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A geochenical, petrogranhlcal and ceolOglcal study
of the Precambrian Loon Lake pluton (Ontarlo) and its surroundlna
rocks is presented. Empha51s is placed on the geochemlstry of

~several "incompatible® elements (K, Rb, Tl, Sr, Ba and rare-

earths). R o

The intrusion of this Zoned composite -body causgh'
partial melting of rocks 1n thc contact aureole. The two main

zones of the pluton - quartz monzonitic and monzonltlc - are

bellevcd to be related to a single magma which was probably

formed by partial melting of lower crustal/upper mantle rocks

or by fractional crystallization of a basic deep-seated magma.
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ABST -mc"g

The Prccambriaﬁ Loon Lake pluton, Ontario, is a
" cirecular zoned_ body emplaced-in metamorphosed rocks of the
Crenvillc Province about 1075*75 m.y. ago. The intrusion
of this post-tectonic pluton éupg;imposed on country rocks,
already regionally metamorphosed to amphibolite facies, a
coptact metamorphiﬁm of K-feldspar-cordierite hornfels
fackes. Various péramctcrs indicate a maximum contact e

I3

teﬁépxabure range of 750-820°C and total preséurc range of

2.5}4-kb, producina anatexis of rocks in the contact
aureale. darnet—s}llimanite—cordierite gneisses, abundant
in this aureole, are probably a residuum after paftial
melting of the hpsley-biotiﬁe gneiss. Thése residual rocks
contain high Al, Fe and Mg, low alkalies and also heavy REE
enrichment with negative Eu anomalies, compared to the
v .

Apsley gneiss. Leucogranites assoéiatéd with garnet-sillimaﬁite—
cordierite gneisses may represént’anétectic material subtracted
from>£he Apsley gneiss.

The pluton consists of fQo main concentric zones,
a monzonitic core ana_putegfyounger quartz monzonite. Severaij

isolat?d‘bodies of older diorite and syenodiorite occur

zwithin the pluton, rostly in the core. Intrusions of the

L]
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'fe151c rocks probablv followed in rapiad succe551on.. The pluton.

is also zoned with IGQPe"t to the structural state of potassiunm

-

feldspar, ‘hlch is mostlv mlcrocllne, although aome central
monzonites contain orthoClasc- this varlatlon was prooablw
controlled by water distribution.

S Large variations in éhemical and mineraiogical
composition of the basic rocks are -due to (a) magmaticdiffer-
cntiation and (b) intcraction”with felsic magma. These rocks

v

may'noﬁ be genctically related to the pluton: ’
The variations of major elements, Rb, Sr, Ba, T1
and RLL in ronzonite are ‘consistent wlth fractional crygta1112a-~

tion (mainlv of feldspars) and probably involved flowage dif-

ferentiation. Most chgmigﬁl-variations in quartz monzonite

are also compatible with fractional crystallization. The

behaviour of REE, however, is not readily consistent with this

process.

Mon"onlte and quartz monzonite were both formed
k4

from a single magma, which was acneraggd either by partial

rd

meltiﬁg of lower crustal/upper mantle rocks, or by fractional

crystallization of basic deep-seated magma. Thls magma *in
part intruded (monzonite) and in part évolved further (quattz
monzonifﬁ) and subsequently intruded. ‘Quaféi ropzonite was
generatgd by fractlonal crystalllzatlon of monzonitic magma
'hnd by."mixing oflmonzonltlc magma with anatectic granitic

melt.

iv
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The composition of biotite from the felsic rocks

! -+
suggests oxygen fugacities slightly higher than those in

eguilibrium with a Ni-Nio, buffer.’
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CHAPTER 1

INTRODUCTION

1.1 Purnoce of the Study

The Grenville Province of the Canadian Shield,
which "is traditionélly“thought of as a sea of granite" (Wynne-
Edwnrdsﬂ 1972, p.314), contains many %mall pluténs of monzonitic
or syenitic composition which are important to;gn understanding
of the G:cnville geology (Lumbers, 1967a; Wynne-Edwards, 1972),
Although a number of theories has been invoked to exblaiﬁ the =
evolution of these plutons, their origin has begn disputed for ‘

/

many years. |

‘\In order-to bontribuFe to the elucidation of the
origin of thesg Precarbrian plutons and to the discussions on
the genesis ai:«&he ceochemistry of granites and s?enites, this
studv of the Loon Lake pluton, a small body, representative of
a number of similar monzonitic plutons found in the Crenvil}o
Provinée, was undertaken. ‘

The aim of this investigation is to réQiew.somc geo-

- chemical, pefrolocical and geological data related to the plutonA
and its cqpéict auréolc with an ultimate objective to evaluate
the origin and evolution of the pluton. The emphasis is put on

<
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eochemistry, particularly of trace clements. '
B 4 P

1.2 Description of the Area

1.2.1 Lecation and Acess

The'LooniLakc pluton is situated in Chandos Township,
Pcterbo;ﬂuqh County, about 36 miles NNE of Poterborougﬁ, Cntario.
From a qgoloqical point of Qiew, the arca is in the southwestcrn
part of éhe Ottawa River Remnant (Lumbers, 1967a) of t;e Grenville
Province of the Canadian Shield (Figure 1.1). The pluton appears
in the southeastern part of the Chandos Township map sheet

(Map 2019 - Ontario Department of llines).

The villaqge o% Las;wade, at the southern part of the
pluton, -the secttlements of‘Owcnb;ook ncar the northeagke;n margin
of the body and several hundred summer cottages alow@‘ﬁhe Zhores
of Chandos Lake (ﬁgrmerly Loon Lake) arc easily accessible from
the major highway systeﬁ. Lasswgag\and Owenbrook lie along high-

“way no.’ 504, which makes a semicircuit around the southcrn-and
éastcrn side of Chandos Lake. ‘The northern aqd northwestgrn lake
shores. are accessible via highway no. 620:or by gravel roads
from highway no. 28, respectively. Thée dénsc network“of access
roads to the shores of Chandos Lake, built for the cﬁnvqpience
of cottage residents, are connected-with the highways. "Most of
them are fit for-travel by car. There are also numerous logging

" and, concession roads, some already abandoned, which crosscut the
. . . e

bush and fields around Chandos Lake.\




1.2.2 Phyiiography

The Loon Lake pluton lies within the Cashel pencplain
of the Lake Ontario- homocline (Kay, 1942a,b). The peneplain has
a low relief which'gé?zly slopes to the séuth on an average of
about 7hfeet per milYe (Lumbers, 1967a).° In Chandos Township, the
maximum elevations are about 1100-1200 feet with about 200ufcet
lrelief.

" The reaion consists mai&}y of numerous low ridgds

aﬁd hills with rélatively good exposure and valieys be%ween them.
Some valleys are covered by Cﬁandos-Lake, which occupies an area 4

. of nearly ten sguare miles, One section of the lake, 4 miles long,

trends at about N 30° W, while two roughlv parallel elongated

bays (West Bay and South Bay) trend at about 1 45° E. Several
small lakes and ponds occurring in_t is area mostly drain into
Chandos Lake. On the east side of dhandos Township, the Crowe
River, which flows southward into the Trent River dfaiéagéISystem,
meanders throughout a large swamp, which‘éovers the east fart of
the Loon Lake pluton. Generally, exposure in this'region is not

{very good. Shaw (1972) has estimated that outcrops make up no

more than 1% of the area's surface.

SN | .

1.3 Methods of Investigation (

The Loon Lake pluton and its surroundings'were’mapped

. c—/ " . "

during the summers of 1970 and 1971, at_a scale of 4 inches to 1
mile using air photograﬁhs for locations (Map 1}. A grid sampling

i




was not possible because of inadequate exposure, especially where

the area is covered by Chandos Lake. e

' L
-

In addition to more tHan 250 sp;cimgns routinely
collected for petroqgraphic purpoées,'30 laréc repreéentative
samples were collected for chemical studies. Apart from samples
obtainéd durinag field work, specimens from D.!l. Shaw's collectioﬁ
were used in the course of this study. The locations of the
samples referred to in the text are given in Map 2. A description

* A} .
of the laboratory work, which included chemical anaiyses of

whole-rocks and mineral separates and X-ray diffraction studies

i1s given in Appendices 1 and 2.




CHAPTER 2

PEGIONAL GECLOGY

2.1 Introduction . . )

The Precambrian rocks of Chandos Township are part of

the Ottawa River Remnant which is one of the largest and thickest
. » ' ”" * .
surface rock remnants known in the Grenville Province of the

Canadian Shield (Lumbers, 1967a) . The remnant'trends norfhgasterly
. ~ aa .
from the Paleozoic cover in southeastern Ontario to southwestern

Quebec, where 1t contains the type area of the Grenvillé.series

(Figure 1.1). The remnant is formed by-thelwctavolcano4
metasedimentary rock series/ which were invaded by intrusions of s
yoﬁnger plutonic rocks. This sequence, which is probably

Proterozoic in age, unconformingly overlays an older basement. The

e
U - N

Ottawa River: Remnant displays a complex Proterozoic history. It
has not only great lithological variability, but also a wide
‘range of metamorphic,grade."'The metamorphic zones range from the

g;eenéchist facies to upper amphibolite and in places to granulite

*m

facies rocks. . ,

The oldest dated surficial rocks of this remnant in

. the Bancroft-Madoc area - the Tudor metavolcanics - are about

1310+15 million years old (Silver and Lumbers, 1965). _Wynhe-Edwards

.

—
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{1972), howevig,'has.§ug§ested that ;his date may more accufatély
reflect métambrphism than the age of extrusion. |

‘ The volcanic activity was accompénied-by an accumu-
laéionjpf carponate and clastic sediments. - A sedimeptarylvolcanic )
sequence in the Bancroft-Madoc area accumulated to,althickness of
at least 27,000 fee} (Lumbers, 1967a). The baseaof thisISOQUenﬁg
is not expcsed. The rock series was affected by compzéx Prccambrian

-tectonic, metarmorphic and plutonic events. The_abundant younger
3 4

-~

' plutonic rocks are usually representéd-by‘small‘felsic and mafie-
intrusive, stocks and plutons and granitic batholiths. Structural*

trends in the Bancroft-liadoc area are predominantly northeasterly.

Thc,geolog? and stratigraphy of the Hastings Lowlands
within the northwestern;garﬁ of which the Loon Lake pluton lies, '
- have been,fgcently'étudiéd sy Lumgers (1967a) who presented an
integrated model of the evolution of thishéért of the Ottawa River
Remnant . F;;'an outliﬁelof thé-geology of this arég on a

regional scale, his model is briefly reviewed bélow{

2.2 <Metasedimentarv and lMetavolcanic Rocks

e

N : The metasedimentary-metavolcanic surficial rock |

. ‘the sense of Bebt, 1966) has been subdivided by Lumbers (1967a)

> . .
. into two grou - the Hermon group dominated by metavolcanics and
the Mayo group dominated by carbonate metasediments. The middle

and upper parts of the Hermon group interfinger with, or are

C =



\~_

. equivalent to, the lower part of the Mavo group suggestlng sedi-
mentation and volcanlsm to be contemporaneous dyring the accumu1a~
‘tion of this sequence (Figure 2.1). Each of these groups has beend
further subdivided into several formations with distinct lithology
and relatively large area exient (Map 37). -Bdf‘the detailed N ﬁ
correlation of the stratigraphic units in the ipdividual.tbwn_
ships of this pq:tion of the OttawalRi;er ﬁémhant and the whole
problem of the strétigraphic'succession, howevcrl are not yet
adequately resolved (c.f. Shaw, 1972). |

-

2.3 Metamorphism

Silver and Lumbers (1965) and Lumbers (1967a) have
defined two major metaﬁorphic cﬁlminaéions,of the regional meta-
morphism in the Bancroft-tadoc area. The first culmination,
producing three plagiocla;g isograds” and the greeﬁschistfﬁnd
lower amphibolite facieS/éerrains in this region, reachéd a
maximum at about 1250t2g million years ago. The second ana most
intense stage of metamorphism has an™age of about llZStéS million
' years. it developed the sillimanite isogfrad aﬁd the upper
amphibolite facies terrains wliich lie beside but do not substantially
affect the préviously formed lower grade of metamorphism in the
central part of the Bancroft-Madoc region dominatéd by meta-
volcanics.

Except for a few pegmatitic and.hydrothermal veins,

all Precambrian rocks in this region were affected by a metamorphic
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evedt which culmina;ed between .880 and 1010 million years

4

ago’
L. ’

as dcetermined bygK/Ar dating on micas (Stockwell, 1964). The
meaning of the rathpr uniform K/Ar dates with prcvailinnfages -
of 950150 milliqn vears for the Grenville Province as a whole
(e.q. Harper, 1967; MacIntyre et al.,, 1967: Wanless ot al., 1967)
is still under discussiog. Wynne-Edwards (1972) has pointed out
that in the Grenville Province "U/Pb measurements of 21rcon and .
WhOIL rock Rb/Sr isochron studies have revealed dateo_bf metamor-
;phlsm or intrusion con51stepth_about 250 m.y. older than the
corresponding K/Ar values " (p.264). He has concluded that U/Ph
Bna Rh/Sr dates are "generally consicdered to be ; more reliable

index of the actual age of the culmination of metamorphism, the

K/Ar dates beina interpreted as the time ét which the rocks

cooled through a critical isotherm of the ordéer of 200°C so that
their constituent minerals could retaln radiogenic argon" (p.264).
The reqgional dlstrlbutlon of the metamorphic 1sograds
in the Bancroft-Madoc area is shown In Figure 2.2? The facies
fsérics 'ﬁ the Dancroft-Madoc area is intermediate between the
Barrovian typc and the Abukuma type facies series (Lumbers, 1967a).
i N
o

2.4 Structure _ t

i

* The structure of the Precambfrian rocks?of the
Bancroft-Madoc area is very complex and considerably more data are
' needed to.develop a regional synthesis of the tectonic evolution

L

of this part of the Grenville Province.
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} Loon Lcke
Pluton

(ofter Lumbers, 19670 8 Jennings, 1969)

EXPLANATION

. 1sograds

() Zoned oibite / gornet

(2) Oligoclose / staurolite

(3) Andesine/andalusite / dicpside
(4} Sillimonite / cordierite d

‘ 1
(5) Orthopyroxene forsterite-chondrodite /
. and disappearance of muscovite

4 ‘ ~

z isograd

! o

Lithologies

Granitic intrusive rocks

D Bosuc nmruswe rocks 7

I Supracrusiul rocks

-

= shear zone

—

FIGURE 2.2 Approximate disposition of reglonoi metomorphic isograds in the

Bancroft- Modoc areqg
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Lumbers (1967a) has recognized in the BLancroft-

Madoc area five-éominant_struétural hichs - the Harvey-Cardiff
arch, the HaStings_Highlands, the Kasshabog'arch, the Ormsby
dome and the Elzevir-Ashby dome - and two major synclinoria

(Map 3). The Bancroft-Madoc area is pounded on the north and
northwest by the Hastings Highlands and the Harvey-Cardiff arch

- and on the east by the Elzevir-Ashby dome. Two major synclinoria
have their axes trendinq]to the north or northeast and .converging
in Mayo Township (Map 3). They arc dominated by marble-rich

Supracrustaltjrock sequences while most of the plutonic rocks

of this regidn occur in the structural domes and arches, The

érincipal fold patterns generally trend northeasterly, while,

secondary cross-folding ﬁas usuaily west to notthwes; trending.
' In the Bancroft-Madoc areé, there are two main

systems of major faults. The first one has-a west to northwest

. trending and the‘sec6;a\one has a north to cast-northeast trending;

T

2.5 Plutonic, Rocks

The plutonic acwivity in the Bancroft-Madoc arca was

closely related to the major culminations in the regional mecta-
morphism (Silver and Lumbers, 1965; Lumbers, 1967a). During

these periods, numerous felsic and mafic stocks and plutons, mafic 6

- L

! v ..the term 'supracrustal' is applied to metamorphic rocks of

metasedimentary or metavolcanic origin wbich comprise the
bulk of the Ottawa River Remnant." (Jennings, 1969, p.7).
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. and pegmatitic sills and dikes and also several granitic batho-

- 1iths invaded the surficial rocks in the area. On the basié of

petrological and geochrono%ogical studies, Lumbers (1967a)- hras"
divided the plutonic rocks i{;o several main groups (Figure 2.3).
| fﬁe plutons of this region form two principal age
 series: the first has an age of about 1250425 million years;

the second is about 1125+25 million yeérs old (Silver and Lumberé,
1965; Lumbers, 1967a). The first series - Lumbers' biotite- 7
diorite series ~ 1s characterized by th;'gfégdﬁjémite—sodic

- . (oo, : L . :
granite differentiation trends. Lumbers subdivided this series

\
\

into: -(a) an albite granite and syenite group; (b) a dioTrite

group and (¢} a trondhjemite and sodic granite group. The
plutonic trocks of the second series are represented by'the.quértz

monzonite group, which was emplaced over a relatively long period

-

- of time, mostly before the culmination of the second stage of’

regional metamorphish dated é; about 1125225 million years égo.
. .

Regionallv, .the quarti monzonite plutons are generally restricted

to the upper amphibolite facies terrain, near the margins of
; -
the remnant, while they are praoctically absent in the central

Apart from these two main series, Lumbers (1967a1_

»

recognizes three other minor groups of plutonic rocks: (1) the

low-grade metamorphosed part of the area.

late gabbro and diorite group; (2) the nepheline syenite group
and (3) the potassic syenite and monzonite group. The first two

groups were emplaced prior to the culmination of the upper -«

:

\\
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amphibolite facies metamorphism which then caused the recrystal-
lization and the deformation of the nepheline syenite group, sorme
bodies of the late gabbro-diorite groups and also some plutonic
rocks of the biotite-diorite series. ?he intrusions of the
potassic syenite and monzoniteé group, to which Lumbers also con-
signed the Loon Lake pluton, are vounger than the regional meﬁa—
morphism of their country rocks,
The laté generation of the hydrothermal calcite-

fluorite-apatite_veins and dikes of pegmatitic-rocks; locally
abundant in- the northern and western parts of the area, were ‘Qﬁii
emplaced about 1050220 million vears égb (5ilver and Lumbecrs, 1965). 3\
This age is in relatively good agreement with the Rb/Sr, ﬁ/Pb,

- Pb/Pb and Th/Pb ages (Rb/Sr age:; 1006+16 m.y., the mean of U/Pb,
Pb/Pb and Th/Pb ages is 1022:56 m,y.) of pegmatites from the
Bancroft area as determined by Shaficullah et al (1973): It is
possible, howevef, that some of these late-stage rocks, as
indicated by large variations in the K/Ar ages {(c.f. Lumbers,
1967a, p.207}, are significantly younger.

-




.16

CHAPTLER 3 ~

sREVIOUS WORK

’ By'the end of thg Nineteenth Century, this region
had been subjected to goologicgl mapping and reconnaissances of
mineral occurrences and deposits.(for s;mmaries of theselwprks
see for example Ilewitt, 1956; Lumbers, 1967a).

. 7 The firgt detailed‘geoloaical maps and reports of
the arca which also included observations on the structure, coﬁ—
position and mode of emplacement of plutpnic rocks, "were given
by Adams and Barlow (1910). -In their éia%sical study, Adams and
Barlow sugacsted that the granitic godies in the Haliburton-

ncroft arca repreSent the projections of a. large batholith
underlying the country rocks. They also pointed out that while
along the borders of most granitic‘bodies in this region, the
coﬁntry rbcﬁé dip away from the granite, the opposite is true for
the Loon Lake plutonm and the‘Methuen pluton, where host rocks
"arc found in almost all cases to dip inwards toward the invading‘
granite—gneiss".(p.lS).

In a btief structural study of the Loon Lake pluton,

Cloos (1934) considered the pluton as funnel-shaped with inward ‘

dipping contacts. In disagreement with Adams and Barlow (1910),

- he noted that “the granite-filled funnel is not part of a batholith




~
underneath but ocne oflthe many openings through which the magma
has reached higher levels" (p.399). |
Satterly (1843), while compiiing a geological map of
the Haliburton area which also includes the Loon Lake pluton,
made some revisions to the original maps of.Adams and Barlow.
Later Hewitt presented a revised compilation geological map of
| the Haliburton-Bancroft region, also Eovéring the area studied
(Hewitt and Satterly, 1957), and a revised infefpretation of tﬁc
'geoloqy of this arca (Hewitt, 1956). He did not, ﬁowever, pay
b any special attention to the Loon Lake pluton.- Héwitt's (1956;
1957, 1962a) concepts of the regional geology of the Bancroft;
' lMadoc arca became more or less widely accebted until the compre-

- hensive study of Lumbers (1967a) who strongly refuted many of

Hewitt's claims.

On the basis of this information, Buddington (1959)

b in hilis classical study of graﬂ{te cmplacement,mentioﬁed the Loon
¥ Lake pluton as an ezample-of.a pluton emplaced in the transition
zone between mesozone and catazone. —

Saha (1957, 1959) carried out a detailed petrographic
andrstructural study of the Loon Lake pluton in order to evaluate
t its manner and historv of emplacement. lie concluded that the -
composite Loon Lake pluton cryvstallized frdm the magma at a
fairly deep level. The older syenite—monzggite intrusion formed
the central part of the pluton while the outer granitic zone was

preduced by a second intrusion shortly after consolidgtion of the

L S




i8

syenite-monzonite core.

Chandos Township was‘mapped by Shaw (1962) who

devoted much attention to the Loon Lake pluton. Shéw'confirmed

ost of Saha's findings.

Extensive ceochemical stud;gbf Chandos Township has

been done recentlv by Shaw and associétes. HKudo (1962) and Shaw

and Kudo (1765} investicated a few samples from the basic

-

inclusions of the Loon Lake'piuton in their test of disiiiiigant

functions to distinguish between amphibolites derived from

- -

igneous and from sedimentary rocks. The southern and eastern

marains of the Loon.Lako pluton have been mapoed by Chiang (1965}

who studied the element partition;betwcen ﬁornb;ende and biotite
injthe contact mctamorpﬁosed focks from the aureole of the plut&n.
A,geochemical ﬁtudy éf several rocks from the pluton has been
carried out by McCarmon (1968).

The Loon Lake plﬁton is also covered by aeromagnetic
sheets Qpich were produced. from surveys made in 1948 and 1949 and
revised %n 1957 by the Geophysical Section of the Geological
Survey of Canada (Coe Hill aeromagnetic sheet - G.Ss.C., 1950)57L'
report describing magnetic anonalies in the area was compiled:

y Abraham (1951). =Recently, the Geophysical Section of the G.S.C.
has cdrried out detailed gravimetric measurements in the Bancroft-
adoc)a}ea. Ancompilqtign and'interpretapion of these results
s given by Jacoﬁy'(197l). . A detailed oxygen isotope study;bf
he pluton and the Apsley‘éﬁeiss fo;mation'was carried out Qv

.
N
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-

Shieh et al. (1972, 1979). Additional information on spécific
problems relevant to the Loon Lake pluton are available in studies
o : ' :

of Grant (1959), Simony (1960), Shaw (1972) and somé'othegéT

"‘1

»

3

o

-
-
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CHAPTER 4 . / .

GLOLOGY AND PETROLOGY OF METAMORPHosgé COUNTRY ROCKS

ba

.

‘
=

Introduct n e o -~

The stratigraphy of Chandos Township and sdﬁrounding

[ :
arca has been discussed by lewitt anﬂ’James (1956), Hewitt (1961,
N - .

1962%), Shaw (1362, 1972), Lumbers A1967a,b) and Jennings (1969).

But thé stratigraphic correlation $f indiwvidual litholbgic units

[
s

is still controversial (c.f. shaw 1972) -and it would réquire

dgtailed tectonic and sﬁfatigrap‘ic stﬁdﬁesxbefére a correlatign
of stratigraphic units céuld bqﬂreliaély clarified. -
) Abcorﬁ}ng to Lumpérs (1967a,b), the area'surround{hg

the Loon Lake pluton is coﬁpésed of éuo formations - the. Apsley
formation and Lasswade narble.

" The Apsley formation (Slmony, 1960; Shaw, 1962,
'1972) consists malnly of blotlte gnelsses, whlch are undcrlaln .
and overlaln by thin, more calc1c members espec1ally hornblende—
'bcarlno gneisses and amphibolites'(Lumbers, 1967a). These'mdre
calcic members occur particularly in the Aortheastern and southern -
parts of ChanQOS”Township }Map_l)i ' ‘

Thd Apsley formation has been reéently studied by

- . - ‘
Simony (1960) and particularly by Shaw (1972), who has concluded
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that biotite gneisses are probably a'seri@s of interstratified-

silicic volcanics (about 60%) gﬁd sandstone. Lumbers {(1967a)

~—

~and Shaw (1972). have estimated that the thickness of the Apsley

formation is about 1500 meters. o -

-

The Lasswade marble, occurring typically in the

south central part of Chandos Township, overlies and locally inter-
fingers with the upper part of the Apsley formation (Map 1,
Figure'2,1). The marbhle formation probably continues from the
vicinity of the village of Lasswade to the eastérn side of Chandos

Lake (Owenbrbok marbie ~ Sﬁaw, 1362) and then further into northern

L

and northeastern Chandos, Wollaston and southern Faraday Townships
(Map 3). 'The Lasswade formation is composed predominantly of

o

marble which is frequently interbedded with biotite and/or horn-
blende gnéiss. Lumbers (1967a) has_suggestéd that the formation
probably;dbcs not exceed about 600 m in thickness.

This metasedimentary-metavolcanic sequence was sub-
jected to complex Proterozoic metamorphié events. . The main
progressive regional mectamerphism, which probably can beégorrelated
with a metamorphic event, dated, at 1125*25 million ?éarsi(silver

\
5|

and Lumbers, 1965; Lumbers, 7a;'Jennings, 1969) was followgd

in the study larea by an intensive contact metamorphism produced
by the forecible intrusion of the Loon Lake pluton. The third
metamorphism was regressive in character and produced mineral

asséﬁbiageﬁ of the greenschist facies. The retrograde metamorphic

effect;, however, are only minor and localized.

-~

}j_
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4.2 Regional Metamorphosed Rocks

-y_Three main lithological types comprise the regionally
mctamorphoséd supracrustal sequence in the study area. They are:

Y

(a} gneisses
- (b) amphibolites
(c) carbonate metasediments

The regional distribution of these rock types is
J

L

shown on Man 1.

4.2.1° Gneisses
Gneisses include a wide range of rocks with a composi-
tion varyiﬂg from ‘aluminous through leucocratic quart;—feldspathic

. X . -
" to basic. On the basis of the mineralogical composition, Shaw

{1972) divided these rocks into four‘éroups:

(al biotite gneiss N
(b} hornblende-biotite gneiss
- {¢). calcomagnesian gneiss

' (d) aluminous gneiss

In the field, however, hornblende-biotite and calco-
magnesian gneisses can not be mapped sepd}ately on the scale of
the present investiézlion (Map 1) and they were considered as one

map unit {unit 3). On the other hand, the group of biotite S

- ' g



gneisses_has been subdivided in the field into two units -
‘biotite gneiss s.s. {map unit 1) and quartzitic biotite gneiss
(map unit 2). These two rock types are readily distinquishable
in typical localities (e:g. 90 and 211 for guartzitic biotite
gneiss), but in places where .the transition between these types
occurs, their distinction is not so apparent.

In general, the gneisses are wgll‘stratisied with
relatively pronounced bandina. Migmatites are very rére or lack-
ing in this gneiss complex éxcepﬁ in the aureéle of the pluton.
The gneisses in the map area have been recently stﬁdiéd in some

»
detail by Shaw' (1972) and therefore only a brief descfiption is
éiven helow. o

4.2.1.1 Biotite Gneiss

The bfgtite.gheiss usuall& has a pronounced folia-
tion, fine to medium grain size and lepidégranoblastic texture.
The major constituents are quaftz; biotite and two feldspars.

The composition of plagioélase varies in the range An 10 to An‘30,
with the commonest betweén An 12 aﬁd An 18. Minor and accessory
minerals include garnet, muscovite, sphene, magnetite, 1llmenite,
pvrite, pyrrhotite, t&ﬁrmaline, apatite and zircon. ‘The ACKF
diagram for the typical progradefmineral assemblages of biotite
gneiéses is shown in Figure 4.2.1.

. _Simony‘(l960) recogni;cd two types of théiﬁpsley

biotite gneiss - sodic and potassic. Shaw (1972) confirnis the

existence of potassic and sodic facies of biotite gneiss

b .
-§!~
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strictly bimodal. There afé.alsP wide variations in quartz content. .
In places, the quartz content markedly increases and biotite

gnelss S.8. paéses te the quartzitic biotite-gneiss. The quart-
zitic biotite cnelss 1is fipe—grained, rather massive with foliation
and barding mucnh less pronounced-than in biotite greiss s.s. This
rock type fornms, the concordant horizons of varying thickness in
tvpical ﬁiotite gneiss. In the northeastern part of the study

area these horizons are large.enough to show on Map 1. Qualitatively
the mincral comnposition of quartzitic biot%te gneiss is pract;cally
the same as in biotite aneiss s.s. but from a quantitative point “.
of view, the content of quartz is hiqher,'exceedinq 40% ana the
contert of biotite ic generﬁiiy lover in quartzitic biotite aneiss.
The hodal analyses of guartzitic biotf%e gneiss together with the

-t

apprgximate dverages of biotite gneiss (Shaw, 1972) are given in

Tabl _4.2;1.

4.2.1.2 Calcareous Gneiss

This map unit (unit 3) cénsists essentially of the
hornilende-biotite and calcomagnesian gneisé groups of -Shaw (1272).
Tﬁé urit is represented by a variety of rock types, which are
frdﬁucntly intimately interbanded.  The mineral assemblages and
texture of these rocks vary frequentiy even in indiviaual Qﬁt—
craps. In places, they also grade or are interbédded with amphi-
bolites, biotite gneiss or carbonate metasediments.

- - /

The rocks of this map unit are generally greenish-,
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~

Modal composition of gneisses
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1 2 3 4 5 6 7 8

Quartz ™ 730 26 25 20 25 35 45.6 45,2

Plagioclase 47 33 _ 50 35 10 30 23.1 37.7

K-feldspar 2 19 20 22.5 3.6

Biotite » 20 20 10 10 15 8.6 12,1

Muscovite - 2 0.4

Garnect tr tr tr . tr 10 tr tr

Hornblende A 15 15 10

Sillimanite : / _

Cordierite

Diopside B 20

Scapolite 30

Epidote -

Calcite

Opaque tr 0.6

Apatite tr

1. Approximate average composition of the sodic type of biotite |
gneiss {(Shdw, 1972) : 3

2. Approxjimate average composition of the potass@c type of
bi¥tite gneiss (Shaw, 1972)

3. MApproximate average comp051t10n cf the sodic tvpe of
hornblende-biotite gneiss (Shaw, 1972)

4, Approximate average composition of the potassic tfbe of
hornblende-biotite gneiss (Shaw, 1972)

5. Approximate‘average composition of calcomagnesian gneiss
{Shaw, 1972)

6. Approximate average composition of aluminous gneisé (Shaw, 1972)

7. Quartzitic biotite gneiss - 211

8. Quartzitic biotite gneiss - 90 ™
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gray to dark green, fine to meéiuﬁ—grained; mostly well foliated
~with hornblende and biotite preferentiélly aligned parallel to
foliation. 1In places, however, tfe rocﬁs have poor foliation
and frequently prismatic crystals of hornblende have a "feather”
arrangement, - \ : *

In accordance with the classification of Shaw (1972),

this map unit can be subdivided petrographically into two grouns:

{a) hornblende-biotite gneiss

(b) calcomagnesian gneiss characterized by the

presence of clinopyroxene and/or3epidote:

) Hornblende-biotite gneisses are ﬁbre abundant than
calcomagnesian ones. Shaw (1972) has estimated their relative
abundances at the ratio 2:1. . | |

Hornblende¥b£6tite gne;ssgs are composed of hornblende,
‘biotite, plagioclase, quartz and in places also K-feldspar and pe
scapolite. Calcite, garnet, sbhene, magneﬁite and ilménite

frequently occur in minor to accessory amounts. The ACKF diagram

for the tvpical prograde mineral assemblages of hornblende-biotite

-

-~

. gneisses is shown in FiguFe 4.2.2.
As in the biotite gneiss group, Shaw (1972)
recggnizes two facies of hornblende—biotite gneisses - sodic and
poéassic. Geographiéally, the'sodic fagies strongly predominates
over the potassié ype of'horﬁblende—biotiﬁe gneiss, which is
rclativel? rare in the map area. The approximape mean modal com-

position of these two facies is given in Table 4.2.1. In the map

-

A2
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area, the amounts of falsic minerals abpear genéraily‘to be lower
than their average contents in the hornblenﬁe blOtlte gneisscs of
the Apsley formation giveh bv Shaw (1972) and also the plaglo—
tlase composition on the average 1s more basic, usually An 20-40.

,Calcomagnesian gneisses contain in addition to
tornblendc also digpsidic tlindp"roxene and/or epidote in signifi-
cant amounts. Apart from these, other major components are

quartz and plaaloclase (usually from An 25 to An 48). lMinor

amounts of calc1te,)blot1te and occasionally scapolite are also

present. The accessory minerals include sphene, magnetite,
' e

1lmenite, tourmaline and apatite. - The ACKF compatibility/diagram
of characteristic mineral assemblages of calcomagnesian gnaisses
is shown in Figure 4.2.3. The averaéé mode of calcomagnesian
gneiss is given in Table\i;z.l.

4,2.1.3 Aluminbus Gneias

Aluminous gneisses occur only very sparsely in the
Apsley formation except in the contact aareole of the Loon Lake
p}uton where they are thought tdfbe contact metamorphosed rocks.
(%hey will be described in a later'aection.)‘fIn order to better
evaluata the dearee of regional metamorphism for w@ich these
rocks are most impeortant,’ the hineral_assembiages of the aluminous
gneisses of the Apsley fgrmation further from the pluton (fromqff'
outside. the map area) whfch are thought to be regionally metam;rl

phosed, will be considered for an evaluation of the grade of

metamorphism. A possibility that the areas adjacent to the map
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. . -
region could have a different gegree of metamorphism, however,

does not appear to be very great as Shaw (1962) also pointed cut
that "there is little wvariation in metamorphic grade throughout

the township” {(p.24). ) ) : -

4.2.2 Amphibolites

In the map area, amphibolites (map unit 4) usually
form lgvers or bodies ranging fromvless than one to several tens
;f meters thick, with only minor cdmpositioﬁal banding, Thin Q‘i‘
bodies of amphibolite, often not mapable on ‘the scale of the “
-éresent investigation,‘are abundant in gneisses especially in
the caicareous ones where thev occur as conformable baﬁds. In
places,_amphibolites have poikilitic’ crystals of hornblende
arranged in a criss-cross féshion ("feather" amphibolites oﬁ_
Adams and Barlow, 1910). . ) | .
The principal mineral assemblage of amphibolites is
hornblende (X - pale yellow-green to light brdwnish—green;
- e
Y - olive-green to dark green; 2 - dark brownish-areen to blue- ‘
green, with an extinction angle generally cAZ = 16;;?3) and
plagioclase whose composition mostly corresponds to andesine. 1In
places, they contain va;igble minor amounts of biotite, quartz,
clinopvroxene, scaoélite ;nd garnet. The texture of amphipolites

is nemafoblastic or nematogranoblastic.

-

The ACKF diagram for the typical prograde mineral

assemblages is shown in Fiqure 4.2.4 and the modal anaiyses of some
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representative samples are given in Table 4.2.2.

4.2.3 Carbonate Mectasediments

Carbonate metasediments are represented in the map
area bv the Lasswade marble, which occurs south of the Loon Lake
pluton and probably continues on the eastern side of Chandos
Lake as ﬁhc Owenbrook magble (H;p 1). Apaft ffom these two units,
marble also occurs in calcarcous gneisses and amphibolites as
parallel bands and as bands and lenses in biotite gneisses,
especially north- of the plu;on. This latter occurrence probably
represents a connection betwéen iasswade and Owenbrook marbles
which aré believed to be the same stratigféphic horizon. MHarble

also occurs rarely as inclusions in the Loon Lake pluton,

Carbonate metasediments consist of calcic marble,

-

occasionally interbedded with thin bands of gneisses, amphibolites

and calcsilicﬁte_pads and bands. In places, with decreasing
Eontents of carbonates and increasing amounts of silicates,
carbonate mectasediments pass to calcarcous gneisses and amphibo-
lites. 1In the field, rocks which contain more than 50% carbqﬁétéé
have been ﬁapped as marbles (map unit 5, Map 1).

Marble is usually white to gréy, granular, coarse
to medium-grained and poorly jointed. Calcite is the major

component of marbles, comprising mostly 80-95% and in exceptional .

cases up to about 97% ‘of the rocks. By a staining (c.f. Appendix 1)

and X-ray method (Wcber and Smith, 1961), dolomite has been

\

——



Table 4.2.2

Modal composition

of amphibolites and
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marbles )
1 2 3 4 5 6 7 8
Clinoamphibole 52.3 54,2 0.8 4. . tr
Jiotite/phlcgopite 8.6 3.0 0.6 " 9.7 4.8 5.6
Plagioclase 46.2 34.2 1.6 tr i 2.9 12.2 0.8
Quartz- 674 2.4 .
Calcite ' 93.3 96.9 88.9 82.9 79.8 90.7
Scapclite 1.5
Sphene tr tx t; tr tr
Opaque 0.8 0.6 2.1 1.4 0.7 - 1.2 2.9 2.5
Tourmaline - o tr ~ | tr
% An in ! 34 33
plagioclase

S~ N b W N

[ » Y - [ . .

Amphibolite 196-3
ﬂhphibplite 196-1
Owenbrook marble 111
Owenbrook marble 145-3

Lasswade

. "Lasswade

Lasswade

Lasswade

marble 198-3
marble 198-4
marble llb-3
marble 198-5

-

Al
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identified in some marbles (in two of the twenty samples examinedl.

The-most freaguent hon—carbonate minerals are phiogOpite,"diopsidic
: !
clinopyroxene, and tremolitic or actinolitic gmphibole. Other
constituents present in_sﬁbordinate amounts include quartz,
piladioclase with a composition of oligoclase te sodic andésine,ﬂ
nicrocline, scapolite, magnetite and pyrite. Sphene, craphite,
apatite and tourmaline often occur as accessories. The texture
of marhles 1s a q;anoblasgic moéaic'commonly with lamination.
The CaO-MgO—SiO2 diagram for the typicai prograce

nineral assermblaaes of carbonate metasediments is shown in

Ficure 4.2.5 and the nodal analyses of some representative

sarmples’ are given in Table 4.2.2.

4.2.4  Conditions of Regicnal “letamorphism

C e The detailed petrologiéal'studies‘of Shaw (1962),

Lumbers (1367a), Chesworth' (1967, 1971), Carmichael (1968, 1969,

1970) and Jennings (1969) have shown that the regional mctamorphism
S
in the Bancroft-Madoc-area is intermediate between Barrovian and

Abakuma facies series. In particular, the metamorphic grade in
Chandos Township corresponds to amphibalite facies and wmore

speq;ﬁically lies about the first silliranite isograd (éhaw, 1362;
) . ! .

Lumbers, 1967a; Jennings, 1969;'c.f. ngure 2:2). ?

Some of the characteristic features of high-grade”
v L) . " ’ .
metamorpnism in the Bancroft-Madoc region vhich have been found to

be valid in the Chandos area are: ({(a) Stauroljfe persists above

)

[t
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the first Qiiiifiﬁite isograd {Shaw,l1962; ;armichael, 1568;

“Jennings, 136%) and (b) sillimanite, muscovite and guartz coexist

14}

throughout most of the sillimanite zone (Shaw, 1962; Lumbers,
1967a; Carmichael, 1968; Jennings, 1969).
All the proqrade mineral associations described

earlier arc compatible with amphibolite facies metamorphism. ,For

AY

an e:i}pgtdon of the conditions of regional metamorphism, the -
ving

. J
fall

mineral associations appedr to be characteristic of
- . 1

L3
%

— the Chandos area: B .
(a) musCovite-quartz-sillimanite : s VR ?!.‘
(b} staurclite-garnet-cordierité-bilotite ‘ .
(c) stauro1ite—sillimanite-gafuét-biotite : S
v . . v
{d) sillimanite-cordierite-garnet-biotite -
. ’ .. . "
(e) biotite-muscovite-plagioclase-K-feldspar-quartz .
(f) epidote-quartz : SRR . - R
have been described

. - . "'—\_\
from an adjacent area by Jennings (1969). . The assembllages (b).and

IS Comparable mineral asse€iations

~,

(c), which seem to indicate disequilibrium, probably represent .

the‘bartial breakdown of-staurolite as he éuggested. The con-

ditions of regional metamorphism can be’ tentatively estimated by

comparing .the hatural assemblages with‘éxpefimentallﬁ determined

mineral equilibria. There is a large degree of uncertainty, .

however, in applying experimental conditions-to natural mineral

assemplages and thus these %eactions can serxve oﬁly as general



limits of possible meﬁamorphic conditions. A compilation of
relevant experimental data is given in Figure 4.2.6. For the

rsake of simplicity, the reactions are drawn as lines. But "when

~

:minerals of the solid solution type arc involved, as staurolite,

cordierite, etc. the eguilibrium of the reaction cannot be merely

univariant, 1t nustybe at leaéif?ivariant; this means that in
_ A T ; .

“the plane with Py O/End T as coordinates the univariant equili-
; bl .

~

brium Lne Tust be replaced by a divariant band" (Winkler, 1970,

" p.212)}. The same heolds trué‘for the limits of experimental error.

Also a critical problem for an estimation of meta-
- - .
morphic conditions is the choice of experimental curves. Even

in the case of the extensively‘studiéd.aluhiﬁﬁm silicate'triplc
point and stability fields of these po?ymorphs "almost an - ﬁ?
embarras;megt of choice exists" (Chesworth, 1971, 5.226). To
partl?iofércome'this problem, only the generally dccepééd reaction
curves héﬁé:bcen_uséd (Winkler, 1970; Ganguly; 1972).
With regard to the sillimanite, kyanite and andalu-

site phase.boundafies and their triéle point, Winkler (1870) has

i congludéd that "af ali:experiﬁentsfmade in this respect,'those !
oflRichardson_et al. (1963, 1969) and those of Althaus (1%67,

1969)'seem to be- the most reliable" (p.237). %@eir results are

-

N N
shown in Figure 4.2.6 as curves 1l and 2 respectively. The

-

reaction curves for the stability of sillimanite thus represent
the estimate of minimum temperature.

@~
The breakdown of muscovite in the presence of quartz

* . -



Figure 4.2.6

Curve 1.

N\

10.

11,

12. -

-3

-

P-T graph of experimental data pertaining.
to the conditions of rcglonal metamorphism

Stabilitv fields of the polymorphq of Al 9105
(Richardson et al +1969)

Stability fields of tho polvmorphs of Alzalo
(Althaus, 1967, 1969)

Mﬁscovite t quartz == K-feldspar + A125i05+ vapour
(Althaus ct al., 1970)

" Eutectic melting curve in the system K- f93téﬁér—

quartz-Ho0 -

- ”

(Shaw, 1963; Winkler, 1970) (

The three curves llmlt the flelﬁ of coexizionce
of staurolite and cordierite ({inside tnﬂ*ahqlu‘)
{(Ganquly, 1972)

* The two curves limit {within tha anclc) the field

in which almandine, biotite, Al2810g5 and
cordierite are stablc -
(Harschberg and Winkler, 1968) ’

Fe-staurolite + quaftz=; almandine + sillimanite
+ vapour '
(Richardson, 1968)

Zoisite + quartz = anorthite + grossularite + vapour—
‘(Boettcher, 1970) . . ' -

Beginning of anatexls in plagioclase-bearing
gneiss (An 0) :
(Winkler, 1970)

Beginning of anatexis in plagioclase—beafing
gneiss (An 26) -

(Winkler, 1970)

Almandine + sillimanite + quart2‘~ Fe-cordierite
(Richardson, 1u468§)

Fe-staurclite + almandine + quartz 4—cordicrite
+ vapour
(Rlchardson, 1968)
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provides an estimate of the maximum metamorphic temperaturcs at
the- lower pressure side (curve 3, in Figzre 4.2.6). This

" reaction has been confirmed egperimgntally by Evans (1965),
hlthaus et al. (1970), Day (1970) and Haack Jiﬂ W;pkler, 1?70).
At the pressure in question, there is reasonably gooé agreemnent
among their data. VAt a higher pressure, the maximum temperature
is probably given by curve 4 (Figure 4.2.6) which represents the
conditions of eutectic melting of guartz and potassium feldséar
{Shaw, 1963}. The intersection of these two curJ%;.is at about
5 kb water pressure and temperature 725°C (Winklerﬂ 1970).

Within this general P-T framework, a more precise

estimation may be inférred due to the presence of cordierite’,
staurclite and garnet. Ganguly (1972) has deduced the limits
over which staurolite and cordierite'may coexist in nétural
hssemblages_(curvcsé,'in Figure 4.2.6). Curves6 (within the
angle) limit the }ield in which coexigting almandine, biotite,
sillimaqite and cordierite are stable (Hirschberg and Winkler,

>

1968; Cﬁakrovorthy and Ghosh, 1972). ]

Thus it appeafs that 'the probable range of pressure-
temperature conditions for the study area is bounded by curves
3, 5 and 6 (Figure 4.2.6). This would be true; howevef, only
if the staurolite decompositioh reaction took place in the
st;uroifte—coréierite stability ffeld. If this assumption is not
valid, then the upper temperature limit would be defined either

by curve 7, representing the breakdown of coekisting staurolite °

i \/ 1 (5 X : ) .
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~and quartz (Richardson, 1968) or the breakdown of mustovite and

quartz (curve 3) or the curve of eutectic melting of éotassic
feldspar and quartz (curve 4),. .
; This field mav be further somewhat diminished’aﬁéﬁ;
to the presence of the association of quartz and epidote in
regionally metamorphosed rocks in the Chandos area. Zoisite
or clinozoisite has been usually used as a model for cpidote'
minerals in the experimental aeterminations'of the reaction
cpidote+quartz;2anorthite+grossularite+§apour (Merriﬁ, 1962,. \ §
1963; wink‘iejr and Hitsch, 1962; Holdaway, ‘1966: Newton, 1966; ‘

Boettcher, 1970). fThere is, however, litfle agreement on the

i ~

location of this reaction curve. The most widely accepted curve
is that of Boettcher (curve 8, Figure 4.2.6) which is in general
agrecement with those of Newton (1966) and Strens (1965, 1968).

Curves 3 and 10 (Figure 4.2.6) define the temperatures
! ) . b
of the beginning of anatexis for rocks.with plagioclase composi-

tion An 0 and An 26; this is the range within which lie the
i - .
plagioclase compositions of most gneisses encountered in. the

Erea studied. These curves are located very close to, but lie-

fsomewhat above the area'representihg tﬁe approximate limits of
‘metamérphic conditions in the Chandos region. This may explain -
why miqmatization in the Apsley region is very rare or lacking
(except in the 1mmed1ate ,viecinity of the granitic contacts).
Thus, Figure 4.2.6 suggéqﬁg that the conditions of metamorphlsm

u

‘roughly fell within a tempelature range of about 620-700°C and
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a pressure range (assuming Ptotal = Peinig = PH20) of about

L

4.5-6.0 kb.
In conblusion, it appears that the prograde reaional

metamorphism in the Chandos region corresponds to “the low-

pressure intermediate type amphibolite facies" of Miyashiro {1961)

. ]
or "medium stage of metamorphism” of Winkler (1970).

In order to refine the above temperature estimates,

the compositiq? of coexisting alkall feldspar pairs -{Barth, 1956,

1968) and Mg—calcitc—dolomite péirs (Graf and Goldsmith, 1955,
1958; Harker and Tuttle, 1355} have been determlned A similarr
geothermometric attempt has been made in the Chandos area by
Jennings {1969) u§1ng carbonate pairs.

- fhe present attempt was not completely successful.
The data‘for the feldspar pair ‘are given in Table 4.2.3. There
are great’ﬁncertainties in the calibraﬁion of the two feldspar
.geothermometerﬂ "Evidently, attempts at laboratorv calibration

“

Pl
of the feldspar geothermometer have not produced a consistent

picture" (Fox and Moore, 1969, p.1207). Coﬁﬁﬁrison of the data

from Table 4.2.3 wjth calibrated distribution isotherms (Figure.

4.2.7) indicates a temperature well under 600°C for the study
sample, i.e. lower than the temperature inferred on the above

petrological grounds. The distribution of albite between

coexisting feldspars from the study area, however, is comparable.

with the natural feldspar pairs, particularly with the dlstrl—

butlon curves of Smith (1966) constructed mainly on the basis of

'
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Table 4.2.3 Composition of coexisting feldspars-
from regional metamorphosed gneiss

b
v

&
Sample Mol % 2b in . Mol % Ab in ° K
alkali feldspar plagioclase
Hornblende-biotite L
gneiss, 659 11 . 72 7 0.153

Plagioclase composition determined optically; that of potash
feldspar by X-ray (Orville, 1960, 1967) N

K = mol. 3 albite in potash feldspar/mol. % albite in plagioclase

A

hat)

Table 4.2.4, Composition of Mg-calcite from regional
metamorphosed marble and estimated
temperature from the calcite-dolomite
solvus ) )

Sample Mol % MgCO3 Temp, °C

Marble, 245" | 3.38 420

~

fr'*“-\‘\
o d

Determination carried out acéording to. the method of Jennings
and Mitchell (1968) '

-
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o.81

0.7F

0.6

Ab/Ab+ An in PLAGIOCLASE

0.5 | ] :
0 0.1 0.2 0.3 0.4

Ab/Ab + Or in K-FELDSPAR

Figure 4.2.7

Distribution of albite between coexisting
feldspars. A and B distribution curves for
natural feldspars of middle almandine
amphibolite and granulite facies, resoectlvely,
from the Clare River and Westport areas,
Ontario (Smith, 1966); C and D 500° ant 600°C
1sotherms, respectively (Orville, 1962)3:-E and
F 600°C 1sotherms of Barth (1962) and Perchuk
and Ryabchikov (1968), respectlvely

X = hornblende-biotite aneiss 659

-

-
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feldspars from gneiscses of the middle almandine amphibolite and
granulite facies from the Clare River and Westport areas,
Ontario (Figure 4.2.7). The sample from the study area lies
very ciose to the middle almaydine amphibolite isotherm of Smith
{(1966) . Unfortunately,'Smith's distribution curves are not -
calibrated. It is of 'interest that feldspar distribution coeff3—
cients from gneisses of the nearby Oak Lake and Whetstone Laxe
arees with a similar g;ade of regional metamorphism, also fall
close to Smith's middle almandine amphibolite isotherm (Rambaldi,
1973) . | ' 2

The data for Mg-calcite from the Lasswade marble

are givon in Table 4.2.4. The temperature obtained is too low

to represent the maximum temperature recached durinq metamorphism,
The'low recordcd temperature of the carbonate geothermometer
contrasts with—thé‘tgsperatures obtained by Jennings (1969) and
those from the contact' aureole of the pluton (see section 4.3.4)
which are not far removed from those estlmated for the metamorphlc
eQents. A probable explanation for the 1ow-temperatqre estimate
is a re?equilibration of carbonates.during the cooling period
efter the metamorphic events..‘Such re-equilibration can be
reached in laboratory conditions within days (ﬁarker and Tuttle,
\1955) Another possible cause for the low recorded temperature

might be retrograde metamorphism (Jennlngs, 1969) or dlseQUlllb*lum

effects.

>
Taaexsa
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4.3 Contact Metarmorphosed Rocks

The Loon Lake pluton is surrounded by the contact
aurcole, the maximal extent of which ranges between_§00 and 500 m
frém the contact (c.f. Map 1l). Thg contact metamorégoscd rocks
occur not only around the mafgin; but are also rather abundant
as inclusions throuéhout the pluton. As Shaw (1962) pointed out,
some inclusions "are large enough to suqgest that thez-might be

roof pendants or large stoped blocks" (p.14). It is also possible

that some inclusions were brought up by the pluton and they

might perhaps represent 'deeper—lying rocks. - \

The contact metamorphisn wa; superimposéd on rocks® )
which were alreadyAregionally metamorphosed to the amphibolite
grade.l The aureole is not always clearly distinguishable, its
geographical extent is frcquenily uncertain and also "there is
no clear Egduence of contact metamorphic zones" (Shaw, 1962,
P.25). This is probably because’ of the metamorphic overlap,

o . o

locally strong migmatization, abundant pegmatitic and aplitic
fveins in“the,vicip%ty of the pluton and also possibly tectonic
moverents. The contact metamorphosed rocks have beenlmgpped in
the field only arouqd the southern edge of the pluton and in
fso@e'inclu§ions throughout the pluton. Because of the absence
of typical hornfeilsic texture, particularly 4t the northéastcrn

side of the pluton, the contact metamorphosed rocks have not

been separated there from regional metamorphosed ones on Map 1.
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Since the contactfaureole has been extensively
studied by Shaw (1962), Chiang (1965), Hinton (1972) and Shieh
(1972, 1973), only certaln aspects of some metamorphosed rocks

will be described. The rocks under consideration include:

(1)-aluminous hornfelses - comprisina aluminous dneisses
of Shaw (1972). (The term aluminous hornfels is o
occasionally used insteadmof the petrographically
more precrse name - aluminous gneiss - in order to

stress the relatlon between the pluton and this
_rock t\pe ) B

(2} mafic hornfelses -~ which eharacteristically contain

significant amounts of hornblende and/for

pyroxene; ' ’ -

(3) contact metamorpnosed marble.

{

4.3.1 Aluminous Hornfelses :

In the northern and northwestern part of the contacL
aureole, there is a zone up to 500 m wide, com orlsed partially *f
of gneissic rocks, which Shaw (1972)-included in his aluminous

R

gneiss type of the Apsley formation. The gneisses are interr
spersed there with granitic rocks. In comparison with the Apsley
biotite gneiss, these‘aluminogg YOCKS ere rioh in Alzoé' ngland-
FeO and ooo:‘iﬂgalkalies and silioa (c.f. Table 4.3.1). They -

are characterized by the presence of garnet and sillimanite

and/or cordierite, which are even the major constituents in



45

places (Téble A.l.Sfﬁ In general, the amount.of these glumino—
silicates ihcrcases:toward the contact and is grea£es£“in the
xenoliths, which rahqe in size from about a meter to a few

hundres meters. The tran;itiSﬁ from aluminous, hornfels to biotite.
gneiss appears to be continuous. (The aluminous hornfelses and
bilotite gneisses cannot be mapped separately in the field on the
scale of the p}esent investigation. But it should. be noted

that a significant portion of the migmatized biotite gneiss map

t - Map 1 - 1s comprised ©f aluminous hornfelses,) _ \
The petrography of these rocks has been described by
Shaw (1962, 1972). His estimation of their average modal

composition is given in Table 4,2.1, while the modal compositions

-

of somc representative samples are presented in Appendix 1 \

(Table N.1.5). The common prqegrade minafals are:

(1) garnet—sillimanite-cordierite-biotite—plagioclase—qpartz
(2) garnct-sillimanite-biotite-plagioclase-quartz
{3) sillimanite-cordierite-biotite-plagioclase-quartz v

(4) garnet—biotite—plaqioclaséjquartz

(5) sillimanite-biotite-plagioclase-quartz

Garnet usually forms sieved porphyroblasts, sometimes
up to 1 cm in diameter. The unit-cell and refractive index

measurements indicate that garnet is almandine-rich (in rock 67,

garnet has n =z 1.835 and ag = 11.61 A suggesting about 80% of

almandine component).

Lt



H /' ' _ ‘ 4 5

Cordierite occurs as anhedral grains which vary in

——

size from about 0.2 to 2-mm._ Plagioclase is typically nore

calcic (usually andesine) than in biotite qneiss] It appears
. ( . -
-that the basicity of plagioclase increases with the increase of

the contents, of aluminous minerals though not in a simple 'manner.
~

»

rotassic feldspar is virtually absent from thcse rocks.,.Maqnetitc,

-

- rutile, anatite, #ourmaline and zircon are frequently prgsent

~

as accessories. s

I

The unusual chemical comnosition of the aluminous
gneisses in comparison with the other members of the Apsley
formation onoses prot.lems related to the cause of the high Al, Fe

and Mq and low alkalies and silica contents and to the origin

nature of these rocks. Shaw (1962) and Lal and Moorhouse (1969)

have summarized several hypotheses.for the origin of the cor-

‘dierite-garnet bearing rocks. Some of these theories whach

appear to be pertinent to the genesis of the aluminous gneisses

are: , . ) ’ ) T ] |
- ‘ ‘

i

\ .
(1) Metasomatic introduction of Mg0O and. FeO and simultaneous

removal of alkalies either by the penetration of hydro-

thermal fluids frbm the pluton (Eskola,_i314, 1915; Geijer,

1917, 1963) or by formétion of a "bésic“front" (l'eynolds,

1947; Holmés and Reynolds, 1947; R;mberg, 1852; Read, 1957).
{2) Alhminous gneisécs:are the residuum after the gftractioh

of minimum meltineg material (Eskola, '1933:; Barth, 1933).

{3) Gneisses: represent chemically uhaltered metamorphosed shales.

Y



“  As far as ~the -metasomatic hypothesis is concerned,

.,

- . - - ' !. - : " .
no evidence for this mode of origin has been found. The indica-
S e

tion that at least some mineral assemblages of aluminous gneisses

are in cquilibrium (Jennings, 1969); the general lack of corrola-
.", .

tion between the composition of wall-rocks and adjacent roc}s of

the )luton and also neochemlcal data (see Delow) are not !

.

consistent with. this theory. leew1se, experimental studies
suggest that the late-stager solutions-could herdly produce such

an enrichnment of Plag, Fe and Al (c.f. Johannes - and WJnller, 1965)

The anatectic hypotheels can envisage the aluminous’

ancisses as the reqlduum after: partlal meltlna of Lne Ppsley

EEBtltL anciss and conscquent qubtractlon of the granitic portlon.

—

The G\LLHSIVO occurrences of the aluminous gneisses in the
contact aurcole of the pluton,:-while similar rocks are veryxrare
-1n the eurroundlnq areas, may suggest that the partlal meltlﬁg
was 1nduccd by the intrusion of the pluton, whlch upplled the .
heat quUlILd for anatexms. The feasibility Of'tﬂls hbéel can

be evaludted on the basls of petrqloglcal and chen1cal data.

The estlmatlon ogipressure and temperature conditions of contact
;metamorpnlsm imposed on the surroundieéirocks by the pluton |, -
'ehdlcate that anatectlc melting mlqht have taken place (g f.

i‘lhqurc 4.3, 10 and section 4.3.4). ‘ T

| With regard'to the chemibal‘cdﬁpositibn.ef these
) o

roeks, their chemicaliconstituents together Qith the ayerage

”

, E Py .
i

eomposition of theﬁﬁpeiey biotite gneiss (Shaw, 1972) are plotted
LN

Lo

‘J



araphicallv against the sum of normative quartz-orthoclase-
albite—anorthite in Fioures 4.3.1-2, since this hypothcgls
ASHUTCR that the main. dr{forence uetwcen biotite and aluminous

gneisses is subtracted guartz—feldspathlc material. { The chamical

analyses of aluminous gneisses are given in Appendix 1)) It

ﬁhould be pointed out', however, that the use of this parameter
intfoduccs a constant item-sum bias into the trends and also a
prior corrclation bias (Chayes, 1960; Evans, 1964) .

The relatively_smoéth trends on the variation
diagram for iron, aluminum ‘and sodium.(Fiqureé 4.3. l*é) are in
agrecment w:th the oradual subtraction of the minimum mhltzng

fxnctlon. %na‘ove all pr0qr0551ve increase of normative

a

(Figure 4.3;5 alid also modal bas;c1ty of plagioclase toward

the more altéfcq hornfclses is con51stent'w1th the experimental
. studies of Vinkler and Von Platen-(l96@)'which have shown that

partial meltina produces plagioclase'fractionation with calcic

-
L oo

. enrichment in residual rocks.

Fiqure 4.3.2 shows that the‘réfioch/FefMg in the
hornfelses and the Apsley biotite gneiss is ﬁractically'the
same in spite of a large eniichmenﬁiof thgéé é;é@énts‘in horn-
felses.: It seeﬁs unlikely'that the metasomatic process wodld
enrich both these clements in the same proportlons But}it
suggests that the removai of other conqtltuents (alkallas &nd
silica) alted in the relatlve enrlchment of femlcs

Likewise, pJqure 4, 3 3 suggests tha+ thL subtractlon of thg
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Figurc 4.3.1

Variations of (FeO+Fe,0,) (tom) and

h1203 (below) as a function of norm.
{(Q+Ab+AN+0r) in aluﬁinous hornfelsecs

relative to the average Apsley aneiss

® - alumirous hornfels (jl,

/. - average Apsley gneiss ('éhaw,
: 1972)
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norm. Q+Ab+ An+0r (Wt%)

Figure 4.3.1
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(An/An+Ab) of plagioclase (céntre)

A
/
i
. /
g’
.
Fiaqure 4.3.2 Variations of Ha, 0 (top), norm.

and (Fed /FcO +Ma0)  (bottom)

total total

as a function of norm. {(Q+Ab+An+Or)
in aluminous hornfelégs relative to

the averaae Apsley aneiss

¢ - aluminous hornfels.

A - average Apsley aneiss (Shaw,
1972)
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Ng,0 +K,0 s | . ‘. FeO + Fe,05+MnO fMgO

Fljure 4.3.3
Irisngular diugram (NagO+K;0)-A1505-(Fe0+ Fey05+ MnO+ Mgo)
stawing the varlation of these oxides in blotite gneisses*_

1
L

sluminous hornfelses and leucogranite 259, - S

A - average Apsléy‘gneiss (Shaw, 1972) 1
O . - Va-type of Apsley gneiss (éimony; 1960)

+ - K-type of Apsley g%eiés (Simonry, 1960)

. - aluminous hornfels”’

0 - leucogranite 259

<
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granitic portion from a parent réck such as the Apsley gneiss

would leave a residue corresponding to aluminous gneisses. &
) To evaluate this model aquantitatively ana totestimate

the arcunt of removed material, a petrological least-squaroﬁ

mixine corputer proaram developed by sryan et al. (1969} was

vsed,  The possibility that the Apsley biotite gneiss and

aluminous hornfelses are parent-residuum pairs with granitic

}Pcks x&oresentinq the extracted material 1is tested in Table 4.3.1.

Thu‘composition;of algminous hornfels 711-18 {assumed residuum)

and leucoéranite 259 (assuméd extracted material) from the closce

vicinity of hornfels 711-18 were "mixed" together (taken as

indepencent variables) while Shaw's (1972) average composition

of the Spsley gneiss (assumed parent) was treated as the material

to be svnthesized. Rock compositions used for this least-square

"mixine” and the computer generated composition compared to the

-~

actual composition of the Apsley gneiss are givcn in Table 4.3.1
together with the standard deviations for t;>\qverage of the.
Apsley gneiss given by Shaw (l972),'weight'fféctiohs of the
"mixed" components and the sum of Eﬁé squargs of oxideﬂéesiduals.
Exceﬁﬁ for sodiunm, fhe calculated composition of thé gneiss 1is
close to the average bompositién given by Shaw (1972). But the
c0ntont.of‘sodium iﬁ the Apsley gneiss 1is variable (c.f. Simony,
1960 - lia-type and—¥-type of Apsley gneiss) and its calculated
content 1s not very different from the average sodium concentration

of the K-type 0f gneiss (Ndio = 2.80 wt.%) given.by Simony (1960).



Table 4.3.1 Least-square solution for bulk chemical
reclations between Apsley gneiss, aluminous
hornfcls and leucogranite ’

1 2 3 4 5 6
77.79 57.90 66.50 66.50 6.0 0.00
0.15 0.70 0.42 0.64 0.25 0.22
11.59  18.70  14.92  14.60 1.8 -0.32
red total 1.64 8.26 ~  4.90 5.45 2.0 0.55
0 0.01 0.13 0.07 0.10 0.059  0.03
a0 0.06 4.17 2.10 2.20 1.3 0.10
Ca0 0,21 4.01 2.10°  1.90 1.0 ~0.20
Na,0 3.36 1.81 2.53 3.80 1.2 -1.27
K0 T 5,00 €1.85 3.34 3.10 1.6 ~0.24
.0, 0.00 0.21 0.10 0.17 0.08 0.07

i

Coluan 1 cives the chemical compositioﬁ of léhcogranite (259}

is the composition of aluminous hornfels (711-18).

[

Column

Colunn 3 represents computer generated oxlide welght percentages
of gneiss obxtained from "mixing" of granite (column 1)

and aluminous hornfels (column 2) in proportions gidgi\\_J
below?. .- . :

Column 4 cives the “actual average composition of the Apsley
. bietite griciss. (Shay) 13725 .

Column 5 lists the standard deviation for column 4. (Shaw, 1972).

Column 6 is the difference between the actual composition of the
Apslev gneiss (column 4) and the calculated composition
(column 3) ., -

by

eilaht fractions of granite (259) and aluminous gneiss (711-18)
neceded to generate the oxide weight percentages in column 3

leucogranite (25%9) 0.485
aluminous gneiss (711-18) 0.497
sum of sauares of oxide residuals 2.18
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These data confirm that the aluminous gneisses could have been
generatedd bv a simple subtraction of granitic material from the
biotite cheliss.

Regarding leucdgranite 259, its position in thé low
teinperature roaions of the g&nthoticlqranitic system (Fiaurcs
6.1.2-3) is also compatible with a partial melting origin of
this rock. It is of interest‘that on a O-Ab-0Or diagram (I'iqure
6.1.2), lcucogranite 257 plots close to the "ternary minimum"
but outside the‘clqbtqr of quartz monzonitic rocks from the
pluton. 7The :positien of the normatiyc composition of leuco-
granite 257 in thc‘syétem Ab~hn—0r~Q—Y20 is, howecver, also

consistent with the process of fractional crystallization of a

more basic magma. But there is some cvidcnce that a partial
meltina process has taken place in the formation of leucocratic
veins closely associated with aluminous gneisses, Iﬁ a few
places, piagioclase from migmatites shows inverse zoning
suggesting partial melting, in situ, during which the progressively
more anorthithrich material was available (Ma2hnert, 1963, 1668);
Even if this petrographic feature was not observed in granite 259,
its closc association with migmatites and aluminous gneisscs
further indicates that this rock was formed by partial melting
of the Ap%ley gneiss.

It appears,'howevér, that épart from the leucocratic

granitic veins, which are'interspcrsed with aluminous gneisses,

the majority of granitic rocks in the pluton were'not generated.
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by o partial melting of the Apsley gneiss or at least notjfrogjlm\\
the tyve which 1s now éxposed in the wider vicinity of the pluton /
(see below) .

The hyvothesis that the aluminous gneisses in the
contact aurcveole represent an isochemically metamorphosed shale
is possivle pug’not vefy probable. Sedimentarv rocks wifh very
cimilar major element compositions certainly can be found. ‘But
UK?cxtunsivé occurrences of these cneisses in<ghe contact
aurcole, while similar rocks are véry-seldom encountércd in the
Apslov roqipn, arque aqainst this oriain, as do the chemical
and mineralonical variations of these rocks which indicate that
the residual chardcter is most pronounced in the xenoliths and

rocks close to the contact.

‘This hvpothesis can also be evaluated by the distri-
bution of tﬁé rare-carth elements (REE) 1n tﬁese rocks.
Fiqures 4.3.4-6 show the REE distributions of aluminous and
biotite gneisses represented b§ means of Coryell-Hasuda plots -
{Corvell et al., 1963), in which REE concentrations of samples
are divided elemcnt by eiement by the chondrite average of
Frev ot al. {¥968) and plotted.against REE atomic numbors. _(The
RLE abundances are listed in Appendix 1, while the precision
and accuracy of the REE analvses are given together with an
outline of analvtical procedure for their determination in
. Mhe preéision of REE analyses is also shown graphi-

Appendin 2

cally in the Cofyell-Masuda plot by error-bars in Figure A.2.1).
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Haskin et al. (1966, 1968a) have shown that sedimen-
p :

-tary and métasedimentary rocks have“REE patterns similar to the
Yaveraae lorth hmcricéh shale. The REE gistributioh patterns of
the Apsleyv gnelisses resemble that of North American shale
althouqh their absolute contents of the light rare-carths arc
sliohtly lower (Finure 4.3.4). On the othef hand, the aluminous

aneisses are depleted in the light REE with respect to heavy

ones, and flave variable negative Eu anoralies (Figure 4.3,5).

Both thes@Lfeatures of aluminous gneisses suggest thét these

rocks do not fepresentuisochcmiqally metamorphosed shale.
With reqard:to the aiuminous gneisses, it is of

interest that the depletion of ligﬁt RZE and the size of the

necative Eu anomaly is prost pronounced in the inclusion of

Rd

“alumincus hornfels (67) from the monzonitic core of the pluton,
which virtuallv lacks ‘any feldspars. Also, garnet which appears
to dbmina;e Rﬁﬁ natterns of the aluminous focks has a pronounced
neqative Eu anomaly (Figure 4.3.5) contrary to reported REE |
distributions for garnet (Haskin et al., 1966; Masuda, 1967; -
Eerrmann, 1970). This indicates that garnet was formed from a
source raterial which was alreadv depleted not only in light-

REE but also in Eu. Since the only common minerals with positive.
Fu anomalies are feldspars, which also have REE patterns pro-
gxessivcl§idecreasing toward the heavy REE (i.e. complementary to

aarnet), the Eu depletion suggests that the aluminous gneisses

are residuum after the extraction of feldspar-rich fractions.
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Figure 4.3.14
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'REE distribution in Apsley biotite qnelsses and
the averages of North American shales

- biotite gneiss 711-2

- biotite gneisgg-712-1

- biotite gneiss 173

~ composite of North American shale
(Haskin et al., 1968a) :

- composite of metamorphosed North
American shales (Haskin et al.,
1968a)
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Figure 4.3.5 REE distrfbﬁtion in aluminous hornfelses,
_ garnet 67 and the averages of North American

aluminous hornfels 712-4 -
aluminous hornfels 711-8
aluminous hornfels 67

garnet from aluminous hornfels &7

composite of North American shales
{Haskin et al., l968a) T

composite of metamorphoséd North
American shales (Haskin et al.,
1968a)

{7

Figure 4.3.6 REE distribution in Apsley biotite gneisses,

aluminous

#+omo0O»

hornfelses and leucogranite 259

biotite gneiss 173

biotite gneiss 711-2

.biotite gneiss 712-1

aluminous hornfels 712-4,
aluminous hornfels 711-18

leucogranite 259
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Figure 4.3.6 shows the REE _patterns. of the Npslcy

biotite qnequ tocother with those of aluminous:’ qne1;scs and

t

leoucoaranite 253. Tae lattcr two rock types werc consxncrcg

" above as products of anatexis. .The pattern of granlte is comple-

:nmntary to that of aluminous gnelss Wlth respect to the Aualcy
gﬁqiss, once aqaln squcsting that aluminous gn¢isses may indeced
represent the rosiduum after partial melting of the Apsley aneiss.
The RIE distribution pattern of luu&ogranite 259 .
without any neqativc Lu anomalf does not indjicate the extensivc
crystal fractionation, which would be ekpec'ed if .this reck
was produced by dlfFchntlatlon of a more lisic-magma. As will
Le showmn 1Atqr; the RIE pattern-of granit -259 is less fraction-
ated than those of quartz monzonite, whi h forms the duter zone .
" of the pluton. 1t is also of rnteré;t hat the REE distribution

of leucogranite markedly dlffers from Hosc of. aplites (halashov,

1963; Condie and Lo, 1971) which-eithgr show enrichment in the

heavy -PLE as observed in the Susamyr atholith (Balashov, 1963)

or large absolute depletion of REE -af reported from the Louis:

Lake batholith (Condie and Lo, 1971

o 4.3.2 Mafic Hornfelse

These rocks occur particularly along the southern
margjin of the pluton and also fr auently as isolated inclusions
 wWithin it. Thc mafic hornfelses/ arc massive, laminated Ip

places, usually dark gray and fane to medlum grained with
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nornfelsic cranoblastic texture. On the geological map (Map 1)

the outer contact of the aurecle (map unit 6a) was drawn where

.

calcareous anelsses and amphibolites give way to fine to medium-
grainad rccrvqtélliﬂéd massive hornfels with a distinct grano-
blastic texture (1.c. the outer contact réprésents teﬁtural
chanaes) . The border between reaional metamorphlc rocks and

the contact aurecole,is not sharp; thn gradatlonal Lranaltlon

can be traced over a distanée of sevcral tens ofﬁmeters. . Toward
I

the outside of the aureole, the nornfelq s become slightly
3 | ;
achirtose ith viotite and hornblende prcfcantlallv orlcnted

{ Shaw (1962) and Chiang {19065) hawve aubdlv1 Ld thc

ma?ic hornfelses into two groups - ﬁornblenge and pyroxcnc
hornfelses. ‘ornblende hornfelqes (map unit 6a) cmbrace the
larqe majority of mafic hornfelses. Their typical proqrade
mineral asserblphges are: hornblende—biotite—plagioclqsc—quartz,
and diopsl 1cwcl1nopvroxcne—hornblcndc-blotlte Dlaqloclaée—

; &

qucrtz; In places, the hornolendc hornfels contains varying,

somotires ¢ven major“amounts of scapolite, K—feldspar and

b

carvbonate. - Plaqioclasefin the form of.smali equidimensional
arains, hds a éompoéition of mostly andesine oOr calgic oligo-
ckw; (hn'25~4q). The common accessory minerals are sphene,
nmqngtite and ﬁoatitc. The ACKF diaéfam for some 'typical pro?
arace asscﬁﬁlages is shown in Figﬁrgf4t3.7 ané modal analyses

of some rep:esentatlve samples are given in Table 4.3.2. The-

mineral assemblages of these hornfnlses rcsumble those-of

~
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Fig. 4.3.7. ‘ACKF Dlugrom for Mafic (Hornblende) Hornfelses
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© Fig.4.3.8. ACKF  Diogram for Mafic (Pyroxene) Hornfelses
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L]
rahle 4.3.2 Modal composition of mafic hornfelses
) and contact mqtamorphosed marbles
o 2 3 -4 5 6 K
Querts 1 9.0 24.2 9.6 \g
plegioclare of 35.8 39,2 48.6 , p
Biotite/phlouonite 20,8 2.7 7.0 9,3 "~ 5.0 9.8
Clinmobibolite  33.5  31.3 343 0.5  tr  .4.0
Clinenyroxene - 0.5
Caleite 89.0 92 1  78.1 -
Dalom toe » | ‘ 5.2 } 83.5
" Cchondrite ’ _1'3.7
" porsterite ty
Serpentine - tr
* Spinel ‘ 1.2
Sphene 0.4 0.6 tr tr | tr
Apatite tr tY R
Epidote N 0.9 tr | . \
Opague tr 1.2 tr 1.2 2.0 2.5 1.5
t An in ' - 30 38 38
Cplagieclase
‘ \

Contact
Contact

Contuact

R = RV - 7 S A I

. Contact

.' Hornblende hornfels 145
Hornblende hornfels 786
Hornblen@e‘hornfelS' 121

nctamorphosed marble .143-9
metanorphosed marble 886
metamorphosed marble 181-4 -

mctamorphosed marble. 233

o

[+
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reaionally mctamofphoscd amphibolites and calcarcous gneisses.
an noted carlier, the main difference between them is the texture.
Pyroxene hornfel ,cs, which have been mapped at the
“Hwﬁ”“néo af hypersthence in the mafic hornfeclses, occur in
the study area only- as inclusions in the pluton {(map unit th).
Thoeue are compooed mainly of hypersthenic Orthopyroxc;lc, diop-
Gidic clinopyroxene, hornblende, biotite, quartz and plagioclase
with a CU“PO‘lL‘On correspondine to andesine or labradorite
‘A

(An 35-55). Ccordierite is also occaqlonally presnnt Magnetite
mnlsqmﬁnw uréyfrccucnt accessorics. The ACKF diaqram for thcsé
roces 19 invn fn Viaurc 4.3.8. AS chiang {(1965) has already
pointad out, nornblende is present both as a prograchand as a
rotronrade phase. In plaCbS,‘orthoﬁyroxcnc and occasionally

. ) L]
1lso clinopyroxenc have heen altered to uralitic shornblende with
sorme magnotite. 5roqradc hornblende ciffers not only terxturally
but afho optically from rctrodrade hornblende. It has a typical

. Ve

areenish-tan colour and does not show any reaction rclatiops

with the coexisting hypersthene and diopside.

’

~

4.3.3 Contact e tamorphosed Marble
In the contacp_auftolc, marble occurs_only rarcly

as inclusions in thq pluton “and aq isolated lenses in tne

1) »

qneinses, narylcularly along thc northcrn margin of the pluton.

..._
v

I'he southernmost part of the owenbrook marble formation also

dies within the aureole (c.f. Shaw, 1962). ULecause of the

- -
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difficultics in distinguishing bLetween regional and contact

motamorphosed marvle in the field, these two rock types were not
y;mphod m»nrat l\' (“(ﬁf- _?':Clp 1) - “

Marbles are uouallv hhlte, medium to coarse- gralnLd

wiulgmmu-foliation, OCCG%lOﬂaxl' 1n{ercalatcd with CJlC"JlllcatL

Crocks. WO ﬂotnmornhlc zones have been rcconnlzed " The first

"outer’ zone cnmpriqes the maralc lensea ln the aureole, several
\

inclusions close to the margin of the pluton and the fo;cmcntiongd
section of the owenbrook marble. The second "“inner” zone 15
repre csented by the inclusions occurring well inside the pluton, 2

the minceral assemblaqes of marble in the first “"outer" K zone

i

are very similar to those of the regional mctamorpnoacd ones.
' h

The assemblaacs Glops side- calcite and cllnoamphlbole {usually

parcasite)-calecite arc common and phlogopite is acnerally prescnt.
The rarble. of the second-"inner" sone contains apart from calcite,

dolomite, phlogopite, lep side and parqa"lte, also chondrodite

. 1
and spinel, In places, forsterite, partially altcred to serpen-

tine is also present.
 The CaO—.‘;‘lqb—-Sio2 compatibility diaqgram for these

rocks from the "inner" zone 1is shown in Figure 4.3.9. he modal

comnngition of some representative samplcs of . contact WLL&HOIPHOG g

marble is givengin Table 4.3.2. _ ' ’

» . .

A\

4.3:.4 Conditions of Contact Metamorphism

———

- In the aurcole of the pluton were recognized two
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ntact cotarorphie facles - pyroxenc hornfels and hornblende -
porntoln (Bhawy, 1162 Chiana, 1965) . The pyroxene heornfcls
facivs TOCKRD include mafic (pyroxenc) hornfelses, some of the
Alurinocs nornfolaes and probably also marbles from the “inner”
Canee. These rochy hawve Lecn oncountercd mainly as inclusions

in the pluton, particularly at the monzonitic core. The character-

{atic proarade mineral asserblaacs of pyroxene hornfels facies

rocks are:

.
Lutnonvruxcnc-nl0t1tc-plnq1oclase—q artz;

orthovyro:cnc—ho:nblundu-biotite-plaqihclase-quartz;

(nwhopvroxcnu—hornblendc—biotitc?cordieritc-plagidclasc—qua5;2;
i

cxthnpyroxcnc—clin0pyroxonc—plagioclasc—quart“-

-y

cunﬂet—sil1imunitc—cordierite—biotite—plagioclasc-quartz.

N \\a .
The hoghblondc horifels facies rocks comprise mafic

/o

(hornb:lende) hornfelscdﬁ\marblc?"from the "outer"” zone and sone

alutinous hornfelsces. These rocks occur mainly dround the marcin
of the pluton. B

Becausc 6f thc'cowplicated-naéure of the contact
quw%ﬂb, the sole purpose herc is to estimate the physical con-
ditions of contact hogamnnphism\

ALl major;mineral'phasés in contact.mctamorphoscd
rodﬁ:appcar to fcpresent the prograde aééemblagés. As in the

regional metamerphosed rocks, however, the retrograde phases

(cilorite, epidote, clinozoisite, cericite, uralitic hornblende,
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carbonate otc,) are present in places, indicating a later retro-
. »

gressive motnrorphi?m of the qréenschist facieﬁ¢ But these
rotro~race phases do not obliterate the prograde asscmblage:s in
spite of the fact that they developed from them. Disrecgarding
the retrograde phases., however, the petrography, adhercnce of
minert] asscenblages to the phase rulé and éhe distribution of
clerent s apona phases (Chiang, 1965) sugqgest that an approach

to at least local cauilibrium vas achieved durinag the contact
metamorphism in nost samplqs.s?%diod. If it is assumed that the

L4

lunqrmh:udnorn] assenblaages of contact metamorphosed rocks were '!‘.-
fﬁnmﬁrat couilibrium, then thé‘physiQal condigions of metamor- -
phisy can Do ¢antatively estimated. The rclevénﬁ e#pcrimuntal
datn are nlotted in Figure 4.3.10. |

The abscence of prograde muscovite indicates a tempera-
ture at-ove the second <illimanite isograd (curve 1, Figure 4.3.10
reprcséntinq the breakdown of muscovite in the:presencc of quartz).
This reaction would probably provide the minimgm temperature
ostimate for contact metamorphism. An upﬁer temperature limit
15 Jdefined by {he assemblage. biotite-quartz. Luth'il967) has
rcrorted that the association phlogopite-quartz ig not stable
ahove about B15°C {curch2). Thé addition of iron to the system
will oaly lower the’teﬁporature (wones, 1963) and thﬁé this
curve nrobably represents the maximué limit. -

Considerina the byroane hornfels facies, the‘lower

termerature limit for these rocks is given by the reactions

0



%

o .

Figuré 4.3.10. pP-7 graph of expﬁrimcntal data pertaining to

Curve 1.

2.

10.

11.

12,

13,
14,

15.

the conditions of contact metamorphism

Muscovite + quartz == K-feldspar + ?\1205 + vapour
{Althaus et al., 1970) -

Maximum stability of assemblage phlogopite +.quarte
(Luth, 196¢7)

Gedrite + ouartz = hypersthene + cordierite + vaunour
(Akella and Winkler, 1966)

Anthophyllite + hornblende (1) = orthopyroxcue +
anorthite + hornblende oy + vapour

(Choudhuri and Winkler, 1967)

Calculated lower stabilitv limit of assemblage
hypersthene + cordierite, o
{lless, 1969)

Almandine + sillimanite + quartz == Pe~cordierite
{Richardson, 1968)

Beginnina of anatexis in plagioclase-bearina
qgneisses (An O)
(Winkler, 1970)

<

Beainning of anatexis in nlagloclase-bearing

qgneisses (An 26)

{(Winkler, 1970)

hutectic melting curve in the system K-feldspar-
quartz-H-0
(Shaw, "1963; Winkler, 1970)
Fe-staurolite + quartz s almandine + sillimanxte
+ vanour '
(Richardson, 1968)

‘
Re-staurolite + almandine + quartz == cordicrite
+ vapour
(Richardson, 1968)

" Fe-staurolite + quartz 3= F¢-cordierite + sillimanite

+ vapour
(Richardson, 1968)

Stability fields of the polymorphs of Al;SiOs.
{Richardson et al., 1909)

: ‘ |
Stability fields of the polymorphs of Al,Si0g
(Althaus, 1967, 1969)

k]

t

_Upper stabilitv limit of hornblcndé in orthopyrcxene

subfacies .
(Choudhuri and Winkler, 1967; Winkler, 1467)

. A , Y
I - -

”y
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leading to the formation of orthopyroxene. Decause of the
incoplete thermal aurecle, it is difficult 'to ascertain the
bruym¢roxunc~qcncratinq reéction. Up to now, two rcactions by
which orthopyroxene is formed have been experirmentally

1

invest ieated.  Akella and Winkler (1966) have studica the.
reaction {uedrite + uartz) = {hypersthene + cordierite +-i?ﬂ)}
(curve 3, Floure 4.3.10)3 and Choudhuri and iinkler (l1467)

have investiaated the rcaction.{anthop?yllité + hornulendc(l)};:3
{orthovvroxene + anorthite + hornblendb(z) + QEO} {curve 4).

e breakdown of pure !ig-anthophvllite to enstatite, guartz

.0 takes place at a higher temperature as determined by

and
& |
Groonwood (1963).  iiess (1969) located a theoretically calculated

surv> (curve 5) for the stabilitv of the association hypersthene-

cordierite in natural assemblages at a somewhat higher pressure

r———

and lower temperature.

The asscemblaqge cogdieribé—si1limanitc—garnct—quartz
nrovides an estimate of the lower pressure 1imit. Richardson
{1768) has shown that this association is ndt stablc below the
reaction curve 6 in Ficure 4.3.10 (Fe-cordicrite & {almandine +
sillimanite + cuartz}). The qugrtz—fayalite-magnetite buficr
used bv Nilchardson (1068) érobabi; represe;ts the 1owcf limits
ofcnqmen,fu&ﬁcity encopntered in the common metamorbhic rocks.

v

Howevor

the addition of magnesium to the system raises the
curve with fo;pect to pressure,(Richardson,_l968). Therefore, -

location of this reaction curve is probably -a—~xeasonable”
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“

estimate of the lower pressure limit, llence, Ficuze 4.3.10
2 . C
specests that the contact métamorphic conditicns for the

pvroxene horniels facies rocks fall within a tcmpegﬁﬁurc ranac

of about 750° to 820°C and a pressure range of about 2.5 to

(R aosunml ! . =P
HRL (assumindg Itotal e

and that the cxpérimontal%s detef-
pined vouilibrium curves are pertinent - e.qg. Mucller, 1966 -~
and are not erossly in error). ™

For hornblende hornfels faclies rocks, as noted

carlier, the lower temperature limit is probably given by the

roaction curve for the Lreakdowntof rmuscovite and quartz (curve’

1 in Ficurce 4.3.10) and the lower pressurc estimate by the

stability of the almandine-sillimanite-cordierite-quartz
asseimblage {curve 6) ¢
All these estimates, however, probably represent

it may be expected to

-~

the upner limits since 1f P < P
: _ 7 50 total’

lowef the estimatgd temperature. ?hps, accordina to Ninkler‘s
{l1967) classification of contact metamorphism; the aurcole of
tiie Loon Lake pluton befongs to’tﬁe'Krféldspar—cordieriter
hornfuls facies of which the iower temperature limit is gaiven
by UW:iagtability of the associatioh muscovitc-quartzf“
Figure 4.3.10‘Shows that a large po;tion of the'

field of estimated physical conditions of contact metamorpiilsm

lies well above the curves for the beginning of anatexis in
N o L : 1
rocks with placioclase ‘composition corresponding to those of

thie Insley biotite gneiss {curves 7 anawg). If this 1is so,

T
.,

- ‘
! N . el

<]
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“then it suqqests that the contact metamorphism‘was accompanied

-

by partlal meltlnc oféat least some rocks of approprlate com-
bl —
/position. Thls fact, further supports “the hypotheses that

aluminous qneisses in the contact_ aureole _of ‘the pluton represent’

the residue after part1a1 melting of blotlte gnelss, as dlscussed .

carlier. v i
N If the estimation of the conditioﬁs of contact meta-
morphism is'correct then water pressure as high as 2.5- 4 kb

would correspond to alfepth of about 10 km and moxe, which 1is
rather deep compared with»afnormal_shallow-seated contact  aureole.
There are several other indications, hewever, whieﬁ sqppert this

-

pressure estination. The coexlstenre of progradc hornblende “

N

with o*thopvrorene suqqests a hlgher pressure. Winkler has N -
. pointed out that "the~hornblende-frce orthqpyroxene sub§ . mst

results at low and the orthbpyroxene;hornblende subfacies at

relarxvelv high NZO pressure,'even though the temperature is
'apprO)lmatclv the same in both cases" ‘(19867, p.124). He has
Aeétlmatcd the water pressure “for the orthopyroxene—hornblende
subfac1es to be around 3- 3a5 kb.

Sevéral attempts have been made recently to estlmate
the pressure conditions of metamorphlsm by the partltlonlng of
Airon and magnesium between’ garnet and cordierite.pairs (e. gi
Okrush, 1971; Currle, 1971 Hensen and Green,,19ll) The
-éiaqram of Okrush (197)) and the experlmentally determlned graph

‘of Hensen and Green (1971)'have been used for a rough estimation

) ) ' N L



. .
-‘“ . . » - E -
ofthc'pressure. Both these estimates indicate pressure well
» I * N
abovc 3 kb water pressure
- For an indepcndent estimation*of the temperature,

I T
i

the composition of Mg-Calcite coexisting. &ith 'dolomite from two
parble inclusions§ has bocn detcrmlned ‘The calcites have becn
analyzed by the mothod of Jcnnlngo and Mltchell (1969) and the

temperature was estimated from the data of Coldsmith and iHewton

&

(1969)-. The results are given in Table 4.3.3. ~The temperature

y

T
\
4

. Table 4.3.3 Composition of Hq—calc;te from
‘ o contact metamorphosed maroles
and cstlmatcd tenparature, from
the calcitce-dolomite solvus
)

Sample ‘ Mol. % HgCO3 \ Temél °C
199 © 12,02 sy 730
. 233 - 9.11 R 660

P

Dgterminatlonq carried out according to the method of Jennihgs
and Mitchell (1969). Both samples are from 1nclusxona from the
monzonite core of the pluton.

. o
obtalned is relativeiy close to those estimated from Figure '4.3.10,
cmnauerlng that the carbonate geothermometer 'represents only the

minimum Guench tpmperature (Jennlngsl 1969) , leewxse, if the

aluminous hornfelses were 1ndeed de5111cated and dealkalized by
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-~

g partial meltina proceés, then the estim?ted temperature of
Jhout 700;32q°c seems rgasoqable; X
The inferred physical cohditions'of contact meta-
rorphisn, particulsrly the pressureg, are rather high.‘ Accérding
to Turnor (1968), these rocks already tfepresent a transition to
granulite facies rocks, and according to Hietanen (1967} they
correspond to cordierite-gfanuli%e facies. Indeed, the mineral
.zésembléqes of the contact aureocle resemble. those abové Lumgcrs'
{1967a,bL) ofthopyroxene;forsterite-phondrodi;e isograd of
rcéional mcgamdrphism'in the northwestéfh part af the Banérofﬁ—;

wadoc area, which are characterized by the presence of hypersthené‘ﬂ'.

in nafic rocks, forsterite and chondrodite in marbles and the

disappearance of muscovite 1n sillimanite-béaring rocks (c.f.’ |

lf1nure 2.2). These reqidnal metamoéphosed rocks have been
assigned bv Lumbers (1967a, b) to the hlghest part of the amphi-
bolite facies or to the_transition between the upper amphlbollte
an,granﬁlite facies. Keeping in mind that the regional meta-

4

nmrphiém in the Bancroft;Madoc area is thought to correspond to

"¢ the low-pressure 1ntermedlate type metamorphism of Miyashiro

(1961) then "a low-pressure regional dynamothermal metamorphlsm

may as well represent a, contact metamorphic facies serles that
..f .

has come into existence at a greater depth than the, classical

shallow contact metamorphic_hornfels facies series" (“inkler,

1967, p.123).
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4.4 Retrogressive Methmorphism

1

}

In the study area, the regional and contact metamor-

phmfd ro:k% have locally undergone the retrogressive md%ﬁhorphisn
which produced minerals of the greenschlgt’fac1es .Tha mlneraloql-

cal chanaes of %he reqgression include chloritization of

~

) . . o ] ) ,
mrrmwmQ§51an minerals, probably recrystallization of some .

mUmral assenblages in a manner described by Jennings (1969)

-

from the adjacent areca, etc.

4.5 Structure

w/

/ The gtructure of the Chandos area has been recently
studied in detail by Saka (1957, 1959) and Shaw (1962). The
results of the present investigation are in eisential agreement

wiUmihgir.findinqs and therefore this subjecﬁQwill be only

brié;ly discussed.

| In the general context of Lumbers (i967a) tectonic
division of the Bancroft-Madoc area, the Loon Lake pluton is
situated on the southeast limb of the major. synclinorium between

. the Hlarvey-Cardiff arch and the Kasshabog arch (Map 3).

-

The regional structure of Chandos Township is out~-
lined in Figuré 4.5.1. The promlnent structural features of the
region are two majgr §ets«of folds. The pr1nc1pal fold set

trends” generally northeast and is vaguely parallel to the

i
N

synclinorium axis. It also extends roughly in the same direction
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Flgure 4.5.1 Structural Features of Chandos Township

. {after Shaw, 1962).



{ | . . 76

as tl‘.e‘ general regional trénd of strikes and lithological
discontinuities.’ The dételopment of this fold ttend 1s corre-

lated with the mgtamorphic event dated at 1125:25 million years o ’
which also procluccé the regional metamorphism of amphibkolite

.f;;cjos; in _thi.q ‘arvea {Shaw, '_1962; Lumbersl, 1967a;. Jennings, 1969) .

These¢ folds mostly 'ciip sou t, but. in the Apsley region some

of them z2lso dip northeast. The other set, composed of w;st-

to north‘«’cSt trending gross—folas,_ _i.s ‘younaer than that of the

northeast trcend and roughly perpendicular to it (Sapg., 1957,

1959; Shaw, 1962). These successive foldinas formed. a number

of poorly L‘.C‘fined %omcs ‘:,md bt:sins in ‘the area. This x}gional
structurazl pattern has been complicated in the southern part ot
Cha_;1dos Township by the ‘intrusion of the pluton, v':hié:h causcd
complex and intense dc_:‘formations of the surroundina rocks,
particularly the maxbios. These deformations also include ;T
c;roas-foldinq and crumpling, the ihten_sity and frequéncy of
which increcase toward the contact. ¥
Foliatitm, defined as a planar structure outlined
by thc parallel orlentatlo; of platy and lath-like minerals, is
. the prom‘nent strt.ctural feature in most supracrustal rocks
of the‘.r\-pslcy region. It is generally parallel with not only
the compositional barding or lithologa:.cal layering, but also’
the main litholoqical bound.aries. Around the pluton, the

feliation of the countr rocks is predomlnantly parallel to
'I Y

the contac-t and usually dips toward the body. The arnount of dip, - k_i_



howeveI, increases as one approaches the plutén.
Lineation, including elongation{of minerals (such

as annhibole) and small crenulations in th foliation surfaée,

is generallv parallel to the axis of the/fold in wh:.ch it occurs.

. Two major faults have bcen recognized in the study

Al

arca (Map 1). The first onc, with ENE trending. (about N’ 60° E)
is roughly naréllei to the Pratts Cre:ek fault and possibly
controls the axis of South Bay of Chandos Lake. Its continuation
on the eaat side of Chandos Lake was not dctected-‘ thls may be

" due to vcr_y ‘scarce’ outcrops‘ in this swanpy area. The second

-

fault with 9iW trending is possibly the €ontinuation of the

distinct lincamént, which was detected north of Chandos Lake
(e.q. Shaw, 1962; Lumbers, 1967a). The fault probably controls

the hajor a*cis". ‘of Chandos Léke, trending N 30° .W. This dircc--

tion is also parallel to one. of thel main joint sets in the area.
I\n the sofxthern part of the pluton was recognlzcd

a fault w‘llt;{ Né trending, which J.s poss:.l?ly only of local

[}

significance (Map 1).. Faults cross-cut all rock types and are

accompanicd in places by shear zones. They appear. to be roughly

vertical. The nature and amount of displacement, however, i3

diffifult to determiné.‘\ | ' e "

4.6 Summarvy : //—’

1. The ,vicinity of the Loon Lake pluton is compose'::d’_pf

-
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threc distinct lithological units of supracrustal rogks. In
order of de;reasinq abundances, they are gneisses, marbles and

amphibolites.

-

2. The prograde reégional metamorphism in the Chandos
_ . e .
rmuon probably correSponds to "the loﬁ-pressure intermediate

tvpe muﬂubolltc ‘facies" of Mlyashlro (1961) or "mcdlun stagc

ofr@tamorphlsm of Ulnkléf (1970) .

q

3. Comparlson of the.gatural mlneral assemblages w1th

experlmcn tally determ1ned.m1nera1 equlllbrla {assuming PH20~=

- -

) Jaqncqt a tempcrature ranae cf about 620 700°C and a

preéume rapce of about 4.5-6.0 kb fior thls\{Fglonal metamorphism.’
. i - R

gstotal

4, The intrusion of the Loon Lake:pluton superimposed

-

contact metarorphism on these already regionally metamorphosed . -

&+

rocks.

\
5.  The gontact-metanorphism in the aureole Qf:the pluton
prdumly cprrespbnds to: the K-feldspar-cordieritd'hornfelé
facies of Wlnkler (1967)) The contact metamorphlsm however,

tomtplace at a greater depth than the typlcal shallow seated

3

contact metamorphism. |
\ .
6. Tentative estimation of the physical condition of
; ) ;
contact m v i i = i i maximum
etamorphism (assuming PH20 Ptotal) indicates a ax;mu

temperature ranage of about 750-820°C and a pressure range of

about 2.5-4 kb, This estimated temperature is relatively close

' : - —



.-

-

to that derived from the coexisting calcite-dolomite pair.'

7. The aluminous gneisses which are ?haradterizcd by
the presence of garnet and sifiimanite gn@/or cordierite and-
ocmn:ip'the 66%tact aureole of the pluton, are probably a

.F(ﬂmidmnwaftcr the extfaction of graniﬁic materiai from the
. Apsley biotite gneiss. Some leucogranitic. rocks present in the

contact aureole in association with aluminous gneisses_pronPIy

represent such extracted granitic material. N

~

8. The regional structural pattern, which is character-
ized by two major seﬁg of folds, has been complfcated in the .
southern part of Chandos Township by the intrusion of the pluton;
wvhich caused Eomplcx and intense deformations of thé surrounding

rocks.

T~

g
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CHAPTER 5 . ™

GEOLOGY AND PETROGRAPHY OF TUHFE PLUTON .

5.1 Gener:ll Features of the Pluton

The Loon Lake pluton is‘a rouqhiy ovoidal-shaped

mass about 16 square miles in area, w1th an east-west dlam::ter e

of about 5 miles and a north south dlameter of abougt 3 S m.lés. \

About a third of this area, howev; , is covered by lake and

swamps. All the 'g\@stcrn__‘side ‘ofr"the pluton is covered by the

Crowe River s%émp. |
The pluton_is a-steeﬁly dipping, zoned intrusion.

The core of the pluton is formed by léﬁcécratic mo‘nzor‘\ite‘, while

the outer zone is composed mainly. of quértz nonzonite. Several

elonaated maéées of basic rocks up to 500:m long occur as .

isolated bodies. within .the pluton, most of them in the central

part. To a smaller extent, the basic bodies occur also on the

‘periphery of the pluton -(Map 1).

Apart from these thfeé rock types, a conformable
belt of granodioritic gneisses has been distinguished in the
outer quartz monzonitic zone of the pluton (Map 1). This belt
probably representé merely axsepturn or screen of partially

assimilated and migmatized gmgisses.
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o

These fourgllthologlcal units can usually be readily
r:amnizuu in the field bf their texture,and mineral contents.
In placcs, howeyer, their distinctness ;s not so oDv1on and
conseauently, the borders between zones on Map 1 are locally

Lr ]
somewhat arbitrary.

5.2 athCtUrL

———— ¥

The intrusion is generally conformable with the
* . )
surroundina rocks, but in places the relation 1is discbrdant*as

indicated, for example, by the intersecting of the foliation of

country rocks by the pluton. Cloos (1934) estimated that not |
roreé than 10-15% of the contact between the pluton and surround- .
inqrockq‘w0uld be discordant. It ap?ears that the pluton is

-structurally 1ndepenuent of the req1ona1 pattern. The plutdn
has not been affected bv the main events of reglonal deformatlon‘ai
am}meﬁamorphism dqtedhat 1125+25 million years (Silver and 3
Lumbers, 1965; Lumgers, 1967a) nor is its shape related to the
regional structural pattern. There is no continuation of the
_stnuxures of the country rocks into the pluton. Furthermore,
the regional . structures are disrupted by the intrusion. U

In the vicinity of the pluton, bands of marble show
apparent forc1ng§a31de py the intrusion. Fold axes within these

distorted metamorphic layers are approximately'parallel to the e

contact. Also, axes of minor f&%ds within gneisses are parallql



to the contact and perpendicular to the lineatioﬁ in the pluton.
somewhat more complicet‘ed is the western side of the pluton,
where the struct’dres;'within about 500 m from the contact become
rore complex toward the contact.‘*.Bqt once ei;ain the trend
paralicl to contact prevails. - Shaw (1962). suggested that t‘:he'
pluton warpad the Sur'{oundipa rocks into apparent confermity
with 1its Outllne. o
All these features together. w1th the presence of -

" rotated anqular 1nc1usxons in the pluten and agnat:.tlc structures

_suggest that the pluten is post-tectonlc. It was forcefullv

inject;d, and.it shouldered aside and in places ref'plded the
walls (Sh‘aw,71962) - But chi}..i,."-_ezl" zones against country rocks
are absent.

.Planar arrancehent of hornblende and biotite, tabular
crystalq of feldspars and in places also the 7rranqément of the

/
-1nc1u.,10ns and schlieren in parallel plane/produce foliation

- \

in the pluton. The rocks are distinctly follated especially -

-

%1long the margin, but in th‘g centre of the body, monzonlte is

usually massive and homogeneous with 1nd15t1nct follatlon.

a

Foliation i¥ the pluton has been 1nterpreted by Saha (1957, 1959)

3

and Shaw (1962) as pr:.mary flow foliation baca%se of ltS con-

centric disposition, its sweep ound lnclusums, the rotatlon

of inclusions, the post—%ﬂic character of the plﬁton, ete.
-

Fo],ila-te structure is concentrically arranged roughly parallel

with the contact. Generally, it dips steeply at angles of about

\\.\
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50-85% to.nrd the centre of the body, suggestlng ‘that the pluton
-"nas the shape of an assymctrlc funnel with. contacts and 1nternaL
thuc.,urc_, ‘that dip inward. Llneatlon 1nc1ud1ng mlncral
acTor(‘( jate streaks and elongation of minerals can be observed
only rurl_ly and ma1n15 near the contact.™ In gencral it is
subparallel to theh dips of fo].‘latlop. -

The -rocks of the pl\ltoh_é;é re;atively; w{.:ll—jlointed.
" the system of, jolnta does not ap;pear,- howc'vér, to show clear
relation to the other structurcs of the’ plpton and to .the

..

nechanics of lntruslon (Cloos, 1934; Saha, 1957 1959) The two

1 rl

most promincnt sets of joints are roughly vertical. The first

set has north-northeast trending, while ‘the second has northwest

trending. Both these joint sei;‘a/re_jlso prominent in the ,
surroundina rocks, It appe‘ars at these sjoints werec¢formed .
under reqional stress. In places; the thin pefmatitic and.-

leucogranitic veins conform to these fi}Etions.

f
st
! .
»

5.3 Contact Relations L » ‘ ' /K
B & . - N '

) N % . -, '
The pluton-counttry rock contact 1s rglatxvely sharp

in the southern and northeastern partsof the bc\_aﬁdy‘where it

‘touches calcarcous gnejiss and .mafic hornfels. Although even .
. N .

there, the country rocks are migmatized to a Va'ry‘gxg degree in

_the form of veins _énd lenses of quartz-feldspathic material . RS

with a granitic to aplitic and pegmatitic appearance (Map 1.



i

The calcog;agnesian gneisses and -mafic hornfelses, even as
mclusmns, are usually only fragmented with abrupt contacts and

without apparent alteratlon, 1ndlcat1ng that mlgmag.zatlon in

-

;. these rocks ig pOSSlbly malnly of arterltlc character. " The

'd‘,gree of mlqmatlzatlon increases toward the contactt. |
’dn the western and northwestern side of the pluton,
the contact 1s gradatlonal w1th a zone of mlgmatltes up to 500 m
wide. Th1s zone, in which the gne:.sses are 1nt1mately mlxed g ‘

wlth granltlc rocks contalnlng in places even ghost structures

of assimilated rocks, has been described in detail by Shaw (196).\

once again, the proportion of granitic material increases toward
the pluton, Some of these granitic rocks are the product of the

partial melting of gneisses more or less in situ, as has been

suggested earller (c f. section 4.3). In places, however,'

there is evrdence that the generation of some m:.gmat:.t:.c rocks

in the contact a_ureole was -accompanled by the injections ‘of
’granit.ic./material from the plutdn. 'Thusl it appears “that both’
these processes - anatexis of country rocks and _bodil,y injections_-

‘of granitic ‘rocks from the piuton‘ - pa_rticipated -yh the formation

2

of this mmrnatlte zone.:

The composition and amount of melt formed by anatexis -
‘ —
of gneisses depends not only on pressure and temperature but

also on the COmpOSltlon of gne:.sses, partlcularly on the component -

~ratio Ab/An of plagioclase a.n the rock. The’ hlgher the An
content of a plagloclase in & gneiss, the hlgher the . temperature

[n 3
o . ~
v - +

P T

G -
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of the beginning of anatexis (c.f. Winkler and Von Platen, 1961;
winkler, 1967) . In the- surrounding rocks, . the most acid

plagioclase is present in the biotite gneisses, which in the

< 1

cohtact aureole also carry the largest volﬁme of granitic material

ey contain the widest zone of migmatization. Cpnversely, ‘the
calcomaqn051an gnelsses with the most basic plagioclase” show the
lowest degree of anatectlc mlgmatlzatlon. ‘It is of lnterest

that Ermanovics has pointed out that "rocks with partial melt

portions probably have large pefrmeablla.ty with respect to

L -

invading or cvading components, so that large pegmatitic concen-

tratior;s may resylt” (1967, 9;144) . Perhaps this may be one of

the rcasons why the wcstern and northwestern sides of the
5 . , .

~aureole composed of biotite aneisses, which prodnced the largest
. *_ ) - .:1‘,'_:‘ -,
volume of granitic segregation during partial melting, have also

’

the largest amount of pegmat'itic and aplitic concentrations.

o " On Map 1 the different zones of migmatization have

5

been arbitrarily drawn in the ;alaces where tﬁ‘e proportion of
granltlc materlal makes up to 20, 40 and 66% of the volume
(c.f., Legend to Map 1) At the weste‘l and northwestern s*aes
of the pluton, the bouhdary between the migmatite zone and the
pluton oroper is also rather arbitrary, mark:.ng the places at
which granl-tlc materlal prevalyls over eountry\ rocks by a ratio

of 2:1,

*
R

. . S
The contact between the monze?ite;core and the outer

zone’ formed by quartz monzonite appears }‘:o be relativelyr sharp

/o

i
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put gradational. The sharp variation inflithology can be
not;iccd between outcrops about 200 feet apart. Locally', a
Qradual trans-ition about._"150 feet ‘wi.de 'between the outer
granitic zone and the c.o.re has been observed. Granitic rocks
of the outer zone, however, also cross-cut monzonite (Saha, .
1957, 1959) . g

In the field, the contact between rﬁonzonitic rocks’
and basic inclusions appears to be gradational in pléces.
.This is indicated by the fact that the potash feldspar ."may be |
locally so abundant that t\e diorites pass into monz.onirtes"
{Shaw, 1962, p.13).' I-n'places, thever, the Basic rocks are
cross-—cut by the lcuc-:ocratic monzanite an_d also microscopic
~studies show that the composition of pla.gioclése and modal
anounts of felsic minerals change abruptly at. the contact,
suggesting tt‘\at the contact is no£ re'all_y gradational andﬂ' '
indicating that ﬁhe basic rocks' are older than the main rock

=~ A"
types of the pluton.

9.4 Age of the Pluton

[
- !

Therage of the'Loon'Lake pluton is only poorly known.
In the absence of any isotope dating of the pluton, the agé can
only be estimated indirecf‘ly'. The superimposition of the
contadt au:eoie on roc}'cs ﬁhich were already regionally metamor-

Phosed to the amphibolite facies grade -and the ‘independence of
| = \
- ’ . / L1 . ) -
the p.'L_t\l\ton on regional structures suggest that the pluton post-
. \ i N
\\ '

r 7.‘ —-
. -~
———— B t



dates the culmination of the metamorphic event dated at 1125+25
nillicn vears (thé U(?b datés éf zircon, Silver and Lumbers,

1965; Lumbers, 1967a). The extensive mobilization of hornfelses
and some other features, hqwévgr,findicate tﬁat_thé plutén

was erplaced inté the alreadylﬁé;tedlregionally-netamorphosed

rocks and diastrophism was probably still continuing when the
intrusion took place. But the relatively large-difference between

the estimates of pressure for cohtact and regional metamofphism

requires a time interval between these two events during which

load pressures were lowered an appreciable amount. It appears
Jhaﬁ even when thg pluton Qés emélaced Qell after the culmination
of regional metamorphism, both.these events miéﬁt be part of‘

one major cycle of orogenesis. The Loon Lake pluton, however,
appears to be older than the intrusions of pegmatifes and
mﬂcite-fluorite-apatite'veins which were emplaced about one
billipn yeafs agq.(U/fb ages of zircon, Silvér and Lumbers,

1965; Rb/Sr, U/Pb, Pb/Pb, Th/Pb, K/Ar agés, Shafiqullah et '(al., :
1973). Thus it may be suggested that the pluton was emplaced

between about 1125 and 1000 million years ago.

:

2.5 Petrqgrabhy . :
g B

5.5.1 Introduction

The modal compositions of representative rocks com-

Prising the pluton have been classified according to the modified

.
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Johannsen's (1932) systém'(Figure 5.1) and are giyen in Appendix 1
(Table 9.1.1-4). Apart from the granodiorite gneiss unit, most
amﬂysés.df the core of the pluton indeed éorrespond to-monzonite,
while most of those'krom the outer zone of the pluton fall intgm\““ﬁnH‘
the field of quartz monzonite. In a few cases, however, rocks

which can be ﬁlassified as monzonites also occquin the outer

quartz monzqnitic zone of the pluton (c.f. Appéndix.l, Figure 5.1).‘
Rocks -from basic inclusions :an be classified as diorite or -
syenodiorite. Rgcks corresponding to gabbro (i.e. containing
- plagioclase An>50 and mafic ﬁinerals >50%) have not been found
in the basic bodies. For completeness,-modpl analyses of Saha

(1957) and D.M. Shaw (unpublished results given in Appendix 1)

are also shown in Figure 5.1.

5.5.2 Quartz Monzonite

Quartz monzonite (map unit 9) forms the bulk of the
outer core of the pluﬁqn.:_ln spite of the fact that the quanti-

tative mireral composition of thié zone is variable, rocks df
granitic or granoéioritic coméosition are only sparsely present
.(c.f.F&éﬁre 5.1}3 " Also-many leucocratic and aplitic dikés in
the vicinity of-the pluton, parti%ularly at the northeastern
side of the iﬁ;rusioﬁ;féaye a modal composition correspondiﬁg
to quartz monzonite,

Thisriock type is medium to coarse-grained with its

grain size ranging usually from about 1-5 mm. Its colour is

»
’
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”
ngﬁtgray to light pink, due largely to the white or pink
fehmp;rs and gray quartz. Quartz monzonite 1is cdﬁpoged of
plagioclase, potash feldspar, quartz and biotite, which is the
prurdent fcrromaanSLan mineral. Rarely, varieties contaigzng .
ththdtC amounts’ of ﬁornblcnde in addition to biotite also
occur. Subordinate and acceqsory “amounts of magnetite, ilanlte
sphene, apatite, zircon, tourmaline, allanite and secondary
muscovite, éalcitc, epidote and chlorite are prescnt,

The texture of quartz monzonite is hypidiomorphic
grm@ﬂar, ﬁith features of cataclastic and mortar texture in
@hmes. Plagioclase forms subhedral to anhedral crystals with
a composition ranging from albite to cligoclase (An B—An 20).
Potassium feéldspar is anhedral to subhedral, fréquently micro-
perthitic and ‘in places shows ¢ross-hatch t;inning, although
this 1is sometimes vaguely defined. Quartz occurs as anhedral
grainssuguallx with undulose extinction.

Biotite is'subhedral and pleochroic from Y, Z -
dark reddish-brown to X - light bfown-yellow. Hornblende forms
individual crystals up-to 2 mm long with strong dark green
pleochfoiSm. |

Locally, magnetite and ilmenite crystals have a
.corona of tiny granular. sphene wﬂich probably developed éhring
the late-stage deuteric recrystallization of these minerals

with exsolution of titanium. Sphene also forms individual,

Usually euhedral crystals. Apatite is a common accessory mineral.

- . \




-
It forms colourless elongeﬁed'prismatic crystals, which attaiﬁ
a maximum leﬁqth of about 1 mm; Zircon is a'rafe accessery

mineral in gquartz monzonite.- Pegmatitic and aplitic dikes are

abundant throﬁé;out the outer zone of the pluton. In places

they even grade into guartz monzonite,

5.5.3 Monzonite
This rock tvpe (map unit B)Iis‘eoarse-grained,
nmssive,'usually graxish or brownish—pink in colour. It essentiall}
&xmiets of potash feldspar, plagiocleée, subordinate amounts of
duartz and about. 5-10% mafic minerals. The principal mafie
mireral is biotite, but in plaées hornblende and rarely clino-
- :

pyroxene are also abundant, The accessory sphene, magnetite, .
1Mwn1tc, apatlte, and secondary calcite, epldote,'chlorlte and
muscoviée are frequently-encountered. -

The texture of these rocks is allotriomorphic to
hypidiomorphic granular w1th 1ocally pronounced features of
mortar and cataclactlc texture. In places where mortar and cata-
clastic textures are present, the aggregates of the 1arge gralns
offelepars with an a&erage grain size of about 2-5 mm are
Separaéed by thin mortar laminae with a grain size of about
-0.lrm1EOmpoeed eSseetially of feldspars with minor amounts of

: , .
quartz. In places, however, monzonite does not contain any

—

evidence of shearing. Monzonitic rocks show subtle changes in

mineral composition throughout this zone but rocks corresponding

< L}



to syenite. are only very seldom encountered (c.f. Figure 5.1 and

Appendix 1) . - _ P,,»-*'

‘Piagioclase forms anhedral granular crystals ranging
¢rom about 0.1-4 mm in size. Its composition variss from about -
“An 12 to An 25. Potassium feldspar is subhedral tqf;nhedral,
rangina from 0.1-5 mm in size. Most of the larger srystals‘of
potwmlum Lcldspars are perthitic bub the texture and size of
exsplvcd albite is quite varsable. Cross -hatched twinninag is
occasionally presént, but only poorly defined.

Quartz forms small anhedral interstitial grains
rmuunz;fiom about' 0,1-0.8 mm with'an undulose extinctiss.
Hornblende Sscurs as subhedral prisms up to 2 mm long with
pleochr01sn X - llght vellow- green Y ~ brown- green, z - dark
grcmu\and an extlnctlon anqle chz 17- 19° Clinopyroiéﬁe forms
‘small, upwto 0.5 mm large crystals which are colourless or very
pakzgreeh with an é#tinctidn angle cAZz 38-40°. "Biotite occurs
nxthe form of dubhedral flakes up to 2 mm large. in pléces, .
two types\of bibtite seem to be present. *Secondary"” biotite (i
wzﬂxpleochr01sm X - straw; Y, Z - grayish-brown, is associated

{
with the cores of ragged hornblende, while "primary" biotite

occurs as crystals with a scheme of pleochr01sm X - pale vellowish-
brmﬂw Y, Z - red- brown without any obvxous reactlon relatlon to
hornblende.

. e

Mutual relations of maficAminerals indicate that in

; . . - . . '
_order of decreasing age, the ferromagnesian minerals are
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AP
clinopyfoxene, hornblende and biotite.
Sphene forms euhedral to subhedral crystals or
irreqular agaregates usually associated with clusters of ferro- d
\‘*‘-ﬁ
magnesian minerals. It also occurs as fine-graineq .aggregates
which rim magnetite and ilmenite. H\“ - e
|
In places, monzonitic and quartz mo_nzbnitic rocks \

probably underwent reérystallization as indicated by thin rims !

of clear untwinned albite around plagioclase (c.f. Saha,’ 1957,

1

1959}.
\ 5.5.4 Basic Rocks
Among the basic rocks (map. unit 7) there is a wide.
variation of mineral composition which is probably caused by .

A

both origin"ai igneous variat?on and later alteration.

piorite' and syenodiorite impérceptibly pass into
each other. In genéi‘al, 'syenodiorite occurs predominantly at
the outer part of the basié bodies. Petrographically, s:I{eno- .
diorite differs from didrite mainly by higher content of potash
feldspar and also biotite, |

Syenodiorite'andsfiic;rite are dark gray, medium to

' coarse-grained, massive but occasionally weakly foliated. They

have usually a hypidiomorphic granular texture with some features

'For the sake of simplicity, the term "diorite" is used further”
in the text to include these two rock types

<
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,bf cataclastic texture and are composed chiefly of plagié&lase,
biotite and hornblende with varying amounts of pyroxene, quartz
am}potagh feldspar. Calcite,.ilmenite, magnetite, sphene énd'
apatite aré-present in accessory amounts. Plagioclase forms
subhedral to an'hedral‘crystals up to 2.5 mm large, which fré—-
quently have normal and continuous zoning. The composition of
phmiocldse corresponds to andesine.

‘ Clinopyroxene is abpndant in some.places, while in
others it occurs only as small relics rimmed by hornblende or
is missing completely. It forms subhedral pale green or colour-
less crystals with i;éal éxsolution of orthopyroxene. Clino-
pyroxene has a composition‘wO4zEn44Fsl4 (sample 232) as
_estimated from the single crystéi determination 6f unit-cell
parmwmera (J. Griep, personal communlcatlon)

Llongated crystals of hornblende are up to 3 mm

long with pleochr01dm X - brownish- yellow Y - brownish- grcen,
2 - green. Despite the fact that hornblende locally reglaces

clinopyroxene, most @f the hornblende .in these rocks appears to

be of primary origin. Biotite forms large subhedral flakes or

large scaly aggregates with pleochroism X - pale brownish-yellow;

Y, Z - dark brown.. Biotite is a late mineral. It not .only
replaces other ferromagnésian minerals, but also 1arge flakes
6fb;otitc'1ie usually in the poorly defined foliation planes.
The amount of potassium feldspar is highlyfvariable. There is

a tendency for an.increase of its content toward the margins of

N
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of the boc‘.;"Les. Potash feldspar is commonly intersti:tial and
locally - shows evidence of growth at the expense of plagioclase.
In gem;.fal, textural relations indicate that the potash feldspar
,in basic rocks i:l; late in origin. The petrography of the modi-—
fication of baslic rocks by felsic magma was documented and
described in detail by Saha (1957).

In the. central part of the pluton, the basic bodies
Qc;cur in the vicinity of inclusions of mafic hornfelses from 4
which thev al_so diffgr-bv texture and grain size, -

\

$;§.5 Granodioritic Gneliss

These rocks (map.u'nitwlo,) forxir""afrﬂughly conformable
belt inrth'e' quartz mon;onite zone. They probably represent
septa or serecens of biotite and biotj)te-hornblende gneisses,
which were partially assimilatéd. and migmatized, Locally,' -the

original foliation of gneisses ‘has been destroyed and mafic

minerals indicate recrystallization usually with a faint parallel

-

orientation. In other places, gneisses retain their original
banded character and mafic portions contain large‘pbrphyroﬁlast_s
of feldspars.

. These rocks seem to be d ed by magmatic flow. =
‘Consequcntly, it might suggest conx‘/i::ﬁ;ﬁovement during the
emplacement of the pluton. Apart from the different fabric, '

the gneissic rocks contain higher’ amounts of mafic minerals and

also higher contents of} plagioclase {(relative tc{potash feldspar)

| , -



than the typi‘cal granitic rocks of the pluton (c.f. Fi-gg 5.1).
» Deuteric alteration in all these four ro_cfé’-'type
units 1s relatively w1dcspread throughout the pluton Aéart
from cffects mentioned earl:.er, it includes the chloritization
of'biotitc and hornblende, development of epldote, muscovite
(scrieite) and carbonate mainly in plagiociase grains, etc.
It is possible, however, that.some muscovite is related to a
late magmatic stage rather than:a post-magmatic deuteric phase.
Y

5.5.6. Inclusions ™

Inclusions of country rocks are frequently encountered
throughout the outer zone ofthe pluton particularly along its h
periphery. They m:—:asure from several cent%meters to a hundred
meters in size and their volume decreaSes gradually teward the
‘centre of~the pluton. In the monzonite core of the pluton, they
are nuch less abuncant. The inelusions are commonly oval or
dlSCOld lrL shape and show aifferent degrees of alteration. GSome
mclusmns, especx.allv those of biotite gnelss are part:.ally
assimilated and\l have given ‘way even to nebulltlc structures,
while' others have sharp \boundaries and appear to be unaltered

Many inclusions consist of alumJ.noiJs and mafie hornfelses

(c.f. scction 4.3}. Most elongated inclusions tend to be

sy

oriented parallel to a foliation in the host plutonic rocks, :

\.

"Locally, however, :mclus:.ons are also rotated.

In the core of the pluton, a single inclusion about
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1

5 m long of partially serpentinized dunite has been found. The
contact relationship between aenite and-monzonite is concealed
and also flow-layering 6r relatedqétructures and‘textures have
not been observed. Partiall? serpentinized olivine makes up

at least 95% of the rock with onty minor amounts of orthopyrcxene
and magnetite and traces of clinopyroxene present. Olivine has

a composition of about Fog.. based on refraction index mcasure-,‘

'ments on one sample. Olivine is commonly strained and granulated

with features of mortar texture.

5,67 Cornositional Variation
G

In oxder to determine whether there is a significant
regional trcndAiﬁ the variation of the éompq&}tion of the-plutdh,
it was intended to use trend surface analysis}. Despite the ‘
fact that Saha's work suggested that the pluEEn was suitable for
such studies, no pdlynomial surface of 1ow order could give a
goodappr0x1matlon to the comp031t10n pattern in the pluton.
Although the attempt to use. trend surface analyses was unsuccess-
ful,somt general systematic trends of composrtlonal variation’
within each main zone of the pluton are present and have alreaay
been demonstrated by Saha £1957, 1959} and Shaw (1962).

The outer quartz,monzonitic zone .is relatively
inhomogeneous, but no signitieant‘recoraed epatiel variation has
been observed. Saha (1957, 1959), however, has recorded a

positive correlation betweéen the amount of mafic minerals and

b/
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m1content of plagloclase Wlthln thls zone, The rocks of the
monzonitic core subtlv vary 1n a more systematlc mahner WIth
respect . to their locatlons w1th1n the pluton. Saha (1957) ~
demonstrated that the ppte;SLum feldspar to plagloclase ratio
increases toward the margin of this zone, while the ba51c1ty of
plwupclase and the. amount of mafics decrease in this dlrectlon-
aleo, the ratio blOtlte ‘to hornblende plus pyrox;ne 1ncreases
outwards. Hornblende gocurs chiefly in the central part of this
zone; its content decreases outwards and it is nearly abgent |
close to the contact with the outer zone of the piuten. Clino-
PYIOXCpe occurs'only in the central part of the mongonite‘zene
together with hornblende‘enq biotite.

Similar trends are present also_in‘tne basic bedies,‘
wnidlsnow a tendency to become more ac1dlc from‘the centre
toward tne narqln. These changes include‘an'rncrease,ln potash
feld:pdr content and the ratlo ‘biotite to hornblende plus pyroxene.
As already noted above, they-are .not, " hoéwever, “due only to the
driginal iqneons variation, but some of them are probably
related (; interaetion-with reTEI; ‘magma {Sana, 1957, 1959- Snan,
1962). Potash felds ar and biotite in the ba51c rocks appear to

be of late origin.

.1 Potassium Feldspars ' | f’ o
R ' R L
The qun'Lakeﬁplntonlalso displays variations of the .
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structural state of ;Jo‘tash felaspars. In most of the pluton,,
potasslum felds par is represented by cross- ~-hatched twinned
microcline, wh:.le some monzonitic rc;cl.s have untwinned orthoclase
as the domlnant K-feldspar. Potass:.um feldspars in the felsic

.

. \
rocks of the Loon Lake pluton are mostlv microperthitic. _ /

-

In order to determine Ehe variati%pf"/of the structural
state and composition of potassium feldspar in relation to the
lithology and spatial position in th’re pluton, potash feldspars
from quartz moazmite and monz’onii;e were exami_r}ec_i by_‘,\;‘;—ray

s

diffraction (c.f.. Appendix 1) using the following data: 3

f\\_ (1) obliquity (or trlclz.m.cn.ty),

(2) um.jr-cell parameters ;

(3) the three peak method of Wright (1968) o - -

!

The bulk compesitio_n of perthi'.tic potash feldspar was determined

~—

by Orville'd method (1960, 1963; 1967).

L]
’

'5.7.1 Obliquity -
The angular separation of the (131) and (131)
reflections in Xesray diffraction patterns was deflned by Goldsmith

and Laves (1954) as a measure of ObllqultY\. This method, however,

is appllcable only to crystals with relatlvely high obl:.qu:n.ty. For

feldspars with low obllqulty, the reflectlons (131) and (121)
interfere and form & single broadened reflect:.on. The reflectlons

_were sufflm.ently resolved up to the angular separatlon corres-—
- : B ) "‘i\-,
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L4
ponding to obligquity of about'O.é;for the X-ray goniometer used
in the course. of this work.
In somé of-the\examined samples,-ort;qc')clasel
coexists with microcline, and the proportions of orthoclase and

mierocline in such cases were roughly estimated by a comparison

- . -

of the dif{raction patterns with those of artificlal mixtures

of orthoclase and microcline prepared by Steiger and Hart -(1967).
"As they pointed o ﬁt the detection limit for orthoclase in such
-~

a mmm051te is usually 5% or more wherggé for microcline, 1t-
. is 20% or hlqher, dependlng on the obllqulty. Accordlng to the \
data on (131) and {131) reflections, the structural state of

the potassic phases of perthite of 28 studied samples can be
divided iﬁto'four types:

»

st

-
|

maX1mUm or near maximum microcline (OblquLty 0.8-1.00);

1

II intermediate mlcrocllne (OblquIty 0.5-0.70) with or
' without subordinate orthoclase and maximum to '
near maximum miéfdcline (obliquitylﬂ.so-l.OO)

WLth subordlnate orthoclase,.

I1I - low to Lﬁfermedlate5m1crocllne (having a sxngle, but
broadened 131 reflection) with or without

subordlnate maximum or near maximum mlcrocllne,

IV grthoclase (having a single but sharp 131 reflectlon)

A
v

The results of the X-ray study are listed in Table 5.1.

\\\\\:;
'The term "orthoclase" as used here refers simply to an untw1nnedA
potassium feldspar with a single sharp 131 reflection.
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craple 5.1 Obliquity and composition of potassium
' feldspar; composition of coexisting
plagioclase )
’—-'-_-'-—'_—._—_ . -
sample 1 2 3 4 5 6 c 7
No. ) .
/ -
57 P I 0.92
58 P .83 95% 1 0.91
59 - F ‘ I dd.93
147 P 94 I 0.91
26 QM g2 . 93 16 11 0.65
i - ~10%
] *
21 QM 8%~ I3 13 I 0.93 1 orthoclase
44 C oM 30 93* 16 I 0.93
45 Qu . . I 0.84
) . ~25%
53 oM 80 94 11 11 0.65 { inociase
115 oM 79, 94+ 9 I 0.91
117 OM 94 11 - I 0.92 »
131 QM _ PR 8 0.60
141 o 94 9 I 0.8L
143 oM ' D 0.81
163 oM 85 94 13 1 0.89
203 , o : 11 ., 0.58
94 ’ M . ' v 0
95 N ) o III  low
102 M 75 94* 12 1 0.91
198 Mmoo ' . v o . .
200 M 85 93 25 ™IV 0 .
207 M 72 93 22. v 0
222 82 92 .20 v 0
223 M " , II  0.66 - °
225 M ‘ IIX low
226 M 83 93* 22 - v 0
. ~30% max.
223 M 78 -~ 93 18 III  lo¥  qpjcrocline
251 M 76 94% 13- I 0.88
1. Host rock: P=pegmatite; QM=quartz monzonite; M=monzonite
2. ‘Bulk composition of perthitic K-feldspar (wt.% Or) determined
by Orville's method ) _ : . L. ’
3. Composition of the potassic phase of pe thite (wt.%) determined
from the unit-cell data (*) or by the "three-peak method”
4,  Anorthite content, of coexisting plagioclase determined optically
5. Type of obliquity (c.f. section 5.7.1) : -
{;. Obliquity = 12.5 [d(131) - d(131}]

Sacond potassic phase
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5.7.2 Unit—Celr Parameters

"The compuéer—refined unit-cell parameters of secven
potassic 7 whascs of perthltes were determined from the X-ray
diffraction patterns accordinq to the method outlined by ¥Vright
agdftcwart {1968). The cell dimensions are given in Appendix 1
and plotted on the graph of erqht and Stewart (1968} (Figure 5.2)
which shows the variation of the "b" and "c" parameter with the
structural state and the dependence of the “a" dimension on
_composition. “This éraph shows that the potassic feldspars for
which the (131) and (131) reflectlon can be resolved and which
have the characteristic cro*sﬂhatched twinning, lie on the micro~
cline side, whereas the one (226) with only the orthoclase (131)
reflection and wﬂich_simultaneously lacks the grid-twinning,

lies close to the orthoclase line.

- 5.7.3 Three-Peak Method

: The three-peak method devised recentfy by Wright

(1368} was also used for estimation of the structural state and
mposition of ten potassic phases of perthitic alkali feldspérsq
ﬂight (1968) has shown that the‘“a", "b" an@-“c; cell dimensions
can be linearly related to the (501), (060) and (204) rcflectiqns.
The reflcctlons (060) and (204) serve for estlmatlon of the |
structural state while the (201) reflection can be,used for

'cstimation of the composition. As in the unit-cell graph, the

potassic_phases with separated (131) and (131) reflections fall

- P ——

-



Figure 5.2

Figure 5.3

._Unitlcell pafameters of. potassic phases of

perthites plotted on a b-c araph of Wright
and Stewart (1968) sirplified after Tilling
(1968} . Cross contours (dashed lines)
represent the values of 2. Potassic phase

with a sinaqle, sharp (13I) reflection was
calculated as monoclinic.

Potassic phases of perthites plotted on a
060-204 graph of Wright (1968) simplified
after Tilling (1968). Cross contours

(dashed lines) represent 20 values of (301)
reflection. '

&
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:

close to the maximum microcline-low albite series (117, 141},
Jhile those with the single (131) reflection- (200, 207, 222) are

close to the orthoclase serics_(Fiqure 5.3).

5.7.4 Composition of the Potassjum Feldspars

The bulk composition of fourteen potésh feidspars is
giwn1in Table 5.1 whicﬁ also shows the composition of the
exsolved potassic phases of these perthites detefmined fgpm the
unit-cell data or by the “three-peak method”™. As the data in
EQbhzs.l suqqési, there is no obvious relationship between the
© bulk composition of perthite and the structural state or the.
cmmmsition of the potassic phase or the lithology of the p%htdn.f
Keqﬁnn i% migd that Orville's method is relatively crude and *
H@t only a small number of samples were examihed, it indicates
‘Umﬁ thc'bulk composition of the K-feldspars Qas,hot a décid;ng
factor 1n determining the structural state of potassic phases of
perthites in the pluton. The c0mp051t10n of exsolved pota551c
phases varies within rather narrow limits of about Or9inb68 -

01:951\.b05 .

5.7.5 Variation in the Structural State

Despite the relatively small number of samples studied,

it

ppears that the regional vardations of the structural state
within the pluton reveal a zonal pattern. In general, microcline

- is the principal K-feldspar in ‘the outer zone, whereas orthoclase

- /‘

Y
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occuArs in the centre of the pluton. The regio?al gistribution
of the four feldspar structural types based on (131) and (131)
ri:-fle_ctioﬁs (Table S.i) show tha_t. Type'I is characteristic of
rost of the outer portion of the pluton. The central part o;
tha pluton contains predominantly Type IV and in places also
fype 111 (c.f. Map 2). It seems, howevef that the structm:al
types are not dependent on the main llthologlcal zones of thc
pluton. Somre monzonitic rocks (samples 102, 251) contain
maximum or near maximum microcline (Type I), while intermediaﬁe
mic.rocline (rype II) is 1'ocally present in quartz monzonite.
Scveral 'h_ypothese‘s have been invoked to explain
the variation in the structural state of potesh feldspars such
as observed in the "plutgn. fleier (1957) and Mackenzie and Smith
(1961) have suggested that the triclinicity is a function of the
temperature of fornatlon “and that the former J.ncreases as- the .
latter decreases. Despite the fag.t that in the Loon Lake pluton
there is a gengral tendency for K-feldspars from monzonite i:o

have a lower obliquity than those from quartz monzonitic rocks;/

. ) o ‘ -
it appears that "this hypothesis cannot explain the presence of
maximum microcline in some monzonites. B

“Eskola (1951), Karamete (1961) and Smithson (1963)

have . pomt.ed out that deformation facilitates; Lhe inversion irom

a nonoclmlc to a triclinic state., But in the pluton, the degree

of deformatlon shows nc obvious relatlon to the, structural state

-

Y

g

of feldspar. Some rocks with pronounced shearing contain orthoclase,

!

-
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while many unde formed rocks have maximum microcline as the
dominant alkali feldspar, 1t suggests‘ that deformation was
not a deciding factor for the structural state of K-feldspar.
Marmo et al. (1963) noted that triclinicity mlght
b; positively correlated with an abundance of mvrmeklte, bu“

in the rt};::::died, this has not been found. On the contrary-,

mvrmekite @n more common in rocks with low obliquity- than
in those with maximum microcline. Also, reheating during the
intrusion of younaer plutonics (Tilling 1968) could hardﬁe

postulat.ed as the cause of zonation in the structural state.

Lven if the quartz monzonite represents a younger intrusion
than the monz.dnli'te core, the presence of maximum or nearlif
maximum microcline in some monzonites negjates such a process.
No evidence has- be.en found for any other aiternative explanations,'
for éxample“, that fthe" low obliquity of K-feldépars in the

interior of the pluton was produced by rehecating caused by a
ncar-surface but n.ot expo‘sed younger ‘intrusi've‘. Thus the

variation seélns to be of primary origin in the sense of Tilling
(1968). This would S'l]g(.]@‘_'s‘t that potash feldspars of the cuter

zone inverted faster and indicat_e the presence of & catalyzing

agent which caused the felds;par inversion in the outer zone to

be m}e rapid than in the core. The catalytic effect of vdla-—
tiles, particularly water on thls inversion, has been conf.n'med -
experinentally (e.q. .Uonnay et al., 1960; McConnel/.and Mckie,

1960) ; the latter authors noted that the rate of\;:ransformation
~ .
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increases as the square-root of the total water préssure.
- . . g

-i'.enn'edy (1955) has suggested that watér will migrate
to the coolcf,_ outer portions of a magma and also has a higher
concentration in the coolc* parts. Also as a r;::le, pegmatites
contain naximum microcline, as the onl-y potéssium fel'd's;-éa'r. It

is generally accepted that pegmatites crystallized under high

nditions. -
f”zo co 3

Likewise, the migradtion of water from the country

rocks into the pluton might be significant. On!rhe_ basis of
. { |
oxygen ilsoto_oe studies, Y.N,. _Shjfeh (personal communication) has

-

suggested such inward migratioh. It might be speculated that

the pluton acted'as a sink and water diffus out bf the wall-

rocks, possibly conccntrating in the periphery of e pluton. .

Thus in both cases (the pluton represents either a

‘closed svsten with a termiperature gradient or an open system with

»

water migrating out of the, country rocks), water would probably
o
concentrate more -in the perzphery of the pluton than in the

centre. Such a distribution of water in the .pluton is consistent

r

with the presence of microcline in the outer zone, and orthoclase

in the centre of the pluﬁon and suggests a catalftic eﬁfect of il,0
on the orthoclase-microcline inversion in the pluton. It is not .
-clear, hawever,-whether the relative distribution of .£1120 which
could exist at solidus temperatures or at the temperature at

L h » EN . n\ . A'“
wnich oxygen isotope ¢xchange ceased, was maintained at the lower

temperature of feldspar inversion.

.,
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5.8 sOr.ei Considerations on the Emplacement of the Pluton

The relation between the basic rocks and the other
main lithological unifts of the pluton is not clear. J‘he cross-—
cutting of dioritic cks by monzonite and the small lenses of
basic rocks, presumably dislocated from larger bodies, show that
theyv are ol-dcr than-.the pluton proper, and that they were solidi-
fi;d at a’'tirme when monzonite and quartz moﬁ_zonite were still.
robile.

Also, despite the fact that most bodies occur in the
centre of th -/'L;:Jon Lake pluton, their presence at fhe south-
western peri‘phery of the plutbn (c.f. Map 1) argues against the
differentiation Qf monzonitic and dioritic rocks mainly in situ
from a single mag as suggested by Ermanovics {1967). It
appears that the bhsic rocks probably"'r'epresent inclusion or

roof pendants {qf gabbros previously injected into the para-

(Shawk 2, p,)l_3) » which might or migh:t not be gene-

tically related the bulk Qf the plutOn—;

In the bs ce of any conclusive petrographic
evidence f,c;r the cotgenesis of basic rocks and monzonite, the
only indiéation for tilisr"felationship appears-in compafison with
sinilar plutons in this ‘part of the Grenville Province. A
number occur not only in the B‘;mcroft-—Madoc area (c.f. Lumbers,

S s
- 1967a), but alsc in the Westport-Gananoque region (e.g. Westport,

Perth Road,’ South Lake, éa'haoque plu‘tdns) and in some of these

plutons, basic rocks (gabbro-diorite) are present in association,

)
v

~

—_—
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. 4ith monzonitic and granitic rocks.

Regarding the monzonitic and gquartz monzonitic zlones
of the pluton, it appears that they represent separhted
intrusions of magma as indi.cated by the. ¢ross-cutting of _mohzonite
by qu.J.I"_tZ monzonite (c.f. Saha, 1957', lay). Since the contact |
between. the monzom:.tic core and the quartéz_ mon'zoni‘tic outer zone,
ho-.cevor,.scems in places to be relatively sharp but gz.:adational,l_
the older intrusion - monzonitic - was probably not completely
crystaliized and. stili behaved somewhat plastically as quaﬂ{
monzonite intruded. Thus, the time intgrval betwet_an these _pﬂwoJ

intrusioAs was probably short. Petrographic similarities and

rapid successive intrusions of the two felsic rock types may
dugaest a genetic relation between them.

. Althopgh", as noted earlier, some granitic rocks were
formed by partial melting of -the surrounding rocké in situ or
nearly so and assimilation 5f country rocks did occur, these
mcchanismé secem inadequate to ‘generate the bulk of the quartz-
nonzonitic zone. Therre are .many observations indicatimj thét

£

thegquartz monzonite intruded into its, present position (as .,

. A—\_
evidenced, for example by {1} the contact metamorphi’g;—aureole,
{2) the frequently abrupt manner in which the pluton cross-cuts
strugtural features of the country rocks,. (3) angular inclusions

of country rocks with sharp contacts and diverse orientations,

frequently rebroken, dilated and veined by the guartz monzonite,

Y

v N
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etc.) . Aiso, a general lack df correlation between the ,cemposi-
tion of the wall—rocks aﬁd adjacent rocks of th-e\pluton negate
uceeqn;e rarginal assimilation of more acid country rocks in, situ.
Apart from the roughly concentrical arrangementh‘
the two ma-j.n zones of the pluton,‘ the monzonitic core also §hows
alibt le but systematic progre551ve acidification toward the margin, *
a5 deronstrated by_Saha:(l957 1959) and Shaw (1962). saha -(1957)
concluded that neither assimiletlon of country rocks nor assimi-
lation of basic rocks in the'centre_ of the monzgnitic body could:_
produce such systematic variation. . |
" 7he mineral \',composition‘ofl the monzonite indicates
that the ro-c'ks 'occufring in the ce.ntre of the monzonite core
started tc crystallize earlier than those whlch are present
around thc margln as suggested byfthe lnc;;ea.se of i:he anorthlte

content oi plagloclase from “the margln toward the interior, tha

.’

presence ‘of pyroxene, the flrst maflc mineral Ss.o crystalllze‘

Y

~-only at the centre of the monzonite zone and the 1ncreas_e of
the content- of mafic minerals toward the centre. THere is no.

evidence, however, that the rocks were differentiated in situ,

On t!](. contrdrv, as Shaw (1962) pomted out, when magma ,was

injected "it must have alraady crystalllzed to -a notable extent K -
because the solid crystals were oriented durmg flow to give the_
foliation ané lineation now visible" _({5.16) . Thisﬂ indicates - -
tha?, the \?eriation of mfneta‘l Vcompbsition was present in-.the s

monzonitic magma before its emplaeement, suggesting -that the’
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-
ystcmaLlC variations in the monzonitic core mlght have been
' due to the flowaqc dlfferentlatlon Bhattachar_jl and Smith (1964)
and Bhattacharji . (1966, 19_67) have experimentally deémonstrated

that solid particles accumulate in a flowing- quuid in the region

of the maximum longitudinal velocity component away from the.

pargins, at 35 necar the centre. It suggests that the early

procig ystals moved from the wall toward the centre and

I

"the-concentric yvariation in' the monzonite core. -

e,

night haved’ cause

p)

5.9 Summary

-

1. The Loon Lake. pluton is a pocst tectonnjc, steeﬁly

dipping, assymctr:.cal funnel- shaped 1ntq:usxon

2. The pluton was emplaced after the-culmination of the
metamorphic cvent dated at 1125:25 m.y., but it is older than’
the intrusions of pegmatife_s;.:'—__';:i_nd ca_l,cite—fluoi:ite—-apatite veins

which were emplaced about one \bi‘lliidn_years ago.

3. The pluton is surrounded by a m:.qmatlte zone of .

-

variable width Both the’'partial melt:.ng of "country rocks _and )
.

bddlly 1nject10ns of gram.tlc rocks from the pluton probably

.partlcmated in the formation of the migmatite ;one. . NS
Ko : e ' Ca f‘\

L4 . -,--

e

4. 'I‘he pluton . con51sts of two maln zones, whi ch/have .;
B e - a /
rquhl‘{ concentrlcal arrangement. . The core ‘of the pfuton is

-

formecr bv monzonite and the outer Zone by quapt/monzonlte.

-

-
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several large isolated bodies of basic rocks (syenodiorite,

diorite) occur within the pluton, most of them in the central '

part of the pluton. In order of decreasing age: the rock types

are: basic rocks, monzonites and quartz monzonites. Apart

fren. these three rock types, a conformable belt of grarodioritic

3 -

iqnclqscs occursin the outer quartz monzonltxc zone of the pluton.
This belt probably represents merelv a septum or screen of

partially assimilated and micmatized gnelsses.

o

5. . * The Lobn Lake pluton is also zoned with respect to
the structural state of potassium feldspars. It is suggested
that this wvariaticn was controlled bv the distribution of water

within the body. R o

6. "~ Petrographic sixﬁilarities and rapid successive
intrusiaﬁs'u:ofv“"t'hé‘ two felsic rock types might suggest a genetic

relation between tfhe’m. "The relation between the basic and

felsic rocks of the pluté)n is uncertain. It appears that the oo
" ba rocks '"reprcsent 1nclus10n or roc& pendants of qabbros

pre\vlously injected into paragnelsses (Shaw, 1962, p(13)

o
P

: e ~ _ .
7. The process of flowage differentiation probably

played a .ﬁiqnificant role during the emplacement of monzonite.
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CHADPIER 6

GLOCHLMISTRY OF THE LO3W LAKE PLUTON

~

The results of chemical analvses of the rocks and

mineral separates from the Loon Lake pluten are listed in

Anvendix 1. The analvtical methods together with their nrecision
and accuracy are alven in Appendices 1 and 2 and the sample

locations are shown on Map 2.

6.1 Cheristrv of the Rocks

6.1.1 fajcr Elcments

L

As expected from the modal analyses, the chemical
data of ronzonite and cuartz monzonitic rocks show a bimodal dis-

tribution for silica and alumina (Figure 6.1.1), although with
. N :
a transition between the two maxima.’ Some rocks “{e.g. 142)

D!

1

: . . PR
occurring in the outer zone of the pluton ({but not geographically
close to the monzonitic core) correspond chemicallv to monzonite.

Quartz monzonitic and monzonitic rocks have a sub-

alkaline.character as shown by the molar ratio (Na20+K20)/$1203.
) .
which is always less than one. In general, the quartz monzonite
from-the Loon Lake pluton is poorer in Ca0, lig0’ and FeO and

richer in KZO than Nockolds' (195%4) average of gquartz monzonite

k. .
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ang richer in Al,04 and Na,o than his average of calc-alkali

qranites (Table 6.1.1). On the other hand, it is rather similar .

to the Rockport granitic rocks from this part oi% the Grenville

province aiven by Sauerbrei (1966) . h ‘
The leucocratic fine-grained granitic rock, which ‘

was pro‘bably generated by the partial melting of the country

rocks (samplé 259, see ch<_3.pt:er 4.3._1) is characterized by a

- higher content of silica and lower content of A1203, Ca0O, MqO

and iron (c.f. Table 6.1.1) "in comparison with a typical quartz

monzonite from the Loon Lake pluton.

The average chemical composition of monzonite is

relati\;ely close to that of the alkali syenites of Nockold:
(1954) althouch the Ca0, Na,0 and iron contents are slightly

higher and 1\1203 and KZO lower in alkali. 'syenites (Table 6.1.2).

Once again, the average of the Loon Lake pluton monzonites is

very similar to that of the Westport monzonites of; Sauerbrel

(1966) , but differs from the potassic syenite from the Umfraville

gabbro complex, especially 1n its low content of Fe (Table 6.1.2).
The dlorltlc rocks of the Loon Lake plutbn show a |

distinct chemical variation particularly in CaO, MgO and K 0

(Appendix 1). The petrégra;phy of these rocks, as indicated by

the presence of the late pat'ches of potass'iu'm feldspar and

large scaly aggregates of biotite, suggest, however, that some

of thesea va:;ations might !_:é of a secondary origin (c.f. saha,

1357, 1959; Shaw, 1962). Thus the evaluation of the magmatic
!
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Leucogranite - -259

Table 6.1.1 Comparison of average composition
of granitic rock types
-—-_-_-_-_-__7 V .

’ 1 2 3 4 5 . 6 7 8
510, (wt.$) 70.98 71.92 63.53 69.15 66.88 72.08 73.86 77.79
140, 0.36 0.37 . 0.99 0.56 0.57 0.37 0.20 0.15
31,04 14.74 14.59 15.80 14.63 15.66 .13.86 13,75 11.59

. _ ) . T
Fe,0, 1.20 1.36 3.19 1.22 1,33 0.86 0.78 1.18
Fe0 1.30 0.78 2.00 2.27 2,59 1.6% 1.13° 0.58

- ’/ . ‘
MO 0.03 0,02 0,06 0.06 0.07 /9106- 0.05 0.01

. e
MgO 0.43 0.31 1.15 0L99 1,57/ 0.52 0.26 0.06
cal 1.15 ~ 1.21 2,85 2.45 3.56 1.33 0.72 0.21
Na,0 3.79 3.30 3.91 3.35 3.84 3.08 3.51
K0 . 5.43 5.50 5.14 4.58 3.07 5.46 5.13

[N
P205 0.08.
.0 0.37 ~ 0.13
H,0- ); 0.06 0.05
: ' .
;0 - 0.08 . 0.05
Total | }00.00 99.36 98.62 99.26 99.13‘.99.29 99,39 100.16
1. Jverage of quartz monzonite from the Loon. Lake pluton
(average of 12)
2, hverage Rockport granite (average of 17), Sauerbrei (1966)
3. Average Frontenac granite (average of 29), Sauerbrei (1966)
4. Average of 121 quartz monzonites, Wockolds (1954)
5. Average of 137 granodiorites, Nockolds (1954)
6. Average of 72 calc-alkali granites, Nockoldssé}954)
7. Average of 48 alkalic granites, Nockolds (195%)
8. '
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Table 6.1.2 Comparison of average composition of
monzonitic and syenitic rock types

1 2 3 4 5 6

e

510, (wt.¥) 62.55: 61.98 61186 59.41 55,36 58.72

740, 0.82 0.82 0.58  0.83 1.12 1.12
31,0, ‘ 18.03 17.92 16.91 17.12 . 16.58 18.31
Fo,0, 1.81  92.60 2.32 2.19 2.57  3.78 _
FeO . 1.52  2.63 2.83 4.58 2.08
MRO 0.06 ~ 0.11 0.08 0.13 0.07
MgO 1.}2 0.96 2.02 3.67 . 1.39
'ca0 . 1.80 1.69  _2.54 4.06  6.76  1.85
Na,0 v 4.77 5.33 5.46 3.92 3.51 | 5.01
KO ' 6.90 5.92° 5.91 6.53 4.68 6.03
PO, | 0.20 | . | 0.29
e . 0.35 | S 0.20
H,0- | 0.08 ‘ ' 0.13
-.CO?' _‘:.-__0,03 s o 0.19 _;
Total Jt'o‘o.-oo 98.96  99.28 98,99 98.96 99.17"

1. Average of monzonite from the Loon Lake pluton
(average of 12) & '

2. Average Westport monzonite (average of 6),
Sauverbrei (1966)

3. Average of 25 alkali syenites, Nockolds (1954)

4, Average of 18 calc-alkali syenites (Leucocratic),
Nockolds (1954) '

5. Average of 46 monzonites, Nockolds (1954)
6. Potassic syenite, UmfravilIé*dbmplex,\Fumbers (1967a)

~

—
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affinities of dioritic rocks is not straightforward. Also, there
is no clear geological evidence linicing them with their descend-

ants, as'for example, in a layecred sintrusion. The presence of

N

normative olivine in most samples, even those that are least -

“

altered, indicates the undersaturated character for the diqrites,:.'
in spite of the fact that none of these rocks contains meodal

: -
olivinc. When the chemical compositions of dioritic rocks are
cémparecl with those of gabbroic and dioritic rocks from the
surro;mdina area, it appears that they are somewhat similar to
those of the late gabbro ahd diofite_ group of Lumbers {(l1967a) -

-~

for examvle, the Umf_ravil'le gabbro complex (e_xcep-t_in alkalies,

particularly K,O, which is notahly higher in most of ‘the basic
rocks from the pluton) - but differ from those of his earlier
diorite groun, represented for example by  the Jocko Lake or
~ Tudor complexes. From the latter group, they dif.fer particularly
by a h‘igher content of Fe and Ti. |

A common problem of many composite, predominadtly
felsic plutons c‘ontaininqrseveral intrusive phases, is whether
such intrusions have been formed from a single parental magma,
and if so whether such magma is a product of the magmatic :lif—
Iferentiatio.n of a more basic one. In order to evaluate whether
the behaviour of the felsic rocks of the pluton is, consistent
with some procsess. of rFagmatic differentiation, thei_r‘ corr-.po;.itions
have been plotted“)in synthetic systems. Since monzoniti,d and

quartz monzonitic rocks contain more than 80% of normative
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\
feldspars and gquartz, the system Or—Ab-P_m-Q-Hzo appears to be a

gobd model for t;.hese rocks. Fiqure 6.1.,2 showsr the normative
composition of felsic rocks from the plut;:m in relation to the
0-Ab-Or ternary diagram. lzlost of the granitic rocks fall w'ithin
‘Winkler and Von Platén's (l961)l granitic field, while the rest,

, ewcept one, tonether with monzonites fall into the field of
syemtlc rocks from the Gardar prov:.nce of Greenland (Hatt 1966).

s

Quartz monzonites loosely cluster in the low . tem-
peratuz"e region of the Ab-Or-Q projection with about 30% ‘of
normative quartz. The diagram also shows the gap between the y
bulk of \granitic rocks of the pluton and ﬁhaﬁ which is associatcd \
with aluminous hornfelses and is thought to be generated by
partial melting of the country rocks \ln situ or nearly so.

The momzonitic rocks cluster near the feldépars' join
at quo to Or., extending to about 10% o‘f quartz. A comparison
with the experimentally-determined melting minirﬁa shows that
mon_ionites fall towar'd the Or corner from thg alkali feldspar
minima as the minimum or e\.{'tect;.ic in the pure feldspar join, as
determined experimentally, yarles from Or40 at 1 kb PHZO to
Oryg at 10 kb Pnzo (c.f. Luth et al., 1964; Kleeman, 1965).
But "this shift appears to be the general case with syenitic
rocks” and it "is p-robabl‘y genérated by the confluence of the
boundary surfaces of plagioclase, ferrocaugite, fayalitic olivine, .
Fe-T1 Odee, and ligquid. Although the calcic pyroxene might

be expected to be dominant in this respect" (Morse, 1968, p.1l4)."

A\



Figure 6.1.2 Normative composition of felsic rocks from
the Loon Lake pluton in relation to the quartz-
albite-orthoclase ternary system. The solid
line encloses analyses of 1190 granitic rocks
(Winkler and Von Plagen, 1961) . Dashed line
shows the field of siznitic rocks from the
Gardar province of Greenland (Watt, 1966).
Dashed- dotted and dotted lines represent field
boundar;es at indicated Ab/An ratios at 2 kb
PHZO' Squares denote ternary minima or
seutectics at various Py,q with an Ab/An ratio
- - of 2.,9(M1 = 2 kb:M2 = 4 xb;3 = 7 kb;
B4 = 10 kb Py o) (both taken from Winkler, 1967)
IIS marks the oosxtlon of . the temperature
minimum at 2 kb and Ab/An = @ (Tuttle and Bowen,
1958). _ -

. _
O - monzonite VN
" ® - quartz monzonite

X - leugogranite 259

~
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"Even if monzonites.and quartz monzonites form
clusters, there seem to be several transitional rocks. The fact
that all analyses lie on the alkali feldspar side of the ternary
minima is compatible with a derivation of these rocks from a
single ma;ma{. Thé gradual increase in normative quartz toward-
the silica apcx might suqqest that the zoning in the Loon Lake
pluton is due to fractional crystallization.

Figure 6.1.3 shows the normative percentaqes of
albite, anorthite and orthoclase in the rocks from the pluton

o

plOttLd on the li,O-saturated and 5111ca saturated plane of the
Or—.;\b—hn-Q tetrahedron and their relation to the low temperature
trough of Kleeman (1965). Most of the quartz monzonites and
monzonites fall inhto the thermal trough and t;ﬁe,‘rest of them
-lie on the plagioclase 'side of the low temperature region within
the 2% contour of Tuttle and-Bowen (1958) for "normal granites".
The position of the feléic rocks in the Or-Ab-An-Q-
i:20" svstem indicates an igneous -rather \fhan a metasomatic :Origin
for monzonite and quartz monzonite. from the Loon Lake pluton
and it suggests that these rocks probably resulted from "crystal-
llquld equilibriumn" (Tuttle and Bowen, 1958).
Coexistina potash feldspars and plagioclases from

f'elsiﬁacks are plotted on the An-Ab-Or didqram- in Figure 6.1.4:

The composition of cqéxisting feldspéj:é (c.f. Table 5.1) and
the trend of their variation is.consistent-with the experiment
of Yoder et al. (1957)@- also with the composition of

/

N
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Flgurc 6.1. 3 ’ﬂormatlve composition of felsic rocks in
-‘eelation to the anorthlte albite-orthoclase

ternary system. The boundaries of the low

temperature tfduqh?@;e shown (solid lines)
¢ | and range from Qr,,Ab,, at 10 kb to

Or45}\b55 at 1 kb PHZO'
- ungertainty due to the possibility of

Dashed lines show

analytical error (Kleeman, 1965). The
irregular boundary is the 2% contour of
Tuttle -and Bowen (1958, Figure 67) enclosing

most granitic rocks that contain more than

?Lff " -80% naqrmative Ab+0r+Q.
2ot . N
T - . L
; O - monzonite
‘ & - quartz monzonite

-

X - leucogranite 259

by
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‘T\.—“‘ . P . =
. - - ‘
. by . . .

. piqure 6.1.4 An-Ab-Or dxagram showlnq the compositlon of
: ' cocxisting Feldqpar pairs from thc ‘felsic
rocks., Th¢. cocxlqting feldspars are |
connected by t1c_linosx Alsb, two paiﬁs of
et al. (¥957)°

. with their. respective tempdratures arc

synthetic feldspars of -Yodo

shown. .
Compoqitions of potassium ferdspar were
\dutcrmincd by Oxville's (1960, -1967) method
while thoqc of plagloclaﬁe were. dctcrmlned
optically. Slnce thc An contents of: potash ™~
'fcldqpnr and or.’ contents of plaqioclase were
/ not_detcrmlned the fcldspars were plottcd
qionq the jins.

1 T . “

., - ’; o n
‘ ¢ - feldspar palirs from
~ ' .monzonite
I O+~ feldspar pairs - from
N - T quartz monzonlte
AN feldSpaz pairs of

. Yoder: et al. 13957)

:
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;oexistinq feldspars from other magmatic rocks (c.f. Carmichael,
1963; Ewart, 1969; Mursky, 1972) tﬁus indicating a magmatic |
origin for these rocks. The trend of variations of feldspars
may once again suggést a genetic relation bgtween these two felsic
rock types, |

The contents of major clements in the rocks from the
pluton have becn pld‘tted on the variation diagrams againstf the
.dlfferentlatlon index (D.I.} © 'I‘hornton and Tuttle (1960) 1in
mgures 6.1.5-14. Other differentiation indexes such as Larsen' c:( ‘
yield rather blmllar trends. Figure 6.1.5 shows‘ that the mon-
zonitic rocks are clustered.on either side of the lines .
separatina saturated from undersatﬁrated rocks, while que?rtz -
monzonites iie within the oversaturated f'ield of Thornten and.
Tuttle (1960).. Dioritic rocks which.lie in their undersaturated
field qhow some scatter in thc content of 5102 althouugh a )
definite trend is observed, inereasing toward the more acid tv

When the. three main rock types are treated as a
se;:ies, silica ste'adilv :.ncreases from dioritic to monzonitic
roch. Even when' the b.I. values for rmonzonites and OUartz
rnonzonites partly overlap, the latter show higher silica contents,
notably charicing the qentle slope of the ﬁariation trend between .-
monzonite and diorite. | Alurriinurr; sligﬁtly increases in diorite
" as rocks become nore fe.l;sijc. ) The‘ content of Aléo.yiﬁ qﬁaftz

'monzonlte is 1ower than that'frorn menzonite with similar D.I.

values (Figqure 6.1.6). The differences in silica’ and alumina

]



Figure 6.1.5 Variation of SiO, as a function of DL;.‘(= a

sum of wt.% Of norm. Ne+LC+Ks+Ab+Or+Q) with
fields for undersaturéted; saturated and over<
‘saturated rocks (after Thornton and Tuttl
1960)
B - diorites e - quartz monzonites’
O - monzonites ;X - lel/xcogranite 254
(Symbols identical for Figures. 6.1.6-6.1.15)

Y

Figures 6.1.6-6,1.14 ' 1 _ T

Variations of oxides of major elements as a
function of D.I.
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contents vetween these felsic rocks with a comparable D.I.,
reflect the higher content of quartz and lower amounts of feldspars
in quartz monzonites in comparison with monzonites, while the
contents of mafic minerals remain roughly constant.

Sodium increases slightly; from dioritic i:o monzonitic
rocks, while potassium shows a sharp rise in the samd direction
(Fiqures 6.1.7-8). Once again, quart? monzonites have lower
contents of these two elements in comparison with mqnzon,ites
for comparable D.I. valués, expx_‘essingﬂthe' smalléi: amounts of
modal feldspars in the formef rocks. The _c'oncentrat-ﬁion of K in
‘some dioritic rocks, however, is rather _high in complarison with
similar rocks (c.f. Currie and Ermanovics, 1971).

"Total iron, titanium, calcium and magnesium decrease
steadily toward the higher D.I. values, with Fe and Ti dropping
- sharplv in the most acid granitic rocks (Figures 6.1.9-12). In
spite of some scatter, the NaZO/Na20+K-'2.O ratio progrgssively
decreases from the dioritic toward the felslic rocks, while the

~

FeO /Fe0 +Mg0 ratio slightly increases in the same

total total
direction (Figures 6.1.13-14). Figure 6.1.15 shows a strong
decrease in the Fe and Mg contents toward the mo.re acid rocks

of the plut_o'n and illustrates the increasing Fe/Mg ratio in

, monzonite and quartz monzonite with the de'crease of théir con- .
centration. Di'_oritic rocks, however, show only rélatively smal‘l

variations of the Fe/Mg ratid, in spite of the large variation

of the absolute concentrations of these elements (in -comparison
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with t_he _felsic rocks). . w N

In terms-of CaO-—Nazo—Kzo, tﬁe variation in the rocks
from the intrusive phases of the Loon Lake plutqn are presented

in Figqure 6.1.16. The didritic rocks indicate a large .

variation in the relative proportions of these elements with a
smooth trend toward the Na-K jo_i_n. Monzonite and guartz mzmzonite
are clustered together along thé Na~K jpi;x with a large overlap

between them. Also on the ploAf (NaZO-KZO)—FeO' -Mg0

total
(Fiqure 6.1.17), monzonite and quartz monzonite overlap while -
the variation trend of basic rocks demonstrates pronounced
enrichment in alkalies. |

| When mongonitic and dioritic rocks are treated as

a series on all these variation diagrams, they show smooth

trends from the basic to the acid end with a nearly complete

'

chemical gradation between them. These variations are consis-
tent with, but do not prove the process of magmat':ic differentia-
tion, since even if the roéks- show a complete gradation, they
might have been. formed from two magmés with intermediate types
havina been developed by assimilation and hybrldlzatlon

{Nockolds and Allen, 1956). But the fact that at least some of
the variations in the chémical compos:.tlon of dioritic rocks

arc of primary magmatic origin is indicated by the variations

of the I‘e/'ﬂg ratio, the varlatlon of modal basicity of plaglo-
clase, etc. On the other hand, some variations in diorites [?frght

be of secondary origin as suggesteq by petrographic features
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:'?igure 6.1.16 Nazo-K2

0-Ca0 diagram
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Figure 6.4,17 AFM diagram (A = Na,0+K,0; F = FeO . .,: M =-Mg0)
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(e.g. late nicrocline and biotite, textural evidence for replace-

ment in diorite) which indicate an interaction between felsic

° ’

rocks and diorite. Thus, it is difficult to evaluate to what
degree the smooth trends in'these diagragg are due to.primary
méqmatic‘varigﬁionﬂand to what degree tﬁey reérescnt secéndary‘
alteration. 'Conseqnently, these diagfams do not appearﬁtq_be
conclusive as far as a possible genetic relationship be%@een
basic and felsic rocks of the pluton is concerned.

e

The variation trends for felsic rocks are compatible

with those produced by magmatic differentiation and suggeét a \

genetic relation between quartz monzonites and monzonites. It
-

appears that the main differgnce'between monzonites and quartz

monzonites 1is quarti content. _ Ié is also of interést that oﬁe

icucogranite (259), which is thought to be the product of

partial melting, represents "the most ifferentiated” rdcks

on the variation-diagrams.

6.1.2 Trace Elements

6.1.2.i Rubidium.

Thé contents of Rb in the rocks from the pluton are -
ploftcd against the differentiation index in Figure 6.1.18.
The increase of Rb from dioritic toward more acid rocks is similar

to trends reported from comparable suites of rocks and predicted'i

by crystal-chemical principles: Rb concentration in monzonite
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Figure 6.1.18 Variation of Rb as a function of D.I.

diorite

Y -3 monzonite '

°

X

(symbols identical for Figures 6.1.19-
6.1.21 and:Figures 6.1.23-6.1. 27 and

Flgures 6.1.29-6.1.37),
. o :

R

guartz monzonite

1

Leucogranite 259

Figure 6.1.19‘ Variation of the K/Rb ratio as a function
of D.I. . . -

~ . ' '
Figure 6.1.20 Relation between the K/Rb ratio and modal

‘content’ of biotite

~
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is - relatxvely constant varying bétween 50—1d6 ppm. Thesd

values are lower than world averages for syenites and monzonltes,
given by Heier and Adams (1964) as 124 and 136 ppm, respectively.
In general, quartz monzOnités have higher Rb contents than
monzonitcn, but’ in many cases lower than the averages of 20ﬁ,
170Aand 150 ppm calculatedhfor granitic rock$ (Vinogrqdov;-lBGZ;
Heier and Adams, 1964; Tavlor, 1965, respectifely}{ The cdntent
bf Rb in the Loon Lakc pluton is comparable to the wvalues given
by Sauerbrcl {1966) for rather 51m11ar plutons in the Westport

arca. . ' ~

-

The close geochemical association between K and Rb,

due to .a very 51m11ar character, is well documented. :As
GoldSCd;ldt {1954, p'164) already poxnted out, the K/Rb ratlo
dccrﬂaseq toward the more ac1d rocks in a consanguinous igneous
series. The tendency for Rb to become enrlchedjrelatlve to K
under processes of extreme dlfferentlatlon is usually ascribed-
:tO the 10% largbé ionic radlus (e.qg. Heier o#d Adams, 1964; .

- Taylor, 1965). Thus, the K/Rb ratlo.can be a good indication

of shch differentiation processes (Tavlor, 1965 Shaw, 1968).

The variation of the K/Rb ratio in the roeks-from the pluton as
a'fdnction_of_D.I. is lllustrated in Flgure 6 1.19. The relatlvely
constant K/Rb ratios in monzonlte contrast with a sharp decrease
in quartz monzonite. Since Rb is mainly con;entrated_ln blotltE,'

"the relatlvely constant K/Rb ra;:o and Rb content in,honzcnites

nught 1nd1cate that biotite fractlonatlon was not prominent.

/

a . . ~

-
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The tendency of the K/Rb ratio agﬁ Rb abufdances in quarti
monzonites to decrease toward the more acid rocks is consistent

with the process of magmatic differentiation,.

-
e

//// In most crustal rocks, the variation of ‘the F/Rb
ratio'is usuallv limited, with an average off about 230 (Helcr

©nd Adams, 1964; Taylor, 1965; Shaw, 1968). Ahrens et al.
(1952) and Heicr and Taylor (1959a) concluded that the values
in excoss'éfiq40 must be considered as anomalous. The high

K/Rb ratios for basaltic achondrites and some oceanic tholeiites

led to a sugdestion that "values in excess of ~500 may represent

mantle or deep crust material“ (Reynolds et al., 1969, p.268}).
Relative to tqﬂ "normal” K/Rb value of crustal rocks, the ratxos;
in thb rcc}s ‘of the Loon Lake pluton are very hlgh partlcularly
in monzonites and some quartz monzonites (~600-1150). ' Dlorltlc
;;cks have lower values on the average than monzonite although
still higher than tvpical crustal values. The hxgh K/Rb ratios
in monzonites and some guartz monzonltes are almllar to the valuea;
of comnarable rocks fron the ‘Westport area (Sauergrel, 1966)
-and also to . some mangeritic and moq?onltlc rocks associated with
anorthosites (e. §~'5eyh61ds'ét‘ai., 1969; Green-et al., 19725
It has been suggested that the high K/Rb ratio in
syenltlc rocks mlqht be due to the variable contents of biotite
{c.f. Nash and Wilkinson, 197;) Th@réfore,“in Figure 6.1.20
i S
the K/gb ratios ‘of the rocks from thé pluton were plotted against
the biotite content of the r§cks.“ The lack of any distincﬁ

| | | -

!
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" trend in thls diagram indicates that the K/Rb ratio in the
felsic rodgz does not depend on the amount of blotlte present
in a rock. .(Alternatlve explanations for the high K/Rb ratio
in monzoni@es and some guartz monzonites will be c?nsidercd
;n a later aQCthH) |
“fhe data for the Loon Lake pluton axe shown on a
ﬁlet of RDL content agaipst the K/Rb ratio in_ Figure 6.1.21. )
The variation trends for some well-known series, each comprising
a span of rocks from basic to acid, are eiven for conparison in
Figure 6.1.22. They anlude the plutonlc rocks of the South
‘California'bathoiitp( and volcanic rock suites from the Lassen
‘peak. and Lesser Antilles lafter Dupuy, 1970) . For these series,
magmatic differentiatjon is generally accepted as the main °
erocess responsible for the formation of the different rock types.
Also shown are rhvolite ignimbrites from New Zealand which were
obably derived from andesites by partial meltlnq {(Ewart et‘EI.,‘

1968; Dupuy, 1970). TheséCQ}agrams‘are preferred to the

conventional K/Rb-K plot, since K shows relatlvely smaller

[P

variation in comparlson with Rb. ‘ 3

The rocks from the Loon Lake pluton arc- separatec

into two distinct_trendsu 51m11ar to those of other su1tes of

rocks attributed to& magmatic dlfferentlatlon. ‘The “first trend

with lower Rb values includes only dior;tic rocks!, while the

S

lContrary to the prevrous varlatlon diagrams (section 6.1.1 and
Figures 6.1,18-19}, dioritic .rocks in this Figure include only
rocks which petrographlcally appear to be least altered. '



Figuré 6.1.21 vVariation of the\ﬁ/Rb ratjo as a function

of Rb in the rocki from the pluton

Figure 6.1.22 Variations of the K/Rb ratio as a function

of Rb in some well-known rock series (after

/. Dupuy, 1970)
.
curve 2 - South California batholith
b - Lassen Peak
¢ - Lesser Antilles
' & X - andesite, New Zealand
e - ighimbrite (rhyolite), New
.Zealand -



@
~

K/ Rb

T _ 138

1000

5001

3001
200
100 . * * ' : l :
0 100, 200 - 300
~ Rb E
) "
500 -

400

300"

200




139

other represents monzonites and quartz monzonites. These éeparated
trends suggest that basic and felsic rocks are probably not gene-
tically related. another possible expianation, that the separatea.
dioritic trend reflects only the secondary changes, is difficult .
to evaluate. . But it does not ;ppear very probable that

. secondary modification would produce a trend similar to those
of “differentiation but separated from that of felsic rocks from
the piuton. On the other hand, the well-defined trend for basic -

and felsic rocks might siFgest that these rocks underwent

.relatively extensive magmatic differentiation.

L]
- -

6.1.2.2 Strontium

In the rgcks from the Loén Lake.pluton;‘the ﬁithst
amount of Sr is presegé in dioritic rocks, fanging ffoﬁiabout
850-1800 ppm. The Sr.cdncentfation in monzonite is highly
variable and ranges from about 70-850 ppm. The low'sf content
is generally confidgd to rocks from the periphery of the monzonite

core of the pluton. The average Sr content of monzonitic rocks.

is of an order similar ‘ta Sauerbrei'sﬁ(lQGG) average (-300 ppm) -

for equivalent rocks from the Westport area and also is of
simiiar magnitude as the average esti@ated by Turekian and Kul

(1956) for high Ca-granitic rocks (440 ppm). Quartz monzonit

magma,/// Q

Sr may behave in two different ways (Ndckolds and Allen, 1953).//,

has a low Sr content, varying from about 30-260 ppm.

During the process cf fractionation of basi

- | /
. : . .
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It‘mny increase gradually to a ma*imum concentration in the -
intermediate rocks and then decrease in highly differentiated
'rock; (e.q; Noli, 1934; Wager and Mitchell, 1951; Taylor, 1965).
on the other hand, Sr may only gradually decrease from basic

to acid rocks (Nockolds and Allen, 1953). These features can
also be deduced from Fiqgure 6.1.23 (after bupuy, 1970) which

shows that in ianeous rocks in general, the highest concentra- = .
tions {?PSr'may be encountered in both acid and basic rocks.

A comﬁarison of the Ca-Sr relationship in"the pluton
~with the qéneral variation of these elements in igneous rocks~
(Figure 6.1.23) showvs that'tﬁe mon;onitc and quartz ﬁonzonite
are plotted in the field of “"acid” igneous rocks, while dioritic
rocks fall slightly outside the field for "basic" igneous rocks
given by Dupuv (1970). .
. Figure 6.}.24 gives tﬁg/;nriﬁtion of Sr contents in
the Loon Lake pluton as a function of D.I. Sr shows some scatter
when onlv dioritic rocks are considered,|but a sharp decrease’
with the increase of D.I. is apparent'in monzonite and quartz
monzonite. This pronounced decline of Sr coﬁtent towérhhtﬁe more
acid fbck typés is élso reflected by an increase of the Ca/Sr
ratio in felsic rocks (Figufe 6.1.25), which is typical for
"highly differentiated granités'becéuse of the additional removal
of much of Sr by capture in the earlier K-minerals" (Kolbe, 1965,
p.187) . The overall tendency for the decreaéé of the Ca/Sr

¥ .

ratio with the increase of Ca in the felsic rocks, despite tne
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common igneous rocks (after Dupuy, 1970)



Figure 6.1.24 Variation of Sr as a function of D.I..

Ly
- H

Figure 6.1.25 Variation of the Ca/Sr ratio as a function
of D.I.
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slight positive correlation between Ca and Sr, can be deduced. .
From riqure 6.1. 23, '
| The varlatlon of Rb as a function of Sr is shown in
Figure 6.1.26, together with the generalized relationship of Rb
and Sr in some iqneous rocks (after ledge, 1966} . Diorite,
monzbnite and quartz mohzonite show a negative correlation
bétwcen nb and S;. The trénd df the Rb/Sr ratio to increase
toward the more acié rocks 1s consistent with that predicted
for diffcrentiﬁtinq silicate liquids. It is of interest that
the quartz monzonites fall on this diagram in the trachytic '
field in spite of the fact that they have enough cquartz for \
rhyolite. '

- Figure 6.1.27 shows the Ca/Sr ratio of the rocks
_;ngm the plutoﬁ”blotted as a function of Sr concentration, while
oﬁ riqure 6'122§ agéfputlincd for reference the trends of the’

RE I

well-defined mhgmatié seuences and‘also acid volcanic rocks
from New Zealand, whiéh are thought to Be the fesult‘of paftial
mc&tlﬁq (Ewart et al., 1968; Dupuy. 1970). Tne rocks of the
Léén Lake pluton form two distinct trends - one for dioritic and

"the second for monzonltlc and quartz monzonltlﬂ rocks. As in
the K/Ro—Rb diagram, the separated trend for dioritic rocks mayﬂ
arque against the genetic l1ink between basic and felsic rocks
’;rom the pluton (aSSuminq that the separated trend does not

reflect only a secondary alteration). On the other hand, tne-

well-defined trend for basic rocks might éuggest that diorites4
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Figure 6.1.27 Varlatlons of Ca/Sr ratio as a function of.

Sr in the rocks from the pluton

Figure 6.1.28 Variations of Ca/Sr ratio as a &unction of
Sr in some well-known rock series (after
Dupuy, 1970)

curve a. -. Skaergaard intrusion-:

b' - Lassen Peak
j ¢ - Lesser Antilles
- ~ X '~ andesite, New Zealand
A

- ignimbrites (rhyollte),
New Zealand

-
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underwent magmaf.ic differentiation. '

. The smooth trends and the wide range of variation of
folsic rocks are of interest. The similarity of their trend to
that of magmatic series indicates that mh.ci'matic differentiation
has boen the prominent process durina their 'formation._ Since
the vafi:itio-n Of. Sr is’ main]:y controllerd by feldspars, it
suqgests that fq'ldspar fractionation has played .a significant

role in the aenesis of these rocks.

R 6.1.2.3 Barium | . ' | \

The content of Ba in the rocks from the pluton 1s
‘vcry varmblo, but corpared with other recorded valueg of similar ‘
rocks and rocl-: suites, it is on the average relat:.vely high, ~
particularly'in monzonites and some dipritic ‘rocks (Vc.t.
Figure 6*.1 29, after Dupuy, 19'70).; In monzonites, it varies from
about 450 5200 ppm, whereas Turek:.an ‘and Wedepohl (1961) have
given 1600 ppm as the average cru§'~ta1 values for comparable rocks.

sy

in magmat:.c rocks, Ba is mostly: associated wn.t%;"
potassium, be:mq captured in early K—mlnerals (e.g. Heidp, 1962,
| 1966; Tavylor, 1965). Partly due to the 'rel'atlvely late crystal-
lization of the main K*minex)'als during the process of progress:l.ve
fractionation, La qradually 1ncreases arid thien it may sharplv
fall in the late differentiation stages (Nockolds and Allen,

19573; Taylor, 1965). | i

(%
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/Tﬁe‘variation trend of 5/ror monzonite andwquartz
nonzonite as a function of Df . shows a-sharp deoliﬁe toward the
more acid rocks (quur .1.30). This trend of Ba is also
reflected bv th eep variation of the K/Ba and 100xBa/h+Ca
jggosff?iouro 6.1.31-32), which are chara;ter;stlccfor the late
stages of hlﬁhly differentiated. maqma (dockolds and Allen, 1953,
1954 Kolbe, 1965). Theé variation trend of Ba 1s rather similar
to that of Sr. The qood covariance bctween.these'two elements
observed 1n the Loon Lake pluton is a common case of a genetlcally
rtlatcd acflPS, partlcularly w1th granltlc and syenltlc rochs

{c.f. Siedner, 1965) Phllpotts and Schnetzler (1970a) have

shown that the only phenocrysts in whlch the concentratlon of Sr-
and Ba:is greater than in the coexlstlng llqulg'are the feldSpars
and micas. Whrie plaaioclase and K-feldspar have-a concentratlon
of Sr larger than ‘that in the 11qu1d Ba is concentrated in
potassic feidspar and mica.  The observed smooth variation treno
for Ba and Sr in the pluton is consistent with the crystalliza-
tion of feIGSpars as the major phases which would preferentially
take up the &r and Ba from the liquid SO that +the progressively
more acid residual rocks would be-depleted‘ln these two elements. ii
The valuee of the Ba/ég-ratio remain relatively constant throughout
-the monzonite and quartz monZOnite“of the pluton (Figure 6.1.33),
uhlch ‘is- rather 51m11ar to the Ba/Sr trend produced durlng |
‘extreme dlfFerentlatlon of the Pare51s alka11 1gneous suite

-~

(Sledner, 1965 Flo. 8). o - ]
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Figure 6.1.31 Variation of the K/Ba ratio as a function
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The variation trends for monzonitic rocks indicate

that these rocks are very strongly fractionated mainly by feld-

spafs. The dominant feldspar fractionation is probably the reason

why,, I'b is less fractionated than Ba and Sr, since Rb is mainly
present in mafic minerals (biotite). Thp generally high conténﬁ
of Ba, thever, suaqgests that the original monzonitic magmaj as
a whole, did not have to be the late product of highly di%fercﬁ-

tiated magma (c.f. Figure 6.1.29),

With. refard to the relationship between monzonites

and quartz monzoni'és, it 4dppears that these rock types are
genetically closely related (prébably comagmatic) and both under-
went'exténgivc fractional crystallization. ~"The large overlap
“between monzonites and auartz monzonites on practically all these
variation diagrams {in scction 6.1.1-2), however, indicates.that
some quartz monzonites are less fractionated than acid monzonites

li.e. monzo®ites with high D,.I. values). Consequently, itj
suggests that theose two rock types as a series are not simply .
products of continuous majmatic differentiation of a single magma

_leading to accumulatioen of residual quartz and that a more

. complex précess was probably involved.

6.1.2.4 Thallium
The content of Tl in dioritic rocks ranges from
about 75-440 ppb with the average close to 210 ppb. Quartz

monzonites and monzonites have higher T1 cancentrations, varying

Te o

| \
_ . ) ’ : \
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from about 640-1030 ppb and- from 340-700 ppb, ‘respectively. All
these values are comparable with }he estimated crustal averadges
for similar rocks qiycn by.AlbuquérQUe'and Shaw (1972,
The close qeéchchical cohcrencé between Rb and T1,
first noted by Ahrens (1948), is also apparent in the rocks
krom the pluton (Fiqure 6.1.34). The range of variation of
fb/T1-ratios inAquartz monzonite (116-145), monzonite (iO?—lSl)

and diorite (161—191) are relatively close to the crustal average
for this ratio (~150) given' by Albuquerque and Shaw (1972). \

In cencral, the cohcrence of Rb/T1 is more pronounced than that ‘
for‘H/Rb or K/TlL. ﬁike Rb, the‘concentQﬁtion of Tl incrcgses
relative to K with fractionation in a sc;icg of differentiation
(e.q. Sicdner,'1§68* Zlobin and Lebedev, 1960) and thus "the
K/T1 ratio should be a sen51t1ve index of fractionation in a

Lo

differentiated sequence" (Tavlor, 1965, p.1l51). The felsic
" rocks of the plﬁton show a distingf“variation trend of‘the'K/T1 

raﬁio, whiqh-decreaseq toward the more acid members (Figure

6.1.35). a-separated trend for dioritic rocks (if it does-not-

reflect‘only secondarv alteration) might once again suggest that

these rocké are not g€netically related to the felsic ones.

The h/Tl ratios partlcularly for monzonite are very
high 1in comparlson with the average value for cru%fal lqneous
rocks, ~30 000 (Albuqucrque.and Shaw, 1972) lndlcgtlng stroﬁg : /

’dEPiCtlon of T) relative to K in these rocks, The impoverish- //

.ment of Tl is of a magnitude similar to that of Rb, as squestgé
. . . . !

P . °
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by é‘"normal" Rb/T1 ratio.- - :

As noted earlier, the high K/Rb ratio and it;
similafrity to some cceanic tholeiites ied to the sugaestion of
a rna ;e or deep crust origin for these rqgksl The high values
for thé /Tl ratio arc also comparable to Hawaiian bésalts and
some alkali rocks but differ from the ranaes of other terrestrial
rocks (Albuquerque et al., 1972). The Rb/Tl ratios, however,

lie well within the ranaes for continental rocks, unlike Hawaiilan
basa{ts and‘alkali rocks. The general impoverishment of Rb and

- 4 .

Tl in the felsic rocks from the pluton is of interest. As will

be discussed below, it is pfobably related to the deficiency of
these clements in a parental magmd.

6.1.2.5 Rare Earth Elements a

In a recent summar; of the geochem}stry of REE?’
Herrmann {(1970) concluded that there are three major trends of

,

fractionation of REE durinag the magmatic differentiation of
plutonic rocks. In the first type, exemplified by the South
California batholith (Towell et al:, 1965), the total RCL
content and their relativé fracéionation increases with the‘dif—
ferentiation. The second tvped, described by Balasho; (1963)
from the Susamyr b;tholith (Central Tien Shan, USSR} shows the
absolute concentratiwn of REE and the degree of their fractiona-
fion passeg a maximum, Finally; the Skaergaard type (Haskin, and

Haskin, 1968) éhows an increase of totél'REE with diffcrentiation,'
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/

put there is little change in relative abundances.

The last two trehds, h;wever,:are not well established.
ﬁith reqard to the Susamvr batholith, the complex might not be
the result of maamatic differentiation of basié‘magma, but probably
"was derived in large part from pre-existing continéntal rocks in. | .
which RLL had alreadv been somewhat enriched‘ (Goles, 1368, p.245).
The distriBution of some other trace elementé in this comple%
Wwas interpreteé as a result of melting and assimilatiﬁn of
crustal rocks and not of fractionai crystallization of basic : @!..
magma (Tauson ‘et al., 1956).

The recent study of the RLE distribution in the
Skaergaard intrusion (Haskin et al., 1971) shows that the
apparent lack of rglatiﬁé RLE fractionatioA in the whole-rocks
is probably dué to the RﬁE-rich liguid traéped betwecn cunulus
mincrais. They concluded that "thé high amounts of trapped .
liguid present in most of‘the'rocks explain why the relative
abundances in the rocks‘rémain close to these of the liquid"
{(p.213). - -
| Thug, it'appears that during magmatic differenpiation,
the total RLE abundaﬁcgs in igneous rocks usually_increése.with

1 -

fractionation (Taylor, 1965; Mason, 1966). This is also indicated
by the fact that the concentration of REE in most rock-forming 3
phenocrysts of volcanic rocks are smaller than those of .

coexistina "groundmass" (Onuma et al., 1968; Schnetzler and

Philpotts, 1968, 1970; Higuchi and Nagagawa, 1969; Dudas et al.,

/ . '

3
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1971). The increase of absolute COncqntrationé cf REE duriné

differentiation is usually accompanied by relétive enrichment of

1ight REL over heavy ones (Schillinq and winchesfer, 1966, 1969).

. Nagasawa and Schnetzler (l97l),‘however, suggested that crystal— /

lization of mafic minerals-or larger amounts of RLE bqarlna

accessories (e.g. zircon) could produce a decrease of. total

REE abundances in the residual magma. . : o :
With rQSpect to the Eu anomaly, “ba51c rocks uaually

show normal kEu contents in chondrlte normalized REE patterns,

v

while many dlfferentlated roqks show negative Eu anomalies"

(Nagasawa, 1973, p.301).

In order tohco;;clate the REE abuhaances with the;
petfochcmistry of the rocks from the pluton, the La concentrations
have beeE'plotted against the differentiation index/in Figure ;-
6.1.36. The La éontent in diorites shows a tenééncy“to increase -
_yith the increase of the D;I,'vaiues. Sone diofitesf:hoyever,
—ﬁavc a concentraﬁion.of La very similar to thqi.bf‘baéic monzoﬁiﬁes
despite the_fazp that théir D.I. values are markedly lower.

Regarding the monzohités, the large increase of La
contenfé toward the more ééid-récks indicates that monzaniteé
undervent extensive magmaLic differentiation; Quartz ménzoﬁi;es,
however, lie well off the variation trend of moh%onite and perhapg
even their La abuﬁdances show a Egndehcy to decrease with the .

s ' - - - . : . . i .
increase of the D;I., values. It is also Qf intérest. that leuco-

granite (259), which is thought to be a product of pﬁ;tial

:

.
[ ’ i .
| | L_\\ )
) .

- . . ’ : \r—)
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melting of the country rocks, haa\th'e lowast La content. St T

.

&

A trend, rather similar tb\that of La, is also

‘displayed by the La/¥b ratio which is a good index of relative B

m—.h fractionation (Gaat . 1968). Figure 6. 1.\31 shows a general /

tendency for the La/Yb rat(io in dioritic and mcmzonitic rocka

to increase with the increase of the D.I. valuea. \guartz

. monzonites, once again, have a lower La/Yb ratio thah\'monzohites .'

of corﬁpa’rable D.I. valuea The trends for diorites and ‘mon-~

zonites are consistent with those producad by magmatic difkeren-'

tiation, but they are not conclusive as far aa. a possiblle genatic

relationship between_ these two ‘:;'ock t;fpes is concerned. \
'Figure's 6.1.38-43 show. the REE distributions of the \

whole-rocks a'eprcaentied by means of (;oryell-Maaudal plots \\

(Coryel_l et a'l.., 19‘6‘3) . in which whole-rock REE concentrations \

are divided elca\ent for element.by airerigé_ valuea for chondrites

(Frqy‘ec al., E|.968, c.f. Appendix  2) and picti:ad 'acaina_c REE

atomic numbers. The chcndcite-normalized pactama in all ‘the

. rocks are enriche.d-relat‘ive to chon-drit_ic meteorites, althoﬁgh

each of the three main rock cypaa of the pluton has distinct REE |

contents and degree of relative enrichment. R __p o /
Inaofar as dioritic ‘rocks are concerned, six whole-"

rock samples have been analyzed for the REE (Ficmre 6.1.38).

_ Regardless of the large variation of the chemical compoaition

and absolute contents of REE of theae rocks (Pigure 6.1. 36), the

relative REE distribution pattama saen to remain aubatantially

\.‘-,r %’H



Figure 6.1.38 REE distribution in dioritic rocks from the

pluton
. (o) - sample 321
¢ - sample 199-4
a - ‘sample 199-5
B ~ sample 70 )
¢ - sample 783
‘ - sample 53-5

4
. . . L.

-

Figure 6.1.39 REE distribution in cohtinental basic rqcks
- gabbro, Skaergaard (Frey et al.,
1968)

- gabbro, Stillwater (Frey et al.,
1968) *

gabbro, Duluth {Frey et al,, 1968)

Deccan Plateau basalt (Frey et al-,
1968)

- compoaite of dioritic rocks (<60! SiO)
(Haskin et.al, . 1966) ‘
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unchanged. The‘y are characterized by well-fractionated patterns
with gradual enrlchment from Lu.@o ‘La w:.thout d:.stlnct Eu
anomalies (except sample 53 -5).

The REE patterns of several continental basic rocks,
ma_inly from lavered intrusions, are plotted for comparison in
Figure 6.1.39, together with the dioritic composite (<60% 5i0,)
of Haskin et al. (1966). The basic rocks ofs the pluton differ .

) from some of the layered intrusions (e.g. Stillwater) but are
similar to the dioritic composite and Deccan basalt (Erey et al.,
1968). REE @istribution patterns similar to those‘ of the Loon
Lake plui:on have also been recorded'by Green_‘__e.t al. (1972) for
frecambrian gabbros from ‘Lofoten-Vesteraalen, 'Norway.‘ - ’

As noted above ) t.he tendency for the absolute REE
cor;tent and the .La/Yb rat:.o in diorites to increase w:.th the
mcreasmc D.I. values suggests that these rocks underwent
magmatic differentiation. The positive correlat::.on of total REE
concentration w;.th the alkalinity in basic rocks has been found -

“~
! by Schllllnq and wlnchester (1966, 1969), Balashov and Eesterenko .

.

(1966) and Frey et al. (1968),

il

Sample 53-5 is of interest since it has a positlve

Eu anomaly not observed in other dioritic rocks. ‘Fel pars ar_e
the only common mck-fo;'minq minerals which are relaty
enriched in Eu (e.gq. Cha;.se et gl., 1963; Haskin.ét al., 1966; '.
Philpotts and Schnetzler, 1968) .I Thus a prol}ab e cause of the’
positive Eu anomaly in this sample is the'fncor_péé&i:ifop of an

- _: -.'11 . ' . a
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excess of feldepars. If the Eu anomaly is a primary feature of

the rock 53-5 qenerated during magmatic different;ation it would

suggest that this sample is at least partially of cumulative

origin. The m_ore@fferentiated“_ cheracter of the rock 53-5

in comparison wit her anal-yzed diorites (as indicated by the

higher value of the D.I.,) cemk.)ined with the positive_Eu anomaly

could hardly be explained by a simple vmagmatic differentiation )

without accumulation of feidSpare_._(c.f. Phiipotts and Schnetzler,

1968). The presence of a pqsitiv.e E;u anomaiy‘ irs, however, also

. consistent with the 'process .of hy}.‘)ri'.dization.- An adding of .

fcldSpars during hybridizatioh could generate the observed Lu

anamaly in diorite, It should be pointed out that this rock

contains more than 20% of K-feldspar in mode (c.f. I\ppendix 1) ] ‘

and K-feldspar in dioritic rocks appears to be of late origin.,

In the ‘at‘:ose‘nce of the REE determination of mineral phases of

rock 53-5, a quantitative evaiuation of the Eu anomaly, however,

ca-nnot;, be done. | TN " |
Even if the vari:t-ions ot: REE. in diorites in general

are sugqestlve of magmatic differentiatioﬁ these variations

appear to be also compatible with hybrid:.zation or ass:.nu.lation.

Since monzonites {apart from basic ones) have a higher absolute .

' content of REE than basjic rocks, then partial assimilation or KN

lhybridif.ation of diorites 4by monzo.nites. miglli;t produce the

observed trends. _ : 4 ; -\

The chondrite-nomalized REE patterns of ‘monzonite
I3 . c‘.
< ' ' LY i o

R S ) - .

e :
)
Sl . )
Las s latr s
.
L. .
e e .
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" from the pluton are shown in Figure 6.1.40. The REE patterns

given in;Ficure 6,1.40 haire been separated into two sections
~  nmerely to avoid complexity. The REE patterns of monzonite are

well-fractionated and progressively enriched from Lu to La,

——

relative to chondrite meteorites (except for Eu). The fractiona-
tionhpatterns are similar but differ sligh;ly in absolute RLE

contents and in the degree of relative fractionation. - More

o

variation 'is seen with Eu and the Eu/Lu* values (which indicate

the ratio of the observed europium abundance - Eu-to that

- 4

predicted - Eu*-by graplucal extrapolatxon between the values

of Sm and ™ or Gd)* Figure 6 1.40 once again shows a general
tendency for the La/Yb ratlo to increase wn:h the increase of
the absolute REE abundance and the| decrease of the Eu/Eu*
ratio. T‘hege vari-.at;ons are 'compara'blé with the trends attributed
to fractional’ crystallization (Balashov, 1963 Towell et al.
1965 Haskm and Haskin, 1968 Schillinq and winchester, 1969)
The increase of the La/Yb ratio from 22-34 is probably due to
the removal of mafic minerals (cli:hobyr'o:gene, hornblende and
blotltE) from the liqu:.d |

v - The Eu/Eu* ratios of monzonites (Figure 6.1.40)
display  a tendency to decrease toward the more ac:.d rocks. This
variation trend is similar to those for Sr and Ba (Figures 6..1'.24
and 6.i.30) . | The parallle‘l“--.behaviour of Eu nggests_ that it is

probably partiallylpresent' as Eu2+. " The relative depletion of Eu

'In the course of this work, the Eu* values were obtained by
extrapolating from Sm to Tb {(c.f. Buma et al., 1971), since Gd
was not always determined.
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Figure 6.1,ﬁo REE distribution in monzonites
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'

._Earalleled by the fail of Sr and Ba with the inerea;e of the D.I.

values is feadily explained by the removal during magmat.{c

dlfferentlatlon of siqniflcant amounts of feldspars, which con-

centrate not only Ba and Sr*but also Lu2+ (Taylor et al., 1968;

Schnetzler and Philpotts, 1970}, "whereas the remaining trivalent

“rare earth elements would follow their usual trend of being

conccntrated in the. residual mélts" (Towell et al., 1965 p.3493).
Arth and Hanson (1972) have sugqested that the

decrease of the Eu/Eu* ‘ratio with the increasing total REE

contents is characte_ristic for 7gmas, which are partly resldual

or ,e,nr‘{iulative (with a'pesiti-ve%:anomaly) and partly differen-

tiateé' (with a negative Eu anomaly) due to the addition or removal

of feidspars. This appears to hold true also for monzonltes

from the pluton. It should be noted that the monzonites with

low values of D.I. and La contents and positive Eu anomalies

occur in the centre of the monzonite core of t-.he‘j pluton where

rock;, as indicated by petrography, are more basic (e.gqg. contaming o

more An-rich plagioclase, clinopyroxene, hornblende, while the

outer part of the monzonite body containls I;iotite as the only

maflc mineral and more Ab- rich plagioclase), and probably \b .

. crystallized somewhat earlier than the -outer zone. As will he

" discussed later, these observationa are consistent with the

process of flowaqe di.fferentiation where early~formed crystals

(mamly feldspars) are con% trated toward the core and thus

t-heY could be partially of a cumulative nature, while progressively'

i

v : : .
’ ' r * .

-



' Fiqure 6.1.41 REE distribution in quartz monzonites from
' u the pluton | .
Q - sample 115 ‘
B - sample 27

O - sample 26

Figure 6.1.42 REE distribution in granitic composites

B - granitic composite (60-70% Sioz)
(Haskin et al.;, 1366)
00 - granitic composite (> 70% SiOZ_)
(Ha‘sk:__l.p__et. al,, .1966) _
. O - Finnish granitic composite. (Hagkin et al.f
¥ 1966) '
. ~ Precambrian granitic composite (Haskin

et al., 1968a)
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more dlffefﬂhtla liqulds would be concentrated at the bordens.

»

The RLE contents of quartz monzonites normalized to
chondrites are given in Figure 6,1.41. For comparison, the REE

-mnmdanccé in four granitic composites YHasgkin et al,, 1566,

1968a) are shown 1n Figure 6 1 42,
- In. general REE distrxbution patterns of quartz

nwnzonlte are simllar to those observed in other’ granitic rocks
o
,ww,q. Haskin et al., 1966; Taylor et al., 1968 Nagasawa, 1970;

Buma ct al., 1971; Condieand Lo, 1971). They have the typical .

- -

. enrxchment 1n llght RLE relative to chondritese3w1th or without

| a small Eu depletlon and with relatlvely small fractionation of
tmavy RLB.- But the REE patterns of quartz monzonites differ

“frmnthose of acid monzonites. Quartz monzonites haveilcss.
fractionated oatterns} lower absolute COntenté of REE and.iackﬂ’

significant negative Eu anomalies in comparison with acid
_monzonites. These differences once again indicate that some
. T )

quarfz monzonites are legs fractionated than acid monzonite.
\\ | .

8 - ) Vs . N
SO )

6.1.3 Dunite

-
-~

- oL
we b -

The major chemical constitugnté:of dunite (sio,,
RN

and H‘b)-esséntially reflect the modal pbundénée'

L

MgO,” FeO, Fe2 3

of 011v1ne ‘and the extent of its serpentinlzatio A rather. low

1

' content of alumina is consiﬂtent with the absencé of spinel ‘in

""i

the mode.,

t;Q"‘" Unfortunately, two factors have made an evaluation of

- ' r- A -
. ? R 1

. N -
4
t .
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/ '
“the geochemmtry and petrogenesis of this rock\d.jfficult Firstis
the absence of definite geological or petrographic critcrla for r
1dentify1na the afflnities and nature of this rock (c.f. Thayer,
1964, 1967- Irvine and Findlay, 1972) includlnq also, for example,
concealed contacts .Pf the single poorly %exposed small body _of.
dunite (c. £. section 5.5.6). The. second factor is the serpentin-
ization and other possible alteration processes which ﬁrth‘er
comp'licet.e- the cherﬁistry of the original rocks. o | g
Wwith respect to serpentinization, .there is a conCro\—
'\}ersx} over whether this algeration was an isochefnical process,
except for é’.he addlt:l.on of volatiles, that caused ‘expansion or
whether serpentlnization 1s a "constant volume” process 1nvolv1nq
ma]or ChETl'Ilcal changes (c f. Hotstetler,et al., 1966 Thaver,
1966) 1t .appears, however, that some}lements such as Ca, Al,

S
Mxyashxro et al. ’ 1969) . These chemical changes may have also .

Ti and K could be removed by serpentiniz%tlon (Page, 1967-
involved trace elements of alkali a<1d alkali earth groups as '
shown by Shih (1972). Frey (1969) angd Sh:.h (ng'Z) demonstrated,
'however, th@t REE (except perhaps light ones) are not removed

~ during serpentlnlzation or related processes and ‘tend to pIe serve

their original distribution. I 2 .

=4
-

The REE pattern of dunite. from the pluton is given
in Figure 6.1.43 together with those of dunites from a layered

intrusion,- nodules in alkalx olivxne basalts and alp.me ultra-

mafic bodies, . ' ' o /

. . .

. o X .
' S - . . .
y ' » . ‘ e
N - ~ » . L
. T - ’ . r o -
. i ‘ . . . ‘ )
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Figure 6.1.43 REE distribution in dunite 130 and some.
" ultrabasic rocks

n ’
LY N .

- dunite 130

Layered j.nt:z:_i;s'ibn: o

[ ] - Muskox dunite (Frey et al., 1971)
“ 0O - Matheson .serpentinite (Frey et al.,
’ 1971) , s
. . B ' Nodules in basalts:
o

Alpine. ultfﬁnafics :

= Mt. Leura dunite (Frey et al., 1971)

- Shikoku dunite (Frey et al., 1971)

- Twin Sisters dunite (Frey et al., 1971)

- Cazadero peridotite (Prey et al,, 1971)
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The dunite from the'pluton‘hga nbsoiute REE abundances
similar to those of chondriteé,‘wh}le their distributipn pattern
is enriched in the light REE relative to the chondritic iE
distribution. In comparison with REE distribution trends of
ultramafic rocks of continental origiﬁ (Frey et‘al., 1971}, it
differs markedly from those of an alpine environment, but is
similar to those of layered intrusions and nodules from alkaii
basalts. Even if serpentinization affected the light REE distri-
bution, the nearly flat pattern for heavy REE difféis from the
distinct V-shaped patterns of the alpine-type ﬁltramafics. The
licht REE enrichment obsérved in the analyzedqd dunite is also not
expected either for undifferentiated mantle material or for
simple residuum after basaltic liquid extracfioﬁ (Frey,. 1970).

It appears that the REE pattern 6f dunite is ﬁot |
dominated by olivine.‘ This is probably a common case'fo; ﬁthq
ultr;mafic rocks of a.laYeréd intrusion” bécause “i£ is dhite .
likely ;hat trapped interstitiél liquids have contributed a

-\igzge fraction, perhaps nqﬁrly #11, of the REE. Even small

x4

unts of trapped liquid could drasticaliy“cﬁhnge_the.relatikg:

@ REE abundances" (Frey et al., 1971, p.2066).
Another bossible explanation for the light REE

enrichment in dunite from thg'piutbn is contamination by cruéﬁal,

rocks, which are commonly énrichéd'in the light REE and contaiT

many times higher amounts of total REE. The similarity of

[

relative and ﬁbsolute REEﬂabundanceq to those from other layered =

b
'



170

yd

intrusions and nodules, however, might indicate a negligible
. =~ contamination, if at all, by crustal rocks. . .

‘ The déta on hahd are not sufficient to elucidatefﬂ\ﬁsﬁ‘5‘~\_
the petrogenesis’ of dunite and-Fhe possible celationship to the
rocks of-thc pluton, particularly to'dioritic rocks. It appears,
howevey, that dunite from '_A:he plutoh mighf. represer'xtr a.Xenolith

brought up during the intrusion of monzonite.-

6.2 Chemistry of Minerals

P
.

o

{ 5
) ] 2,
In this section, a discussion of major and some trace

element (Li, 'Ba, Sr, Rb) concentrations in mincrals is grouped

. ~ .
according to minerals; the REE abundances in minerals are treated
separately for the sake of simplicity. The estimated purity

of mineral fractiona is given in Appendix 1.

\¥.2.1 AmEhicole
g One amphibole from diorite (sample no. 70) has been
analyzed for both major and trace elements. The chemical com-
position and structural formula is given in Table 6.2.1.

The structural formula for amphlbole wasg calculated
on thc casis of 24 (0, OH, F,.Cl) using the computer program
described by Jackson et al. (1967), assuming the generalized |
formula X,Y.2.0 (6H; F, Cl)z.. The qﬁﬁlysis is‘within‘Leake's

2°578722
{1968) limits for "superior analyses" of calciferous and sub- :7' "

-

calciferous amphibole and compositionally corresponds to his
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Figure 6.2.1

Portion of trianqular diagram with apices
Mg0O, total iron as FeO, and Al03, showing

. compositional fields of hornblendes from
Caledonian plutonic rocks (Nockolds and
Mitchell, 1948) and composition of horn-
blende from diorite of the Loon Lake pluton.

I.'Pield of hornblendes from hornblendxtes
and ipplnxtlc diorites

II. Field of" hornblendes from normal
diorites and granodiorites

I1I. Field of hornblendes formed replace-
| ment of 'pre-existing pyroxenes or
_amphiboles o ‘

x = hornblende from diorite 70 f-LOOn Lake
pluton
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\H“HUH“ kaNCH

Chemical composjfions-and calculated formulae of
. amphibole and biotites from. the rocks of the
. Loon Lake plyton : .

AMPHIBOLE | " BIOTITES S o
Sample No. 10 94 251 102 36 115 27
Host rock D A M M QM QM QM

. Chemical analyses (wt.$)

MFON 44.53 - 38.97  37.84 37.52 36.98 33.58 37.90
HFON 1,17 3.08 1.32 H.mo. 2.67 2.64 N.ww>
>HNOu 10, 13.25 14.35 14,40 16,09 14.94 14,70
WDNOw 5.07 2,23 3. 24 2.98 - 3.23 4.42 3.32
FeO 10,37 13.18 15,32 15.97 15.88 . 26,01 14.32
Mno 0.26 0.33 1.24 1.25 - 0.30 0.57 ° 0.96
- MgO 12.31 14.67 12.65 .-12.02 "10.83 3.88 .+ 11,35
Ca0 " 11.59 .39 %0.26 0.17 0.08 0.50 0.14
Na,0 1.27 0 Ho# 0.08 0.05 0.04 0.02 0.04
NNO 0.95 9.31 J 9.25 9.05 9,71 7.64 M.bH
m~0+ 1.69 2.0 /@ 2.70 3.05 2.67 3.54 2.18
:uOl 0.03 0.08 0.22 0.15 0.06 0.08 0.07
F 0.17 1,74 1.81 2,05 1.00 0.79 3.17
O=F - 0,07 0.73 .76 .0.86 0.42 0,33 1.33
Total 99,42 98.68 99,52 99.40 99.12 ) wm%Nm 98.56
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rTable 6.2.1 continued

Sample- No. 70 94 251 102 . 26 115 27
~ Hogt rock D M M M QM. OM QM
s AN Structural formulae
: number—ef ions-based on 24 (0,0H,F,Cl) per formula unit .
; * '
s 6.61 5.92 5.76). 5.69 5.6 5.40) - 5.7
o [® 8.00[ 8.00 8.00 18,00 8.00 8.00 8.00
atv 1.39 2.08 2.24 2.31 2.34 2.60 2.23
Avi] £ 0.37] 0.29] 0.33] .0.27] 0.5  0.23 0.41)
- ﬁ q-r
Fe3* 0.57 0.25 0.37 0.34 0.37 0.53 0.38
T4 " 0.13| . | 0.3s] .~ - 0.15] p.18] - 0.31 = 0.32 0.27
Y T 15012 |5.92 .5.83 }5.70 5,79 5,59 . 15,58
pe2* 1.29 1.67 1.951. 2.03 2.03 3.50 . 1.82
Mn 0.03] 0.04 0.16) 0.16 0.04) - 0,08 0.12,
ca 1.84] 0.0 0.04) 0.03] 0.01] 0,09 0.02)
Na |x 6.3702.39| 0.03}1.89 o0.02}1.86 0.01}1.79 0.011.92 o0.01}1.67 0.01}1.86
K 0.18) 1.80 ‘1.80) 1.75). 1.90, 1.57) 1.83)
OH p \, 167 2.11 2.74] 3.09 2.73 3.80 2,21
1.75 2.95 13.61 4.07 3.21 4.20 3.74
P 0.08 c.84 0.87] 0.98 0.48 0.40/ - 1.53




Table 6.2.1 continued

N
Sample no. 70 94 251 102 . 26 115 27
Host rock - D M M M QM QM QM
. re3* . "

5 T 0.132 0.160 0.144 _ 0,155 0.133 0.173
Fe + Fe

Fe o _ I
kA cwo | 00367 0.447 0.465 0.493 0.813 0.161
.~ “total g . N o, ’

. - £~ . “rwfll!fi. . - .
L ?TE« : - . .
mole nnnomposgwn L r0.279 0.325 0.338 0.339 0.583 0.304
annite X VR
' . ?,mum Trace elements
. ‘ “.,.w PR Rk ivs . -. .
Li (ppm) a3 116- 370 239 135 375 ‘766
Rb  n n.a. - 374 - 41, 420 498 732 991
Sr = 169 52 60 48 49 - 66 59
Ba - 269 3923 403 305 1084 322 699
T1 (ppb). 60 2641 2017 . 2553° - 4146 5765 -
m Element ratios

Mg/Li 5711 763 206 303 484 62 89
K/Rb 207 184 179, 162 87 " 79
D.I. 33.3 80.1 r{mmuo_. 90.5 89.1 ~—$1.7 92.0

Host rock: P=diorite;
D.I.
nN-dA. = not detacted

-— = not determinad

Zqu:MOBHﬂmu

: QM=quartz monzonite
= value of differentiation index for host rock
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magnesio-hornblende.
For. the purpose of comparison, amphibole from the

Loon Lake pluton has been plotted on the MgO-FeO -Al.O

total 273
triangular diagram (Figure 6.2.1) of Nockolds and Mitchell (1948).
1t falls in the field defined by them for the "early" primary.
amphibole of hornblendites and app;nitic diorites and well out-
side the field of amphibole formed by the replacement of former

pyroxene or amphibole.

The Li content of amphibole is very low (12 ppm},

Y .

but co&parableigith values for amphiboles from, for example,

. suites og\qalc—aakali_rocks (e.g. Nockolds and Mitchell, 1948;

Haslam, 196\2\3; Leelfﬁandarﬁ,' 1970} . Alsé the concentration of Sr .
and Ba (169 ppm and 269 ppm, respectivély) are comparable with

the contents of amphibole from caICfalkaii rocks (e.g. Nockolds

and Mitchell, 1948; Sen et al.,. 1959; Leelanandam, 1970).

6.2.2 Biotite
Six biotites from monzonite and quartz monzbnite have

been analyzed for major and trace elements. The chemical composi-

tion and the structural formulae of biotite,are-éivén in Table _

6.2.1. | S L ™~

In general, biotites from the Loon Lake ﬁluton are
similar compositionally to those from other comparablé plutonic

rocks compiled by Rimsaite (1967) and Deer et al. (1962}.
. i
(Biotite ‘115 appears to be -partially chloritized as is aiso‘
"J ! D
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indicated by its low K. contents). The structural formulae were
calculated on the basis of 24 (0, OH, F, Cl) according to the‘
method described by Jackson et al. (1967) to the general

formula x2Y4—628°10£OH’ F101)4. Twelve-coordinated large

cations - K, Na and Ca of X group sum from 1.67 to 1.92, somewhat
less than the ideal 2,00. This group consists ﬁsinly of K, .

while Ca and Na occur only in very small amounﬁs. Also, Rb, Ba
and Sr are probably proxying for twelve-coordinated cations

(Dodge et al., 1969). The elements of the octahedral group,
totalling from 5.59-5.92 are also deficient in comparison with
6.00 in the idealized trfoctahedrql micas. The relation between
the octahedral cations.iS'showﬁ graph#Fally.in‘Figuré-6.2.2 taken?
_ from Foster (1960). All but one biotiﬁg (115) fall into the +

field of Mg-biot&?e. Figure 6.2,2 aiho indicates éi;;‘the maig-/
variation in this cation group is a slight decrease in ¥g and B
increase in Fe2+ toward the ﬁore acid host rocks. The calcul#fed
formulae show that 2.08 and 2.60 Al atoms substitute for Si in )

ihe tetrahedral ‘layer, but only a small pbrtion of Al‘(iess

than 0.60) is present in the octahedral ‘layer. But."the variation
of aluminum content and its distribution between four And six-

cpordinatioh‘sites in-biotites is not-ﬁpdgséggod“ (ﬁhi;;, 1966,

-p.191). Li is also included in the Y groﬁﬁ,yﬁince it is believed
to be substituting in the octahedral site’(No:kélds and Mitchell,
1948)..,The amount of monovalent a&ions OH and F is highly _71 : !

variable, but in most cases total less than the ideal 4.00. The §
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relatively high average content of F in biotife from monzonite
sugqegis that’ a high activity of fluorine was present during.tho
crystallization of monzonite, If a conclusion of Putman and

Alfors (1969) holds true that "For crystallizﬁtion of biotite

under magmatic condition, fractional crystallization would tend;

to yicld relatively higher fluorine éontents in lateé crystals

~and tend to increase the proportion of fluorine in volatileffraction
remaining in the magma®™ (p.6l1l), then the higher ayerage content

of F in monzonite might indicate‘gh;t biotites from the monzonite !
underwent, on the avefage..a hiqher degree of fractionation than
those from quartz monzonite.

“The contént of Li in blotites from quartz monzonite
ranging from about 135-770 ppm incpeases progressively With the
incrcase of the aciditvy of the ho§ rocks; a similar trend is
‘shown also by those from monzonite, in which the concentration
of Li varies from -about 115-370 ppm. This trend,:howeQer, is
:notwabpgrent if both rock types are treated tog;ther as a_series.
Thé Mg/Li f;£16~in:biotites dacreases toward the more acid

members if these twdxkack types are considered separately

{(c.f. Table 6.2.1). T =L o e N

' Strontium %s present{:/;:::;:;; in low conﬁéntration,
in the range 48-66 ppm. Barium shows a general tendency to
decrease in biotites from the mote acid rocks of each main rotk

type. Rubidium 1ncredFes progressivnly as the host rocks become

more acid. While the increase oﬂﬁﬂﬁﬂin biatitea from monzonite
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is relatively small, those from quartz monzonite show a sharp
increcase. with the 1n¢reaso of aciaity of the host rocks. The
increase of the Rb concantration in biotites is accompanied Ly
asimultanedus increasé of t;ijc:f. Table 6.2.1),
; It appgars'that th; absolute concentration of Rb in
biotite is controlled by the tontent of - Rb in the whole-rock.
Biotxtev from the monzonite have low Rb contents, accompanied by
a relatively hiqh K/Rb ratio (~-200) similar to those of biotites
from andesites and from inclurions in alkali basalts (Jakes and
white, 1970), but markedly difforent from those of granitic or
netamorphic biotites (Lange et al., 1966; White, 1966; Whitney,,
1969) . |
The ;xperimental works of Wones and Euéster (1965)
have qhﬁﬂﬂﬂth“t the partitioning of magnesium, terric and ferrous‘
iron in biotitas for the aquilibrium asaemblagc biotite—potassium
fcldspar magnetite depends mainly on” temperature water -vapor
essure and oxygen fugacity. Since in both the monzonites and
- he quartz monzonites these minerals are present, their expari- a
f"ment_a‘l data can be applied to an estimation oflconditionéﬁduring
the crystallization of Liotite.- Relevant data for biotite: from
the pluton are summarized in Table 6. 2 1. : ﬂfﬂw“,. .
Compariaon of biotites from the pluton with Wones S
- and Euaster's (1965) qatimated position of “buffared“ biotite .h
solid solutions in the ternary syatﬁm K Fag Al si Olz(n ) -

x rel*Al sf.0 (OH) , - K Mg,Al §1,0 o(om2 shows that the

®3 3"10




Figure 6.2.2

4

Figure 6.2.3

0

.‘ g . ’ l /’
Relation betwéeén octahedral cations
(atomic %) of biotites from the Loon Lake
pluton. The mineral fields are taken

from Forster (1960)

A - biotite from monzonite

® - biotite from quartz monzonite
e}
L
D
.3+ 2+ \. . .
Fe" -Fe 7-Mg diagram (atomic %) of biotites

from the Loon Lake pluton. The lines
represent the COmpOSLtion of” "buffbred“ L
biotites in the ternary system '

3+
K Fe3" Al 5130),(H_))-K Fed* a1 513010(0H)2 |
K Mg; Al 513010(0}1)2 (after Wones and Eugster,
1965) ) o |
X - biotite ffom_monzohite.
® - biotite from quartz monzonite
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Figure 6.2.4 Stability of bigtite of specific Fe/(Fefiiq)
values as -a fuhction of oxygen fugacity and
o temperature f%om 2070 bars total pressure
' (frqm Wones and Eugster, 1965). The heavy
curve labelled 0 represents the maximum
- + Phlogopite stability; the area bounded by
the curve labelled 100 is the annite
'stabilxty field. Light-weight lines and
dotted lines represent "buffer" curves

s | X - biotite from monzonite
® - biotite from quartz monzonite

Figure 6.2.5 Calculated stability curve for biotite from
' ' ‘monzonite 251 ' ’

-
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tﬂotitcs studied follow closely the Ni-NiO buffer curve ‘o
(Figure 6.2.3), although they have a composition consistent with
oxygen fuq.gcities slightly higher than Shose in equilibrium
vith the Ni-NiO buffor. |

Since buffer equilibria are strongly tempefaturo
dependent, the compositions of biotite vary with the temperatdre.
Iﬁot}tes from the blutoh suggest that during crysﬁalliz&tion, the
;xygen fugacity decrgasgd with decreésing temperature (figure
6.2.4). Thus the Fe/(Fe+Mg) ratio appearé to be at least a
relative meésurc of the tqmpératuré of)bige}té crystallizﬁ

. i
in the Loon Lake pluton. It is of interest that biotite frdm

the centre of the monzonitic core (94) indicates the highest

\

temperature while that from the margin of the quartz monzonitic
zone (115}-suggests the lowest temperature.'

The application of the experimental data of Wones
and‘Ehgéter (1965) to biotites from the pluton involves, howevef,
several assumptions. The most important one is that substitutions
other than Fe# Mg do not aigntficantly influence fhe.atabiliﬁy
of biotite, S ’ o

In apite of this limitation, the available data
were used for the calculation of the stability curve of biotite

11 of Wones and

from monzonite 251, according to the equation &
Eugster (1965). Assuming the equilibrium éoexistence of biotite
with K-feldspar and magnetite, the results of this calculation

~ are given in Figure 6.2.5. For the chlculatidn, oxygen fugacity

* -
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. was considered to be slightly above the Ni-NiO buffer, ideal

solution was assumed for the activity of K Al $1,0, in alkali
~ »

feldspar while a value of 1.00 was used for the aétivity of g

Fe,0, in magnetite (c.f..Dodge et al., 1969; Ragland, 1970},

The mole fraction of annite was taken as the percentage of Fezf

in the octahedral groué assuming an ideal octahedral occupancy’ //
of six (c.f. White et al., 1967; Dodge et al., 1969). The, v
stability curve of biotite may be shifted to a somewhat lower
temperature region”according to the experimentél data of

Rutherford (1969). For the pressure of 2.5-4 kb nggested in
section 4.3, the resulting temperature dces not differ signifi-
cantly from the estimates suggested in'seqtion-4;3,'considgring

“that the stability curve for biotite in Figure 6.2.5 probably

represents an upper limit., .

o,

6.2.3' Feldspars

Feldspars are the most.abundané minerals in the rocks
(/ of the Loon Lake pluton. Plagioclase'occu;s in all three main

fock_types in major amounts, whereas potahh‘feldspar-is the major
constituent in monzonite - and quartz monzonite. 1In dioritic

rocks,:potash feldspar is present in highiy variable amounts
. ! ’

N

N ~

(c.f, Appendix 1) . EE

. 6.2.3.1 _Plagioclase

Two plagiocld&es from diorites (321 and 70) have beén
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analyzed for major and trace elements. The chemical combouition
and structural formulgh of plagioclases are given in Table 6.2.2.
There is a good agreemént between the optical values and thae
chemical analyscs of these two plagioclases (c.f. Table 6.2.2).
The dioritic rocks are characterized by a plagioclase
of‘andcsinorcomposition (Table_6.2.2). The Or contents of plag-
&oclasc is of interest since Sen (1959) suggosted that the
content of potassium in solid solutions of plagioclase increases
with ;he increasina temperaturn of cqystalliiation. The two |
- analyzed plagioclasga, however, show a tendency for an increase
of potassium concentration with increasing Ab content, similar
to those found by Ribbe and-Smith (1966) and Ewart and Tayler
(1969). This suggests that the increase of K is associated
with decreasing crystallization temperatnras. )
The K content of plaqioclase from diorite is within
the range of the concentration in andeaine compiled by Heler
. {1962) and Anderson (1966). Ba concentrations of plag;oclaae
are relatively nidh in comparison with the average given.by
Heier (1962) for andesina (383 ppm).’put annlogoun to values -
for plagioclase from comparable rocks, combiled by Anderson
(1966); The higher\content of Ba in plagioclase probably explains
the relatively high concentrations of Ba in diorite compared to
"typical” diorite or gabbro. A cnmpariaon of the Ba concnntra-
tion in piaéibclann from tne pluton confirms Ewart and_faylor's

(1969) observation that Ba exhibits a positive correlation with




Table 6.2.2

-

Chemical compositions
of feldspars from the r

-
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d structural formulas

s of the Loon Lake

X Pluton
PLAGIOCLASE POTASSIUM FELDSPAR .
sample 321 70 94 251 27
_—H:st rock D D M M ' QM
‘ Chemical analyses (wt.%)
5i0, 56.59 ,57.70 63.84 64.74 64.83
ALO; 26.94 26.37 19.12 18.48 18.54
Ca0 8.90 7.02 0.29 0.03 . 0.02
Na,0 ~3.96 6.32 1.72 T 0,72 0.75
K,0 0.52 1.22 13.15 - 15,43 15.58
. . oo .

Sr0 0.34 0.43 0.10 0.02 0.04
Ba0 0.10 - 0.12 1.48 0.22 ‘0.20
Rb,O 10.02 0.02 0.05 .
Total  99.35 99.18 99.72° . . 99.66 100.01

- Structural formulas .

number of ions based on 32 oxygens per.
formula unit

si} 10,23 10.43) {11.83 11.95} 11.97

a2 5 7415497 g 6pf16.05 | , ,gr16.01 . 0.p16.01 316200
o 1.72) 1.36) o.oq 0.01] .

Na 2.09 2.21 0.62 0.26| 0.27

K 0.12% 3.98 . 0.28) 3.91 | 3.11f 3.91 3.64% 3.93 3.67 |
st[* 0.0 0.05 0.01 | 1 3.96
Ba ' 0.01] 0.01} 0.11] 0.02 0.01

Rb) ‘ . 0.01)

L




rable 6.2.2. continued r~_;/ﬂ

- Mol. ¢

An ‘3-33 - 35- 6 1(.52 0015 ) 0-10
Ab 53,12 57. 16.33 6.61 - 6.81
or ' 3.05 7. 82.15 93.24 93.09
_hb_ 0.55 . 0.62 ' '
Ab+An -
hb 0.57 0.60 :
Ab+An

(opt. )

Trace elemants

Li (ppm) 5 9 n.d. ‘ n.d. ‘n.d.
Rb (pph) n.d. 18 141 158 482
TL (ppb) 62 128 472 1044 1947

‘ Element ratios

K/Rb - . 563 774 . 810 268
K/Ba 4.9 9,3 8,2 : 65 74
Ba/Rb | . 61 94 12 3.6
Ba/Sr 0.3 0.3 ° 16 - S 5.2
Rb/TL - 14 - 299 151 248
Ca/Sr 22 . 14 2.5 1.2 0.4
D.I. 32,4 . 33.3 80.1 ° 88.0 92.0

ost rock: Dmdiorite; M=monzonite; QMwquartz monzonite
opt. = composition of plagioclase determined optically
D.I, = value of differentiation index for host rock
n.d, = not detected \
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Ab content. Ribbe and S@ith (1966) concluded that Ba may occur
at'th: 0.0X% level in plagioclano crystallized at a high
temperature. h

Boﬁh plagioclasea,contain;substantial amounts of
strontium (Table 6.2;2), well above the average given by lieier
(1962) for andesines (BSQthn). With regard to the distribution
of strontium ‘in the plagioclase of basic rocks, it has been |
found that Sr increases as the An content decreases (Wager and -
.rutchell, 1951: Iida, 1961; Butler and Skiba, 1962; Hall, .1967),
while in acid rocks the conoentfations of Sr decrease as the An
tontent decreases'(SqR:et al., 1959: Hall, 1967; Ewart and Tnylor,
}969); The variation of Sr in investigated plngioclaaes is
consistent with that observed in basic rocks - Sr decreases
- with the increase of An content. Tna.qignifioanco of theECa/Sr
variation in plagioclgse, however, is uncertain. It was thought‘
that the "Sr/Ca ratio is a sensitive guide to fractionation in /
plagioclase“ (Taylor, 1965, p.155). But recently Berlin and
Henderson (1968, 1969a,b) have demonstrated that "the increasing .
Sr/Ca ratio in plagioclase is dominated by the amount/of augite
(and/or hornblende) to crystallize and usually does not giva
:anf indication oflSr1Co fractionation in the plagioclase”
(Berlin and Hendersoen, 1969b, p.423).

Rubidium, which'ﬁas detectable in onl} one plagio-
clase by the mothod used for analysis (c.f Appendix 1), is rather
low, resultinq in a high K/Rb ratio (563) for this blagioclaae.
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Also, ghe concentration of Li iﬂ both plagioclases is very low -
s and 9 ppm, respectively. Lithium is probably related to the
impuritiéé of micaceous material in plagioclase. An alternative
explanation has been invoked by Ewart and Tavlor (1969). They
have suggested the presence of Li in solid solution in the ‘
feldépar lattice. Heier {1960) has also suggested that Li1+
'substitutes for &al+ in feldspars. .
- ' ' o

6.2.3.2 fq;assium Féldspar

The major and trace elements have been determined
in three potassium feldspars. The chemical composition and -
structural formulae of K-feldspars are given in Table 6.2.2.
The structural formulae of K-feldspars, like those of plagioclase,
were calculated on the basis of 32 oxygens by the method des-
cribed by Jackson et al. (1967). . Two samples show a certain )
degree of discrepancy between the composition determined by the
Orvil%e ﬁethod'(c,f.\Table 5.1) and.by wet chemical analysis,
probably because “;he heavy liquid separates are apparently
unsuitable for an estimaée of bulk compositions of the perthitesl———\
(Ragland, 1970, p.18l).

Ba decreases sharply in potassiuﬁ feldspars as the
host rocks become more acid; Feldspar from the central part of
the monzonitejéofe of the pluton (94) has th highest Ba content.

The lower concentrations are found inx;he potassium feldspars

from the outer part of the monzonite body and from quartz monzonite.

-
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Since Ba. is ongly concernitrated in the e _‘1est-formed

K-fe (Heier, 19§2), it would indicate that the inner
part’of the monzonite\‘ore crystallized earlier than the outer
hart of the monzon;te. -
Table 6.2.2 Qhows that the potassium feldspar from
more basic monzonites'(94)'also has the highest content of Sr;
followed by that from quérﬁz monzonite (27). Feldsﬁar from «\_,//
acid monzonite (251) has the 'lowest concentration. Since “"the

strontium contents of alkali feldspars are unlikely to have been -

affected by uhmixing and_recryStaliization" (Hall, 1967, p.846),

such a sequence of Sr concentration in dspars could hardly

be explained by continuous magmatic differentiation qf’i singge

magma.

Rubidium increases in the pot&ssium feldspars from
! _ .

~

the prOgressively more acid rocks., Those fromAQbhzonite hawe
very low contents of Rb (*150 ppm) , while the potassium feldspar
fromrquartz monzonite shows a value of 482 ppa. These 1ow-coﬁt'
centrations of Rb in potassium feldspars, resulting in an:
abnormally high~K/Rb ratio, appear to be chafacteristic for

feldspars from syenites and granulites (Taylor and_ggier, 1958;

Heier and Taylor, 195%a; Upton, 1960) . Also, tﬁ;hfl content in

potash feldspars increases as the ﬁost rocks"become-more’ac}d.

Thé concentrations of Tl in K-feldspars from-the Loon ﬁa#e éluton
are comparable'with—values compiled by Albuqﬁerque‘;nd Shaw (}972)._

Taylor and Heier (1960) havelpointed out that "Ba
) ‘ 1- .

e

“
e . Lt .
. . . '..
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and Rb Jare considered the best elements to use to_elucidate the
fradtionation procésses in K-feldspars®" and “the Ba/Rb ratio
éhou d be a critical guide to any fractioﬁation-process' (p.57)
since Ba is concentrated in early formed phases and Rb is con-
centrated in late phases, |

The sharp decrease offthe Ba/Rb ratio in the feld-
spars studied is consistent with such a érﬁdess. Similarly, the
_variation of some other element ratios (e.g. K/Ba, K/Rb) in -
feldspars from the Loon Lake pluton is compatible with the process
of magmatic differentiation (contrary to the variation of Sr
contents in K-feldspars, which is prbbably not readily consistent
with a process}of continuous magmatic differentiation - see
above). The d4crease of Ba in the potassium feldspars accompanied
by a simultaneous decrease in the Ba/Sr ratio from about 15 to 5
is comparable to the range found by Heier and Taylor (1959b) in
alkali feldspars from h;§h1y differentiated pegmatites. The
small number of éamples studied, however, is not sufficient to
elucidate the f?actionation process in detail, Also, the
., explanation of the distribution trends of trace elements in
minerals of'ﬁlutcnic igneous rocks is not straightforward, as.
demonstrated by Berlin and Henderson (1968, 1969a,b).

3

6.2.4 Coexistina Biotites and Potassium Feldspars

with regard to the distribution of trace elements .
between coexlstf:i/iiptite and K-feldspar, the divalent cations s

-

»
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sr and Ba are substantially concentrated in K-feldspar. IThis
general tendency for thP relative enrichment of Sxr and Ba in
gk-feldspars in comparison with biotite is usually attributed to

a coupled substitution, enabling thesgr elements to substitute

for gotassium. Apart from the valence difficulty, Taylor (1965}
ascribed the very low level of Sr in micas to the difficulties

for the usually 8 or 1b-coordinated Sf-to occupy the larger
12-coordinated Kipositions of micas. _’/,/”
Theiévaluation of the mineralogical control of Ba

distribution shows that more than 90% of the total‘Ba_conten%. =
of monzonite and quartz monzonite is présent in K-feldspars. On
the other hand, rubidium is co;side:ably conqentréted in bidtité
in comparison with K-feldspar. Also, the K/Rb ratio increases T
on passing from biotite to potash feldspar. Rb obviously enters

the large 12-coordinated K-site of biotite structure in

preference to the 8 to'io-coordinated K-site of feidspars.

The "fractionation coefficient" -

. (K/Rb) K-feldspar o -

F/B -
. (K/Rb) - biotite

'
{Lange et al., 1966) ranaes from 3 4-4.4 and has a mean value
\B?\3.8; Comparable values for these m;neral pairs have been
reported from granlt}c rocks (Lange et al., 1966; Dupuy, 1967,
1968; Barbieri et al., 1968; Whitney, 1965:.Dodge ettalr, 1970) .
The mean value of B.ngould“fall between the experimeptally—.

: l S LS . L
determined values for the distribution coefficient ratio of..

.
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SQnthetic sanidine*phlogopite pairs at temperatures of’560° end
700° c (values 4.5 and 3.2, respectlvely, Beswick and Eug;fer,
1968) .. The sxmllarlty of the fractionation coefficient from the
Loon Lake pluton to those from other granitic rocks suggest

b

that the very high K/Rb ratzos in feldspars and in rocks do not

3

result from the generatlon of locallzed crystal chemlcal factors,
as suggested by Taylor and .Heiler (1958), Heier (1962), Tavlor.
{1965) , Ewart and Taylor (1969), etc., but that they probably
dcpend malnly on the CompOSltlon of an orlginal 11qu1d

_ The pargxtlonlng of the elements between coex;stxng
minerals could also be used to evalua the hypothe s of -
Currle and Ermanov;cs (1971) for the generation ngiined -
- monzonltlc and gran;tic - plutons in he nexghbourlng Westport
area and suggested also for -the Loon L ' pluton (Ermanovxcs,_ -
196? '1970). Their dlffuelonal pzoces:ﬁbé\m}gratxon of silica |
and alkalles as a, cause for the generation of the monzonitlc
core and granltlc rlm,of a pluton is not c0mpatiele w1th equlll-'
brxum condltlons. The equlllbrrum condltlons have been evaluatedr

—

by the dlstributlon of K and Rb among coexxstlng blotxte and
I

K-feldspar. The, partltionxng of K and Rb between two phases can
.be theoretlcally expressed as log a K/Rb biotite = 1og a K/Rb
:POtaS§lum feldsPar+log K, where a = the actxv;tg* K= distr;butlon
“coefficient - constant for given pP-T condltlons (c f. Banno and ‘

Hqtsui 1965; Nhite, 1966) _1f an ideal solutlon is assumed,

the activity will be approxxmately eaual to the’ concentra€1§i

]
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The ratio K/Rb in'biotites is-plotted 1ogarithmica11y against the

ratlo K/Rb in K- feldspars in quure 6.2.6. The coexisting mineral—

pairs from the felsic rocks of the Loon Lake, pluton fall close

to a line wlth a theoretical slope of 45°, thus indicating that
. L f . . R -
piotite and K-feldspar attained at least approximate equilibrium.

Lt

... ay
o

6 2.5 Rare Earth Llements in Minerals

In order to readiiy compare the mineral and whole-
reck REE fractlonatlon trends and also to compare them -with REE
patterns for’ these minerals reported prev;ously by other authors,
the RLL abundances in m1nera1 phases from the rocks of the pluton

have veen normallzed to chondrites.

6.2.5.1.lDioritic.Rock3

‘Major mineral constitueﬁts of two dioritic rocks haver
becn anal?zed for tﬁe rarquarths. Analyzed minerals include
hornblende, biotite ahd plagioclese from diorite 70 and

-clinopyroxene and plagi\t%ﬁse from diorite 321.
\ —

Figures 6.2,7-8 show the REE fractionation trends for
both mlnerals and whole—rock analyses of these two dlorltes.

REE patterns for both feldspars are typical for plagloclase

™

(Towell et al., 1965; Schnetzler and Philpotts, 1970; Nagasa»ia and

N
Schnetzler, 1971). They are qradually depleted from La to Lu

with strong positive Eu anomalies. The steady depletion of REE

toward Lu is "either due jto crystallochemical control or due to



Pigure 6.2.7 REE distribution in biotite, hornblende
Plagioclase and their hoat diorite 70

X = biotite

@) < hornblende

o - plagioclase

a - whole-rock
L

[k

' . . ) v [
“ - .
' . >

Figure 6. 2 8 REE distribution in clinopyroxene, plagioclase
and their host dior:l.te 321

O - clinopyroxene
® - - plagioclase

i '
O - whole-rock
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close-system competitien with Other_maflc phases like pyroxene
or amphiboles” (Shih 21972, p.59). The distinct positive Eu
anonalles are characteristic for feldspars. The signiflcant
enrichment of Lu in feldspars is attributed to its partial -
existence as Eu2+ contrary to the other typ;%ally trivalent REE
with the possibfe occasional'exception of Ce. According to
Philpotts (19709 and Nagasawa (1971), Eu is present in feldspars
mainlv in a divalent-state,

' .The fractionation trend of clinopyroxene is similar:
to those given‘b&, for example, Schnetzler and Philpotts (1970).
.A ncgative Eu anomaly in clinopyroxene might indicate that the
plaqloclaqe and clinopyroxcne have crystallized at the same tlme
and competed for REb in a closed system, although, due to the
partial alteration of clinopyroxene, itk fractionation trend
should be treatcd cautleusly. The REE pattern for ho;nblende : -
differs slightly from that of clinopyroxene, thus supporting a
suqqestioe that hornblende is of primary ofigin.‘ The absence
of Eu depletion in hornblende might indicate that plagioclase
and hornblende did not crystallize at the same time and that the
crystallochemical effect was a prominent factor (however, since
the absolute REE abundances in hornblende are substantially
higher than those in plagioclase, this argument is-weakened).

The chdndrite—normallzed REE trend for biotite is

somewhat striking. It differs from biotites of felsic rocks

in the depletion at the La end of the pattern. It is also less
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o

fractionated and lacks significant Eu débletion. The similarity
to the hornblende REE pattern tempts the suggestion that biotite
is secondary a;tor hornblende and is formed mainly from it. The
replacement of hornblende is also indicated by petreography (c.f.
section 5.5.4). |

. It appears, howeﬁer. that most of the REE‘iﬁ dioritic
rocks are present in accessory minerals, probably apatite and
sphene {(the latter, however, ap%oars to be partially of secondh;y
oriqin - c.f. Saha, 1957). The enrichment of the light REE in
sphene and apatite (Fleischer and Altschuler, 1969; Nagasawa,
.1970) is consistent with the oﬁserved REE patterns of dioritic

[N
rocks displayina aradual enrichment toward La. (In this connection,

st .

Fioures 6.2.7-8 show that the REE patterns of these diorites

kannot be cxplained only by the silicates analyzed).

. 6.2.5.2 Monzonite

REE have been dotermined in major mineral phases of

hree different monzonites, spanning the observed variation range

for monzonitic rocks. -Mineral phases include hornblende, biotite,’
K-feldspar and plagioclase from monibnite 94, pidﬁite, K-feldspa;
and plagioclase from monzonite 207 and biotite, sphene, plag16-
clase and K-feldspar from monzonite 251.

Sample 94 represents a “basic” ciinOpyroxene-hornblende
bearing monzonite with a low D.I. value (=80.1). Sample.251 is

"acid" biotite monzonite from the outer part of the monzonite

-
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body with a high D.Il (-BB.O)..‘The composition of monzonite)207
is intermediate between them (D.I. = B1.8). Figures 6.2.9-11
show chondrlte-normalized REE patterna_for these rocks and the
mineral con%tituents. REE patterns for all feldspars are

/
comparaple with published fclaspar values (Towell et al., 1965;

netzler and” Philpotts, 1968; 1970; Buma et al., 13971; Dudas

o¥ al., 1971; Nagasawa, 1971, 1973). They display qradual
deplction in heavy RLE with strong positive Eu anomalies. In

: N
accordance with thé data of Schnetzler and Philpotts (1970),
'K-fcl spars have lower tota} contents of REE than the coexisting
. plagioclases, but are relatively more enriched in Eu.
As noted earlier, the anomalous distribution of Lu
‘relative to other REE is attributed to its p&rtiél presence as
Eu2+. Philpotts (1970) has pointed out that the Eu2+/l£u3+ ratio
‘can be calculated iy any two equilibrated phases of a known Sr

\J

and RLE concentration, assuming equal partition coefficients for

Eu2+ and Sr betwecen these coexisting phases. The assumption of_'

such equivalence appears to be reasonable, not oply becausé of
the same charge, but alsoilhe difference in ionic radii falls
well within Goldschmidt's 15% *substitutional limit" |
(Philpotts, 1970, p.259). Shanon and Prewitt (1969) give ionic
radii for both Eu2+-and_Sr2+ in eight-fold céordina;ion of

1.25 A. The Eu /Eu - ratio é#lculated by Philpotts' (1970)

" method from K feldspar-blotlte pairs is 23 for K-feldspar |

from sample 94. It indicates that Eu in K-feldspars iswpresent




Pigure 6.2.9 REE distribution in hornblende, biotite, K-faldspay,
plagioclase and their host monzonite 94
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Figure 6.2.11 REE distribution in sphene, biotite, K-feldspar,
_ Plagioclase and their host monzonite 251
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ﬁahﬂy in a divalent state. Anothor characteristic feature is
ﬂw Jncrcasc of total REE in fcldspars with thc incrcase of the
deqree of diffcrentiation and REE contents of thcir hoat rocks,
The REE pattern of hornblende is considerably
enriched in light REE relative to chondrite, but compared to the ™
whole-rock trend it is less fractionated favourina the heavy
" rarv-carths. The absence of significant Eu depletion may indicate
that the crvstallochchical factor was predominant for the REE
distribution and that hornblende could have crystallized in an
open systen or at a different time than feldspars._
REE p;ftcrdE for biotite are similar to those reccorded
by iluma ct al. (l9fi); UTheir degree of fractionation appears
to positively ccrrclhtc with the La/Yb ratio of whole-rocks, The
abundances of Cu relative to other REE in biotite, similar to
L — . - - .
_those of whole-rocks and feldspars, decrcase with the increase
of the D.I. values of the rock. On the‘other hand, the total

REL contents of biotite increase as the D.I, values of the host

rocks increase.

Sphene has by far the highest total REE concentra-
tion from analyzed minerals. Rare-earth distribution in sphene -

exhibits a light REE enrichment relative to chondrites with a

—
’ -

slight maximcm at Ce and Nd. In general, the observed trend is
similar to that of whgig/rock
Figures 6.2.9~ 10 (samples 94 and 207)- also show that

the REE patterns of these rocks cannot be explained by the analyzed
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major rock-forming;minéfﬁls alone. Unlike many granitic rocks
(laskin et al., 1965), the REE distribution in monzonite from
~ the Loon’ Lake plutonrlé strongly influenced by accessory >
ninerals, notably sphencfnnd p0551bly apatite, which probably

contain most of the!REE of -these- rocks. But perhaps the most

-

striking feature of the REE distribution in mineral separates is
the.variation of Eu abundance relative to other rare-earths,
particularly in feldspars The decrease of Eu anomalieg paralleled
JY the incrcase of tctal REE abundance in feldspars and by the T
déecrease of relative Eu—abundance in the whole-rocks Wlth the

increase of the:D.I. values (Table 6.2.3), suggests that the size

1

: . . A=
Table 6.2.3 Some trace element abundances -
: in feldspars and their host
monzonites
Sample .
HO. 1 2 3 4 5 6 7 8 9
94 23,0 '9.7 2.2 5.21 6.43 54.1 13300 ‘837 80.1 \\
207 16.0 7.8 1.8 10.20 14.70 6l1.2 o 8l.8
251 3.1 2.5 0.8 16.40 19.1 _158.0 1970 178 '88.0
Eu/Eu* in K-feldspar - \
- A
Eu/Eu* in plagioclase - S
Eu/Eu* in whole-rock \

La (ppm) in K-feldspar

La (ppm) in plagioclase

La (ppm) in whole-rock 1
Ba (ppm) in K-feldspar

Sr (ppm) in ﬁéfeldspar

D.I. of whole-rock

O O NV e W N
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of the Eu anomalies a:e largely controlled by the composition of By
-
the original liquid The decrease of Eu anomalies in feldspars.

\
accomnanled bv the decre se of Ba and Sr and the- 1ncrease of
b (Table 6.2.3) strongly squest that this variation.in th
chenlcal composition of moezonlte is nalnly due to the- crystal-

_/
lization of feldspars w1th 1cher contentq of Sr, Ba ‘and Eu than

~

the, mclt Thus the r051dUaI\11qu1d from which progre551vely more
fractlonated monzonites (w1tb progre551vely hlgher D. I. values)
rvqtalllaed were. accordlngly enrxched in Rb and depleted in Sr,
. Ba and Lu. The caradually lncreased La/Yb ratio of whole- rocks,

however, 1nd1catcsthat the fractlonatxon of other REE was domlnated
@

by mafic and.accessory minerals.

.

—— 6. 2 5.3 Quartz Monzonlte e

-
~

‘Major m1nera1 const1tuent5 from threc dliferent quarcz
ponzonltes have been analyzed for REE Analyzed mineral phases
.are plagiocYase, K- feldspar and’ blotite from samples 26 (value of
D.I. = 89.1), 27 (Q I. = 92, 0) and 118 (D I. =91.7). The results
for these minerals normalized to Fhonﬂrxtlc values are given in

Figures 6.2.12-14, together with the REE patterns of thelr.host

1

rocks.

i
H

In geheral, the REE patterns for. feldspars are

similar to those from monzoni?e, once. again with a higher total

-

REE abundance and a smal}er Eu/Eu* ratio in plagioclase than in .

K-feldspar. The Eu/Lu* ratios 1n both feldspars are comparable,

' N E . .
- .
. i d '
Ny - . e T .
: e n ~ .
. - g . .
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REE di.stribution in‘'biotite, K-feldspar, ,
plagioclase and their host quartz monzoiite 26
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Pigure 6.2.13 REE distribution in biotite, K-feldspar,
- plagioclase and their host quartz monzonite 115
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Figure 6.2.14 REE distribution in biotite, K-feldspar,
plagioclase and their host quartz monzonite 27
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to the Eu enrichment observed 1n‘231d3para from other granitic
rocks (4-13, Towal et al.,‘l965: éuma et al., 1971). The,}
Eu2+/Eu3+ ratio calculated by Philpotts' (1970) method from
x-feldspar-piotite pairs of sample 27 indicates that Bﬁ in
K-feldspars pf these rocks is also mainly in a divalent state ‘

* = 5.5 for K-feldspar 27).

\Trg Relative to the chondrite'REE,diatribution, btotite
m quartz

1
[

monzg;ite is progressively enrighed in- light REE,
with slight negative Eu %ﬂomalies.. The absolute content of
rarc-carths and their relative fractionation in biotite are
variable. . A | ‘ ‘f

Amongq the maﬂor mineral congtituentg} biotite has
the highest cbncéntratioq of REE. A maaﬁ balance, however, shows
that REE are not chiefly cont#ined in major miner#l phases
(biotite and feldspars) but iﬁ accessory minerals, probhply
abatite and sphene. A similar distribution, where REE are pre-~ ,

dominantly present in accessory minerals, has been found in some .
' J

other granitic rocks (e.g. Gavrilova and Turanskaya, 1958; I

Buma et. al., 1971; Condie gndbLo, 1971).

6.3 Summary

1. Monzonitic and éuartz monzonitic rocks from the
. o L _,;u:" _ - . .
pluton have a subalkaline character. : .

2, Cdmparison with .the Of-Ab-hn—QiHZO systen suggests
. i |

-

Et e TR
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that felsic rocks from the pluton resulted from "crystal-liquid
equilibria® (Tuttle and Bowen, 1958). Y '
3. The vari&tions of major and some trace elements (Rb,
sr, Ba and Tl) in quartz monzonite are consistent with the trends
produced by fractional crvsﬁﬁliization; The variations of Ca; K,
Ba and Sr in these rocks suggest a significant role for foldsapars
during such a process. The variationa of REE, howevor, are not
readily compatible with this meghanism. But the evaluatton of
- REE vériations is complicated by the fact that the bulk Qf the

REE in quartz monzonites is present in accessory minerals.

9. Monzonites, as a series, show aystematic-ﬁhemical
variations which ﬁre consistent with the trends produced by
éxtensive fractional crystallization dominated by feldspars, Tho
dominant feldspar fractionation is probably the reason why Rb and
Tl are significantly. less fractionated than Ba and Sr. Also, the
var1nt10ns of the Eu anomaly suggest that monzonites are partially
‘cumulative (basic_monzonitea with posttivo Eu anomalies) and
;partially differentiatéd (acid monzonites with'nagatibe Eu ___

.

}gomnliés), due to the accumulation or removal of feldspars.

5..‘ The‘vari;tions of the chemical composition of ..~ -
monzonites and guartz monzonites suggest a cdmagmatic origin for
these two rock types. ~Some quarti monzonites, hogevﬁr, appear
to be leéé fractionatéd £han acid monzonites,'indicuting that the

felsic rdcké of the_piuton, as afberieéﬂ are not simply products

o »
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" of continuous magmatic differentiation of a single magma leading
to accumulation of residual quartz, and that a mofe complex

process was involved.

——— . - .

6. _+4rhe characteristic feature of monzonites and some

;ﬁudrfi monzoniﬁes is very high K/Rb and K/T1 ratios relative to

'»vﬂna:mnl crustal values. These high ratios are also accompanied -

- ’\._ g

4
by reIatlvc impoverishment of Rb and T1 in both biotites and

k-fcldspar in comparison with those from typical granitic rocks.

7. The pa:titioning'of X and Rb between cocxisting
K-feldspar and biotite from felsicrro-ks indicates that these

two phascs attained at lcast approximate equilibrium.

8. The composition of biotites. from the felsic rocks of
the pluton is consistent with oxvgen fugacities slightly higher

than those in equilibrium with a Ni-NiO buffer.

-

9. Dioritic tdcks\show distinct chemical variations.
At least some of.these variations appear to be of primary. |
magmatic variation, suggesting that these rocks underwent magmatic
dxfferentiation. But some variations are also compatible with
the process of hybridization or assimilation by felsic magma,

hinderlnq reliable evaluation of a possible genatic relat;on
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potween basic and faelsic rocks of the pluton. Thera are, however,

indications that these rocks might not be genetically related.
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CHAPTER 7
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PETROGENESIS

7.1 Introduction

- e = A i, - — v —

A number of theories have‘béen invoked to explain tﬁc
origqin of felsic plutons such as the Loon Lake pluton, which aro
zonally and concentrically arranqed ralative to ﬁhe contacts,
with progressive acidification toward the wa;l—rocks.

' Wynne-Cdwards (1957) and Saha (1957, 1959)_attribute
such zoning to the marginal aasimilaﬁion of the ﬁbre acid
country rocks, while Shaw (1962) has proposed, specifically for
the Loon Lake pluton, only the gelective transfer of vome
elementq, mainly gilica’ from the wall-rocks. Alternativcly,'
Wright (1966) and Saha (1957, 1959) have invoked multiple

intrusions of magma.

L

hrmanovics (1967, 1970) has suggested that the
zonation in the Perth Road pluton in the Westport arca may be
attributed to the intrusidn of a single magma wi;h subsgequent
magmatlc differentiation in situ or nearly so. Also, Chapman
(1968) has advocated for zoned plutons in the Appalachians, the
intrusion of a single but inhomogeneous magma. Acidification

of the periphery of the plutoh due to metambrphism (Fox, 1969)

[
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or the esé;pe of vola;ilen (Emmo?a, 1953;iErmanov1ca, 1970)

have also been invoked. Likewise, a process of "granitization",
a large scale migration of silica and alkalies (Currie'hnd
nrmnnovicn, 1971) and some other mechanisms have been suqgqgested
to. explain the zonation of such plutons.

o Considera?}o field evidence can be offored to suggesf
that a magmatic phase exist;d during the formative stages of the
pldton npd that tho pluton was forcefully injected into alrcady
metamorphosed country rocks (e.g.-contact méfamorphosed_auroolo,
rotation of inclusions, dips of the wall-xocks toward tha
contacts, ctc.).

) VThc observationél data and inferences pertinent to
the Loon Lake pluton (c.f. chapter 5 and Saha, 1957, 1959)
suggest that the pluton repreaenyg multiplé intrusions of pro- T

Sqrcssiﬁely more siliceous magma. The relative ages of the threo

distinct intrusive units of the pluton, as inforred in the field

" on the-baais of cross-cutting relations, are (in order of decreas-

"ing age): diorite, monzonite, quartz monzonite (c.f. Saha, 1957,
'1959; Shaw, 1962).

Other problems common to many zoned plutons represent-

" ing multiple intruaions‘are whether the individual intrusive

‘ . | . - ‘
phases are genctically related, whgther thexﬁhnwé becn formed
from a single parén;al magma and what is the nature of the

oriqginal magma.

’ p: /., .' .
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7.2 Dioritic Rocks

The presence of basic (gabbro-diorite) bodies in
several monzonitic piutons in this part of the Grenville Province
miaht suggest a co-genetic relation between these two rock types.
But in most of these plutons, basic énd motzonitic rocks are
considered té be genetically unrglated (Saha, 1957, 1959;
wynne-Edwards, 1967; Currie and Ermanovics, 1971, cetc.). The
same conclusion - unrelated origin - was suggested by Saha
(1957, 1959) and Shaw (1962) specifically for the Loon Lake pluton.

The relation of diétitic rocks toward the bulk of
the pluton formed by monzonitic and quartz monzonitic rocks is
uncertaln. Diorite 15, in many placea, cut by monzonite and
therefore older than felsic rocks. As noted earlier, when
dioritic and monzonitic rocks arc treated as a series on the
varlatlon dxagrams,éthey show smooth trends for major elements
from the basic to éhe more acid ones.” These trends for major
elements are consistent with those produced by magmatic differen>
tlatlon. But some of these trends are also conpatible with the
process of hybridization of assimilation (Nockolds and Allen,
1956). Pransition rocks have compositions that could have been
" formed by the mixture of "basic" ditrites and monzonites. But
there is evidence that at leaét some variations are of primary : T*xj
‘magmatic origin (Qariation of the Fe/Mg ratio, variation of the - |

basicity of. plagioclase, etc.) thus indicatin that diorites .l
i ‘o ‘
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underwent magmatic differentiation. On the oeher-hand, £5e
pctrogfaphy of these rocks suggests that a certain. degree of‘
alteration of diorites by felsic magma took place. The large
flakes of biotite and patches of K-feldspar reﬁlacing other
minerals appear to be related to this alteration ic.f. Saha,
1957, 1959; Shaw, 1962). The contents of these "later" minerals
decrecase inward from the cdges of basic inclusions. The process
of hybridization is also consistent ‘with the remarkably high
content of potassium in soma of the Qgeic rocks, It is aleo of
interest that some transitional rocks have a chemicnl composition
.51m11ar to pyroxene syenite of Buddinqton (1939) from the
Adirondacks, and to shoshonites from dyoming (Proetka, 1973),
both of which afe considered to be the feeult of hybridization )
and assimilation of gabbro and amphibolite by eyenitic magma
(c.f. Buddington} '1939: Prostka, 973). Thus it ie difficult

to ev a2luate to what degree a smooth variation trend for major
elementr between monzonites and diorites resulted from magmatic

dlfferentiation or to what degree they repreaent “the altaration

of d10r1tes by monzonitic magma.

Despite the fact that the variation trende batween
pasic and monzonitic rocks may have been affeceed by hybridiza-
tion, it might be suggeeted, however,. that dioritic recks could
originally be genetically related to the.buik of the pluton.
But the clarification of this possibility is complicated by

uncertainties_with respec£ to the ofiginal chemistry of_diorites.

e T
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Assuming that the chemistry of diorites, which petrographlcally
appear to be least altered, represents the original unmodlfled

compoSltlon of basic rocks, then the varlatlons of some elemen 3

and element ratios may argue against a genetic relation between
diorites and monzonites, The Ca/Sr vs Sr (Figure 6:1.27),

K/Rb :vs Rb (Figure 6.1.21) and K/Tl (Figure 6.1.35) diagrams
show twvo distinct trends - Qne for felsxc and the second for
basic rocks. Such varlatlons suggest that these two rock types
do not belong to a comagmatic series and they were not produced
by magmatic differeﬁtiation of a singleymagma.(assuming, of
course, that these'trends do not reflect only secondary changes
in the diorites). Thus the available daﬁa.are consistent with
the conclusion of Saha (1957,,1959) and Shaw (1962) that the
basie rocks from the Loon Lake pluton "are not early differen-

. r

tiates of the monzonite, but represent inclusions'or roof pendants

of gabbros prev1ously injected into the paragneisses" (Shaw 1962

'p.13). But due o the uncertainty of the original compogztlon

_Suggestion. There is no obvious evidence that these rocks are

‘h\- .

of dioritic rocks, these_conclusions about their eventual relatfbﬁ
to the bulk of the pluton, should be treated cautiously. 7

The presence of the dunite inclusion in the pluton
might invoke the suggestion that .che sequehce ultrabasic rocks
(dunite) and diorite could be part of a layered intrusion. Tne

data on hand, however, cannot unequivocally evaluate this !

r

a4 . -~

~§enetically.;e1ated. B C . '




7.3 Monzonite - o ' S N

There appear to be two aspects to the problem.of the

petrogenesis of the monzonite from-t?e Loon Lake pluton; These N

a

are: l : : o0
(a) the fractionation processes operating within the

_monzonitic magma:

Ll

(b) the origin.of the monzonitic magma.

2

T

7.3.1 Fractionation within the Monzonite

-

» -

Monzonitic rocks as a. series show 1arge anﬂ systematic

varlatlon not only in the chemlcal composxtlon of major and trace °
r

*_elements, but also 1n e ment ratlos as a ‘function of the D.I. °

Fd

aIues.' These vdrlatlons are cons;stent Wlth exten31ve fractxonal‘

_crvqtalllzatlon. Such a process probablyinVQlﬁbd the crystalllza-

-
. -

"tion of large amounts of feldspars Wlth K/Rb, K/T1, Ba/Rb;, Eu/Ep{~
ratlos andjcoqeentratlons of Ba, Sr etc., hlgher than the me}t
" and ,with Ca/Sr, Rb/Sr, K/Ba ratlos and contents of Rb, Tl, 'etc;,
lower than the melt. The crystalllzation of feldspars was a léo

11ke1v accompanled by smaller amounts of maflc and possxbly
accessoqy mlnerals (sphene and probably also apatxte) wlth La/Yb
*l

and Fe/(Pe+Mq) ratlos ‘lower than in the melt ' Thus the resxdual_g

11qu1d from which progressxvely more ‘acid monzonlte crystalllaed _
a s

was accordlngly depleted in Ba, Sr, a relative concentration of

- s - . ' ] oo , -

" Bu, heavy rare-earths, etc., anrd enriched in Rb, Il, total-rere-

3
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earthg;ae re}ative.concentfetion df'light RLE, etc, lThe positive
. Eu anomaly, high concentretion-of Da, Sr, unusually high K)Rb e
ratio, etc. in the beaic, least fractionated monzonite (with the
loweet D.I, valuee) emphasize the inportnnt role of feldspur
'fxnctionntion and thesde featuree may be attributed larqely to

fcldqpnr accumulation.
As alreedy noted .earlier, however, the monzonites as
a whole are not the product of faldspar accumulation, but probably
cryqtallized from monzonitic megme. The negative Eu anomalies
un acid monzonxtee, the petrography, the poeition in the
- Q- nh-Or syqtcm, the chemical verintion trends, etc,, indicate.thdt
feldspars are not in excees; Tha rather high K/Rb ratio cven in
xocks with a negative Eu anomely and also in minerals, euggost
that the originel h/RﬁW@;tio of magma was very high.
with regard to the actual mechanism. it seems sxgnifi-
_cant that tho least fractionated and most basic monzonitic rocks
occur -in’ the centre of the monzonitic body.. Such a distrlbﬁnion
18 in accordance with the earlier. eugqestion (section 5.8) of a
* process of flow dtfferentiation, which is baqed on the princ;ple
that the euspended particlzs in a flowing llquzd tend to move
.from the walls and border zones toward the central portion. |
This 13 also consietent with the suggestion that monzonite was “bq'f
emplaced partly as a- crystal mush (Shaw, 1962) probably containing )
feldspars and clinopyroxene as the mein componente.' Shaw pointed ‘

\

out that during the emplacement, monzonitic magma Mmust have

-
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already crystallized to a.notable axtent because the solid cryetale
werae oriented during flow to give the foiiation and lineation

. . . [ &

now visible" (1962, p.lG), It is also difficult to visualize

'cxtensive fractionation in situ which would be roquired to

'T‘gcnerete large variations in the chemistry of monzonitic rocks

if, they were emﬁiacod as crystal mush.-

7. 3 2 The Origin of the Monzonitic Melt . .

Numerous hypotheses for the origin of syenitic and
;monzonitic rocks have been invoked but none has becn widely f
accepted. Only a fow pertinent hypothcsee of the origin of
monzonitic magma will be discussed below.

4

7 3.2, 1 Partial Melting of Crustal Rocks

o
Several hypotheses of partial meltinc of quartz-poor

feldspathic rocks have been proposed for the origin of monzonite.
Currie and Ermanovics {1971) have suggested that the monzonitic
plutone in the neighbouring Weetport area, which compositionally
'"are.rather similar to the Loon Lake pluton, ‘wore. generated oy
partiai melting of country rocks accompanied by diffusion which
"caused ailica and alkalies to migrate away .from the sites of
anatexis,.leaving a relatively calcium*rich syenitic melt_,'
(monzonite) The mobile material collected on the margin of the
anatectic masses, producing rocks of granitoid composition end

| they draw the general conclugion that monzonitic to syenitic

I
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melts can develob by aneteris followed by desilieation by tranae
port in the vapour phase" (Currie and Exmanovics, 1971, p.68).
In general, this process doea not ahpear to be readily applicable
to the Loon Leke pluton. With respect to field and petroqraphic
. observations, the pluton is clearly intrusive and imposed distinct’
- - contact metamorphism on the surrounding rocks and thus could |
. hardly be gencrated ig situ or .nearly soq |
Coneideration of the normative conpositions‘of,
monzonltic rocks from the pluton in the system An-Ab~Or- Q, par- ‘
tLtJonlnq of trace cleme¥ts between coexistlng phases, snooth ’
variation trends etc., indicate that an orlgin involving<qny
metasomatic or diffusion processeS'is unIikely. This also applies.
to the suggestlon for the introduction of late K- feldspar as.a
process for the generatron of monzonites. As Tuttle and Bowen
(19s8), however, pointed out, the position of rocks in ‘the
thermal troughs of the An-r Ab—Or-Q system most probably resulted
from "crystal—llquld equxlxbrlum . Thus a model of partial
"meltlnq of- quartz 'pOOr feldspathic rocks without‘any~additiona1
dlffualon or metasomatrsm can be cons;dered. '
The hypothesxs of partial melting in the deeper
crust appears to be consistent with the REE data. Fignre 7.1
shows chondrite-normallzed;REE patterns of garnet-sillimanite-
cordlerxte "hornfelses, monzonite and the averages of the North

American shale and metamorﬂhosed ﬂorth Americanfghale (Haskin et

al., 1968a), which are generally considered a good approximatzon




Figure 7.1 REE distribution in monzonites, aluminous
hornfelses and the’ averages of North American

shales
-iO - monzonite
O - monzonite
‘ - monzonite
- ) - alum.tnoun.l
@ . - aluminous
B - composite
_ [i " (Haskin
O - comPosite

94 . .
198 |

251

hornfels 67
hornfels 712-4

of North American shales
at al., 1968a)

of metamorphosed North

American shales (Haskin et al., 1968a)
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of the REE phtterns of crustal rocks. Tﬁo hornfelsas are pro-
greqsively enriched in heavy REE with or without & pronounced

Eu anomaly. Even if the RCE distributions of monzonitas and
hornfalses rclative to the shale averages are not strictly
complementary, it suggosts, at lecast qunntitutivoly, ‘that the
partial melting of such crustal rocks could produce monzonite,
from a REE point of view, The’REE patterns of these hornfelses
are’ dominated by garnct which preferentially incorporatos hecavy
"REE (Haskin et al., 1966; Schnetzler and Philpotts, 1970), and
thus the pnrttal melting with garnet present as a residual phasc
(Gast, 1968) might generate the heavy REE depletion observed in
monzonités, But-the_explﬁﬂation of.thc K/Rb ratio in ﬁonzénitc
rﬁ; a simple anatectic procﬁss is not so ;tra;ghtforward. As
will be discussed below, monzonite/Would require derivation from
a parent which also has a high K/Rb ratio. |

, Helier and Adams (1964), Taylor (1965), White (1966),

Condie (1969), etc., have pointed out thgp.Rb ‘is expected to be
: T

enriched in the initial melt extracted from crustal rocks thus

| producing a low K/Rb ratio. On fhe'other hand, Gast (1558) and
Jakes and White (1970) have shggeétqd tﬁaé the beﬁaviour of Rb.
relative to K in the initial melt is éohtrélléd IaFgely by
'refractory minerals, possibly without the substantial enrichment

of Rb in the melt.‘

} o
C Shaw (1968), Philpotts and Schnetzler (1970a) have
/

concluded that the only common silicat&~minerals which generate
\ .
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the largep increase of the X/Rb ratio in coexxsting elts are -
micas. Since the restite inclusions from the pluton and' aleinous
hornfelses from the contact aureole contain biotite as vixtually
the only K and Rb-bearing phaae, their pomparison with,ﬁénzonite
can be instructive. The average K/Rb ratio for six agalyzed
aluminous hornfelses (c.f. Appendix 1) is relatively ‘igh (=287).
The restite inclusion (67) from monzonite which almigt completél}
lacks feldspars, has a K/Rb ratio of about 170 BOm;what lower
than the "normal" crustal value of 230 (Shaw /1 1968). This
difference, however, is too small to be com lementa:y to the

high valués for monzonites, which raﬁgé from\about 500-1100
Another problem of. ‘the depletion of Rb reiative to K is the
uncertainty w1th respéct to the exzstence of ;Fot;te in a res;due
after the extractlonAgf-a partial melt of monzonltlc,compOSLtlon,
since the presence-of_clinbpyroxene in m@nz nite indicates a
rather anhydrous dondition during the geﬁeration of monzonite

(c f. Fyfe, 1970; Brown and Fyfe, 1970)\\ Thus in both ca;és

_11 e. either Rb is enriched in the 1n1t1al melts or the K/Rb
ratio is gontrolled by ref:actory minerals),_the orzgzn 9f
monzonite by partial meltihg of common crustal roéks i§ not
compelling. The relatively high K/Rb ratio for the aluminous
rocks. also 1nd1cates thét the garnet—sxllimanite-cordlerite
hornfelses are not the resxdue after the extractxon of monz?nite,
but it is consxstent with the ear}Ler 3uggest10n that these
rocks fepresent réstite after partial mélting of crustal cks-

¥ -




221

with the extraction of a melt, probably of grani:}c cemposition.
Thefdifficulties of generating the high K/Rb ratio
apply alsu to the partial melting of dioritic rock or amphibolite
{(Green et al., 1972), aasuming that their K/Rb ratio does not
differ very significantly from the crustal value. Anatexis of
these rocks would not yield a melt with en appropriate trace
((elcment concentration, with the presence of either amphibole or
perhaps Jlarge amounts of olinopyroxene'in the residue with garnct,
since tho- presence of amphibole (Hart and Aldrich, 1966) and
probabl} also occasienalij'clinopyroxene in the residue (c.f.
Philpotts and Schnetzler, 1970a; and see belowr, lower the K/PRb
ratio in the melt,’ bh the other hand, the high degree of partial
| melting would probably not—gener&te a magma with,auch large
‘absoluta contents of alkalies and low concentrations of Ca, Mé
and Fe. The difficulties with high absolute contents of alkalies
and low concentrations of Ca, Mg and Fe also apply to another '
alternative explanation - the selective melting cf horpmblende,
which has a high K/Rb ratio. |
More plaueible seems to be a two-stage melting procese
in the lower crust, perhaps gimilar to that proposed by .Reynolds
et al. (1969) and Green et al. (l;;Z) A fifst partiel melting
stage would~produce a residuum with a high K/Rb ratio followed

by a second stage with a higher degree of melting where feldspars

contribute significantly to the melt formed. Theee meltenfrom

s
[y .
1]

the second stage might correspond to the monzonite. In prder\te
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put the hypothcsea into a geological context, Raygélés'ef al.lL
{1969) have suggested £he.atratification of the continental crust
with respect to the K/Rb ratio and a large depletion of Rb'”
relative to K in the lower crustal region, méinly due to ehrich—
ment of Rb in "anatectic melts generated at the depth and.
subsequent migration of the-liquids to higher lévels“ (Reynolds
ct al., 1969, p.276). Then subseqqent melting in.the lower
crust would generaﬁe magma with a high K/Rb ratio. In order to
give rise to¥he high contents of alkalies and the high K/Rb
ratio, such a proéess would require the melting of mainly
feldspars, thus producing'distinct positive Eu anomalies'in the
derivative melts (assuming thqt during the partial melting of
granulites,kar axample, the REE were not strongly affected by

RE-bearing accessory minerals &{\i::d“source-material". then

perhaps the positive Eu anomalies ht be cancelled out or

i

become unnoticable).

hpart”from %gsic monzonif:;/fgygﬁér, pronounced
‘positive Lu anomalies were not observed, Also it is not apparent
if this é;écess could gencrate a‘flagma with such high absoclpte
contents of potassium and rare-earths as are present in | "

monzonite. It is alsg-6f interest that the chemical sequence of

intrusions in the Loon Lake pluton is the reverse of that

expected frb he partial melting of crustal rocks, unless the

would repreggnt'mngﬁas produced during a waning cycle
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= . .7.3.2.2 Contamination of Basic Magma
-57 | This theory attributas the origin of sye;itic and
monzonitic rocks to an assimilation of crustal rocks by basic
magma (c.g. Chapman, 1968). Although the hypothesis cannot be
comnletely eliminated by th available data, it is not very
compelling for the gencsis of monzonite from the Loon Lake pluton,
. The asqimilatod matggial would have to be enriched
\\\{p alkalies, particulprly in potassium, far above the abundances
in -common rocks, For example, if the lcast‘altered and differen-
tiated: dldrite from the pluton (321) assimilated country rocks
in a 1:1 ratlo -to form monzonite, the country rock would have
to contain about 12% K20 and 7% Na,0. If the raFio of magma to
assimilated material is greater thah l:l_hsfis more probable, .the
concentration of‘alkpliés in the assimilatcd'mate:ial would have
to be évcn‘higher. Also, -if gabbroic roékgﬁwhich'are associated
with or assumed t6 be parental magma of syenitic rocks (e.g.
gabbro from the nelghbouring Umfraville complex - Lumbers,-1967a -
or "parental magma” of gabb'o syenite serles from the Appalachxans -
Butler and Raqland 1969), were used.in similar calculations, .
the content of jalkalies in the assimilated rocks would have to
be even higher. Another prbblem invqlving this hypothesis is
the relativé lack of intermediate rocks.. Also, as- Condie and Lo
have pointed out "alkali igneous rocks are rare in early

Precambrian terrains“ (1971 P. 1116) Thus it appears that

a551milat10n was not a. dominant process for deriving monzonxte

/\ ] .  | .."-
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Efom a basic magma,

. 7.3.2.3 Contamination of Acid Magma

The alternative.hypothesié of assimilation is that
of Fenton and Faure, who'suggested that syenites are “the fésults
of assimilatidn af metasedimentary gneisse?, schists and |
marbles by a normal granitic magma" (1§69, P.16). Granite, however,
would havertoiésaimilatérlarqe amounts of hornblende qneiaé and
marble (Shand, 1930, 1943) in order to docrease the content of
silica in.qranitic magma. But low concentrations of Ca, Mg and
F¢ in monzonite negate sqéh large -scale assimilation, Such .
assimilation would also probably not explain the high contént of
alkalies and mafic-poor cha:acter of monzonite. This mechanism
is further complicated by a large amount of superheat in
granitic magma required for Eha assimilation of vast amounts |
of crustai rocks. Also, expcrimental studies (c.f. Wyllie and
. wdtkinson; 1970)‘nrgue against such a process, Wyllie gnd
Watkinson conclﬁdéd that "if we consider'the-effects of limestone
assimilation in a granite magma, the available experimehtal dataf
suagest strongly tﬁat the dominant effect is to cause it to
crystallizc_with‘litéle change in composition of-the liqu}d

portion of the magma" (1970, p.371). Thus this process is a
Ny : :

rather unlikely expiinaﬁ}on for the origin of the monzonite from

the Loon Lake pluton. -
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7.3.2.4 Dorivation frem More Basic Magma

T

Morso has pointod out that syonitic and monzonitic
rocks and "their extrusive equivalent trachytes” bocause of

* their small volume in the crust and fraquont well-definad
nssocinyion with logically parontal.magma sories, ronder their
derivation from basalt quite credible and in somo casas the
parent-dauqhter relationship is cloarly demonstrable" (1968, p.112).
This conclusion is supported by the oxperimantal studiﬁn of

Green and Rinqwood (1968), which indicate that syenitic and
wonzonitic magma indeed can be proﬂucod frdm‘bnsnlt. The chemical
composition of monzonitic rocks is conmistont with this hypothosis
cven if the_nvﬁiinblo data cannot prove it conclusively. The'
normative cdmpbsition of theso rocké (Fiquras 6,1.2~3) sugqests
that mon;onito is formed in response to cryatal:iiquid oquilibria,
Hlomcnfs such as K, Da, ﬂEB, which are stronaly cdncentratod by

a process of fractionation, are enriched in monzonitas, while
fcrromagnesian elements (Ui, Co, V Cr - McCammon, 1968) aro
depleted. Also, well- fractionated RLE patterns are comparable
with such a process. The similarity of the chemical ‘composition
of monzonite to well-defined comparable plutonic rock series, and
cven to some trachytic rocks (Philpotts et al., 1971, Nagasawa,
.1973) euggosts that monzonite from the pluton has baen dorived

from more basic maqgma.,6
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7.3.2.5 Other Considerations

The high K/Rb and K/T1 ratios in mohzonites and some
quartz monzonites are of considefable petrogenetic interest,.

There is a numbef of possible explanations f?? the impoverishment
of Rb and.Tl re}ative to K in these rocks, but only the most
appropriate hypetheses.are-considered ﬁe;e.

 The ratio K/Rb for feldspars (Philpoets and Schnetzler{
1970a) shows that they discriminate against Rb. Since feldspars
usual;y.form more then 90% of these rocks; it might be suggested
that feldspar’éccymulation may have played a significant role'in,
the geﬁesis of these rocks, and that they might be of cumulative
origin: Apart from the basic monzonites,‘however, these rocks
do not appear to be of such a; origih, as already discussed in
section 7.3.1., '

Beswick (1973) has suggested fﬁat early separation
and removal of biotite would leave the residual’ 11qu1d 1ﬁPOVer—
ished in Rb relative to K. 'Biotite in mopzonltlc rocks,‘however,

pbeaes to be the last mafic mineral to e;ystallize.' Likewise,
the relatively high K/Rb ratio in eiotite could hardly be ‘

explained by this process. - _ '_‘ .

Heier (1966) has suggested that the enrxchment of K
relative to Rb, reported in some nephé€line syenltes, may elther
reflect the original ehemistry_of~the ‘primary maqma‘or-the removalf

at some stage during crystalllzation, ‘0of Rb in an escapan gas

phase. The p0551b111ty of gas escape is difficult to assess.

R
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The partiﬁioning of trage ele?ents betwéen qoexisting-éﬁ;seg
indicating at least an apprdagh to the apprbximdte“equilibrfum,
the systematic vdriation of major and tface élgmentqfwith aif-
ferentiation, relatiﬁely consﬁant."crustal" values 6f Rb/T1

ratios in the rocks from the pluton aﬁd similarly high K/Rb in
other mdnzonitic ané nepheljne syenitic bodies,in:this~region
(Payne,” 1966; Sauerbrei, i966),'indicates that.#he Rb depletion ,.
is not éue to the losses of laté stage magmaticffluids.or to

“the migration éf alkalies iﬁ either gaseous df f;ﬁid phage”
(Bell et al., 1973, p.1026). | ‘_

| k‘The-sipiIArit}'of_the “fractiongti%n coefficient"
T/B from thé—Loon Lake pluton to those frow other ‘granitic robks,v ’
whiqh, however, have "normal" crustalnvalﬁes of the K/Rb ratio,

the lack of any apﬁareﬁt relationéhip beﬁween modal biotite and'

the K/Rb ratio of host rocks and'alsoﬁigh K/Rb—pot only of ‘
feldéﬁars but also oflbiotite: nggesg/thaé the high K/Rb ratio

in ﬁonionite is probabiy 1nhe:itéd from the ofégindl liquiq

from which they crystallized:_ The Rb depletién apgggyé/lo_be a
charactéristic feature of many nepheline syenites, syeniﬁgs and
.monionites (Heier and Ta?lor, 1964; Heieg, 1964, 1966; Payné, 1966:V.'
Sauerbrei, 1965; Reynolds et_al., 1969; G;een et al., 1972).
Thus the.l'zb and Tl ‘déﬁlet:ion, if it is an original fe&tu:elof
magma, as suggested, lead to.some-speculations gith_respect to
the nature of the “sbqrce material”. o

Payne (1966)‘ha5'suggested that the high K/Rb ratios
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= of‘nepheline'svenite from the“éahe Mountalns body (south of the
* Loon Lake pluton). which are more elmilar to those of mantle-
derived rocks (c.f. Lessing et al., 1963) than to crustal rocks,

lndlcate a mantle origin for the nepheline syenite mdgma. Such

- an origin 0‘ “eph81ine syenlte is also corroborated by Sr 1sotope

. data.(hrogh 1964- Krogh and Hurley, 1968) .,

' As diqcussed previously, the mlneralogical and chemigel
51m11ar1tles of the Loon Lake pluton to zoned: pl:tons in the-
Wcstport area‘(e qg. hestport and Gananoque plutons) which have
_been dated at between 1100 1000 million yeaé% (Kroah and Hurley,

- 1968) - about the same ‘age as. that esti ated for the Loon Lake
ipluton'-ls remarkable and has already been noted by eranov1cs_
(1967 1970) The data of Sauerbrei (1966) show that these
lutons in the Westport areq also heve a high K/Pb ratio- (550).
In this - reSpect it is ‘of interest that hrouh and Hurley (1968),

, & 86

on the basxs of a 1ow initial ratzo Sr /Sr ' have concluded q

that these plutons "do not represent the Prghean basement and
were not derived by weatherina or meltlnq of such a basement"

(p. ?120), and 1nferred their mantle orlqin.

&

} The 31m11aritv between these bodles and the Loon
v

' Lake’ pluton even in their high K/Rb ratios, which are also

o LS

- comparable1w1th those from the apparently mantle derlvedqglue
Mountalns nephellne syenlte, might indlcate that the ,magma from
whlch the, monzonltic rocks of the Loon Lak pluton were derived

ig of upper mantle or lower crust orxgin. The hiqh K/Rb ratxo

‘




229 -

miqht aISO'Bdggest that monzonitic magma was not contaminated

to a large degree by crustal rocks with a "normal" K/Rb ratio,

since significant contamination'wOuld probably cause -a sizeable .

‘docrease. in this ratio, T
The trece,elehent abendances can provide some
limitations on the_character of the "source material”, but
"bccauee’of the large fluctuations and'essentiaily unknown values
of diqtrihutionﬁooefficients" (Jakes and White, 1972, p.26),-the
.‘constraints are-treated only qualitatively. | The high contents
:{ of K, Ba, Sr, REE and\etroﬁgly fractionated REE patterns and low.
_concentrations of ferromagnesian edements in monzonitic rocks
‘indicate that they may be derived from a very small degree of
partial meltina and/or extensive fractional crystallization of
more primitive neterial. (0f course, these two_procesees are
not mutuélly.exclusgie.. If melting took place, then itlwas
followeo by solidification} which might have allowed extensive
fractionation). ; | | | ’ | T
| ’ The distribution coef'lcients suggest that the

reszduum.or cumulate of the monzonitic rocks contained minerals,

probably garnet which discriminate against light PEE., The high

K/Rb ratio negates the ‘presence of amphibole in equilibrium with -

¢

mon?onitic 11quid while a high concentration of Sr and the - .
absence of negative Eu anomalies exclude .large amounts of- plagio—

| clase, although both these minerals might partially determine

the geochemical characteriatic of monzonlte. The high contEntw

. /
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of K and high K/Rb ratio also, of course, exclude K-feldspar ‘as

a possible phase in azresiduum. -Despite‘thé faczqtﬂat'the

presence of larger améunts‘of'biotitq in equilibrium with the
ho@ﬁénitic liquid is a‘teﬁpting explanation for the high K/Rb
éﬂﬁio{tthe high concentrations of Ba aﬁd K aﬁd possiblyfalso

" water ;ndcrsaturated conditions during ‘the generation éf
monionitic maqgma-, afe not readily consistenﬁ with biotite
coex;stinq with a monzonitic melt. The "inert“‘phnses (wiﬁh '..‘.-
_respect to K, Ba, Rb, Sr anﬂ REE) such as olivine or ortﬂof
“pyroxcnc} gould have coejisted with théqmopzonitic liquid eveh
‘in large amounts, aé'could likewise probably.clinopyroxone
(assuming that clinopyroxene had Ipwe£ K/Rb ratios than the
coexisting melt). .Thcre is an uncertainty with rgspect to the
presence of clinopyroxenc ih‘gquilibrium with monzonitic 1iéuid.
Clinopyroxené'ﬁsugliy has a ldwer K/Bb ratio thaahfhe pocxisting‘
melt (c.f. Shaw, 1968; Gast, 1968); however, Philpotﬁs and'Schnepiior
(1970a) havé reported hatlpccasionally clipépy ene has this

ratio highef than théA of thé mplF, thus leading t the degrcaée

of the ratio in the cpexisting melt.

FY
i

Iﬁ*conci sioh, it appears!@hqt'monzonites; as a wﬁole,
are not the product Zf the accumulation bf;feldspars, bt they

pPr ‘ably,crysfallized from honzonitic‘magmg. Suéh_a,magma was
proSably formed by f:éq;iénal crystalliiation of'gizic deep-
'séatéd magmaig?; partfai melting of lgw;r cfust/upperﬁhntlo

| rockﬁ;._Garne:, OrthOpyrokene,'o}iviqe and possigzy clfnopyroxenazil

g e
L
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might have been raesidual or cumulative minerals during the

gencration'of monzonitic magma,

7.4 Quartz Monzonito
4

With respoct. to the potrogonesis of auartzgpdnzonitic

rocks, the important problem appenra to be the relation betwcen

-

them nnd monzonites, The gradual increase of normative quartz ¢

S

toward the grqnito minimum in the Q-Ab-Or projection (Figure 6.1.2)
;ann smooth trends oetwcen monzonitic and qtartzfmonzonitic rockﬂ

in manyuvariation dianrams could suggest a continuous fractional
crystallization of a single magma. This interpretation, howcvor;
is not supported'by.a close inspectiof of the data. - Apart from -
the contents of silica and alumina, the chemical composition of
_scnc quartz monzonite io ratﬁer simiiar-to_monzonite, as is

also shown by the iotgc overlap bctwean tnese.two ;ockitypcshon ‘ZA_
the variation diaarams for both major ond trace alements and PR
for element ratios;"It.is difficult. to cnvisaac any sort of

continuoua process of fractional cryatallization of a 3ingle

.parcntal magma lcading to accumulation of residual qua‘rtzh

producing monzonitcs and subsequcntly quartz monzonitcs, soma of

which are losq fractionated than the acid (most fractionated)
'monzonitos. The, more fractiOnated REE oatterna of mpnzqnite,

the presence.of ; neqative Ed anomaly in acid monzonite and its J\ i
.pbsence or near gbsenco in the granitic rocks alsg arqgues agninst

‘f such a process. Likewiae,tthc‘&cid monzonites havé a-less basic™ -

,
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plagioclase than: thoae of some quartz monzonitee, while during

" the procese of continuoue magmatic differentiation, progressive

enrichment '0f the Ab component in feldapare would be axpected

(nowen, 1928; Yoder et al., 1957 - assuming that P varied..

H20
systematically durine the period of crystallization). This
indicates that monzonite and quertz monzonite may not be .

related: directly ‘to each other through liquid—crustel reactions.

hiThe similarity and continuity of the chemicel properiiee of
‘ltthe rocke, however, etrongly euggeet a cloee genetic relation-
rhip, since the idea of a eecend unreleted intrueion of

- chemically rather similar magma wculd involve too much coinci~

dence. Aleo, the pystamatic varlations of chemical compoeition

{bctwcen theee tWO rock-types indicate that quartz. monzonite is

not a product of partial meltinq of wall- rocke, enhanced by

monronitic maqme, but genetically unrelated to it.

Accepting a genctic relationahip between monronite
and quartz monzonite, several hypothoses can be invoked in
order to explain the obeerved variations. From a purely .chepical
point of view, Shaw B (1962) suggestion of -the migration of
silica out nf the surrounding rocks ia quite compelling. Tha
geological data, however, are not readily compatible with such
a mechaniem._ This process could hardly~explain a general luck

of correlation between the compoeition of wall-rocke and adjacent ..
1

rocks of thae pluton, relatively sharp borders betweaen monzonite ﬁﬁ

ﬂnd_Quartzlmen;o:ite, atc. Likewiee, the partitioning of trace
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clements between coaxisting phases, indicaging tﬁe attainment

6f at least aPproximate-equllibrium, the' normative compositions
of these rocks, wﬁich fall into the low tempaerature troughs of
An-Ab-Or-Q systems, smooth trends on variation diagrams, etc.,
neqate extensive metasomatic effects. Thbhe‘argumontu also
contrndictLtho.ﬁypothesis of Currie and Ermanovics (1971) based
upon the large scale miqration.of elaments by diffusion. ‘

Tquléin (1964) has suggested for associatad syenitic

and granitic rocks from New England that syénite reﬁrosanted an
accumuiation product of the graniiic magma. This hypothesis

is nlso not applicable for the Loon Lake plgton.' Monzonite, an
a wholc, does not have any characteristics of an nccumﬁlﬁtivo \
rcqiduum with ?espect to the granitic rocks (e. g. chemistry,
“overlap of basicity of plagioclase) ; cumulative rocks do not
form smooth chomical trends with . the residual liquids on the
variation diagrams (Nockolds and Allen, 1956; ﬂﬁilpotta, 1966) .
Furthcrmore, "ié is difficult to ié;gino how accumulative
Aresiducs could be emplaced prior to the Feaidual liquids
(Erikson, 1969 p. 2232). Some other processos might be suggcated

and discussed but it appears that the modals consistent with
-‘—‘—“—-—-.

— .
the gre

prOportion of the obsqxvational data and the’

inferences that can ‘m aasonably be dhrived from them would

incorporgte\basically two prqceases. f'.
(a) from a single magma, two portions were~tapped and.
j

/ each of . these subsequently undarwent furﬁher -‘; -

/

/ ' } - _ ' .




- 234

differentiation along independent but similar
paths; ‘

’

(b) monzonitic magma was in. part intruded ‘into tha
- present position and in part it reacted with and
fractionally melted crustal rocks (perhaps the
qranitic or gneisses layer of Jacoby, 1971) and ~

then subsequently 1ntfuded.

The first model is comparable with thatproposed by

Upton (1960} for the Kungnat syenite complex in uufhwe5£ern

Greenland \and lator corroborated by McDowell and/Wyllie {1971).

Upton (1960)

as suggested the mechanical 5 nration of .

already differentfated: and stratified magm into parts and then
"superimposed on the/primary difforentiation of the ... maqma

are the secondary effacts of difforentiation procouding inde-

pendently and aimultaneouely in each of the two isolated magma °

portions" (Uptdﬁ, 1960 p:121).' Such a hechaniem may robably
eXplain most’features of chemical variations in quar€g§:onzcuitus.
Some variations of REE in quartz monzonitee, howeVer do not
appear to be readily compatibleﬁﬁith thie procese. But_the

little data at hand cannot reliably evaluate these variations
R -

" Tha evaluation is further complicated by the fact that the bulk

of REE in quartz monzonites is presaent in accessory minerals,
P .e ‘
which might. mask and hinder those trends. Assuming, howeverl

that the variations of REE, observed in threea analyzed quartz
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monzonites represent significant and m aningful/trehds, than
““the gencral tendency of the La/Yb ratiz)and/tctal REé contents
of quartz monzonite to decrease with the increase of the D.I.
values contrasts with the prodicted trends, which suggest
the increcase of thie ratio and total REE with fractionation
{(Taylor, 19651’heekih et al., 1966). Also, the lack of_varietionl
o{/the/Eu/Eu* ratie.in quartz mohzonites {contrary tc'the ‘
//”éistihct variation in monzonites) might indicate that these
o rocks did not undergo extensive fractional crystallization’
jéssuming thnt a poesible.variation of the Eu/Eu* ratio.would
not be masKed by other REE—rich éhaEes, particularly accessories).
The alternative explanation for the absence of Eu
_anomalies, -that is, the variation of redox conditions
e(Philpottq, 1970; Philpotts and Schnetzler, 1970b) during
" fractionation, is probably contradicted by the composition of
biotitc, which suggeste that the “felsic rocks of the‘pluton
crystallized under about the same redox conditi?ns.-
As noted above, these considerations regarding REE,
"~ however, are only speculative and must be treated cautiously. .
On the other hand there are many indications thab quartz
.ﬁg;zonites indeed ﬂnderwent magmatic differentiatidn (c.£

.

section 6.1.1-2 and below) . | R 5 .
The eecond model envisagee the exietence of monzonitic\
 magma, which in part intruded and in part partially melted and

reacted with crustal rocke, producinq the quartz monzonitp A

.>..
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«

gimilnn process has bagn suggaﬁt;g by Chapman (1968) fot the .

syenitc-gfanite complexes of the Nnitn Mountains magma series

and by Barker et al. (1972) for the Pikes Peak batholith,

Colorado | -i' : : o v
As-earlier discusaed (section 4.3) the temperaturc

imposed on the wall-rocks by the pluton waé wall ‘abova the - -

tempepature of the beginning of their partial melting. Thus

it probable that magma which ascended through crustal rocks
could hard avoid a partial melting of gneiasib or granitic
rocks whare it came into contget with tham. Partial melting

of ‘the latter might produce-ﬂ”grnnitic anateoctic melt, which by

nixing with monzonite could form quartz monzonite. In this }i) -
| rcspect, it is'of.intefost thnt quartz~monzonitg (259) probgb@
gcneratcd by the pnrtial melting of country rocks and the \\itl
) normativo composition of\which falls closa to the ternary '~

minimum on the Q-Ab- Or projection, 1ies at the moat differentiated
cnd of the smooth chemical trends on the variation diagrama.
1t shows that mixing of monzonitic magma with anatectic melt '

might have- produred the many observod variationa of the quartz
\‘ ' .

. There is geological evidence (aee abovﬁ)tshat the

fmonzonitic rocka.

LN

r. b

bulk of the quartz monzonitic zone of the pluton could not be - .
! “ "._' .

generated in situ or nearly so., Also, the emplacement of

|
mon?onite partially as crystal- muiﬁ (shaw, 1962) required

monzonitic magma to react with -an anntectic melt deepar in\the
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crunt. ‘Thun it appears that the Apalay gnaiss was not, at
leant in the dnminant part, tho parontal material for an ana-
goctic melt. A quostion arises whather somewhat deoper under
thoe pronentraurfnce, thero wora quartz«foldnpathic rocks,
which could qonerate the qrnnitic'aﬁatoctic_molt, And if'uo,
whuthor‘uuch n partial melt could also rdnembie loucogranite
(259). _
‘ .On tho basis éf gravity data, 3ﬁcoby (1271)‘hnn
concluded thnt'tho Uancrofp area, includinq_the Hantings banin
with tho Loon Lake plutoh, is undorlain at depthas of not more

Lﬁén 3 km by a thick, moku_or lq'u}UniformJ grnnitic or ghelssic
]nyer,_probnbiy'corropponding to the basemont complox of the
Grenville superqgroup (Wynno-Edwn;ds, 1972). 'Jncoby§(1971)
han indicated that the rocks of this layer are not very différont
in compbsitlon from ﬁhe loucoérntic biotite gnoias'(tho Apslay
gneliss), Also, wyhno-ndwnrda'(1972)‘pointod‘out that tho
basament roéks corraspond. to quartz-foldaphthic gnoissaes, probably
" not Qory difforont om tﬁoso of tha Ap#ley ﬁnoisn jroup. :%ho
ovérall chemical and pbtrogrnphical aimilaritios of assumad 5
rdzku of tho basemant complex (anne-deardn, 1972) to the Apaloy' |
qnoisa suggost Shat tha products ol\tho partial molting of both
Lhuao rockn ‘would bo rather similar, pnrticulnrly sinco tho
composition of - partial melts corresponda to tha low- malting

fractions of theso’ rocks. It indicates that aven if the

'nnutoctic melt might have varied f:pm place to place, thaso

-
-

e
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variations were probably not large. This might suggest that
leucogranite (259) resulting from partial melting of tho

1

Apsley gneiss, could also resemble a partial melt of the base-
meﬁt;rocks, which might have mixed with monzonite. ) \\\\\;\
 The thickness of thq basement complex of tﬁe | R
'éfchvillé Ehper&roup is unknown, but Jacoby (1971) indicated
its prcscnce at the depth of 6 km from the present surface.
Considering that the pluton was emplaced at the pressure of
'2.5-4 kb, the depth at which monzonitiq\magma rcacted with
anatectic melt was probably adequate for‘ﬁheig "mixing“.
The “ﬁixiﬁg” process‘ can readil; e#blain_a

variation of RLE, i.e. tﬁe tondehcy for the decrease of the

La/Yb ratio .and total ﬁEE contents in quartz monzonitic rocks
with the increase of D.I. Values{ and the absence of Eu anﬁmalios
(assuming that these REE variqtioné are petrogenetically
significant). It may also explain why sdme_rocks (d.g.‘?ample
'l42f hith chﬁmical and modal compositions clearly corresponding
to monzonite, occuf in the outer quartz monzonitic zonec of the
pluton. |

) But it does not seeﬁ very likely that this process

alone could produce variation trends for quartz monzonites

such as observed, for example onlthe Ca/Sr vs8 Sr or K/Rb vs RDb
diagraMS {Higures 6 1.21, 6.1.27). TQZ trends observed in
quartz. monzonites are similar to those produced by fractional

crgstalligation and strpngly suggest 'such a process, The two

+ models proposed (a. mixing -process and that invblving_partially

a\

'1.{1' .x



239

independent differentiation) are not mutuall§ exclusive., Each
only stresses the relative signifiéghce of a particular
mechanism, even if both proqasséé were probably operative. Whén
monzonitic magma move? upward thfough a deep zoné of crust,
where the rocks were already undergoing high-grade metamorphism
and possibly partial melting, it is likely that the magma became
contaminated with anatectic granitic melt, On the other hand,
if quartz monzonitic maqma was already emplaced as a crystal
ush as suggested'eaflier, it is probable that magmaunder?ent
a tain éegree of fractional.crystallization, at least dyging
its empl ehent (e.g. by flowage;‘differcntiatioh, crystal

settling, etc:

1. ~ 'The relation of diorite to the felsic'rocks is not’
\\
clear, but there are some indicatioﬁa that the basic and felsic

rocks might not be genetlcally related \\\

2. | The variation trends Qf monzonite;;are cénsistent .
with extensive gractlonal crystallization and indicate the
simportant role of felaspars ‘during such a process. The actual
mechanism oﬁ this fractionation probably involved flowage

differentiation,

3. Monzonitic magma was probably formed by partial

meltzng -of lower crustal/uppcr mantle rocks, or by fractional
v Y ._‘

\

S
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crystallization of bgsiq deep-seated magma.'

4, | Quartz monzonite was probably genéfatéd by bbth
assimilation and fractional crystallization of monzonitic magma,
even if the lattcr was most likegx_the dominant process. The-
process of assimilation is envisaged as a "mixing" of monzonitic
maqma with granitic melt produced by partial melting of ‘crustal
rocks, perhaps those of the basemcnt complex of the Grenville

Supergroup.

"
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B

CHAPTER “8

EVOLUTION OF THE PLUTdN
— -

In order to present a ccherent but tentatitc'ihter~
pretation of the observed_ﬁate, seﬁefal aspects of the pléton,
some of them a;ready mentioned, willhhe discussed below,

| ‘Buddington (1959) defined three‘depth zones of-
granite emplacement. The Loon Lake pluton is similar in manf .
aspects to his meso;onal plutons, which he.defined as:those
emplaced. at a 6Epth-of between 4 and 10'miles and a temperature
ranqe of country rocks, before intrusion of 250° to 500°C.
This is consistent with the earlier suggestion thats the p&uton;
is post-tectonic, but that it was.emplaceq iqto a reqlion where
diaetrophism was stiil continuid@t Also, the.petrogjaphy shows
‘that despite the primary igneous characteristzcs of the pluton
there is some textural evidence that post- emplacement deformation-
:1ocally occurred. The falsic magma was probably at a maximum .
temderature‘of about 750° to B20°C and pressures between 2.5 to
4 xb et the time of'intrusicn} fﬁis estimate probably reptesehts
| | } Since'Puzolc Peotal
may be expected to lower the estimated temperature, Bateman

the upper limits (?98051n9 PH20 = Ptotal

1

and Wahrhaftig (1966, p 125) have cast doubta ‘on the validity
.‘. . ) ’)
of the assumption that pHZO o Pt tal enq “cértqenly this is not

Y ) N
= . . .

.
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a®alid general assumption durlng plutonlc crystallizat;on“

»

(Putman and Alfors, 1969, P. 74) “The estimated temperatures,

.

however, agree well with the experimental data of McDowell and
Wyllie (1971) for similar syenitxc and granltlc rocks from the

- -

Kungnat syenite .complex, Greenland.

In agreement.ﬁith their data, which shows that the

%aoove estlmated conditions are below the liquldus, it appears }

that the intrusion wﬁs emplaced partlally as crystel mush

{o.f. Snaw, 1962), Equilibrium oxygen fugacities during crystal-

liration of felsic rocks were probably siightly above the

Ni-NiO buffer.. | , ) | | =
The pluton was probably emplaced Between 1125 and

1000 mi;lion‘years ago. . ?his age is‘conparable with those of

monzonitic plutons in thejWestport area, which might be of the’

same or similar origin. “In this respect, it is of interest

‘bhat mangeritic, monzonitic, syenitic and quartz monzonitic

'rocks, which are assoc1ated with anorthosites in the Adlrondack

complex, have a Rb/Sr age ' of - about ‘1055 nm.y. (Heath and

Fairbairn, 1968) and_an age of 1130 m.y. was given by Silver

(l968)€from cogenetic¢ U/Pb isotope systems in zircone. .

! The Loon Leke pluton is-a composite body consisting

.of three oistinct rock types. In order of decreasing age, these

_ rock types are diorite, monzonite and quartz monzonite.

Dioritic rocks form the larger bodies chlefly in the inner part

A

of the monzonltic core and might represent inclusions or roof
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. ( ! .

pendants of gabbros previously injected into patagneis;éé"
(shaw, 1962, p.1l3). The petrographic features indicate that . -
diorites underwent extensive hybridizgtion by felsic magma,
particularly around tbe margin of these basicrbOdies, thus
obscuring their 6rigina1 chemical composition. But it appears
that dioritic rocks also underwent a certainldegree of magmatic
differentiation. The relation of diorite to the two main
intrusive phases (monzonite and gquartz monzonite) is not clear.
~There are some inditations that the basic and felsic rocks
might not. be genetically related |

Wwith regard to monzonite and guartz monzonite, there
is numerous evidence for their igneous emplacement. .This
includes thé coﬁtact‘métamofphic aureole, tﬁe locally discordant
relation against the country rocks; disoriented inciusions of

frequently refradtory wall-rocks, the igneous differentiation

trends / the position of the normative composition of these rocks

in the low temperature troughs_of the An-Ab-Or-Q systems, etc. .
/J ?ectonic'dgta indicate that the pluton has the .

shape of aﬁ astymetrical funnel and appears to bé'most congis-

tent withla roughly vertical émplatemént of magmé by ﬁorcefﬁl

intrusion (forceful in the sense that the wall-rocks were pushed / 7

N~

an

outward and upward with no implication as to unusual magmatic - | i

+
PR
Y
&
A
o
Y

or tectonic forces). The pluton is probably narrowing with
depth (Cloos, 1934; Saha, 1957; Jacoby, 1971) and like many

syenitic and baaic bodies in this region, 1t “intruded through
\

X

L\ )
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Il

narrow feeder zones from great depth" (Jacoby, 1971, p.72).

The body represents moltiple iherusions with the
monzonitic core being older than the quartz monzonitic outer
zone. The period of time wbich separated the emplacement\of
these intrusions, however, was_relatively short. It appeac;\
that quarte monzonite intruded when the monzonite core was,
probably not yet completely consolidated. The chemistry and
the close spatlal assoc1at10n of monzonlte w1th quartz monzonite
suggest that these intrusive phases are genetlcally related,
but not through crystal-liquid reactions. It has been suggested
that both these intrusive units are related to a single mon-
zonitic magma, which in part intruded (monzonite) and in part
evolved further (guartz monzonite) and subsequently iﬁ%ruded,
followving the orevious intrusion of monzonite into'fts present .
position. The. chemical and mineralogicel variations and
differences betyeen'these two series are consistent with a
short'period of time beﬁween~the emplacement of these intrusions,
duri‘h which either differeotiation proceeded in the subjaceot
chamber,” or magma mixed with and assimilated an anatectic ggpanitic
melt from guartz feldspathic country rocks. But it is pcobable
that both these processes were'operative in generating quarte 5
monzonite., - . y ' - -

There is no evidence that the monzonitic roqﬁs

represent cumulus.' The available data suggest the former o

exlstence of monzonitlc melt, which was not a product of the
N
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remoblllzatlon of the granltic basement, but whlch may be of
an upper, mantle or lower crust orlgln. A melt was probably
derived from more basic material by eithery fractional crystal-
iization or partial melting. Even if no attempt has been made

to quantitatively evaluate the nature of this "source rock"

» -

(Gast, 1968; Shaw, 1970), the trace elements provide a number
of constraints on the charactet of tle source material. It

appears that monzonlte could have been in equilibrium with

Y —

garnet, clino- and orthopyroxene and olivxne, but equilibrium

with amphibole, plagioclase and K-feldspar is not likely. N
Systematic minéralogical'variations in the monzonitic

core of the pluton cannot readily be explained by dlfferentlatlonz

in situ, but are suggestlve of the flowage dlfferentlatlon. It

appears that flowage dlfferentiatlon probably occurred during

the upward rise of magma yielding a centre of crystal cumulate

and a border liquids of more- acid and fractionated monzonite,

Such a process could also explain the large but spatially

systematic chemical variation within the monzonitic core of the

"pluton,

-

x
o
Y
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3 CHAPTER 9 J\
CONCLUSION :
1. The Chandos area underwent, at about 1125:25 m.y. -~

ago, the’ prograde regional metamorphism Forreaponding to the

*low-pressure intermediate type of amphibolite facies" of

Mfyashiro (1961) or "medium stage of metamdvrphism” of Winkler
(1970) . Estimated ﬁeiamorphic conditions iuggast“! temperature
range of about 620-700fc and a range for total pressure of

about 4.5-6.0 kb.
r

2. On these regiocnally metamorphosed rocks, the pluton
superimposed the contact matamorphism of the K-feldapar- -

cordierite hornfels facies qf winkler (1967). An estimation of

the methmorphip conditions indicates/a maximum temperature >
range of about 750-820°C and a range of about 2.5-4 kb for

total pressure.

v <

3. Under these conditions, an anatexis of country
rocks in the conﬁact aureole took place. The aluminous gneisses
probably represent a residuum after partial melting of the

Apsley gneiss.

[

‘. The pluton is a post-tectonic funnal-shapod ST

o i 1,

Lﬁ -
e .
LT : R L

)
o
a
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intrusion emplaced at about 1075%75 m.y.-ago. The plutoﬂ
represents_mu{tiple intrusions of magma. Iﬁ_order of decreasing-

L

age, the intrusive units are diorite, monionite and quartz

monzdnite, -, . |
N - N -

5. . The relatlon of diorlte to the .felsic rocks ‘is not

clear, but there are some indications that the basic and

felsic rocks mlght not be,genetically related.

6. Monzonites and quartz ménzonites are?probably S
- related to a_single magma but, as a sefies; tﬁese rocks &re
‘not simply a product of continuous magmatic differentiation . o
.‘leadiné to dccumuiation of residual quartz. | C | f}
7. The distinct chemical variations within monzonites - . R
aré con;istent with ektensive fractional crystallization and
indicate the imporfantjrole of feidspars during this’ process.

The actual mechanism of this fractionation probably involved

the flowage differentiation.

8. Monzonitic magma was formed by partial melting of
lower crustal/upper mantle rocks, or by fractional .crystalliza- g é

ol

tion of basic deep-seated magma.

9. Quartz monzonlte was probably generated by both
fracklonal crystallization of monzonitlc magma and "mxxing of

this magma with granitic melt produced by partial melting of
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crustal rocks, The ‘former process,; however, probably prevailed:
v ) ) -
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APPENDIX 1.

7

A.l.l Modal Analyses

Modal analyséa were made on 63 samples of rocks from'the
pluton and 20 samples of counﬁry rocks and.incluaionsvfrom the
pluton. The ;amp;e locations are shown on Map 2 and the modes
are given in Tables $.1.1-5 (except for those already inenlin the
text -c.f. Tables 4.2.1, 4.2.2, 4.3.2). In ?ablea A.1.1-5, several
modal analyses carried out by D.M. Shaw are also included. For
each modal analysis, 1500 to 2000 point-counts were recordgq
covering an area of about 700 square millimeters. »

In order to rapidly distinguish among feldspars, quartz

and cordierite, the thin sections were atained with sodium cobalti-

nitrite for potassium feldspars, amaran?h for plagioclase, and those ;i
of aluminous hornfelses also with trypan blue stain for cordierite ¥
according to the method of Boone and Wheeler (1968). The trypan o ;;
blue stain was also u?ed to distinguish between calcite and @é

dolomite (c.f. Priedman, 1959; Reid, 1969).

Abbreviations for Tables A.l.1-5

Principal minéigls in Tables A.l.1l-4:

Q Quartz | _Hb Hornblende
Kf Poéassium feldspar ° - Cpx. Clino?yroxene
Pl Plagioclase -opq Opaque

B{ Biotite 1 - : y
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e
Principal minerals in Table A.1.5:
0 Quartz ‘ Sill Sillimanite
Pl Plagioclase [f | cd | Cordi;rite
Bi . Biotite Opqg Opaque
G Garnet
Others: ‘ g
Al Allanite M Muscovite, sericite
A Apatite - R Rutile
Ch Chlorite S Sphen;
C Carbohate / - T Tourmaliﬁe'
E l Epidote z ' Zircon .

F . Fluorite

“ F .
For the other ninerals, the combined modal values are
given in front of the minerals in brackets.
+ - indicates that the mode was visually estimate th//J
7 <
* - indicates only a few grains

tr trace amounts _ ) -

+ from Shaw (1972) qz“&if unpublished data

ey 2




Table A.1l.1 Modal analyses of rocks from the quartz
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)

monzonitic zone of the bluton
Sagg%e Q@ Kf Pl BI Hb Cpx Opq Others
-5 38.8 36.2 19.9 2.9 - - 0.8 . 1.4 (M,E,Al,A*,z%)
- 26 27.2 32.4 33.1 5.4 - - . 1.3 0.6 (C,S.A)
27 22.7 37.8 35.8 2.2 - . - 1.2 0.3 (A,M*,5%,2%)
31 24.5 35.2 34.8., 2.3 - - 2.4 0.8 (M,C)
/ 42 16.6 44.5 31.2 4.9 - - 1.6 1.2 (M,S,A *,
44 22.3 43.2 27.9 4.2 - - 1.7 0.7 (M,A*) ¢
45 27.4 33.2,35.5' 3.0 - - 0.7 2 M) /
48 9.3 43.3 .7 6.8 - - 0.7  1.% KS,M*,E*,F*,Al%)
50 17.6 " 35.0 39.4 5.3 - - 0.9 1.8 (S,M,A*,z*)
52 19.4 35.7 36.4 4.4 - - 2.4 1.7 (M,5,R)
53 15.8 31.4 41.1 8.0 - - 1.6. 2.1 (C,M,S,E*,A%) |
55 33{5 31.2 31.3 1.8: - - 0.8 1.5 (M,S,T*). ﬁ
60 25.2 29.0 34.5 7.4 - - 1.7 z.zi(s,E,A*,z;)
68 20.9 44.6 31.7 1.0 - - 1.7 0.1 (S*,A%)
79 24.6 36.0 34.6 2.6 - - 1.7 0.5 (S,M,E,A%)
81 19.1 32.8 42.0 3.2 - - 2.3 0.6 (M,S,C,A%) a5
86 21.6 32.4 32.3 12.4 - - . 0.3 1.0 (5,C,A,2%,C*T) };
48 31.4 24.7 38.0 3.1 - - 1.8 1.0 (M,A,Z%) ?
98 33.4 28.0 34.3 1.0 - - 1.6 1.7 (M,F,C,S*): '
100 35.&# 34.1 25.4 .2.6 . -~ - 1.5 0.6 (S,M*,E*,Z*)
115 19.3 34.9 40.0 4.8 - - 0.4 0.6 (C,M,5,A%)
117 - 26.9 25.7 37.7 6.0 .- - 0.9 & 3.0 (M,S5,C,T*/A%,I%)
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Table A.l.1 continued
Sa:g%c Q Kt PL Bt w Cpx  Opqg Others
131 30.0 29.6 38,0 2.1 - - 0.3
142 8.8 42.5 45.7 2.0 - - 0.5 0.5 (A,M)
161 11.7 36.6 1w’ .1 - r- 1.8 3.8 (M,S,C,A*,I%)
169 . 13.9 33.6 36.8 12,0 - - 1.5 2.0 (S,A,E)
174 17.7 37.5 33,9 5.8 - i 2,0 3.1 (M,E,A,2%)
191 26,1 25.6 31.9 13,4 - - 1.5 X5 (C,A,5,M%,2%)
218 29.7 35.9 29.5 3,7 - - 0.7 0.5 (M,A)
236 27.8 29.0 34.6 7.5 - = 0.7 0.4 (5,A%,2%,E%)
238 32.9 39,1 .22.8 4.2 - - 0.9 tr (a,8)
253 32.5 33.1 30.6 2.4 - - 1.3 tr (2%,A%)
259 39.2 30.8 28,6 0,3 - - Lo
262 27.9 28.3 35.7 .5}2' - = 1.0 1.9 (S,M,2%,A%) )
264 24.1- 37.7 30.7 ,fa.s 1.6 - 1.3 1.1 (8,C,E,A*,2*) ~f
+710-2 32,5 26.3, 3 1.8 - S 0.3 2.4 (M,AE) E
+711-6  15.1 46.6 3.6 - o - L3 L6 (sS4 g
+712-7  24.5 3,,2-.‘6 3171 2.7 - - 0.4 2.7 (M,A,E,S). _
“2-8 27,3 fza.v 38.3 4.9 - - 0,1 0.7 (M,AE) .~ ﬁ
J,+52-1 27.5 29.0 35.7 4.7 =~ - 1.8 0.9 (S,A) .
+182-1 19,3 38.2 35,6 3.9 - RS B R N CE P A : QE
. +181-1 28,4 27.4 33,0 8.0 - - 0.9 2.3 (T,5M 3
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of rocks from the mon;onitic
the pluton 4

¥
FI -

_Table A.l,2 Modal a

Sagg%el/o k£ Kl Bi Hb Cpx - Opq Others

. - A 3
66 1.7 52.7 38.6 5.5 - - 1.0 0.5 (E,S,A)
67 3.4 45.8 36,1 14.2 - - 0.3  tr (S,A)
71 0.9 45.1 39.5° 6.2 4.9 - . 2,1 1.3 (5,A,E)
75 1.3 40.6 45.7 9,1 0.9 .- - 1.2 1.2 (C,K,S,A)
94 1.1 40.9- 44.9 5.6 4.4 0.4 2.2 . 0.5 (S,A)
95 0.8 48.4 43.3 2.6 2.6 - 1.6 0.7 (S,C7A)
96 1.4 46.8 44.6 2.8 2.0 - 1.0 1.4 (S,C,AY

102 8.0 44.9 39.4 4.7 -- - 1.1 1.9 (S,C,A)
125° 8.3 47.2 37.5 5.4 - - 0.8 0.8 (S)

197 v 1.4° 373 49.7 9.3 - - 0.7 1.6 (E,S,A)

" 198 0.5 45.3 43.6 4.9 1.8 0.4 2.6 0,9-S,E,A}
200 1.9 38,8 44.9 . 0.4 3.8 9.0 0.7 0.6 (5,C,A)
207 1,1 45.2 41.8 3.6 5.2 -~ 2.2 0.9 (S,E,A)
222 1.4 32,1 50.2 9.8 3.2 - 0.7 2.6 {(C,S,E,A)

223 1.4 48.0 40.8 4.2 3.1 - 1.8 0.7 (S,AE)
224, 4.1 35.1 52.5 6,7 0.5 - 098 0.3 .(S,A,E)
225 3.3 40.1 43.7 8.6- 0.7 - 1.1 2.5 (E,S,C,A)
226 . 1.2 46.2 43.0 5.3 2.5 - 1.3 0.5 (S,A) .
228 .1.0 53,1 35.4 5.1 2.2 - 2,0 1.2 (3,E,C,A)
250 . 1.9 45.4 46.0 2.7 0.9 - 1.1 2,0 (S5,EA)
251 3.9 43,3 43.6 5.2 tr - 1.8 2.2 (S,E,C,A)
255 0.8 52,5 37.5 4.1 2.9 - 1.4 0.8 (S,A)
257 1.6 53.1 35.5 4.3 2.6 - 2.2 0.7 (§A,F)
265 1.9 50.7 40.6 3.7 0.5 - L1 1.6 (S,C.A)

200-3 5.6 47.7 42.2 3.2 - - 0.6 1.0 (5,A*M")
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Table A.1.3 Modal analyses of basic rocks '
le
Sagg. Q Kf Pl Bi Hb Cpx opq Others
70 1.5 - . 39.5 '9.4 45.8 - 2.4 .1.4 (A,s,Ch)
321 tr - 55.7 9.8 4.0 24.2 6.0 tr . (p) . -
783 tr 0.4 77.9 11l.2 3.3 3.9 2.5 0.7 (C,S,A)
+199-4 2.4 3.0 36.6 11.0 38.8 - 7.0 1.2 (5,A,C)
'+199-5 . 3.1 3.2 51.3 1l4.8 - 20,1 6.7 0.8 (S,A,C)
+53-2  tr  33.6 45.8 15.8 - -7 ..2.3 2.5 (A,S5,C,M)
+53-5 - 22,2 40.0, 8.9 20.7 - . 5.6 2.6 (A,S,C,M)

+53-6 1.0 21.2 42,8 18.3 6.1 2.1 4.9 3.6 (A,S,C.M)
+184-4 2.2 -23.7 56.0 6.9 6.4 0.7 '.3.3 0.8 (S,M,A)

Table AJ1.4 Modal analyses of granodioritic

gneisses
Sanple 9 Kf Pl Bi - Hb Cpx Opg . Others
61 23.2 20.3 44.8 7.1 3.5 - 0.3 0,8 (S,A*,E%)
62 27.0 5.7 52.3 10.4. 2,3 - 0,3 1.9 (E,S,A*)
122 27.6 4.6 54.4 10.5 1.0 - tr 1.8 (E,C,5%,A%)
1213 20.8 18.3 4.8 9.4 4.3 - 1.7 0.7 (S,A*,Z%)

+711-7 28.5 2.9 62.7 4.4 - -  tr 1.4 (M,S%)
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Table A.l.5 Modal analyses of aluminous - - R
. gneisses ‘ ' : . ' ° .
Sample @ PL -BL G sill cd opg Others
67 9.3 0.6 9.0 40.2 ;5f§f 20.6 ﬁ;s tr (A)
172 22,3 30.8 22.4 11.4 7.6 3.2 2.3° tr (A)
209 21.5 44.7 26,9 5.8 0.3, - 0.6 tr (A) .
10-1 39.2 17.5 25.9° 15.1 0.5 0.5 0.9 -
s710-4 40t T30t ist st 3t gt ot |
s11-1 4ot 30t 207, 9t ot - er er (m)
em1-3 1st a0t 20t 2t 2t e a3t " ‘
+711-4 407 307 .'2o+ - st ot e (@
115 st sto20" 20t 5T - e oap )
sni-1e 35t 30t ast ot st - 5T e (R, T}
1-18 257 30T 15t 10t st " 4t e M
sr1:19 30T 38t 20" 10t - - 47w oam
s112-4 207 30t .20t 20t st 1t er e (@ o
. ) -
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v

A,;.z Sampling and Chemicalzhualvses

el

-

@ Each of the rock samples (>5 kg) was crushed and
ground to <150 mesh powder. Durlng the grindlng, samples were
reduced after homogenization so that the final weight o£ the
samples:was about 50 g. Some of the analyzedtsamples, however, " {
are from the collcction or D:H. Shaw- (c.f. Shaw, 1962, 1972).

" Chemical‘analyses for major elements, Li, Rb, Sr and
~ Ba were performed by J.R.’Muysson, McMaster University.f Thc
'précisioniand accuracy of these auélyses'for-major elements are
_given in Shaw (1972). - This also upplied to tue chemical analyses
of couutry rocks which were taken from Shaw'(1972) and his
unpubllshed data (all given 1n Tables A.l. 6 -9}, .

| Li, Rb Sr and Ba were determxned by utomlc abscrp—

ticn'spectroscopy (AAS). The precision and accuracy for these

-

elements 18 about 5%. Dotection limits for Li and Rb are about

b

1 ppm, whlle for Ba and Sr about 5 ppr (J.R. Muysson persona}

communlcation). _
- The Tl analyses were done by P. Pung, McMaster

University. Thallium was determined by AAS, after extractlon by

Y

an organic solvent -{c.f. Dupuy et al.,-1973) " The precisxon f

and’ accuracy ‘for these data are better than 10\ of the value

it : ’ . . o

determlned
Q.
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N
A.l.3 Mineral Separation S

Minerals were separated by standard magnetic and
heavy liquidqd techn#qges until an estimated purity of concentrates
was better than 99l'for mafic minerals, sphene and garnet, and
about 98% for plagioclase from basic rocks and K-feldspar. 'But‘
the purity of plagioclase from felsic rocks was only.aboﬁt
70-80%. | |

The impurities in plagioclase were mainly quartz and

i

probably also the sodic phase of perthites. The detectabla

contaminants of K-feldspar concentrates were quartz and plagio-

! clase. Algp aeparatéd perthitic K-feldspars probably contained

a predominance of botaasic phases over sodic ones in comparison
with the original perthites, as noted earlier.

The impurities in biotites were small composite

. grains of feldspars, quartz and opaque. Those in hornblende

included gpldspgzr opague and biotite, while in clinopyroxene,

contamin ts were hornblende, feldspar, and opaque (clinopyroxene,

however, was partially altered). Possible contaminants of

d garnet ware composite grains of felsic minerals and

\

i
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A.l.4 ' ...Daterminative Techniques for Potassium Faldﬁpars

- In the course.of X-ray work, the Philips wide-range
goniometer with filtered copper radiation was used. The scans
were wmade at 1/4° per minute, with a chart spaed of 1°* 20 = 1 inch.

In the caso.ot feldspars for which the unit-cell
pargmetors were calculated or "the three reflection method"
applied, X-ray di!fraétion patterns were run over a 20 range of
15°-60° four to six times for each sampla using annealed (48 ho
at -700°C - Orville, 1967) roagent qrade CaF, as an internal
standard. The unit-cell parameters were refined on 13-16
reflections by a computer program according to the procedurao of
Wright and Stewart (1968), )

For the deth;mination of obliquity, feldspars wore
first X-rayed from 20 20°* to 34° for the identi!iéation of the
reaflection and then scanned over an interval 20 29° ﬁo 32'. 3
Eucgrdotormination is the'avuragolﬁ'ze'value of six oscillations,
threé in the upscale and three in the downacale directions,
measured on the X-ray chart between the 131 and 131 refloctions,

- . : .

Standard errors for the mean obliquity .are-lass than 9.03.

‘Tho determination of the bulk composition of perthitic

potassium feldspars was done by Orville's method (1960, 1967).

,

The 1-3 mm large chips of K-feldspar were dry heated 1n_a
rresistanca furnace for 48 hours at a temperature of 1050°C. Then

. A 'S , .
K-feldspars were ground and mixad_wit? K Br 03,‘wh1ch was used

.
N -
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Unit-tell parameters of potassic phases
of pe¢rthites
..
i LN
1 : y '
wee b b b e s
5 o 8.576 7.214 90°36.19' 115°56.82' 87°45.08'
+0.002 £0.002 +2,25"' $2.08" +1.98°
25 o 8.582 ~7.213 90°39,80' 115°55.25' B87%43.42°
£0.007 $0.003 $3.92" $3.71" +3,27¢
“ om 8.587 7.216 90°40.05' 115°57.18' 87°45.00°
\ $0.004 +0.003 $3,41" $2.63" +2,54"
. " 8.576 7.213 90°38.70' 115°56.82' B87%47.10°
11 Q +0.004 £0.,002 £3.54¢ $2.72" $2.48"
8.580 7,212 90°39.25' 116°00.36' 87°47.23"
102 M +0.006 £0.003 £3.67" $3,29° $3.11°
.~ 8.566 12,981 | 7.200 116°06.08"
226 M 10,002 £0.003 \t0.002 125"
i \,
. 8.575 12.968 1\213 90°40.05' 115°57,60' 87°45,15'
251 M \&3.303 $0.003 $0.002 £1.75' - :1.84° +1.96"
1. Host rock: P=pagmatite; QM=quartx monzonite; M=monzonite

_\
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—

as an internal .q§aﬁdard. The interval between tha (201} reflec-
ﬁion of potassium feldspars and tha (101} reflaction ot;potauaium
bromate was scanned about 12 timas. \ |

The detorminations obtained by Oévilie'u moethod are
probably accurate to within tS wt.% Or and reproducible for a

single sample to within 1% Or.
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. APPENDIX 2

A2 The Detaermination df“ﬁird”ﬁurth Elemantas

-

Y ]

A.2.1 Introduction -

o -
s

One of tha purposes of the work was to adapt a nimpio-

yot nufficionﬁ;y accurato method to datermine enough REE in’
microgram amounts by neutron activation analysis, to ovaluata
thvirufructionation trends. It bocame evident that not mora than
threo or four rare-aearths could be determined by inutruhcn:nl
noutron activation analysis with tho available facilitios and
that radiochomical noutron activation was essontial,

-

i In order to oliminate spectral interfarences and to
incrense tho signal to the background ratio, the REE wera
scpnrnéod as a.group from oﬁhdr radionuclides. Then the soparated
REL waro radio-ailaypd bg Y-ray lpcctromotry with a Ge(Li)

dotector. ~

‘ < A
A number of different procedures for the soparation

of REE as a whola from bthi: radionuclides have heen rocently
publiuhod (Tomura et al., 1968; Graber et al,, 1970; Denechaud et
al., 1970; Barker, 1972, etc.). Since each of these mothods

has cortain advantages, some features from aifferent published

- procedures were combined. In order to obtain higher precision,

a procedure of Denechaud et al. (1970) was. accapted as the f:amt—

work, particularly in two aspects -~ the addition of a carrier for

ro
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all_REE and the chemical yield determination for each REE. But

only several steps of their post-irradiation chemistry were
‘retéined (the removal of silica and alumina) and these were
combined with conventional hydroxide-~fluoride cycle3~(Schmitt

et al., 1963; Tomura et al., 1968; Barker, 1972) for purifica-

tion from other elements.

Two different proceduyres for the dissolution of
'ﬁhe samples were used in e couxse of the work - dissqlution
by acid and by fusibn. The fusion procedure was used for
common rock samples because of the possible presence of certain

minerals (zircon, etc.) which have high contents of REE but

are not soluble in acids. On the other hand, the dissolution

procedure which was used for some minerals (biotite, feldspars,-

amphibole) is faster and simpler. This method also allows “the
separation of any insoluble impurities from analyzed mineral . .-
separates,fif a filtration step is added (after step 15 in the

dissolution procedure - section A.2.12¥®

A.2.2 Sample Preparation and Irradiation

The weighed amount of 0.100 to 0.250 g of the powdered

‘sample (<150 mesh) was'heatvseaied in a silica ampogle. About -

50-100 mg (weighed) of a standard rare-earthAsolut;on.was also

transferred into another éilica ampoule; powdered silica_glass
.. o ™~ : e

v, »

I
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P

was added to about the same height as the samples in the other

ampoules. Then the ampoule-was encapsulated in a manner.sihilar

to that used for the samples, Six samples and two standards

were pabed'together and placed in an Al container for irrq@iation.\

TN

ncutron cm 2 sec t; later 5 x 1013 neutron cm2 sac ), followed \\1
—— ! \

by 3 days of cooling before chemical processing. | T, \w

During the initial experiments, the flux inhomogeneities (

Samples were irradiated in a high £1ux position in

the McMaster Nuclear Reactor (nominal neutron flux of 1,5 x 10

within a aroup of adjacent samples were monitored. A weighed-
iron wire flux monitor (50-70 mg of reagent grade iron wire) was

taped around the filled part of the ampoule. At any convenient

time from about two to several weeks after irradiation the >Irq

activity of the wire was counted on the Na{I) detector for a .

time sufficient to give about 105 counts. This was done twice

-

for each group of Samples. After correctiona, the specific

Y activities of the wires were calculated as counts/min/mg. The
flux received by each sample did not differ more than 5%, Since
the variations of flux appeared to be witiin the ranges of orrors,

the monitors of flux differential in the reactor were not/usad

afterwards. ' .

A.2.3 Standards and Carriers

Stock(gg;ntions of nitrates of each of the rara—earth

%

elements, except Ce, were made from oxlides of groater than

/
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99,9% purity-('Specpu;gf oxideq of John;on Matthey and Company)-
in order to contaih'ﬁpproximately 10 ﬁg of the rare-carth ion
per ml. The solutioqa-we?e standardizedtby titration with EDTA,
Bccausé'the commercial ce%ium oxide, CeO2 is very difficult to
di;solve,‘fhe'appropriate quantity of cerium ammonium nitrate
(piimary standarfi of G.¥, Smith Chemical Company) was used to
maﬁé up the Ce stoék solution. The cerium stock solutién was
also standg;dized with EDTA. A standard monitor solution was
prepared by mix?ng‘appropriate dilutions of the stock solutions,
The relative abundances of the REE in the standard solﬁtioﬁ
were chosen to be roughly similar to their rel;tive abundances
in the samples, so that their composite gamma-ray spectra were
similar. ) .

In comparison with the standard moni tor solﬁtibn

.from the Department of Chemﬁetry, University of Wigponsin, ‘which
‘was 1nc1uded in several irradiations, the writer s solution

yielded systematically different results. Since the rqsults

of the USGS standard rocks obtained with the wisponsin'monitdr
soiution (Denechaud et ai.;-iBfO) were close to*théfreported
values for these atandard rocks (c.f. Table A.2.4-6), all
results were readjustod according to the Wisconsin standard
solution.

The rafe-earth'ion concentrations in the standard

monitor and carrier solutions are given in Table A.2.l.




Table A.2.1'-

‘2g7

Concentrations' of REE in the standard
monitor and carrier solutions
| R )
Element Honitor solution ‘Carrie:'solut§$n
: (ug REE/g solution) (ng REE/g solution)
La .- 22.9 1.08
ce 55.8 . 0.462
Pr .53 0,501
Nd 31,7  0.241
Sm 7.22 :.1.04
" Eu 4,22 1.15
cd - 7.25 0.346
. 2.82 1.20
By 13.9 0.158
do. 2.32 0.423
b - 491 0.605
m 1.03 0.315
Yb 7.26 119
Lu 10.930. 1.41°
¢ _ _ 0.522
: <

H

e

ot 4

g
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Ai2.4 Chemical noparaeion of the Rarae-Larth  °
Klemant Group - C

The oomplete chemioal procadurea for both uamploa and’

-ptnndnrdu are aivnn in Aections A, Y 11, Beveral brieg pointe

are noteworthy, - TQQ nolution o! Yn8 whloh was uned for determinau"

linn of Lhe-chemionl yield wan made up 8o that 2°mi of the ‘solution

wonld give ahout 15,000 counts above the bacquound 4n the

ue

du&cmenk for Y at 1, 036 Mav in 200 minutes oountinq)timu.

sQandlum did not have to be removed from tha nampleu
an1lynod for this work. Its removal betorn radioanaay of the

hll, howaver, connldurably improvel thn procision of tha detor-

Jminations of Nd, Tb, Yb and Lu. Therofore, npaoinl et:orta wara

-

mndé for ita removal, In aoidjrockn and foldsparn, whioh cnntain |
aLhor low amountu of 8c. it waa. aoparatud by but!orod fluorido
pronlpitntion, while in basic rocks and biotitea with high Be ,‘ “
contanta, a more laborioua but moxe effactive solvont-oxtrncsion
tachnique .-was uaod. ‘ | ‘

Rogardlng the bu!farod fluorido prncipltntlon. .
Stevenson nnd Norvik (L961} have pointud out thnt the behavior oE Bo

. dirrarn vary conniderably from thae o! the rare-earthes in

fluurldo solution. Thog lhowod that in 1 M acld #olution, norJ

| fiay be procipltatod toqother with REE elggntially quantitativelv.

But at’ low acid aoncontrationn with ammonium ions p;onent, tho

ﬂerﬁa" complex forma -(Figcher and Book, 1942) ‘and in a buffored j

Ny solution at pif 3, " REE tiuoridel MlY be precipitated quanti- i

tatively whilu mont of the so romain- in lolution (Bonner, in i
& i

- r




. of,tho Sc tracnr. HE

299

stovonson and Nerwvik, 1961). : .

Tho solvent-extraction method for removal of So

which wns‘carriod out before the last hydroxide pracipitation,

-1q doncribod by Morrison j?i Freiser (1957). A tracer oxpariment

of P uolmko (puruonal.co nicatioq, ‘1971) showed that about

B5% sc is romovad in the first 6xtriction. while the second °
extraction (with the solution of L mg of Sc ion as holdback.

carricr addod to tha aquoéun_phnné) ramoves an additional 15\
46 | B

Throughout tho procedura the glaluwaro for each
nanplo was used ropoatudkn without npeoinl attompta to wash it
botwoon ntops, The residuo from ono step doas not intorforo with
tho Forlowing aiep_adﬂ-chomicai yields can bo increased by
ro-using thae glasawnro. Wﬁon'accurately mcasurodramountn waro -
noodod, thoy wore prepared in advance to avoid wasting tima
during tho chomical procolsing. six lamplos and two standards
required 8-10 hours for the dissolution proceduro:nnd 10-12
hours for the fusion procedurs.

¥
A 2.5 cQunting Equipment

B Nucloar-Chicago gamma- counting system utili:ing a

25 em® Ga(hi) diode, an analog digital conventor, a 1600 chnnnel"

memory and a teletype paper print-outlwas used during the course

. of thia work, This nyltnm permltl a :csolution ot 4,5 KaV

51
(full width at half maximnm} for the 320 XeV peak of ""Cr. From

4]

STV
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-undetermined causes, the analyser- and amplifiers occasionally
drift in energy.. Whenavaf this happoﬁed:during a count set,
the resuiting photOpeaka;wore broadaned.and the area of the peaks

had to be calculated differently (see below),

A 3"x3" NaI(Tl) detector, a descriptioﬁ of which is
giveq\by Chyi (1972) was also used for part of this work to
iﬁeggtmine the 1.836 MeV photopeak of 88! and the 1,099 and 1(&92 ¢

MeV photopeoks of 59Fo from the iron ﬁire flux monitors.

A.2.6 Counting Conditions

-

The counting procedures for the Ge(Li) detector,
including the nuclides used, the energies of the gamma-rayApedﬁg
selected for calculotioné and the starting time of the count
following irradiation are summarized in Table A.2.2. The
separated REE were counted at tliree differeot times - once about
-4 days after irradiation (I count), one 10 days (II count) and
‘once about 40 days (III count) after the irradiation. .The
Optimum geometries and observation times for these counts were a
function-of the detootion systam and the sanple aotivity. With-
regard to the I count, a set of counts was taken at a great
enough distance :rom the dotector so that dead time did hot
exceed 20%, Tha‘obsarvation\time needed_to achieve satisfactory‘
counting,statiotics.turned‘out to be usually about 30 minutoa'_
and the position of the order of about 10 cm above the detector.

For the II and III count sets, the selection of a counting . . -

'
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Table A.2.2 Summary of information pertaining to
‘ radioassay
T Days after _ lf//- Energies of y-rays
Count set end of Nuclide Half-life ' ? used, YoEe
irradiation , e ' MeV
I 3 140, 40.2 h  0.3288%, 0.4872¢
- 153g 47.0 h 0.0697, 0.1032+
~ 1664, 26.9 h 0.0806
77m -~ 6.14 a 0.2084*
11 14054 0.2 h  0.3288, 0.4872
14744 11.1 d . 0,5310
160, 72.1 4  0.2985+
175y, 4.21d  0.2826%, 0.3961*
17700 6.74 d 0.2084
IIr 40 M4lce 330 @  0.1454
| ' 1525, 12.7 y 0.1218%, 0.3444*
153£!L 242.0 d 0.0974
i 160, - 72,1 d 0.2985
169, . 3200 d 0.1772*

speaks used in chemical yield determination of irradiated da;rigr,
8 days after irradiation of carrier ’

N,
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position depends on a balancing J?’the desirability of the
accnmulatioﬁ of counts feaaonably rapidly and the desirability
of obtaining identical counting geometry. The final sats wers
usually counted at about a centimetet froﬁ the datector. In
gencral, l-ﬁeV:l channel scale was used for all counts, Dua

to unexpected problems (e.g. availability of counﬁer), however,
all REE listed in Table A.2.2 wero not- always determined.

Kh Apart from the observed RCE, at léaat two more
elements may be determined by ﬁhis method. They are dysprosium
and thulium. ?he éaak of thulium (170Tm_0:0843 MeV), howaver,
is not sufficiently isolated to be measured without caréfu{
corraction for an overlapping peak of terbium (160Tb 0.0879 Mev).'_
With rcgard to'dysprosium! during the initial experiments,
attempts had becn made for its determination, but because of
a very short half-life (1550y =~ 2.3 hours) irradiated samples,
which had to be processed after a ratﬁér short cooling period,

S .

were strongly radiocactive and thus both these elements were not

determined, - - ' ' \ | -
Following the III count set, samples and standards
——, ) .

were‘bounted on the Na(I)—détector'for a time sufficient to
give about 15,000 counts ‘above background for the 1.836 MeV

peak of Yaa.

~’
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A.2.7 Peak Integration

—The procedure used for the infegration of y-ray peaks
is described in.detai; by Denechaud (1969} and Denechaud et al. -
(1970). Briefly, the half-peak area method was used. The
spectrum was integrated over the full width of the peak at half
maximum height and the average background was subtracted.
Reqardinag the average background, an accurate graph, counﬁs per
channel versus the chantiel numher-of the pertinent part of the
spectrum was drawn in order to determine the baseline. A )
straight line, which represented the baseline, was drawn between
the valleys surrounding thé';éak. Tﬁe value of the baseline fdr
the channel which corresponds to the median channel of the
enerqgy range to be summed was determined from the graph.

The half peﬁk area method, however, éan be used ‘6nly
if the peaks are not broadened (Denechaud, 1963). If the half
widths of the peak differed by more than 7%, whole-peak area
calculations were used;

The net peaks weére corrected for differences ih

counting time and for deéay.

A.2.8 Determination of Chemical Yields

Since the losses for the individual REE are not

uniform during the separation, the chemical yield has been
determined for each REE. A caiculation of individual elemental

yields involved a determination of relative yields (i.e. relative

\
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differences between recovery of individual REE) and these, along

with the absolute field for Y, have been used for the determination

of absolute yields fof each REE. The tfacer of BBY was chosen

because it has REE chemical behaviour, a fairly long half-life

éf 108 days and an absenca of y-ray in the low energy region,

. where the peaks to be alyzed occur.

~The ralative yialds were dgtorminéd by re~irradiation

of a portion of the :oc&%ered carrier. After all tﬁo count

.sets wara completed, the samples and standards were disqolved in

2 ¥ HCl and a small, unweighed amount of the carrior was trans-

ferred into a ailica ampoule. Whan this was done for each aamplé ~

and standard to be r€?1§¥§ﬁiated, all were taped together and. /i’

re~-irradiated at a total neutron flux equal.Eé the £1ﬁx samb%pn

rcceived in the original irradiaéion, and ghus the residual

activity was rendered negligeable. About eight days after the

re-irradiation each irradiated carrier was counted on the Gé(LL)

detcctor. Since only relative numbers within the sanmples ware

needod, the counting geometry and weights were not important.

The Y ray peaks usad for the yield determination are given in

Table A.2.2. 3 _
Relati;a éhomical yields for La, Sm, Eu, Th, Yb. and

Lu ware obtainod by comparing their corracted activities in

'the samples to those of the standards, Relative yields for Ce,

Nd, Gd and Ho were obtained by interpolation from a graph of

relative yiold'plott.d against the REE atomic numbo:. The
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; , .
absolute chemical yield of Dy was aaaumaﬁ*;o be the same as

that of!the Y tracer since “the ionic radius of Y ig similar

to that of Dy and its geochemical behgviour is extremely close

to that jof the heavier lanthanides" (Haskin et al., 1966, p.173).

| ’ An absolute chemical{yield for each of the REE was

then obtained by multiplying the ratio of the relative chemical //
yield for the element to that for Dy by the absolute chemical® "

N\
_ yield for Dy.

A.2.9 Calculations

‘The congentrations for each element were obtained by
comparihg the activity of samples with that of the standard and
correcting for differing weights and the non-quantitative variable

chemical yields of the samples, as follows:

Cs = (As/Am) - (Gm/Gs) - (Cm/Y) |
Cs - concentration of the eles®nt in the sample in ppm; :
Cm - qonceﬁtration of the element in the standard monitor in ppm; |

As - corrected peak area in counts per unit time for the sample; ;

" Am - corrected peak/zie in counts per un;t time for the standard

monitor; -

Gs —‘height_of the sample in grams; :

Gm —:weight-of,the standard monitor in grams;

o
1

‘ abgsolute chemical yield for the element.

; When several values for an elament had's;milar !
' | - - o™ :

—~——

o
-
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statistical uncertainties, an arithmetic average Qas taken to

L #4

get a single value., If the values had significantly different

uncertainties, the one with the amallest uncertainty was used

. . !
to represent the sample.
- r

r

A.2.10 Evaluation-of Results for REE

,Q_J
The precision and. accuracy of the analyt#cal procedure

were testgd by replicate analyses of 10 of the whole%rock and

mineral separate samples and 3 of the U.S. Geologicap Survey ‘
standard rocks. The results of replicate analyses gqr the USGS
standard rocks are given in Table A.2.3 together wiﬁh the

average of the coefficient of variaticps for all reelicate
analyses.

The data reported in this work were othined over

L

a period of two years and the analytical precision is signifi-

cantly better for some analyses than others. 1In ge eral, the

analyses done in the first year have a poorer prec sion.

|

and Lu is

The precision for La, Ce, Sm, Eu, Tb,
generally better than t10% and for Nd, Gd and Ho better than
+25%. The statistical-unbertainties in the calculhtion of the
net peaks appear to be the controlling factor'in t elprecision S
of the analysis. : ‘ - . 1 ‘
. The accuracy of analyses can be assessed by compari-
son with the reported valués on the USGS standard rog#g BCR-1,

W-1 and G-2 (T&ble A.2.4-5). Howave:,"the accuracy of REE

.
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analysis at the present time is not yet such that investigators
from different 1abor?toriea get the same values for the same
samples to within their atated'uncertgintiea. Part of the
reason may be‘sample inhomogeneity, but probably not" (Haskin et
al., -1971, p}203). fhus.for the comparisqn, only REE data from
some of the %aboratories in which éxtensive REE analyses have
been done aréigiven in Tables A.2.4-6. Conmparison with ﬁhese
analyses for standard rocks show that the data determined in this
work are within the range of reported values. In view of the
uncertainties of the real abundahces of rare-earths in the
~ standard rocks, it.is;gstimated that the accuracy of this method '
is expected to be within the limits of preéision.

The sensitivity of the method fluctuates, but
"because background activity depends on the variable matrix of
the sample, it is impossible to define a sensitivity limit to
cover all analyses" (Barker, 1972, p.2l). The contents of REE
in‘dunite (130) and that of heavy REE in some feldspars, however,
appear to be close to the Qeﬁsitivity limits,

Because of possible inhomogeneity of the standard
rocks (c. f Rey at al., 1970) and for an interlaboratory com- *
parlson of the results, the split of standard basalt (BCR-1)
analyzed in triplicate at the University of Wisconsin (g.f.
Denechaud et al., 1970; HGSkin et Qng)197o) was also radio-

a“alyzed, The RBE abundances obtained agree wall both with their

data and with the results of raplicate analyses of the split of

r . /.-_

g
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this standard rqck provided by D.M. Shaw and are included in the
average for BCR-1 in Table A.2.3-4, |

Despite the fact that replicate anaiyses for whole;
rocks from the pluton do not indicate significant sample inhomo-
geneities, it is difficult to evaluate thé effect of heterogeneiﬁy
in general, particularly whether samples are representative sincé
felsig rocks from the pluton are'coarse;grafﬁed and the bulk of
REE is present in accessory minerals in these rocks.

In order to evaluate possible error in radiochemical
separation, particularly in the chewical.yield determination, an
instrumental neutron activation t;chn;que similar to thatgdescribed
by Gordon et al. (1968) was used for determination of Eu in
standard rocks (Table A.2:5). The results are comparable to those
of radiochemical_aétivaéion analysis. |

| To graphically'illustrate the magnitude of analytical
errors on the graphé for the chondrite-normalized REE distribution
patterns, Fiqure A.2il shows the REE patterns for standard rocks
BCR-1 and G-2 with error_bars, The full length of the error
bars indicaées two “average" standard deviations. "A#erageﬂ |
standard deviations were calchlated?from éhe averages of coefficients
of varlatlon glVen in Table A.2.3.

As noted above the REE distributions in the rocks
and minerals were normalized to the average values for chondx£}es

given b'y Frey et al. (1968). These values are (in ppm):
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. Table A.2.3 Precision of REE determinations (ppm)

1 2 3 4 5 6 7
~_La 26.1 1.9 94 3.5 7.6
ce 53.8 3.1 173 9.2 6.2
Nd 32.0 4.9 52 6.2  16.2
Sm 7.23 0.38 7.3 0. 5.5 : ‘
Eu -2.04 0.083 1.57 0.05 4.6 1.94 1.48 g
Gd 7.2 1.5 N 20.1 C
Tb - 1.06 0.05 0.56 0.03 5.7 . o -
Ho 1.4 0.23 18.6
v ' 3.41 0.2  0.80 0.06 7.4 -
‘Lu 0.517 0.033 0.14 0.01 7.1
1. BCR-1 (average of 7 determinations, except Nd, Gd and Ho which
. .are the average of 3 determinations
2. Standard deviation of BCR-1l determinations
3. G-2 (average of 2 determinations)
4, Standard deviatioﬁ of the G-2 determinations o
5. Avenage of coefficients of variation - V (Ragland ét{al., 1971)
% = ég, where n = number of all samples (unknowns\and
standard rocks!) analyzed in replicate, and ‘
V (coefficient of variation) - 10: 2 (s = one standard ;
- deviation; X = arithmetic mean of replicate analyses)..™ :
6. BCR-1 - instrumental neutron activation analysis for Eu
7.

G-2 - instrumental neutron activation analygis for Eu

‘ . " licate
For La, Ce. Sm., Eu, Tb, Yb and Lu, "unknowns" represent dup
analysés of lo'whoie-réck'and mineral separate pamples,-wgi;q .
nstandard rocks” include 7 replicate analyses of BCR-1 an 1

duplicate analyses of G-2. ) .

~

The value for Nd is based upon duplicate analyses ofhilgntggwnsf
3 analyses of BCR-1 and duplicate analyses of G-ii W, o &
values for G4 and Ho are based upon duplicatgagn yses

unknowns and 3 analyses of BCR-l. _
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Table A.2.4 Comparison of reported REE abundaﬁces ; ”
' {ppm) in standard rock BCR-1
1 2 3 4 5 6 7 {
La 26:1  25.2  23.7  23.7  26.0 26.1 L
Ce 53.9 ' 54.9 54.2 52.0 53.0  51.0 53.8 |
Nd 32.1 28.8  30.5 . 26,0 - \ 29.5 32,0
Sm 7.44 6.74 ¢ 7.2 6.52 6.2:. 6.9 7.23
Eu 1.942 1.96 1.97 1.75 . 1.94 2.0  2.04
Ga, 6.47 -. 7. 8.0 - s K.s 7.2 -~
Tb - - 17157, 0.95 0.96 0,87 1.06
Ho - - 1.34 - - 1.31. 1.4
Yb 3.38 3.68 3.48 2.8 3.2 3.3 3.41
Lu 0.536 0.59 0.526 0.38  0.535 0.57 0.517
1. Philpotts and Schnetzler {(1970b) IDMS
2. Gast et al. (1970) IDMS ;
3. Denechaud et al. (1970); Haskin et al. (1970) RNAA | , ;
4. Ragland et al. (1971) RNAA | | SRR
5. Green et al. (1972) RNAA , - | .o
6. Rey et al. (1970) RNAA | g
7. This work (average of 7 determinations, except Nd, Gd, and Ho R
which are the average of 3 determinations) :
Method of analysis: ‘
RNAA - radiochemical neutron activatxon :
IDMS - isotope dilution mass spectroscopy .
/
\\ a
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Table A.2.5 Comparinon of rnported REE abundances
{(ppm). in stnndard rock W-1

1 2 3 ‘ _3,5 6 7
La | 1009 1.6 0.2 (W4 w2 1.
Ce 23.4  23.6. 23,5 - z%ih~ {.o'f 24.0 24,9
Tna 15,1 13,0 11,0 1207210 15.0 165
Sm 3.76  3.35 . 3.62 ° 3.40 3.8 3.52
© Eu 1,112 1,082 1,18  0.99 1,04  1.09  1.09°
Tb - . - 0.617 0,58 0.60 0.75 0.62
v . 2.08 . 2.21 .71 2,14 . 1,90 2.10  1.90 -
Lu 6.31_ 0.318- 0.322 0.26 O, 35<7> 341 " 0.314 .

. \\,/(/
1. ' Philpotts and Schnetzler (1970b) . IDMS
- 2. Shih (1972) IDMS | | B S '. .
3. Higuchi et al. (1970) RNAR | f |
‘4. Ragland et al. (1971) RNAA ) | _ : é
5. Tomura et a1.1(1968)‘.RN§A. - B {
6. Haskin and Gehl (1963) RNAA o .' i
7. This work (single determination) . L
" ] | -

&' >

yoratn o

Method of ana;yuis: : . ;
'IDMS - isotope dilution mass spoctroscopy | o
RNAA - radiochemical neutron acﬁivation - |

I
-
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rable A.2.6 Comparilon Of reportad REX abundancol
> (ppm} d&n ltandard rock G-2

- e 1 .. 2 3 4 3 6
ta . - BS,0 100.0 930 91.0 8.0 90,0
Cce 1683 177.0 170.0  180.0  110,0  173.0
T | ) jﬂ'f 51,0 $0.0 47.0 67,0 52,0
i RN 9.2 7 7.3 [ 1.0 7.3
ta ) 1.29' POt S -t R OF OO N Y R Y
m. 0.0 0.4 0030 0.0 0.8 0.56
b 086 0476 0.72 - 0,68 0.90 - 0,80 -\
w0, LD/// 01 02 043 )03 o4
T e | | . ” j
A o S v .
Sl uma ot. al. (1971) INAA- - -
& CGreon ot al, (1972) RNAA R : l‘ . -
J: Roy et nl.‘tlsvo) RNAA EE - | T
4. figuchi et al\ (1969) RNM . - C
5. Morrilon ot al. (1959) " RNAA . N
. 6. This work (aVﬁ:aqo of 2 dototminatlonl)//// g :
.,thhod of analylilg - - ‘ 
INAN - 1n;trumenta1 lutron aotivation .
RNAA = rad;ochqm;cal n‘ftron_activution o PR
v L
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' Fiqure A.2.1 E dlstribution in standard rocks BCR-l (top}
and G-2 (below) . Precision is s\h‘own by error bars.
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A.2.11 The Chemical Treatment of Rock Samples

x
Prior to receiving the irradiated samples, /3 ml of the REE

ontaining 88y tracer

carfier solution and 2 ml of a solution

are added by pipet to a clean 40 ml zifconium crucible. About

. J .
3 ml of 3 M NaOH are added to neutrqf{ze the carrier and tracer
solutions. Identical amounts of c fiier and BGY tracer are
added to a 150 ml beaker, which will receive the standard

monitor.

The solutioen in the crucible is evaporated to dryness under a
heat lamp. It is then heated to about 150°C on a hot plate

and allowed to cool about one hour before the beginning of the

(3

The bottom of crucible is covered with about 4 g of sodium

peroxide. The ampoule with the sample is cleaned with acetone.

\ i

" The sample is carefully poured ingo'yfzirconium crucible and

covered with another 5 g of sodium peroxide.
The contents of the crucible are melted over a Meeker burner

until complete fusion is achieved mixing as necessary with c |

nickel spgtula.

The:conLents of the crucible are kept completely‘molt%n (cherry

|
|
b
1
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red) for apout 1 min more with occasional aéirling. Longer
fusion times shorxten the life of the crucible and result in
the'dissolﬁtion of gxceasive amounts of zirconium, which must

be separated from the REE.

7. After the crucible cools to nearly room temperature (on a cool
hot plate or ih a water bath3, it is placed on its side in a
400 mlrbeaker.
B. Aboﬁt 80 ml{Hzo is poured into the beaker with the crucible
: and its 1lid. The'beaker_is covered immediétely with a watch
élass to contain the vigorous reaction._ The spatula is then
"~ placed in the beaker to remove.any material adhering to it.
s .
9. wWhen the fusion cake is digested, 30-40 ml of conc.HCl is slowly
added'and-the beaker is Eobered again with the Qatch glass;

swirling gently to facilitate the -acid attack.

10. The material adhering to the watch glass is rinsed into the =
beaker with a stream of conc.HCl.- ' w

11. The contents of.the beaker are stirred until the precipitate

from the fusion cake is dissolved (if necessary additional

coﬁc; HC1 is éldwly added with constant stirripg).



12,

13.

14,

15,

17

The c:uciblo.dnd spatula are removed from the beaker and the
adhering solution is rinsed into the beaker with a\htrégm of
distilled water (it may be necessary to heat and police the
crucible with 6 M HCl in order to remeve the last traces of.

the melt; also if any undissolved traces are atili praesant £ho
beaker is placed on the hot plate and heated to decomposa them),

The total volume of the solutjion should be around 150 ml.

About 10 g of solid NH‘Cl‘are dissolved in the solution and
concentrated ammonia solution is added wiﬁh continuous stirring
to bring the solution to a pH of 9 or greater, This pH can
usually be achieved by measuring the volume of the solution
when permanent traces of the ﬁrecipitato first appe;r and then
adding an additional quantity of ammonia equal to 10% of this
volume, (The volumes are approximated by using graduated
beakers during the procedure) .

&

The contents are allowed to age about 2 min and then the

precipitate is removed by centrifuging in two centrifuge tubes

and the supernate is discarded into the radioactive waste.

The beaker is rinsed with a stream of diluted gmmqnia solution.

The wadhings and.tha precipitate are stirred together, centri-

fugedﬂaﬁd the supernate discarded. ’
' )
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17,

18.

19,
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The precipitate is washed with about 50 ml of diluted ammonia

solution, breaking up the precipitate with a stirring rod, and

centrifuged again and the supernate discarded,

)
The precipitates are dissolved in cocc. HCl (each sample is in
two tubes - about 5-10 ml of HCl is added to each tube) and the
solution is transferred to a 150 ml beaker. The tubes are
rinseq:with conc.HCl.-.The final volume of the solution should
be about 30-35 ml. Then the volume is increased to 40 ml with

H,0 (if the volume previously is about 40 ml, H,O is not added) .

The solution is then simmered for 5-10 min. on a hot plate
{(heated at a 2 o clock position), cooled to about 60°C in a
water bath, and,an additional 3 ml (approx } of conc. HCl are
added. The silica is precipitated by adding, dropwise and with
stirring, about 1.5 ml_of 2 freshly prepared l.St_gclatin
solution for each 0.25 g of the original rock sampie.
The.contentc.of the bcaker are then transfer;ed to one centrifuge

tube, centrifuged and the supernate is transferred to a 400 ml

' beaker. A 150 ml beaker is rinsed with about 20 ml of 8 M HCl

and the rinse is poured into the centrifuge tube. The washings
and the precipitate are stirred together with a glass rod,
centrifuged, and the supernate transferred‘to a 400 ml beaker.

The rinsing is repeated thfce times,

Ll

\



20.

21.

22,

.23,

\\

24,

o

25,

26,
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|

16 M NaOH is added slowly with constant atirfing into the 400 ml
l

beaker until the pH is 10-11. |
L X
i

The contents of the beaker are transferred into two centrifuge
tubes. The REE hydroxides are centrifuged Out and the super-

nate, which contains mostly Al, is discarded

J
J

The beaker is rinsed once with diluted NaOH, centrifuged and
. [ i
decanted, ‘ghe precipitate is then washed twice with water,
d

The precipitate is dissolved with 6 M HCl | (about 10 ml for
each centrifuge tube) and transferred to a 50 ml polycarbonate

tube. The glass tubes are rinsed with GIM'HCI and poured again

into a polycarbonate tube. ' /

The fluorides are precipitated by addin about 5 ml HF and 5 ml

saturated ammonium fluoride solution.

\

N

The contents "are centrifuged and the sépernate discarded. The

precipitate is washed with about 10 mI water.‘centrifuged again

and the supernate is digcifded. /

~

\\\

. .
The fluoride precipitate-is dissolved in about 5-10 mi 2 M Hgl

solutiog>which is saturated with bo ic acid. The contents of

L
the tube are agitated and heated inja water bath to hasten

\\\

N
.
~
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dissolution. S e

27.A The hydroxides are precipitated with conc. ammonia solution,

AN

28,

29,

30,

31.
32,

33.

which is added in excess in order to bring the solution to a
pH of 9 or mord. (The volume of the solution is estimated
when the first precipitate appears and then additional ammonia

solution equal to 108 of this volume is added) .

The contents are cohtrifuged, the supernate discarded and the

precipitate washed with 10 ml water and centrifugéd again.

Then the supernate is once again discarded. e
f

The precipitate is dissolved in about 15 ml.of 6 M HC1, The'.

fluorides are then precipitated with 1 ml HF and 3 ml saturated

ammonium fluoride solﬁiion‘(to about pH 5), and ceﬁtrifhged

out. The supernate is discarded.

After washing with about 10 ml water, the precipitate is once

again centrifuged out and the supernate is discarded. hd

Steps 26-30 are repeated. | | - ]

Step 26 is repeated.

The solution is transferred to a glass centrifuge tube %nd the

5

\

.~

<]
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m~ L]

% | ) B

-~

polycarbonate tube ia rinsed with watar into th‘ glass tube.

34, Staps 27 and 28 are ropeated.

35. The lant hydroxide precipitates are washed twice with water,
- centrifuged and decanted, then washed with methyl alcohol using
a capillary pipet to breoak the procipitate. The precipitate

_ =
is centrifuged and the supernate ip decanted.

6. 2-3 ml of alcohol are addad and the.procipitdto is broken by

pipet and transforred to a vial,

-
o

37. The centrifuge tube is wanshed twice more with alcohol and the

washing is added to the vial.

38, Tha vial is placed in the plastic cantrifuge tube in the wool

onvelope and centrifuged for about 3 min,

39, The supernate is romoved by capillary pipet and the precipitate

is dried under a hoat iamp using an air jet.
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A.2,.12 The Chemical Treatment of Some Minaerals

[
K

Prior to receiving the irradiated ;:;ples, 3 ml of thoe REE

carrier solution and 2 ml of a solution containing 88y tracaer

are addod by pipet to a teflon crucible., Identical amounts of

the carrier and 'Y tracer are added to a 150 ml beaker which

»

will receiva thg atandard monitor,

The solution in the crucible is evaporated to about 0.5-1 ml
under the hoat lamp. The ampoule with the sample is clogned

with acatone,

The irradiated sample is transferred carofully to the teflon

crucible,

The sides of the crucible ara washaed down with 2 M liC1l and the

contants of the crucibie are swirled to obtain a slurry.

About 8 ml of an acid mixture containing three parts of HF

and one part of HClO, are added.

-~

The contents of the crucible are swirled and the crucible is

then placed on a sand bath on the hot plate behind the load

shielding.

The contents of the crucible are hgated strongly and evaporated
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- under a heat lagp_to perchloric fumes with occasional stirring.
g8, 2-3 ml HF and 1 ml BClO4 are added to the crucible and
evaporated to dryness. Most of the HClO4 fumes are driven off,

taking care not to convert the perchlorades to oxides {(one hour).

9. The crucible is removed from the sand bath, cooled, the external
sand is washed off and the outside of the crucible is dried.

10. The sample cake is transferred to a 250 ml glass beaker (con-
taining a 0.5" teflon coated magnetic stirring bar) and the q
teflon crucible is washed a few times.with 0.5 M HCl.

/o : : ; \

11, 2-3 ml conc.HCl are added to the crucible and covered.

12, Tﬁe crucible is warmed for 2-3 min..on'a sand bathrto dissolve

the remaining salts. *

13. The solution is quantitatively t;ﬁnsfe:red to its respective
. _ ;
fbeaker using minimum amounts.offﬁzo.

/
/

/ - D -

14. The contents of the beaker a;grstirred,rthe volume is brought
to about 30-40 ml with 2 M HCl, covered with a watch glass and

heated to boili;g on a hoﬁJplate to obtain a clear solution.

- ~F ) ,"

‘
- /
!



15.

16.

17.

18,

19.

20,

21.
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The conteants of the_beaker ara then cooled on a w&ter bath.

The watch glass and the sides of the beaker'are'ﬁashed‘with H,0.

Enough 16 M NaOH solution is added slowly with constant stirring

into the 150 ml beaker, until the pH_ is 10-11.  ©

The contents of the beaker are transﬁbfred to a'SO;ml poly-
carbonate centrifuge tube before the precipitate has had a

change to settle., The beaker is washed with diluted NaOH.

The precipitate is centrifuged and the supernatgnis discarded.
. 3 :
The precipitgte is washed again with water, centrifuged out and

the supernate is discarded. (

The precipitate is dissolved in about 15 ml 6 M HC1l. The
fluorides are then precipitated with 1l ml HF and 3 ml saturated
ammonium fluoride solution (about pH 5), and centrifuged out.

The supernate is discarded.

1
H

"After washing with ‘about 10 ml water, the preéipitate is once

again. centrifuged out and the supernate is discarded.

~ ‘ .
The fluoride predipitate'is dissolved in about 5-10 ml 2 M HCl
solution which is saturated with'boric,acid. ?he'contents_of

the tube are agitated and heated in a water bath to hasten
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dissolution. , " L

‘in The hydroxides are precipitated with concentrated ammonia
solution which is added in excess_in order to bring the
solution to a pH of 9 or more:; —

23. The contents are centrifuged, the supernate'diecarded and the -~

precipitate washed with 10 ml water and centrifuged again.

Then the supérnate is once again discarded}

4. /Steps l9f23 are repeated.
. - 1
25. Steps 19-21 are repeated. ' , - !

.\_‘.

.26, The solution is transferred to a glass cen

i fuge tube and a

\ .

N

polycarbonate tube is rinsed.w1th water into the glass tube,

: \

27. Steps:22 and 23 are repeated..

28. The last hydroxide precipitates are washed twlce with water,

centrifuged and decanted then washed with methyl alcohol

using arcapillary ptpet to break the preé‘%itate. The precipi-

tate is centrifuged and the sthrnéte is decanted.

29, 2-3-ml alcohol are added .and the precipitate is bro@_nm g pipe

f



30.

31,

32,

o
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' A

and transferred to'a vial.

-
b

_"
L
AN
(XS
Pt

The centrifuge tube is washed twice mors with alcohol and the

. - -

washing is added to a vial.

The vial is placed in the plastic centrifuge tube in the wool -

envelope and centrifuged for about 3 min.
A

-!
3
¥
i
i

The supernate is removed by capillar§ pipet and the precipitate

“is dried under a heat lamp using an air jet.




' 'the beaker contents are warmed for about 15 min. on a hot plate

ensure removal of all REE-activity and then discarded s

The contents of the beaker are filtered through paper in a

327 X:

5 ,
A.2.13 The Treatment of Standards

. .
The outside of the silica ampoule is carefully cleaned with e

acetone and then with 0.5 M HC1.

!

The ampoule is opened on a white loadinq plate and placed o

' 1nto a 150 ml beaker to which the” carrier and tracer solutions

have been  added.

s

.

with occasional washing of the inside of the:ampoule with the

1

carrier and tracer solutions.

' o
Finally the ampoule is washed with 2 M HCl monitored to

s

About 20 ml of 2 M HCl are added and stirred to equilibrate

the carrier and tracer solutions with the standard.

- - -

N
..

funnel in order to remove the glass powder ‘and rinsed several
times with 2 M HC1 1nto a glass centrifuge tube.

SO : - Q@ : . . :
Enough conc. ammonia sotution ig added to precipitate REE LT

.o

centrifuged'out_and th& supernate is discarded.
s ' ) . .

hydroxides (adjust to pH 9 ?r greater), the precipitate is o - F
: |



10,

11.

12,

PR 2 ]

k¥3:3

The h droxide precipigates are washed tw*ce with water,
centrifuged out and the supernate is diséarded, then the
precipitates are washed with methyl alcohol using a capillary
pipet to break the precipitate. The precipitate is centri-

fuged and the aapernate is decanted

2-3 ml alcohol are added and the precipitate is broken by

'pipet and transferred to a vial.

The centrifuge tube is washed twice more with alochol and the

washing is added to the vial,

B -

‘The-ﬁial is placed in the plastic centrifuge tube in the wool’

envelope and centrifuged for about 3.min.

The supernate is removed by capil}ary pipet and the precipitate - 'I

is dried under é.heat lamp using an air jet."

b~
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blotite gnales .8 ljlghl migmatizotio

2 q_uor‘lxlilo bictite gnelss \ " medlum migmotizat
3 coloareous gnelss ) v llron-o';'n'ﬂgmnllutlc
4 amphibolite ~ geologloal boundor
B marble "

_geologleal boundar

mofic (hornblende) hornfels gecloglcol  boundar

- fault

' 7 / <| Ix
MEAEANEE

100008E00000

8b mofic (pyroxens)  hornfels
TN . -~ .
T ) ’/’ diorite, aysnodiorite - ) A sirlke dnd dlp. of
~ /

8 monzonite, swamp

“\‘ ' .\ R
9 quartzr montonlle P : , B
10 gronodloritic gnaiss ' ' '\\
I pcomcfiuo - . | -~ A,




-Lége_r_nd “for 'Ma'p |

aiss 8.8
biotite qncltl'i

i gnelss

-

nblende), hornfels

[} >

‘oxene) hornfels

- i ;_ ! : [’ < S
B o .f < x ’

snodiorite

jonzonite

tic  gneiss

s

“Symbol /

slight migmatizotion {amount of leucosome ~i0-20%)

medium migmatizetion {amount of leucosome ~ 20-40%)

r

‘strong migmatizotion {omount of leucosome ~ 40-86%)

 geologicol boundury.doflnod'

geological bmdcry. approximoted

geclogical boundory, assumed

sirike ond dip of follation

“swamp




. 3

EXPLANATION"

Dalansnin Barka



. TOWNSHIP INDEX MAP

&

0
el

\7 i
g\ &

b o | \
8 FisS S

b. - Top Direction in metdivaicanics

L _ 2 _aAac e




- EXPLANATION.
(Z8 Midais Orgovicion Limestones
_ Pluidnic Bocka
_Poiouuc Granite Group
Sysnitic Group

_Basic Oikes, and Sills
Diorite - Gabbro Group

Nephetine Syanite Group Sodic Granite Grou

Suptqceystal Rochs
Hermon Qroup ’
Burn! Lake Farmution
~ Tureitt Metavolcanies -
Vansickie Formation’

Tudor MeYavolconics

.

Moyo Group -
_Apsiey Formation

o ' _Lasswade Morbdle
Oah Lake Formation - D_unmnon Formation

A S
\ 3 :
o"@ ~°b° jp V&
. gﬂ Nl *° ‘? :
& o“J Sloe e
3 ") & x
# o1 A
. t,," .;_‘ s —
) o 8
¢ J & f
. o
o 3 *
l. ] ) 2 L 1 ] i .l i
. MILES &~



e Ll
o :
o ] & N o
= _
3 o o 'y L4
& \) O~ o
«® ‘P\@' & \lﬁ?
&
L F)
o
o
9“’ *C bo\ "ﬁ ' ;
JAS | j
)

Gansrolized after LUMBERS (1964)

LT

SYMBOLS

“Yop Direction i mefavoloanics.

Fault or linsament’
Geologic boundry defined

Unmapped crea o obsence of exposure
Anticlingi fold, plunge in direction of arrow

Synclinol fold, plungein diragtion of orrow
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