + Na + K, but should not be made as Ba/Ba + Ca + Na + K because

'the.M4 site is not ‘available,; The same condltlons hold for rubldlum

because its_size will not permlt it to fit into the MQ site of the amphi~

bole. 'Ca or Na atoms occupy the 12Afold §1tes in blotlte (Deer et’ al

.

1966), and the calculatlon is made, as Ba/Ba + Ca +.Na + K. Both_caléu—
o e .
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PPM Zn Biotite

50 100 130 200
PPM Zn Amphloole

" Fig, 58, PPM Zn blotlte plottod agalnst PPM Zn ampblbole.
KD calculated as Zn/Zn + Mn + Mg blotite/Zn/Zn + Fe + Mg

amphlboles. Symbols and numbers as 1n-F1g. 49.'
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b

latlon methods were used for amphlhole o With the result that Ba/Ba +
gl e

e
ST
o ',’

Ca + Na + K gave large va?iatlons in K ; whcrois'Ba/K or Ba/Ba + K gave
more reasonable coeff1c1ents; as would be expected. Ba/Ba + K is used .
for dlagrams.presented and because the concertration of. barium can be
quite high, the non-ideal model developed by Ramberg and_De Vore'(l951):

is used to calculate Kb.

Barlom was plotted against'K but no relationship was found between
the tWo. An enrlchment in Ba by a factor of >.over the oLher samples ‘
studied is found in T1-1 and 240 137. There is no obvious reason fcr
this anomaly, T1-1, a “high cafhonate rock could have c%hslderable

'barlum, but 240- l37, an amphlbol“te should not.

Flg. 60 illostrates the partition relationshipsvfor:Ba. At higher‘

cohcentrations, Ba.fractionates towards biotite, hut-no preference exists

. : : amph-bi o .
~for Ba at lower concentrations. K _Ba _ ranges from 0.27-9.5, an indi- .

D
cation of the considerable scatter'present. The scatter appears to'bear
no relationship to ioning in amphiboles. Subtractlng the four strongly

zoned amphlboles produces no suBstantlal change in the dlstrloutlon

relat10nsh1ps.

Rubidium
Rubidihm]hehavesbin aumaﬁner similar to that of Ba because.of its

- r : . .

‘large size and single Charge and its geochemlcal behavior is closely

51m11ar to K (Cocco, Fanfani and Zana221, l977) Rubidlum is to be

.expected in. e1ther thc A—51te of the amphlbole group or in the 12 fold

_51te in the micas., Rubldlum is fractlonated into blotltes, as expected

- (Fig. 6la,b)5 The dlstrlbutlon is nonllnear w1th 205-50W falllng well

off the trend. Plots of K PPM against Rb PPM for amphlboles and blo—

PEaN
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'KD = 9.5 calculated for number. &4, Ky = 0.27 Calcdlated for num—
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tites show: ]) for amﬁhthotig no ﬂﬁ&ationohld exﬁ§§?>betweeu K content
G : \‘} b}(" J’ 7 W ! e ~ R e
and Rb bontent 2) fnr biot#tes: a Very Wetghd 1% lueomrend w1th §§§§

iy

R ) PR
1ncreaSLng K. ThlS trend 1S£un:cons1dered sagn1f1c7nbwv

the amount of/scatter»present.‘ The pqrtltlon relatlonshlaﬁffOL Rb are

“shown in Fig.‘élb. o o

The. concentratlon of Rb is talcuﬁaéed as Pb/K for the. sane reasdns

.
)

A glven in the ‘barium section. Con51derablc scatter is aoparent indi~
catlng 1ack’of equilibration for Rb. . 205-50W 1s farthest from the tfend
and is- also the sample bearing the greatest concentratlon of Rb. )
‘Strontium ‘ . P

¢ Strontium can be expected to f1t into the M4;site of amphibole with:
some dlfflculty and flt-lnto the A-site, but i+ will.net'fit into the
other octahedral sites. ‘In biotite, Sr would be found in the K sites.
No relatlonshlp ex1sLs‘between K, Na or Ca Pnd Sr in elther biotite or
-amphlbole 1nd1cat1ng that the dlstrlbutlon coeff1c1ent may be a functlon‘
of chemical potentlal alone. Thc d1str1but10n of Sr 1s 111ustrated in’
Figs. 62a and 62b. Some scatter ex1sts but the'preference of‘strontium
for amphibole ls well 1llustrated Tbe average dlstrlbutlon coofftelent
calculaLed as Sr/Ca + Na + K(Bl)/Sr/Ca + Na + K (amph.) is 0.51 (Flg.nn
...62b). Con51derable dev1at10n from the trend is exhibited by 24D- 137
le—8 and 205-sow Only 240~-137: has a zoned amphlbole.. Therefis-no-f'

ready explanation for ‘T1-8 and 205 50, but 205 50W contalns the lowest

amount of strontium of any of the samples.

o
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Sr/Ca+Na+K Amphibole

" Fig. 62;3.3 PPM St biotite‘gfétted'against PPM Sx ampﬁibole. 
fig.’SZ'b._.Paf;ition diagram forySr. o
Symbols.aﬁd'numbers for both a ana‘b as'in Fig. 49.

K ="0.51 calculated for number 10.
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BEARING OF TRACE ELEMENT PARTITIUD(hG ON (hLdICnL IQUILIBRIUW

The evidence from partitioning of major and”trdce elchcnts between
biotite and hornbltnde is not unequlvocal but the ﬁeneral 1nprcs910n is.
that a condltlon of dlsequlllbrlum cv1§Ls between the mineral pairs for
most elements. Among the octahcdrally coordinated eLemcnts of . the flrst
transltlon series 4only Mn and Cr appear to clesely approach equilibrium.
The scatter on the plots cannot be e}plainod by contrOl on. the partltlon
of}nhe.trace//lement by other elements competing for .he same site, as

“has already been discussed. One or two other poss1blllt1es exist, The
first s, that the elements studled behave dlfferently in actlnolltc than _
in hornblende leadlno to dlfferent KD in one or\tne other lOnly,Fe and

Ni show a suogestlon of differing behav1or Fe appears to dlstrlbute
4. - N N

itself dlfferently bctween actlnollte and blotlte'*han Detween hornblende
v

adé blOtlte g1v1ng a: }ower KD for act- bl palrs than for hb bi pairs.

Ni. behaves in a sﬁste&%tlc manner in blotlte and coex1st1ng hornblende

when plot%ed agalnst Wg, but no such ﬁystematlc behav1or is- encountcred

Y ,\ -
AT
a

. ‘A:.‘ e ; .

in-the actinolite group.

" The second possibility ‘is. that the crystal field stabilization

P
2 -
ey

*ﬁenergy'dlffers amongvthe elements—and the different mrnerals. That this ’5-‘

is 'so has' been d;scussed by Schwarcz (1967) and by Burns (1970) but

the effect is to_ change the dlstrlbutlon coefficient for varlous elements._

- I3

This change does not cause scatter of points; but results in: systematlc

predlctable changes in KD between- elements. Schwarcz (1967) showed that
11/B H/B u/B H/B .
'for hb—b1 palrs %i'> KF > K '7_KN1 - This is generally true in the palrs

B/H : B/I - B/H ,- B/H

studied, w1th KMn 0.53, K e, K. = 4 4 and K @'= 0, '9 5.5, but

the scatter and dlsequlllbrat1on of all four elements do not p051t1ve1y
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confirm the trénd. The diffqrencerin CYSE between different mineral |
pairs suggests an explanation for the grouping of Fe'and Ni., If the

\octahedral sites in actinolites are'dif ferent than those in hornblendes,'
. f)"
and some dlfferences are 1nd1cated by Ross et al. (1969), the CFSE would
).

be different for hornblendes and fOr'actinolites. ‘Since- dlfferences in

CFSE affect - the dlstrlbutlon .of transition metal catlons, this could

v

¢

e\plaln the dlffcrences in kD for Fe and pos51bly provide some eAplana—

L

‘

1

tlon for the behav1or of Vl.

A p0551ble explanatlon for the scatter in the Fe and Ti, plots may

2 . .
be provxded by the fact that both elements are known to ex1st in two

ox1dat10n\s_ in netural materlals. - The lack of determ:natlon of

Fe3+ does not allo__avtest of thls hypothe51s, but it is ex pected that

Fe3+, which has a CFbE may distribute 1tself dlfferently than Fe2+

PR

which dq not. If the dltferent parrs formed under different conditions
,?f

of £ mﬁ&thgﬁ the: Amounts\of Fe3+ present may vary from sample to

L% 1 N

sampB@( C%PSlQ& var1ab111ty in Kb which is not related to dlsequ111br1um._

-Tne same ghlng is true of T 3+? but T14+ is probably overwhelmlngly
b -

4
favoréﬁ at these metamorphlc grades.
: 'VAmong the other. octahedrally coordlnated elements, Sr; Li and Ga:

:(7) only Sr shows close approach to equlllbrlum Part of the scatter in
:" ey
:'Ll and Ga may be due to the fact tha‘ bpth may scatter between octahedral

'and tetrahedral sltes, but the amount of elther element present in the

$

Al- Sl tctrahedra should be sméll'

Among the large.alkall catlons complete dlsequ111br1um exists. Ba’
and Rb are strongly fractlonated into blotlte at hlgher concentratlons,

'but no systematlc trends can be found fox elther element There is. a

p0551billty that the distrlbutlon of Rb is nonllnear ‘but this cannot

o
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be confirmed with the number of data pobints at hand.

The réasons for this léck of:equilibrium lie ih.thé behavior of
the chémicai systeﬁ;' The lack of equilibfatiqn'of alkélié can be
'reiated”téltheir behavior aé mobile.Cdmpénéﬁté;v Ekaminatiqn‘of-TableS

B 1 aﬁd 4,rc§eals anomalous g‘and.Na ratios in focks-from Kaotcnay Point.

Fig. 63 illustrates the Na,0 and K,0 trends with increasing $i0, for.

théV44.énalyzed sﬁecimcns'ffom~Kootenay Point;‘ Despite the error range .

for thesée analyses, trends are clearly real and can be seen to correlate
" with modal mineralogy. .Tﬁe following observations may be made by. exam-

ining the map (Fig. 3): g ~ . A '
1) .Podtassium rich rocks are found in biotite amphibdlite pods,

. such as those lying to the extreme west on the tip of the promontory?
. - N [ .~ ’ . ° . . .” . Ry . A . ‘
' They are found in zones sandwiched by pegmatite and in the areas labeled

o

"marble". Lo S ) . -

, - . o N . .
'2) Exceptionally high soda .rocks are found close to small pegma-
R I : . o

tite-dikés’which haVe obséfvable ;héfﬁal'aureélés.‘ Thése agxédlés are
charactefi%ed Bf‘a ;éfgin”of”é}e¢n 6ica in sﬁ;rﬁ dbnfagtvwifh the peg;:.
':matité. ’Thé mica.zoné dieé?off over a distance of agout l‘;m.togge
‘\'ifeplaceéUby reddish biotite, ifemoiite—actinolite‘apdldiopSide with_cai—
:cite and/or dolomite, \

- 3) Rdcksiwith low Na and K are found stewhat'reﬁoved from aplites

~ and pegmatites, but exceptions occur, such as Tl-6. o L
-1t must be kept in mind that the map, even at thé‘sbale drawn,‘is'

generalized. All rocks are iphomogeneous on stales of more .than one ‘o

5 ]

.meter. The "marble" contains numerous monomineralic pods of: tremolite

or pale green actinolite, as well as 2. few zones of pure magnesian bio-

“gite and .zone€s of pure carbonate. The amphiboliteés contain pods which

Ty R
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are ov@rxggﬁ biotite, or 95% pargasitic hornblende,

NNy - - - . X J

may be made:

~ : e . o

4) digh K,0 contents are correla@ed with high modal percentageszif'

of bﬁotite where quartz is ﬁbsent'or”high biotite ‘and K-feldspar (micfo—

cline) where quartz is present. v SR
'i o3 , . o :
5) Where Na20 is lov or vero, the only sqda- bearlng minerals in

i
'

the rock are amphibole or diOpside. ) o ) ¥
- . : . S “ g . . ‘
6)- Where Nazot? KZO’ quartz andﬁplagiocTase are ptgsent? except

in the small aureoles. .
. | . . "' "_ . .
7)  As KZO increases in a rock, NazO drops (geﬁé@ally); Where

g

both drop together, KZO'and Ha,y0.are concentrated-in’one mineral (usually

hornblende)..

Ail observations.can be beSt'explained by differential mobility of .

- . ) N

'.alkall components. Any rock type' cspgcially'those,pIotting‘in the

basalt andesite or ultrabasic fields, should malntaln a reasonaole degree

of homogeneity over the small distances involvedrhere, It is obv1ous

from the spatial distribution, chemistry and mineralogy,of these rocks

that 1nhomogene1ty igh the 1ule rather than the exceptlon. If "amphibof

..'\

o N

lltes alone are. separated out and if, as 1nd1cated at the beglnnlng .

of this work; they are 1gneOUs in origln, such‘large varlatlons ,are not

to be'expected. The lack of coherence between Na20 and K,0 ‘is -also not

2

s

to be expected in 1sochem1cal equllibrlum systems. Thus we must‘gﬁﬁL
clude that metamorphlsm of rocks on Kootenay P01nt 1nvolved addltlon and
subtractlon of materlal at least over distances of tens and perhaps

# . 2
hpndreds.of meters. The most llkely mobile components are, K and Nay



»the'carbonates.

‘Na on Kooténay P01nt can be- found by examination of thevspatial dlstri—

‘Other components, such as Si and Al may mlerat%% ; ;anility of Si is

(- o B :
con%;2mcd by flu1d 1nclu31on work from/bther ateal; and the possibility

of Alimigration is suggested by .the presence of biotite and feldspar in

4//’
7
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‘ The lack of Na20 in many rocks can be explained in twe ways. .Figst;

Na may not be as mobile: an element as K. This has been found to be true

.for skarn rocks (KOIZhlnSkll, 1957 1965) Support for low mobilityvof

bution of high soda,rocks, aS'mentloned earller. Second, Na may be as

- mobile as K, but it is not ”stabilized" in-the ‘system unless there is

v.v-

enough excess S$i0, and Al,;03 to form plagloclase.' Support“for‘this

hypothe51s lles in the fact that pla01oclase and quartz occur together,

‘ and blotlte may be subordlnate to both .-,' o

Other reasons can be found one obv1ous reason belng that the or1—

ginal rocks were poor in soda. The only source for-soda~1s~plagloclase

of low An-content, and it ‘is moSt prevalent in the pegnatltlc and

aplltlc bodies from the Point. These bodies may also be a:source for K.

Another pOSSlblllty is that PH 0 controls the stability of blotlte
2 - -

w1th respect to. feldspar, and in hlgh P O enviropments a hydrated phase’
H, :

such as blotlte becomes stable, thus'"f1x1ng Kviﬁ the rock. Pyéonwould.

be related to PGOZ’ however and ev1dence is present that PCOF was high
in rocks containing biotite. It‘is felt that this latter possibility

may be -a control alomg with differential mobility ot K and'favorable

Sl/Al ratlo,’on the formatlon of biotite over feldspar in high K rocks.

'ThlS p01nt cannot be proven, but fluid inclusion work on’ the s111cate

phases would provide - 1nformatlon on the amount of CO2 present and the

composition of brine present at the t1me‘of crystalllzatloni



tion of elements present in trace concentratlons is. very sen31t1ve to

ing of material ‘as yet~nnroofe§ existing still deepem'and_at highet"

* . - 231

Less ‘mobile major cat‘%gs 1ikc Mg ,® Fe and posslbly Mn, more closely

approach equ111bltum dur1n° Lhn prograde Dcrlod of mntamorphlsm and
[N - e .
then. do not remobilize as readily during the time of cooling following °

: LY ’ ’ » .
the culmination of metamorphism. Titanium distribution is unexplainable

. : . .. ‘ L
by any of the above reasoning. . Ti is one of the less mobile elements,

and it may be that close approach tc'equilibridm for Ti is only possihle

where sustained high temperatures have existed for 1ong-periods of time.

Dlstrlbutlon of minor elements ‘can be explained by channe in chemi- "
cal potential durlng the perlod of codllng . Some‘elementstare quite

soluble dependlng on brine composition'and pH'(Cu,ﬂZn); The'distribu-

. 'w'-:

changes_ln.chemlcal potentlal. Thus, small changes wvll affect them to

‘ - :
a larger.extent. than it will affect components~pre§ent in. laroer amounts.

'
. 4

d In summary, we may state w1th reasonable confldence.that chemlcal

2 q e . e,

eduillbrlum was notlattalnedtln,rochsvfrom9thewPoint':but*thgt’Sqme‘
: ¥ : oy U SRR R
elements more closely approached qqulllbrlum than others. 'The'pfesence
. .4'} b

of aplltes and pegmatltes provlde a sou;ce for K and p0551b1y for Na

R : 5

on a. very small scale, but ghese elements were probably ntﬂ:&ntroduced

r' ]

dnrlng 1ntru51on. " They magﬁaave ueen derlved durlng the thetmhl event
- o ',’._ ) o
producing maximum metamorphism. Tempera&ures-deriyed’for'metamorphism
on the Point_are.consiStent.with'partialzmelting;of pegmatitic material
at high total pressures. ~ An altermdtive is to appeal to partial-melf?
.

temperatures., -~ - = - s a o o



LISOTOPE GLOLOGY

K-Ar B ‘ ) ' ‘ -

K-Ar age‘dating has been carried out.throughout the region of the

Kooteuay Arc. anmination of the 1sotopic age map of Canada (Douglas,
‘v ' f )
1971) reveals t&ﬁ ﬁigtéhbution of data points, w1th attcndant ages A
_'»~ i “ oii Co
compllation of'ali'K~ﬁr age dates, 1nclud1ng the ten ages from metamor—~

'pth rocks ‘on Kootenay Point was" made, and the results are plotted in

Fig '64. Ihe bulk of all K—Ar ages for: igneous rocks fall between 10

and lOO my, but a dOuble peak is in ev1dence with another @%&centration :

" of ages between 120 and 180 my. The‘overwhelming majority of ages'for

metamorphic minefals fall between 10 and 90 my (including theulo bio-

tite'dates from the Point).’ Only three ages from‘metamofphic horn-

» '.1973) Fﬁe otherbtwola G

~

blendes have been obtained " One of these is a 174'my date on. an amphibo-

‘lite pod about. 1. S kmneast_of Kootenay Point (Baﬂdsgaard pers. comm.,

a

from_the Shuswap Complev and give ages of” 61+

‘:6 and 79+8 my respectively (Wanless et al., 1967) .

Jns

The meaning of these ages must be assessed with'Care, in view of the
complex metamorphic history of the-area. KeAr‘ages are thought to repre-~

sent the time at whlch thc mineral dated becomes closed to Ar (*oorbath;

’1967) This time,«in view of activation energies\derived for AY in

-

¥

various minerals, may not be the actual time o¥ecrystallization of the
mineral; but may be the time at which the“temperature became low enough

that diffusion of Ar was negligible. For micas;vthis temperature may be
: Rl N b
as low as 150- ZOOOC (Moorbath 1967). Amphibole activation energies for

[

. _Ar are 3 to 4 times higher than those of blOtlte _ Thus, amphiboles may

- retain argon at muéh higher temperatures,_butgthe retentivity of amphi-

Qe
Y R
&
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Fig: 64 a.
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T

N
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D
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N

© 72640 € € 100 120 140 €0 T80
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Fig. 64 b.

NUMBSER OF AGES -

20 4Q 60 80’!00 120-14C- 160 180 :
. AGE M.Y. L - '
" Fig. 64~a. Hlstogram plot of K~Ar ages from: igneous rocks from the
Rootenay Arc. ‘ _ : '
Fig. 64 b, Hlbtogram plot of g—Ar ages for metamorphlc mlﬂerals
from: the hootenay Arc. ‘ - . : ‘

'Ca Data for qus 64 a and b are taken from' the follohlno Lowdon (1960, _
— 1961); +owdon et al. (1962); Leech et al.,(1963); Wanless et al. (1964) ;
Wanless et al. (1965} Wanless et al. (1966); Wanless et al. (1967),
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bole has been shown to be dependent on compositidh by O'Nions et al. - -

(1969). K-Ar ages from metamorphic hinerals-in the Kootenay Arc feflectff
: : e RS SR S
the time that the mln%ral became closed to Ar, a. tlme whlch»may be con— e

e L.
A

31derably dlfferent from the actual tlme of crystalll4atlon (W001bath, N
: : g L2 A

janes

1967; Dewey and Pankhurst, 970) Igneous rocks whichahave“not beeg_@,:ﬁ\ﬂ,aﬁ

age of crystalllzatlon prov1d1n° coollng ‘was rapld - ," s _,*g~ S e

With the above discussion in mind,lan attempt can'be ﬁade to interq

-

pret the data prescnted in Fig;‘64._ The 1gneous rocks showga w1de spread
. . . . /*%I . .

of ages %t%s two groups ev1dent one centared around 70 my, the other

'130 140~m.'$§if the major metamorphlsm=occurred at between 140 160 my,
vfollowed by contlnuous coollng, ‘the’ spread of dates mrght be eyoected
'to»tall'from a concentration in this range.' This is not,the case, howr"i

¢

ever as the oth%; concentraflon of ages occurs betdeen 50 and 90 my.”
Avallable geologlcal ev1dence suggests more than one perlod of metamor—
phlsm and further suggestsv'that th1s later metamorphlsm has deformed |
.and p0551bly recrystallized the-marglns of the older ”bathollthlc
bodles‘llke the,Nelsonhand'Kuskadax.'uFurther support'for7thls assuﬁp-,
tion,is found inhother partsvof Britdsh.Columbla and froh the‘Cordlle

. lera innthe'United_States._ Agés from igneous bodies.throughout both

. . o . .
reglons 1nd1cate an event somewhere betweea 29 70 my ago.' Large outpour—
ings of plateau type basalt lavas in. central BrltlSh Columbla are diocene
through Paleocene.in age..'Eocehe anlealeocene lavas are quite exten%'
sive (Sthher, 1972). |
The assumptlon that K—Ar ages . reflect the tlme the mlneral has

cooled has lead to’ the draw1ng of thermochrons by Dewey'and ankhurst

(1970) for' the Scottish Caledbnides.;~The thermochroms mark the time the

. . R ,

- It . o
1 7 .



‘rocks.

mineral was uplifted to a point below the thormul‘oarrier leading to Ar
diffusioo. The pdttcrn of thermochrons leads; to the suggestion tﬁot
less highlyvmetamorphosed roclk: wili give ages cloéer to the true mota—
morphic age because they are uplifted through the barrier marking the

’

closing temperature of the minerals sooner than more highly metamorphosed |

N
2

of tbe 36 ages from metamorphic minerals, most come from™gither

greenschist or = amphibolite facies. ALl but three are from micas,

f'é\ ) . . ) {‘ ) 3 . i . )
The youngest ages are found in the Shuswap.‘metamorphic complex, which

1
'

liesfipfthe sillimanite zone or higher, ‘but there is no systematic dif-

feréﬁcé%%niage between'miherals"from amphibolite or greenschist facies.
lhe entlre splead shown in Tlg 64 may be found in either group; JIE

the - coollng Lheory 1is. corrett theh he amohlbole dges. shou]d more nearly -’

. '(J

approx1mate the true dge of metdmorphlbm but all th ec. meﬁtioned are.
1ntermedlate bttJecn Lhe postulattd Juras%Lc event and the younﬂer oeak

' The 1ntcrmed1att ages support the: 1dea of overprlntlr'<~ but obviocusly

moxe daLa are netded '

g The hlstogram for ages on mttamorphlc w1qera73, 1nterpreted 1n the
X . 'f . .

lloht of the above evmdence suggests a. thermal event 50- 70 my ago, and

geolog;cal eV1dence c1ted earller suggestb that thls thermal event may

20y . L

be ass0t1ated w1th a younger netamorphl . The lack of’ any- cluster of

el

: : R
: ages from metamorphlc mln%ralo axounﬂ the Lnterval of 130 180 my 'urtber

L

substantlates thlS asgumptlon, but K—Ar work on amphlboles and low—grade

rocks lS neede

‘to- conflrm 1t The coollng hypothe51s ~and that of con~

e

'tlnuous metamor’hlc event as pobtulated by Dewey\\ﬁd Pankhurst (1970) for

the Scottlsh Caledonld S does not evolain the,situation foUnd.in the

Kootenay Arc.'“ ”f'~_g; f.,eiﬁ-; : o ;~:z3. _ﬁ g

-

il e ey

[O5)
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Rb-Sr , O
. /) ! ,. ( . 3 3 ' 7) %} ) ' .

In rig¥ 65; 87Sr/868r_is plotted against 87Rb/°78r for biotitos and

! i Qi_*\

amphiboles from'thq Point. If the svbtem in LlCh Lock bLLlHL closod Lo'u;\\

37

/

Sr at the 1me LLme, and Lf compl te 1>otop1g hOWO”Ln]7ILLOn occutrgd )
the lines joining amphibole . and biotite should all be_gurdllel,.lndlcat- k;\‘_

ing that all minerals are the same age, ,lhlb 5Ltuat10n \ould be siwfilar
: e | . ‘/ . I

to that faund for thé'Baltimore Gneiss by Wcherill'et al; (1968)

-‘ i ;
-
a ,.xV

hxdmlnarLon of Fig. 6) 1ndlc1tes that . not aLl tltl]n‘q 301n1ng ‘ —
pairs. are parallel. Sampleb T4~ 2(2), 2057 50‘(5) c.nd T4 6(7) are closeiy‘

. parallel, while the remainder_are not.b The blOtlLL from 705 SOU()) is

- <2
!

the best sample for is otoplc datlny because of the tollow1n ; l) It is . \

Ar

the "clean mica, having a dlffeLCnLL of O 04 Z )Ltwren oulk th and S

Ty
'3

MhZO dotermlned by mlcroorobe anaLybLs._'Z)'It‘has a'very large‘87kb/865r
4 : : O T ‘ :
- ratio and a'high proportion. of radiOggnic Sr. “Thus, its position and

"the ‘slope of the isochron associatedfwiﬁh it are unlikely to be‘grcdtli

)

nffectea by errors in a;;umbtiohyﬁf.ﬁhe initial ratiq, or'deferﬁination .
of radiogehic strontium, B V- & “ '
The age calculated’ for fhés;biptiteﬁand for the hornblende coex-

isting wiﬁh iﬁvis 48 i 3>my} 'The age_is in good agyee§cﬁc with;tﬁe ".-“/f
‘mean K-Ar ages of:éll_ghg[bibtites. Lf Qe assume fgatvtﬁisAgge reflects

the time of‘the‘metamofphic,éQent causingAreérys;allizétiqﬂgsf the miﬁ—

erals in'récké fi%m the PQiﬁt; the distfibutioﬁ of the othgé miqérélé

can be explained in'tﬁo wéys:

First, if, és ﬁhe K-Ar dates. from igneols rocks -and ot:‘hex_‘\‘ge,ologi-—7

. . . . o o i s ) N i N . ) . - .

- cal data-cited indicate; a period of metamorphism oceurred in the Juras-
L : o T ‘ . R T

sic which affected these rocks, -the position of the pairs and slope of the .

tielines result from_pverprinting'and}incomplete isotopic homogenization

t}j | | ‘: e {' ) ' : ‘}& ) .



"Fig. 65. (Rb-S5r mineral

Numbers refer to analyses in Table 21..

/

L

'isochrons! from amphibole-biotite pairs.
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A

~

of the previously formed minerals. Tn this case, Rb/Sr vhole rock iso-
" chrons would give the earlier age, but the later event-would cavse loss
. = PR : ) . ' : L

of radiogenic Sr from biotite (relative to the whole rock) and gain “of

)

'fadiogenic Sr in ampﬂibole'(rélative.to the whole rock). - The effect
would be to rotaﬁf the tieline around the positioﬁ of the-whole rock, /
. which would probably lie close to the present amphibole position, lower-

. . i . ] ¢ ) ) . ) ‘ .
ing the slope of-the line. This rearrangemént occurs because, if re-homo-

genizaﬁion and eQuilibration are not‘complete,;the minerals do.not take
‘up the new initial ratio of the whole rock at the time-of metamorphism,
,Abut attain a value betweenlit and the mineral ratio at the time of the -

event. N
| | SN o -
The overprint hypothesis is supported by the fact that all tielines

are not paraiiel,.but, with‘the‘exception of T3-X2a (4), their pattern

is systeﬁatically'arranged with respect-tb ZUS—FOWZ,“All other pairs are‘_ .

S : . o ~ ) o
"older' than 205-50W. T3-12a(4) is conspicuously against the trend and

o

cannot. be accounted for by‘experimental'error. Further work is beiﬁg
Ci N .. : : A

1

done on th&susample. The effeét of zoning in the amphiboles.also fits

tﬂis hypothesis,v Those amphibolés-which éré;zcngdv1ie.oﬁ£sidepthe

clusggred grdup, excépt foro4—6a(7); Zoning’ié ;ﬁrohgeét in sam?les

. whicﬁ are enriched in radiog¢nié‘Sr,j$ﬁt weakly zonediéméhibolesvdo pof
. .

 ;necessarily have the loweést‘ratio. The strongly zoned amphiboles are

_enriched in Ca in'the rim area, an indication of the'pqssibility that St

may have'Eeen incorﬁbra%ed duriﬁg ?oﬁing,?JIf>the incofpdratedZSr}is‘more
radiogenic fhan'the original, itIWOuld serve to raise the'87éf/§65r ratio
of the aﬁphiboleé; - v o | - - ‘ k.J//
| Thé,secondbexpianatiph is thgt; during‘cooiing, during a:subSej

a;% |

quent phase of metamorphism, Rb and Sr migrated in out of the sys-

-

-
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tem with the K 'and Na rich fluidS‘aIready known ‘to exist. If a fluid

with thelavcragehisotopic composition of the whole rock was introduced
into the system, - the effect would be the same as‘that'of récrystalliza—
tion and re—homogenizationu If the Fluld can react with cither blotite

T or amphlbole, it w1ll~change the Sr/ Sr ratio. The result would be

87Sr/86

to lower the Sr ratio .of the blOtlte (becauce the blotlte would

_be llkely to have more radlogenlc Sr resultlng from higher Rb content)
and to raise the 87Sr/ Sr ratio of the amphlbole ’ This‘would lower the‘
slope of the/iine and thus Lhelﬂage". The situation‘is further compli—
cated by the necessary assumptlon that Rb ‘may be elther pained or lost

during tHe influx of fluids If the fluld is high in Rb, it would

1ncrease the Rb content of both mica and awphlbole resulting in higher
: 8'7Rb/-86Sr ratios_and consequent lonering of "age". If the fluid was

lower in Rh, the opposite would occur. Both elements would presumably.
‘vbelpresent in the fluids and would interact. ' s

3 Ev1dence for the second hypothesis can be found in the dlstrlbut*on
o :

patterns for the. alkalls and the ev1dence for open systems WIth regard

)

’to alkalls'dlscussed in the last - ‘section.
Nelther hypothe51s can be proved with the data presently‘ayallable,'?

‘bnt from the standp01nt of 51mp11c1ty, the first hypothe51s is the more

attractlve.' The author belleves that the second cannot bellgnored in

" the light of other.ev1dence avallable-and.suggests that both processes

.
¢

may be coupled‘to prodnce the patterns seen here.
The bearing oprblsr isotopic "ages' ‘may be discussed with the

above ideas in mind. It has been suggested by Moorbath (1967), and

«
~

ev1dence has been presented by Hart (1964) that Sr may behave in a man--

nersimilar to that of Ar in mlnerals “If this is thegycase, then a’

x’w



"mineral isochron age 1is the tire 0f'qooling to the temperature wherein

Sr no longer diffuses from the mineral. Supporting evidence for the

_‘cooling hypothesis eomes'from the study of mineral ages in the Caledo- °

nides by Dewey and Pankhurst (1970). 1In view of the pattern of the'ages

241

of the pairs,‘and_the pattern indicated”bV'K—Ar ages, the preseat s

~ author believes that the Rb/Sr mineral ages reflect a metamorphlc event

and not a 51mple Cobllng. If COOllng were the case, the scatter of
«\0

fslopes is surprising. JQv: efscatter of K-Ar ages_(which is .

outside the error range indy surprising because all of these

_ mustdhave reached'the same? ture at the same time. ''The scatter

could reflect dlfferent closure- tlmes with respect to reaction w1th the.

fluid, however, in which ease the ages indicate the end of metasomatic
,v . . ) . : B \

processes in- the Kootenay Arc, -

Further work needs to be done to declde the answer to these ques—

.

tions. - Most useful would be systematic Rb/Sr whole -rock 1sochron stud-

. ies of 1gneous bodies in the area, as well as whole rock isociiron work

on thevamphibolites within the sedimentary-seauences.' Whole rock Rb/Sr

]

data pn sediments are. llkely to be equivocal, but may be useful 1f the

]

rocks have behaved as closed systems. Comparlsons of age patterns

between igneous rOCks, meta—lgneous ‘rocks and metasedlnents might help

» N ‘F-

el
'

to dec1de this question. Low—grade slaty rocks which mlght be su1table

for K-Ar whole- rock datlng outcrop to ‘the north, -south and east of the

-

study area. - Ages from such‘rocks may, as suggested by Moorbath (1967);

glve the true metamorphic age. -
In conclusion, it is worthwhile to discuss briefly the implications
- of both, trace element and isotopic work with regards equilibration of

.phases present in rocks from Kootehay_PointZ_ If the spread of K-Ar ages
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from métnmorphic rocks r&£13§té an-evdgl around 50-70 my, then the rocks

have had a mu\lmum of 40 my to re- cqulllbrate to the new set of condi-

\ .

<

' erubly less ‘than this. "1f the age distributions result from continuous

‘cooling‘of rpcks which'reached their thermal peak in the Jurassic, then
. P ;r’ : ) ) N [ . - - N .
they have hﬁd perhaps 100 my to re—equilibrate.‘\ln either case, viewed
e .

“.

from the"stahdpoiht~of'cla ssical’ concépts of chemical equ111brium in

rocks and Ena.lcomparlson wlth experlmental work '1t is' surprising. that

-
Y

.they have not dqne so, The available evidence“suggests that neither
- ' s % , o e B
isotopes, trace elements or major elements closely approached equilib-
rium except in' two or'three'cases. - 7
o . aff o g UL
" Viewed from”the standpoint of irreversible reactions. taking place
. ‘ . v o Lo . . L . ; L
in open systems, with‘mébile and:inert'compouths, uﬁderAconditions'
whiCh changctwith time and evolution of the complexy the lack of equi~
TR~ s
llbrlum rist not surpr151ng%¢*?resUmably, durlng ‘the progresslon of a
’ B e

- [y

metamorphlc event; flu1d comp051t10ns change fugac1t1es of volatiles
. ‘Q .- .

-

change and - systems become closed (or open) at dlé%??ent timés._ These

’
-

changes may occur 1n adJacent rocks (or small rock volumes) leadlng to
?

",dlfferent assembl&ges, partltlon coeff1c1ents aﬁd i otope values for the

xS
-rocks aud minerals in'Questiohk' This is mot to say that the laws of

AT : L. e f - . i -

¢thermoaynamicsfate disobéyed 'or that the-reactlons do:th'proceed

©

accordlng to these laws but that in‘a‘natural sYstem’the”variability'-
’.‘lx LN 7~ . " . - . P N . N 4 ’
z ’ { Rl T

of factorS\of equ111br1um 13 such that actual equlllbratlon is rare.

: ' C ] N
In cases whefe»equilibration-dOes occur, “the volumes over whlch it ‘LJ

occur‘\Qey be small for major, ’mlnor and trace elements and’ for 1sotopes"

"‘(Andgrson,’l967).

N Rt . o E A

gtlons. The actual tlme spent at hlger temperatures is probdbly consid-

3 ‘ ' e

~



' ‘CHAPTER V. - o

4 s

s

CENERAL CONCLUSIONS REGARDING THE DEVELOPMENT OF THE KOOTENAY ARC *

- . N

“This chapter will“deal with beneral conelu51%ﬁ§ Levardlno the

orloln of” the kootenay Arc and its place in .the pattern of ‘the Cbrdll—,

Y

L .
.&" - . e . . L2 -

'sity somewhat speculatlve due .to lack of detalled 1nformat10n of any

.
'

kird for most of the reglons to the north and sayth. o L L
- . \ REcais ) . ol T .

1

flera as. a. whole.R'Thls dlSCUSgl n, in'its broadetfaspects,‘is of neces-

';'_;tﬁe normal etfucturalJttend established over 2000 km of¥outcroh,:3:

e » : L v - » . »
‘from the Yukon south into.the United States. Whether' or not the Koote-:

. The Kootenay Arc is anomalOus by strueturalvstandards. It deviates

nay Arc .is a metamorphic anomaly is less certain because detailed &tud- ..

[

ies-are:restfiéted-to small areas in the éodthern_portion of-theggordil—“‘

! . ’ . B N
! y B ’ “

1era. This,author believeS'Ghat the»KootenaydAfc is not an anomaloﬂé

- . - .

1metamorph1c feature and that 1t flts w1th the development of the Cor—-

A W

d* _.c.ra as a wnole, both through t1m1ng and type of metamorphigml ‘Thes

- - v \‘

- -

contlu51ons w1ll be d1scussed in mofe detail in the remaindet'of_thisé;

ESH . . L, « e g R
se'ctlon, PRI P [ v o ) T :

.3 S "~ o U . s _._;( - 'J_ »

Metamorphlsm 1n the Kootenay Arc affected all Yocks from Precamb«lan‘»

[ _6. v ¢ v‘,tﬁ i . - N

..}th Tr1a5510 a%e.“ All focks youﬁger than the hlndermere \Horsethlef

Creek Group) are obv1ously polymetamorphlc and have been 3ffected by

Qphase I and II folds.f Zoned garnets in - the Horsethlef Creek as_well

' as identification of;f and f2 foliations_indicate'that rOcks'are also

1

po;ymetamOrphic_andjpoﬁydeformationai} He defOrmationyand polymeta—:

0.

?,. .

SRR

).

4
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mnrphib character of the Milford Group rocks are readily recopnizable, -

B

‘COHLnddlLtJnﬂ the cOnclusLuns of Rend—(l973).

Pretunbllan throuch DnvonLan Jud possibly Mississippian sedimenta~

tign is belicved to reprCHent qh 2] f- slop rise conditions with a source
* a R : C.

RN repLeQePL ed by the craton (C’hILOlSC, 1)77' Mongetr et

area to th'

 3£., 1972).  The aLCUWUlaLlOD of aodnmentary material is ocstimated at

‘maés'of coqtinental crust to the west and no evidenCe of 5uch a hody may

s

',,. . - - . s . ) ~. R P o : ) w T

11,500 meteri by Tong01 cL al. (1977) Sometine during Lh Proterozoic,
- . - [ZXIRE? SN ot

Llftlnﬂ occurled parallel to the crdron margin, a_iift';;paféntlyrthe

) .
'

. o ) ‘
lenOth of" the cntlre hOth American COfdllleld (Burchficl and Davis, 1972;

v

'~Moﬁget‘ét 3&,, 972) This rift {s postulwtod to place an uprecorded

rs

be found in the sedimenta ry record : It is duxlng thls period that the

’ ‘ = » s .
mdiﬁfsedimCHtary units found in the cantral Koqtenay.Arc‘werc deposited.
The, sedlrett '%ndigéte variations in charaCteL of the sounce area and’

.
¥

: R . _ S
tvpe of bedlnextdtloﬂ, generally going from cu@cosynclinal .hndermere) R

4 " r .

Lé ﬁlooeosyncllnal (Cﬁﬁbfman Devon_da\Carbon‘f LOUS) and b“ck to' eugeo=

. 3 £
» . 9 PN . .

2alh

syncllnal from’ Permlan £o) mlddle Jur3551c. ~This %a a JLWU1lfl€d bequence,
» :

' ,‘
4

—butﬂvould'gonerally hold for the enLlré_Kootengy CAre (Yate.s,’3 973)

L
.
4
A Y RS s

ates 61973) con51der5 thaL the hooLenay Arc delived it5~shape at this"”

'6 - P N
t\me,‘anu that the bodlrenLﬂry rccogd dOEa not ‘indicate a plate junction

-~ ~ r .o
4

durlng the enLlre hlstdﬁj oE depOSLtlon. L o PR

b oo .; . . e

B

The Devono—dl 1 pplam boundary mamks 1 st afp aran

!

_west defived sedlments ‘in the Canadldn and United States eordlllera

. - .-
"

‘({onger et al., 1977'48urchflel and Dav1s, 1977) Areas indicating

T : .

'sttward souces*are found 'ia the norther1 CaqadIEh cordillera and -the

P

:'southern cordlllera of the U ited States._ The presenee of bedlments

3w1Lh sources to the west'lndlcates a land body to the west in Devonlan

’ . s A
N N . . -

a

‘ - . . A‘ .
e e > w .. S RN . N .

N
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- @omplexes.' This‘configuration has led Monger et al. (19"

«to thL'Ldbt by hlyh—grade mptamorphlc IOLAb of the Snquao and Volverine

3

/

"
o

or Missiusippian times. This body may be continuous over the entire
R N “ . .
. L

length of the North American Craton, but its exigtence ig-mainly specu-

lative, -~ . : .
Most authprs_wr%ting on thé Gordiliéfﬁ agrc?/;pnt a majpf me tamor—

phic—piutonﬁc‘ahd dcfofﬁatidﬁal‘evént ocp&{zgd dufing late Tfiassié or

équy Jurassic pime (Monger et 2t al., 1972; Uhecler et al., L9]2; Bﬁrcﬂ;

fiel ‘and Davis, 1972; Cdney, 1972);‘ This event -affects the entire North

American. Cordiillera. It is during the Triassic-Jurassic period of dis-—
4 - B

turbance tHat the Canadian Cordillera acquires its basic shape anfl tec-—
tonic clements, and the general form of the Cerdillera of the United

y ‘the end of this period. The Omineca crystalline

Jyoe
&

Kootenay Arc is a part, is at least partly constructed

during this time,'bused on K-Ar ages - f¥on various plutonic bodies. (See
el ] . & . .

fonger et al., 1972 and Nhéé}eg et al,, 19/? for dLscusblon ) Thebasig
T < LT > . ' :

o

form oﬂ\the Omlncca crystall;ne belt is one“oﬁ afpairc ’metamorphic
. o v B

belt dLSCflbed bv h1§ash1ro (1972),_ The HLnterland fold‘belt “'s bounded

P

3 P : «

r

r -~

a subductlon zone- lylng‘pengg;h‘ghe hlnuerlapd belt:.duu::nfr Lrlasclc and

- v 4 R

'Jur3651c Lime. There are a number of ploblems Ulth'thLS 11terpt0Ldtlon

oW . 'ﬂ - e ‘ L _9 -

\9"
thL analy7eJJon a smalicr~scale. Finst and lehapb most 1n00rbant is,‘
“ - . : L . - :
.

that the tlmlng of Lhe Hlnterland belt bLU éhlsts and the Snusxam ter—

rain %‘ diffefcnt.f The blueschists are interpreted as Triaséibion atrat-

P

L

. . - . } B ] » - . ’ .
grgphic grounds, but two dages of 165 and 129 my have béen obtained for -

ﬂcfossiteubearing schists,from the Dease Lake map area, placing it as’

1

Juras31c Cretaceous (Monger and Hutchlnson, l97l),,MCon51deﬁéble dlscus—

. N a f

. e ’
51om\of a singléﬁgmall intrusiVevpluton i the Shuswap<?eeamorph;c com-_

T

~ L.

N

U

o
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- . ' ' . .
' - 5 . .
“plex yielding an age of 143 my has been generated, and this age is cften
- \

¢ . .

cited as a dlosing date for Sbu,wap metamorphism (Wonner and Hutchlnson

1971; Monger-et al., 1972; Wheeler et al., ]972) Examination of the

“,1sotop1c age Hap of Canada (D uvlc _1970) reveals several metamorpbic'

and plutonic dates of about,SO Y for the complex and cobbles of -

'presuned Shusuap materlal ‘are found in Focene sediments to ‘the south

,aad west in the bonaparte Lake map area (Campbell and Tlpp r, 1971).
\ - < - - N

In thL light of thlS evidence, 7t appea rs that Cret ceOus—JuraSSictages' —

for the ohuswap are not establlshed Burchfiel and Davis-(l972)‘fg:onsié.§ ;

der Shtshwap type lnfrastruttu*e to be related to independent thermal

events in the backaré region} but) using this hyootheSﬂs the implica-

tion is for 1nterrupted subductlon between Ir1a951c Jurassic and l&te

. "
\ . T T , ‘ .
"Cretaeeous—early Tertiary times.

.~ There is considerable evidence, then, of a Frlas51c Iura351c event o

~

'anditlls évent moves materlal of island aftlnlty eastward I would sug".

-gest t?at thls eastward movement of material marks the 1n1t1a1 develop—

-~
e X W
. - . . - X - / N v

ment of the struéture of the Kootenay Arc, as the Paleovolc and He50201e

& y e

&edlments are trapped between the Purcell‘antlclinorlum and the oncomlng i

P N

proto—Arc which rep(esents the Omlneca Crystalllnefbezt. 'Some metamor—

.-
;’ X \ "‘ SN N o, s [ B AN
B3

‘phlsm may have occurred atathls tl?&, but 1ts extent and grade ]S not

.known. Tﬁ”re are Lndlcatlgns w1th1n and to the north of- the Ctudy areas.

.

s - ah ’. L . - PR - R
'of'Jnrassrc;Cretaceous metamornhism.' Read (1970) reportscgeformation of

>
i

-tbeﬁK:"ana\ Bathollthk whlch dates at 178 my by K—Ar (from the - undew

- :.»\

vformed” core) The uelson bathollth 1s complex and obv1ously compOslte.

“’,Ages range from'JuraSsic to late_CretaCeqps:_bﬂt it is defdrmed inten-
sively at the narginst The "thermalvaureole reported bv F]les (1967)

may not exrst thus deformatlon may be post 1ntru51on. The Crawford

AR

“..
PPAC oy . -

Fari e
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o

Bay stocL, White Creck Batholith and L\xLlPr batholiths from the Creston
. . B . . o~

area give ages from 100 my tofapproxlmately 5C my.

dJOf rtcfpanlzatloms of the Cordtllcra in the United Statcs fare~ e wsh

- said .to- take placeﬁbetween-QO—SO my"and betveen 50-40 my (Coney, 1972).

A
- R : B
7 £s df dates fromﬁﬁbput SO'my ocet

o -

“Canadian Cordillera,_and I propose thdu@ﬂ 125e ages reveal a reql meta-

morphic event whlch 1hvolvesﬁthe entire Nprth_Americun Cordlllefa and

-

correlates Ulth the end of the ‘Laramide orogehlc perlod (Coney, J977)
Pn .

© ik

The netamofphlsm respon51ble°?br the major mlneral aosenblages prcsent in

o

»
@ !

o the nlﬁher orade portlons of the jghtral,KoQtenay Arc occurs:durihg the
. . . .‘-’ ) . i .

Laramlde pulse, but it md& overprlnt carlier nctamo phlc evcnts. The
L 2 v ° . -

ages lnwthe Kootenﬁy Arc can- not be %ﬁﬁnrpretEd as 91mple coolmU ages,

»‘ ?'r ,‘ o

but -a major remlxlng of 1sotq

N3

‘aused by elevattd temperaturts dtrlng
- i , : . )

widespread regional metamorphism. The primary evidence‘fbr'this inter- w i
" ) > . . + . ' N .

1y 3

L X - : . . . . S S et e et o
- ‘ . . - - * . : 4t 4

pretation is as- scanty at present as that for Jurassic metamorphism. 4It;5lr
. - v . . . - . i .-(. ‘ . . \ . ,v : ‘ 'l.- - L o-.
~Ties. in the:intérpretdtioﬁ”df“theWRB}Sf“miheral'ispdhrons)from*KCQfedayg“; )

s, ,-_' s e S - " . T v

[

Péint‘ and several muscov1te and blOtlte d&tesvfrom surrOundlr teglonal
Lov - - \ . ‘?: . S . : ‘
‘ mctamorphlc rocks and smaller plutonlc bod:es. It lies as well‘in’the -

>aSSumption that a major’event af? ctlng the C01dlllera in the Unlted

{
R Y
States must also affect ‘the Canadtan Cordllltra and leads’ to the assump— /

- tion.that the two are linked to a‘single‘cauSe}‘- RN

o : _ o _ ‘ ) . ) - - . o
Deformation must’ outlast metamorphism in the Kootenay Arc, as-cata- ..' - *

clasis without later recfystallization is evident in-all smaller igneous

N

- -
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“bodies studied and }n some:of the wetamgrphic rocks. @ Furtharmore, cvi-

. I . . ." o . r -

dence fc; pervus:ve_rctrwgr6551on exists in all areas of the central arc

- studied. I wo _d suggest .that this retrogression gecurs during falling

temperatures and uplift of thc_focks in the central Kootenay Arc.
,Thevmajor metamorphism takes piace ufder conditiong. of moderate to
R o ‘ . , .

low thermal gradient and hlgh pressure as,thc material is COme“bSOd and
K\forced down during compreSblon from thc caetward migrating Omlneca crys-
talline complex. vTxere 1s no real ev:dence for a subduction zone in the

- reglon of the Kootenay Arc, although Coney (19/2\ postulates overrldlng
)

of entralncd bubductlon zones to be fespon31ble for both the Sav1er Colum—
blan Orogeny and the’ later Laramide pulse. Mongernet al. (1972) have

proposed bUbddCthn zones, sometlmes doﬁhle dur1n~ JUIdSulC to Oligo-
) Sy, E .

icene time; mlgratlng progre551vely»westward wath tlmc. Y
:ItJis suspected that the Kootenay Arc behaves asfa'backatc downwarp

4

of varylng moblllty from 1rlaSb1C to at least Focene tlmes, whELGUpOn it

«

is upllfted as part or the Omlneca crystalllne complex. fhe Kootenay

Arc is separated from the hlgh grade metamorphlc rotks of tbe Shuswap,
/ » . . :
metamorphlc complex by mylonlte zones whlch may extend the entire length

.

of the Arc. The mylonltes have been prev1oubly 1ntc1pretcd (Reesor and
' e . .

) Moore 1971) as ‘dye’’ to grQVLty slldlng,,but they could be a maJor tec-

P!

“w

tbnlc ooundary between the Kootenay Arc and assoéiateéfolderbcomplexes
‘f' v‘_~/‘4_’\ .
and the Shuswap metamotphlc comﬁlex, marklng a zone of d1f£erent1a1

s B

' upllft between the Lwo tectonlc and metamorphlc reglons. Thevpreseures-

1nd1cated for both Kootenay Arc'metamorphl m and ShuSWap metamorphlsm '

._neceséitate' more ‘than 20 km'of uplift Between the end ‘of metamorphism

. _ »”p ‘ ) N e
and the preeej . e ;: RN ‘> . ‘

: ; : :
Tt 1s hoped that thls ftudy has solved §ome of the complex problems;



.which exist in

i A

‘has,indipaCCd diréc@ions:fdr further research.

PN

metamolphlc andg stluctural evolution of the hootenqy Arc is

| ﬁgthan‘givqn‘here;

. on methmqrphi01rocks

the.central Kootenay Are,

+ A detailed geochronolcgibal

from the Koqtenay Arc to eluc1date tlmln

-

and perhaps m0ré impbrtdntly,

It is c]ear rhat the

n

study should be uncerfa&en

of. meta—

l morphlbm whlle at the same time aetallcd perrologlcal studies on the .

. . FL I
Nelson and Kuskanax ”batholths

4

should be .undertaken.

Further work on

metamorphlc rocks in the reg1on of the 1sograds mqued during ‘the course

3

of thlS WOrk should also be undertaken.

R ¢
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more compléx'

249

-



a

ﬂ,b SR )
" REFERENCES CITED
ALBEE, A. L. (1065) hasa equlllbrlum in thrPe asscmblases of kyanite-

L zonc polltmc schlqtb, Ilncoln ounLaLn Quadrangle, Central Vermont.,
v PLLroloqy, 6, 246—)01 '

ANDERSON, A T, (1967),- The dimension_oﬁﬁzsotopic equilibrium attainment
' duriri(7 prograde metdimorphism. J. Cd&]

. 75, 323-332.

ANNLRSTVN H. AND T. EKSTROM'(1971) ©Distribution of major and minor

' elements in coe,LbLJnW'minerals7ﬁrom a metamorphcsed.iron forma-
tion. Lthos, 4, 18§5-204, ' '

ATHERTON, M. (1968) The variation in garnet, bloﬁx%e and chlorite
compo>1tLon in medium grade pCllLlC rocks- from , Dalradian, Scot-
land, with particular reference to the zonatLon' carhet, Contrib,
Mineral. rdnd PeLrolooy, 18, 347- 371,, v A

, AND W. M. EDMUNDS, ’1966) An electron microp
" zpned garnets from metamorphic rocks. Earth and#
Letters, 1, 185~93. '

o)
]
-
w
@]
jat

£ o ' ' ' b
BANNO, S. -(1964)° Petrologlc studies on Qanbagawa crystalline schis
in the Q§c51 Ino’ letTlCt central Sikoku, Japqn ‘ Igiyo niv,
“ Fac. .Sci. Ser 02 . 15, 203- 319 ‘ :

BARTH, T. F. W, (19'6'9) _ Féldsgérs. ' 1'.’1ley—1ﬁt€fsc¥énce, New-York. 261
BENCE, A. E. AND A, LALBEE (1968) Empirical cofrection factors,for
the electron mlcroanaly31s of silicates and oxldes - J. Ceol.,

76 382-403. .
BLACRBURN H,V(1968) /The ,spatial extent of chemical C{Uiliﬁrium 155)
- some hlgh grade met1noroh1c rocks from the Crenv1lle of south- -
eastefn Ontario.’ Cﬁntrlb Mifetal. Perrologi,.IQ 72-92. SRR T

. IS

'BODART;-D; E. (1569) Direct colorlmetrlc de'ermlnabion Of nlckel wich
furildioxime. Z. Anal Chem , 44/ an- 3b

BOETTCHER, A. L. (1970) “The svstem Cal- \1903 -5i0 —H20 at high: pressures
. and temperaturcs. J. Petrology, 11, 337 379. L _—

8 U e e .
BONNICHSEN, B. (1969) Metamorphic pyroxenes and amphiboles.in the i
Biwabik Tron Formation, Dunka River aiea, Minnesota. ineral, ¥

- Soc. . Amer. Spec. Pap. 2, 217-241. B ’

 BROWN, E. 1. (1907)'The'greenschist facies of Eastern Otago, New Zea-— ..

land. * Cowtrib..Mimeral. Petrolopv, 14, 259-292.
g4 T T ' :

-

A g
h.,v‘\‘« . . &



i

251

* . A . ) \' l - . o .
BROWN, L. H. (1963) The Si*t content of narural phengites: A 'discussiomg -
Contrib. Mineral. Petrology, 17, 78481. o ’iyv" h

BURCHFIEL, B% C. AND G. A. DAVIS (1972\ Qt UCLUTll fl"mOVOLR 4; evolu-
" tion of the southuln part of the corunllwran orogen, western
(nlLLJ States. Amer, J. Sv} , 272, 97-118, o

BURNS, R. G. (1970) >Mineralogidal Applications of Crystad’ Field Thcory
Cambridge University Prcss, Cambridge. 224 pp. « :

BUTLER, B. C. M. (1965) A chemical sLud" of the M01nc serles. Qpart.
J. Geol. Soc. Lcndon, 121, 163-208. ] :

(]967) Chemlcal sLudy of minerals from thﬂ h&lne series of the
Ardnamurchan area, Argyllshlre Scotland, J.- Pntlolopy, 8
233—707 i » . S '

-]

CAIRNES, C. E. (1928) Geologlcal reéconnaissancé, in Slocan and Upper
Arrow Lakes area, hootenay District, British Columbia. Geol.
Surv Can. Summ,gerep, 1928, -94~ 108

At <1 L}

CANPBELL R. B. AND H. W. EIPPER (1971) ‘Geolagyrof Boﬁapafte Lake map
area, British LolumbiaQ Geol, Surv.'Can; Mem, 363. 100 pp.

CHRISTIE, 0. H. J. (1962) Feldspar structure and the cquilibrium
betnecn plagloclase and edeote. ‘Amer. J. Sci., 260, 149-153;

CIPRIANI, C., F: P.” SASST AND A. SCIGLARL (1971). Metamorphic white
v micas: deanlLlOHb of paragenetic f1elds._ Schweiz. Mineral.
Petrolopy. Mitt., 51, 259 302 ‘

| C0CCO, G., L. FANFANL AND.P. F. ZANAZZI (1972) Rubidium, In K. Ho .,

' hedepohl Ed. dangbook of CeucHemlstry ‘ Qpringer Ver]ag, Berlin.
s PP. 37-A-1 - 37 A-3 . o : SN
COLFWAN "Re¢ G. AND J. R. CLARh (1968) Pyroxenes in;the blueschast Eac1es ;»
' of California. Amcr ~J. SCL ; 266, ‘43 59 ',_ - : : : -
. CONEY; P ! A5K1972) CorJllleran tectonics and NQrth Amellcan plaxe
' motion.~ Amcl. J."Sci., 272, 603 628 T
- LOOPER A r. (1972) Proyr0831vc me tamorph1Sx “of m“tab”,lt robks Erom o
" the lianst Schist Croup of Southurn Tew. 7Qaland I Pcotrology, “13, B

« o

457-497. " S
AND'J, F. LQVER[N (1970). “Grizenschist amphiboles from Haast |
‘River, New Zecalard. Contrib. Mineral. Petrology, 27, 11-24.

_ - .

-~ CRAWFORD, M. L. (1“66) COMpOSLtIUﬂ of Dla“qu1d;0 dnd - ass c1ﬂted ﬁlnerals
in some schists from Vernont, . S, A ang > Th ‘{xtlﬁnd New -
Zealand, Cwith Lﬂr\anCGS about the pellsgpflLC solvu,., Contrib.
sinerals Petrologny, 13, 269-294, o

\



o ' _ | 252
fRANFORD, M. L. (1972) ﬁlanloclase and cther mineral equ;i br 2 in a

contact metamorphic aureols. LODtrlb Mincral, Petrolooy, 26, 293-
314 ) '

.
7

CROSBY, P. (1900) Structure and Pntrolog" oﬂ,the Contra] Kootenay Lake

"~ Avr€a, British Columbia. . Ph.D. Tnc51s,rHarVa§d University, Cambridge,
Massachusetts, ,JB_pp. ) '

(19683 Tectonic,: plutonlc and metamorphic hlatory of the central
nootenay Arc, British Columbia, Canada. Geol. Soc. &mer. Spec. - -

Pap. 939. 94 pp

-
3

CROWLEY, M. S. AND R." ROY (1%964) Crystalline solubility in the nuscovite
and phlogppite groups. Amer. Mineral., 49,. 345-362

CDEER, W. A., R. A, BOWIE AND J. -ZUSSMAN (1966) An Introducticn tec the
~ " Rock Forming_L aerele, ;ongmans,'Creen and Co.,. Ltd., E?ndon.

.

: : . ) %
DE VORE, G. V. (195%) The role of absorption in the fractionation °n4
distribution of elements. .J. J. Géol., 63, 159-190

DEN TEX, E. (1971) The facies groups and facies series of motaworo iism,
and their relation to- pnysical c¢onditions in the car*h § cruyst.
Lithos, &, 23-31. .
DEWEY, J. F. AND R. J. PANKUTRST (197G) The evolution cof the Scottish
Caledcnides in rc]a%ﬂon to their Jootool< age pattern. fﬁ&:l_EEk'
EdlnburOh Trans Mﬁé, 51--383. ‘ :
. ,/’

¥ 3

DOBRETSOYV, N, L. (196”\ Paragenectic t‘poq and canpoeltlon of vmetamorNiic
pyrogenes. J. De oLroLuov 9, 358-377. . . p
DODDS, C. J. (1285) A Stdd‘ QL,Gn nets and Host Koc .S ’rom the G

EOO'PWQ a o : Tl

A\Jf‘.tdn; nLD@rr:l

C s . _“" . )
Ro-IoWo, ED. (2970) Geol@gy‘and O(UW“H]L mlneta‘q nf vunada
1. Surv, Cnn[‘[cbﬁ.'Gcol.,Rentf 1{‘ 8§38 po

v e 7 . ’ . : N ‘ S . N N .
WM LMD ML P ATHERTON (1971) Pol\x“ct'“ orpnﬁl’fevomr«'m of. -
garnct in the Tanad. Avrecle,’ D“ncnw1 fire. Mithos, %, ,fT—lJA.

oo lren

CEESTROM, T €1972) Coexdisting scapolit: uul piagi
< ;

formaticns in northern Swedeh. o Lithes, S

. ) no N ' L.
(1672) Dotermination of purity of wiveral separatas used in

. . T . c C e el
1 coodnteseretetive roeviev. Can. incval, ) vy, TA3=Th0,
o - LR o~ ——

JoANL G Sl TR (1NN Proseenaive wetanornhias end wroane

: ‘
~ R L N . I . .- N e e
oLoLhe SV rernel oo o nerticest direr e UDorntainas
Part, 1 t { [ ' IS /1., 1-03 ’
;

N : . . L
1 . > P Can Dvenn Jernce oy




Coo : o - ) 253

ERNST, Wi G., Y. SEKI, H. ONUKI AND M. C." GILDERT (1970) - Comparative
‘study of low-grade metaworphism in .Celifornia coast ranges and
Outer mPLamorphtg belt of Japan. GCeol. Soc. Amer. Moin,, 124. 276

" pP- . : o : ) "

. / - N .
EVANS, B. W.,(l964) Coexisting albite and oligoclase in some scHiOts .
from New Zealand. AW\{ Mineral., 49, 173~ 179.

, D. M. SHAW AND D. R. HRUFHLOV (1569) bfapolLte sL01Ch10wctry
Contrib ineral. Petrolog 24, 293-305. ' :

A

FEDIUKOVA, E.«<AND Z. VEJNAR (1971) Optic and cryotwc zoning of garnets
¥ in West Bohemian amphlbolltes Lithos, 4, 205 212,

FLANAGAN,., F. J.ﬁkl973) 1972 values for international geochenmical
reference sarples, Geochim. Cosmochim. Acta, 37, 1139 1201,

e

‘FLEISCHER, M. (1969)' ;A. Geolog1ca1 Survev st?ndards - T. Addltlonal
' data on rocks G-1 and W-1, l955v1967 GLOCth. Cosmochlm[ Acta,
33, 65-79. »\' . o RIEEEN : f, h i

FOSTER, M.  D. (1956)' Corre]atlon of dJoctahedral potasslum micas onmghgﬁh _
° basis of their cn310L relatlonq ,~L “S...Ceuvl. Surv. uULl s 1036- D /,if'
57-67. : :

‘61960) Interpretation of the compdéition of trioétahedral‘micas.
U. S. Ccol. Surv. Prof. Pap: 354-B. 49pp. . : .

FRANCIS,'G..H.‘(1958) Petrologlcal studles ln Glen Urquart Inverness~—-
'shire. Brit. Mus. (Natural Hist.) Mlneralooy ELll vola'l, no. '5,°
123-169, '

. (1964) Further petrological Studl°s in Glen Urquart Inverness-
shire. Brit, Must (Ndtural Hlstorv) W1neralooy Bull@, vol 1, no.
- 6, 165-198. e : : -

. YRIEDMAN, G. (1960) Chemlcal andlyses of rocks with the peLrooraphlc
microscope, Amer. Mineral., 45, 69- 78

EYLES,VJ.'I. (1964) Ccology of the Duncan Lake Area, LardLuu D1urr1ct
‘British Columbia. B. C. Dept. of Mines and Petroldunm Resources
Bull. 49. 387 pp.

. (1967) CGeology of the Ainsuw orth-Kaslo Area, British Columbiz..
B. C. Dept. of Mines and ! Lt‘OlLUW Resources Bull, 58. 1357 pp.
f ) : ..

AND G. E. P+ EASTKOOD»(1662) Geology of the Fefguson Arca, Lar-
“deau District, British Columbia. B. C. Dent. of Mines Bull. 45,

GABRIELSE, H. (l97°) \&oqucr P*LLawbrlan of the Canadlan Coxdlllera
Amer. J. Sci. $521-536, g

“GHOSE, N, -(1968) Genesis of a calc-silicate skarn at Richughuta
01 trict- Palanan, ‘Bihar. [Lull. Geocher, Soc. India, 3, 35-38/




L . | o 254

'GOfD‘IITH J. R. (’960) Lxsolution ot doleomite from calcite. J. feol
- 68, 1032109, : = , R

,AND D. L. GRAF (1950) Subsolidus-relatihns in the system CaCO.,-

) <}gC03—HnC03x J. Geol,, 68, 324-335, . >
&y AND - T, hITFFRS (1962) Studies in the @vetcm CaC03 wgco3-

ILCO3 l "Phase: relations; 2. A method for major element spectyo-
cnemlcal analysms*’ﬁ (omposltJous of some ferroan uolomltes._JL
Ceol Geol,, 70, 7659~ 688 i

AND: H. C. HEARD (1961) Subsolidus phase'relations in the system
CaCO3~ MgCO4.  J. Geol., 69, 45-74, : o

_ AND R. C. WEWTON (1969) p-T-x relations in the system Cécog— .
MgCO3 at high temperatures and prtosures Amey, J. Sci. 267A) 160—
190. :

GOODVAV R. '(1972) 1he dlstrlbutLon of Ga, and Rb in coc>1ot1ng nlound—

hmas%«und phenocryst phases of’ ~some ba51c volcanic rocles Geochim,
Co;mochln Acta, 36, 303-317. : :

N

PORBAleHEV R. (1969) ElOment dlotrlbutloﬁ betvccn blOtlte and Ca- '
am hlbole in“some igneous -and pseudo igneous plLtOﬂlC rocks,
Neues Jahrb.. fur Mineral. Abhandl » 111, 314~ -342. *

-

- CRANT, J.. A, AND P. W. W& SIBLEN (1971) Retrograde zoning .in garret near -

) the second Sllllmunltc isograd, Am., J. btl 270, 281-296, -
.CUIDOTTI C. V. (1969) A comment on ‘A chemical studv of ml{g{ﬁis from
the Moine Schists of Ardnamurchan area Argyllshlre,-vcotland'

by B.-C. M. - Butler and fts 1mochat10ns for the phengite problem ‘

J. Petro ogv lO l64jl70 ' '

(1970) The mlneralo y and petrolowy of the trans#tlon from the |
lower to upper- 51llim1n1te zone'in the Oquossoc Area, MaLne.

.- Petrology, 1 277,336 : L e
HART, S. R (1964) The petrology and isotopic mineral agenrelutipns of
a tontact zone in the Front ‘Range, Colorado. JI. Gedphvys, Res,, 72,

493 525, '

HAUCHTON D."R. (1971) Plagioclasc -scapolite eou1lJ)rium. Can: Mineral,
-854~870, o { ' '

HEITANEN, A, (1967)» On the facies series in various tvpee of metamore

- phism. J. Geol., 75, 187-214.

+

HOLDAWAY | M. .7, (1965) Basic reg 1om11 metancrphic roc*~;an rart of the ‘
hlamqth ountilns, korthern Calitornia.  Amor W;£}t¢i3l°»50"933‘?77

. . » .
(1966) Hvdrothermal stability of clinozoisite plus quartz, Aner.

J. Sci., 264, 643-667. | - :
Hr 9CL S e \



- . . )
HOLD\ AY, M. J. (1972) Thermal LtabllLLV of Al-Fe epidote as Sa function
. of f02 and Fe content. Contr lb Tiineral, Petrology, 37, 307-340.

HOLLISTER, L. S.. (1966) Carnet zoning: an interpretation based on the’
‘Rayleigh fractionation wmodel. Sci., 154, 1647-1651.

__;(1962)K ConLact metamorphism in the K Ol@&hlrod of British Colum-
'&) bia. An cod membey, of- thie_ Ipc:m01pn1c process. (eol. Soc. Amer, -
’ Epll;, 80, 2465-2494, -

3 . ’ )
& . S e

~HORHA§”, P. K. AND G. “ORTEAYI.(1077) dineralog 1cal and c%enlgnl compo-*

sition of some carbonate minerdls from the ZLlloL‘lal Al)>, Tyrol
Au tria. Tachr, V1nerdlq "trolovjecnes'ﬂltt. 17, 46 ) ‘
. ST ] ~ . oo
HUNAHASHI, M., C. W. KD, Y. ONTA AND T, TSUCHIYA €1968) " Co-existence
of plaﬂloglases ‘of dlfrerent compositions in Some plutonlc and
metamorpth rocks. IthOS 1, 356- 373

4'.

( , L. AND . M, MOORE (1973) The c%emolit is ograd fear Marble
“.Lake, Ontario. Can, J. Earth Sci.,‘lO,.93o 947. -

.}iy'xf

J. T, 11964) Etude des réactions d' échange d~ions ¥a-K ddans la

532-541. -

‘-LLS <o, , J. C. EJCELS AXD P. SWITZER (1 972) Effect af
tory ShMDllng eTYor in seochdnistey »Qnd geo cnronolog\ 24¢h Int,
Fuol _Conzr, Proc., Scc. 10, 405- 415 S T .

'JO\LS -J. 61972) An almandine garnet isozrad in cthe Ronars.Pass Area,
btltlbh Columbia: Lno'nﬂtu ‘e of the - ‘Teaction and an thlmitlon of

the. phvsical conditions durlng its formation. Contrxb. lec1al.
Petrolagy, 37, 291-306, .

y S L

L&

':KLEIN, C.. (1969) Coeﬁistinw 75phi$’l“é. “J{ ?Otrc}mgv, 9, 281—330.

[N

KORZQI“SK[I"D” S. (1957) Pn*‘lcochﬁﬁx al Ba§i§“ofrthﬂ An11"‘1s of the

laraconvﬁls oE Hinerals Consultants pureau, lew York. ‘14‘ PP,

\

(19Cﬁ) The theory of 'systems with perfectlv: mobile compunents and
the pgrocess of mineral formation. Arer. J. Scd., 263, 193—205;

hase rule.
reply to’D. F..halll and: W._ S, Fyfe). Gieochim, Cos{’n"r.. Acta,

: : ey
(1966) © On thé the ermodynanics of open 5‘«Lk s and the: pi

(&
30, 829=835. - o K ‘

w

(1967) Factors determining the acidi _
ment of mineral formation.  Minerzliun Deonesti iy 2 1-4,

1

atlic Zening.,  Clarendon Press, Oxford,

R EER T -, | TN

£

(1970) Theery of VPL)

sHerie . muscorite- paraoonlte. Bull, Soc. Franc. AiheraluCristallogr;g»

labora- * -,



- . .

KOSTYUK, E, A. AND V. S. SOBOLEV (1959) Paragenctic types of calei- -
ferous aumphiiholes of ﬂLLumOlphLC rocks. Lithos, 2, 67-82. J
. ~ : e
RHTZ, R. (1959)  Chemical gtudy of carnet, biotite and hotnblende from
gneisses in south-eastyrn Quebeg w1th cmphasis on distribution
of elements in coexisti gg@lnera}f ~J. Geol. s 074 371-402,

7t ] L . /

(1960) " The dlqtrlbutlon‘o rtain clements among coexisting
T Ca- pvroxenes, Ca- 1mp11bole€ and blOtltC in Skarns. Geochin. Cosmo-
,.phlm , 20, l6l 191. )

_ KURAT,. G. AND H G. SCHARB[RE (1972) Comp051t10nnl zoning in gaxnets
: lrom granullte facies rocks of the MoldanublCum zone, Bohemian ',
Wa381t of lowet Austrla Auetr:a Ea¥rth and T’Ianet Sci. Letters,
16, 379-387. , S A , o
: , ' ' . ' — e
TKWAK;‘T. A. P, (1970)  An aLtempt to correlate non- predlcted gmrlatlons
of dlqtrlbutlon coeff1¢1ents w1th mlneralé“~gln internal ighomo-
f&bury Ontarﬁg

‘Contrib. Wlneral Petrolonv 26,199~ AZA.M

LAMBERf: R. ST. J. (1959) The mlneralogy and metamorphlsm of the M01nc ;S
Schists. of “the Morar -and Knoydart Districts of InVerne5>—bh1re..
Trams Roval Soc Ld1nburg_, 63 part 3, no. 25, 553~ 72

LEAKF B. E. (l965) The relatlonsnlp between comp051;aon of Palelferoue L
anptholeq and gradc of metamorphism, In W, 5. Pitcher and G. W.
Flynn, Lds%, Controls of Metamorphlsm Ollver and Boyd, Edinburgh,

299-318. .
[

(1965) The. relaelonsnlp between tetrahedral Al andlmawlmum .
pos51ble octahedral Al in natural calc1ferous nd, sub(alCLferoue
amphiboles. Amhr Mineral. 50, '843-851. - :

: '(1968) Catalogue of analyzed calciferou
‘ joles, Géol.;Soe.‘Amer Spec. Pap.y 98.

and sub-calciferous amphi-

C(1970) ‘The- orlgln of the Connemala m'vmatltes of the ‘Cashal . dis-
trict, Connemara Ireland - Quaft~J: deol. Soc. London 125, 219-
276, ' : - - '

LEECH, G. B., J. A. LOWDON,'C. H. BTOCKWELL AND R. K. .WANLESS (1963)
' - Age determinations and geolefical studies (1nclLd1ng Isotopic ages
= Rept. 4) Geol. Survs Can. Pap 63-17. 138 Pp.

‘

A LITTLE H~'w (1960) Nelson map area.,- west half-Br1tish Columbla.
Geol Surv. Can. Mem. ,308. 205 pp.

LlVINC%TONE K. W (1968) Geology of - ‘the Crawford Bay Map Area. M. Sc.
o The51s, Un1vers1ty of British Columbla Vancouver, British Columbia.




0\

‘ N \ ) ) oo
: : : /

& I e e PR “:;h.g s /\_Ja - owmer TEA 2
LOWDON, J. A. (1900) ;,deturminﬁLions by the Geological Survey of

‘wnada Report 1.7 Geol. Surv, C

an. Pap, 60-17. 51 pp.

~

-4_(196i) Age dei/mlndtLOnb hv t
“%a N

Lport 2. Gool S DUrV, ‘Cin., Pap

, C. . STOCKW Kr H, W. TIPPERs-
dLLfranatlonu and geolosical st
,,opoxt 3. ) Ceol. Surv, Can. Pap.

th“Ogoﬂl(ﬂ] SQrVuHIOf“C@ﬁéda.é . .
61 -17. 127 pp '

Aﬂn"k"'kj MANLESS (1962)  Ase

udles (including lbOLOpLL ages-—

624&}8 139 pps—

(I . AN T e —_—

LYONS, JU B. 'AND S, A. HORSE (1970)

Mg /Te- 1art1L10nLnn in garnat an
[ jis

biotite trom Some gr anitic, pelgtlg and calcic vocks.  Amer,

Mineral.. 231-245,

‘KAV]LOLA A. A, AND R, A HOWIE. (1
GLdUCO 1ane bchlsts and assocxat
hrLtLany, Frauce, Contrib., Minc

972) The mineralogy of the
ed rocks from {le de CrSiIxX; ™
ra] Potrolo?y,f§3, 83 118

}ARARUSH@V,'A. A. (1964) Analysis of
Int., 114-126.
A . . ' o
MATHER, J. D. (1970) The biotite iso
facies in the Ddlruclan rocks of
253 275

MIVAShIRO A. (1953) Calciun-poor ga
Loochlm Lostcnlw Acta, be 179-2

(1958) . Reuional meLamorphlsm o
" in the centyral AbuVuma Plateau
2, 219-272.

(1972) Metaﬁorphism and relate
Amer. J. Sci. 272, '629~656.

-wochR, J. W. H. AND w.)W. HUTCHISON

scapoliteyparagénesis. Geochent

grad and the louer greenschist
Scotland. J. Petrology, 11,

rnet in relation to metamn1phlsm.
c8.

£ the Gosaisyo-Takanuk ) district
Tokvo anv Tac Sci.lJ., Ser. 2,

d magmatism in plate tectonics.

(1971)~ Metamorphic map of the
LAnadlan Cordlllera ~ Ceol. Surv.

, J. G SOUTHER AND H. GABRIELSE
dian Cordillera, a plate tectoni
602 N o \

it

MOORBATH, S.(1967) Recent advances i

“Can, Pan. "70-33. 61 pp.

(1972) Evolution of the Cana-
c model, .Amer, J. Sci., 272, 577~

n the applicatio and interpretation
vRev;,_B; lll—l3v.

of radiometric data. FEarth-Seci.

MOXAM, R. L. (1965) Dlstrlbutlon of
blendes and blOtltEb.. Can. Nlne

minor elements in coex1st1ng horn—
ral., 8, 204 2440,

WUELLER G. AND A. SCHNEIDER (1971)

Chemistry and genesis. of garneto'in
eral Petrologv, 31, 178 200.

metamorphic rocks. Contrlb Hln

 MUNOZ, J. L. AND H. P. EUGSTER,(1969)
reaction in hydrothermal systems

*

Experlnental control of fluorlne

Ljiij Wlneral., 54 943 959,

v

.o

13

257

’



. ' LR U8 - -~

— - ~

hIGCII P. (JOJ!kgﬁocrg_dng Mineral Pooocxts.' W, H: E%Ecman and Co.,
San lrdngxsco 554 pp. ] . ’ ~

’ o ba
¢ ‘ ) ADER
NOhLILFRG . (19?§Q COp s la bOuYCQ OF ! oxvg:g in’ t%c‘mcéosomiLLsmk‘} g gﬁ

of garbonates Amer., J. Sci. ?73 468-514,

. . . & ) - . . L .
O'NIONS, R. K. (1969) Geochronoloev of the Bamble Scector of the Raltic
b i

.Shield, South Norwgy. Ph.D. Thesis, Un‘VLLJLLV of Alucrta LZdmon~

- ton, Alberta. -~.>>/) o . o R A
. f— . ' ‘ . e
, D. G. W. SMITH, H.‘BAADSQAARD'AND R. ! RTON (1969) TInfluecnce
of chemical composition on argon retentiv in metamorphic ca101c
amphiboles from South MNerway. - Earth apd Planet. Sci. Letters, 5,

339-345. . o - ' K

PARK,"C. F. ANR R. S. 'CANNON (1943). Geology and orc deposits of the"
Metaline O

¢ .
24

RAMBERG, H. AND G. DE VORE (1951) The distribution of F&2F and Mg
coexlsLlpg OllYIREB and ‘pyroxenes. J. Geol., 59, 193-210,

in

&

A N . - .
RAMSAY, C. R. (1873) Metamorphism ard Gold Mineralization of Archean
Meta-sediments near Yellowkniie, N.W.T., Canada. = Ph.D,{Thesis,
- -~ — :“ ° i
University of Alberta, ndmogton, Alberta. g

' )"
AND L. R. DAVIDSON (1970)  The origin Sf scapo]lte in the
‘regionally metamorphosed rocks of Mary Kathleen, Quconalund, Austxa—

lia. Contrib. Mingral. Petrology, 25, 41—51.

t

READ, P. B. (1973) Tectonic evolution of rhencentral Kootenay Arc,
British Columbia. Geol. Soc. Amer. Abstr. » 9, 95.
| - N { . S o e :
- REESOR, J. E. AND J. M. MOORE (1971) Petrology and structure of Thor-
Odin gneiss dome, Shuswap Metamorphic Comples, British Columbia.
Geol. Surv. Can. Bull., 195. 147 pp. :

REITAN, P. H. (1972) Dependences of octahedral idh abUndancesiih some
metamorphlc blOtlth (abstr ). Awer. Geophvs. Union. Trans., 53,

550.

:RICE, H)'M A. (1941) Nelson map area --east half British'Coluﬁbia.
: eol. Surv, Can. Mem. 228. 86 PP- o

Iy

¢

RIMSAITE, J. (1964) On mlcas from nagmatlc and metamorpblc rocks.
Leltr. zur Mineral. Petrogr., lO 152- 1§3\ -

ROBINSON, .P., M. ROSS AND H. W. JAFFE (19; Cow5051tlon of the
anthophyllite-gedrite series, compal ns of grdrite- hornblende,
the anthophyllite-gedrite solvus. Amer. Mineral. y 256, 1005-1041.

ngle, \dbhlgoton U. S. Geol, Surv. Prof, Dap. 202f,;



¢

oo ' g

s TN s :
ROEDDER, &t (1972) The data @f PCUChOmiSLCy: conposition of luid
inclugionsy U, S, Geol. Surv! Prof. Pap. 440500 164 pp.

RQSENBERG, P. E. (1967)° Subsolidus rclations in the system CaCOq- M (03~ b

© FeCO3.  Amer. lineral., 52, 787-796, \,
(1968) Subsolidus relations 345 the dolemite join CaMg (CO3)p -
Caife (CO5)p-Ca¥n (CO4)4. Amer. Mineral., 53, 830-839, -

ROSS, M., J. J. PAPLEE AND K. W, SHAW (1969) “Exsolation textures in r
- awmphiboles as indicators of QUbsolldue Lhel 1l histories. ™ Hineral.
Soc. Xmér Spec ‘Pap., 2,7275- 2§? (ﬁhgﬁg_ .- R
» R Sy
LA , v .
RUChLTDFE; J. AND E. L GASPARRINT (1909) L iIPADR VYI.'University of
Toronto, Dept. of Geology . \ ,
. g \\ N .
o s J« V. SHITH.AND-C. R. KNOWLES (1971) X-ray emission micro- i
analysis of rock-forming minerals. VITI, Amphiboles. Can. J« Farth .- \
Sci., 8, 1171-1183, . ' ' ’ - : - ‘ -4

SANDELL, E. B. (195%) ColorlmeLrlc JLLGIandLlOH of Traces of ULALrﬂlS.
Interscience~Pub., New York. 1037 PpP. ’
<47 . N ! ) . : r\
SAXh\A S. K. (1966" DlerJbutlon of eleanLe beLx cen coexisting biotite
and hornblende in metamorphic Caledonidas. lv1n9 to the west and ’
northwest of . frondhCLm Norvay. Neues Jahrb. fur Mineral. Mitt.
3, 6/”80 S o ':l Co v 1. L i

- ~

(l“68a) Eﬁystal—uhemlcal asgects of dlvtflbUt]OH of elLHanb among
'certaln rock-forming 5111caces. uGUu@ Jahrb fur dMineral, ‘b}Indl
108 "292-323, o : :

[ L . . : . ) e
(l968b) Nature'of mixing of ferromagnesian silicates and the . - .. .
~Ssignificance of the distribution coefficient. ' Neues -Jahrb.' fur R
Mireral. Monatsch. 275—286} AN R S

(1969a) Slllcate solld—qolutlons and ﬁeothermometry 3 Dlstrlbu—
tion of Fe and Mg between coexisting garnet aad blothe Contrib.
‘Mineral. Petrology, 22 259 -267. -

(1969b) Dlétrlbutloa of elements in coexisting minerals and the
- problem of chemical disequilibrium in metamorphoséed b351c LOCkS g
Countrib. 1neralb Petrclogy, 20, 177~ 197

T s a SN o
SCHOFIELD, S. J. (1920) Geologv and ore dep051ts of the- Alnsuorth Mlnlng'
' Camp, British Columbla. Geol. Surv,. Can. Wcm.,_ll7 73 pp.

SCHWARCZ H. (1967) The effect of .crystal field stablllzatlon on the " '

dlstrlbutjon of transition metals between metamorphlc minerals.
Geochlm. Cosmochlm Acta, 31, 503 517.




¢ . A

SELFERT, F. AND W, JUHREVER (1971)  Synthesis and stabilicy of fiicas in
the svatem Koa0=tp0-5i0s-a0 and their relations to phingopite., - .
Contrib. Mimeval. Petrology, 30, 196-215.

' . .
CSHAL, DL ML (19060Da)  The geochenmistrw of scanolite, 4;j2t 1. Previous
“ 5 work and general minevalogy. J. Petrology, I, 218-260. '

]
o (1960b) The geochenistry of seapolite, Trades elements,
 petTrplogyamdfencral chemistry. J. Petvology, 1, 201-I85. i
P y e -
S ; :
R, L. DLOXAM, R. H. FILBY AND W. W. LAPIOUSRY (1963a) The
i H /
‘¢ petrology and geochemistry of some Grenville Skarns, Part I.
' . ; - -~ v
{" Geology dnd petrography. Can. Mineral., 7, %20-440.

,{ Y s s “ 7 (1963b) . The petrolosy and geochemistry of
/ some Grenville Skarns. Part IT. Geochemistrv. Can. Mineral., 7,
578-616. #~ -
.. i ‘v‘/

, H. D. ' SCUWARCZ AXD S. SIEPPARD (1965) The’pétrology of two zoned
-»scapéliie skarns. Can. J. Earth Sci., 2, 577-595. .

3 - . -

>

SKIPPE&, @, B. (1971) Experimental data for feqétions in siliceous
“marbles. J. Geol. 79, 457-481, : '

N PR -

“USMITH, D. G. W. ‘AND M. C. TOMLIESCH (1970) Am APL Jlengdage computer
pregram for use .in clectron micronrobé analysis. State Geol.
Surv, Univ. Kansas, Computzr Contrib., +45. I8 pp. '

SMITH, F. G. AND:W. M. LITTLE (1958). Pifling temperaturés of Hy0=COyp
fluid inclusions &nd their significance in geothermometry. - Caa. o
Mineral., 6, 380-388, ' ‘
—_— A 1

SMITH, J.. V. (1965) X~ray. emission microanalysis of rock-forming minerals.
I: expyrimgnﬁfl;techniques. J. Ge0151"23, QBO§§§4;,

. L J , . A

" (1972) Critical reyiew of syntliesis andfgicurredce of plagioclase:
feldsnars and a possible pHase diagram. . J. Geol., 80, 505-525.
A PLOH. RIBBE (1966) X-ray-emission m&cro—énalysis 9f rock form-

ing minerals. III: - Alkali feldspars. J. Geol., 74, 197-216,

8
—_——
o~

SNELLING, N. J. (1957) Notes on the petrology and minéraiogy~of the

Barrovian Metamorphic zones. Geol. Mag., 94, 294-804.
< ’ & . L.

SOUTHER, J..G. (1972) Mesozoic and‘Tertiary volcainism oﬁ/fhe,western

Canadian Cordillera. (Can. Dept. of Energv, Mimes and Resources,’
Earth Phys, Branch, Publ., 42, 55-58. ' T

v

r

SPRY,_ A. (1969) Metamorphic Textures. Pergamon Press, Ltd., Oxford.
350. pp. _ o o ‘

=




261

ik
oy
R

& e
STRENS, R. G. 7. (1264) Upidotes of Lh; horrowdale Vo1canfh rocks of -
central Borrowdale. Mineral., Moom., 33, 848-886. '
?ﬁHLYFLY\ T. R. AND J. V. P. LONG (1969) Quantitative clLrLron—probL
' m1c101n11)51s St rock. fOfmlﬂP minerals. J. Petrolegv, 10, 332--379,

TAKﬁNOUCHI S. AND G. C KENNEDY (]965) The solubility of cagban QlO\lde
" in Ya C1 solutions’ at high tempordruros and” presguro ﬁﬂ?l J.
Sci., 263, r&b 454, . :

THOMPSQN, J. B., JR. (1955) The. thermodynamic basis for thu mineral
facies concept Aper, J. Sci., 253, 65-103. ' :

(1070) Qeochumlcal reaction awd oﬁﬂl systems. Geachim, Cosmochim.
\ACtd, 34 579 551. T B

Y.

N

TURNER, F. J. (1970) Mctamorghi% Petrology. MMcGraw-Hill, New York. 403,

_pPP- . o , | . T«
VELDE, B, (1965)‘Phengité micas: synthe31s, srdb111ty and natural occur— .
rence. Amer. J. Sci., 263, 836-913,, L g‘w~*ﬂmy ‘

(1%67a) Ou(lques observations sur la teneur en aluw1n1um des b10~ .
tlLoo, phengites et chlorites dans les Schistes crlsLalllns . bull’“%
Soc Franc. Mineral. Cristallogr. 90 356 -363;

(1967b3 "Si4+'contcnt of nauuldl phuﬂ"lgeb,; Conttrib. Mineral.

Petrology 14, 250-258. ‘ K f

LL_’

'(1968) -The 514+ content of natural phengltﬂs* - A reply. Contrib,
Mineral. Petrology, 17, 82 84 : :

WALKER, J. F. (1928) Kootenay Lake Discrict;'Britiéh Columbia. Geol.
Surv. Can. Summary Rep. Pt A, 119—136, oy '

.AND M. F. BANCROFT (1959) Lardeau map ared, British Lolumbla
general. geology. Geol. Surv/ Can. Mem. 161, 142 pp

WANLESS, R. K., R. D. STEPHENS, G. R. 'LACHANCE AND.R. Y. H. RIMSAITE 7

Py

Y
2
(1964) Age determ%naLlonc and geologlcal studies. Part 1:
Isotoplc ages, ré?“\ . YGeolo‘Sulv Can. Pap. 64 126 pp.
. R '(1965) Age determinations .u geological
studies. K- Ar 1soﬁ0p c ages rep. 6. geol. Surv. Can. Pap. 65-17. o
. 101 pp. : .,x. _ . e R
, D c. M EDMONDS (1966) Age determinations.and .
geologlcal studies.  K-Ar isotopic ages, rep. 7. Geol. Surv. Can.
Pap. 66 l7 120 pp; .
s L, L, (1967) Age determifiations and.geological stiu-

ies. K-Ar. 1sotop1c ages, rep. 8. Gedl. Surv. Can..Pap.‘67:2 part °,
A, 141 pp. ’ . '



CWETLL, D. F. AND.W. S. TYIGQ (196») “ A dLbcusanﬁHof t\q@LOL/thsle nnd
Thompadn ‘treatment, of thermod¥namnic LQUllLbLJmm JHQUP sy 2tcms_

Geoehim. CO\HOChLm Acta, 28, ,)6)—)76L Lo ‘
. - ,a~—-—-——4»--— -— N o . - . N L
-~ . — ,,1 .’ N - .
Lo R , oo iy, o, o
G M (1967) On cquilibrium thcrmdd?namﬁf¥‘pfw0p¢n sysgems -awd
' the phase rule (a reply to Dy 3. Korzﬁingﬁﬁi) Geclicn, Cosmodhimy
Acta, 31 1167-1176. . ‘f“ S S T
. ) . R ~). B ~'V B . u.‘“ ( .

WERK, L, (l970) DlStflbUtiOD of AL between COE\ISCLH@ micas tdin mutdmor—"f
phic,rocks from the: central alps ) FonLth' Wlnugéng_ﬁ%rolnwv MR
7() 50 61. - . S ) e :;ﬁ_‘.‘ /_‘~ ? “'.‘,4 . ‘e G ‘~f“‘.":""
\LIIF(TIL, G. W., G. L. DAVIS. AND C:2LEE-1IU (1968)@»Rb =5t mu?suanLnLS
on whole rocks and separated minerals rrmngthe Baltimore Cueiss,” *

Maryland. Geol, Soc. ?vgr iull 79, 757L762

CWHEELER, J. 0.7 (1963) - Ro"ers Pass map ‘area, ertlsh Columbla and

M '; Alberta. ‘Ggol.'Surv Can.: Pap., 62-32, 31 pp

, J. D. ALTKEN, M. T. BLRRY, t GABRIFL%I . 4UUI‘(HLSO\I':,_”.
o JACOBY [ J. WL . MONGER, E. h\7 VIBLETT, D K. \@b’PIG i
AND A. STACEY (1972)  The Cordlllcran sL1ucty1alw$10v1 e,

R. &. Price and R. J. W. Dougla$, tdse, Varia iofs, n TLLLbnlc
Stvles .in Canada. Cool Ass Can bnec “Pap 11,46 oB pp

'NHITE, A. J. R. (1959) qLdUOllﬁe ocarlnﬁ malblce and - calc blllcate :
rocks from Tungkillo #and Milendella, Sou o] Austla& am Ceol k(a¢'<,
“96, 285-306. . a I ;7

- i . '_‘.

, B. W. CHAPPEL AND P. JAKES (1972) Coexlstlng cllnopyroxenc ‘gat-' 
. net and amanbgle from an. 'eclogite’, Kauanu; New Zealand

'

" Contrib. Mideral. Petroldgy, 34, 185*191. T ,‘>' -

- s

A
“RINKLER, H. G. F. (1967) Petromenesis of MCti“Orpth chk Springer—' . ﬁﬁz_
Vé%lag:/>;w York. - ‘ e }“L. v f» ) -i-fﬁ..f,/?-

WINZER, S. R, (1973, in prep.) éoned amphiboles. from tﬁe kootenay Arc,
Brltlbh Columbia. Submitted to Contrib, Mineral. Petrnlpgy

‘ '&v:.(('" - B

WONES D. R, (1967) Laver Silicates. Amer. Ccol, Lnst:'Short Course[z: i

22 : Le(gure Vote; " pp. DRW.1- 141 : ‘ “-Lf“ﬁ" A o

. 2
' LI

R

YATES, R. G. (1923) Slnnlflcance of the Kootenay Arc ifi Cordllleran ) ’}i
teetonics,, Geol. Soc. Amer. Abstr. 5 125, L , j
. ; LA, W g
) 3, R, ot ’
YODER, H.’'S. (1950a) The Jadelte problem Part I Amer. J*§ci., 248y
g . 225-248, ' - :
CRe o ' : » . C
:§§;950b) The jadeite problem. Part II. Amer. J. Sci., 248, 312-
DY ' i _ -

e o e e Cee e e

AND H. P. 'EUGGSTER (l955a b) Synthetlc and natural muscov1tes.
+- Geochim, Cosmochim, Acta, 8, 225.

~




263

/[A‘A‘\!” J. AWDR K. Il. WELLEPCUL (1972) Zinc, !-n Koot Vedepohl, Ed., .

Hxnunwnl'wf Geochenintry. uDrlv”r'r—-"nill» Berlinm. pp. 30-D-1 -
30-D- 12. T

ZEN, E-AN (1961) MLnﬁralovy and pLiLology of (hL system Aln04-510,-H,0
: in some pyrophyllite deposits of North Carclina. Amer. Mineral.,
46, 52-65. . :
. : s , -
ZTEBOLD, T, O. AND R. L. OGILVIE (1963) Quantitative analysis with the
“electron micreanalyzer. éﬂﬂ}:wgﬂgﬂ" 35 621-627. ' 2

~ .o

N (1964) An emerlcal method for electron mlctownalysis.;

&ni Chem., 36, 822-827.

, '(l9b6) Correlations of empirical calibration for electron
microanalysis., ‘In T, D. ilcKinley., Id., The Electron Microprcbe. '
Johw Wiley and Sons. pp. 378--389. ' '

¢ ' g " . ] . (r&}\
. . NG



.

APIHTDI T - o

ELECTRON PROBE HMLCROANALYSIS "

I

' )

B . . - ey . - B . A

‘All minerals were anzliyuzed using an Akqu}&Ammcro}rODc cunipped.
P . . v

facilities. The following zencvalyphilosophy was

-

with light elawent
., o . : T . ¢ -
astbered to threughout the two yiear pervied during which the avalyses
: v
were made, First, stapdards_were chogen for their structural and chemi-

cal similarity to the unknowa in erder to fminimize the possibllity of
- wavelength shift caused by valence change and differences in coordina-
. \ '"75, { ) ‘ ‘ . . . ‘8
tiow. hus, -to the farthest extent poszsible, amphiboles were uged s3s .
. ’ : . : .

ma_ or olement standards-for amphiboles, micas for biotite and nscovite,
feldspars for feldspar. Wohere standards were unrceliable for certain
elements; thess 2lements were dene using a standard diSSimilar}structurf

ally, but with a concentration in the desired element which was close fo

- -

‘tho estimated coacentraticn in the sample, An example wiould be Ti ja

the amphibole standard EPS 21-1. Because Ti in this standard is unveli-
able, Ti in EP3 12-1, a biotite, was used.,  Standacrds which had beea ana-

-

lyzed"by,reputable analysts¥and used by, a number of persons in the_ﬁiénp—

probe laboratory at the University of Alberta were usad. -Saveral of the

standards were checked by Remsay (1973) and Frisch (pers. comm.), as
well as by the present author. Ny o ' ’

' Secondly, when doing an ana ysis; sufficient counts ware tuaken ou
‘standard and unknown to keep counting statistics reliable at the ©9%

confidence level. Runs were.made using a 20 second count time at an

pren

accelerating potential of 15 kv and a beam current:of 0.1 migroamp

(approximately 0.01 microamp specimen current),  Those numbers

that did not fit the criteria of homogéneity at the 99% confidence -

LI

o . 264



level were discarded, and further counts were taken.
. - . ‘ } /\) £
Llectron rigroprobe analyses may be carrected in a number of ways,. .
. . - ;4‘ '

but only two methods are used generadly. One ‘method (Smith, 1965) uses

correction curves derived from’'a suite of standards of the same mineral
% ¢ ‘ - . . ' - ‘

as ghe unknown. This method demands a large number of standards, but }
is ¢laimed tec eliminate errors caus'ed by poor standards and differences

between standard and unknown.  Another method, used by Sweatman and v
! : '

~

. Long (1969) uses simple oxides as standards and corrects thie raw results

for atomic number, fluorescence and absorntion. The method of Bence and

Albee (1968) a acveloPment of Lhe mctnﬂw;gf Zlebold and 0"11Vle (l963

15964, 1966) .is widely used and is a connronlse bctween the two,, xhcreln

:a number of oxlde ‘and- carefully selected mwﬁeral standards are: used

S . . v ) p’“

N empirical coefflcien s are derived and corrections applied for a specific

takeoff angle and qcceleratlng potentlal

‘The method used by thls labora&ory uses a full library of standards *

.

and makes corrections ?é atomic number, fluorescénce aﬁd~absorptiqﬂi '
3 S § . . . . e { -
\ S - . ~

. ard
These correctlons aré done by computer using the program'PROBEDATA"‘\r

(Smith and Tomllnson\ 1970) and the FORTRAN prooxan/%WPADR VIT - (Ru}k—
\

. N » .
lidge and Gasparrlnl? 1969). : . . \\g\\)/
. S ot ' L . : ’ R
Jhe mineral standard'method is criticall%gdgﬁendent on the relia—

(4

. . N . . [ ; A_ . ',,
blllty of the standard Sweatman and Long (1969) belieVewthat using a. ’

v

mineral standard spec1ally a complex mlneral standard can cause

a
.

erxrors 1f only one analySLS of the standard is done. Stardards must ‘ O

be checked and applied carefully if this method is tofsucceed in produc- .
- ing reliable :  _ts. Utilizing oxide or simple‘mineral\stégdards may S

L ) . ) . = . . . ] . -
lead to difficulties as well, because matrix corrections may be larga

B - . .
_and significant uncertainties remain in tie correction formulae. Dif-

o . -



Pid

. . ‘ - v ,. : ’ : . ’
. oy o -
icrences in bending and coovdination bu/ytcn ClPWCUt;-ln Llndard an

: I N i
sample may lead to wwyeirnvth bhlft glvlng fdl%t 1nLons1Ly re denga,

~ "

»

”~

and introducing error. For this reasonf/standards~vere chosen whlch

were: of the same mineral type in as many cases as pos51ble. hlth the

-
:
i

proger choice ot counting 'statistics and chorc of standards, the mawl—

i
)

’

mum error will Q& that(Lntroduced by Lhe errOrS'rn the standard analysls.

. S \ )
‘(See Table A-1 for the standards used”in~%§%s studv ) )
r - R ' L ' ~
Oof - the standards used EPS 12 1, 12-2,° 2l l and WS- l have been
| .

evaluated by repeated analvses done in thlS 14Horator> Results of come

)

‘parisons on EPS.erl, 12-2 and WS l may be found im Ramsay (1973) This

- author "Ras done reQetllee analyses on EPS l2 l 12—2 and. 21-1, Result%

\

g for'lZ—l and 12—2 agree~w1th those of Ramsay; LPS 21-1. has been analyzed

.

. « ) . /. 77; “J .

-

_ against EPS 21—2.‘ These results indicate that the observed errors.

o Lot 1,

: ‘ . e W .o L
between twosseparate anéiZ&e@ﬁare*ln most cases within t! . minimum

s

\\fstatlstlcal error to be exp&dtid at the 997 confidence level for the

total counts'recorded

a

Tables A-3 and A—4 olyé the standards,gsed for each elﬂwent analy7ed

o,

Seng,
S

in ea@h mlneral from the reg10na1 metamorphlc rocks and rocks from Koote-

*
,v‘

A

nay Point respectlvely It is 1mmed1ately eriiat that a certain amount
of deviation from the crlterla listed earller WIS necess arv, especially

for .the regional rocks. Certain standards, llke EPH—83‘for feldspar,

eontaln no Ti or Mg, or 1nsuff1c1ent Ca for accurate dgtermlnatlon.

lherefore, another standard (WS=1) was substituted. For Al, whlch is

~not as reliable 1n the amphibole standards, EPM-83 or EPS 6 3 was sub—

stituted. This less than de51rab1e substltutlon was made . because of

0
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" TABLET A=2. " REPEAT ANALYSES OF rpd 21-1, USING EBS 21-2 Ay‘A STANDARD

E ) A . » R -~ - R
. -~ * o " L

, e Lo ’ - L - ‘”_' oo ~
v‘ ’ . ‘ . - .‘LVT . oo .

EPS 21-1, Run 1, " Run 2, lefprencg Run 3, —Diﬁfercnqe (%(l+2)f3)

: percent percefit . 1 -2 .' wet chem.* ™ he

~s - -t .

LERN

cgi. . 21.576 21.655 . <4079 21.217 ° .398 B
Ti N ' O ‘ .Ol 3
AL . 8.776 '8.695
Fe . 2.845 2,842
. i . .028 < .029
Mg 10,745 10.392
Ca - 7.874  7.933
Nar . .771 777
K > .094 _ .0%7  -.003, 133 037 T T

cr - Gose “.0% o - o .7

.081 9,83 1.150° ., \
003 - 2,728 %, .  .l116 . '
L0010 -.047 - .018 )
.353 . 9.879 " CoC .690 - - "/':

.059 8,73 /. ~ 830,

1 + 1_4 + 1

Z,.

“ . o S ]
Run 3 s the wet chombcal analxsis 0f amphibole No. 67 ‘in RuéklldgL
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Element
Si
Ti

AL
Te
Mn
Mg
Ca
Na

-K
cl.”

s F
Ba

Element

Si
" Ti
Al
Fe
Mn
Mg
AG%
Na

K o«
Cl

F
Ba

r—
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TABLE A-3 .
STANDARDS USED IN LLECTRON MICROPROBE ANALYSES
. ’ e
~ OF REGIONAL METAMORPHIC MINERALS:
MusquitC Biotite: Amphibole Plagiorlase  K-Feldspar’ o
WS-1 ws-1 .  WS-1 WS-1 WS-1
. WS-1 WS-l “HS-1 ws-1 us-1
JEPM 83 EPM 83 EPS 6-3 EPS 6-3 EPM 82
WS-1 ', . . W81 - S Ws-1 "WS-1 WS-1 _
EPS 7-10 EPS 7-10 EPS 7-10 EPS 7-10 EPS i-10
CWS-1°  WS-1- Ws-1 WS-1 Ws~1
- EPS 6-3 EPS 6-3 ws-1 LPS 6-3 EPS 6-3
EPS 6-3 .._.EPS 6-3  [PS 6-3 EPS 6-3 FPS 6-3
EPM 83 EPM 83 WS-1 WS-1 EPM &7
EPS 21-2 EPS 21-2 EPS 21-2 - -
CEPS 21-2  EPS 21-2  ILPS 21-2 - -
EPS 11-3 EPS 11-3 EPS 11-3 ~ - <
STANDARDS USED IN ELECTRON MICROPROBE ANALYSES
~ OF REGTONAL METAMORPHIC MINERALS
Carbonate’. Garnet Sphene Epidote  Diopside Chlorite
Cows-1 WS-l HS-1 As-T7 Ws-1 -1
Ws-1 . . -WS-1 Ws-1 WS-1 Ws-1 -1
EPS '6-3 EPS 6-3 EPS 6-3 | EPS 6-3 EPS 6-3 [EP 117-83
ws-1 WS-I WS=1.° ™ - Ws-1 WS-1 WS-1
EPS- 7-10 EPS 7-10 EPS 7-10 EPS 7-10 EPS 7-1C EP" 7-10
WS-1 " Ws-1 ws-1 Ws-1 WS-l -
Ws-1 EPS 6-3 - .EPS 6-3 EPS 6-3 ' EPS 6-3 * EPL .-3
EPS 6~3 EES "6-3 . EPS 6-3 EPS 6-3 EPS 6-3. EPS 6-3
ws-1 . WS-1 SWs-1 Ws-1- Ws-1 EPM 83 -
- - - - - EPS 21-2
- . - - - - EPS 21-2
- - - - - EPS 11-3
\\\\." r};ﬂ t]k ’
b / -
« _// "'.\\ N
N _
a 2'3‘\ ; =
S B
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" TABLE A-4

STANDARDS USED IN ELECTROX MICROPROBE AN;\LYSES“

OF MINERALS FROM KOOTENAY POINT N

Element Biotite Hernb lende Plagioclase K-—Fcldspa.r’ Diopside
Si LPS 12-2 - EPS-21-1, .. - - ' - - EPS 6-3, T
. WS-1 - . CPX~2
T1i . EPS 12-2 - EPS 12-2, - ' ‘ - CPX=4
‘ : ~ _EPS 12-1, : : -
v : WS-1 . v
Al CEPS 12-2 |, . EPS 21-1, -  _ o - CPX—4
EPS 12-2, ' .
R WS-1 . R
Fe - = EPS 12-2 EPS 21-1, - SR © . CPX-%
: EPS (12-2, ‘ - . ) '
: WS-1 - o | ‘ | . ™
Mp o EPS 12-13 - gpg 12- = . - CPX~2 '
" EPS 12-2 EPS 7-10
o EPS 7-10 , S , . =
Mg - EPS 12-2 EPS 21-1 - 4 ©~ 7 opx-2
“WS-1 - N g L
Ca . ,EPS 21-1 ... EPS 21-1 EPS 6~3 - EPS 6-3 - EPS.6-3
. v WS-1 ‘ . ’ CPX~2
Na  EPS 12-2 'EPS 21-1 - EPM 83 .- EPM 83  EPS 6-3,
, . . EP5 12-2 ' CPX--4 :
S WS-1 ,
K .  EPSA2-2 EPS 12-2 EPM 83t - EPM 83 -
cl EPS 12-1 EPS 12-1 -- : - -
F EPS 12-2 . EPS 12-2 . - - : -
-, : , 7 -
cr - ’ - e = CPX-4
S - - - T - v
; ¥
) -



T TABLE A-4 CONTTHUED

Element Epidote
L]

5i
Ti

Al

Ws-1

WS-1

WS-1

WS=1

EPS

EPS .
Lo

“12-1

12-1

12-1

Sphene

LPS

EPS

EPS

EPS
EPS
EPS
EPS
EPS

EPS

21-1

12-2

21-1

12-1

21-1

21-1

21-1

21-1

" EPS 22-7

‘Scapolite

0

FSP-5

FSP-4

PSPt
Fsﬁ-s
FSP-5
EPS 12-1
EPS 12-1

L4

Carbohate, Calcite, Dolomite,

" Magnesite

271



two biotite standards EPS 12-1 and 12-2 were destroyed by repolishing

A B
before the regional work,was done. The effects of Al in two coordina-

[y

tions (in biotite and hornblende,. and to some extent in pyroxene and

.

epidote) are not completely known, but the differenécs tetween similar
. . . : S

minerals from the tcg{on and the Point are small. Tove different
. (2 - s .

mineral standards were used, an attempt was made tc use a standard with

a higher concentration of the desired element to reduce multiplication
of errors. -This method worked in all cases except for Ti in sphene and
" .Ca and Mg in the carponates. The most serious complication involves

the deterﬂination of Ca.in thevregional carbonates. tFor.these, the

4 )
Kakanui Kaersutite (WS- l) was used as a standard resulting in.a multi-

pllcatlon factor of 5 between standard and sample concentrations.’

.Table A—S reports the general error ranges, in- percent of the total
present, for all elements analyecd in all mlnerals from the Point andu'
the region. Where evaluatiqn of .the standard was not made (beyond that_v
given in the laboratory), .the error quoted 1s the statlstlcal countlng

error at the 99% confidente level.i.Thls is done realizing that other

errors are present, as discussed b¥ Sweatman and Long (1969). Errors in
. g . . L -

. ’ : Y . o .
the major elements usually are less than 3% of the total present and for

minor and trace,elements;‘generally less than 5%. Errors in a few early

analyses- in the course of this. work may be uptto 10% of the total present

for sonebelements._ : ' | W
' ' <
WHOLE ROCK ANALYSES
8
Rock analyses were carrled out by two dlfferent nethods. XRF anal— {

. \ .
yses were qade on about 90 rocks fron the P01nt through the courtesy of nry -

J. G., quland of Durhan University. Rocks from the Kootenay reglon were

B\

72
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*Note, lower limits

Y

COPABLE A=5.  GERERAL ANALYTTCAL ERROR RANGES

TN TUE MICROPROBE MINERAL AXALYSES* - o ,

. .
Percent Relative Ervor (Maximum Ranges)

Elcment Minerals \from Regional ‘Minerals from Kootenay Point
' Metamskphic Rocks : _ ‘ ‘ "
Si <0.8 0.55-1.9
CTi . L5 1.5-3.7
Al . < 0.8-2.0 0.9-10
Fe 2.6 . 2.6-3.4
Mn 7 7
Mg 0.51 2.5-6.9
Ca 0.1 0.1-9
Na. N.D. 17-30
<0.8-..1 ‘ 0.9-1.1.
Cl 2.5 2.5 o
F : ~ 2.5 2.5
“Ba 2.5-7 2.5-7
Cr. J 2.5-7 2.5-7 . ¢
S 2.5-7 2.5-7

in some cases below statistical Gounting error.

\here errors in standards cannot. be estimated (through;cross—analysis)

statistical couynting errors.are chosen.

An accurate analtsis of the

precision of the microprobe rcsultq;cannot be made using the -data

available.
nunbers of counts on samples,

The .statistical counting errors were evaluated from
but such crrors must also be evaluated

for counts.on standard, as well as for pbackzround on both sample and

standard.

Other analytical errors ‘also contribute to the total error.

" The results shown on this table are only a rough guide.



¢
~/

N

~J

I~

L . ! » > '/
i , : L N\ v g
analyzed using a modificatien of the method of Friedman (1960).

. Samples from the Point were treated in the folloving manner: "a

5 c¢m square block sample was cut from the hand specimen. Care was taken
\ : s -
to cut-away a1l weatheled matevial, From this block, one or two thin

scctions were cut, usual]v at a diagonal or parn]lel 1Pd #orpendicular
' to folintion. These sections were polished for microprobe work. ' The

block was then crushed using a jaw crusher. A large porcelain mortar
vas then used for further reduction. Care was takern at this stage to

B . [ . . . o
orinding, since contamination could result., Speccimens were \\§x‘ '
nded to break them into sufficiently small size to go into the swing-

- 3

mill. The spec1men was reduced. to a flﬂL powder in a rotary swingmill

using tungsten carbide'heads to minimize contamination. Ihe mill was

g N z . . ' - o . ‘.‘ .

thoroughly cleaned between each specimen.
! 7

The powder was ground, homogeniéed by successive mixing and ali-

fquots taken for mlneral sepdrat1on and. for}rhemlcal analy51s.‘ Care @as'
- X N .
taken to as§uhe“thor0ugh mixing before.taking any aliquot. About 5
. v

ounces of materld] were taken for XRF anelysrs.ﬂ Four samples, chosen <
) ~5 n? &u . ,‘
as representatives of the rock types on the:Pbint,v ere taken as ali-

I ‘ 7
quots from.the matellal separated for XRE. analysea. »These fou:f)amples\ﬁ\\
. % . N —
'were used as standards ‘and were analyzed (wet chemlcally) by A. Stelmach

, Of the Departmept of Geology..\These analyses, with their corresponding

_ XRF analyses are given-in Table A<6. . . . .

- i
R L -

' . .
. o

Comparlson of standards done by wet chemistry and tho XRF analyses'

n . . -, )
°
.

do not show good agreement. The aVerage error encountered for ' maJor

- -

_ elementS'is about 15% of the total present.' The worst major elements

are Na, Mg and Al others show'error of aboht 10% of the‘total ptesent;

‘For " the most part, the errors are not systematlc, elements“Sl, Tl. Al, RS

. L .
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. N A“‘ )
Ca, Na and PZO5 may be substantially above or_below the wet chemical

ot

value. In goooral Tl-1 and T1-9 give the best analyses, T4~8 is not

}f&s bad, and Tl-5, a quartz syenite bives'the worst analysis., Tl-1

is a cale-¢ ilicate, T1-9 and T4- 8 are "amphibolites"

The analyses were carried out using a Phillips 12-12 X-ray fluo-

rescence spectrometer equipped with aucomatic cample loader and tape

N

~printout. The analyses.are compared to a set of curves generated by -

using a suite of about ZQ%standards and corrected to these curves by

— . . . o )
linear recression equation. Errors occur if the ‘samples fall outside

the range of calibration of the standards. Hoéever all the'staqdard

"

samples chosen are within the renges of the XRF standards used ‘Another
source ofverror is iﬁhomogeneity in the sample, resulting in a differ—

ence between'the.portion analyzeduby-wet,ohemistry and that by.XRF. : o
This seems unlikely in.the light of»careltaken to assure'homogeneity.

If the entire sample was not'used for the pelleta and care was not :>;

taken to homogenize the'sample,_an unrepresentat‘ e sdmple‘would result.

Inhomogeneities :also result if preésed pellets are.usedf sinpe biotite

or muscovite may align in layérs giVing bias in the results, The'fact-
m .

that K, Mg and Fe (the essential elements in biotite) ‘are uniformly

high suggests this possibility.; Other errors may ‘evolve from imprbper

peak setting, wavelength shift instrument instability and.the type

- . -

of correction used The correctaon program 1tself 1s 51mplified in

such a manner that samples falling near the extreme values of the

standards might be biased. The author does noU///ye data on operating ot
. )\t} ' \

conditions during the run, ‘S0 no’ evaluation is p0851ble.

Rocks from the region were analyzed USlng a modification of the t"

T % . . A N . . . e
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. corresponding most closely to the optical determination -used.
: . -

‘case of biotite or hornblende, a mineral from a rock oY -

1

method of Friedman (I 6J). Modes wgre obtained from thip sections using
o . (é.. ) :
1200 counts on each section. VWhere sections parallel and perpendicular

to follatlon we ro LuH ~the two were combined to obtain the mode used

+

Lo
\ %

for calculation{ "Mincral densifics were obtained from beer, Howie and
Zussman (1966) for wmincrals closest in composition to these in the sam-
ple. The modal percentage was corrected to weight percentage using the
density figures. “Electron probe analyses for minerals present in the

‘ ‘ N
rock were used in the calculation, as most of the silicate phases had

been analyzed. Those minerals not analyzed (usually .a carbonate or a

plagioclase) but preeent were classified opticaly, and the analysis
‘ &

&

milar compo-

“gition and grade was used for the calculation. T4-8 was used as a stan-

BB

~"dard and the calculation carried through, Table, A~7 presents the

results as well as the percentage difference from_the amouat present as

determined by wet chemistry. The agreement is quit% reasonable for all

"maJor elements except Na and, K. . Errors in h pOSSL§T re%ult ﬁrom the

;problem of the orﬁbntatnon of blOtlLe but may also result from the

»

problem of detecting untwinned plagioclase or K-Eeldspar when.quartz ig

.
present, 1he;}ow total for 8102, heav1ly dependent on quartzg supports

s
.

thlS suggestion. . MlSldent fication of soda leglOCLase would result in
’ y - . .
higher Na and lower Si. The aVerage relative error'fbr major eleéments

4 s

is about 5%, with larger relative errors -for TiO, and MnO.- The errors

v 2
involved are natufally dependent on errors in the microprobe analyses,
as well as,thb§e}4ge_to errors in the mode. ﬁnotheriposeible source of

Y

N ) .\ ‘ ) - . - - » » - -
error is that of\gbtalnlng an unrepresentative thin section from an

inhomogeneous rock. ‘This source of error wpnld affect percentages of

297



TABLE A-7. ROCK COMPOSITION BY MODAL ANALYSTS,-

_ AFTER THE METHOD OF FRIEDMAN (19060)

Element " WGttéhemi¢al Analysis Modal'Analysisi % Differeafd of
‘ 1T4-8 : ’ T4-8 ' Amount Present
Si0_" . 48.20 : " 45.99 4.59
1105 - 198 . 200 6.06
A1,04 , 13.73 14.48 5.46
FeO 12.13 _ c 12,27 : 1:15
MnO .17 , .21 ' 23,53
MgO 6.70 T 6.24 6.87 . -~ . :
Ca0 12.03 11,75 . 2.33 , \
Na,0 1.65 1.85 12,12 "
K50 S8 . 1.42 65,12
Ba0 - 'ND . T otr .
- cl ' A ND . .02 -
F ND ' C .06 7 . >
HO - TR @.42 85.86
99.81 _—

Total 99,29

elements when comparing a bulk analysis. agninst zn analysis calculated

from the mode. This type of error is not- considered to be a problem
here,. since the size of the chemical system déalt with when discussing

-

the results of the mineral analyses ié‘smaller than that of the thin

section used. The differences between we&fchémical-analysis and calcu-
' : _ e T _ ]

¥cases, the statistical error

o _ ¢ ST : .

that could be introduced in the poinpj?%unting; This latter error will

lated composition do not exceed, in mos

iy v

- .be simply related to the total numbe®. of poirits counted "for each

v mineral, -




APPENDIX 2

’ ‘ TRACE ELEMENT AND ISOTOPIC ANALYSIS

.
\ : . . it
\ . - .

' The determination of Co, Cu, Zn, Cr, Mn, Li, Ni, Ga, Ba, Rb

and-Sr, K and Ar is described in this appendix.
g v

\ Separatioh procedures follow the crushing of the samples (refer to )

Appendix 1 for details). . Mineral separations were done using the Franz

Isodynamic Separator follow: I by gravilty separation using heavyfliquids
. - ' .

(tetfabfomoethane and methylvne iodide). Repeated runs th*ough the
separator and- heavy llqulds were made unmll sample purlt} was 99.5%

(vased on grain counts under the binocular ‘microscopé). The main
1 . c ' ‘ »
- contaminants at the 0.5% level were either biotite or hornblende (visi-=

ble), but sometimes small amoungs of epidote appeéred;d

‘K-Rb procedure d _ T B -

‘' The procedure for deterdining potassium,and»rubidium differs some--.
. . B a ‘ '

what from the normal single-spike procedure, K Was determined by iso-

tope dilution along with Rb by K-Rb double epiking. A AOJLg;sample-

wae weighed into a teflon beaker-which had been .soaked in 1:1 hdt‘con-

a “
u

centrated HNOSLand thoroughl& rinsed with demiﬁeralized .water., Five ml f?

hY

of Aristar HF, 2 ml of dlSLllled 50/ HNO3 and about, 20&4g Rbs? spike
.were added to the sample. Thls solutlon was ‘allowed to evaporate to dry—
ness,and to bake gently_for a ehoft perlod of time, wgereupon'l ml 507%
-dﬁ03 (dlstllled) was added and the process repeated “He residuelﬁaé‘

then taken up in. 2 ml 50% distilled HNO3 and 10 ml double dlstllled

H20. The solutlon was carefully stirred and allowed to cool to room



te pcrlturc An aliquot wns‘taken frOm the ~2 12 ml of -solurion, ‘and

approxlmatel) 0.7 cc. of hll splke solution added. The aliquot weight

\,

was known, allowing the exact amount of hél spike solution to be deter-

£y

mined by difference.. -This solution, now spiked for both K and Rb, was

run on the nrass spectrometer. ‘)
g ’ > v

- Sr procedure
. .,

The isotope dilution procedure for extraction and determination of

St is the same as that used by R. K. O'Nions (l969),

t\

) . -
‘Baxgrocedure : ) o7
\ ;\Ballum was determined by 1sotope dllutlon. Originally,.the combined

.v" | . ~ * - ‘.\ ; : .
'lagalysis of barium with strontium was attempted by double-spiking, as .

. _ ~4
with K and Rb, but the method failed. Barium was determined aldpe using

) the;TolZowgg\\;focedure' S ‘ﬂ. : . ' _ v 'e;
‘ A sample welghlng about 0.01 g was spiked with Ral 7 (81
enrlched) The sample plus splke solution was allowed to evaporate to

dryness,_whereupon 3 ml HF (Arlstar) and 3 ml 1:1 HN03 were added. The

solutlon was agaln allowed to evaporate to dryness and 0.5 cc HN03 (1: l) _

added After the flnal evaporatlon, the re51due was taken up in 1 ml

1: l HNO3 and transferred to a centrlfuoe tube. A few drops of HZSOA
(1:1) were addcd)to prec1p1tate barlum sulfate. "The prec1p1tat10n often
took several hours: espec1ally in the case of amphlbole samples where Ba
is prcsent‘in small amounts. Centrlfuging aided in bringlng down the
hprecipitater After concentrating the Basqafprec1p1tate, the supernate
© was decanted and the precipitate‘washed with doubleedistilled’Hzo f HNO3.

fThe prec1pitate was then taken up in a very small amount of water and

loaded d1rectly on to a Ta fllament for the mass spectrometer run.

280
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Argon procedure

N

‘Argons were run by G. Bonnet of the University of Alberta on 0.5-

1 gm samples of COapse biotite separated for this purpose. The method

¥

is .described by 0'Nions (1969). 4 . ‘ K

. L ) ¥ . i 1
Ba, Sr, Rb and K were run on a 6" solid source mass.spec.rometer

utilizing rapid peak switching and digital output.s The instrument was

~built by Dr.'Gé L. Cumming of the Physics Department pf'thé>University

\

of Alberta,

N

4 . . : H '
Errors: Maximum errors for determinations in the University of Alberta
isotope geology laboratories are: Ba 17, Rb *2%, K 12%; Ar *27%

- S ' b

Y .
Laboratory errors for nonwal Sr are *1% for

X

(Baadsgaard, pers. comm.).

amouhts greater than 30 ppm, aﬁdiup to 10% for amounts of less than 3 -

Lo .
by ~ .

ppm. _Error‘in detefmiﬁation of srd7 is 1% at. Repeat Sr

.r

*
87 /Sr87N
analyses done on clean biotite samples from the area dofnotvshow St

accuracies that are as good as expected from repeats on laboratory st n-

dafds,.since SrN is very low. Errors of up to 10% in total Sr are

enéountered,:but the.error in the Sf87/Sr86,ratio iS'conéiderably less -

_ . _ S a7k
because of the high proportion of'Sr87 .

’

v .

Cﬁn~Cu, an Cr, Mn, Li, Ga, Ni separatioﬁ and determination .
Ga .and Ni were determinéd by coldrimetry, following the extraction

progedure to be described. All other elements wefte determined by atomic.
‘absorption. Initial amounts of trace elements were estimated from pub-
lished analyses of biotite and hornblende. From the estimates, an opti~' =~

mum sample size was determined, taking into account the‘availability
of sample and the. amount of contentration required to bring the solution

b
I
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-b'\" " . [ .
to be measured into the ringe of sensttivity of tlie inscrument. A
o P ' o
j ‘ | N . . ,
" sample, usuallv 2- 3 g, Aras choscn as optlmum. The extraction'

b .
pfocedure is Lhat of” Saadcll (1059), whlle the furlldlo\cme proccdure

r s

is that' of Eodart (l969).?,Atomic ebsorption was uscd‘for“mcasurement

of the other clepefits. S3e 'Fig. A2-1 for detailed procedure.

l
AT v T
check on the accuracy of g:e determinatidnsl The analytical data; along
Ik
\ ,

w1th ranges and accepted values are. pre&fnted in [Table A7~l. It.is

Internatlonal USCS- ;ﬂ‘ére-ce samoles G~ l and W-1 were run as a .

1mmed1ately obVJous -from examination of the values for the two standards

that the G-1 analyses are apomalous. This standard has been circulated

among several persons duriugwthe perlod of its residence in the labora—
tories ot the University of—Alherta <Baadsgaard, pers. comm. ). lt is
also part of the earl; set of G—l:separates,vwhiCh were dot ground as
flnely ‘as latcr batches (Flelscher, 1969) . I% appears, from coﬁparisoo
~with the apalyses for le, that G-1 has bcen contamlnated or 1s.ho'

longer. representative of /the aygrage because of successive fractiona-

_tion due. to poor aliquot tec niQue. For these reasons, it is not used

in the error estlmatlon for the work presented here.

Ehamlnatlon of the values for W—- l 1nd1cates that some elements wheck f

rore closely'than others, 'so error must be estimated separatelyr Gallium

t

'would appear to have only the nominal error in the method or about
: +2/ (relatlve) ithlun using the average value, ‘gives the relatlve
difference of +304, C1+7A, Cu+lA, Cox50%, Zn*l5%,. Mn+23A and Ni43%.

These must be considered maximum possible errors, "the mean dev1at10n

+

.being con51derably less. ‘Precision is about 27 for‘all elements

determined, and" these are the error limits .shown on the diagkams.
. . . . [ .
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Fig., A2-1l. Lxtraction procedure fdr trace elements from amphihdles and

biotites.

2-3gp

ample

N ‘ : HF + Hh03 Blssolurlon, Fvuooratlon

HCl Dissolution, Evaporation

B - \
. : Dissolve in 6M HC1

-

Remaining Metal <g____;J Metal Chlorides _;>EXtrac£.with.__;§>Fe + Ga
‘Chlorides . . . - — ~ ethyl ether

Dllute to 100 ml : s o Reduce Fe with

TiCly and

P-'b'é ;
Aliquot 15 m]— _ t\, >

AN @

Li, Cr,mhMn

85 ml>aI€EBQE§S ‘ Determination of R Voo
Metal Chloride ‘ . Li, Cr, Mn by ) - [Ga].
: - atomic- absorption : v \L
Add 4g-Citric acid = o o - Deterﬂlnatlon of
» adjust pH to 6.5 o S -~ Ga with Rhodamlne B
Precipitate with HyS . o }
'TFilter off solution, , '
dissolve precipitate- o R
in HNO4 (5%) i NS
Cu, Co, Ni, Zn in — "A5>jNi}‘ : \»Determlnatlon of Ni by
HNO, solution AR T cxfurlldloxeme

Cu, Co, NI,| .. e o
Zn | . o e

- Determination of Cu, Co, Zn ™
by atomic absorptiom

V\tLaLt ‘Ga with
lsopropyl ether -

283.
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Part of\ths\problcm with the use of W-1 or G-1 as reference stand- ~

ardiis the wide range of values found by.analvsts from different labo-

ratories. All elements except Co fall w1th1n the ranpes found by other
analysts; thus, only the Co analyses cah be suspccted as being actually
incorrect. The ‘others demonstrate the ability of this analyst to

approximate average or accepted values. 1In two of the three cases where
. . ) M N s - . r
recommended values exist (Ga, Cu, Zn), these analyses are very close to

the recommended value. The reader may use all values as an approxima-
. tion of maximum relative error, keeping in mind that the largest devia—

tions occur where average values are quoted.

o

K50 in biotite¥”a note: 7"

Engel (1972) and Ingamclls et al. (1972) have done<studies on- the
'effect of sampllng procedure and contamlnants present on RZO determina—-
tlons on blotltes used for K—Ar.datinp; Both authors found differencest
'1nvolv1ng sampllng procedures, and Lngel (1972) showed that qu1te largel
dlfferences could be establlshed between mlcroprobe results and bu;k

- determinations of KZO' Table A2-2 gives KQO determinations for micro-

:probe results and for isotope dilution. . The results show that up to 2%

'absolute difference between analytlcal results may - be obtalned This dlf)\/_ij

' ference is well out51deAthe error of either analytical method. _The

~ &

cause lies in contamination of biotite by intercrystalline ~hlorite - O
< : W ST . » | _ e
which - is too fine to be removed by grinding even to the limits defined
;1 S T ' o ‘ c *
in this work.. Chlorite can be seen in some grains in thin section, but -
. S ’ . N ) :

on the whole tney appear remarkably fresh. U31ng the dlfferences found'
»for thls work blotite analyses could be corrected for tnace elements

i_1f values for chlor1te were available,

v
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\\.\ . vTABLE‘ AZ—i. C‘dl-ll'xl\RISON or 1(20 IN BIOTITE ANALYZED BY .
| 4\\\_\- ISOTOPE‘DILUT‘[O\N AND BY ELECTRON MICROPROBE |
R 3 o |
‘Samplll.e' %KZ;O (Microprobe) %KZ'O (Isotope Dilution) ADifferen(:e
| 205-500 = 9.94 | 9.90 0,04 |
BV L9.47 : | ‘8.06 -1.41 .
STl | 10.41 | : B 9.06 J -1.35
j3llé; e }9.24" L 1092 “‘}, ~1.32
T1-9 : 949 . g8.78 | ~0.71
498-199-146E 10.15 ' .20 o195
T2-15 o 9,73 o 9.05 E ~0.68
f;q§13E : I R ; 8.52 —1.39
126 R 9.5 | | 8,96 ~ -0.56 =
YoT1-8 : »;9.53’ , J%  - | 9.39 . ,_ ~0.54
240-137E /9.70 - ) - 8.49 o -1.21
\ »
.
A
IS
o
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TABLE A2-1. ANALYTICAL RESULTS.TFOR STANDARDS .G-1 AND W-1,

Ga | Li Cr Cu Co ~  7n Mn . Ni
Accepted  19.6% 22 20  13% 2.4 45 ' 195 1
Value ’
G-1 Range 15-18 17-25 9+43 8-20 1.3~ 25-55 147-245 1-21
' : o .10 210350
- . ¥ / B : 1
This. _ - 16 12 % 27 2 57 125 292
Study , . : , ‘
‘Accepted  16%  14.5 114, 110% 47 86* 1278 . 76
Value - 7 3 ,v“‘ L L
W-1 Range 13-37 8-15  76- 100~  33-54 42-95 903 29-93
N 148 140 . 1393
This 16 10 123 111 24 -- 73 981 . 43 .
Study _ - - ‘ o o . ~ N S
'*Recommend‘ed (Flanagaa, 1973)' - ‘ - ik
Ranges Fleischer -(1969)
ki [} - / ! ’
s y
‘ oo s
/! ? -
: >
)
- -



Sample Number *

APPENDIX 3 ’ .

ASSEMBLAGES TROM REGIONATL HETAMORPHIC ROCKS NOT INCLUDED IN'TABLE 3

SLBT-4

" 5LBT-5

SLBT-6

5LBT-7
SLBT-8

5LBT~9
S5LBT-190
5LBT-11

5LBT-12"

“5LBT-13

SLBT-14

S5LBT-18

-

5LBT-19

'SLBT-21

l 6LBT-23

6LBT-24

“6LBT-25

6LBT-26 -

“ 6LBT-27

* Dolomite - calcite — quartz - muscovite

Diopside - calcite - tremolite (\\ ‘

Assemblages from Regional Metamorphic Rocks

—

s
\

"Quartz ~ K~feldspar - muscovite -~ carbonate

‘Dolomite - calcite —‘quartz'— muscovi.te

Amphibole - chlorite—— quartz - feldspar - carbonate -
magnetite ~ opaque

Quartz - X- ledbpar - chlorite -~ biotitef - hematite -
carbondte ‘ :

No thin section.

. ] - o
K-feldspar - quartz - chlorite - muscovite - calcite
K-feldspar - quartz - muscovite - chlorite - pyrite

. . o “n
Quartz - K-feldspar - chilorite - muscovite - calcite _

. Quartz - chlorite - calcite - hematite -~ dolomite -

K-feldspar

No thin ‘section. R

. Plagioclase - microcline - » quartz - biotite —‘maouetite

- sphene ' R f) SR . .

Microcline - quartz - plagloclase - blOtLte ~ sphene -
muscovite ’ : :

e

~Calc1te - quartz - pyrite - feldspar ~ sphene - tremo—
. lite - phlo zopite. ~ chlorlte .

3

’No thin section.

Biotite - plagioclase - K- feldspar - staurollte (7)»—

carbonate - rutile - ilmenite - pyr*te.
.

‘ Hornblende - quartz- - plaglqglase - magne\\te - blotlte
- — chlorite .- K—feldopar (?) "

0 .

Hornblende - quartz:— plagloclase = K—feldspar = magne—'
tite -

.

s, c : | O



\

6LBT-28

6LBT-29

6LET=30A

GLBT- 30

6LBT-31 . .

6LDT-32

6CBT-1

6CBT-2

6Q9Tn3

!

R
6CBT-4

+ 6CBI-5
v6CBT{6.
6¢3T—7
\9C§T—}:
9CBT-2
#CBT-3
9CBT-4
9CBT-5

.9CBI—6a

9CBT-6

+ Tremolite - calcite - \\\\\f o

‘ K—feldspar»? biotite - magnetite %

Calc1te - quartz - K- feldspar - phlogoplte

Tremolite -- feldspar

Muscovite - quartz - biotite - magnetite - rutile -

pyrite — tourmaline - apatite’ :
\ .

Calcite~- tremolite - phlojopite - pyrité

Quartz - albite i:mpscovite

Actinolite- - hornblende - plagioclase -~ quartz -

. / »

Quartz'— muecov1te - \ feldspar - chlorite - rutlle :

- Calcite - oligoclase - K- feldspar - quartz - bLOtlte -

nhlorlte - sphene e

Calc1te . e a

Q%ﬁftz - K feldspar (?) - musd6v1te - hematlte -7
ch r1te - ilmenite - magnetlte =\, tourmaline

Calc1te - quartz - hematite )

Quartz - blOtlte - plagioclase - K-felds par - md§§o-

S vite - maonetlte - sphene - tourmaline

Calc1te - dLOpSlde - dCtanllte - plagloclase - mlcro—

cllne - quartz - sphene

DlOpSlde - actlnollte'— Any g plagloclase - microcline -

scapollte - phlogoplte - sphene - quartz

Blotlte - plagloclase Aniag - microcline - quartz -
epidote - apatlte - sphene

Blotlte -actinolite - lepSlQe - plagloclabe -

K- feldspa1 ~ quartz Q-

Quartz - blOtlte - ollgoclase - mlcrocline - chlorite -

pyrite - magnetite

-

tHornblende - plagloclase_— K-feldspar - magnetite -
_ sphene

s

Calcite - diopside - actlnollte - plagioclase -~ micro--
cline - epldote - scapollte - phIogoplte —'quartz

v

288
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11CBT-8 o Diopside - actinolite - biotite - plugioclise - 4
. . " milcrocline - quartz : i ' k\
. . E S ‘ ‘ ~-
11CBT-9 + .. Actinolite - diopside - plagioclase -~ micvrocline -
' quartz < - ‘
11CBT-10 Hornblende - oligoclase - quartz’ - ﬁnfeldspar - biotite
.~ magnetite U ,
~11CBT-11. '(‘Wuscovité - biotite - albite - quartz —iY—fcldspar
S “ 1 - ~ of
11CBT-12 : MUSCQVlte - blOtLte - quartz - K foldspar - plagio-~
: - clase - magnetite - .garnet - rutile
11CBT-13 - Quartz - muscov1te - K—feldspar - albite - garret - :
chlorite - pyrite . 5 - '
- 11GBT-14 " No thin section. .€7
llCBT~l7>' - Calcite - tremolite - phloéapite
g,
11CBT-18 . . Tremolite - calcite‘
A Y . 4@A
12cBT-19 Phlogoplte - muscovite - quartz - plagloclase - ‘ P
- ° K-feldspar - rutile - 21rcon . »?é;
11RBT-1 Hornblende - plagioclase - quartz —'Bﬁgzz€éa— chloriqék—
' :sphene — rutile - Klfeldspar )
11RBT-2 » Hornblende - p dgloclase An30 - quartz - blotlte —,'
o sphiene - magndtite - K- feldspar ,
. : ' Voo
11RBT-3 'Quartz ~ muscovite - rutile
12RBT-3a ’ Chlorlte - biotite - 1uscov1te - quartz - feldspar -
L ‘galena — pyrite ’ ‘
lZR@I—ﬁ ' Biotite - muscovite - quartz - plagloclase - K-feld-" -
: ‘ spar - hematite : '
 6CCT-2 ' jQuartz 5 plagioclasé - K-feldspar
- 6CCT-4 ACtanllLe - quartz - K-feldspar - plagioclase -
‘ 3 d10p51de - %1ot1te - epldote - sphene
6CCT-5 - ; .Actlnollte‘;,epldote - blotite ~ diopside - mlcrocllne -
: quartz —/plagloclase .
6CCT-6 E Hornblende‘— plagioclase - epidote (2) - sphene

6CCT-7 - ~  Quartz - K-feldspar - biotite
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(6CCY-9  Quartz - micrdcline - biotite - muscovite - albite -

magnetite

r . § -,

6CCT-~10 © Quartz - K—feidspar - biotite - muscovite - albite -

- opaque- S ’ ' q\

Quartz - K-f&ldspar - biotite - muscovite - albite.

Hornblende - plégioqlase - quartz - KLfeldspar -
- biotite - sphene

i~ :
Missing o
7CCT—}{T K-feldspar - plagloclhse - quartz — biotite - muscovite
K . ~ rutile ' ) .’
-7CCT-15 Quartz - K-feldspar - albite‘4:bi6tite - muscdvite
: , . | .
7CCT—16' . llornblende ~ plagioclase - K-feldspar - quartz - bio-
’ tite - ehlorite - sphene’ : '
7CCT—17 . Quartz ~ biotite - muscovite - albite’f K—feldspar
7CCT—1§‘ ' Quartz - K feldspar - plagloclase - actinolite - evldote

~ blotlte - sphene

. L g betite. NS

- 7CCT-19 Hornblende - quar z - plagloplase - blotltc-— garnet - =
o sphene _ .
N = .. ) j‘ . . . : .'
7RT-1 : *vu_Agglnollte - d10p51de ?vquartz - K-feldspar - plagio- G
' RN ‘clasé - .epidote : '
JRT-1 (ubper Hornblende - actinolite. .- dlopblde - epidote - quartz -
band) plagloclase . : .
JRT--2 . : Quart? = plagloclase Angy - mlcrocllne - actinolite - |
' ' blotlte o
TRE-3 - - Diopside - plagloclése - actlnollte - calc1te - K-feld-
o ) spar - epidote . - .
TRT-4 - _ Quartz - plagloclase ~ K-feldspar (?) - actlnolite -
' epldote - b10t1te
JRT-5 . S Quartz - plagioclase -»K—feldspar.-‘actinblite -ybiotite ’
' 7RTf6'. ‘ Diopside - actinolite'— microcline - plagioclase/— quartz’ -
. 7RT-8  Biotite —\quartz - K- feldspar - plagloclase - epldote
7RT-9 \ Hornblende - plagloclase - K—feldspar - quartz‘- sphene e

Q



7RT-10

JRT-11 ,

JRT-12

JRT-13 7"

/KT—lA
JRT-15 . .

7RT-16

7RT-18
8AT-1
- 8AT-2

8AT-3

Nont—s.

SAT-S
© BAT-6

BAT-7

8AT-9a
_8AT—9b

8AT-10

8AT-11

8AT-12

8AT-13 -

L

o

\

‘Cateite --

291

- biotite ——

Y

Moo, :'.:f. - "
: :
h»feldspar _'J . .
QUGYLu T pldgioglaoefg%§ _ 2%
‘epidote - 4 e O % .
QuarLz - mlcroc%%wL
. S r? ;
’¢Teldbpar —w@uartz
Hornbl@ndé -~ quartz = plagloclase
magnetlte
Quartz - mlcrocllné - actlnolite — chlorite —¢@la~10clase '?3;
K , ’ . . g
Muscovite - Qﬁartz ) E
Kffeldspar - biotite - actinolite - albite"—bqﬁgrtﬁ -
garnet ' - Lo A -
Biotite - chlorlte - plagloclcse - quartz, - k feldopar -
garnet - magnetite w
Guartz - K-feldspar - plagioclase - biotite — actinolite
chlorite - sphene N : o
Hornblende - biotite - quartz --K-feldspar - plagioclaée
- epidote - sphene A & : :
Quartz - K-feldspar - plagioclase - actlnollte - horn— ' .
blende -~ diopside - "phene
Quartz.4fmicrocliﬁe.— alblte ~ hornblende - pyrite -

Quartz'— microcline - .albite = hornblende - sphene
Quartz: - feLdspar - biotite - muscovite - -«chlorite ~
magnetite -’ R

Calcite - dolomite - quartz ' o

N



8AT-14

8AT-15
8AT-16

8AT-17
8AT-19

8AT-20

8AT-21

8AT-22

8AT-23

8AT-24

BAT-25

8/426

10BT-1

10BT-=2

10BT-5

10BT-6 -

10BT-7

10BT-10

. 10BT-11

10BT-—12 '

10BT-14

- pyrltelﬂ;;ﬂ e

’_Musgov1te - b10t1te

No' thfn section.

| : t
L

(4

- Hornblende - quartz - k—foldapar‘; plagxoclasL -

magnetite .
No thin section,
. ’ N

Quartz - garnet — actinolite (?)
. A

Quartz - actinolite - diopside - epidote — biotite -
plagioclase - microcline - pyrite’- magnetite |

Quartz - mLcrocllne - hornblende - biotite - actinolite !
- plagioclase - pyrité - sphene :

—_

Calcite - quartz - K-feldspar - phlogoplte —~ diopside (7)

- plag10clasc - sphene

Quartz - mlcrocllne - hornblende - plagioclase - sphene

— magnetite - pyrite
. AN

Quartz - blOtlte - actinolite - mlcrocllne ~APlag10c1ase’"””

R v -

Quartz - plagioclase - biotite - calcite ~- actinolite -

ryrite

Quértz - plagioclase -~ microcline - biotite - musco-.
viite -, magnetitc -~ pyrite

Quartz - hornblende - feldspar - biotite - calcite -
hematite ' :

Muscovite - quartz - chlorite —vfeldspér.— rutile

2

Quartz - K-feldspar - albite - bio;iéé

- Biotite - nuscovite - quartz —‘K;feldspar‘— plagio- .-
1 An : ! ' v S
,C as% ( 21) .

quartz - feldspér (?)‘Q magnetite

Muscovite —,biotite

quartz - magnetite - K—feldsparv—»
oligoclase’ ' ' -

Lo b . ERE . v -
- o . .

Tremolite - calcite - quartz - dolomite

Quarfgk— K—feldsﬁar

) - plagioclase - actinplite‘-‘
aegirine (?) ' g

Hornblende - quartz feldspar 4'$phene'—bbiotite”

Quartz - bibtite - plagioclase - K—feldspér'—»garnet

ﬂ(\'

@

3292
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-10BT-15 BlOtlLe - hornblende - quartz - K-fel qpar - p:t
e - sphene ~ magnetite > Y ™ 4
: _ ' ol N ; ’
10BT-16 © ‘Hornblende —’qudrtZI— sphene - plagioclase - epldnze
12Wp-1 ) - Eiotite - muscovite - K feldspar - planloclnsc - quartz
. k i _ rvarnet . . - (\) \\)
! ’ . e

25-5 Actinblite - diopside -~ microcline - biotite - quartz -, -
plagiqélase - epidote -~ sphene :

bAug 4 a Quartz - muiggzizz/;/gannet - plagioclase - K—feldsggr -

, biotite - chIcrt ~ opaque .
34-22 Epidote - actinolite - calcite - sphene - apatite-
R : : N ’ ‘ v ' 4 , :

29-36 - - Hornblende - quartz - plagioclase - K-feldspar - biotite
- sphene - chlorlte - epldote - scapollte - magnetite -
hematite - :

27-7 Actinolite - epidote - biotite — microcline ~ plagio-

: clase - quartz - opaque a ' :

24-13 Quartz - muscovite — biotite - feldspar - garnet -

epidote . chlqrite - opaque . -~
»P ﬁ§7A T;} pPaq

25-11 - Calcite - di

side ~ tremolite - phlogopite - microcline
' plagioclase '
29-12 ) " Quartz - biotite - muscovite
) 32—1 a - Muscov1te - blotite - chlorlte - qua tz - feldspar -
' magnetlte . )
- k] . . IR
29-36 - Quartz - muscovite = biotite - plagioclase (Anis) -
" microcline - tourmaline - opaque ' '
>29—14 . Garnet - plagloclase - biotite - ‘quartz —'.—feldspar -
e carbonate - chlorlte - magnetite E ) . .
35-6 . Quartz - muscovite - feldspar —‘chlorlte - biotite -
' " ‘?opaque : o R ' N
6Aug-3a : K-feldspar - plagloclase - blotlte - muscovite - quartz s
' ‘ ‘ - sulfides - chlorlte - zlrcon
42-16 Muscovite - quartz - feldspar

32-1 b T Quartz - feldspar - chlorite - biotite - muscov1te -
'“(" . hematite - tourmallne'— calcite

S

PGS
F




294

’

"6Aug 4. b - P%ﬁgioclase - K-feldspar - biotite - quartz - muscovite
- garnet - sulfides - magnetite : { ‘ s
27-3 Quartz - muscovite -~ biotite -, feldspar — magnetite -
» hematite . “
37-20 - Quartz - chlorite - feldspar - muscovite - biotite -

maOnOtLLe

3/8-1 ~ Quartz - K-feldspar - biotite -~ plagioclase - musgovitq%giﬂ///‘
28-24 S Chlorit® —‘epidoté - quartz - carbonateu;fbiotite —;ma%r'

’ .. netite U o : - R
15—16'\ . Quartz - K- feldapar ~ biotite - plag10clas¢ (An43) -

muscovite - garnet

42-13 . Hornblende - quartz - plagloclase - K—feldspar - pyrlte —"‘
‘sphene’ - ilmenite - biotite - carocuate . ‘ rlEJ‘fﬂ
wi 8

32-6 ' Muscovite - chlorlte - quartz - blOtlte (M - Feldcpar&w
" ilmenite - magnetite

. . ,
“ : ’ .

.
A

X o/
35-2- ’ BlOtlte - quartz - muscovite - pla01oclase - K—feldspar -
o : chlorite : , ' e
, _ ' , . - R -
29-29 Biotite - quartz - muscov1te-— albite - K—Leldspar -4
' hematite - 2
27-6 . Muscovite ~ quartz - feldspar - blOtlte - hematite -
' chlorlte : « ' ‘ f
31-12 . . - Ch orlte - plagloclase —»muscov1te - magnetlte - K-feld—
' spar - quartz e A : .
34-21 ,Chlorite - plagloclase --muscovite - magnetite -
' K-feldspar. - quartz : - ‘
' : ' ' )
_23-3a : Hornblende - plagloclaae (An45) -'quartz - K~feldspar -
garnet -~ chlorite - actlnollte ~ magnetite - sphene. ’ g
37-13 o Muscovite - quartz -
25-2" i . Quartz - muscovite - hematite
6Aug 3 b Quartz - blOtlte - plaglo&lase (An45) - garnet -\opaque
31-12 . iQuartz - actlnollte - blotite - microcline - albite - 7

ollgoclase - epldote - calcite - sphene —7opaque
.3/842->v v Hornblende - quartz = plagloclase (Anaz) - epidote -
blotlte - sphene _
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. : \ 7
29—3>§,,' lornblende - actin. .te - epiddte - calcite - plagio~
e clase.(An57) - quarts - sphene

43-3 ‘ Muscdvite - quartz - biotite - toﬁrméliﬁe‘— opaque

23-7 ‘ Hornblende - actin llte'— enldoLe —,mlcroallne ~ plagio-
clase - quartz —{j}rbondte - biotite - f,pn\eue

43-11 . ; Hornblendc - quartz - mlcrocllne - pla"locl 50 Cﬂnls) -

B carbonate,, - qﬁhene

42-3 | o duecov1te - plagioclase - epldote - quartz - blotlte -

carbonate . ,
A o e B : . : . ) . i 9
28-17 © - Hornblende - quarrz - plagloclaqc - mlcro”ano - sphene
29-36v'f Amphibole - clilorite — biotite - qu artz —‘plagioclase -

v K—feldbpaf (7) - nngnetite

~35-5 . a »Wuscolee = 'quartz - feldspar - biotite - chlorite
'3/8—3’ ’ | Qparrz —.Edldspar - scapollte —‘blOtlteA— muscovite - f_
epidote '
31-11 Qudrtz'—.plagiqelase.—'Kffeldspér’f‘muécovire —)chlorire'
;>Q'* L e L . :

'__ASSEMBLAGES FROM ROCKS FROM KOOTENAY‘PQINT_NOT-INCLUDED IN TABLE 4

Sample _':Assemplages‘from Kootenay.Point rpeks : "_;_ - N
340 143E ‘ 'Plagioclaee = K—feldépar'4 quartz - biorlte.—,musCovite o
" 30-19E: - | | K-feldspar - AnlS plagloclase - quartz‘— b10t1te - 1pa—
: tite - 20151Le - amphibole .
-45-62E o K feldspar - plagloclaSL - qu;rtz - amDh1bole - bwotlte
.50—35E» f An36 plagloclase - K—te]dspar‘— biotlﬁe - 21rcon - chlo—
4(é0 20E :Calcite - Jplomite,— muscOvite - _ fA v
100 110E ,l. 'Treﬁoliteb—vcalcite ." ' 'l'i'; ERRRIR .
EgérlAOE. Aetipollte - biotite - scapolite': feldspar'—\Quartz
110—40W o vﬁfegioclase (An ) _quartz - K feldspar - biotite
112745WJ§ o Tourmaline - mﬁscoylte - epatlre _ . | / .
lCObeS"\ - :qucbvire“~ calcite - ” B;j : 7 |
125-758 .. Calcite . |



28—QOZE . Talc,—'muscovite )

135-05W Huséov1te - calcite ~ Z;I:\Xﬁ%J; epidote’- “

155—75Q ] ,Treﬁollte - ph]ogoplte (7) ">.  | ’

188-106E . Calcite - muscoviéé’ u' — ' )

iQSO—liOW- ’ ch;ocilne - albite’ : quartz - muSCOVlLLl— biogite ‘.”

266—3le - K feldspar - p!agloclase (AnlS) - quartz - biotite _-.
“765—143E ; | K- féiﬁspar - quartz ~ garnet-~ blotlte ;

i
N -

Note - Some of the -above assémblages do not appear,in Figure 3.-

-

'le—Z » o K feldspar - quartz - glagloclase ; blOtlte - muscovxte -
: ’ chlorite - . “]~‘ :,(. ’
'Tl—31 | —.Nafihin section.

. T1-7 ; T;;molité”~ biotite - caléite‘

T2¥l ' N; thin secfién. _ " ‘ii- . -
T2-7 .. . .'Treﬁollte - dlopsiae - calcvtetl dolomlte - DLotité -

. scapollte‘u. ; ‘
) .

To-11 _ jl " No thin sectloﬁ. ‘ o0
T2-12 g Calc1te - pggogoplte - doloyéte'— sc‘” 11%@‘ X\
’ ) . . . J( J ‘ \"\
T T2-13 ﬂPlagloclase - mlcracllne = quartz .- blotlte - muscoGTEev'v
T2-14 . ‘ _K-feldspar = alblte - quartz - blotlte - muscovite = . -
' <arbonate P : k '
LT2-16 T No éhin section; R
v‘T2—17 S Tremolite ~ d10p51de - alc1§e'— dolomite = biotlte
T3-1 Calc1te - actlnollte - diopside - blotlte - talc (7)
..TB— o Diopside - tremollte'- calc1te - quartz -
T3—7 Calcite = dolomité v’biotite s
o ’ s : N~ .
'T3-8 '~ Calcite - tremolite - quartz o ‘:. ) W
T3-10. | ;/Alblte - oligoclase - @icrocllne - quartz - blotite -

chlorLte»— apatite
[ . \



4

Albite - orthoclase
K-feldspar - quartz
Albite ~ microcline

Microecline - quartz

. 11297

- quartz ~ biotite - muscovite

- plagioclase (An ) - biotite-

17

- quartz - biotite

‘o

= plagioclase. -

4

.
. 25
' KA , -
3 ) r/' .
7~ )\'-
- r
-~ . X
- q
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ing a pargasitic hdrnblende'core, and optical boundaries may be either

,‘alumlnous actinolite (Na 15K206).21C51.92§Fe1'56Ti.02A1

ABSTRACT

L
Amphibolites from the'ceﬂmral Kootenay Arc contain optically zoned'

amphiboles. Opticalazoning is expressed by an actinolite rim surround- .

2

sharp or gradual.
Six ;pned'amphiboles Were analyzed for nine elements in traverses - -

across cach graln Chemical zonation is congruent to optical'zonation.'

)

The zoned amphlbolee 1ie along the 301n parg381t1c hornblende

-

)Si Al

(Na 37K 55) o (Fe i6.59M1.41 2*(0“)2 -

. .
227 50% 1592 721, 99110,9A1.59”“.05Mg2.41

30", 04183, 15
817 A,Al 56O’Z(OH)2 The zoned émphiboles can be explained by reactions

taking place in small volumés of rock within single thin ecetlons ahd

vresult from a cqange 1n equ111br1um withip polvmetam rohlc rocks. The

At

e

..hornblende coreS of the hootenay amphlboleéxmere fq\\;d durlng,the peak,

of the last me tam orphlsm in the’ Kootenay Arc, 'w1th th ectlnollbe rims

dcveloplng durlng coollng The reaction:- hornblende + hlgh Mg/Fe ;

biotite l + O 852 quartz = alumlnous actinolite + lower Ng/Fe blotlte

« - . o A

e O 213 plagloclase is proposed to ehplaln the zoning . observed The

vappearance of a. solvns in the actlnpllte parga&@tlc hornblende series

Y .

completes_the reaction.
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INTRODUCTION

‘Recent c01tr1buL10ns to the stndv of the’ dwphlbole groun 1nc1ude
4 -

\

" analyses of coexisting amphlbqigs (Ernst, 1968; Klein, 1968; Kisch and
Warnaars,:1969;'Rgbinson}und Jaffe{'l969; StOgt, 1972Y, exsclution
phenoégna in émphibéles (Ross; fapike and Shaw, 1969; Bonnichsen, 1969;
Robinson, Ross and Jaffef 1971), and 9Lnera1 amphlbole.trystal struc-

(\

‘ture. and chemlrtry (Loake, 1965 1968; Paplke,‘Ross and Clark, 1969;

Roblnbon, Ross ﬂnd Jaffe, lg?L\ Desplte such detalled vtudy 1ittle

-mentlon has. been made of 2on1ng in aﬁ%hlboles, w1th the exception ot

'

Crawford (l9/l kleln (1909) quinson,anffe; Klein and Ross,(l969)

' and Coober and Lovering (1970). Yiéph,and Wérnaars (1969) and Bonhicb~
’ » SV ) ‘ B o . ©
. sen (1969) mention! rimmed gmphiboles and ‘replaccment in amphiboles, but

,‘ho'quautitativé data are prbvidéd. Compton (i958% mentions rimmed
’:éétinoli£e§’ﬁhich might‘bé’the féferse of the zohiqgﬂshown‘in this
study.
‘ SeQéral-stﬁdieé of ébhéd garﬁets from metamdrphic rocks have been
reported (Atherron and Edmunds, 1960, Aterton, 1968 Edwmunds and

AtherLon, “1971; Tedlukova and Vejnar, 1971; Ho. ‘ster,’ 1966, 1969).

‘lhe f;pst threé,studles relate ne';onlng-ﬁo the polymetémofﬁhic his;
.tory’of the‘rocks,.-_» ?' [ ': . "> . o .

| ﬁég;hofphbéed;léwé% Ealeoédih fpdﬁgﬁfrom the Kooténay Arc, Briqiéh
‘ 091umbia ébntqin-gonédvamphibéié%: %The purpose éf:this study'is to

‘~preéent qdantitative"iﬁfdrmdtion’regarding"these amphiboles and to. dis- -
cuss theif'origin in the light;éf'recent work on the amphibales and

-zoned garnets from metamorphic rocks. .
' o : S : : . ’ o A
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CLOLOGlL SETTING o ‘ B v

s
\\

" The Kootenay Arc is a narrow structural belt of hl;nlv dcfo1mcd
rocks cxtending from Revelstoke; British Columbia, southeast,-south and
southwest until it Crosses the International Boundary. Samples for

this sLudy were collected from the central part of ‘the Kootenqy Arc

«along the eastern shore of Kootenay ‘Lake. The zoned amphlboles are

found in amphibolite pbds included in the Lower Paleozoic Lardeau Forma-
R _

X (" .._’————-—" A .

tion.' These podsmtakemthe form of large boudins up to. 10 meters thick'

-and Seueral hundred meters long that- are sandWLchcd bethQ\ ‘granular,” ‘g”

.

. Y
calc SlllCétQ rocks comprising the llthology of the lower Lardeau Forma-

L

tion-(Fyles, 19643 Crosby, 1968) The amphibolites are probably meta:

' morphosed basic volcanics that have bean boudinaged by fairly iantense s
" deformation. R *
: - e

The samples were collected from a small promontory on Kootenay Lake
'The sample area lies 4.5 km west of the'hofnblende and 3.5 ki west of
. 3

\: M ' . . . . < : .

the garnet isograds. Reg1onq$ metamorphlc\grade increéases from east to

west. 7The reactions forming tremollte (SDolomlte + 8qu1rtz +'120

tremollte +. 3calc1te + 7C02) and lepSlde (Tremollte + 3ca1cite +

2quartz = 5d10p51de + 3C0y + H70) (W*nkler, 1967) occur- concurrently in

“rocks 1mmedlately adjacent to those contalnlng zoned amphlbolcs. T?m—

peratures of ‘about SOOOC have been obLaineﬁ ftom these rocks Lhrough
-use of the calc1te dolomite thermometer (W1nzer 1973). The maxiImum
temperatures obtalned from stable 1sotopes (Ohmoto and Rye l970) from .

materlal 9 km north and at the same grade are 1n good agreement w1th
thoseiobtained from the saﬂple area. Rocks‘from'a small area 11.3 km - . - -

NNWﬁcontain.kyanite in unstable association with staurolite, but these

-rocks. have been inflnencedvby contact metamorphism, making their

.

Rty e ; .
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~

&

ruyionnl 5l511Llcancv unceriain. Reactions Eforming stavrolite from

LyanlLe + chlor1t01d or form;ng staurclite +. blOthO + quartz from
. _ o _ re _ ‘
chlorité + muscovite take place at temperatures scmewhat higher than

those indicated for the sémple.locality (den Tex, 1971), . The evidence

cited above 'suggests that the rocks formed under conditions of the upper

IS : :
O : coL :
part of the garnet zone, at or just below the staurolite isograd, burt

-

no staurolite isograd can be mapped on the east side of Kootenav TLake,

‘All six. samples are located in Separate pods . of amphiboljte within

-

170 ‘meters: of each ofher. These pods are surroundq&_by actinolite and

. v

diopside gneisses, biptite,'phlogopite and talc schists, miqaceous

'

mérbles,and'pegmatites. ‘They are cut by aplite and pegmatiée dikcs from

a few centimeters” to 10 metérs thick'(ﬂap, Fig. 1). Although 1a}ger

-

_bodies shew no chille borders of aureoles, several 'smaller aplites and

“and 70 m.y.“Rb/Sr’minéfal "isoéhrons" for \eleven biotite-arphibole

] (NN . l""' . . . .

pegriatites have aureoles a few dentimeters wide. 'No reaction zones are

apparent at contdcts between beds.-
S T - - . | )
The central Kootenay Arc has a long metamorphic history, encompas-

’

sing at least 100 m.y. K-Ar age dating indicates two metamorphic

events, Qne oécurrihg between 120 and 150 m.y., the other bejween 50"

: palrs from the sample area 1nd1cate recrystalllzatlon of 5lder materlal

about SO'm.y ago and further 1nd1cate that complete 1sotop1c homogenl—

zétidn was ﬁdt‘échieved by the later‘evénEL;QThree phaség\of deformation‘

-

have been differentiatea by Fyles (19545 1967) aﬁd"by.Crosby (1968), but

theufelationship’betweén structure and metamdrph@sﬁ is not wel] under-

1
. -

. R . 1 ) v . _4/ .‘ .
stood. p g L . e “

-

Evidencé O§_me;a50métic introduction of at least K,and'Né exists

“for yoéké'lying'above the hOrﬁblende and garnet isograds (Winzer, 1973).

[
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Detailed chemical and petrographic work by Winzer (1973) indicates that

in some rocks from the sample area biotite formed by metasomatic intro-

duction of K and did not equilibrate with amphiboles with respect torm

»

" * Fe, Ti and trace elements.

ANALYTICAL METHODS .
Six grains showing varying degrees of optical zonation %?re chosen

from polished thin sections’. These grains were photographed in plane- -

polarized transmitted and reflected light. Each was marked with.a
- diamond. scriber, and an area including the rim and central core of the

grain was, chosen for traversing. An ARL-EMX microprobe was used for all

analytical.work. A 15 kv accglefation pdtent&al and a 0.15 microamp

béanm current (aprroximately 0.015 mictdamp specimen current) were used-

fofiCa, Na agd K; 0.3 miéroamp“(dpprbximately 0.03 microamp specimen

current) was ‘used for the ramaining six elements. ADP crystals were

- used for Ca and Si; RbAP fér Na, Al and Mg; EDDT for K; LiF for Ti, Fe
"and Mn. The spot gizg was held‘to <1 micron and checked frequently

for drift. Using a‘one‘sécond count time afaia[Rikadenki three pen

recorder, a continuous trace was initially made and was then used as a
guide for ilocating-ten of eleven.stations on each grain. Ten ten-second

¢

counts were then taken.within an area that was never more than three

microns -ir diameter.  If the number of,coﬁnts'varied outside of the -~

Jrange.expected for.a;normal statistical &ist;ibution for a homogeneous
7 v . .' ER ] . . . ) . A .
- material at the 99 percent confidence level, additional counts were
B - a " L - "‘ ’ . L . . N X . ' ’ . .
taken., Each station .was analyzed for nine elements with return to

o . .
P h

N i . . . . .
stations facilitated b reflected light photographs. Raw data were
correctéd;for background, fluorescence, absprptionfé d atomic number

effects by means of the APL program PROBEDATA (iiathfahd Tomlinson, _.'

L . R L . > S ) . , N ] 5
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, >1970). S;anderds used wére the Kakdnui kaersutitc (Mason, 1968; '

White EE.EE:; 1972).qnd a well analyzed biotfte: Botﬁ weye previously -

analyzed by wet chemical methods and checked for homogeneity. The

amphibole analvses for tth study are believed to ‘be accurate to within

* one percent of ‘the Lotgl for-all etements except Ti and i'n, whlch md}\_ -

have a slightly larger erqor.

y R B \\ e

PETROGRAPHY AND PETROLOGY o
4 ‘ " ‘ v ’ l . .

The»specimens ehosep are similar in hand specimen and occurrence. .

All amphibolite pods sampled are elther partially enclosed in or cut by

gmatlte and some are cut by latef apllte dlkes Vo Chlll bordcrs or

reactlon rims are detectable between the amphibolites and elther
/

. vt
intrusive. In hand specimen the amphlbolltes are dark grecn or green1sh

"~ black follated rocks’ contalnlng optically ZOned amphlbole andfvarylng
): : K

amounts of brﬁllte, felaspar, quartz, d10p31de, epldote seapolite and
sulfide minerals (for modal percentages, seevTable l). The pale colored
' mine;A{s occur 1n dlscontlnuous lenses. In several samples,-diopside

‘veins cut the follatlons at hlgh angles, and knots of dlopside form.
. N,
b

~

(For petrographlc descrfhtlons, see Appendlx l)

ZONED AMPHIBOLES

Contind@us traverses and point traverses were made on‘zoned amphi-

boles from six specimens. One grain (TZ—lS)'was'chosen'as representa-ﬂ
'the of the maximum zonlng found in all six gralns ‘The data for R2-15

are presented in Table 2 and Flgs. 2 3 and 4. Flg 4 1llustrates the
‘\b. <
zoning.trends for all six‘grsins in terms of changes in tetrahedral Al

: . o - °
and A-site occupancy.
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General observations on amphibole eoning

1. Optically zoned amphlboles occur in roclv of sultabre composi-
tion fron the entlre reglon lylng at or mbove the hornblende isograd.

&a ‘ : .

In most cases, a dark green core hornblende.ls surrounded by a pale oy
green br_bluishfgreen rim of actinollte.: In rocks from the region and
_fron the sample area, two amphiboles are seen to coexist in apparent
textural equilibriun, but some two amphibole.assemblages consist of
aoned hornblende and separate grains of bluish-green actinelite. Patchy

"intergrowths" of actlnollte w1th1n hornblende gralns, as reported by
Klein (l969) do occur in the region but are rare and occur at or very
near the hornblende 1sograd ' - :' 4.f' i

. A range of textures are found and.arve- typlfled by the six amphrboles

studied in detall Where chemical zonation is’ notygreat no sharp opti-

v -

cal boundaries are observed but where chemical zonation is large, the
bonndariesfbetween rim and core'are sharp, and in T2-15 and 375-140W

even showy & podrly‘defined'Becke_line between core and rim.

Lo ) ) " K . v .. .' . .
. . 2. every case the core is enriched in K, Na, Fe =[i and the
rim is enriched in Ca -Si and Mg. o -

3. Where changes of less than 51x weight percent occur’ 1n the
maJor elements (Sl, Mg and Al generally), the tran31t10n zone between
core and rim is smaller than where large changes occur. There sharp'
changes 1n amounts of maJor elements and sharp optlcal boundarles 1nd1-'

cate that zluminous act1nol1te and’ pargasitic hornblende exlst as two‘

:-separate phases. , T
4, Antlpathetlc varlations occur between Fe and Mg, between Sl and
Al and\between Ca and ‘Na + K when large changes from rim to core occur.

'Where zonlng 'is more subtle, varlatlon is no always aﬁtipathetic, as 1in

. o



'T4-45 and T4-8b,
5. Core and rim zones on all grains diéfer-by majnr differences
in, Ca, Mg and Si ﬁaluee. ’Both coreﬂnnn rim may.show conpOSitional‘
‘varlation with the core portlon show1ng comp051tlondl varlatren to

the optlcal boundary with the rim, and a rim which is. homogeneous, or

shows subtle variation. Zoning_trendsjare-well illustrated by the

plots of A-site occupenfy\qgainst tetrahedral Al (Flg. 4).

DISCUSSION AND CONCLUSIONS

»

s

v.Crawforg (1971)»rep0rts cryptically zoned amphiboles ranging ih

:compOeltlon from Ca Wg3Fe 518022(01-1)2 to (Na K)O 5Ca Mgl SFP,2 8 O 7

Si6‘6Al1 A(OH)Z_along the aetinolite—pargasite join. She'attributes

. s . ’ i tuti-on Na K +2 . +3 : .
th;s varrarlon.tq snbstltu ion” of (Na, )l XA13FC1 XEeX_ for Mgzgiz

in the actinolite end member.
L]

" The present study concerns amphiboles along the jéin horﬁb}ende;

actinolite, with some pargasite‘éubstitution, but indicates that while

the above substitutions may be valid, the situaticn iS. likely to be

2

more complex. The amphiboles studied by this author extend the QQE:;’

sible range of solid solution further toaards the pargasite endvmember
as compared to Crawford (l9Zl)'and~Cooper and vaéring-(1970).1\
Examina@%on of the plot for T2-15 (Fig. 3) indieates.that_as Na.

Iv Vi

This relationship suggests that the same compensatory scheme operates.
. . P ' i . , . : . [}

for actinolite—hornblende as for gedrite (Robinson, Ross and Jaffe, 1971).

The changes for caleium are subtle‘ but?where'tremolite is present the

change is quite sharp, .as 1nd1cated by 1nten51ty traces for '375- 140W

where tremollte is present w1th1n the actlnollte rim. Robinson, Ross

I

and defe‘(l97l)ﬁsuggest a:control between A-site occupancy end tetra-

. . T ta
% P B . .
) N N . . * 7
. . . B . \
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and K increase, Ti, Al" ", Al and Ie'increase, while Siﬁand‘Mg_decrease.



éppear to be approachingvtextural.equilibrium with’the’surroundihg

hedral Al. The amphiboles-studied by this author show that the rela-

tion istympathetic as demonst;éted by the plots ofs tetrahedral Al

dgaiqg{_éfsipe occupancy (Fig. ﬁ).

The geological-implications of these zoned amphiboles are inter-

esting: Atherton'qnd~Edmunds (1966), and Atherton (1971) 'in their

work on zoned garnets suggest that the garnet core behaves as a closed
system witzhin the rock and that zoning patterns are indicative of

changing équilibrium conditions duwing growth. Hollister (1966, 1969)

~ [

provides a different model wlerein the large difference between .

9

fractioﬁation factérs for Mn, Fe and Mg between garnetlaﬁd rock exert .

primary influence on garnet“zd%ing. The fractionation=factor may.vary

} : ‘ -

‘with temperature and relative proportions of non-refractory minerals in

"the rock. Aspects of ‘both models might apply to the amphibole zohing

found in this study.  To test for equilibrium; biotite coexisting with '
O : . N

zoned amphiboles inlthe six speéimegf‘studiud has been}analyéed by

oo ‘ R AT
electron microprobe. Representative analyses are presented in Table 3.
Biotites from all six robks‘are-similar,in'that they show no zoning and

£ DR

‘minerals. Mg/Mg+Fe and Ti/TitFe ratips'have,beeﬁ‘plotted_fop.bOth

hornblende’ rim and core and. the coexisting biotites (Fig. 5). Both

] - . ‘ ! F;?‘:'_ﬁt' - . - 4 .". e o

plots show considerable scatter, indicative of a lack of close approach
. N - : . L Sy . -0‘

»

to equilibrium for both rim, core and coexisting biotite. ihisﬂis in -

, agréement with major and tra¢e element data for these and other amphi-
‘bole-biotite pairs from the same -area. Examinétion‘of biotites

. Y s . : . .o N C. o _‘ .
coexisting with unzoned hornblende (from rocks of similar composition)-

Jndicates that tﬁey'are generally more magnésian than those:éoexisting:n

with zoned amphiboles. The difference in biotite ‘composition foﬁ‘gﬁckS'.v

N

L
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very close (<« 10m) together suggests that the change in piotite compo-
sition is related to the zoned amphibole. The textural relationships
- N 4

+

between biotite and amphibole suggests exchange with the rim (the
biotite is usdally not in contact with the.core, but may be enclosed by

‘the rim).

From the evidence cited above, it is concluded'that the core zone
of the amphiboles studied ‘has been effectively isolated from the rock
system with respect to major and most minor elements and représents B

condltlons of the dmphlbollte fac1es metamoruhlsm which last affected

¢

()
the area. Depending on 1nternal condltlons of - the rock, some of the

host hormblendes exsolved cummingtonite, quite pos$ibly in equilibrium

_with,;he'host, as suggested by Ross,hPapikégénd Shaw (1969), The next

step . in the evoluﬁlon of the zoned amphiboles was a retrogreSblve one.
‘This retﬁogressiveeﬁgiéf could’ be dL° to slow coollng ‘from the thermal

peak reached during the main regional event, or it_could be dug to meta-

sqmatism under conditions of changiﬁg fluid'compbsition in an open

system. Reactlons produc1ng actlnollte are usually assoc1ated4w1th
greLnschlst facleb metamorphlsm both reglonal and contact., Wlnkler

v -

‘(1967) suggests two prograde reactions: For coritact metamo;phism
Chl%(Tr—Act)+Ep+Qt2 = Hb+Anth+H,0. —For‘regional,metahorphism Chl+(Tr~

A”Act)+Ep+Qtz.='Hb;r\Geologieal_evidence, as well as textural evidence
and lack of aureoles around the larger intrusions in the sampleQareé,

. 4

indicates that in the Kooteﬁéy aﬁphibéies the effects result from
regionél metamorphism, but et‘10wef'temperatufes‘and-possibly different
pressures and fluid compdsitions than the eveht producing the hornblende.

.cores, The occurrence of similar textures from other locations within ,)/ :

the’regidn rule out local metasomatic effects.



The retéograoe‘renqtion involves significano exchdngc of Si, AL,
Mg and Fe, andfsnaller amounts of .Ca, Na and K; .Biotites coeiisting‘
with unzoned hofnblengee from the same area show gcnefaliy higher Mg,
Si and Al eno 1owef Fe ano Ti than biotites presént in roeks containing
zoned amphiboles., On.xhe baeis of the.relationship between anphibole
and biotite shown by the Mg/Mg+Fe and fl/T1+Fe plots f; is assumed

that a biotite similar ﬁb\that coex1st1ng with unzoned hornblende

existed prior to the retrograde reaction. This biotite (biotite 1)

exchanges Mg; Fe, Si, Al and Ti with the hornblende (represented by the“

core cqmposition)_to form biotite 2" and the actinolite rim, ‘A certain

amount of Ca, Na, K and Al is left oyer to become incofporated into - -

plagioclase, whoée‘presence demandsva small amount of ‘quartz among the
reactants. Using only the anhydrous fofmulae'calc ‘ed from mineral
analyses forhTZ—is (hornblende, actinolite,.biotite‘2'and plagioclase),

a balanced reactiop can be obtained with suitable modification of

biotite 1. The reaction is:

, hornblende _ |
(Na 37K, 22>Ca1 g2 (Fey goTi oAl sghn os‘gz 41)516'59A11.41022 +
Biotite 1
(Ky yqNa gyCa, 6)(Fez 11T 5Bl ogtn-goMeg 19)Sig 76Al, 5,09y +

Aluminous Actinolite

>O.852'Si02 = (Na 241( 3)Cal 908(1761 79I10 5A1 47Mn 04“1g2 g)Sig: 96All 04022

Biotite 2

-+ (K, ggla gsCa g2) (Fep 3oTi 30AL, 360 o3Me2, 71)°15 67412, 33022 +
Plagloclase

- 0.213(Ca jgNa, 75K 01)A11 275%2.73%-

~

i

Thls reaction 1nvolves no hydratlon.or dehydran;on. It can only‘

be con51dered valld for T2~ 15 but the 51m11ar1tv of all zoned amphlbole'

L~ - a

parageneses_indicateilﬁbat the general form of the reactlon would hold

n

.

- with modifications dependent on mineralogy. The same type of reaction .

can be written for 375-140W which has a plagioclaee of An44 coexisting_"(

with cﬁe zoned,emphibole end'biotite} " The composition of - the original

e
A
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biotite turns out to be similar to the biotites coexisting with the

less radically zoned,ayphiboles (T4-8a, T4-4b and 240-137E). The
biotites canan>be strictly compared to any biotite in -the

1

- origiva

area coexisting with zoned or unzoned amphiboles because there is

considerable range in rock composition, a factor of critical importance

in'determining biotite composition. -Tﬁe.pfesence ef epidote would
prqdece some. differences in the‘teaction, but these differences cannot
te qﬁaﬁtified without\fﬁrther data,

Thehreactien aﬁd»tﬁe reasensgfor it are gndoebtedly more complex
than ihdicated here, eépecially'&ith respect to‘the oxidation state.of

the iron and the yater content of the hydrous phases. The data does

. i 15N
R - S : i dd e ‘
not permit discussion of these problems, but they do indicate that the

reaction can pfpceed,withqut the neeessity_of introducing components -

)

from outside: the thin section. . The/reaction, in general, demands some
. T . . o ) "” . T " - i ) B

-

calciem‘from the reactants. ‘This calcium can be provided by the

.

biotite, but it could also be prb?ided,by a mere anorthite-rich plagio-

clase among the reactants. "The reaction would then have higher An

‘ plagioclase on the reéttant side going to more Ab‘rieh'piagioelase on
the product side. The reaction is balaﬂped by changes in the Al con-

tent .for biotite 1 and lessening’ the amount of ‘quartz among the
reactants. I . xa

",If,the system were open, exchahge reactionsvinvolving K, Na, and
possibly Al ‘and Si could explaln th zonlng found The reaction would

be con51derably more complex than ‘the. one zroposed because it 1nvolves

exphange'of at least two solid phases*with a»fluid.‘ Because less
mobile components like Mg and Fe are involved in the exchange, - an

-earlier magnesium-iron silicate or carbonate is needed. Dolomite.is

310
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usually present in adjacent rocks, but not in-the amphibolites. Large

amounts of chlorite ‘are not present or indicated; thus the pée:cxtsting

phase must still be biotite. Feldspar components could be introduced
\ ' Lo

during metasomatism. The exchange with the actinolite rim would be

facilitated by the fluid and the . instability of biotite 1 in the

presenee of changing fluid composition. Textural evidgnce does not

1y

favor formation-of biotite by metasomatism in the six rocks studied, .

althongh carbonate and calc-silicate rocks surrounding the amphibolites.
- are clearly metasomatic. ' This author has interpreted thesq(textu\ej as
. N . . " -

.

'evidence of differential mobility of alkalis in different rocks (Winzer,

1973). It is eonsldercd that the reaction preceeds in shallAﬁolumes'of
. . ’ . . . o B N -
rock behaving as essentially closed systems, responding to,changes of

temperature and pressure follow1ng the thermal peak of. metamorphism. .
. ) _m
 The reaction and the development of the aetlnolite rim on the
zoned amphiboles‘arejfufther eomplicated'bylthe possible exngence\of
‘sol i'withinvrhe actinolire—pargasiric.hornhlende series. 'Coexisring.o

hor'hlendes and actinolites‘have bEEn dlScussed most‘recently by
Ji/;n (1969), Coopér and Lovering (1970), Cooper t1_9\_72") and Read *(1973).
Cooper and hovering'(lélO) and Régd (l973) both docnment‘the egistence '
| of’forbldden comp051tlonal reglons within: th%/Fornblenig—aetinolite

series. Fig. 6, a plot of coex1st1ng amphiboles from several areas,

-

e

° indicates forbidden compositiﬁaal»areas; and thus possible solvi in‘the-
 Cman ot ! ‘

series hornblende, or pargas1t1e hornblende actlnollte. Read (1973)3

Y on the ba51s of 70 analyses of amphlboles from the chlorlte zone of’ cen-

tral and western Otago, New Zealand has found a composrtlonal gap in

‘the actinolit rnblende serieS'in‘the range of Al V= 0.6~0.9 ions to



S o

at M(4) = 1.6Ca. There is some evidence for the presence of 2 solvus
. . ! o .
'in the series actinolite-pargasitic hornblende in gyb central Kootenay

Arc and in‘the zoned-gmphiboles. Figl 7 is a plot of 40 dmphibo1e

analyses from regional metamo1phic rocks and of rocks from the area . 7 s
~ I :

dlSCUSSGd‘ln this paper. All occur at‘dr above the hornblende isograd.
Tielines join coexisting pairs, one of which is plotted in Fig. 6

(5LBT—22).':There is a leck_of analyses falling between AlIVO.6S and
N . : . . .

AlIVl;Z;‘with A-site occupancies of 0.35-0.4. ‘ q

L o

This plot must be used with cére since compositional controls may .

produce. some of the compOSitlonal range shown; On" 31- 38 (5LBT-22) 5£d
v

22—~ 13 are pairs. 31 38 (SLBT 22) ‘comes from JUSt above the hotnblende

isograd 22 13 comes from the area- sampled for this study These'pairs,4

prov1ded'they coex1st»stably, arevevidence/fot a solvus, but the stable
. o : R

coexistédce of 31—38 (SLBT—ZZj is notucertain.

anmination of Fig 4 reveals a ranne in composition for the zoned

-,
P

,amphiboles of from Al = 1, 75 A-51te occupancy 0.69 to AlIV = 0 55 N

Q\‘

_A-site occupancy = 0.17. Recaliing ‘the textural relations for rlm and
B :

.bcore for T2%ls and 375-140W, wherein a Becke line was found, end the

- . &

.’.‘i?idencefftom Fig.»7pand the sthdieS’of Read (l§73)>and Cooper and
Lovering4(l970) the zoning for T2-15 suggests a discontinuous series,
with the interference of a solvus. |

) The metamorphism in the-c\ tral Kootenay:Arc is quite~similer to

thaisof the Otago area (Winzer, 973) thus a‘solvus might be expected

’
s

at the temperatures and pressures found in the kootenay Arc If a 501;'

< e’ s I
vus. ex1sts in” the: actino;ite~hornblende series %s present evidence sug-
- , %"

.ﬂrgests, then this solvds further complicates the reaction proposed. The

present author con51ders that- the zoned amphibolég_developed'as‘follpws:x1ffxlf:i

¥

gnu‘
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.

The original core pargasitic hornblende formed, along with the other ‘
minerals in the rock during the last metamorphic event in the Kootenay

Arc. TFollowing this event, during cooking of the rock;, the core horn- -

blende reacted with its coexisting minerals (ot withfe‘fluid),Achanging_
the composition of the rir in’the direction'ofvihcreasingractinoli

'In some grains, the'raaction‘eeased with‘énly slight zoning prcduced,
~ but in others, the reaction continued ‘until the composition of the rim
intersected the .solvus, whereupon a new actinolite on the other side of

the solvus woufd~nucleate»as a phase separate from the combosition of

Ltﬁgir;m:qf the‘zonea grain. The'reveree of this situation would oecur
dhrihg prograde reectiohs involving actinolite and.horhblende across
',-the hotnblende isograqﬁfih‘regiens where the physieel conditions‘are
“fsueh'tha7yﬁhe solvusfwehld‘be.intersected.
Sy e L

The mechanism .for producing the zoned amphiboles is thus more-

complex than that of Hollister (19665 1969)'for_garnet‘ahd staurolite

zoning. It is clpeer.tevthe model of.Atherton and.Edﬁundsh(1966), yhere
‘ the zoning is prbduceé by a_change in’equilibrium.cqnaitions.for the
rock.‘ The eore,horhhieﬁae is "refractory" in the sense of Hollister
f(i§69) at the-iq%tiation of_the'reactron'ahd perhepé’for.e'pgrtioh oft

;hiéh'the reaction runs, for it gives up material used

the period for

. H 'A N s . . ) o
in thewformation of the actinolite rim. The horhblende core would

e

: rapldly become 1solated from the rest of the rock by growth of the .

actinolite rim, The reaction further differs from the type producing

$
/

zoned garnets in thﬂt
. NU‘/ 0

‘for the hornble:%e-actlnollte zoning, the inter-
lprence;of a solvus gmpllcates the exchange.’ Further work'iS'being

a

)\

"mf‘thevsolvus of the region. :
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_Qppendix 1
PETROGRAPHIC DESCRIPTION u
Tﬁis description applieé_to all rocks examined'in this study. See
Table.lvfor minerél pgréenfageé and‘chér détéils.A |
A | All rqéks‘afé holocrystallineélepidoplasticuﬁo nematobiastic
foliated biofité gmphiboiites; ‘ -
Aﬁphibple (hofnbiende) is énﬁedralvtq subhedral,_usualiy Qith

embayed’boundé}iés; Grains are commonly poikilitic, enclosing- quartz, =
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N ( . . N N
%1ot1te andl?}a'ioclase. K11 grains ‘are zoned with cores pleochroic
.‘L 2y [y
0 ,{‘ BO™ 7‘-
ycIﬁdwlbhigfLen td greenish brown, @ Y (uqnaLly) grten or yellow
pove : :
green but 1n\375 140U @ = yellow green and V dark green or olive.

green; Rims are pleochr01c « paler green, sometimes with a bluish
. f . . ~ .

.

tinge, 8 ﬁJB'yellow green or greer. Some rims disappear on rotation

of the stage because the ¥ absorptlo

colors for the rim-are the same
¥ .

!\)P

~7

“as for the core' les poikilitically enclose quartz and biotite (some

w8, :
. Qitey k/a
'gralng)‘whlle in others.the- actlnollte rim separates the cere from

ranother‘hornblende. Very fine, colorless cummingtonite is_exsolved in
the cores of Tl-9a, T2-15 and 375-140W.
Biotite is euhedral to’suBhedral and about 1-2 mm lcng. It is

pleochroic red or brownish red to yellow brown or colorless. Biotite

is commonly enclosed in the rim, sometimes . in the core of the amphiboles.

Chlorite (penninite) occurs as an alteration product of biotite,
and is found in cleavage traces of biotite, 1In some cdses it replaces ‘-
v over half the grain. Plagioclase is anhedral and may bé& either twinned

SEe - \u?
> ‘ ’ . .-47

of'ﬁntwinned. It occurs both in *veins" and scattered thrBughout the

rock. Some grains are normally zoned. ’Hiprqcliqé'has‘éﬁzéaﬁe habit
».‘%s'plathCIésé;' Mictocline‘twinning ocqﬁré\in éétches in an'otherwisg
untwiﬁned grain. \Epidote‘occuré in only two sections. It is poikilitic,‘
irregular and anhedral and éppearé to be teing.absotbedﬁby growing
" hornblende. Chemitally thislminéfal 1iesibetﬁéen epid@te‘andjclinszi-

site, but optically it is identifiable as epidote. Sphene occurs in

all amahibolitesiéé subb . ~al to.euhedraL grains up 8o 2 mm long.

o
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TABLE 1. MODAL.ANALYSES*
Al‘ i .. ’ :
T2-15 . TdgHb. 230-137E. 375-140W  T4-8b  Ti-%a
Biotige ~ 42,1 _ 9.6 . tr’ 5.2 1.5 24.3
. . 1 s - . g .
Hornblende '~ - 26.2 54,2 91.7 72.1 G6.4, 67.1 -
Plagioclase  22.4 5.3 3.2 . 21.0 14.0 1.5
(An26) (An4l) (Ank4-38) ~ (Anbd) (an37)  (A037)
Microcline o 6.0 0.3 . 0.3, 2.9 G.6
' . e ) 3 i ‘\ U f" N - ’
Quartz . 8.9 1L.0 1.3 - g 0.1 . 5.1
Epidote 11,3 6.7
> - : ’ : v, . : i Coe
Spheiy, tr . 2.2 0y 3.3 . 1.3 3.4 3.2
Scapolite | tr tr
“Calcite ° - 2.1
Dolomite ' © 0.3 - 0.1 s .
‘Chlorite ‘ ' § Ol ; 5 1.2
Opaque_'m o ' L -’ - tr . tr
- T . o - N . 1/’ .
*Based on 1200 counts per section _
7
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TABLE 2, ELECTRON MICROPROBE ANALYSES OF ZONED AMPHIBOLES
FROM KOOTE/NAY LAKE ~
—
: . ) Rim /ﬁore Rim
TégéiV 1 2 3 6. 7 8 9 10
J?;§id£i¢f9? a}.sgﬁsiips 50.83‘ 43.17 44.04  47.99 47.55 47.25 48.04
- 110, b I 4"&1—3’ “t‘,\) 1 76 .17 .38 .39 .38
”ﬁ1203 8.8 5.05 { 13;11 7.65;'8nlé 7.7
"Eqp ,‘f& % 14.64 15;82”?27;6 5,80 15.55 16.02 14.14 14.02 ¥
MO - T34 .36 .36 .36 36 .35 .35 35
MgO . 12.85.14.51 14.58  [10.59 10.6, 10.70. 12.97 12.71 12.55 1295 "
ca0 - 12.15§15&3¢ iz;aa 11.89 Lrﬂ75_1y.90 0.12:02 1208 12.21 12.18
' Na,0 ‘f .83 5.52 47 | 1.23.1.23 1,14 114 .8 .77 - .80 -
KZO‘. , .67 .33 J.;ggg 11.09 1.12 1.12 .1.10  .62 59 .59
Total 98.3 97.15 96.96  96.44 9&(5;’96;75 102.91 96.2 96.42 97.09
‘ ~,S,tlfucr:urai formula on the basis of 23 oxygens.»v “. | @,
$i , §:éssv7=437 7.422  6.594 6:592'6.631 6.733 7.087 7.031 7.087 ‘
a0 106 :563 .578  1.046 1.408 1.369  1.267 .913 .969 .913
Total .8 8 8- 8 .8, 8 8 s 8 8
AL o L4T4 ,"304 .283 - .598. .575 .603 .599 .430 .465 ;439v
R , .045 7,023 .023 087 :088‘ .087 078 043 043 .042
Fe 1790 1;56£'i.558x 1.983 {<993 1.964  1.825 1.748 1.759 1.730
CMn o Los2 042 - 042 047 72048 .045 .043 044 044 .04
Mg ;42.860 3.13;L3¥;74‘ 2.388 2.412 2.402 g.j13 25824 2.783 2.847
Total 5.150 5.081 5.080  5.103 5.1i6 5.101  5.218 5.089 '5.094 5.102
Ca ’,b : 1.908‘1.925 1,947 1.928 1;923 1.920 ' 1.397 1.929 1.947 1.926
Na l235 L1460 133 36l 365 334 . 4310 .243 222 228 }
Ko “.125f',06%.v.06; . ’;211' 218 .216 & . 117112 L '
'Téiél 2.268 2.131 2.142 2,500 2.506 2.470 (/;Tt?i—;.ze9 2.281 2.265
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TABLE 3. BIOTITE ANALYSES o : e T
T2-15  240-137E _ 375-140W
510, 37.47 37.67 37.25 @ :
T10, . - 2.59 1.7 1.87 ‘ !
‘ . ) . (
Alp05  15.11 ¥ 16.12 16.07
FeO .’  .18.30 13.07 - 15.97 7 ,
MnO .24 1 ST by,
MgO~  12.04 15.96 . 13.36 _
, .
Ca0. .09 .06 tr
Na,0- .16 .35 .10 N (
. . 2
K,0 Y9.73 9.80 9.70 ‘ .
F .17 .26 1.95
.07 .03 0
Total - 95.97 95.17 96.41
Ions per 22 oxygens .o’
Si 5.667 5.602 .5.636
ATV 2,333 2.398 22364
Total.~ 8.000" 8.000 .8.000
a1Vt .360 .428 .502 i}
T4 s £295 .195 213
CFe ¢ 2.315 1.626 2.021 -
Mn 031 ). 014 - .018
Mg 2,714 . 3.538 3.013
" Total  5.714 5.800 5.767
) - > >
ca .015 - .010 0
Na .047° .101 029
K 1.877 ©1.855. 1.872
: o N
Total 1. 1.970 1.902
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Total

Si
Al
Total
Al
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. “BLE 2, mrmﬂawoz MICROP} ‘a,>2>rmmmm.oﬂ ZONED >idemmﬁmm FROM xoo&mf>w LAKE
- sam Core | . Rim >au.nwwms Rim Core
( A A T 1 | — . f —
T2-15%1 2 3 4 5 6 « 7 8 9 10 ~'T4.4b-1 2 . 3 4 5 6 7
- 47.58 51,05 50.83 43.59 43.17 44.04 47.99 47.55 47.25 48.04 . 40.73 40.76 43.16 41.11 41.29 41.14:41.08
S .61 .21 .21 .76 .76 .77 .73 .38 .39 .38 1.02 .98 .46 .71 1.05 1.16 1.09
8.80 5.05 5.00 11.24 11.02 1111 11.04  7.65 8.18 7.77 13.55 13.56 11.49.13.07 13.37 13.26 13,25
~14.64 12.82 12.76 15.67 15.60 15.60 15.55 14.02 14.14 14.02  17.99 18.07 17.36 17.99 17.94 17.68 17.78
36 .36 34 .36 .37 .36 .36 .35.\.35 .35 .27 .27 .26 .27 .27 .27 .29
12.85 14.51 14.58 10.59 10.6. 10.7 12,97 12.71 12.55 12.95  8.75 8.70.10.09 8.87 8.70 - 8,57 *8.86
12.18.12.32 12.44 11.89 11.75 11.90 12.02 1208 12.21'12.18  11.69 11.55 12.03 12.07 11.62 11.63 11.74"
.83 .52 .47 1.23 1.23 1.14 “1.14 .84 ' .77 - .80  1.36 1.38 1.11 1.23 1.41 ~.§Hh 1.34
267 .33 .36 1.09 1.12 1.12  1.10 .62 .59 .59  1.35 1.38 1,06 1.39° 1,37 1.33 1.28
98.30 97.15 96.96.96.44" 95.62 96.75 102.91 96.20 96.42 97.09  96.71 96.66° 97703 96.75 97.02 96.45 96.72
Structural Formula on the basis of 23 oxygens i ) _ . . .
6.958 7.437 7.422 6.594 6.592 6.631 6.733 7.087 7.031 7.087 6.247 6.256 6.252.6.3066.303 6:311 6.269
1.042 .563 .578 1.406 1.408 £.369 1.267. .913 969 913 1.753 1.744 1.458 1.694 1.697 1,689 1,711
'8 8 8 8" 8 8 8 8 8 8 g 8  8° 8 8 8 8
- 476 304 283 .598 1.575 .603  .599 .43 .465 439  .696 -.708 .595 669 .708 708 .679
.045 .023 023 .087° ,088 .087 .078 .043 .043 .042  .118 113 052 .082 121 .134 .126
1.79 1.561 1.553 1.983 1.993 1.964 1,825 1.748.1.759 1.730  2.308 2.320 2.200 2.308 2.289 2.269 2.276
042 .042 .C.0 047 048 .045 .043 .044 .044 .04  .036 .035..034 .035 .035 036 .038
2.800 3.151 3.174 2.388 2.412 2.402 2.713 2.824 2.783 2.847 1,999 1.991 2.280 2.028 1.978 1.960 2,021
5.150 5.081 5.080 5.103 5.116 5.101 5.218 5.089-5.094 5.102  5.157 5,167 5.161 5.122 5.131 5.107 5.140
(1.908 1.926°1.947 1.928 1.923 1.920 1.807 1.929 1.947 1.926  1.921 1.899 1.953 1.984 1.500 1.911 1.926
.muwdeHDm .133  .361 mumu. $334. 310,243,222 .228" ..403 4110327 381 417,420 399
125 .061 .062 .211 .218 .216 .197 .117..112 .111  .264 .271 .205 .272 .267 .259 .249
2.500 2,506 2.470 2.314 2.289 r 2.590 2.574

2.268 2.131 2.142

2.281 2.265 m%mmw 2.581 2.485 2.637 2,584

P
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' TABLE 2. ELECTRON MICROPROBE >zyr<mmm OF Nozmo AMPHIBOLES FROM KOOTENAY LAKE

-~

~

jotal 96.77 96.46 97.06

STRUCTURAL FORMULA ON THE BASIS OF 23 OXYGENS

St - 6.282 6.543 6.531
A1 1.718 1.457 1.469
Total 8 8 8
Al 678" .598 .734
Ti .094  :0527 .091
Fe™ - 2.307 2.22 1.454
i .035 - .033  .026
Mg 2.028 2.246 2.755
Total 5.142 5.149 5.060
Ca  '1.953 1.955 1.956
Na .397  .337 .371
K T .266 .209 .151
‘Total 27516 2.501 2.478
. o _

96.37 96,59 96.64

6.489 6,482 6.431
1.511 1.518 1.569
-8 8 g
728 731 .719
.095 . .102 .119
1464 1.645
027 .027 .030
2,747 2561 2.722
5.061 5.066 5.045
1.961 1.946 1.963
2396 .405 .421
153 .157 .178
2.510 2,508 2.562

.

96°97 97.22 97.01 97.32 98.69

96.99.97.03

6.439 6,456 6.486°6.517 6.554 6.951 6.889

1,561 1.544 1.514 1.483 1.446 1.049 1,11}

§ 8 8 8 8 8 8
711, .78¢ 706 .699 .713 .551 552
125 .125 .113 [.1077 .094 .038 .040

1.455 1,48 1.486 1.436 1.436 1.449 1.305 1.586

026 .027 .026 .027 .026 023 .026
2.726 2.753 2.768 2.779 2.773 3.146 2,902
5.048 5.048 5.049 5.048 5.055 5.063 5.106
1.959 H.&mu 1.955.1.959 1.954 1.963 1.937

.407 \wuww_,.uou. uwou‘ 376 .250 .225

179 7190 179 162 156 125 .127
2.545 2.528°2.531 2.514 2.486 2.338 2.289

— . Rim ¢+ Core : Rim Rim : Core
. I , i o T

¢ TL-4b§ 9 240-137 . 2 3 4% 6 7 7 8 9 10 325-170W 2 3 4 5
S0, 40.98 42.87 44,40 43.84 43.3 wu.bowuurmw 43.8 44.0 44.36 44.54 47.92 bN.ﬂu 48.2 43.95.42.93 42.81
Ti0, .81 - .45 .82 .83 1.07 1.13 1.13 1.02 .97 .85 .35 .37 .33 .77 1.7 1.29
Al,03 13.26 11.43 12.71 12.84 12.9 13.1° 13.06 12.96 12.78 12.6 12.45 9.36.9.76 8.27.12.16 12.89 12.84
JFeO  17.99 17.3% 11.82-11.82 11.68 11.74 1183 11.65 11.55 11.69 11.78 10,76 13.13 12.17 13.88 13.9 14.15
wae 227 .26 .21 .22 .21 .24 .21 .72 .21 .21 .21 .19 w21 .22 .26 .27 .26
140 B.88° 9.87 12.37:12.45 12.52 12.33 1239712053 12.6  12.69 12.64 14.55 13.47 13.72 11.37 11.02-10.9
Ch0 11:89 11.96 12.42 12.36 12.28 12.%6 12.38 12.43 12.38 12.45 12.39 12.63 12.51 12.39 12.33 11.94 12.05."
a,0 1.3¢ 1.16 1.3 © 1.33 1.41 1.47 1.42 1.31 1.39 1.38 1.32- .89 .8 .23 1.17 1.35 1,38

~1,0 36 1.08 .81 .81 .83 .94 .95 1.01 .95 .86 .83 .67 .69 ~ .54 .8 .95 .95

.96.56 96.67 96.42 96.63

7

7.077 6.557 6.438 6.418 |
..923 1.443.1.562 1.582

8 8 8. 8.
.508 .695 .716 ~.687
037 .087 .132 .145.

1.494 1.732 1.743 1.276
.028 .030- .03

3.002° 2.529 2.462 N.mwmm
5.069- 5.073'5.087 5.075
1.949 1.971 1,918 1.935°
..208 .337
101 .152.181 .183
2.258 2,460, %jus2 2.518

.393° 400 -
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TABLE 2. ELECTRON MICROPROBE ANALYSES .FROM KOOTENAY LAKE .
‘ Rim Adjacentgrain R © - Core : :  Rin
| o 1 4, - : ) ’
’ 6 7 .m 9 100 T4-8bl 2 3 &S 6 77 8- 9 107 11 7

§i0, 43.53 45.22 43.41 43.38 43.42 42,42 41.81 51.77 41.39 40.85 41.38 41.23 41,17 41,31 42.7 46.97
Tib, 1.13 .68 .93 “1.17 1.05 .66 .88 1.14 1.1 1.12 “1.271.28 ,HwNN 1.24 .64 .3
Al,05 11.74 11.37 3.4 12.42 12.4 12.82°12.76 12.98 13.12 13.33.12.85 12.88- 12,93 J2.81 11.97 7.9 |
FeO  14.37 16.18 14.29 14.17 16.15 16.95 16.89 17.27 17.21 17.3 17.15 17.06 17.08 1712 16.72 144 N
vo | .24 .22 .23 .23 .22 .23 .25 .25 .27 .25 .27 .27 27 .28 .26 .25
| 4go 1095 11.62°10.98 10.93 11.02 9697 9.38 9.38 9.09 -9.04 9.1 9.15 9.1 9923 9.95 12.6 -
. coo 11.7412.23 12.26 12.22 12.21 12,02 11.94 11.9 12,07 11.87 11.92 11,97 12.05 12.02 11.91 1219
Na,0  1.21 1.02 1.05 1.5 1.15 1.4 114 1.26 1.2 1.24 1.25 L. 25 1.28 1.22 1.13 .65
K,0 .92 .86 1.15 1.05 1.0l 1.33 1.4 Lot 1,37 1.38 1.38 LA 1A% 1.39 1120 .69
Total 95.82 97.39 96.69 96.73 96.62 97.27 96.45 97.37 96.84 96.39 96.59 96.52 96.43, 96.63 96.4 96,18
STRUCTURAL FORMULA‘ON THE BASIS OF.23 OXYGENS _ R ,
Si  6.57 6.686 6.503 6.492 6.501 6.413 6.385 6.333 6.313 6.267 6:328 6,312 6.308 6.317 6.499 7.026
L 143 1.314 1.497 1508 1.489 1.587 1.615 1.667 1.587 1.733 1.672 1.688 1.692 1.683 1.501 .974

Total 8 g8 8 ‘8 8 s 8 8 8 8 8 g 8 .8 8 8
» sl 658 .667 .693 .683 .689 .698 .682 .653 .672 °.678 .645 636 644 626, .646° 1423
o i .128 .076 .105 .132 .118 .075 .102 .130° .126 .129 146 148 L141° 144 s 034

Fe  1.814 1.756 1.790 1.773 1.772 2.143 2.157 2.190 2.196 2.22y 2.194 2.181 5,188 2. H@omw 129 1.802

Ma 030 .027 .029, .030 .028 .03 .032 .03z .035 .033 .035. .035 .035 7. .036 .033 .032

Mg 2.463 2.560 2.452 2.437 2.459 2.184 2,134 2.120 2.067 2.067 2.074 2. 087 2.079 2,105 2.257 2.809
Total 5.093 5.084 5.06975.055 5.066 5.130 5.107 5.125 5.096 5.127 5. o@b 5.087 5.087 5.100 5.1395.100
ca  1.898 1.937 H.a@w 1.96 1.8%6 1.946 1.953 1.9331.972 18952 1.954 1.963 1,978 1.970 1.942 1,953
Xa. .355 .292 305 .334 .334 .334. $338/, 371 .361 370 .372 .372 ©.379. .361 .332 247
K L177 - .16l .NNo_,Lnow .192  .256 .Nqun 272 .267 .270 .270. Nmo .261 272 .217 wa
. Total 2.430 2.390 2.493 2.495 2.484 2.536 2.564 2.576 2,600 2.592 2.596 2 5615, mxwpm 2. 603 2.491 2. ;332"

A

;
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TABLE 2.  ELECTRON MICROPROBE ANALYSES FROM -KOOTENAY LAKE

Rim . Core m . Rim Adj. grain

Tesal 2 3 4 5 6, 7 & -9 10 1
$10, 48.92 43.2 43.54 43.34 43.53 43.63 43.8 46.57 50.07 49.68 42.31
Tiop' .15 .92 1.02 1.09 .1.06 1.08 1.02 .81 .37 1.00 M
Aly0y 5.97 12.76 12.85 12.78 12,63 12.9 12.88 12.25 8.7 12290
FeO  11.17 13.15 13.09 12,86 12.74 12.88 12,87 12.75 11.27 13.16
MnO 19 .21 .22 22 .21 21 .21 .21 L3 2
Mg0  15.34 11.69 11.79°11.88 11.94°11.92 12,04 13.37 15.26 14.69 11.44
Cad  12.52 12.32 12.2 12.02°12.59 12.29 12.29 12.24 12,42 123
NayG 63 1.26 1.41 1.57 1.45 1.4. 1.6 1.31 1.36 1.3
K0 .39 .92 .9 .87 - .87 .85 .82 .81 .65 1.01
T-tal 9528 96.43 97.03 96.64 97.02 97.17_97.34 100.32100.29103.6795.0
STRUCTURAL FORMULA ON THE BASTS OF. 23 OXYGENS o N :
Si 7.247 6.454 6.549 6.451 6.457-6.455 6.464 6,625 7.046 6.777 6.438
AL .753 1.546 1.451 1.549 1.543 1.545 1.536 1.375 .954 1.223 1.562
Total 8 8. A. 8 8 8 8 .8 8 B
AL, .290 .701 .795 .693 .665 .704  .704 .679 .490 .704  .642
T4 .06 .103 .114 .123 .119 .12 .113 .086 .039 .068 .115
Fe'  1.385 1.643 1.624 1.601 1.58 '1.594 1.589 1.517 1.327.1.462 1.674
Moo .024 .027. .028 .028 .027 .026 .026 .026 .024 .022 .026
M3 3.387 2.604 2.607 2.635 2.64 2.629 2,649 2.834 3.2 2,986 2.5%
Total 5.102 5.078 5.168 5.081 5.031 5.073 5.081 5.142 5.08 5.242 5.051
Ca  1.988 1.972 1.939 1.916 2,001 1.947 1.943 1.866 1.872 1.791 2.005
Na 181 .364 406 .453 .417..401 .401 .361 .37 .215_.383 g
K .073 .176 .17 .165 .164 .161 .155 .146 .116 .102 ..195
Total 2.242 2.515 2.515 N.uub.w.umwxw.woo 2.499 2.373 2.358 2.108 2.583



~
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TABLE 3.

[

| %11 T Tanty | T4-8b
.
. si0,  36.16  36.30
T10, - 2.04, ° 1.66
A1263 15.13 15.20
) FeQ  “17.57  17.99
) MO _’ .18 .20
Mg - 1l.64  12.00
Ca0 ..06 .08,
"Na,0 12 .10
K50 9.46" "  8.97
.F .08 .29
.cl .04 .04
Total 92.48 95.92
" Ions per ZZAOXygeps
51 . 5.639 - 5.665
sl 2der 2,335
Total . 8.000 a.qoo‘
, AV a0 lass
T L2233 .18
iFe 2,291 2.329
. Moo - 024 L .026
"f\‘mg ~ 3.706 - 2.768
© Total . 5.664 <¥5.758
ca’ .01 .013
~ Na  ..033 .03
K 1.882 '1,?71
(D . foral 1.925  1.814

BIOTITE ANALYSES -

Y Tl’;ga

*.37.10

73
15.81
14.01

T

v 14,73

.15

.03

L9371

. 5.625

- /

2.375

8.000
G Loss

.196

1,776

.018.:

3.329

5.769

.032

.094°

1.835 ¢

1.962

.32

o4
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Fig. 1 Metamorphic map, Kodtena} ﬁay, Brltlsh Co;umbla

N

Fig. 2 .Camera lucida tracing fé§9T2~L5. humbered dots porreépond to"
f REE 1 " K ; fll . ‘_\’ A Y
' 'stagion points in.Fiou'B,ngeavv llne 1s the Opthdl bound v df

' I~

S

B

<

Bos

. “the graln, the lighter ane enclosed by it 1stthe ang x‘%ute ot
e ‘.‘ ; e v ,. . —:);; - - . -
optlcal'boundary of ‘the core hoﬁ@@lende,f'The tracmnq hpws theJ

textural relatlonshlps of the othef_mineralg qp(the Sllde..
e o ooty .
Fig.' 3 Statlon plot for T2~ 15 Stations -as located in ¥Fig. 2. Dotted
/ y (54 . . N
lines are interpoiated from intensity traces. ' Transitions '

between stations %‘and 4 take place over a distance ot about
R U R b
20 microns. ¢ : :
: Fig. 4 Tetrahedral ai against A-site occupancy plots for all grains
‘studied." é;site occupaney ealculated.as‘Na + K..
T2-15, See camera luc1da trac1ng for station locati s (Fig. 2),
[ I ) . ""») - ' .‘ .

Points 1, Zjﬂ3, 7; 8, 9 and 10, are optlcally 1de1t1f1?9}€
- fi actinolite. The change occurs over a dlstance of about 20

micrqns between stations 3 and 4 and -about 50 microns'between

¢

stations 6 and 7. The optlcal boundary is sha*per than for

N
'

. less - radlcally 7oned amphlboles. A poorly.d%gined Becke line.

is. present between p01nts 3 and 4,

"
»

r

" 375- 140w Thi s is a comp051te grain, with the optxcal boundary ;}’

with the adjacent graln_lylng between pointa 7 and 8. The

..-73 ) o < . . . \ ‘ ; . ) . .
* separation is marked by tremolite, and another tremolite is

.present'invthe rim between points'QHand 3.-_These tremolites
s . . - . . .

are not shown’ in this plot théy appear on the 1nten51ty traces

for the mineral. Stations 1, 2 and 7 are optlcallybldentlflablej (:ri,ﬂ
. ,,,% e . M.Su’%%ds

as actinolite. Statlons 8 9 and 10 are’ located on, the adJacent

v
’ .
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: ' D o l . . 14 .
grain.,‘Transitions between rim and core take place over a N~

B : . N . a
distance of about 20 microns. Transitions between actinolite

».-and tremolite occur over a distance of less than-10 microns.

:240-137E. All stations except lO:are optically identifiable

s

A“

as hornblende

~.

pe transition between station 9 and ‘station
tring over a distance of 60 microns. The = .
optical transitlon is fharked by gradual;paling of ‘the dark &

green hornblende.

Tl-9a. This is a composite’grain with the optical’ boundary
. . ‘ _ - b . - ‘ T
. at'point 10. Totals. for points 8, 9 and lO are somewhat high,

~

' which may- explaln the dev1atlon of p01nts 9 ‘and 10 from the
general zoning trend: P01ntb 1, 8, 9 and 10 are optlcally

~identifiable a% actlnollte. Trans1t10n<iakes place over 50—
LT . _ . ,
73 microns; ‘The opﬁital boundary is'fuzzy,:but’sharper than
§ » those of the. less radically zoned amphiboles.

o T4=4b. - This is. a composite grain, with _points l“and'Q

located on an. adJaCent zoned -amphibole of, nearly the ,same
ot .Goﬁ ’ [

composition. P01nts 3 and 9 are optlcally 1dent1f1able as

) .
.

actinolite.

T4— Fb Only station 10 is 1dent1f1able as actlnollte ootlcally

The tran51t10n occdrs in about %O mlcrons. The optical boundary .

~

is not sharp.

Flg **5. Plots of Mg/Mg+Fe and T1/T1+Fe for the core and the rim of each

amphibole graln and\coex1sting blOtlte. “The biotite is generally

located withint 1 mm of the hornbl nde except for 240 l37E and

K : :
: T& 8b where only a few flakes of blOtlte appear in the entire N

ellde. ' = ' ) . ST

v 2 o ) P ’ M

)



Fig. 6

b
g«;!
N

. Fig.

"and paragenetlc hlstory.~”“°..j”

'on Flg 6 as SLBT 22 s - '. : i

Tetrahedral Al against A-site occupancy plot for coe®istiag
- ) o 1]

- . : R . : .- '
paris of actinolite-hornblende taken from the literature and
. ) : v :

1]

. L e R .
~another location in tHe Kootenay Arc. A-site occupancy is

calculated'as Na + K.
X from Klein, 1969
(&4 .

el

%Eﬁﬁlffom Cooper and Lovering, 1970; Cooper, 1972

g‘fhis study (5LBT-22).  5LBT-22 4is compOsed of hornblende—

dctinolite alblte blotlte and sphene Astlnollte is present "

. ‘ o
as a separate phase and also as rims surrounding parga51t1c.

-,l‘~hornbiende cores. Contact between actinolite grains and pérga—

.~ - -

. i I :
sitic hornBlende grains (unzoned) is sharp.

It.should be noted’that the ampHiboieé present.repreSent

P

differeﬁt parageneses, especiallyithose of Klein. Haast‘Rivef

amphlboles and paragen851s are quite 51m11ar to those of the -

N~

Kootenay Arc. Thls plot 1nd1cates a sol&héx\n the tornblende-

\n\

'actinClitefseriés;( $he-pbéition OE'the solvus‘méy be a func~
. C?on of/ temperature and«pressure as’ well as crvstaﬂ chemistry
'(see‘Shido andqglyashlro, 1959, ompton, 1958 Kleln, 1969

'_pand Coopér and Loverlng, 1970) The position and width of the.

1».‘

’solvus may be’ a functlon of . temperature pressure, composition

g3 o _,, L,
.

.

2 %, : s

Plbt of A~31te occupancy agdinst tetrahedral Al for éoﬁamphl— :

.w-

boles £{\m the central Kootenay Arc. Areite occupancy calcu—
f Tl e : - . 1

,lated»as'Va +=K* 31 38 and 13- 22 are palrs. 31-38 is plotted

R
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