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PART T: INTRODUCTION

“he Arseno Lake area is located on the Bear-Slave

)

Provincg boun@agéﬂ 260 km north-northwest of Yellowknife,
Northwegt Terrféories, Canada, and is roughly bounded by
115° 30" to 116° 00' West longitude and 64° 15' to g4° N
45' North latitude (Fig. 1). East of the boundary, the
bedrock consists ¢f the Yellowknifq Group Snd related
lntrusive rocks oﬁ Archean age (Lord, 1942. McGlynn and
Ross, 1963; Ross and McGlynn, 1965). West of the béund—
ary, the bedrock is Predominantly metamorphosed Protero-
zoic Snare Group sediments, with sporadic occurences of
remobilised Archean ortho- and paragneiss (Lord, 1942;
Frith and Leatherbarrow, 1975; Yielsen, 1975). The meta-
sediments of the area west of the Bear-Slave Province
boundary were studicl? with the principal objectives of
elucidating their metamorphic evolution and of unraveling
the relationships between thé Bear and Slave provinces.

T2 those ends, all of the availlable geolegic, geo--
chronologic and Geophvsical data for the area were compiled
and evaluated in an attempt to g;in additional controls
on the area's evolution. The geologic maps of Lord (1942),
McGlvnn and Ross (1963), and Frith et ii‘ {1974) served
as base maps for planning of traverse lines and for plot-

ting the resultant petrographic observations. K/Ar radio-

3

etric dating, by the Geological Survey of Canada (Wanless

et al., 1963, 1966, 1968, 1970) established an age of

b
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FIGURE 1: Location map.
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Py and o AR decoamrhono taon react ponn s o eenwood,
* 4
e s, R Thi Preerelore, guant ot gt Lvedy anne s sed
S R ot d oy tron on the e b rnnn con-
drt oo o delhvsdr ation reactions encountered Jdarina
PrGCaT nie metamn o pha s
Ie
The oxpeerimental study o the xe Y soaral’ oreacs
rons o encoantered o othe metamorybhrsm o of pelisie ro kg
s S Ny Lvedd b Tohcat e the ST ~ 1 Py ey uragt e r 1] 38 ™ -
s N preodd oL OCaaTe Clit COommnen iy COse Vel Minel AL oM
R LT R i Lo R R S - } (S et 1 - 3 ~ 3PN oo
Lodrie transilions on o the rogenetlc gr.od These works
cnciude:
1. The muscovite + oguartzs stability field
(Evans, 196%; Kerricw, 19723
2. The muscovite + chlorite stabilicy f1014
(Seifers, 1970; Z2ird and Fawcett, 1973
3. The almardine + s:illimanite + guartz sta-
bility field (Currie, 1271; Hensen and
Green, 2971, 1372, 1973; Weisbrod, 17%732,b)
4. The stapility fioicds of &Y Al.S:10. nolv-
p 2 5 B
mcrpnhs Richarcdson, Gilbert, and Bell, 19€2;
Zen, 1969 freview parer); Ho:daway, 1971)
The metamorghic pe-rologist may also util: twWo
cthor me ncds for chtaining the information present in
scandard and collshed thin secticns. The first of these
1s 2o examine primary fluid inclusions to cbtain informa-
-~ - N e e -~ ~ ~ N —~ R E£7T073 -1 v~ - PR SN -
C1C0 OnL Tne 235 Ccompositlo 2 the fluid pnhase which, was
trappecd during the host mineral's crystallization. It
1s reln*ively simcle to determine whether the trapred
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Praraplos ot Yellowknite Sroup oand the overlying

Snare o oronp metasoedinent s, The westorn boundary o tihear
study corresponds to the cordierite isograd o thic
S Foos and Modlynn (1965 summar Loed the Snare-
Yollowknite relations along the Fnown length of the Snare
Group, from Basler Lake in the south to Arseno Lake in Lh(?
north.  They noted a vhange 1n structural style from open
concentric rolding in the soutrh to more steeply divoing

pricht to weste:l rolds in the north.

bt
~
—

P
[

rre
192
st
-

R. AL Frith in 1972 began & 1:50,000 scale struc—
tural study 10 the westerrn haif of the Arceno Lake maun
area (Frith, 1073; Frith et al., 1974; Frith and Leather-
>; Leatherkarrow and Frith, 1875) . Figure 2

shows the generalized ceolocic rap of the study area.

SEOLOGIC CHARACTER OF THE STUDY AREL
The area studied was characterised by a low pres-
sure, Abukume bty *tamorphic series. It ranged in

phitolite crade rocks :a the west. The thermal gradient
wage not uniform, but appears to have steepened as tre

Crelss dome i: the west central por-ion of the area was

drproached anc to have levelled 0f7 across the gneiss

“ome. Rocks 1n the easterrn part of the area, below “he
Al

andalusite isograd, show well preserved bedding. These

metasediments are correlative with the lower Enpworth
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FIGURE 2: Generalised geology of the Arseno Lake area
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Group (Hof fman, 1970), which 1s exposed 100 km north of
the Arseno Lake areca.  Above the andalusite .sograd; pPri-
mary textures and features have been obscured by penetra-
tlve structures associated with»Dl and D2 pﬁases of defor-
mation (Frith and Leatherbarrow, 1975), and only cryptic
chemical differpnces can be used to define some of the
original lithological unifs.

The aneiss dome exposed in the central part of the
area plunges to the southwest and i1s exposed for more than
25 km along s:rike. ‘It is cored by remobilised Kenoran
granodiorites (Frith et al , 1974), and Archean paragneiss
1s exposed in the western and southern portiocns of the
Jome. (Thg term 'Archean paragneiss', as used in this

-study, refer

0

to polymetamorphic rocks whose first
metamorphism predates the Hudsonian Snare event. At
presenc, there are not sufficient data to establish a .
definite age for these rocks.)
Thus the arca as a whole shows an Abukuma Zacies
3 4
series tyre metamorphism in the Proterozoic (middle
Aphebian) sediments in the east, which is superimposed
Pl ’
upon a mixed assemblage of Proterozoic sediments and
remcbilised Kenora' ortho- and paragneiss in the west.
Distinction between the Proterozoic metasediments
and remobilised Archear Paragneisses was made on the
basis of:

1. The Polymetamorphic nature of the latter,

which contain relic grains of high P-T

13
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minerals that -ould not have resulted from

the Proterozolce metamorphism.

to

The presence of similar grade paragneisses
in the Ghost Lake area of the Slave craton

(Folinsbee, 1940, 1941, 1942).

A Rb/Sr whole rock reference isochron
(Fig. 3) which had an initial ratio of

.704 and an agc of > 2100 m.y.

General Lithologlies

The lithology of ﬁhe region consists of a sedi-
mentary sequence with a near basal siliceous dolomite,
overlain by interbedded -thin bands of siltstone and
shale, graded bands of S;ltstone and shale, subgraywacke,
and rusty pyfitic-é%ale with occas ~nal horizons of
quartzites, intraformationaf congl-. 2rate and calcareous
argiilite. These are all members of the Snare Group
fLord, 1942 .,

In the higher grade portion of the area, local
Degmatlites, mino% injection migmatites and remobilised

Archean granitoid rocks are found, along with retrograded

= 1

Archean paragneisses, which are similar to those describ-

3

ec by Folinsbee (1940, 1941, 1942).

The basement rocks of thé Snare Group metasedi-
ments are the Yellowknife Group metasediments and meta-
volcanics, although in some locationé, Kenoran intrﬁsive

rocks are overlain by Snare sediments. Throughout much

14 _ .



70 1 1 ) ) l

I 2 3 49 5
, 87, ~ 86
Rc™7/Sr
Diagram showing the Rb/Sr data available for the

remcbilised Archean paragneiss.

The line shown is
a 2110 m.y. reference isochron.

15



of the central area, only the Proterozoic Snare Group
metasediments are exposed. Ba‘jqement in the western part
of the area consists of remobilised Archean granodiorites
and pre-Snare paragneisses which together define the

core of the gneiss dome shown in Figure 2.

Metapelites. Interbedded shales and argillites

bl

and their metamorphic equivalents comprise the bulk of

the Snare Group sediments. At low grades of metamorphism,
original bedding is preserved, with beds approximately

1 cm thick, giving-the rock a laminated apvearance. Buff
s1lt bands alternate with medium grey shaly bands. Lo-
cally, however, the thickness of individual beds can ex-
ceed 10 to 20 cm. The shale is dominantly comprised of
white mica, chlorite, cuartz, and plagioclase. The argil-
lites have more quartz and plagioclase an’ -less white mica
and chlorite. At higher grades of metamorphism, biotite,
.andalusite, cordierite, sillimanite, K-feldspar, and
garnet have appeared, while muscovite and chlorite have
disappeared.

Siliceous Carbonates. On the eastern margin of

the Snare Group, basal carbonrnates lie unconformably upon,
or In fault contact with, the Yellowknife Group metavol-
canics. ' They general'y consis- of recrystallised granu-
lar or érystalline carbonates with varying amounts of

“uartz, epidote, zoisite, tremolite, phlogopite, sphene,

bictite, and cicpside. The type and amount of acgessory

16



minerals is a function of metamorphic grade and original
composition,

Metapsammites. These units range from less than

1 meter to several meters in thickness and are interbedded
with shale, argillite, calcarecous argillite, and pyritic
blacx shale. The quartzi;eg are generally impure and
contain minor plagioclase, white mica, and some chlorite.

The conglomerates consist of quartz rich clasts in a matrix

of chlorite, white mica, and finer grained quartz. A*-
higher metamorphic vrade, the matrix has recrystallised
and developed biotité while reta: igdthe original plagio-
clase and K-feldspar
Granitic Rocks. Gfanitic rocks of two ages are
~4

present in the study area. Within the Bear Province,
older granitic rocks of 2710'm.y. (Frith et al., 1974)
occur as remobilised material coring the central gneiss

dome. To the north and west, granodiorite of the Hep-

burn Batholith type (&~ 1800 m.y.) occurs.

Othe: Intrusive Rocks. The Snare Group?meta—
sediments are cut by dikes and sills (?) of medium to
fine grzined, rusty weathering metagabbro. Higrer grade
Snare rocks are alsc cut by aplite dikes and coarse
Srained, garnet bearing pegmatites. The whole of the
central and western part of the area is domed up by re-

mobllised Archean granodiorites ang pre-Snare paragneisses.

Quartz veins and minor pegmatites cut many of the higher



grade Snare Group paragneisses.  sSome of the pegmatitos
are derived from the Snare rocks, and oth-rs near the
gnetrss dome are Jdervived from the remobilised Archean

(Kenoran)

granodiorite.

These yvield a Rb/Sr isochron

- C o . . . -~ by [ol . )
of 1808 m.y. with an initial brh7/8t' ratio 0.7142
(Frith et al., 1975).

Structure 1n Relation-to Metamorphism
Deformation of the Sna metasediments differed

£ m east to west, and the cordierite isograd apiroxi-

mates the boundary bketween the two domains. ELast of the

cordierite isograd, where retamorphic grade was in the

plotite zone or lower, the fold axes trend approximately

m

form a closelvw

zone of

{u

020°, plunging northwards, and

I

spaced, upright to westerly dipping folds. These are

primarily isoclinal folds, formed by simple or pure

Shéér (McGlynn and Ross, 1963).

the cocrdlerita-isograd, the first phase

v
s

(Dl) was much lixe - % in the east, and

phase of deformation (D2) 1s evicdent. Where D2

was not too intense, the folds strike 080°. ‘D2 was much
less 1interse than Dl and is‘generally expressed'as gentle
open folds which plunge to the soutr 5>r southwest (Frith
ard Leatherbarrow, 1975). D, was more 1intense, and caused

1

the development oI biotite schistosity and elongaticn and

Hh
[

min

peae
th
0]

attenin

o

ct

ral grains. Porphyroblasts on axial

un

lanar structures developed as a result of the penetrative

e
o
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natur> of the first phase ot Jdetformat 1on.

Metamorphism
The metamorphism of the Proteroro’ - Snare Group
sediments and remobilised Archean paragneisses was g low
pPressure type event, similar to that in the Abukuma Dla-
teau (Miyashiro, 1958). The average thermal gradient was
[SIVA

approximately 66°/km and ranged from less than 38°/km to

75°/km.  The maximum therma! gradient occurred on the

rh

te 1 Tt

o

[GF3

0
~

n flanks of the gneiss dome above the cor

faal

1sograd. The metamoarrhic grade increased from east to

west and ranged from the chlorite zone at the base of the

Snare sediments tc the upper amphibolite facies (alman-

+

dine-K-feldspar-cordierite~sillimanite) 1n the west.
Sample density and mineral assemhlace data have defined
the following i1sograds:

1. Biotite 1in, musccocvite + chlorite ocut.

2. Andalusite 1in.

Cordierita In.

()

4. Sillimanite in, andalusite-out.

N
"

. Sillimanite + K-feldspar in, musccocvite

6. Coexistence of cordierite + garnet.

Locally, the firs pearance of garnet in rocks of the

n
+
o
'O
e}

appropriate composition occurs petween the biotite and
andalusite 1sograds.

In additlon to the prcgrade seguence noted above,

19



doserles ol retroar ade reactions. have Yoeon tntepr e by

observatrons o than sections rom the remol 11vsed Archoan

Daragnelss,. These incelode:
Lo Spinel + quarts » cordicr:te.
4. Garnet + K=feldanar + 1,0 - hilotita + Al,sio .
2 2 5
. 0rthopyrosone - Al 810, + K-feldspar -
< > °
biotite + quartz.
4. Orthopyroxene + Al _Si0. + Tuartz o~ cordierite
< .
;

20



PART 11:  PETROLOGY

CENEHAL  EOSCRIPTTION

The Chlorite Zone

L

The lowest orade metamorphic rocks sampled
1mmediately west of the Bear-Slave Boundary and extond

kit into the Bear frovince. The sam-

N

“between 0.2 and 1.

from tnis narrcw cone contain chlorite, white mica,

quart, and detrital feldspars, as well as 1lmenite and
T

minoy authiqgenic pyrite. hese rocks are weryv fine grained

Wwlth quarcz o0’ rlagioclase clasts seb in a matrix of ro-
crystallized guartzo-7 dspathic material and interleaved

chlorite and white mica.” Westward from this fone, bio-

es present excert for

width from 2.6 km in *he

the gneiss dome, to up

3
J
[t
)
e}
e
]
t
[
b
I3
'
t
@]
th
-+
)
[¢9
y
)
0]
t
[
t+
4]
9]
Q
o]
b
(9]
{h
¢
[
b
o3
®
(o))
U
3
+
3
]

ance cf blotite from the reactiorn of chlorite + white

mica.
Metapelites. The pelitic rocks in the lowest
-
part of the biotite zone are very fine grained and are
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. Voo,

Samp e V227 showing @in o arained muaeovi Le—cb o ot
Guar e matrix with ilmern. te ond sulfide Gralns and
st ayrar hiite. Larage white arcas aro gaarts 1ignt

ey areas are hiotito. Crossced nicols. Scale
bhar = 125 microns.
cample 7273 showing a coarse biotite £labe in a -

aquartz matri-. Chlorite ograin in upper conter or
rhotomicrocraph.  The dark lines in tne bBiotite are
rutiley noed g which are thoucht to have grown
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a ¢ Sed nicHla, ~lar = 0 microns.,
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part ot the area.  East and southeast of the gneiss
deme, cordicrite fivst appears between 0.2 and 1.0 km
abouve the fi1rst appearance ol andalusite. Cordiurito
and biotite are present from the upper limit of the bio-
tite vone to the western edge of the study area. The
upper limit ot the cordierite zone is defined by the
prescence of garnet in hond specimen with cordierite and
biotite. The cordierite zone ranges in width between 1.0
and 3.5 km.

Rocks from the cordierite zone are nodular in
appearance. Th's 1s caused by the presence of larg

diffuse cordierite poikiloblasts o~ well as euhedral anda-

o

lusite porphyroblasts. Chlorite and muscoXxite - “utual-

A\
-~

2w oexclusive. Blotlte is ubiguitous ané abundant. - The
rock 1s much more massive than spocimens :from the biotite
zone and cleavage and well defined foliation are much

less common, excent in the most biotite rich rocks.

In the upper part of the cordierite zone, anda-

—

lusite is replaced by sillimanite ard a well defined

first sill -manite isograd has been mapped. At the first

appearance of sillimanite, the rocks take on a rusty

weatheriny appearance.

b

The second sillimanite isogral, marked ov the reac-
tion of muscovite + guartz - sillimanite + K-feldspar +

,C, Lrackets the upper part of the cordierite zone in the
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southoern and southeastorn part of the- (;r;(‘isas; dome, but
does not appear until well into the garnet zonce in the
northeastern part of the arca. Pelitic and peraluminous
Tocks from above the sccond sillimanite isograd are mas-
sive, rusty weathering and rodular in appearance. The
knots are cordierite porphyrobla. s and bundles of fine
siliimanite (variety fibrolite) or large prisms of
coarsely crystalline sillimanite. The rocks are much
more gneissic. This gneissosity is defined bv an alter-
nation of leucocratié and melanocratic bands formed by
metamorphic segregation.

The Cordierite - Almandine - K-feldspar Zone

This 1s the highest grade of metamorphism rec.ded
in the Snare Group metasediments. Cordierite and gérnet,
alony with bilotite, quartz, ilmenite, rutile, plaéioclasé,
K-feldspar, and sillimanite are the dominagt-mineralgf
Sillimanite is commonly found within cordierite, but
never in.céntact wWltl. garnet. Cordierite is Dresent in
all but the most magnesium poor metasediments and biotite
1s ubiquiéous. In the central part of the cordierite-

almandine-X-feldspar zore, minor injection migmatite= and

F= ~

local anatectic pegmatites 2re found. The garnets are

euhedral to anhedral. anhedral carnets are rimmed by

oY
]
(D

blotite and fine grained lagioclace, indicating +he

e

retrograde reaction of garnet + K-Zeldspar + H O -

blotite + plagioclase. "Table 1 presents commonly observed
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mineral assemblages  com the above zones in the Arseno

Lake area.

The Archeuan Paragan-isses

In the western part of the gnelss dome, poly-
metamorphic rocks crop out. They were retrograded to the
cordierite~-almandine assemblage by the Hudscnian meta-
morphism, but relic grains of hercynite spinel solid
solution and iron rich orthonyroxene (Fs 53-35) persist.

The presence of spinel enclosed by cordierite and cordi-

(]

erite * sillimanite, and the occurrence of embaved orthc-

p—

pvroxene, leads to the conclusion that these samples were
originally metamcrphosed under granulite facies condi-

tions ond wer

e retrograded to the upper amphibolite facies
durinc the Hudsonian. B
The Facies Sericgs

The zonal series described above closely approx-
A \_/7‘
imates an Abukuma facies series (Miyashlrg, 1958) . The
observed zZonal succession 13
biotite - andalusi:e -~ cordierite ~

sillimanite = almandine garnet.

Conditicns. of Metamorphism. This facies series,

characterised by a low pressu-e, high temperature gradi-
ent, suggests that the pressure of metamorphism ranged
from about 2 kbar in the bidtite zone to about 3.5 to 4
tbar in the cordierite-almandinre zone, and temperature

ranged from avproximately 350° Z. in the kbiotite zone <o



TABLE 1: Commonly observed mineral assemblages; from

!
Chlorite Zone

chlorite-sericite~quartz-plagioclase~iimenite ¢
detrital K-feldspar and pyrite

calcite-dolomite-guartz-tremolite

(\v Biotite Zon:

biotite-sericite-chlorite-quartz-plagioclase-
ilmenite-rutile * detrital K-feldspar and pyrite

biotite-muscovite-spessartine garnet-auartz- -
plagioclase-rutile-ilmenite

biotite-muscovite-cuartz-plagioclase-ilmenite-
rutile

biotite-muscovite-andalusite-quartz-plagioclase-
ilmenite-rutile ‘ ’

bictite-chlcrite-andalusite-guartz-plaglioclase-
ilmenite- rutile
Cordierite Zocne ‘ o :

biotite-muscovite-cordierite—andalusite-quartz-
plagioclase-rutile-ilmenite

biotite-cordierite-andalusite-qguartz-plagioclase-
l1lmenite-rutile

hiotite-cordierite-fibrolite-andalusite-plilagloclase-
ilmenite-rutile '

biotite-cordierite-sillimanite-fibrolite-plagioclase-
ilmenite-rutile

Liotite-cordier
ilmenite-ruti

te-muscovite-orthoclase-plagioclase-
o

W.
le—-guartz
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TABLE (Continucd)

scecond Silligaanite Zone

biotite—cordierite—sillimanite—microcl.ng—quart:—
plagloclase + ilmenite + rutile

biotite—cordierite—sillimanito—microcline—quartz—
plagioclase-garnet : ilmenite + rutilo

biotite—cordierite—garnet—microcline~quartz—
plagioclase : ilmenite ¢ rutile

biotite—,arnet—microcline—quartz—plagioclase *
‘ilmenite *+ rutile
Retrograded Archean Paragneiss

Dintite-cordierite (spinel—sillimanite)—K—feldspar—
plagioclase-cuartz * iimenite = rutile

biotite-cordierite (Spinel)—K—feldspar—plagioclase—
auartz * ilmenite * rutile

spinel)-g

biotite-cordierite ( arne
rtz * i1lmenite : ruti

plagioclase-gua

biotite-cordierite (spinel—sillimanite)-garnét—

K-feldspar-plagioclase-quartz - ilmenite - rutile
biotite—cordierlte—garnet—ortho:yroxere—?—feldspar—
‘pPlagioclase-quartz - ilmenite - rut:le

biotite-orthopyrcxene—plagioclase—quartz—K—feldspar
r ilmenite = rutile ’

calcite-serpentine (forsteritej-ilmenite



700° C. in the cordlierite-almandine zone (sce Part 117,
bage 164, 1771

The general absence of anatexis and tho close
spacing of the first and second sillimanite isograds

suggests that for higher grades of the metamorphism, PH O<pf
’ o]

S

Thig has beern substantiated by preliminary fiﬁid Inclu-
sion studies and is further substantiated by the lack

of large scale equilibration noted at higher grades of
Metamnorphism (see Part III, page 130-36, Part IV, page 196).

—

Assignment of Metamorphic Grade. For many cof
—Ermos el P letdmorpnic Grade. 4

the observetions developed below, = non-mineralogical
index of metamcrphic grade is required. Ramsay (1973 a)
cef :d such a grade index as “he distance above Or below
the cordierite isograd. \In th;s s?udy, such a grade =
index proved to be unsatisfactory; due to the asymmetfical

nature of the cordierite isograd. The grade index c..osen

1s defin=éd as +he radial distance from the thermal dome

localiéhes (see map

pecket) ), divided £y tha distance along the same radial

line to the almandine-K-feldspar is0grad. The thermal
dome is defined by contouring th. mole per cent gahnite
1n spinels “rem he remcobllised Archean Daracneiss. The

pe

area enclosec oy the contour c¢f loewest mole per cent gah-

nite was chos=n as the therma’ high because th spinels -

31



-

This dimensionless grade index is belicved to be
- . . * . ' .
superior to an unscaled 1ndex because it takes into
account variations in the dip of the contact between the
heat source and the metamorphosed country rock. This,
then, compensates for the acymmetrical shape of the heat
source and the isotherms resulting from it.

The Sampl~ Series

All of the 893 samples collected were examined in
thin section. - From this group, 100 samples wcre-selected
for further study. These samprles were chosen on the
basis of: .

1. The mineral assemblage present, with those
hévipg two or more ferromaInesian silicates

chosen in order to use the various geother-

mometers based osn compositions of coexist- -

ing cordierite, sarnet, and/or biotizo.

'

2. The presence of fresh unaltered minerals. ~
¢
3. The prasence ol ~z1lrct Qrt‘n@pyro}:?ne' or M
spinel

The splnel Zearing samples were studied to observe “he
“zactlen relatiohshfﬁ between spinel and the cordierite
‘rrcuncing 1t. These 100 samples were szudied in re-
flected and transmitted light arl areas of interest wers
ncted for microprobe cnalysis. 250 mineral analvsce  were
made using an ARL-EMX Scanning E_ectrcn Microprobe equip-

ved with n energy ersive X-ray analyser. The compo-

o
~
0]

g}



sitions obtalned e used in the discussion bholow.

CONTROLS ON MINDERAT, COMPOSTTION

Theve are two types of contiols in wetamerphic
systems which determine a mineral's composition:
. Those which permit the existence of a

mineral (permissive controls).
2. Those which modify its composition

(modifving controls) /Fig. §)

Permissive Controls

Energetic., The most important permissive
il it E

controls ure energetic. Whether or not a mineral is

.

nt upen the nohysical ceonditions
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of metamorphism. Thes:z factors include pressure, temper-
ature, and the fugacities of mobile components.

Compositionai. Coupled with the energetic

a

controls 1s the need for the presence of an adeguate
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concentraticns to form the mineral. T
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i1s a function of:

1. Bulk rock composition.

8%

. The ease of transport of the chemical
.components to the nucleation and grow:h

centers. N

()

. Metascomatic introducticn or loss . orne
Oor more ccmponents, thus altoring tie

bulk reck composition.
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4o Whetheor the phace which o Forming i

-

|

product "of o continnous o di scontinuous,

react 1oy,

Mori Ii}'l ngy Contrals

‘For minerals of o Fixed comyasilon
. ’

=
N
=
9}

(e.a., T1 in rutile o; 1imenite), he permis

are surtficlent to dotormine tho DY SSence or

OU I}

31ve

absen

nerals

h are the dominant phase {or one oy nore componenta -

controls

ce of

that mineral. For ¢ther mincrale whos composition is

variable, the LOermissive controls determine

ance of a4 mineral, but aot - s exact croposi

the a

tion.

roear-

There are several important modlifving controls

: N y . .
Crerdiing simaltaneously to determine mines

C
o

TCOr each minera groups within a metamorphic

irportar- Int-ovnal modifying controls is +he

1ng 0of TaG cr more elomen De

rr
+
[}
M
9}
O
0
”
-
n
ot
-

in rocks of similar cemposition, but with 4di

eral assemilages, mi

8}
0}
by
o}

1 composition is

The rolative importance of these fact

V]
Ji

ecallibr martiticning between phases with common chem-
l1cal comp. -ts. This is a second order compositional
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3

e minerals inomedel syotens strongly surgests that the

Gastribut fon coctticrents relating two Connounents and two

Plhiasies may b twmp«ruiu:n dependent (Hensen and Groen,

P2, a2 1473 0 The presence of a third Phase compet -
iotor the same ¢oonmon components would further rostyicet

the compositiens of the coexisting phases.  The change 1n

composition with the ntroduction of an additional phase

moc o flect a shift in 2 continuous reaction in which the
? : ’
fluid may ajso Vo puarticipant. )

Crystal field restrictions ferm a seconc Internal

t

mod: . ving control.  Ton exchange between minerals is no

alwavys possible over o Lroad- range of compositinang For
. 2 ) L

example, crystal field restrictions governing Lae M-sites
in staurolite limit magresium solid solution in staurc-

lite and restrict staurolitesto ar iron rich composition.

t+
=

S

a

N

Thus, staurclite composition s e trolled by cr

+

1eld factors. Any Fe-Mg vhase coexisting with stauro-

lite would alsce have its composition defined becausz. ~Ff
the limited amount of fe-Mg exchange with staurolite

which could occur. Reactions involving staurclite are

oSt o llxely to be discentinuous reactions.
third control is that electrical neutrality must
Ve

Tew.atained. When a mineral's composition 1is changed by

e e
crie T2 he

above factsrs, the demands of electrical neu-

trallty must sometimes result in modificaion of the min-

th

Or example, an increase in termper-

(@8]
wn



+3

ature results in the subszitution of Al for Mg'= in a

museavite, there would e o simultaneous chang. 1n other

4 ? . .
clements (A1 for 51*1)

to preserve neutrality.
External. For'a qJiven set of metamorphic

conditions and system bulk chemistry, growth and dif-
fnsion Kincblcs exert a strong influence on a mineral's
composition. If growth or diffusion r.tes are slow, or
1f the time for attainmeh: of equilibragkon=is short,
then a mincral's composition may vary on a small scale
(sce Puart 11, page 94). 7The situation is still one of
edullibrium, although i1f reaction rates
had been faster or the time for equilibration loncer,

; ' 1
different mineral compositions would have-been attained.

A major factor affecting diffusion is the length of

[

time thuet the system is at local reak conditions. The

longer & sys-em 1s held at a fixed set of metamorpnic

condltions, tho areater “he ¢ ce of attaining equili-

rrium, and the larger the =20 57 squilibration. This

can readily be scen in contact metamorrhic aureoles, , 7

where the extent c¢f the aureole is a function of the total

W

H

(

at content ¢f the intrusive rock. Similarly, regioneal

3
=3
ot
o)
D

metamorphiss reflected by broad or narrow mineral

assemblace zcnes and large cr small scales of -equilibra-

tion. ‘ ’ .
A second Zactor alifecting diffusion is the nature

of =he f£luid rhase. As mentioned above, the fugacity of
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CONTROLS

PERMISSIVE

(1, P,

)

©

XHZO'XFe

-
N}

e

pha

—
assemblage |

e ——

Assemblage

/

|

discontinucus
reaction

boundori/
/

m/

/s

A B
j

ssemblage | continuous

o

from A to B by

A B
k

reaction

MOLE FRACTION oF

IN PHASE | X

COMPONENT |

roie of permisgive
£ conirols on comyoasition.  See
T or discussion of the modifving controls. Points
f, enovne vertical plane and Tepre-
5 that would be atrained at
(i.¢., the chemica: poteritial for
Ldentical in all phases containing
fect esuilibrium IS not attaie-

trione or

. LN
PRIDERRN SUTPeG

location

limited intercranular

Ltion mayv vare along

in ar2a rRAB can

2t all ¢f the




BITOT I ZHNﬁyéégﬁﬁﬂh CHEMTOTRY

The mont abundant rock type an the bietite Tone
Poometog e lite with e metagravwacke o At the lowest
gradee in the Liotite zone, the roch: are spotted bhhotite
slates with patchy eves of biotite + quarts in oa finer
grained matris o of plagioclase, sericite, and chlorite.
At slightly higher grade, there is a well developed
schistosity defined by aligrmoent of biotite flakes.
Phvillosilicates comprise move than 509 of the rock
volume (Plate 1)

Blotite

e atse] e

compesitional variabllity - cmall and is shown in

w
Kol
|

[OR
o
-
™
't
T
ja
3
s
=y
o
]

ctamorwhic Gra

“leld, there are limited

b
C‘\
3
oY)
-

systematlc trands rolated b4 metamorphic grade. The main
Toints ave:
1. There 1s a svrtem o ic ircresse in Mo oand
an no T osnd TiL MR content is

LT onNC frEion. o variation is
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TABLE 2 ¢ Microprobe analyses (welght %) and structural
ff’,rﬂl_’lqltl(; (o an B80T Ta T

nod oy

from the Hiorite

Sample i
Number 72271 7218 727 7217 7248G 72556

Grade 1.07 2.95 2.87 2.82 2.39 1.99
Index

S10, 35.59¢ 34.8¢ 33.21 35.95 34.75 36.23

7105 2.18 2.17 1.79 1.34 1.70 0.70

AL 19.37 18.40 la.12 18.56 18.50 19.17

Feb* 13.01  20.72 22.14 21.13  20.2 21.08

MaO 10.4 7.27 8.20 7.01 Q.35 10.11

Mno 0.18 0.10 0.07 0.11 0.23 —----

Cao 0.05% 0.22 0.23 0.2 0.27 0.19

K50 $.91 7.94 7.78 8.10 8.83 5.52

Total 94.70 91.62 92.561 93.46 93.86 53.00

Si 5.390 5.506 5.261 5.627 5.394 5.540

Alv 2.610 2.461 2.739 <.27 2.800 2.34G0

A1VI 0.848 0.938 0.818 1.051 0.779 0.994

Ti G.249 0.2538 0.213 0.158 0.198 0.081

Fe 2.281 2.742 2.90° 2.766 2.626 2.695

My 2.348 1.714 1.9, 1.635 2.162 2.304

Mn 0.023 0.014 0.009 0.015 0.031  ----—-

Ca 0.010 0.037 0.038 0.044 0.045 0.030

X 1.721 1.602 1.56¢ 1.617 1.748 1.07¢6

2 Y-site 5.736 5.666 5.895 5.625 5.797 6.074

I X-site 1.731 1.639 1.606 1.661 1.793 1.116

Fe/Mg 0.97 1.60 1.52 1.69 1.21 1.18

mole %

annite 40 48 50 49 45 44

mole $ anrite is def: 23 as Fe/ Y-site

*total Fe as Teo

C = spessartinn~ rich garnet present

————— = not detected

For this and all subseguent tables o7 mineral analyses, the

elements ! -In lexcept Ar), Zr, and Ba were scught using the

energy .c.crove data reduction proaram BLATS Elements present

in cencentrations les. shan .03 weight § are not regorced

For a full discussicn of mineral analysis, the recder is reforred

to the aprendix, ane .o the Short Ccurzse 'liotes from the MAC

Short Course :in Micr- sa- Techniques, Z.!montcn, ~lta., 1976,

edlted by L.3.w. Smi-
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1s dlso no trend apparent in the total
T-sl1te occupancy .

Comvarative Discussion. The biotites from the

Biot,ite zone analvsed in this study are similar to those
reported by Ramsay (1973 a,b,c) .’ Allyof tho above bio-.
tites are from motapelites-and, as discussed by Ramsavy,
there 1s little variation in biotite composition in areen-
schist grade matapelites.

Abundant data on bLiotites from greenschist facies
are available in the literature (e¢.g. Lambert, 1959;

Brown, 1967; Butler, 1867; Mather, 1970; Pinsent, 1971;

,‘,
cr

Smi

o))

Pinsecnt an

58

h, 1975). The Arseno Lake biotites are

composition: Lly similar to those reported in the above
“ 3
frtudies except that they have sligntly higher magnesium
: »

contents and lower X-site totals. The problem with the

'
’ > .

X{-sité totalswis discussed ... the appe-dix on analytical

nethods.

migratief during microprobe analysis, 1t 1s most pro-
bable that hydronium ions substitute for the .wvacant labt-

tice sites in the bHiotits

39}

structure. The other nossi-

o .
v
[
Va

Lty 1s that the oxygen framework has several defects

in sites cerresponding to the location ~f the X ions in

b

the blotite structure.
-he wvariation of biotite compositicn in response
£O 1ncreasing rressure and temperature has been discussed
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several author.. (e.qg. Lambert, 1959; Butler, j967;
idotti, 1970), but most of the datg are for higher
ades of metamorphism and higher pressure metamorphic
ries than thoso presented here. The A]Iv increase
scribed by Butler (1967) is present in this study,
though there is no increase in ALVI, as was the case
Butler's study.

lorite

Analyses of four chlorites and thelr structural

romulac are given in Table©d. There is a limited com-
sitional rango. 'Fiqure'7 shows that all of the chlor-

es

o]

re ripidoli+ogs, There is a limited range of Al/(Fe
Ma o+ Mn) ratios and a sl:ightlyv larger range in the
/{Fe + Mn) racio and the S1/A)l ra+tio,
Influeigg of Metamorphic Grade. Grade has a
aller influence on chliorite composition than on hiotitn,
;

. - .. . .
€ main teatures arce: !

o

. The FPe/Mg ratio “ends te decrease towavrds

(

the corcier:i-e 1sograd, although the num-
ber of samples is too limited to establish

this trend conclusively.,

A1LV

o

- There is a small increase in the
content and a dacrease in Si/A1°

Comparative Discussion. The composition of

D)

frcm oth

14

r

tL

€se chlorites is s$milar to those repcrt

eenschiszst facies metapelites (Brown, 1%67; Mather,

43



TABLE 3 @ Microprobe analvees (weight %) _and structurai
formulae (based on 238
trom the Arseno Lake area

oxvaen ions) of CHLORITES

Sample Numbeor 7024 7218 727 72486
Grade ITndex 3.2 2.95 2.87 2.82
Si0. | 25.20 23.32 23.12 23.61
Tio, 0.06  —-—en 0.13 0.10
AL,O, 1032 22.27 20
Feo 27.05 27.82 28 26,50
Mgo : 12.92 10.47 11.99 14.06
MO 0.17 0.29 0;15 0.40
K.,0 0.05 0.09 0.15  —eco-
Total 84.79 84.27 £5.60 87.07
Si 5.570 5.215 5.036 5.068
A1t - 2.430 2.785 2.964 2.932
a1 e 2.593 2,184 2.893 2.732
Ti 0.009  —=-uno 0.021 0.016
Te 1.996 5.201 5.154 4.762
Mg §.252 3.489 3.883 1.500
in 0.932 0.055 0.027 0.073
X 0.014 0.003 0.023 ——---

i-size 11.924  11.937  .2.003  12.08>

1

total iren as FeO
G = spessartine rich garnet present
————— cicement not detec d
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1970; Dingent, 1971; Romsay, 1973) althongh thev or o
’ 2 ’ s !
Less magnesinm rich than Ramsay's (19723) . The compos i -
tironal variabrlity, capecially Fo/ (e + Mg + Mn) .
. i 7 . ’
similar to that reported by Brown (1947).
HMuscovite

Muscovite i a common phase in the chlorite uone
and 1n the biotite zone. Duc to its fino grained nature
(5-10 microns) and the fact that it is commonly inter-
leaved with biotite andg chlorite, muscovitos analvses from
the brotite zone are not repored. A table of muscovite
analvses from the upprer part of the biotite zone, and the
cordierite-andalusite and cordlerite-sillimanite zones,
1s discussed elsowhere (Tabie 4) . The analytical tech-
nigues used in this study (sce appendix) were not suited

Lo ar.lveing very fine grained, unstable materials.
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to examine mineral eguili-
bria on a fine scale, an average of short counts on several

muscovite grains would not have added relevant data to

Opaque minefals comprise up to 5% of the mode of
the bilotite zone rocks. Rutile and ilmenite are the
oxldes present; no magnetite has been observed. Micro-
Erobe -aralyses of -hese phases are given in Tables 5 and
€.

Rutile occurs as needles in biotite and as vor-

B

payroblastic aggregates. In the Cresence c©I biotite,

47



M “mquugtg{qlrformulAg (based

TABLE 4 Hi»croprrr()nwnrr)':x/]yif:-*f‘,r (x{uiq})t %) and
)

on 22 Qxyaen ir_wq:; Ot HUL‘.(,‘(‘[\'H‘I.'_.'_; _t_x‘gm‘ihc Arsono Lake area

Sample Mumber 72271 7248G 73394 73308 7259 7347 73227
Grade dex 4,07 2.39 2.22 1.86 1.80 1.07 0.29
(SiO; 44.97 44.77 45.49 46.46 48.45 44,01 44.7¢6
TiO5 1.20 0.32 : 0.16
1 AL50, 35.22 34.75 34.92
« Cr,0 0.06 ----- o P 0 Ct-Ue
V2823 011 “““““““““
Fed 0.94 1.09 3.00
Mg0 0.33 0.12 0.55
BRao 0.34 0.15"  --cANQONNY - T "°°
Cao 0.59 0.29 0.16
K50 9,94 9.6€ 8.72
Nago Tttt 0.46 0 0868 - 0l46 -
Total 83.7¢ 91.15 92.27
Si 6.082 6.174 & 6.134
ALIV 1.918  1.s82 1. 1.866
AlVI 2.695  3.822 3. 3.775
Cr 0.006 @ --——- 0.006  -~---
\% 0.011  --=w-n o __ 0.006 0.006 0.014  —wuea
™1 0..32 0.033 ——ees 0.030 0.010 0.066 0.016
Fe 0.107 0.126 C.2¢8 0.106 G.245 0.359 0.34d4
Mg 0.067 0.024 0.421 0.070 0.167 0.071 0.112
Ba 0.018 0.008  -=--- 0.025  —eeee . _L___
Ca ———— 0,043 J.055 0.050 0.036 0.047 0.059
K 1.715 1.624q 1.727 1.72 1.449 1.765 1.524
Na 00 L DD 0.120 .0.160  -—--- 0.123 9.112
L X-site 1.715 1.750 1.002 1.964 1.485 1.93% 1,636
T Y-site 4.019 4.005 1.206 3.908 4.043 4.092 4.247
Fe/Mg 1.597 5.250 C.640 1.510 1.467 5.056 3. 050
*to+al Fe as FeO

“=T== = not detected

G = spessartine rich carnet present

fcontains C.12 P, .Q03F =

48



TABLE 5 Microprobe analvses

(weiaht %) and structur

area

Sample Number 7218 7219 727
Grade Index . 2.95 2.90 2.87
sto, . 0.34 % 0.56  ——en-
Tio, 95.43 95,12 95,48
Cr203 “““““ 0.09 ““““
V,05 - 3.83 1.50 0.66
FeO» ~ 0.22 0.12 0.56
Mno . e e el
Total ‘ 96,87 97.39 96.70
si 0.005 0.008 ~---~
Ti 0.987 0.978 0.991
Cr =====  0.001  -----
v 0.009 0.016 0.007
Fe 1 0.002  0.001  0.006
Mo e e o
----- = not detected

resant

; N - AT
(bascd on 2 Ooxyden 1ons) of RUTILE

7255G

1.99

0.18

95.24

56.48

0.002

0.%90

73450

101.96

0.008

0.906

0.014

0.097

0.005

73451

0.79

99.89

0.001

0.998

C al {ormulag
‘from the Arseno Lake .

73501

103.14

0.005
0.957
0.006
0.037

0.004



TABLE © : Microprobe analyses (weiaht %) and structural formulae

(bar * on 6 oxyden 1ons) of TIMENITE from the Arsono

Lake ‘%Qa

Sample 7224 7218 727 7217 7248G° 73407 73376

Number
Grade 3.2 2.95 2.87 n.82 2.7 2.03 2.03
Index ] ¥
sio, ©1.04 0.08 0.71 ~-=-e ool 0.14  —- ==
Ti0, 20.14  52.97  51.04  53.27  50.56 S51.72 54.g8¢
Al,04 mme— —meee 0.55  ==--m —meeo oLl Ll
Cr;04 0.06  w=me-  —mml il . o 0.08 —-eee
V,0, 0.88 0.70 0.62 0.71 0.42 1.06.  0.25
Feo* 23.98  42.70  43.34  42.60 29.3-  45.g89 45.06
Mno 15.18  <l.8¢ 1.72q~§'1.35 16.54 0.93 0.70
Total 96.26  98.41  37.98 *\95:93 96:}@ 99.82 100.87
st 0.054.  0.004  0.036  ~f--=  —oo__ 0.007  -===-
T1 =-352 2,026 1.957 2,040 1.980 1.968  2.044
AL e L 0.033  mee- S
Cr 0.002  ==-o-emeee e L L _____
v 0.036 0.029 6.025  0.029  0.017 —cee- 0.010
Fe : 1.254  1.816 1.848 . 814  1.280 1.942 1.867
Mn 0.669  0.080 0.075 0.058 0.734 0.040 0.033
mole % 34.8 ¢.2 3.9 3.1 36.0 2.0 1.7
Dyro= -
phanite

*total Fe as FeDd
G = spessartine garnet Present in phase assemblage
————— = not detected
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»
TABLE o (Continued)
Sample 73230 1199 73705 72351 73171 72345 72356
Numbh
Srade 0.67 .66 0.53 U.50 0.17 0 0
Index .
S0, aaoos 0.16 0.24 —-mmm e L
Ti0., 53.55 52.24 52.82 53.26 51.34 52.2 54.17
ALs0q  mmeee el L L . Rt R P
Cra0y  —---- 0.16 0.11 --~-- 0.05  —---- 0.0°
V303 0.71 0.75 1.04 .52 .07 0.35 0.58
FeO* {4.62 t4.75 15.12 45.30 45.35% 16.21 45.75S
MnoO 0.73 0.52 G.64 0.40 2.87 0.96 0.5¢
Total 990,61 93.53 299.96 99.48 100.18§ 29,75
si e 0,009 L0120 —meee o Ll -
Ti 2.020 2.802 1.993 2.020 l.¢%6 1.97¢6
Al Tms meeee el Ll R L T
O < 0.004  ~—--- 0.002 -—---- 0.002
% 0.028 0.0Q042 0.020 0,003 0.014 0.023
Fe 1.878 1.9056 1.893 l.612 1.937 1.9¢7 1.329
Mn ) 0.023 0.:222 ¢.027 a.Cc17 0.124 0.041 0.7223
mole % 1.47 1.14 1.4 . 0.398 5.99 2.02  1.20
Dyro-
ohaniz

-
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be a vrogressive

1ng chlorite, T

tite zone rocko

crn Scottish Dal

o~
. . s

decreoase 1n Fe Mg and a decroase ip
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/A In biotite.

ross o the biotite cone, there appear: to

Hgoonvichment In bhiotite and Lhe remain-
he same trend has been reported in bio-
from the Buchan (D) section of the cast-

radian {(Harte, 1975).
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2 oabsence of compositional Jdoependency

as n ood nbove), suggests that bulk

was the mejor factor in determining

1on.  This 1is most obhvious frem the oxide
and ilmenite, where there is strong varia-

to sample and also from grain to crain

Llmenite and the Si, V, and Fe contents

st rock cimposition and the compe: -

c.aflcclase were the dominant controls

>f placioclase compeosition. Frzigloclase ranges from An]3

to :FTO in the biozite zbne (Table..7: The ‘high An con-
tent of some placinclase probably reflects their clastic
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Mineral Asscablages Prosent

A third control of biotite zone mineral chemistry,
especially the compositions of biotite ~nd chlorite, 1s
the total mineral &55cmblaqc present. Two biotite zone
sdmples contained ‘garnet as a third ferro-magnesian alu-
minum silicate, and the Fe/Mqg ra of biotite adjacent
to garnet 1s lower than that of biotite in garnet free

rocks.

THE BIOTITE TORHiNG REACTION
Sinfe 1926, when C. L. Tilley proposed that biotite
was formed by the reaction:
(1) K-rich-muscovite + chlorite + quartz -~ biotite +
K-moor muscovite + Hzo,

there has been substantial controversy over the nature of

he biotite “orming reaction in pelitic rocks. More

ct

recertly, Ramberg {(1952), Barth (1962), Winkler (1965),

L1

and Turner (1968) have suggested that biotits for = by
the followiny reaction:
(2) muscovite + (Mg,Fe)-rich chlorite - biotite +

Al-rich chlecrite + guartz + H,O.

2
The most definitive study in Abukuma facies series
rOCKS to daté is that of Ramsay (1973 a,b,c), who deduced
the biotite forming reaction in rocks of similar composi-
tion and metamorphic setting to be:
(3) chlorite + muscovite ;, + ilmenite - biotite +

muscovite(z) + quartz + rut:le + H,0 * K-feldsrcar.
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N

'\S ]

HHSCQVJtO(]) 1s richer in the phengite components and
musCovito(z) is ¢loser to the ideal muscovite formul..
The major role of muscovite, however, is to provids potas-
situm for the produc’ bhiotite. K-feldspao may or may not
be produccd? depending dn whether or not potassium and.
aluminum are present in excess.

The present study has arrived at similar conclu-
sions, cspecially concerning the role of ilmenite as a
reactant and the obscrvagicn that quartz and rgtile are
products of the biotite forming reaction. 1In all of the
samples exuamined whore biotite has formed, ilmenite grains

frequently grown

€2}

are rimmed by rutile, and rutile ha

¢pltaxitally within bigtite Biotite + guartz intergrowths
are also common (see Plate I).
THE

CORDIEP®LTE - AMPHIBOLITE FACILES
B A
The most abundant rock tvpe in the cordierite-

Zone, 13 meta-

0]

amphipolits facies, as in *he Liotit

relite with subordinate metagravwacke. Cordierite first

(ms

*Zears simultaneously, or just after, the first appearance

here is an ir :zase in grain size of all

the minerals present, indicating that rnearly complete

-
arc

recrystallization has cccurred. In the low grade

T

CL the ccrdicrite zone, minor anounts of chlorite are still

Bresent, but within 0.3 Xz above the cordierite isograd,

[}
13
s
o)
H
cr
e
9
~
b
3

‘ary chiorite has been consumed. Across the

lagioclase changes in composition Ircem

,,
V9!
}
-



sodre oligoctase Lo aligoclase—andesine. The rocks lose
the schisto Sity characteristic of the upper biotite zone
and become ancissic.
samples trom the cordicrite zone are divided into
- J
two major aroups based on the mineral assemblages present,
Group I samples are cha: cteriscd by the presence of anda-

lusite, sillimanite, and ‘or muscovite alonyg with cordier-

ite, Liotite, quartz, plagioclase, ilmenite, and rutile.

¢

Group Il samples arce less aluminous cnd lack alumina
rhases such as R;:Sios and muscovite,

Andalusite 1s replaced by sillimonite as the stable
Al28105 bolymorph in the middle of the ccrdierite zone.
Sillimanite{occurs in two habits. The most common is 3s
Groups of acicular, small (1 x 20 um) crystals distin-

gui hed as sillimanite (varicty fibrolite). Fibrolite

most ceormonly occurs in biotite grains ard less frecuent-

N
B

ly~as inclusicns in ccrdierite. Mcore coarsely crystal-
line siilimanite sccurs at slichtly hivher agrade, often
replacing the fibrous variety. Reconn-’ e microprobe

N

analyses showed no compositional differe..ces between the
two tyres of sillimanite or between sillimanite and anda-~

Y “hat the andalusite persists

-

lusite. It is most like
1nto the sillimanite stability field because of very

small differences in entropy between andalusits and’silli-

manite of 0.7 cal/decree (Pankratcz and Kelley, 1964;
\> |
”/ld’\/a}', ]971).
S8



Muscovites from th cordierite sone are very pure,
Navinag e + My totals in the Y—=site of Jesa thar, 0.5
(Table 1) . Rutile and Limenite (Tables § and 6) show the
Same range in composition as described for the blotito
“one, except that the amount of manganesae in ilmenite hag
a smaller range o: values and the pyrophanite cont.o,
1s much lower.

- . the upper part of the cordierite zone, muscor
Vite 1s consunmed by i discuntinuous reactjon with guartz

to form sillimanit: plus K-feldspar (the second silliman-

lte 1sograd of Figure 4). Above the second sillima

be
Ui

ograd, sillimanite and K-feldspar coexist with co:
*‘\&d .
erite, biotlite, guartz, tlagioclase, and the titani-

ferous oxides.

v

C: "DIERITE Z0OMEB MTNERAL CHEMISTR

Bilot
Analvses and struc-ural formulae for elight bio-
tites are presented in Table 8.

Influence of Metamorphic Grade. Aanalyvsed

biotites from the cordierite zone exhibit the following °

Ui

trends:
1. There is a tendercy for Fe-and the Fe/Mg
ratio to increase with increa;ing meta-
morohic gradé coupled with a sympathetic

decrease in Mg.

o

Ti1 alsc increases with increasing rota-



TABLE 8

Samnle
Number

Grade
Index"

SlO2

Ti0,

L

}’\.1203

FeO*

Mg
Mn
Ca -~
K

Na

i

I Y-site-

I X-<site
Fe/Hg

mole &
annite

Micronrobe analyses (weiaght %) and s
on 22 oxyaen )(qnﬂ»l;f‘

732609

[ 28]

.70

20.31

17.66

0.34

2.569
1.044

0.184

2.102.

0.010
0.055

Z.812

*total Fe as FeO;

73394

36

19.
16.

1o0.

.22

.39

.060
.847

. 045

L474

.952
.88

37

73407

2.03

34.92

18.31

20.41

73308

1.86

‘contains 0.68% F,..018

73

1.

131

28

.55

.60

-09

.48

.98

.08

.24

.21

.431

.87

.010

iaht K tructural formulae (ba
LIOTITE trom the Cordierite

_zone
72385 449
T1.21 0.94
5.74 ' 35.19
3.29 3.22
18.81  19.42
19.56  19.51
9.15 7.04
————— 0.05
0.27 . —=—mc-
9.71 9.24
97.21  94.47
5.319  5.389
2.681 2.611
0.618  0.894
0.368 0.370
2.435 2.49g
2.030  1.79¢
————— 0.006
0.043  —--m-
1.844  1.805
5.526  5.558
1.887  1.805
1.2 1.40
14 45

sed

/3450
0.90

36.47

18.67
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cordieritc present, and
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Tesosuch oas tho Aljsios minerals or mus-
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These two camples (73450 and 73294)
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wheieas the other samples

o
v
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Liotite Gnd condiorite to e oase with Increasing met
morphice grade.  This sug ts thot o cont INUOLS ot 1o

of the type: ' i;y"h ’

. . . . R s
(1) Fe-cordiori lg-brotite = Mg-cordierite i

Fo-biotite
Wesooccur aa apd medifying the compositions of cocsist-
10 bioti;o ‘nd cordie: ite.
Pulk *Rock Composition

As has beon noted earlicr, major difforences in

[0

bulk rock composition are reflected in the mineral assem-
hlages present and in the compositions of those mLﬁéﬁhl;
»
 The roints which lie awavy from the t:cnds show: on Flgures

A “ o - " . . . N .
9 and zﬁ»are srorm semi-pelitic to graywacke compos:ticnal

env.reaments. The Fe and Mg , ntents of coexisting bio-

ti 2 ang o “Trerits Trom these gamples, as well as the
. . :
- - . 4 - & )
Ny Ior luen o AACRUS1Un, are clearly different from the
: ‘ :

-he ranac =7 Tcompo  Lions in the biotite tetra-
’ V r
nEdral an - c.s and the cordierite tetrahedral =ite,

L
as ell as the 2luninum cqutent of both cordierite and
y }

. o - - y
Dlotite, show no relationshir to metanorphric rade.
1 I .g

It 1s therefore sugzestod that minor variations in bulk
YOCK compeosition may have, at least in part, controlled

these aspects o. mineral comecos ~ton.

Mineral Assemblages Present z

The mineral avsemilages present in the cordierite
, v :

69



neappareatly bonot play o major role in controlling
the compositi s of bictite and cordierite The limited
data on the cordio: tte zone suagests that o continuous

Tron-moagroosium e change tion producing o

cordrerite and an Poe-richer Dlctite occurrod,

of continuous rea hresults 1 the s

pecrance of ona

phai}, Psoillustrated by the

Mg-richer

This tyre
low Jdlsan-

in content

of spinel which is disussed boelow.
Lonclusions
Trom the lim:ted data present!y available, it
appears. thol within the cordierite zone of’&ho low pres-
. -

sure, intyrﬁyd;@tc tempcerature facies. series,

~Magncsla

the permis-

v
i

3
‘ . . - “
s1ve controls are more 1mportant tﬁhn moaggylng controls
in lefining thne compositions of the ferro C
silicates prooert

THE CCRDIERITE FORMING RER L* ON)
There are numerous possible reactions which could
‘account for the’ appearance or covdlerite in pelitic schists.
-

The reaction:

~ Y . ) . ,.4 . F

(5) muscd¥dte + chleri + quartgz -~ cerdierite + .7
biotite + H,0 LA . P

1s perhaps the most freguently s ugges®d. This reaction

L

-nas been studied in rany. metamorphic terrains

t

in several .jerlment 1 studies (Tillewv, 1324;

1961;

1970;

and Yoder, ciHless, 1969;

Bird and Fawcet:t, 1971).

a

Seilfert,

Schreyéf and Seifert,

as well as

Schr

ﬁ

=ye

1969;

The Fe/Mg ratio



ot the bulk rock, as well as z\l,)()j content, restrict

the saimultancous tirct appearance of cordicrite plus

bDiotite. It the Fe,/ (Mg + Fe) ratio of the bulk rock

. \
exceeds 075, staurolite wilil'occur Yn place of cordi-
orite (Hoschek, 19069)

The experimental studlies to date in hanlopelitie
systems have neglected the winor components titanium;
sodium, and manganese. As A conseguence, the above
cexperimentally determirned reacticn is unlike y to repro-
g7 '

sent the total reaction 1soqgr

cccurring in real pelitic

Systems.  The above reaction alsc goes not reflect the

fact that in most low pressure biotite
aproars before cordierite.
[y ) ) . e
- N . ".‘b. " . ~
In the Arsono Laxe area, many samples &ﬁst_nelow

the cordierite lscgrad contain minor amounts of musco-

vite end chlorite as well as biotite. Thus ~he first
arpearance of .cordierite in some samples probably resulted

-+

Irom a reaction similar to that discussed above, excent

[p]

o8]

that 1lmenite should be

b .
a product. The role of ilmenite in the reaction was

dded as a reactant and~ru;éle as

the same as 1t was in the bictite forming recaction.

o~

Th2 compositional relationships hetween coexist-

ing bioti- 1nd cordieritg also provide some insighz into
the cord: :?fogm%ng reaction. Ashbiotiteishoys no
strong decrease mocdally in the cordierite zo;e, 1t 1is
suggested that biotite was‘modified in compositicn as

-

]



the cordicrite forming reaction procec’ ! spectally in
the upper part of the cordievite won

An examination of all of the ! ssemblages
ﬁfosent in the cordierite zone (Table 1) leads to the
Conclusxon“hat more than one rcartion‘pgobably producad

cordierite, as Loodlscusse ' below.

The ‘ord;critg Isograd

The reaction which first produces ordierit.., and

9]

shich cdefines the cordierite isagrad of this studyv, is

Ramsay (1973 a, 1974):

R

+ muscovite + biotite )t quartz +

’ N A
tte ~ cordierite + biotitc(7) + rutile +
K-feldspar.
: L
Biouito( richer in Fe and Mn and denleted. in Mg
relative to biotite(1). Hirschberg and Winxler (1968)
rnvestigatsd the reaction: -

(7) 4 chlorite + 4 muscovite + 9 guartz -
3 cordierice + 4 Liotite + 4 aluminosilicate +

16 H,0 N
T

ct

and the eguilibrium conditions attained suggest that the

.

ccrdierite + andalusite assemblage formeé in -he Arseno

LaKe area 2t 2 temperature of ~ 540° C. at a pressure of
v . -
; ’ C gl -
3.2 ¥kbars applicd-ion of the eguilibrium data &or the
/

above reacticon to this area 1s limited because biotite

occurs before cordierite and because ilmenite is a reac-

.

tant. )

&



s,

o
-

The reaction suagestod W the cor dierite Lsograd

§
In the Arcono Lake areda, tnereviore, is:
. k’\'\
R
(8) chlorite + muscovite \({:M
Fcl‘S7Mql.95A12.Q]Sx2.SZD O(OH)g + K‘Hq'Fn:.lelZ.UGSLJ‘IOIQ(O”)Z +
bxocxto(l) + guartz + 1lmenite -
N“q.ﬂk}}.cl.4‘.Ti.ll'\l1.7JSXZ.7)OIU(O“).‘ + 5102 + F("K‘xOJ .
o cordierite + bi'tt_ito(” +
M) 05Fe g4ty 93505 6014 * KMI) 0201 22T 1My 6551 ggP10 (O, ¢
»andalusite + rutife + H20 ¢ K-feldspar
I’ S N *
I\lszOS + Tn: + HZO b K4\151308 -
This rcaction is a coupled reaction cembining rea~tions
(3} ang (7).
Reacticns at Higher Grade TS
-~ I\“ . .
At higher grades of sm 1n the cordi-
erite zone,. after chlerite has been consumed by reac-
-

tion, a new cordicrit. fAarming reactior. must have taken
blace. Biotite was the sole remaining scurce of Fe + M
4 : g S| .

. . L ., g L. . .
ané aiuminosilicate and K-feldapay increase in abundance.

Muscovite disap

46

cared as'well. Tt is therefore ‘suggest-
' : z

PN

ite forming reaction at higher-grade

ed that the cordior
was:
- ¢
. . ﬁﬁﬁ” ’ -
(3 ‘ . biotite + muscovite +
- - 1 : - - {4 3
M9 0sTe1 12T g™y g1Sty 20, (OH) FOMS Fe) 5oTh oMy 595ty g *
i 1.65 guartz + .17 Mg {:in soluticn) = .201 Fe-richer biotite +
1.65 3 . Lo 17 Mg - 2 ’ i ; i
~ 65 5102 .* 17 Mg 201 K.‘&g1.ozfel‘221‘1.lsAllLGSSLz.GGOKO(OH)z + .
cordierite + .169 sillimanite + 1:68¢ K-feldspar +
Mql.OSFe.94;‘13.9]515.06018 + -.189 7‘125105 .‘ + 1.686 Ki\15x308 +
3.6 1,0+ .07 rutile o \
3.6 H30 + .07 Ti0, . ’ - ‘(



For clarity, this reaction can be considered a. two
coupled reactioens.  The tirst defines the second illi-
' -
manite 1soarad:
(10) muscovite + quartz - K-feldspar + Sé?limanitw
+ HZC
and the’ second reaction is:
(11) bilotite + sillimanite + quarfz » K-=feldspar +
cordierite A 5 0.

At higher grade within the cordierite zone, above

73

the second sillimanite isograd where muscovite is no
+

Rl

[as

longer present, the cordierite forming reaction appears

to have been a continuous reaction in which the biotite

cemopesition was modified as follows:
3
e

(12)_biotite(l) + Al,)SiO5 + guartz * ilmenitc -

K-feldspar + cordierite + biotite +

(2)

H,0 * rutile.

The product biotite (biotite(z)) is depleted in alumi-

num and enriched in iron relative to the reactar:t bDio-

tite.

THE CORDIERITE:- ALMANDINE 3 K*FELDSPﬂ? ZONE

The major rock type pr2sent is metapelite.with

subcrdinate am- ~E

<

metagraywacke., Garnet first

. , .8 o
appears in . mev.T®  tes. Biotlte, cordierite, guartz,

plagioclase (¢ - e—andeéine), microcline, ilmenite
and/or rutile, anu sillimarite are also>present in vary-
ing proporticns, -~zpending ,on the bulk rock composition.

ﬁ ?
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.‘; .
sy

~+
o, , ) v
Garnet wag served tn oabout 407 of the samples {rom
] (G v gkr"% s [ ; i f >

~

this vone.  The majority of the garnets show minor lalo

stage retrc rvade reaction to biotite and plagioclase
C I J

?g?:“ which 1s more calcic than the matrix plagioclace (up

W pged

N G o ‘

wes to Anro). In cldition, garnet has not been obsorved
D - N

in contact with sillimanite. Where sillimanite is in-
cluded 'n tho total mineral assemblage, it 1s most fre-
)
auently bordercd by cordierite and™thel\felsic minerals
quartz, plagioclase, and microcline. It 1s only infre-
quently observed in contact with biotite plus quartz.
his 1s 1n contrast to the common asscciation of bio-
. . g N

&Y Ll
S tite a%d sillimurite 1in -the cordierié gone. &

CORDIERITE - ALMANDINE - K-FELDSPAR ~OoNE YINERAL
CHEMISTRY '

glot ite

&

Tatle.,l0 presents 24 ‘analyses of biotite from.

the ccrdlerite~almandine-K-feldspar zone. BRiotite
composition varlies as a function of the Fe-Mg divicate

-

with which it 1s 1n contact., Single grains of biotite
‘are hdmogenous, but IAl, Ti and Fe/Mg vary from grain
s - ,’
to grain within a single sectiocn. Biotfite associated
: \

L o . . . - ) L
: Wwlta cordlerite is richer in‘JAl and Fe and lower in

Ti ard Mg thah biotite in eqdilibrium with garmet and
orthopyroxene. The followihg r~lationships of biotite

A composition, which is a function of the phase.in local

N -
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TABLE [0 ﬂiprowrnho analvses ﬁg}hﬂﬁij) and structural formulae

VA - e T Ty N1 3 P
(bascd on 22 oxvaon 1ons). of RAIOTITE from the Cordierite-
CAT oy oo, e e L D e 228 TTon the Cordierite-

Garnet zone

Sample 73280C 734026 73402C 73366C 7345G  73153C  73153G  73162C

Number .
Grade 2.51 K 2.02 1.64 1.0 1.7 1.0 0.92
Indo . ,
5103 35.84 34.11 34.65 35.28.  33.90 33.99 34.15 34.80
Al70; 20.47 18.68 18,93 16.61 18.75 19.24 19.34 20.05
TiO? 2.56 2.70 2.90 3.91 3.00 2.98 2.73 3.05
Cr03 «¥  0.06  —-=-- 0.13 =--om emeao 0.06 0.05 0.2n
V704 0.10 0.11 0.08  ----- 0.05 0.07 0.07 0.08
FeO* 19.85 20.44 22.08 22.30 20.84 22.14 21.74 22.03
MgO 7.96 8.07 6.71 5.68 7.23 6.19 6.64 5.91
Mno 0.07  —-=-- —meen el 0.11 0.159 0.18 0.20
K»0 8.04 9.07 8.12 9.00 8.39 8.49 7.93 .7.96
Cad  —mmem el 0.26  =====  emeeo L. 0.26 ~~--g
Total 94.95 03.18 91.86 95.78 92.27 93.31 93-.09 94.28
Si 5.398 5.336 5.393 5.414 5.319 85332 5.356
ALIV 2.602  2.664 - 2.607  2.386 2.631 ‘Heos 2.644
Al1VI 1.032 0.7580 0.866 0.613 0.785 0.890 0.930
Cr 9.007 ----- 0.016 Rt . 0.007 0.006
v 0.012 0.014 0.010 -=---- 0.007 0.009 0.:008
Ti . 0.290 0.317 0.340 0.452 0.354 0.352 0.322
Te > 2.500 2.675 2.874 2.860 2.734 2.906 2.851
Mg 1.788 '~ 1.831 1.556 1.982 1.691 1.4:8 1.552
Mn 0.009  ----m eeoo Lol 0.014 0.020 0.024
K #rT1.550 1.810 1.6117 1.760 1.680 1.699 l.581 ~
Ca s FIo-m oo 0.043 L———— —————————— 0.044
I Y-site 5.63¢ 5.667 5.662 5.918 5.585 5.632 5.693
Fe/Mg 1.40 1.42 1.85 1.44 1.62 2.01 1.84
mole § -
annite 44 47 1 48 49 52, 50

{y) Y
C = biotite ndjacent to cordierite ' . - - R
G = biotite adjacent to garnet IR §
*total Fe as Fen » : ' ;

.
B 7
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TABLE 10 (Continucd)

Sample 73451G
Nygbor
Grzsu 0.79 .
Irdlax
S10, 34.44
Ti@z 3.82
G307 0.07
"ﬁgz . 0.12
»ﬁgo' 19.93
Q0 9.20
o 0.11
X50 8.94
Scio . meee-
Total - 93.23
Si . 5.386
Ay 2.614
ALVl 0.446
_Cr 0.009
i 0.01¢
T1 R 0.451
Fe 2.608
+ Mg 2.146
Mn 0.015
KL ~1.733
Ca ————
I Y-site 5.681
Fe/Mq s 1.22
nole %
annite 46

HUOUOHOHIJOOOOMNWL

73185C

o

[ 8 [ eadi®"}
e OO I~ OO WD

Vel

.66

.91
.85
.15
.14

al
‘-

.34
.35
.07
.83

)

. &

.06

.496
L5014
.897
017
L0272
.363
. 731
L5676
.009
L334
.033
.720
163

48

7315746

0.54

—_———

73155C  73206C
0.53 0 53
35.35  35.56
19.22  19.03
2.66 2.95
0.2? 0.16
0.13 0.28
20.72 18.03
7.2¢ 8.67
.56 9.37
————— 0.20
94.11  94.34
5.441  5.435
2.559  2.565
0.928  0.863
0.027  0.019
0.016 0.:034
09308  0.340
2.667 2.305
1.663  1.975
1.680 1.828
----- . 0.047
$.609 5.536
1.60 1.17
48 42

-

Q\/"ﬂ

73

0

-
[o2 2 ea)

o

LONOWL OO W

pol

HUOUOMHOI OO OOoONW

202¢C
.46

.23
.93
.13
.06
.10
.28
.76
.07
.61
.20
.37

.483
.517
.861
.007
.012
.356
.567
977

.277
.032
.889

44

.009

73202G 73195C

3 4
0.13. 0.11
"0.12 0.15
20.23 19.40
8.35 8.54
0.08 0.11
8.16 _ - 9.10
I Lo .0.25
92.50 ¢4 «934.46
5.436 5.389
2.564 2.611
0.673. 0.547
0.017 0.013
0.016 0.018
0.382 0.547
2.656 2.493
1.952 1.960
0.011 -----
1.634 1.787
————— - 0.041
5.747 5.589
1.36 1.37
36 15
,,x
‘v
7
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TABLE 19

Sample
Number
Grade
Index
SiOQ
Alz()z
T102
Cr:,_03
V203
FeO*
MgO
MnO
‘KQO
Ccao
Total

Si
AlIx’
Cr

\Y

Ti

Fe,

Mg

Mn

K

Ca

T Y-site
Fe/Mqg
mole %
annise

(Continued)

73221C  73221G
0.33 0.33
34.70 34.0)
17.51 16.97
4.59 4,78
0.06  ~-we-
0.20 0.21
21.31  22.13
7.94, B.09
8.45 9.06
94.78 =86.15
."I .'.
5.363% 5. 3438
2,637 -+ 2.650
0.545  0.410
0.007
0.025
0.531
L 2,748
©1.814 -
1.662
670
1.51
48 50

71026C) 732260,

n.31

—
=
Fo RNV,

O O
e e,
K~ owo o

D
DO ro W D
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0.08 0.06
9.29 9.26
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5.395 5.388
2.605 2.612
0.773 0.739
0.012 0.010
0.015 0.01%4
0.500  0.396
2,531 2.310
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0.011 a'008
1.811 802
_____ n pa3 | S
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o et oDt ot v Tab ler N peeat thoat e k.1lu e
Chiariaen v Mero gt B MO e e intonse, v
Covdiier s
Coab e bl presents 3 oanalvees of cordior e rem
. .

He cor et e-admandine - o f o ldapar o cone. The ~opdi -
orte inalvaed are he neonn o within single arains

ard are ot near b cen COmpoOr T ion tn o singlee Ehiin

; and sillimanite and -

R T [ T T vy b oy d ~y -y v IS
SEore o dire st contact with garnet.

ot Moetamorphie Grade. Cordicerite
5 I G A A

iyt a e 5 ey el : : i P A ;
SATWS A g tmatbt . Sarlration 1n ocom: Os1C1on with 1n-

CLoanIing motamorphic arade. Thé chserved trends are:
1. lncrease in ﬁ;bwith 1ncreacing meta-
morphilc grade.
2. o decrease i Faoand tho Fe, Mg ratio.
14 ne o svstematlc change in or the
AN l;t” 13t1o, aithough thoese comoenents do vary.
PRLaL L1
Tanla 12 rrescnts 13 analvses o€ Garnet from the
olobe ine-i-foldspar zone. Garnet is wvars-
SEle ST CChmDOrLilon across the zone, bub re systematic
Chances related t netamorchic grads have been
cog s L11 are greater than TO0 a.mandine, from cor

)

t



TARLE 11 Hicroprm)o Anallcng "f{?hlhﬁ),”Wd structurayl fﬂr@glng
(lp\ﬁ« i (u‘;;kiiuy:ykn‘n Jh'w;)»}giigjo;)[!W’I?};7;;319 the
qug. grq¢jMGerl:7:<wyi
Sar Lle 73402 73153 73162 721854 731598 73 731958
Himber ’
Gr...e 2.C2 1.00 0.92 0.66 0.53 0.46 0.41
Index .
S104 47.19 45.43 48,31 45.80 48.87 48.37 48.51
A1503 32.51 32.64 32.5%7 32.78 32.80 32.69 32.94
Feo* 10.27  10.v0  11.00 9.5  10.08 .68 9.11
van 6.29 6.0¢ 5.73 7.12 6.70 7.50 64
Mno 0.19 n.52 0.97 0.13 0.21 0.28 0.11
K,00 e el L 0.10 ----- 0.06  -———-
Total 96.45 98,55 98.58 98.45 99.66 97.58 98.31
Si 5.031 5.032 5.032 5.044 5.046 5.025 5.006
AtV 0.969  0.968  0.968 2,956  0.954 0.975 0.994
hlVI 3.054 3.030 3.030 3.040 3.028 3.028 3.016
Fe 0.902  0.947  0.958  0.821  0.870 0.754 0.7g7
Mg 0.984 0.039 0.£89 1.081 1. 1 1.161 1.176
Mn 0.017 0.046 0.086 0.120 6.01¢8 0.C25 0.009
O e T -~ - 0.013  --e-- 0.006  ~-—=—-
I Y-site 4.958 4.9¢2 4.963 4.967 4.957 4.974 4.983

Fe/Mqg 0.62 1.01 1.08 .76 0.84 . 0.65 0.67
mole ¥ Fe 448 S0 52 43 46 39 40
Cordi-

crite

*total Fe as Fen
N = garnet absent from total asscmblage

3



TABLE 11

Sample
Number
Grade
Index
SiOZ
AL204
FeO*

MgO

I Y-site
Fe/Mg
nole ¢ Fe

Cordi-
erite

48.66

32.95

9.62

0.008

4.984

42

(Coi. .. nued)

T3226N
0.
49.

33.

99.

<N

31

66

.23

.83

.10

N
rO

.998
.002
.023
.6153
.335
.008
.018

.997

08.01

5.014

0.9386

0.024
0.003

4.979

45

732294

98.28

5.016
0.9¢4

3.042

1.223

0.019

4.976

36

73171

0.
49.

32.

17
67

80

.44
.78

.18

73

0.

18,

33.

Ee

255N

05

8L

10

.99

.47

.24

.06

.66

.019
. 981

.032

2.774

.008
.280
.58

4C
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N R , Wl opclee
SRS IPS I EPY cetiesy thie andalunsie, Poograd are
ey oy v b he G gt e molecule | Shomole o

R S S T S S RS ST TONGTTon, with Mo enrichment
oot e oo oy decreass gnoMn LYOm o oCcore to
L O S T A Presence of garnet ot oty arade

-

CLOITTtGmor iy 1S ot probably o function of the
Dulk orock Moo content, S R R R PRTER Lorivans con-
S darnet (U Tate 1) L TR dgarnet most probably arose
from o tine roaceion:
(12 chlorite + muccovite + hictits + vyrophan-

.

tte component of ilmenite + AN component of

Pladcicelase - Mi-rich garnet + Mg-richer

biotite + rutile + Ab-richer plagioclase

ts are formed in the Liotite zone, bolow
ialustite Lsocrad, ng are Stable because of their

nigh Mn o contont . Si€ garnet noust prcebably was able to

f

nucleate because the ilmenite, which Was & reactant in

the boLotite forming reaction, also released Mn to the

aga]

lutc mhasa,  Table 14 presents analyses for Garnets
- Another fouature to note
In these garncts is +their relati®ely hi

n Ca content.

{e]

o

ne calcium in these SArnets was probably made avail-

2 nrzakdown of clastic clagicclase.

96



Microprobe anal vees  (we 1ah L %) and structural
Y
/

tormulae (based a@n 24 0 ensy ol GARMNETS {rom

the blofitn o

sample .
Number 7248C 72481 /255R

Grade 2.139 LAY 1.99
[ndex

Si05 37.15 36.69 36.61
Alady 20.5% 20.48 20.57
FoQ* 20.44 28.19 37.22
MgO .35 1.12 2.50
MnO 16.53 11.31 .61
Ca0 4.87 1.53 1.46
To+al , 29,39 99,32 98.97
Si 6.044 6.027 5.998
Aalzve e _ .002
A1Vl ; 3.941 3.966 3.968
Fe | 2.781 3.873 5.098
MG ©.084 .273 .610
Mn : 2.291 1.583 . .085
Ca .816 .269 ' .256
I X-site 5.972 5.998 6.049
Fe /Mg 33.1 » 14.2 8.36
mole 9 -

Alm 46 .5 64.6 84.3 "
mole ¢ '

Dy 1.4 R 'S 10.11°
mole % :

Sp . 38.4 26.4 1.4
mcle g

Gr + An 13.7 . ' 4.4 4.21
* Total Fe as red -

C garnet core
R garnet rim



4 o 3573 2781
Oy
L.g
Fe
jrim| !r‘nn'\l frir“]
L

S ]
c . .
(@] -
O oo.273 0.084
o
;) =
~ oy
v
c Mg
3
(e}
L
- @
B &10.269 0816
g &
D
£ ¢a /’—\

O —— b3 1 A )i

100 2Co 2COo 400 500
Distance (microns)
FIGURE 14: Diagram illustrating the "pregrade’ zonin, profite

shown ty garnets from the biotite zone.
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Reowct Ton ot figher Grade

The major garnet {forming reaction ocourrod above
the secomd s litmmite Tsograd and defines the trane-
Ttion from the cordieriteo-sillimanite 20ne Lo fhe ooy -
Liivriiw‘~ﬂ1ﬂhlhdi!Mﬁ*K—fcl(hﬁ\JY sone. These garnets are
characterised by a much lower Ca and Mn content than
the blotite zone garnets.

The larger garnet:s are characterised by a larqge
Nemodenecus core, approximatelt 500 - 700 wm o in dia-

meter, ‘rimmed by a rotrograde zone of 100 - 200 o

nowidth, which shows Mg depleticn and Ca, Mn, and Fe

enyichment. (Grant ond Weiblen, 1071). This ouir:; com-

Lositional zenation fs thought to record retrograde iron-

Tnesium crchange Fith biotite, zoupled with the rever

o1 > oarnet forming reaction:

I + H-foaldspar + Hzo - bictite +
no-si1llicate + gquartz,
- Yo CUoons rrofduclng carnet are gilven below.
Feacticon ( ) ¢ -sumos lose A12FLO5 than reéctionﬂ(lG).
(15) bictit. iimarnite + 4 guartz -
2 garn - ismar 4+ 2 HEO
(16 2 hiotitc ToooTo + 12 guartz -

ga
-
i
O

M 3 L, _ - - o,
Lo garnet produciny rezac AYse;. . Lat
~

SIS S Lo T2

glirfer Irom the coove r :



FooBlorrte T o shhy oo, e
OGN en T compee T (v cvatainaon:,

JoolImenitte 1o oo Oof the Torc vt

- ruatyie 1soopee Gt he Poroaduot o

The proposed gornet POV 1eactiane in fho cordrer -
ite»ﬁ]m&ndinﬂ—ﬁ—fe!ds;un' T Loy the Araono Lake oo
are::

, e

GArne s o+ MG, Ti-rvichar hiotite 4 F-faldn

torutile = E_Q
(Tboa) blotlte + sillimanit.. Guarts 41 tmen e

garnet + cordiesit o s Mo, Ti-richer biotitn

rarently nroceoded in

lon (132)

I
!
o
L

ey N -~ PN — - = e N R S S 3 - - -2
Lowel alumlnun/iron ¢ omagnoesium ratio and lod to cord

S v < - e - -~ - T - < 1 - -~ 7 .
2Yi%e Irece assemblaces. t1 TCCHS with oa higher alasid
. / -~ [ — . - ~ — 1 A
TUT/LYon v manness atid, rooction (1oa)

D

. > - ~ ATy~ S e N S ey Yo~ ~ vt e - s}
cccurred ana preoduced the common assenslace wizh Loth

54
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ity Ziegld
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socuarto,
whaltcen would have formed << Tollowing reaccicrn pal
Drocecded: N
[ I 2 ~ T amgrese o4 0 oot e
P > Lo Sarnel MRS S S IR S
S guar+t:z.
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TABLE 4,

Sample
Nunmbier
Grode
Index
510,
2

1

(Cont inned)

732118

0.96¢%

0.009

0.0009

T3v

7317128

- 975

.008

.006

732500
0.21

40,23

‘3'3.08
8.41

8.41

723445

0.04

48.10

33.(8

10.¢66

5.020

46

723448

98.82

72

wn

316564
0

.19

.898

723458

0

47.36

[Fa)
o8}
-

-8.18
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TABLE 17: Microprobe analvaes (vveiaht ) and structural fo:mnlae

LrPProte analivees A o s nnesural fesmnlae
(based on 32 Onvaenr loan) of Sljiqw,tjﬂm.rumohlllzud
Archean vuaragnelss

Sample 732377 7337¢ 73498C 7347 73478 73453 73239
Number
Grade 2.05 2.03 1.52 1.07 0.93 0.89 0.68
Index:
Al 504 53.01 58.17 48.4° $0.28 58.12 59.24 58.93
Fep03*» - ---- 0.11 0.21 0.53 0. 48 0.05 1.70
Cr 04 0.2 0.21 8.46 0.03 0.53 0.07 0.15
V203 0.48 0.4%0 1.66 0.06 0.07 0.19 0.30
FeO 26.70 23.05 37.0¢ 25.202 33.19 31.06 33.89
MqO 1.95 2.04 0.86 2.790 1,90 2.89 3.55
MnO 0.09 0.0  ~—w-— 0.10 0.14 0.13 0.14
NiO 0.16 0.04 0.04 0.05 0.15 0.09 0.08
Zn0 11.72 16.53 0.88 13.47 5.37 6.19 2.3
Total 899.40 100.6) 99.61 101.49 99,975 89.91 101.190
Al 15.918 15.847 13.841 15.€83 15.781 15.945 15.630
Fet3 ____ ] 0.025 0.214 0,091 0.084 0.009 0.738
Cr 0.054 0.039 1.622 0.015 0.097 0.012 0.G27
\% 0.0%0 0.089 ., 0.323 0.011 0.014 0.039 0.054
Fot?2 5.260 ¢.452 7.522 4.795 6.203 5.932 6.377
Mg 0.677 0.703 0.312 0.915 0.651 0.983 1.190
“Mn 0.017 0.015  —---- C.01q 0.028 0.024 0.027
Ni 0.030 0.008 0.008 0.010 0.028 0.017 0.014
Zn 2.016 2.822 0.158 2.261 0.913 1.044 0.392
Fe/Mg . 7.77 6.33 24,11 5.24 9.82 6.03 5.36
Zn/c X*t< 0.252 0.353 2.020 0.2233 0.11¢ C.131 0.04
- mole 0 0.16 1.34 0.¢7 0.53 0.06 1.80
magne-
tite

*reo*3 calculated to the ideal spinel structural formula
C = chromium rich soirnel
————— = neot detected
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TABLE 1+: Microprobe ‘”’@13?1951”(V3iisj?§,%)w‘1”(1 structural
formulae (fased on 24 oxyaon 1ons) of CAMReS
from remobilis od '\rg h’(‘r;lrrj\‘ V{)Aﬁi‘é&f}_(* 15508
Sample 734783 73239 73252 72344 72345 72356
Number
Grade 0.93 0.677/ 0.207 0.042 0 0
Index ’
510 315.84 36.33 38.11 37.638 36.39 36.51
Alzgi 20.96 20.97 21.26 21.16 21,21 21.36
FeO* 37.0¢ 35.97 33.83 35.4 34.25 35.98
Mag0n 2.25 3.44 4.31 2.13 3.78- 4.23
Mr0 2.5¢ 2.10 2.48 4.85 2.95 1.51
Caon 0.8¢ .94 J.92 0.93 1.41 0.98
Total 99.58 99.75 100.91 102.23 99.99 100.57
Si 5.877 5.900 6.032 5.999 5.936 7 5.855
ALlV 0.123 0.100 === 0.001 0.064 J.145
ALVI 3.928  3.913  3.967  3.963  4.014 3.893
Fe £.082 4.887 4.478 4.717 4.4¢( 4.827
Mg 0.550 0.833 1.017 0.505 0.92¢ 1.011
Mn 0.361 0.292 0.334 0.658 \ 0-410 0.207
Ca C.156 0.164 0.156 0.167 ~Q."17 0.169
T X-s1ite 6.149 6.176 5.9gs 6.147 7 6.214
Te /Mg 9.24 - 5.87 4.403 .34 4.7, 4.77
mole % Alm £2.6 79.1 74.8 76.7 « 73.6 77.7
mole ¢ Py 8.9 13.5 17.0 5. 15.4 16.3
mole & So 5.9 4.7 5.6 10.7 6.9 3.3
mole % 2.€ 2.7 2.6 2.7 4.1 2.7
Gr + An

*total Fe as Fed

b
o
(%)
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metamorhie grade os controlled by the grade of the
Hudson an mwtdm»ryﬂXHm. Adonyg with the increase in
S, the amount »f Soinel decreasoeos with decreasing
Jrades Since tne cspinel 1w oonly found within cordi -
erite, the only apparent reaction that could haw»
occn}rud WS

(20) Mg,Fe-spinel + quartz » cordierite +

¢
Zn-spinel.

[N

The absence of systemaric variation in the other

Y
phases analysed suqgests that the Hudsonian metamor-
phism was ecither not long encudh,; Inten:se enough, or

'wet' enouch to cffect com

v

>lote recrystallization of

the pre-existing Archean metamorphic assemblages. Thus

rved 1s a partially re-equilibrated system

what 1s pres.
where ludsonian Metamorphic trend; have not developed
anu archean metamorphic “rends havé not been completely
opscured.
ccnclusion

The results cbtained from the remobilised Arch. .
paragneiss nave yieldad two points of interest. First,
the Zn content of spinel, as a functicn of the grade

< ' 4

of the Hudsonian metamorphism, 1s a good example cf the
Slow disaprearance of a phase by a contindous reaction
(18 above). It also illustrates the'role of a single
comgeonent in the stabilization of a phase. In the sane

way that manganese s*tabilizes garnet a* low

\Q

. s
race, the
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Tresence of  on dapprarently o stabi 1 ioeg spinel gt the
ronditions of klxnf cordicrite zone. Second, it R
Impeortant to note that cortaln composition.! Dara-
AtV

N blotite and cordiorite) firot
!

metoers (o, o,
.

mmposced on a mineral in one metamorphism, can persiat

even when the rocks are involved in a scecond meta-

upper amphibolite grade condi-

0

morphic- event wher
tions were reached. This may be & function of thp
composition of the fluid prhase presont durina the
Hudsonian netamorphism,

As discussed earlier (Part I1, pp 34-36) a meta-
morpnic £lYid with a low activity of Hzo may restrict the
rate of intergranular diffusion o= many components and
consccuently will reduce the distance over which eXchange
Of components such ag Al,Fe, and Mz can procede. As well,
self diffusion of cemponents to and from the tetrahedral
sites of phases such as bioctite ang cordilerite ma§ be re-
stricted by the BNergy necessary to break the al1-0 bonds.
Thus, tre observed Al content of biotite and cofdierite
in samples ¢of the remobilised Archean paragneiss may have
been preserved because the metamorphic fluig present was
rich in C02 and there was insufficient eneragy to induce

Al diffusion cut of and Si diffusion into biotite and cor-

dierite tetrahedral sites.

126



PART TIET: CONDETIONS OF METAMORDH 5

23]

e seauence of mineral asoemblog.es Jdevelored in
Che Arseno Laxe area in thoe Spoare Group meta cdimend s
15 aralogouw  to that observed in the metaveliton fron

the Abuxuma Platean (Miyariire, 1953, 1958, Tael; Shido,

c
Gl
o}

8; Shido and Miyashiro, 1939) . (Table 10)

1

The Arseno Lake area, like the Abukuma Plaveau,

ollowing soguence of

9]

Pt i - - e -
£ mineral tassemblages

(in each assemblace, the keoy index minerile are under-

7

1. Bilotite - musccvite - chiorite - quart:o.
2. Andalusite - biotite - muscovite - chlaric.

guartz.
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3. Andal

muscovite * ch
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ct

. Sillimanite - cordieritc - biotite -

14
joV]
o]
o7
[
F 4
=
0
}

o
¢

f muscovite - guart:z

5. Sillimanite - cordic .~ - biotite -
orthoclase - quar:tz.
In acditicn to the above prograde assemblages, *he Arsen
Lare area 1 characterised by a siwth :rograde‘assewblug
nct found in the Abukuma Plateau:
5. Cordicrite - bioptite : almandine -
orthcclase - guartz.
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conthrbrinm acsemt onne sl iianite 4 K=foel

Poniiscevite b plagraoc]ase., Adaing, ‘his su

CARNIT = BT TR - oD TR T GREOTHERMOM:TS
-
The wrceor ol aecurrence of thase
P S . B i el e vyt
st e b oot Cr1iierite. and garnet
Wil bl othree haves present, hon long e
. ~ ey oy N T I A E vy Al
C Lot N IO egrErs an G SlLenclal

LTS
YN - ~ . N o~ v - N o 3 B
ey mMOST Connion asscliasion of the
NS O Lrotite plus garne® This was

1r te be tested as a secothermometer

compiled compositiornal data on Ccexistinc

rnec frem several TEetoimoret ic terrains cove

Tange of metamorphic crade.  He ewamined £

O
-
I
O
23

and magnesiu. bcotween coexistincg

36

cwosamp les whic

CoOoLser

h conta

dooar

i

, TR
e sts
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asesombs]

a5 oal:

enoOr i

abcve minar:

the firs

adocould

Tard

viovd

in ot

(U

that

QGG

. Saxena (

ring a

e distribu

he

rt.

arnet and bic-

tite Ivoassumliy an ion exchance equilibrium reaction:

(21 7<;25;3013 + EC~!§'3A"\.L513010(OH):
'::‘\lzslzol: + r\TO:‘xlSlJOlo(Of1)2
The distrituc:on ccefficier. An one

cation
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g has s wons
13 =N e I - X y (b - X ) wox
! T ( Gt B G
b N s Fe(Feos Myg)oan bt e Heo then used
IS .

Yegression o and nrinagipal o component analysis o to stuady
the chemreal data on 93 cooxisting biotite—garnet palrs.,
Dluenvolues and elgoenvectnrs woere used to obtain values

of transformed distribution Coefffcicnts, which he found
to be signiticant 1n dis inguishing b ceen rocks tormed

gt dlborent pressures and tomperaturos., Saxeona arrived

st oa 'transiormed distribution coofficient!, obtained by

P
o
o

inctpal component analysis, which 1s shown below:

- . Fe K
Transrormed Koo= 0.5013 K - 0,442 X, + -
D ’ D Gt

0.1506 0C - 0.3174 b‘ +0.0856

1 t
L aaa LALIV 5 ~AVI . LT
0.0333 XU - 0.3165 xO1 + 0.5488 X .
Bl B1 Bi1

~ pressure depcendence of the transformed KD
Was e 'd, and an attempt was made to relate the

value ol tne transiormed KD to temperature of metamor-

“hisn. Tho o calibration ©if the garnec—-blotlitoe geothor-

mometer was based on three valuer of temporature, cne

N

O

1

[

cacnh for charncckite (600° C.), upper amphib. te (500°

~

C.), and epidote amphibolite (300° C.). In t

)]

t

—

1 1igh
cI present knowledcoe of the physical condition ~f upper

zmphibolite $o granulite facies metamorphism, thoeo

calibrat:ion ftomperatures are too 1ow, by approximatelv

Temneratures car:culated using Saxera's merthed zreo



shown on Figure 19 and summarized in Table .. These
temperatures appear to be consistent ] votoo Tow. This 14
most probably duc to:
L. Saxena's Ctemperature calibration was
based on estimated temperatures, not
experimentally determined eaquilibria,
This is complicated by problems in ob-
taining the temperatur. eatimates uned -
for calibraticon. For example, 1 the
feldspar geothormometer of Barth (1934)

15 used, 4 maximum temperature of 600°

—~

C. 1s obtailned, cven thouah the temper-
ature of equilibration mav have been
stgnificantly higher (i.e. uprer amrhi-

@
Polite-granulite meatamorphism)

| 99]

- Errors were introducod in computing the
transformed KD Zecause the terms felatcd
o the substi- tion‘of Mn, Ca, Ti, etc.
for Fe and Mg were empirically determined.
This problem cculd not be tréated thermo-
dvnamically since no solid solution data
for garnet ang biotige were availlable
to Saxena (1969).

More recent work on garnet-biotite geothermometry
nas seen done by ?hompson (1975 a, 1976 a,b). He Synthe-

sized all of the aveilable data on garnet and blotite solid

139



TABLE 2 ¢ Temv cratures cale ulated usg ing the relat l(m‘nlp
ot Saxen, 1 l‘?t»'J and 'Il]()ﬂ\;'( on ( L97 61 ) tor

(o (\1”t1nq>110L1Lo;dnd qarnﬂt

gaﬂﬁ‘lo Grade > ' _ Recalibratog
Ntnnbtj’ Index Thompsaon Saxena Saxena
73280 2.51 580 390 : 140
/248 2036 420 305 ‘ 355
734002 2.02 SOQ 420 490
7255 1.99 505 330 380
73366 1.64 570 490 580
7345 1.00 540 4380 570
7341¢€ 0.98 565 550 660
73478 0.93 550 390 v 440
ECE 0.79 600 480 570
73239 N.68 600 515 620
73157 0.54A 500 375 425
73202 0.4n 620 405 560
73221 0.3 640 520 640
73252 G.21 615 , 525 640
72345 0.0 680 485 - 600
72356 0.0 653 495 620
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TARTE : Temperatures calenl abog AR U S T I FYR  NY Tonshiine
O LA'urr"iv(;(I“"/'l) , _.‘ZL‘I}.‘;:"I‘. o Gleen vy, T
1t R O T TP (1970 1oy
B 10 Gar et COri e '
Hensen
Sample OGrade Hutcheon ind
Humboer ITndex Thomnpaon et al Currie Greon

700 2,00 S 160 875 £50
71153 100 500 040 1047 500
73478 0.9; 575 395 840 650
73230 0,68 565 385 850 680
73007 0.6 610 149 30 s 680
3000 0.33 630 130 G 18 680
73050 0,01 640 480 ST 700
72345 0.0 660 510 765 690

0 655 540 750 710
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ram showing the relationship buetween
~cordierite assemblages.

Thompson,

Temperatures were calculated using

1970b (THOX
|

(z 1C—1yy,

and Green,

’SON)Y, Hutcheon et al.
(CURRTE (x

107+)), and Hensen

1973 (HENSEN



Pron of the data of Hensen and Grocg (19771) dl e summar -
teod in Table 20 and Voot e Do The orror Int roduced
rapolation 1« rebably at least g0 ¢ i
00 bars.,
Hutcheon et al. (1974), in an atieny;t to reaolve
Che diserepancios hetweon ¢y, data of Currie (1971) and
Hensen and Green (19713, derived the phase e ]at Lons of
A
darnet and cordierite usipg ¢ he b lished dora of Robi.
- i“
~toals (1967) and Froese (1973) . Their tre isments in-

ot

VOIVed soveral avsumpticons which are summaric., i 1n

Hutchonn ot a0 (19747, They dorived the tollowing

WLTCTS1ons Tor P and T ’

P AR TR R L § SRR b A TR O o B
(L3 N ey R ITI Lo,
/' : !,")" BRI \-:vn I _,l v A‘ ooy R .;‘ul 1 y‘ N ,n:;
N DA - Tt [ [N PEN Lot iy,
EaB ™ P o~ R = . N -y ; 3 e
The estirated accuracy or these CXPYeSS10ons 15 tenp-

erature : 753° C. and bressure © 500 bars. The resulrs
obtasned by application of these relationshions to the

darnet-ccrdierite data from the Arseno Lake area are

4

-

summarized in Table 22 and

Thompsorn (1975 a, 197¢ a,b) investigated the

potantial use cf the darnet-cordierite zair as a geo-

thermomater, fiig synthesis of tho avallable data _f
natural mineral rairs, as well as experimentally pro-~

en?



and moegnee tun beerwos cor G e T g o et

S A I O N SN Y 1(]"‘11nzzl) b0 La36 1,<>—‘1).

The vesults obtoained oy neing this relationship are

Sanmer i oed o in Tabhle 22 ond Fioare 20,

Hioth

rer i te Geothe rmemoetry

Thompson (1975 4, 1976 a,b) hhas compiled the

tvarleble data o covdiorit - and bic Tt din an attomt

to calibrate th continuous reaction berween Yheog 8 n
terms of preussure, temperature, and the activit Voo E
L0 He used ox vimentally determined and calculatred

NS ~ana -

~

rure 1ron and pure mocrnesi:um o end member reacti
Lron-megnesium exchange notentials, :lculated from
distributicn cogifficient data, Lo arrive at an oNTIYes-—

s310n relatis temperature and the distribution of iron

and magnesium between biotite and cordierite:
(4} Fovcord arite + Ma-bilotite =
. Mig-cordlerite + Fe-bioctite.
= - ]
The fdllowing relatlicnship between T and the distribu-

for t-o above reaction was o~

A
T o= 1/(2.691 x 10 ArnK. + 9.37

(O]
‘o
—
D
.

This ceothermometer is believed <o be accurate to within

© 10u® C. (Thempson, 19795). "The results obtaincd b

3 .

ueing this relationship are presented in Takble 23 and
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Pesponse to dechining tomoerature would b recorded an

A

Ll ga et rim at wonld have oa Dol iagibhle oo
N ’ M
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LU compbes it 1o o thv brotit e,
Do temperatur docrense not ed for garnets in the
cordiwrito—alm;ndLnu—K~fcldgoar Zone ranges foom 60° 10

docrease 1o ocon-

g}

Crocosed for thig

Study cveal The varnets formed in tho bilctite zone, wi

ct

Mrn-rich cores, Gdisploy vrocrade zonine (Grant and Wieblen,

cr,oand the calculateld temoeratures for the ceve and

thr rim o sngocest that the rim caullibrated at Lemperaryres
. el ~ - AV Ny, PR = o M Py
aeut D99° L. o< th<tfm temperature of format:~d of
the core.
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Carnet-Cordicrite. Four garrmet-cordicira

il

~he of them, Hencen and Green (1973), Hutcheon ot al.,
:) and Thor: =- (1975 a, 1976 a,b), show increasing
U Derzture with I 73 metamorphic grade, althouan '
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au bl appear to o bhe valuahle 1o P b aat iy
changoes within o neet rnorvhye terratin, but

rment o lowork is reguired in oorder to obtain quantita-

Live vmperat e measurement s,

o

Biotite-Jordiorit., The results obtaine i from

Thompoon's (1975 a, 1976 o CB) Biotite-0 rdier Lo Geother-
N 1

mometer acros:s the study arca chow ne toemperature incroease

with increasing motamorphie arade.  All of the toempera-

tures 1o in the range of s8Qe C, v 500 ¢, This 2 inter-

S
. s . R
the vesuls of iron-magnesium oxchange between

Footite and cordreorite withy declining temperature in tho

late stages of metamorvhism.  The value 580° - 507 .

probably closely apry “imt o the minimum temperature o

transeort of iron and magnesium coulld occur in this avsa.

Assumptions. All oI the above Geothermomoters

N

Gre basced on two important aosumptiens, the validity o

whlch Tannct Lo assessed completely. The assumptions are:

1. All of the phases used in geothermecmetry

-
Ui

exhiblt ideal soluticon of all componernts
in the crvstalline solution (1.e., KDFe .
y o

1= 1ndependent of composition). This

appears Lo be ~11id for the alyminous
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The change in heat canacity (XVP) Yor the

Lron-magne:s ium cwchoanoge. reacirons Cleoe )

min-oral palrs onoequal to coro. This

dnsumpten s periaps more clearly ogoeey

inocthe definition o F[:
» .
- = T ran)
' (o),
Lt tollows Trcu the above catne bty the i f

AC 7 0, then the exchan o roac: fon QOCS ot
bohave 1deallc. The data necessary ko
assess this assumptieor are noub presently
avatl lable.

Imadd tion, the nature and role of H,0 1n the

. \ : K

cordiorite structure and its role in controliing Fe/Ma
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Inocordlerite must be investigatoed.  Wood (1%73) has
Sufgestel that 11,0 dissdlves more readily in 1ron cordi-
2rite and that the vresence of wator T CC:inri5§ will
&t
Wil

strongily. 1nfluencge the distribu. . coetficiont for -con

and magresiun betwoen cordiorite and carnet. Thils give
Q@

i

rise to & higher K. as a result of a decreased Fe/(Fe +
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. . A - - v ' . ’ CIV
investligated 1s the effect of ) substituticn for Si

In brotitz, as well as the role of Ca, Mn, anéd Ti in

Zdetermining the iron and magnesium distribution betwean

biotite and ccexisting ferro-magnesium silicates.
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TARTE 24 : Prossures caloul atod 1}:51_11'1 Ehe velationshiing

of Curvic (1971), fiensen and Greon (1o
Hutcheon ot al (1975 and Tracow ot o) (1979)
For co-exiating annet and cordierit.

Hensen
Sample Grade Hut cheon Tracey and
Numberr Index Currie ctoal ot al Green
73402 2.02 hoT6 2.50 6. U .0

73153 1.00 4.70 1.50 5.0 S

73478 0.973 5,24 2.7 5.5 8.0
73230 0.68 .0 1.13 6.0 8.2
73202 0.0 5070 o327 5.8 8.5
73201 0.33 5.60 3.10 5.5 7.0
73750 n.21 D) 3.76° 5.5 0
72247 2.0 5.80 3.7 5.5 0
72355 0.0 5. 7 W 3.97 - .5 8.1
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Ghent (1975) noed Lhe cxperiment oD data of Hoays (1907)
and Hariva anl Kennedy (1968) to caleulate the tollowing

roelationship:

R R
02969 = O_;},,;}_.S._,(Lgvj;) b+ loa K 4

L T T N

'
'
—
L
'

Ca
Plag

(99

Log xgt -3 lmghx
foer the reactiont
(23) 3 arorthite = grogsular garnct + 2 Alzsioh +
aquartz.,
The ibove relationship assunmes that, there is ideal mi-ing
botwoen Ca and (Fe + Mg' Mn) in garnet. The data o*

Iy

Canguly and Kennedy (1974) on M petween gqarnct

mixing
end membors would increase the estimated pressure “for
2 given tempsgature. At prosoo t, the uncertainty of the
] . - .
¥
colculated ¥ W 'large' (Ghent, 1975). Tracev et al.

arrived at similar conclusions reg.rding the use of

this assemblage as a gecbarcmetor.

[N

Evaluation and Discussion : .

)

ne minerzl assemblages which occonr 1n the Arsen
Lake rea permit the use of the garnet-cordierite <oo-

barometor, with the resctriction that the calculated pres-

sures willl represent maximum possible values, because

3]
-
w
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O
-
tn
et}
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U
™

ent from the cordierite-~garnet assemblage.

Garnet-Cordiericte-§8:llinanite-Cuartcz. The

~oaults  obtained from the three pressure-compositicon

'

relationships prepesed by Currie (1871), Hutcheon et al.

), and Tr

I
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and Langer . 19733 0 AR additional contribution o the
Nigner pressures for the triple point was the pres:sace
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Py docreasing the oxnerinont

Locause the o,

srllimanite 1w

ety

and Kel oo

.. ()00
o 1)()‘:).
The oxoerime:

minimized

B 1 £ - | CUR . - ~ s N
and Tor this reason, Zhe alum
3 . oY 3 - PN - ~
cdo by Hotdow oo {0 bowAas us

3

Dehvdrati. Reagtions

&, N .
The nost comnmon type of teaction obsorved in

Jrade metamorphosed pelitic

b
IS

Feveral dghvdration reaction

invest igated., The most important of these,

.
discuc I belo
AN - -

are

Musco. .te Breakdown.

wou L

Limanit o v ot gy

&

o

rory Ay it oeronce

small (6.7

pProblems

Y

Ve TS L on .,

trhyelito

MY
{ JENe

Holdon

Fale

iI‘.\"Il

COOnOUagl oy (e

cqut Lebra

l'}' (it

oat

SERRN (

verss
I\I"d .
o lac

to higae:r preg
cermined NOoaT
Potwesn andalas i
. “ .
deoory o omeie, A

b

ninogilicate

A

|8 i YO

this

dises

e,
study.

-

o 3 : .
rock™ 1s that of

diaaram

Ay

Ta7l)

e o=
Thiy
o tho

SO

. [
repore-

The decomposition of

muscovite In th presence of guartz to sillimanite +

C has

K-feldswvar + H,

11965), Althaus et al. (1970

and

RerricH studied thqbrcaction
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-

and Kerrick .(1972).

nder

elde's experiments were conducted at Py

conditiens

been studied by Evans (1965), velde



M
Ly

b . The oxper imental by determined veaction,
total : ' :

(LU) musocovitn aar Sl liman v R-telday o

. ~
ceorebab byomodi tred in oo e rocks by the proesence
SLoplagioclone. BEvans Gurdot vt (1954
that the roaction ths urs oan natural s

(24) muscovite S b quart s o ogi Fiimanite
o ali=feldaar H:O.
Under conditiond o Pragy = 1) o the muscovite brooak-
. ot total

fown roacrion iy terminaroed at about 650° C. and 3.5
“har by antorscet? s w.uh the wet granite solidus  (min-

Lam melt curve) (Winkle:, 1965 Kerrick, 1972) . N

COMPOrtures Jreater than abour 650" C. and pHvO > 3&&

“har,othe debhivdration of muscovite would he accorpanied

ar.ate2xis and the formation of in sify migmatites.

< The minimum pressure for ¢ he Arsenc Lake area
mav be . octoermined Crom the intorsoction of th~ muscovite
de omrosle o g e theé andalu
daryv. AU P o= pos | these conditicens are 2.1 khar

- then the minimum pressure
wOula I1nCr2asc < the correspcnding temperature would :

“~ . . o -
S YT 1ase (see rerrick, LW2) .
4

[

Thlorits.Breakdébn. The stability of chlorite
.
. ’ . - L4 o=
in the presence of Guartz and quartz plus-muscovite has

bhoen 1nvestigateg by several workers. The phase relations

DL chlorit  + muscovite + Guartl are pertinent to this



Study becanse of Phoiy uzﬁ“ﬁgrx(\cxw1r1w'n<u‘ I metapelitos,
Tho o sule of Sehirever and Cod et (OG99, Cioter: (1970),
i Baiod and acatt (09T 3 ) are discussed below., Al

G Tt e JUtfwfs Ve Clagatod the srabrlity ot chlorito

Ul ayten K\M~HWU~AIWO;—SiOD—HﬁP at P“)Q

I\
total’

~
)
Z
i
jo0)

Pt Dresnure -b o kbar.  The oquili-
Prium ooarve fo. che reac
(25) muscovite + Mg-chloarite - quartz
Mao-cordioerais o o poalogonite 4 H:O
16 snown RSV SEAE. ¥4
Avodiscussed b, Siefert and Bird and Pawceot,
this cguliibrium Curve represoents Lhoe maximum stability
Lomuscevite o chlorise quartr.  The addition of Feo,
which Can snoRbitute for Mo oin chlorite, cdﬁﬁiorite,uand
phloqopitoltggng altor the above phate rélations in
two wave, b othe inctrzeduction of new phases and/o; by
1ltering the comrositicn of bhises already prqsént, “here-

DY changing Lhe cguilibrium condicions cf the reactions.

70) also discussr~vYzp additinnal reaction,

.

O

Slefert (1
which would occur in an iron Learing sycstem:

(26) chlorite + muscowvi_o + ~1,5i10,. + . guartz =

5
-
cordlerite + biotite + H,0,
L/i‘/ \", -~
N ) , ) .
which would occur at lower temperatureés than reaction {28).
R h »

Hirschberg and VWinkler (1966) investigated the—0
=Th

stibrlity of chlori*s in an irvon be riang system and found
|
that for a ronge of Mg/Fe ratios, the pcsition of the
1
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e by barram \I‘m VO W f;h;l Tted very | . Fesednd wan located
et Towor temperatares fthan the cquivalent reaction in
the  1ron Ui systenm. This curve o obal b renresent o
the manimum temney atu:r e of formation oi cordieri Cod n

the Arseno Lake arvea. e position of tht cordlier:. e

toograd 1a therefore considerod to e 5250« npe o

The precise value of the tempcr.lturo. would be a func! ion ”
Ol the compositions of the Chl/gzg_i te’, muscovite, biot Lo,
and cordierite invoolved Lo the reaction, as well as the '
Partial pressuro of H:O.

Biotite Breakdow:. Bilotite is St’ii‘blc from its
Lirst aprearance as a .proci,lm.of the disappearance off
chiorite, up t‘o conditions abcve the!delﬁydration oL mus-
Covite plus quarto. Schreyer :m(é Siefert (1969) studired
the reaction: ’ (Eé

3 ) . P ¥ e

) (27) 2 phlogenite : ¢ AizSiOS. + 9 quart: ;"’ v

2 cdrdierite + 2 K-feldspar + 2 1,0,
Thils reactior has a rather low D/uT slceoo S,oas o such,,
Can provide a maxlmum pressure cstimate for t;‘m higher

4 ~
grade perticon of the Arsenc Lake area. In an iron bear-
'ng system, the reac-ion would probably occur at lewer - '/fl -
-

bressures, 1if it is ad¥sumed that the effect of iron in

(U

thils reaction is similar to 1ts offect in the cordierite
breakdcewn rescsicn, to sarnet + sillimanite + guartz h

(Schrever --g Siefcre, 1970 Welsbrod, 1273 B).
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ANt exy s

The absonce ot Farce sealo caatexis in the Arsono

Lot area s an wdd it iona Y cont Yoloon th Tressure and

temperature conditions of et amorphi : conditionsg

of D =D the mernrmuam meloing - Lersechys
I.ij() t(\till I3 ) ] . “ lA L.

the RMUSCOviIte 4 guart s dehvdration reaction at approxi -
: Pl ¥ 1
Y ’

mately 600° <. oand 3., kbar. 1t an additional comvonent

(1.e., CO) woe o rosent in ¢ e fluld phase, then this

Intersection would move Lo hialticr values of pressure and

temperature.  Under . the conditions of Ntiso = 0.6, t.is
atersection gccurs at 690° C. and 6.25 kbai (Kerrick,

W

Y932y . Thus, Lf an estimate of K50 In the' rluid i
- Y.

‘nee of anatoxis (ns provided by the

, -
SCarca-t Situ migmatitoes) vlaces o restriction on
Y- AOE——— ) . .
the conditions of metamorphism.
cordlerit bility
Toe presence of ceordierite-in all Lbut the most
! a
diuninum 2éor rochs 4 to the highest gracde of metamor-

phism observed alsc prevides restrictions on the condi-

lte stabilityv is a func-

tions of retamorvhism Corcieri
tion of the Fo/Mg ratig. feveral worker: have investi-
. . -
gated the stability of the pure lron and pure magnesiunm
N . o~ .. . K '
end member cordieritn s51id sclutiocn. se. oo, t has

e-cordierite decomposes to alman-

o8
b
&)
&
+
n
j=
b
p—
[N
=3
o8}
3

v Sl
y -~ - e P Y y = &
1te +/gquartz under conditions of pf%tal

0° C. (Weisbrod,

n

xbar at 350° C. to 3.3 kbar at 7

1 16 B



Db e Magocondtdrite e ntable tooamach hooohen

\

e ant Lo eratures, but o the reaction 1teelt:

{2H) 3 Mg-cordiorito 2oovRore b s T iman i e

5 quarta
W hes not been dotormincﬂ eNDOUIRe nta by boecause 1y
motastable over the temperature and qpressure ranae o d)
granulite and upper amphibolit - grade metamor il am.

The reaction:

{29) cordicrite = 2 enstatlibe + 0 osiolioanite b
Juearto
v
. -~ - . - .
occurs ut the breaxdown of pure Ma-cordicrite (Newton,

19720 .

v

Az mention.ed in the discussion of bilotice Lreax-
5

1

down, tho assemplaae corolthluﬁ L-feldspar indlcates
the maximum pressure attained in th i&qLTO Lﬁk area.

OXVvaen fuacaciltvy
—t - ———

The mineral assciil:.ges from the Arseno Lake area
vrovide an estirato.of fp. during metarorphism.  Magne-
tlte nhas neot been observed and 1a several thin sectlions,

c ~

graphite was identified. The spinels from the remobilised

o

Archean paratneiss contaln less than 5 mole ver cent mag-

netlite. (The mecthod of in svinel is
given in the Apvenu.x.)#With this information and an

estimate of the temperature and pressure ovrevalling during

metamcrphism, 1t 1s possible to calculate the fugacity of



Seoceral o methoacs g, dvat o e by catculate thie,
She Ll St o methodg s Lo assume t hat Lo, wan Cormrstont
with the stabil ity of wuar it The range o iy, then
wouldcorrespond to the cond Ltions described byt he
-
TLhinet i toswu st o te buffer and thoe \y_,lmtitc—l.ron butter
YO given set of p =T ¢conditions.,  The ﬁllowim;
total : -
te o relations are fromabucator and Wones (1962):
L) Nagnel lre-wustisa g or:
Ve £ ~ ‘32730_.‘. 17 19 9;083 P _M‘ij.\
R s s Lo =
. J 1 1
(D) witite-ivon buffo-
. ~7215 0.055 (p - 1)
) - Sl g~ . - <
log tOj E = + 6,57 + T
The second meth o d iy Lo usc the eguilibriuam data for
the Padnotite-hercynite soljd folution sceries (Turnock
and Puststor ) 1a60) Civing a madimum value of 5% FG3O,
T,
Centend to the spinels, and neglecting their Mg oard Tn
content as a first arvroximation, =he £o4 stability field
abt o hg C. wWOouid Do
9.7 . log‘fdx ~ 21, . (by interrolation from TSE, 1S
- = A
A third iethod is o use the data of Fre.-h and
sugster (1963) on the C-0 S¥ystem. French and Fucster
Save shown that the C-0 System operates as a huffer,
The £y, for a1 P~T conditions was aeff&;d 2t the fol-
icwing value: )
\ - -0 0.028 (p - 1)
1Cg I, = — 0.044 + log p - . -
- o ' T
8
The ¢ resuls: b= o frem the above relaticenshios
O’\ Ja
2re cresented ir . 5.
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oy “fﬂf?xuhf the moximuem Loy Tikely to haee

occurted with The my o mum Yo, which would have boen

M ned b the e sretenmoandicatos that an add; -

tronal component 1o ncoder in Yhe flurd phase to bhufser
SO to the viailuoes crtimated tor o the Arseono Lake area.

Fronch (1one) 5o ea Do svatom =0~ and not ol
the tollownny Colatronshiiogg:

oo s added fa phe C-0 system, Lo

decrease Far o fives total pressur.
Nd temperature.
For o given sot oo ToL-T conditions, -
dInereas. in PUOssure favors a more R
reduceld gas Lhase, richer in O
Jas , 3
Lo :
} P 4 \,,;\v’,,, St w - £ _{) C“':q\‘»‘ld{a-i, e O
(R ~ \ RS R BN G & 2 O.\ IS AT LAl ln,
An Increase in temdorature favors q ¢
Lo

Tore oxidlzed gas Phase, richey in

H 0 and Co,.

and. lowered the wa in the overlyingifocks in the Arsenc Lake

-

. . - » - - N *
2rea Lo the approximate values SA0wn on Table 25 & §

k.
¢EE NATURE OF THE HEXT SOURCE
The metamorphism of ... Snare Sroup and romobi-
lised Archean ortho- and paraqnoisses while analoaous
B e ! [ el pdlAgnNe L SS5e s, val i@ analcaoous
L . . A J
te the-aAbukuma facies series, 1s not strictly a regional

-2Vaent. As shown by the distribution of t*%a observed




mneral assembloagess (Fig. 4), the high ¢rade Metamorph . om
P the woestoers alt o the Arseno Lake AUOd Was o super-

L] : . ‘ "
Lapesoediupon a low g sde greenschist Factes (bhiotite
sons s metamorphism, which oxtends al g the whole Moena. i
Or the Snare droeup sodrmentary e lt (Ross and McG Tynn,

196 5)

b}
o7

The cordierito-amphibholite facies asscemblage:s g
SOXm G ASVIOt surface, with lsograds more closely
Spaced in the south and sautheast than in the north and

northeast.  The arvanaement ot iscgrads deduced from

the obsorved spatial distrioution of these mineral assem-

.
olages suggests that she hidh grade MOeLAMCrphlc area was

4

formed around a Proterocoic lutor, emplaced at. g depth

}—s

o 10 -
e : a A

account fer the urdoming of the Archean boscmoen® ortho-
) ] 2

4 Kmoin the crusct.  This yraniteid riuton would

and paragnei cses observed in this area. As it coo’ed
and ¢ cstallized, ic would have acted as a long lived e
Reat source and would have set udn the thermal aradient

J - .

suagested by the results obtained from garnet-hiotite

ra .
. R 5 R o . . -
and qarnet-cordierite thermonetry,

AN




—y—

represent spinel that equilibrated with cordiorite at

.

the highest temperatures.  Thid choree tor the thermal
center s substantiadsed by the fact thut those samples
Jgave the highost L‘(:lr\.t v temperatures when garnet -

cordiervite and garnet-hiotite geothermometry was used.

The inittial tomperature of the pluton, the lengt!

of time that it coula have provided heat to the host

. - . [y R
rock: , and the total quanti¥y of heat available'to the

N e

host rooks are functions of 1ts compost&xon, volume, and
. o
the amount of 4150 Jdissol®ed within it. A magma that was
- A U ) 3

- A

Of aranitoid cemposition, similar to the Herburn Batho-

& \ -k ¥ R :
h was undersaturated With H,0, could have

< [

lith,

had an tial temperature in excess of 850 - 200° C:

The o rate that 1t wanid cool and the eguilibrium thermal

(3

gradient that wou e established would be a fun-tion

}t transfer ani Lhe‘volume of the
. . - ",

pluton. " If most of the heat was transfenred oy conduc-
tion, then the cooling period coulkd Lelguite long and -

reratures reached in the npst rocks could

hat ' the value of 680 - 700° C., as suggested Dby
garne®-a rite gecthermometryv,near the chermal ¢enter.
, . )

THE CONDITIONS OF METAMORPHISM TN THE ARSENO LAKE AREA

" The conditions of. metamorvhism in the Ardeno Lako

area are discussed below. The results which are presented

7l

are based on the restrictions out .1 abgve and qrn the

o]
1]
jo

pressure-temperature values calculated using the P-7-X

vy

o

N
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et hermonet ey,
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the CO L Brch Flund Phase
Fluitd inclusion

well as anterproetasion of the

aseembiages,  cndieates Shat

Grade SONCS Was  combosad

orrain and development of such o

area 15 discusce !l obe o, The i

roates that o

vNternal

Toechanism 1 needed which

~as roleased during dehvdratic= rea
frem the systom.  Three possible mode
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Dhirom. [t aloo oo nld have Yy SOV
O o e latrrely anhyvdrons t g owhioh

couald o mr o owoth o the Hao rich Pl Srieh

Iinclusions in granul “te Taco rock s
Touret, 1971 Holliste:, 1475, Holliatem
ooy russ, 107600

1o The cplacen

the Hhosal o licemas G lomite blanket
Dresent across che Anhebian cedimentary

Pasin, would hato o initioted Jecarbona-

overlyina arﬁillagécu}/sediments, which
7

were undercoin

vy
o8
9
jo!

Ve
0
'
fu
.
’,_J
@]
3
"~
]
o
(9]
ct
et
(
]
9]

This wculd conseguentliyv affoss the dilu-

IS

tion cf the HAC in the “luid chase.

4. The fdYmation of minor arounts of granitic

melt would have

e . S s s -
cne H-AO tnie Z.ul1& phase, thereby redu-
~ s
C-0d R0
.
~ -~ - - 3 - - —~ - - ~ o -0
-8 shown 1n the block diagram (Flc. 25, =he

18C
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progressive shitt toward the Mg side of the diagram.

Geological Evolution

4 The data presented in this study, coupled with the

dat~ of Lord (1942), Hof fman (1970, '1973), and Leatherbarrow

and Frith (1975), have been synthesized and interpreted to
produce the folloﬁ;ng evolutionary scheme for the'Arseno

Lake area:

1) he Slave crateon was originally developed as a
series of granitic batholiths and greenstone
belts. FKenoran intrusions and metamo:phism
pfoduced local granulite qéade assemblages of e
Spinel—cordierite—gapnet4orthopyroxene in the
supracrud+al Sequenpe (Folinsbee, 1942).

.2) In early to middle Aphébian time, uplift a;d
erosion of this crystalline basement provided
the clastic material deposited on the western
maryin of the Slave craéon as the Epworth group

sediments (Hoffman, 1270, 1%73). 'In *he Arseno

Lake area, this sequence was deposited in a

shallow marine to continental slo; > environ-
v
ment. Pressures deduced from metamorphic
\]/N
mineral assemblages suggest that the total ]

sedimentary thickness exceeded 17-12 km.
3) The basal portions of this sequence were

regionally metamorphosed to biotite zone

conditions. : The heat necessary to develop

19s



o

these biotite-chlorite-muscovite assemblages

can be accounted for by the highevr heat flow

associated with late Archean - ecarly Proter-
ozole time.

4} A granitoid pody was emplaced into *he or. ‘al-

’

line basement and caused the gneiss dome forma-
tion. The heat released by crystallisation and

cooling of this body gave rise to the upper

i

~amphibolite grade mineral assemblages cbhserved

in the Arseno Lake area.

The higher heat flow, which caused the regional

biotite zone metamorphism and the origin of the proposed
. s .
“ranitcid pluton that intruded into the crystalline Archean
o

rverment, mav be exrlalned by the evidence of Proterozoic

plav tecv i getivity. Hofrfman (1973) and Hoffman e al.

(197, "~ p.oposed tho oxistence of an eastward dipping
tren AN 1+ Zf zone in Proterozoic time which was situ-
;ted‘west »2 1 preogent Creat Bear Lake, trending‘NE-Sw.
The Arseno Lake ¥ -  =s . 300 km down-dip of this proposed
structure anc T . oA 7 intrusion may represent material
melted akove the ° © ne 3 emplaced into the upper
part'of thercrystallii Thié 1s 1llustrated
'dia;ramatically in Fi-oa ’ ; !

Scales of Ecquilibrium
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TABLE A - 1 Comparicon of results
AN waveienath dise
Gt Tooand N

obtained Ly ecnergy dispercive
analvsis o

trace amounts

trom the Arseno Lake arca

Mineral sample  Zn 7n Zng \ v Vg
S Number  © Y = W vV
Numbe iny W
Spinel 73376 13.230 n.d. 0.311 0.211 1.47¢
Biotite 73376 0.073 0.056 1.300 0.099 0.067 1.481
Cordierite 72376 0.104 0.080 1.300 =---== ——---
Ilmenite 73376 0.232 0.185 1.257 0.401 0.272 1.47s
Spinel 73478 4.310 n.d. 0.051 0.035 1.457
Garnet 73478 0.096 0.080 1.200 =~-=-~= ——c--
Cordierite 73478 0.129 0.104- 1.231 ~----- ———--
Biotite 73478 0.040 ©.032 1.250 0.049 0.033 1.483
Ilmenite 72345 0.278 0.189 1.472 0.082 0.061 1.349
Spinel 72345 0.060 0.041 1.471 1.271 1.020 1.24¢
Garnet 72345 mmm-m —meme £.075 0.061 1.226
«Cordierite 72345 memmm —eee- 3.061 0.048 1.271
Biotite o 72Cac 2.183 6.092 1.733 0.021 0.024 1.275%
————— = not dete
n.d. = not determine .
E = energy dispersive analysis using EDATA for data reduction
W = wavelength dispe..ive analysis using PROBEDATA ‘or data reduction

.
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e

Minor elements (those present at tl{b 0.2% or gqreatoer
Tevel) are probably ccxnp;hfabllv to the accuracy obialnea
by wavelenath aispersive analysis.  Elements bolow about
C.2% are unlikely to be as accurate as are wavelength di;f//
porsive analysis, because of a much lower EJOJH:/Ynic}ujroLywd
ratio and high continuum intensity rolative to tITlu })orA:
counts. Reoed and Ware (1975) and Smith and Gold (1976)
dlscuss the precision and accuracy of EDA and conclude
that clements present in concontrations creabor than 10
woelaont per cent usually have a coefficient of% variation

or less than 11 ard never more than 3. Jer elements pre-

sont 1n concentraticns between 1.0 and 10.90 welght ror
t

[are

cent, the coeirficlent oI varlatlicn rantcs

and V present

@]

es using koth

enerdy disnersive and wavelenath dispersiﬂg\ﬁechniqu&s.

P
SN g
FOor these two elements, weneryy dispersive are areate

than wavelangth dispersive Ly a ractor of 1.2 - 1.99 for

Comparati ve analvses of a vara ety of well o marac-
t :
; of “lce*ta micro

are repcrted by Smith and Gold (1976) ..

A suite cf nine standards was seclected on +he basis

0 homcgenelty and compositicon, as determined b the

—



author and by results reportod by several oo ology 630 :
Mloroprobe Analysis Theory and Technique) classes.

s

Standar - were used only for those clements for which

they displaved homoddneity and where the clement Qon-
centration in the standard exceoded that of the material

Peing analysed. Table A - 2 lists the standards, their

source, and the typez of samples for which they were

used.  Table A - 2 lists the stamdard comrosition.
Samnl. Damaae

Micaceous minerals from the chlorite zone and the
lowest part of the biotite zone showed some damage caused
1

by the electron bean, nctably alkal

pa-

migration away from
the site of beam impact. This problem was mos* pronounced
in the muscovites, due to their fine grain size, which
regulired the use of a focussed beam (0.3 - 1 ym in dia-

meter) 1n order to avoid grain boundarvy effects and insure

the cnly phase in the

0
o}
3
n
t
L
6]
o]
oy
<
]
N

that the phase bein
volune excited by the electron beam. In coarser dgrained
samples, this problem was overcome by scanning the beam

over an area oI the mineral being aralysed. The normal

chocsen was 19 x 15 pm. This corresponds to. the

area
smallest area which could be scanned Using the bean

scanning system available. This method of analysis gener-

ally elimirated alkali migration, and samples from the

Io

-

miidle blotite zone through to the highest grade of meta-

]

morghism show little evidence of alkali migraticn.



TABLE

MINERAL

‘

Feldspars

Oxides

All
Silicates

\

\

R T
ATl

STANDARDS USID 1IN ﬂEPBQ?RQBE‘ANALYSIS

NAME OF STANDARD
(Univcksity of
Alberta number)

IS

‘/ - .
Hohenfels Sanidine
(0279)

Tiburon Albite
(0009)

AN 80 Glass (0001)

f#degaarden Ilmen-

ite (0152)
Rhodonite (0269)
Willemite (0332)

vBayer Corundum

(0076) N

‘Periclase (0238)

gdegaarden Ilmen-
lte (0152)

Rhodonite (0269)

Hohenfels Sanidine
(0279)

Baver Corundum
{0076)
Periclase (&238)

QCuartz {0260)

224

REFLRENCE

University of
Alberta files

Evans

Ribbe & Smith
(1966)

University of
Alberta files

Univer
Albert

w0

ELEMENTS

Al,
Ba

K,
Si,

Na

Ca

Ti, Fe

Zn

Al

(S1i)
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This problem can .11SL1 beovercom: on inctroment
whore the Unwr ; dispersive dotector ooan Leoplaced clonx
to the samp o This allows much higher count rates at
subs t:ant‘i_ill Iy lower prole currents. (At the Universit
Gl Toronto, using A new BEtoee Autoprobe cquipped with a
mo%aglo detector, the cguivalent count rate (3000 cps)
used in this study can be  brained at 1% ot the probe
current required by the Univcrsit; of Albbrta's probe
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