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ABSTRACT

.
K

A revised geological map of the Big Spruce Lake

alkaline-complex, N.W.T. (63° 33' N, 115° S55' W) has been
A
prepared. Field evidence and element abundances and

» 1

ratios (37 elements determined) in WR samples from each of

fiQe‘introsive centres have been used to elucidate
petroqenetib relationships.' The si}ica*saturatedﬂgabbro—
syenite,suite_(Centres-l and 2) forms a single
differentiation trend. Minor gneissic contamination,
multiple magma pulses and hxghly localised post 1ntru51ve

__.»-e w

disturbance contrlbute to data scatter. . Magnetite
pyroxenites are an early cumulate‘phase of the gabbro-
syenite series. The sodxc a1ka11 basalt parent melt of

Centres 1 and 2 was  LILE~ enrlched and highly LILE-

sy

fractxonated. Comp051t1qns of tUe 511§ta undersaturated
foya1te-13011te suite (Centre 3) 1nd1cate a cumulate»’
-character; 'General enrlchment of.LILE’(REB, Y,er,-%f,'
Nb,'Ta;t) Th) in more maflc members may. result from |
dlffeqentlal accumulation or, in some’ cases, from ‘
crystall1sat10n of enrxched mafic 11qu1d. Ch111ed marg1ns
(melt compos1t10ns) are h1ghly SOdlC andﬁleucocratlc,

LILE-enr1ched and LILE fractlonated, w1th low Al/alkall,.ﬁ

. /1ow SL/alkall and. low Fez*/FeB* Ind1v1dua1 carbonatlte

bodles (Centre 4) may. be der1ved frOm a carbonated

< - Ve

foyalte—lJollte serles by separate carbonate/5111cate me1t=

s ,_v,': » S ./,
e . SR /

!
i



immiscibility events. Gneissic contamination of two

carbonatites is discernible from trace element data.

Céhpositional variationfin mafic K-rich rocks (Centre 5 -

satellite intrusion) is dominated by modal variations.
LILE-enrichment and LILE-fractionation precidae gneissic
assimilation by basaltic melt as a source for these rocks.
S zireon age.of 2188i$16/—10‘Ma has Been determined
for syenites of Centre 2. A WR Pb-Pb age of 2165 +21/-22
. Ma was obtalned*Tor foyaites and 13011tes of Centre 3, and
2155 + 16 @g,for the complex as a whole. The Sm-Nd WR
data yleld an age of 2183 + 75 Ma fbr the complex as a
whole. Welghtlng the ages by the inverse square ef thetﬁ
standard deviations, an average age for the complex .of
2174, + éo ée ie,deterﬁined. However, it‘ie felt the
zircon age fsftﬂe most reliable for the time of.

3 oy
crystalllsatlon of ' the complex.‘ Minor~contamination by

.
t

‘country rock (Sm- Nd model aqes of 2467 to 2595 Ma) and

.

e

-.metasomatlsm contrlbute to scéttered data p01nts and larqe

errgrs 1n the aqes obta1ned for the five indxvxdual

8

'wcentres. The Pb Pb data enable a 11m1t1ng est1mate of
fabout 50 Ma for the maximum t1me span for' the 1ntrus1oq of

Centres l to 4

All parent melts were malnly mantle derlved.izNo :
o

1sotop1cally d1screte mantle sources can be d1st1ngu15hed

"‘for any of the f1ve separate centres. The common mantle

fvi
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“

could account for the wide range of rock\;ypes and

source region had been LILE-depleted prior to 2188 Ma to

create gNd = +3, Egr = -10 and 4 = 9.2 to 9.4 at the timg

-

of magma formation.: T \
A model of mantle diapiric uprise related to activity
on the Snare Fault ahd involving deep mantle volatiles

ry

reconcil; the LILE-enrichment of magmas with the pri01 .

LILE-depletion of the source region. : oV
; _ \ .

<.

S o vii
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» " CHAPTER 1

INTRODUCTION
P

The origin of ;arbonatites and closely associated
alkaline rocks has long provided a subject of controversy
for petrologists.

Daly (1910) proposed that alkaline rocks are.proﬂuced
by assfmi{qtion offlimeétone by subalkaline siiicate
magmé. ;This early theory was espoused by some
petrologists and hotlf contested by others (see Wyllie and
'Watkinson, 1970; wyllie, 1974 for historical reQiews of
this theory). It was-not until evidence from experimental
petrology began to accumulate (e.q., Schairer and Bawen,
1935; Fudali, 1963; Hamilton and Mackenzie, 1965; Wyllie
énd Tuttle, 1959) that opinion against limegtone syﬁtexis
dained strength. However, the synthetié systeméAstudied

-

do no: perfectly mimic the more complex natural‘éfégems

“4and‘éo,the evidence was not unequivocal. Experimental
work by Wyllie and Tuttle (1960) showed that carbonate -
melts cbuld-exist undef”regéonqble geological conditions
;nd Dawson (1962) reportedfihevoccurrencebof a natural’
cafbonate melt. itvwas iéotpbic and trace element data
'from naturé1 systéms that substéntiated a priﬁiti?e‘origin‘

<
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£Sr carbonatiteﬁ. Stable isotope studies (Taylor et al,’

1967; Deines and¢ €old, 1973; Pineau, Javoy and Allegré,

| - e
'1973; Sheppard and Dawson, 1973) showed a primary or
. . . r - .
mantle origin for the. carbon of carbonatites which have

fléc ~ -2 to =9 (¥s éDé stfndatd);in sharp contrast to a’,
6;3g of zerO'fot limestones.: Strontidm'isotope‘data
8 o0 ' . - . :
’ (HaﬁiLton and Deans, 1963° Bell et al,}1?33-”Powell and
| Rell, 1974) showed"carbonatltes to be enrlched in :
e..‘ ®

strontlum w1th low 879r/865r ratlos, ‘similar to those of
mantle-deglved basalts (0.703—0.706). quh concentratlons
of rare earth_elenents (NDeans and Powell, 1968) provided a

third indicator of a magmatic or primary origin for

3
<

carbgnatltes. No 51nq1e field of study itsiiijgtoduced

B unamblquous evidence in all cases but the comb{ned

°

evidence clearly showed carboﬁ}tites to be products of
mantle-derlved melts and not*of limestone syntex1s.

The 1nverse model, thatcsf 51a1 syntex1s 1n whlch
-s1a11c crustal matet1al is" aéglmllatéd by prrmary

carbonate maqma to form alkaltne 5111cates {e.qg., Von’

Fckerman, 1948 Holmes, 1950;,Dawson,.1966) 1s equally'

- unsatlsfactOrv because 1sotop1c and trace element data

1nd1tate a mantle or1q1n for alkallne rocks as well as’ for

"he a§§bc1ated carbonat1tes (e Qe Powell and Bell,,1974).~

i The problem presently posed 1s that of e1uc1oat1nq

- T
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inierdependentv(Le Bas, 1977) alkaline rocks are generated
f}om mantle sources.
An additional factor is added by the presefice in many

alkaline-complexes (Sor@néen; 1974; Currie, 1974) of

©

.

silica-saturated as well as undersaturated rocks. The

&

relationship between the two types is nat necessarily the

same in all instances (complexes may begin or end with
saturated units; Tilley, 1958) although in soée cases such

as Kangerdlugssuaq, East Greenland it appears (Brooks and

-

Gill, 1982; Pankhurst et al, 1976) that undersaturated

: _ X ‘ . t

magma, of mantle q@rigin has reacted with sialic crust to
14

2

produce the.saturated‘serdes:
The Big Spruce Lake, N.W.T. alkalzne intrusion
drovides a unique proftUnity to examine relatiodships
“between all three rock types and to characterise a pre-
CambrianAmantle'sdu;ce-redion. The main‘eomplex‘eonsists
.of a 5111ca-saturated”seriee, an‘undersaturated suite and
‘acarbonatlte, emplaced w1th1n a small area apparently in

. -

.the order llsted (Martlneau, 1970). A sate111te 1ntru51on
e e

'exposed 5 km to the southeast con51sts ‘of pota551um-rlch
rocks.; The aqe ‘of - the comdlex was. placed at 2170 40 Ma-
'from Rb Sr whole rock data (Mart1neau and Lambert,f '
vi1974) - The complex 1s 1solated from other 1ntrua1ve
i'bodles and lles in the western portlon of the Slave

‘cratOn._ The Slave provxnce has been relat1ve1y stable for

»

"‘.
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about 2.5 Ga (McGlynn and Henderson, 1970) and the complex

) appears to Pe unaffected by major metasomatism and plastic

~

deformation since original textures and compositions are
present. The complex was mapped and the petrology

"described by Martineau (1970). The objectives of the

present stde are:

(1) To re-examine the field evidence in order to verify

features ot the geological map, prepared by Martineau
in 1970, which are essential\to interpretation -of |
add}tione} geochemical and isotopic data.

(2) fo exemine‘petroéenetic relationships within eaeh of
the four major tock types out{ined‘above and to

determine the relatidnships (if any) between them by

means of trace element abundances and rat£95-\

(3) By means of whole rock Rb-Sr,: Sm -Nd and Pb-Pb studles
. \1/ .

as well as U—Pb of zircons to

;o (a) constraln the age of the complex and, if

'poss1ble, determlne the t1me span over which the
o - 'sequence,of rock types was emplaced, thus

‘ relating-the intrusion to the regional tectonic

hlstory,

(b) prov1de addltlonal‘informatlon on relatlonshlps,

,between rock types and determlne the deqree of
v crustal 1nvolvement, and L
{c) characterlse the Sr,_Nd and Pb 1sotop1c

- 1
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composition of the (mantle) source region(s)
which is/are the source of the alkalic complex
and lay beneath the Slave craton at about 2.2

Ga.



CHAPTER 2

GEOLOGY

A. Introduction and General Geology

The éig Spruce Lake intrusive complex is located
about 150 km northwest ofnﬁellowknife, N.W.T. The main
" complex, roughly oval in shape and about 3.§’x 9.0 km, 1is
centred at 63° 33'N, 115° 55'W. Intrusive rocks consist
of an alkali gaobro-syenite series, a nephelinitic series
and associated carbonatites shown in outline on Figure
1. A satellite intfuslon consists of a number of small,
scattered, high- pota551um mafic bodies expesed about S km
southeaet of the ma1n complex. The complex intrudes
granitic to-g}ahodioritic gneisses at the western edge of
the Slave structugal province.

The complex was first mapped by Lord (1942), who
noted -the dlver51ty of silicate rock types and the

o

presemce of a carbonate lens (carbonatlte) whlch he
1nterpreted aS'llmestone intruded by . the complex. mTwo
lprominent:meghetlc enomalies lGeologicalASurvey of Canada
Ceophysioal.éépéf_ZQGGG, 1963l and'the'earlier outlinelof
'thebcharécﬁe; of'the ihtrusion sparked economic ama,-‘

”academicVinterest}' The main complex ‘was examlned brlefly

. . 9
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.by Lambert (1964) and then mapped and described in detail
by Martineau (Martineau, 1970; Martineau and Lambert;
1974). Extensive exploration work, inpludingftrenching
and drilling, waslcarried out by Giant YellowknlfeuMines
Ltd. during 1967-1969. No economic deposits of elements
commonly associated with alkaline silicate—carbonatlte
complexes (e.g., rare earth elements, niobium, zirconium,
poospmopus, barium) were‘located but durlng exploration
yo:k several exposures of the satellite intrusion were
ldcated and included in Martineau's sﬁody. ;9
' ”The complex is presently about 60% covered by the
water of‘Big Spruce Lake whichris\the reservoir for t%e
Northetn Canada Power Commission Snare Rapids hydro-
electriC‘plaht. The complex is exposed around the lake
!énd the disaanntaoes‘of the water-covered area are
11arge1y oEESet‘by_long shorelineévof the‘ﬁainlahd and
numerous islends'which afford excellentgsectionsutﬁrbugh
the complex. | ); |
Fleld work for the present study was carried jout
durlng two one-month per1ods in June 1981 and June-July
',1982 The authorlwas accompanled by a field ass1stant (S.

: Launspach in 1981, G [Balley in 1982) and Dr._D G We :

Smlth, Department of Geology, Un1ver31ty of Alberta was

'e‘present for a total of 2 1/2 weeks dur1ng field work

“~~;F1e1d work followed a prolonged perlod of ve?y low



precipitation in the area which left the water level in
Big Spruce Lake 4 m below normal and produced excellent
shoreline exposures. Denée vegetation covers much of the
complex and Martineau's detailed mapping of’the gabbrqic,
ring complex in the northeast port?on of the intr;sion w$§
greatly facilitated by a foresgmfire which had earlier
(1964) stripped the vegetation along the east side of the
lake. 1In the present woék detailed sfudy and saﬁpling of

the recently exposed shoreline is complementary to

Martineau's earlieY study of exposures now re-covered by

‘vegetation. Martineau's mapping and description of the

petrology of thevcomplex p;oviFed the background for_field;
work and samplinq‘ip the present study. A?bé brief outline
of the geology inéluded here to provide a context for the
geoch?mistry followé Martineau's interpretation, revised
and/or expanded”as needed by the present sgudy. .ReviSed
geologicaliméps‘ére inclﬁdea in the map pocket.

The numerous and -diverse alkaline silicate rock- types

M 4

of the comblex can be separated readily 'into. four major

groups, each of'whichiié petrogtaphically and

 ge6graphi¢a11y separate from the others. Three of these

form the oval shape_bf the main cpmplex'andafield

‘relations clearly show a time sequence of emplaéement with

the centre of ihtrusiye‘a¢tiy§ty.br0gtessing from the

L T S ‘ : v s . oo
‘northeast to the southwest -(Fiqure 1). The earliest group

[
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is composed of silica-saturated diorites, a gabbroic rinq
complex and massive maqnetite pyroxenites (Centre 1)
emplaced at the northeast end of the complex. These were
followed by massive red-brown weathering syenites with and
without modal quartz (Centre 2}, emqfaced near the centre
of the main complex. The syenites in turn were followed \\\\\\
by aqrey to black nepheline-rich rocks emplaced to the
south and west of the syenites (Centre 3). The fourth
alkalinessilicate group, shonkinites and biotite
pyroxenites, 1is egposed in the satellite intrusion whose

relationship to the'main complex cannot be determined by

‘field relations. This group is placed last as Centre 5.

Intrusive activity listed as Centre 4 in the time sequence

is carbonatitic, associated with the main complex. : -

Carbonate rocks are temporally and petrographically, but

.not aeographically, distinct from the silicate rocks of

~ Y ' L - . - . .
the main complex..wCa1c1t1c intrusive rocks lie mainly

within the western-southwestern boundary of the complex

cutting Centres 2 and 3, hhilegkﬁtmdtic rocks intrude the

oneiSSes_immediately'to_the>east of the complex.

A prominent aureole of red, feldspathic fenite
surrounds the nephelenltlc rocks .of Centrg ‘3. Porphyry

5.

dykes carrylng phenocrysts of nepheline and/or feldspar

» Pa

cut gnelsses and the silica- saturated rocks of Centres 1

and 2 but not Centre 3. Broad basic dykes, regxonal_and
4 . " . . :



trendinq NNW, cut both the main and satellite
intrusions. A second set trending ENE also cuts the area
of the satellite intrusion. A number of circular and
radial fractyre systems similar to "gas_vents" {Martineau,
1970) "are present around the southernqéortron of the
Cbmplex'but these are largely éerial photo features.and no
field evidence was found to link them to the complex.

The compiex lies on the Snare Fault, a major north-
south lineament with sinistral lateral movement. The majn
fault line enters the study area from the north alona the

Snare River -Channel, chanqges orientation slidhtly

'somewhere within the water-covered area of the complex,

[

‘and'exits to thé‘goutheast along the channel leading to

the satellite intrusion. /The Snare Fault splays to the
north and to the south of Big Spruce Lake with smaller

fault lines fanning to the northeast and southwest of the

‘

- . ’ 4
main fault line. Some imdividual splays at the north end

are well defined by offset of in;rusive rocks: .those to
the south are not because  they cut uﬁiform gﬁéiss. Most
of the lateral movemenévon thevSnare Fault occurred prior
‘té emﬁiabementiof the.intrusive rocks which sﬁow little

clearly defined offset apart from that of Centre 1.
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B. Intrusive Centre 1 - Diorites, Gabbros and Pyroxenites

Intrusive activity beqan'in the northeast corner of
the C;mplex" emplacing a series of silica-saturated
rocks. All of the rocks of this centre fall in the
hypérsthené normative compositional field and some carry
modal quartz. Concentric units.of an outer diorite and an
inner layered gabbro series form an appréximately 4.2 km x
2.7 km oval which has been offset by lateral movement on a

north northeast-trending splay of the Snare Fault and

intruded by magnetite clinopyroxenite (Figure 1).

1. Diorite

‘The earliest rocks now exposed are the outer diorites
which form a ring of variabhle thickness (150-800~;) around
gabbro.l (See qeoloﬁical map in map pocket for details.)
The diorite expogu;e is widest to the north where it is in
sharp:vertical contact with gneiss. To the south ana east
 and much of the‘western,side the ring is nar;ower and the
outer side is in gradaﬁional contact with later ring"
syeditg.' fhe remainder df‘tbe outer contaétlon the
wés;ern‘éide‘is'gradapional with intrusivé clino-
pyroxé;lte; ‘At the inner‘contaCQ of the ring, gabbfo is
-chil}ed'agaiqst coarse leucocratic diorite.

Where'diorité is chiiled égai?st grahOdioritié gneiss

the gneiss. is reddened with recrystallised;guartz up to

]
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about 25 m.from the contact, In the current study the

position of the northwestern diorite-gneiss conta has

heen revised from that of the earlier worku

vieakly developed laminations and impersi traces

of banding are present in the diorites. The orientation

- -

of these features suaqgests crystal accumulation occurred
parallel to near vertjcal walls of a magma chamber (a
relatively mafic diorite) and in layers gently dipping
towards the floor (relatfively leucocratic diorite)
(Martineau, 1970). 'Troughs Qit‘hin laminated diorite
(outlined” by maficibandé) indicate that -magma cur:ents’

were active during crystallisation. The eQiQence suggests

a fairly continuous seauence of crystallisation of one or

- )

‘more pulses of similar magma under slightly dynamic

conditions; the poor development of laminations and

bandinqg, the presence of troughs and a relatively sharp .

contact hetween ‘coarse leucocratlc dlorlte and mafic

3

diorite sugqest strrrlnq of crystalllslhq magma due to

continued fault movemsnt or: to the 1n)ect10n of repeated

pulses of similar magma, oOr both.

In outcrop- alkali.diorite presents an irreqular pale

pink to white weathefed surface, pitted due to

differential weathering of mafic and felsic minerals. The
mineralogy of the diorites varies across the unit.

Chilled diorite is porphyritic with phenocrysts of

—
v B . ?
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plagioclase (AnSO—SZ) and titanaugite in a matrix of
perthitic alkali feldspar, hornblende and quartz. Apatite
and Fe-Ti oxides are also present. Away from the contact

with gneiss the diorite becomes more equigranular (medium-

- -

grained), the range of An content becomes 25 to 35 and the

amounts of hornblende and quartz decrease. The more

~ |
|

leucocratic inner diorites kweakly laminated parallel to
the floor of the chamber) contain plagioclase of An28134 .
in a matrix conﬁaining ﬁitanaugite, green hornblende,
‘'subhedral to euhedral Fe-Ti oxides; variable amounts of

stubby apatite, and quartz appears in the matrix of many

samples. Zircon has also been noted (Martineau, 1970).

2. Gabbro Series

An alkali gabbro series comprises the inner portion
of Ce;tre_l.. A geneﬁally massive, coarse-grained dark-
| weéthering gabbro with‘p;ominent feldspar (Big Feldspar
Gabbro, BFG) is chilled against the outer éiorite rinét
This outer gabbro consists of phenocryst§ of subhedral to
euhedral andesine (An40_;5, up'to 2 cm in tabular form) in
a matrix of €itanaugi£g, FeFTi bxides,'brown barkevikitic
amphibdlé énd apatite. A §ertical lamination, ggen%in'
oriéntatibn of the pIégiocléSe phenocrysts is gvidénbe
‘that tﬁis gabbro cryétailised}against the wéllvgf the

magma chamber. The exposed width of this unit is about

o g

v
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300 m. At the inner edge this gabbro is gradational over
about 10 m to a more leucocratic and laminated gabbro
(Leucocratic Laminated Gabbro,. LLG) which is exposed over
about 130 m width. In this unit feldspa; (approximately
Angg, 3-5 mm, tabular), titanaugite, and Fe-Ti1 oxides are
all cumulate phases while apatite, amphibole, late oxidcs
and feldspar aré.interstitial. Cumulate feldspar is
oriented dipping inwar;S at about 35°. Agareqgation of
cumulape clinopyroxene and Fe-Ti oxides into diSCOACinuous
lernses low in the unit and then into thin bands higher up
in the uﬁit imparts the laminations visible in the

field. §The low dip of the laminations (and feldspar
orientation) towards a cénﬁral point suggests
crystallisation with‘accumulation of crystals on the floor
éf a chambef while discontinuitiég andtroughs in,theA
mafic bandingisuggest continued currents in the Ehamber )
dur;pg crystallisation. '

'The uppg} LLG unit is transitional over about 15 m
into a rhythmic banded qabbro_(Rhythmic.Banged‘Gabbro,
RBG) . ‘Iﬁ‘the rhy:hmic.ﬁanded_qabbro an irreqular éeduehce
'of.c0mplementaty mafjc (clinopyrbgeng and>Fé—Ti oxidesi
and feldspéthicfﬁgndsvis hésted by a,fairlyAUnligfm'and
‘weakly Iaminated gabBro.’ The . interval betWeen‘banés'is

var1ab1e, in qeneral 30 to 80 cm. The bands are commonly

5 to 10 cm wlde- most often a lower mafic layer of

o
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E'ﬁ‘

»

o

‘b

maqnetite-clinopyroxenite is followed by a feldspathic
layef—which is about 85%‘andesine. The host gabbro is
similar in mineralogy to the earlier marginal feldspar,
BFG, withnsomewhat less apatite and a greater proportion
of barkevikitic amphibole. The exposed RBG is about 55 to
60" g thlck but the unit, which forms the centre of the -
rlnd complex, is d1$]01nted by subsequent faultlnq. Any
leferentlates which may have followed the RBG in this

mabma chamber have been removed by ercsion.

oo

Martlneau (1970) proposed that the RBG is the result ;w”
of dreatly increased convection currents (convective |
overturns)-Wh h caused crystal sorting into ’
mafic/feldspathic bands durinqutheucrySC ;lisation‘ofgéngb‘
homoaeneous‘bost‘gabbro. Sueh'actiVity}QLuld have beeb

. .
trlqgered by 1ncreased faultlnq w1th or without the infiux

of new maqma. A detalled elect?bn mlcroprobe study of the

m1nera1 chemlstry across this un1t mlqht reveal cryptlc

layerlgf 1nd1cat1ve of-the number of magma pulses

nvolveé. . IR ‘., S _gﬁ

Solld1f1catlon of the gabbr01c serles vas' followed by

a perlod-of faultlng (1atera1 offset on fault X-X"', "1gufe

1) and emplacement of maqnetlte c11nopyroxen1tes w1th1n‘



3. Magnetite Clinopyroxenite

Magnetite clinopyroxenites were emplaced in two
folms, as a large arcuate mass (approximately 1 km across)
in the northwest portion of Centre 1 and as .numerfous small

. : x
dykes and lenses cutting the central portion of the
diorites and layered gabbros. Pyroxenite .intrusive

activity 1is inferred to be confined to the conduit system‘
previegsly dsed for emplacement of dierite and gabhbro
because‘the main pyroxenlte body and most smaller ones lie
within a volume 1nterpreted (Martlneau, 1970) as having
been previously occup1ed by dlorlte and layered gabbhros.
Emplacement of pyroxenite was apparently eontrolled by
ring fractures formed during.emplacement\vf gabbro and‘
.diorite.
The small dykes and 1enses which cut the central

layered sequence (vert1cally) vary from a few cm to 30 m

n width, w1th the larger dykes exposed over lengths of 50
to 1000 m, The longer dykes are approxlmately.concentrlc
with the layered 1ntrusxon. Emplacement4of these_smaller
bodies*abpatehtly occurre&-througheut-a petiod Of.repeated
-fault'movement. The most promlnent fault cuttlnq the
.layered qabbro (labelled x X' F1gure 1) 1s a splay of ther
-ma1n Snare Fault system and 1s 1tse1f separated into. two_

[splays w1th1n Centre 1 Repeated-movement Dn‘thxs-fault

_durlnq pvroxenlte emplacement is revealed by fleld

8 -
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relationships of individual small pyroxenite bodies. A
small pyroxenite lens which intrudes the northwestern lobe
of diorite is offset py the fault (X-X'), Yet a pyroxenite
body, unfractured, fills the spate between the two spléys
of this fault at the Séuth eéq of the layered pompiex.
Smaller pyerEpite bodies are chilled (olivine and

pyroxene phenocrysts) against aabbro or diorite hut larqger

3

bodies often show hybridised contacts.
At the northwest contact with gneiss, intrusion of
pyroxenite has remobilised gneiss for distances up to 25-

30 m. Assimilation of remobilised material has produced

various hybrid rbcks, often wizh mappable lenses or
stringers of felsic material. |

Most of' the lafger pyroxeﬁite units are mgdium to
coarse-qrainéd, équigranular récks, black on fresh

surfaces bgt'weatﬁgrinq to a rusty stain. Clinopyro*ene
(titanaugite}, olivine and Fe—TifSXides are the main
minéralS, Q;th.avéraaé.proportions of 60;70%:]0—20%;20_25%w
.respéCtiQely; Prbpbrtions,lbarticularlyiofioiivine and

)

..clinopyroxene, vary'betweén bodies'énd&within bodf?g. e

Titénauqite,‘sdbhedral to euheéral, commonly shbws

‘oniy m{ﬁor-altéfatibn,tb,hrowh‘barkeu%;ic“amphihole:}

fFresﬁ 61iVine i;;pfesent.§Ut“raré..'OIiQiﬁé-bc§Qf$ iﬁ

:£§unded_and fractured graiﬁs.which ére‘usualiy §pt hot
’, ai&éys'réplaééd by:se:pentiﬁe and veinléfé of ﬁéghetifé.

' o

aw’ R

-
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vvheére shearing and alteration has occurred, blue-qreen
amphibole, chlorite, carbonate and hematite/geothite are
formed from olivine; Fe-Ti oxidps are present almost
exclusively as an anhedral mosaic ¥nterstitial to
titanauqgite and olivine. Small amounts of iron SUIphides
are present in the oxide matrix as pyrite, chalcopyrite
and pyrrhotite. Accessory minerals, particuiarly apatite,
are virtually absent. ’

Metasomatism of gabbro;and diorite accompsnied
faulting and pyro*enite acti?ity; Shearing, associated
with repeated fauftinq or the intrusion of pyroxenitic

\
magma, and introduction of hydrous yolétiles into gabbro
and diorite caused Ipcalised alteration of feldspar to
saussurite acéompaniéd by agrowth of hydrops msfics |
(amphibole and chloriﬁe); ﬁydrous alter&tion of dahbro
‘énd diorite is most‘evident in shear zon€s and sround the

Voo »

pyroxenites.- \

C. Intrusive Centré 2 - \Syenites

Following the(period f pyroxenlte intrusive

-

act1v1ty,‘fau1t movement, and metasomatlsm of the. gabbros
and dlorltes, the geognaphlcal focus of act1v1ty shlfted

towards the southwest to empl@ce a ser1es of s111ca-.

saturatgd_to-oversaturated syenltes.‘ ' They appear to be
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the eguivalents of lat¢ differentiates of Centre 1, which
if they existed, have been removed by erosion. No mafic-
or interﬁediate rocks are exposed in association with the
syenites and differegfiation to produ;e syenitic liquids
must have proceeded in a chamber subjacent to that
presently exposed as Centre 1.

The syenites occur in a localised area. The main
body is an arcuate mass, about 3;5 km in diametef, arouﬁdf
the noFth end of éig Spruce Lake and jacent to the
southwest edge of “Centre 1. A separate small st&ck or
plug is exposed on a small island (Figure 1) which iies
partway between the geogréphical centres of gabbroic
(Centre 1) and syenitic (Centre~2) activity. Syenite also
forms a ring dyke-around Centre 1, largely between dioritel
and gabvfo/pyroxenite.

The syenites clearly éostdate Centre 1. The eastern
poftion of the ring dyké,intrudes diorite, forming a

tact and "pinching out" in massive diorite

-

“transitional con

’
t

to the northeast. The-western portion df the.ring dyke is .

‘chill'e'd adaihst pyroxen‘ite ‘a_r}d ";')in‘ches.-'ou‘t" wit’lhi“rj the
main b&%oxenite-body;' fhe cohtacf of'syeﬁfte and diorite
‘-étfthéisauth:ehd of Cenfre iris'n§£ expoéed but syenite,
itsélf.hoﬁbefset by the:sihist:él f§u1;7mbvemeht; was
empiéced'ééros§ the fault x,xs, 'ngeral>bff5ét‘6f,the‘

;hOrthern-diofité exposure'is'ab¢utﬂ350:m'alogg'this fault.;
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Four syenites are distingulishable on the basis of
geochemistry and field relations. The sequence of
emplacement af these cannot be determined from field

!
relations bf{ a "line of descent” or differentiation trend

is appatent in analytical results and the syenltes have
been nunbered 1 to 4 alonag thet trend. Only the salient
po;nts of qeochemical differences between syenites are
mentioned here; a fuller discussion is 3Pc1uded with the
qeochemical data (Chaoter 3). (
~Two of theiSyenites'are free of modal quartz and ho\Q
of these @ccur in proximity to Centre 1. Mafic syenite “ﬁ
(Mafic Syenite, S1) underlies essentially all of the
Island G and is not exposed elsewhere:. A second guartz-
fnee syenite‘(Quartz-free Ring Syenite, S2) conoriSes the
50-100 m.wide ring dyke around Centfe 1. The compositions
of both of these syenites plot on a 51ngle dlfferentxatlon
trend w1th the gabbros and dlorltes of Centre 1 (on major
element Harker diagrams) Both'have p051t1ve europiun
sanomalles ‘on chondrlte normallsed rare earth element

distribution plots (see Chapter 3). Maf1C'syen1te (s1)

precedes Rlnq syenlte ( 2) on. all major and trace element

-
)

plots.
Ouartz ~free rlnq syen1te does not constltute the bodv
of syenlte emplaced at the south edqe of the d10r1te

across the fault X-X!' as prev1ously mapped.' Th1s body is'
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a quartz syenite whose compositio is indistinguishable

from those of the quartz syenit that make up the main

arcuate mass.

The main arcuate syeni??‘hod&wis composed of quartz

syenites, the exact number of which is not known with
certaintf. In the field they are not readily separated

into individual units because visible criteria such as

colour, texture and mineralogy appear to vafy as much

within possible units as between. Geochemically they are
also'very'similar and form a single compositional field in
which element abundances-.-and ratios differ as much.within
possible units as. between. At least two intrusive
enisodes’afe indicated by field evideﬁce; At a contact

partly exposed on the. west side of the lake an early

coarse-qrained outer syenite was intruded by a more mafic

(at least in the chill) syenitic magma. This later
syenite forms a clean contact against coarse syenite on

the west and encloses large blocks .of coarse syenite in a
zone up to 25 m from the contact. No'such contact is

~exposed either on the lakeshore or on the eastern side of

the lake. . A contact between (the same) two syenites is.

- inferred on the east side of the lake fromvéllinear array

. of pyroxehite and gneiss screens apparently caught between

magma-bulses:(Martineéhy 1970). Because a differentiation

T ' I , % o . ST '
sequence within the quartz syenites ‘cannot be established -

,



unambiquously from qeochemical or petrographic evidence,
they are distinguished on the basis of the foregoing field
evidence into an Outer Quartz 9yen1te (S$3) and an Inner
Quartz Syenite (S4). Outer gquartz syenite forms an
arcuate mass of about 3.5 km diameter whose centre lies
within the north end of Big Spruce Lake. It forms a
.discentinuous ring, dg to 250 m wide, around the inner
quartz syenite’and includes the syenite body (previodsly
mapped as ring syenife, S2) extending nortneast to abut
Centre 1 (see.Chapter 3). Exposed inner quértz syenite

5

forms an arcuate mass, 2.5 km diameter, within the ﬂufer
guartz syenite. Martlneau (1970) presented ev1dence tL
suggest that this unit is a ring dyke, not contisudus |
within the,water-cosered area. Inner quartz syenite
extends southwest to contacts with the foyaites of Centre
3 visible on‘bofh shores of the lake.

Pefroqraphical}y the mafic syenite (S1) {'s the most
distinctive of. the fdﬁf. If weathers to a very nale pink
surface 'potted‘wifh dark clots (2;5f7;5 mm in size)iof‘
mafie minerels.. Clear sedié feldspar (anorthoeiaSe) is
llargely subhedral (0. 5 to 1. 0 cm) with embayed edqes,f
shows no alblte tw1nn1ng or perthlte formation and - forms

about 50% of the-rock - Late anhedral feldspar (10%) and N

mafic aggregates (40%) are 1nterst1t1a1 to feldspar.

“,Anhedral to euhedral Fe-Tl oxldes, showxng‘exsolut1on;3
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lamellae repléced with sphene, form up to 50% of the
matrix while augitic pyroxene, largely replaced by
pseudomorphs of blue-green amphibole and green biotite
forms about 50%-. Pyroxene is poikilitic to abundant,
coarsé (up to 0.5 mm), stubby apatite.

Ring syenite (S2) weathers to the red-brown colour
more typical of the syenites. Sodic feldspar
(anorthoclase} is present in large (1-2 cm) “embayed
tablets and as late anhedral grains te make up 75% of the
rock. Neither\form shows albite twinning but both have a
st}ing-rod aqtiperthite exsolution texture. Early
feldébar has abundant inclusions of apatite, sparse
euhedral Fe-Ti oxides and rims of albite. Mafic
. aggregates gf pyroxene pseudomorphs, Fe-Ti oxides, primary
hornbleﬁae, brown biotite and abundant apatite, zircon and
sphene, similar to ;hbSe 6f thg ﬁafic syenité, comprise
qbout 25% .of the rock. Thé pyrdxene is green |
hedenbergite, boikiiitic to apatite and oxides, and

,:;arqely replaced by pseudomorphs of gréen_amphibole

;«ﬂornblende)fJ Primary brown amphibole,ffé:rohastigqsite)
iébsubhedral and:poikilitic to apati£é and oXideé; \ﬁed—'.
brown anhedra) biotit? Qcpursvwitw amphibole‘énd‘pyroxene:
The_two quartz syenite,gqits diStingUished'above
(Syenites 3 and 4) are very simiiar hypérsqivus |

. syenites. Bo;h‘a;e composed»of'early'fgldspar5%hombé in a

~



matrix of late feldspar and aqggregates containing fine-
gréined maf #Fc minerals, Fe-Ti oxides, coarse quartz and/
abundant zircon. The early feldspar (0.5 io 2.5 cm) is
sodié anorthoclase with a well developed ropy perthite
structure on all scales from crypto- to meso-perthite and .
it is rimmed with late mesoperthite. Interarain
boundaries are commonly granulated or sutured with a
narrow zone of K-feldspar. Late anhedral fel!dspar qrains
are also mesoperthite, sometimes continuous with the K-
feldspar rims of early feldspar. The fine-agrained mafic
aaqreqates;which make up 20-25% of the rock sometimes
contain ill—defined'pygoxene pseudomofnhs along Aith_
quartz (40-45% of the aggregate), Fe-Ti oxides (ZS—BQ%),
subhedral brown amphibole (near ferrohastingsite in
composiiion), brown biotite, éarbonaﬁe, acicular apatite,
abundant zircon and allanite.

—

Near contacts‘with fpyai;e'the innéf qpartz syenite -
is fenitised with the development of rieheckkbe\and }/
aegifiné—auqite.‘ » | S  \ ' s

within‘both quartz syenite units highly locél{géﬁﬁa
alteration has produced batches and veinlets of”brownx
stilnnomelané. This‘minerai, which is generally redarded
aéié‘metémdrbhic minergl of”tﬁe,qreénséhist facies
éwiﬁkler,‘1973; BroWhg-1971),‘app9apé maiﬁiy bﬁt not
exclusively 'in the outer quartz syenite"and is uépally""

~
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v -

accompanied by carbonate and fine-qgrained quartz.
localised alteration of allanite to fiﬁg—qrained

interqrowths of rare earth carbonates and fluorides,

thorite, Fe-Ti oxides and chlorite has also occurred.

Similar alteration of allanite in qranites of the Canadian

Shield has been aptrituted to action by late state :
R L ST

magmatic fluldﬁﬁggkfklé]ohn, 1971; Cerny and Cerna,

1972). That reqionél metamorphism to greenschist facies
has not occurred is shown by the presence of unaltered
biotite, amphibole and pyroxene throughout the main

-

complex and in the satellite intrusion.

D. Intrusive Centre 3 - Silica-undersaturated Suite

Succeeding the quartz syenites (immediately adjacent
‘hut still further to the southwest) is a series of rocks
stronaly undersaturated in silica and desiagnated Centre 3

in the intrusive sequence. The qrey to black rocks og

this qroup are extremely variable in texture and contain

only three main minerals, alkali feldspar, nepheline and

aeqirinefaqgite}‘and hence form foyaite-urtite and urtite-

‘ijolité groups: This centre is 50-60% under water} The

®

exposed intrusive rocks rim the_sbuthérn half of the lake

in an OVai‘roughly 2.5 km x 4.0 km and.form numerous

: A g _
"i'slands. The major portion of the area, to the south and

e
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east, 1s undérlain by leucocratic foyai:és (Southern
Foyaite). These coarse light-grey rocks (which weather to
a characteristic angular rubble) are well-exposed on
promontories, 1slands and small reefs.

About 500 m south of the main unit, along the
southeastern outlet to Biq Spruce Lake, 1s a newly-mapped
exposure of leucocratic foyaite (Southern Foyaitq) about )
150 m = 200 'm an size. It is isolated from the main unit
by gneiss and water. This exposure is inferred to be

Ve '
faul t-bounded except to the south where a broad
transitional contact wi£h gneiss is well expouserd.

Mafic fovaite (Northern Fovaite), dark-grey in
colour, finer-grained and more resistant than the
‘}eucocratic foyaite is confined-to the northwestern
portion of Centre 3 being exposed on Biq Spruce and Little
Spruce Islands and on the mainland fo the northwest. _Much
of the rock oﬁ Little Spruée Islaﬁd has been ;ltered by'
subsequént carboﬁatite activity but the host rock appears
to be the ééme mafic foyaite aé appears on‘Big Spruce
Island. 'No contact between northern and southern foyaites__
is presen;lflexposed but é small zone éf-mdﬁic breccia on
the southern tip of Big Spruce Island carries clasts of
leuﬁoctatiq féyaité from which it is inferred tﬁé% the

" -

mafic types post-daée the lehcocratic‘foyaite. Contact of
- 1G]

mafic foyaite with quartz syenite on the mainiand was well
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exposed by low water levels during 1981-1982. Mafit
foyaite, sharply chilled against syenite, carries a few
small subrounded clasts (up to 25 cm across) of fine-

arained foyagte and coarse syeni-te neat the contact.

However, within 2 m of the contact well-defined layers of
Y N
L3

mafic minerals have developed.

Laminated mafic fovaite (previo&sly covered) is

PR
O
N

eéposed on . all sides of a small syenite promontory at this
B¢

. '
location revealing the syehite to be a "raft"” (Figure
\ N,

2). Carbonatite has also intruded the zone of wedkness
. ;

\
%

\
between the raft of syenite and the main bodY%
\\ _‘
5 A\
Ijolite comprises four separate masses which are all
intrusive into the mafic foyaite of Big Spruce Island.}

The resistant, black ijolite bodies tend to form ridges,

A

and low cliffs in comparison with the foyaites.

-~
Leucocratic foyaite (Southern) is surrounded by a

zone of fenitised gneiss (and syéﬁg&é) variable in -

4

' B < 3 3 [ : . . \
character and width. Foyaite is chilled against coarse

o

quartz syenite on the east side of the lake in a complex
.contact zone which is well-exposed at low water levels.
Syenite is reddened and veined with blue -amphibole

(riebeckite/arfvedsonite) pp to 15-20_m from the

contact."The contact itself. is not sharb. Highly altered. |

By
84

iﬁw

" syenite is transitional to fine-grainéé foyéite over an
interval of about 1 m. Much of the foyaite adjacént to

1 4

.-
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EEQOyane
contact

A contact interred

\\Q/
£§
5

carbonalite Jyke

éug Spruce Lake

Figure 2. Detailed sketch of. the newly-exposed
foyaite-syenite contact on the westetn
lakeshore. The peninsula is a syenite

"raft" within mafic foyaite. A
carbonatlte dyke intrudes along the
contact’.

the syenité”carties evhedral nepheline phenécrysts-(to'l

cm in size) but there is .no foliation or:aliqnment.

Beqlnn1nq with this transxtlonal contétr 1nterva1 and
extending up to 5-7 m within the foyaite body is a borée

zone. ‘The fine- to medium-grained "host foyaite"” shows no
N . ) . - :
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layering but the modal mineralogy commonly varies over

. shert 1ntervals (0.5 m) from nepheline—rich to feldspar-
rfch. A few small lenses of peqmat1t1c feldspar rock have
deve)oped. This_variable foyaite carries many clasts up -

to 1.5 m. These rounded to subrounded clasts are largely

/ . :
foyaitic and some are themselves either extremely variable

in modal'mjneraloqy (e.qg\., zones of ijolite or of

sodalite:foyaite) or “composites of still earlier phases.

The "host" foyalte(s), which cannot be followed as a

continuous phase, tends to coarsen away f rom the syenite, ’

3 -

and the border zone‘passes into coarse 1eucocrat1c

foyaite. .No‘true‘layerinq Can be observed above the
'border zone hut about 50 m inside tHe -contact crudely

'orlented lense (2 3 m 1n 51ze) of feldspa; pegmatite,

urtite and ijolite dip to the southwest. e
' Thls complex border zone is present only on the -

"eastern 51de of t e unlt On the western 51de of the

ftSouthern Foya;to coarse foyalte is 1n abrupt tran51tlona1
"acontact w1th granodlorlte.. The exact nature of - the

L d
"fcontact cannot be dlscerned ue to locallsed fault 5 L”"

—

ﬁ’movement,_but flne gra1ned fbyalte 1s ad}acent to reddened

(A»

“,and fenltlsed qne1ss alonq t is. western marg1n. The
c . ,

%qnelss 1s remob111sed show1 q the develOpment of

”~flu1d1sed textures and p0551b1y the 1nJect10n of new maflc'ml

mater1a1 1nto the qran1t1c qnelss..,'

. -'o.«-( - G e '*, . : . _ Cy
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Across most of the sochern boundary, including that
of the newly-mapped exposure, the contactvis very
transjiti@nal. The rocks pass first from coarse grey
feld;;athic foyaite to coarse red feldspathic syenite .,
(foyaite/fenife) djffering from the foyaite maihly in
colour. Continuing away from the foyaite’thé texture
becomes granular gneissic, thé colour fades to pink and
finally quartz appeafs. The change from foyaite to
| granodioritic gneiss can requ{re 20 to 200 m.

The " long eastefn margin agai;st granodiérite differs
yet again in haying a chilléd and laminated wall zone
(Lamihaﬂgd Chilled Foyaite) éransitiohal to a feﬁite zone .

-

in which the innermost roéks'are'geSilicated and
\ ;// .

tecrysta}lised to the'feldsﬁégﬁ@SMfoyaite/fenite texture'
commop across the southern_conﬁact. | A

fhe main part of this‘leucocraﬁip unit is
inhomo;eneogs in both-tegture and-mbdal‘mine:alogy.”'”
Texfyres Qa:y froﬁ mediym;grainéd.to yefy'cbarse?'
f'sometimeé within a singlgyoutctop. .Nephéliqe'isiusually
mindf‘ér abseﬁt in thé'cbarseét'phases.r The crudev '
'ld§e§ing fmmédiaﬁéiyiaboyé ﬁﬁe bpfdef zone a%ﬁ}}k??;

northeastern margin iS'discbntihUQUs'and is not exposed‘
o

"elsewhere in the unlt. Other orlented aneous features

._(apart from the lamlnated wall zone) are absent from the

’leucoc;at;c foyalte. The entlre body is crosscut by



: anhedral’gralns.‘.The maJor mafrc m;neral is aegirine-

' . ! ' ) . P

A

>

leucocratic feldspar porphyry dykes and by tinguaite dykes
and veins, and there are internal C?illed margins marked
by abrupt changes in grain-size and often accompanied by
changes in modal mineralogy.

Along the eastern side of the unit post-
crystallisation shear and metasomatic activity has created
an elongate zone'of riebeckite-rich foyaites, associated
with.bbth coarse ana laminated wall-zone foyaites.

Nepheline and feldspar, ‘in widely vafying
ptoportions, are the main phenocryst phases in these
undersaturated rocks, in a matrix of fine-qrained
nepheline, feldSpar and aéqirine—auqite.' Cumulus 'mﬁ
nepheline occurs 1n blocky hexagonal tablets, up to 1.5-2

€

cm in size, forming 10-60% of the rock. It exhibits

compositional zoning, rings of inclusions (acicular

-aeairine), resorbed gdaes, andfmay be poikilitic to

‘sphene.‘quphgline also occurs as‘laté interstitial

A

‘aqqreqates. CumUIUS feldspaf.is often Carlsbad‘twinned

antxperthlte tablets up to 4 cm long 1n the coarsest

leucocratlc foyaltes and 1—2 cm 1n maf1c varletles.v;&‘
¢
Mlcrocllne and alblte can sometlmes be d15t1ngu1shpd in

1rregu1ar patch ant1perth1te exsolutlon.f Feldspar'also -

occurs 1nterst1t1allg>as prlsmatlc antlperthlte or clear e

-

v

f:augite%whicn‘has‘a significant manganese. conterit. It
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occurs as subhedral to euhedral prisms as well as in
granular aggregates 1interstitial to cumulate nepheline and
feldspar. Brown biotite occurs in a few foyaites as \

euhedral-subhedral grains or as interstitial felted

masses. FEuhedral sphene is a common accessory in
leucocratic foyaites; granular sphene apbears in mafic
'varieties. Cancrinite may appear in the integftitial
aoqreoéte.‘ Sodalite and fluorite are locally abundant.
Granular andradite éarnet, associated with and rimming
aeoiring—auqite in mafic foyaites and i1ijolites on and near
Biag Spruce .and Little Spruce Islands, may bhe related to

high<“grade fenitisation procésses caused by carbonate

activity (Deer et al, 1978, p. 508).

E. Intrusive Centre 4 - Carbonatites

‘Carbonate intrusive activity‘has been grouped asvthé
'foﬁrth.and'fiﬁal phase,of the‘hain complex. Carbohate
rocks are temporally and petroqraphlcally, but not’ |
qeooraphlcally, separate from the;5111cates'$nd'thefe are

-two separate foc1 of carhonatlte act1v1ty Calcitic

1ntrus1ves lxe in. and around the 1]011tes and maf1c
'foyaltes of Blo Spruce and thtle Qpruce Islands;
dolomltlc rocks 1ntrude the_qnelsses 1mmed1ate1y3east of

the compléx,_
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The, calcitic carbonatites are extrémely varied 1in
intrusive form and in composition. All exposures are
small, less than 150 m2. They occur ;s:

(1) Well-formed sbv{te dykes up to 3 m in width. The
calcite-carbonatite dykes fall into three groups
based en minerglogy. Cutting gneiss to the west of
Big Spruce Island is a medium- to coarse-grained
manganese-rich pink sbvite which bears phenocrysts of
pyrite (to 1 cm) and magnetite (to 1 mm) és well as
fine;grained quaitz,'barite and bastnaesitel. Massive
.quartz rims portions’of this dyke as well. To the
northwest of Big Spruce Islahd a sdvite dyke cuts
fine- to medium-grained foyaite and syenité and bears
riebeckiﬁe‘and abundant fluérite. On Little Spruce
Island. the sovite dykes are pommoniy_grey and
foliated, the colour béing dgriqu from mafic
éqqregates of ailanite accompanied-bx riébeckite and
sphene, ,Tﬁe fqliatign appearsetd bé a ;ééuit of
flow, sométimes around féldspathic?eountry rqck
iﬁclusions. ‘A‘similarygrgy sbvite dyke is egposed on

éne'gf';he sﬁall isléfs }mmediately qeét 6f Big
" SpcheQIs1and. éharp,.chilled‘contaét agaihstiﬁj
\ .gnéiss;1syenj;e.ér.foyéite is ﬁjpicgl of tﬁgéeld&kes..
"1(2)f Cbéf$e-grainedZCarbénate rbckS-with'silicaﬁe in all
o broportiohé; Unitsfdf'Eheée“rocksjcommdnly'éxhisité;;'_
T L o o S O,
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no clear field relations. Many of these are found on
an islet immediately west of Big Spruce Island and on
Little Spruce Island. These rocks may be primary in
origin or hybrids Que to interaction of host foyaite
or ijolite with a later carbonate phase.

(3) A carbonated'minette breccia pipe in the gneiss
immediately west .of the main complex. The pipe, 10-
15 m in diameter, carries subrounded fragments up to
1.25’m across of gneiss, mafic rocks, foyaite and
pprphyry dyke rock in .a matrix of biotite, calcite
and Fe-Ti oxides plus sphene and apatite.

(4) A'radial and concentfic pattern of recessive'rocks

"outlined in the foliage pattern of.Biq SpruceVIslandh
and visible in éi; photoaraphs. This was interpreted
by Martineau (1970) as due:to shear zones floored by
calcite carbonatite peqmatite; " They wefe‘mapped by
Martlneau from the or1q1na1 a1r photoqraphs taken in

-1946. Much of. the pattern dlscernlble on the 1946

:tpnotqgtaphs has been either altered o; obllte:ated by
'ekploration WOrk.(trenching) cattied outaby,Giant
Yellowknife Mines Ltd ‘1n 1967 1968 and the

Adlstlnctlve pattern now' v131b1e from the air is

-‘largely man—made. ‘ | |
In'general, equsure on Blg Spruce Island is Ver

bl '\ S
- S |
poor,;w1th muskeq 1nland and sand and’rubble on -hgy'

-shotellne. No peqmatltlc carbonatlte Is presen{ly iXposed"
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bn’Big épruce Island. Rubble on the western shore, where
the concentric pattern intersects the waterline shows
abundant very coarse magnetite and weathered coarse
biotite which might be related to the pegmatitic
carbonatite reported to underlie the radial and concentric
pattern.

Although calcitic activity was centred on and around
Big Spruce Island, the entire complex and surrounding area
are cut py veins énd.small dykes inferred to be part of a
final carbonate pnase. Typieally tnese dykes are coarsely
follated or composite with mafics (commonly biotite) plus
quartz and carbonate and often fluorite.

The large llmestone lens w1th abundant fluorlte
(carbonatite) reported by Lord (1942) t& 11e in the
syenite at the southeastern tip of what is Bow designated
as Island X is covered by wster.
| All suqnlflcant dolom1t1c exposures lie Just out51de ’
-the complex to the east. These carbonatltes are dykes and
‘plpes of maqnetlte dolomlte carbonatlte cuttlng qne1551c
country rock- The largest is a p1pe about 10- 12 m in
dlameter whlch extends to a helght of about 20 m throuqh
and above the surrounding gne1ss.‘-It carries many
-xenollths of fen1t1sed gnelss and is 1tse1f brecc1ated in:
places. Around th1s p1pe 11e several sllghtly arcuate and i./T

N

"concentrlc dolomlte carbonat1te r1ng-dykes, together'wlth

o .
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other dykes, one of which trends easterly to connect with
a second small pipe. In this second pipe phenocrysts of
magnetite upoto 0.5 cm across are weathered out at the
surface. Two additional small (3-5 m) pipes (located 1in
1982) are exposed on Iéland P, closer to the main

complex. These are the westernmost dolomites yet )
located. Other small exposures of dolomite may well exisf
on the linear trend predicted by Martineau, in the covered
area’to.the ncrtheast of the largest pipe or dome.

-

F. Intrusive Centre 5 - Satellite Intrusion at Moose

‘ Island

Tﬁe.satellitelintrﬁsion {Moose Island Intrusion),
Centre 5, is éomposed of over twenty individﬁal bodie's of
potassium;richlmafic rocks (shonkinites, biotite
pyroxenlte and m1nettes) lying in aniarea.i km x 4 km,
'centred about 5 km south of the’ ma1n B1q Spruce Lake
compiex. " Each body is separated- from the others by‘
granodlorltlc gnelss, water or both. The relatlonshlp of
;his 1ntru51on to the main complex canhot be establxshed
 erm field relatlons. .
QInleldual exposures take the form of small plpes T

with radiating dykes, lenses and 1rrequ1ar bod1es whxch"

randé in scale from 1-2 m across up¢§o 150 x 400 m. On



the large island at the centre of the area (Fish Island;

Figure 3) individual outcrops suggest that shonkinite

underlies gneiss in a si1ll-like form. Some inland

Figure 3. - Dutline map of the satellite intrusion
o indicating the arcuate. dyke form inferred
" by Martineau (1970).. Originally mapped
bodies are cross-hatched, additional .
- bodies mapped in 1981-1982 are stipp&ed.

P | N

N,

N\
\



"portions of the area are still incompletely mapped for
small exposures but the available evidence suggests that
the islands and shorelines of the central area, which have
been well examined, are of greager significance. Almost
all of the exposures mapped to date are located within the
60,350 gamma contour of the aeromagnetic map (Geological
Survey of Canada Geophysiéal Paper 2966G, 1§63);
background 1in the area 1s about 60,000 gamma. On the
basis of then available evidence including an analysis of
aeromagnetic’data, Martineau (1970) suggestea‘a single
main in£rusive body, an arcuate dyke, was surroundea by a
number of small pipes.

A 5rief.compqter—assisted re—evaluation of the
aeromagnet.ic data (J. Samson, Department of Physicsa
UniYersity of‘Alberta, pers. comm, 1981) confirms that a
single body with ﬁear-vertica1 ¢ontacts is responsible for
the aeromag%etic anomqu.; The actual shape and éh;radter
of this main intrusivé body is difficult to determiﬁe with
any degree of certainty because lhe'area of'moSt interest

is largely covered by water, The presence of several

¥

" previously unmapped bodies‘(newly or better exposed by

‘lower water leVelsf suggests that the main body underlies

a greater. area than ‘hat of thefharrow_dyke.originally

" suggested by Martineau, particularly at the northwestern
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and southeastern ends. Present exposure of the linear/
body suggested by Martineau is not continuous. It is

. s
interrupted by gneiss at the northern edge of Bird Island,

evidence‘of the upward discontinuity of the body.

All of the small pipes surrounding the Censral area
carry subangular to rounded gneissic inclusions up io 1 m
in size. This sUggésts wéllrotk-maqma interaction at the
boundaries, evidence that the bodies presehtly exposed

-. represent }he upper levels reached.by the intrusion.

The many small pipe-like bodies which lie in the
outer area and are unconnected on the surface may be
individual upward fingers from a single parent body whose
major upward extensions lie in and around thevwaterf3
covered areas to thé northwest and southeast ends of the
dyke form Qriginaily proposed by Martineau.:

In the light of the foregoing.discussioﬁ, water-
covered contacts between individual bodies cannot be .
inferréd and are’bmitted from the accompanying geologicaf
map, | |

All of the "intrusive rocks of fhe‘Moose Islénd centre
are petrographically similar, differing mainly in gréin
siié_and modal abundances 6f fhe main minerals. FExposed
rocks are comﬁosed ofvclinOpyroxene, biotité, oliVine,
feldspar, Fe-Ti'dxides, sphene and apatite. iThey are

“&FAssified as shonkinife, olivine shonkinite or bi'ot.;ite
.@g&',
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pyroxenite on the basis of modal abundances of the first

four of thdse. Shonkinite contains 10-35% alkali feldspar
plus pyroxene, biotite and accessories; olivine shonkinite
contains more than 1% olivine; biotite pyroxenite contains

pyroxerne (>50%), biotite and less than 10% feldspar.

L
¥}

'

In outcrop all of the intrusive rocks are medium- to
coarse-grained, black, and weathering to a characteristit
dark brown. Igneous features such as laminations or
foliation are weak‘to absent. Soﬁetimes pyroxene is
crudely aligned parallel to the margins of the body. The
larger bodies are usually sharply/chialed against
granodiorite but smaller bodies sometpmes have a narrow

- |
zone (less than 1 m) of inhomogeneoué hybridisation and
may carry xenoliths of gneiss or shonkinite chill. Around
two biotite pyroxenite bodies the gneiss is reddenéd and
fenitised up to 25 m from the conpéct. :
v“”C{}nppyroxene forms subhedral to euhedral prismatic
P |
qféﬁﬁéiab to S mm in length and is commonly zoned. Cores
a;e usually augite, rims are either titanaugite or
somet imes diobsidthedénberqite.T Compositional -change is
usually abrupt and is:accompanied by a band of included
olivine, biotite or oxide grains. The size -distribution
f pyroxene in any one rock may»bQHSeriate;‘bimodal or

«

L essgrtially invariant.
' .

\

’
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Biotite is anhedral to euhedral, extremely variable
in grain size from micro tofébout 10 mm and strongly
pleochroic from straw yellow to deep red—bro;n.
Phenocrysts often have Fe-Ti oxide grains emphasising
cieavages. Interstitial biotite may be poikilitic to 1ate
pyroxene, ERe-Ti oxides, olivine and apatitebbut rarely to
sphene. Biotite is rarély altered. |

‘Olivine occurs as fractured and rounded grains in
some of the coarser shonkinites. Rimming and veining by
biotite or green hedenberqgitic pyroxene is common.
Complete‘alterétién to magnetite veihéd'masses of
tremolite/talc/iddingsite occurs in some areas.

Feldsbar in the biotite pyroxenites‘(less than 10%)
is clear, anhedral, untwinngd alkali feldspar. In.the
shonkinites feldspar is somet}mes anhedral, sometimes

subhedral (laths) microcline/cryptoperthite, clear and

unaltered. o - o S TR
| Iron-titanium bxides,fénhedral to’euhééra}; vary from
5—15% of the .rock, being most ébundant in éhonkinitgs,
least irLBi,dt*it.e pyroxenites, Apatite, stubby to
prismatic, is most abundant in biopite'pyroxenite (up to
HlO%). sphené, strondly piéochroic,~subhédral to. euhedral,
 is interstitiai £o pyroxene anq biotite'and is ﬁost.

vabﬁndant in the biotite pyroxenites. Trregulér grains

" occur in some shonkinites.

3

Lo
:



43

Little post-intrusive shearing and alteration has

occurred and apart from some of the vapour-rich minettes

. . rd
the intrusive rocks are fresh.



CHAPTER 3

ELE!};}%NT GEOCHEMISTRY

A. Introduction -‘;. Ca

A generalisation can bé madde that the isotopic

composition of an igneous rock reflects the time-

o o
1ntegrated history of 1ts precursor(s) while the element

comp051t10n reflects the. processes (partial’ meltlng, i

mixinq} fractlonal crystalllsatlon, metasomatlsm, etc.)

v

which last acted on\the precursor(s) to produce the

.
-,

rock. The two aspects are. equally important to a full

understanding of the‘petrogeneSis of any intrusion and

Pl
[

1

both have. been stud1ed 1n the present work

» W1th1n the numerous and'dlverse major units of the
Ve s ‘
B1g Spruce Lake 1ntru51on 1ntra un;t dlfferences are -

A PSSt

“sometlmes as great or greater than 1nter~un1t — )

dlfferences. tumulate.layerlnq, breccxatlon near

contacts velnlng and mult1ple pulses, modal 1nhomoqene1ty‘

'on scales from hand spec1men to outcrop ar locallsed late
: A Ry _

. X ‘
deuterlc or,metasomatlc act1v1ty, all v1s1b1e to some

+

'extent 1n the fleld, contrlbute to varlable element

concentratlggs. Fully representatxve sampllng 15..f..‘t‘

F

dlfflcult and any comprehen81ve study of element ¢

PR L A G
A A '-V‘,fg;_




’selected as reqU1red to fulfil the followlng obj
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' o ‘ D
geochemistry wbhld involve a larqge number of. samples
beyond the scope of preseﬁtly available facilities.

In the present study emphssis has therefore been
placed on determination of isotop{c compositions,'ﬁhich
are largely independent of the sampling diéficultﬂes
outlined above, and on deperminétion of concentrations of
trace elements for which relative abu dances‘and ratios

are discriminant factors for source ma\Zerials and geoloqgic

o

processes.

' petailed apalyses (37 elements) were carried out on
44 °whole rosk (WR) samples listed in Table.l. XRF
analyses (18 elements) were carried out on five bthers_'i“
also listgd in the table. Individual descriptions are

given in Appehdix 1 and locations are shown on the Sample

Locatiohs Map (map pockety. Initial selections were made

to obtain at least one “"average" samplelfrom each majo
unit (as,Unaltéred as pOsSible); addltlonal samples' ere
LR
1), To dlstlﬁgu1sh and characterlse 1nd1v1dual,
qeochemlcally using major, minor and trace elfment

abundancesg

v(2)-"To determlne; in conJunctlon wlth 1sotope analyses,

o

the deqree and poss1b1e ‘sources of any contamlnatlon.

'_h(3)- To examlne the qeochem1ca1 relatlonshlps between rock

«

tYDe$L : s, - o E s : ‘ 's‘..s-;/J€
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Table 1, List of analysed samples. R

Fully Analysed Sarfple Rock Unit or Type -

Centre 1

1]
PC-81-001 o7 Magnetite Pyroxenite
Pc-81-004 Magnetite Pyroxenite
PC-82-163 Maqgnetite Pyroxenite -
PC-81-363 Diorite, (uter Mafic
pPC-82-173 , Diorite, inner Leuqocratic
PC-81-235 -7 Big Feldspar Gabbro
PC—81-215/ yeucocratic Laminated Gabbro

CentrefZ

PC-81-012 ! Mafic Syenite (S1)
PC-=81-332 ' Mafic Syenite (St)
PC-82—124 - Ring Syenite (S2)
PC-82-129 . Ring Syenife (S2)
PC-82-0964, - Outer "Quartz Syenite (S3) : i
PC-82-099 . Outer Quartz Syenite, (S3)

_ PC482—151' : Outer Quartz Syenite (S3)

- PC=81=364 Outer Quartz Svenite (S3)

PC—BZ—BSé o Outer Quartz Syenite (S3)
PC-81-285 Inner Quartz.Syenite (S4)

' Cent;e 3 - ! . ‘ - . . !
PC-81-482 -~ Leucocrat¥c Southern Fovaite
PC-82-039 - ° Leucocratic Southern Foyaite
PC-81-165 . : Mafic_Northern Foyaite - ’
PC-81-194 » : : Mafip-Northerh Foyaite
BC;81—287 S Mafic Northern Foyaite kN
PC-82-525 . T Tjolite : _
PC-82-526 o ‘Ijolite’ . . ‘ N
PC-8B1-168" . Melteigite (reef)
PC-82-041 - , -.Melteiqite (dyke)
L 3 ' . oo N . .

LI o " s o . ‘(continuedL

=

.-
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Table 1. (Continued)

Centre 4

PC-81-176 Calcitic Carbonatite lens

PC~-81-383 : Calcitic Carbonatite lens
pC-81-185 ‘ Calcitic Carbonatite dyke cuts gneiss
PC-82-088 Calcitic Carbonatite dyke cuts syenite/foyafre
PC-81-178 Calcitic Carbonatite grey, foliated dvke
PC=81-376 Calcitic Carbonatite‘grey, foliated dyke '
PC-82-506 Calcitic Carbonatite grey, foliated dyke
PC-82-408 . Magnetite Dolomite Carbonatite

PC-82-412 Magnetite Dolomite Carbonatite Q

" Centre 5 -

PC-81—057 ’ Shonkinite

PC-81-388 Shonkinite “ o

PC-82-260 Shonkinite

PC~81-061 ‘ Biotite Pyroxenite

PC-82-278 Biotite Pyroxenite

Gneisses

PC-81-025 ' Granodiorite - near damsite

PC-81-483 . Granodiorite - foutheast

PC-82-074 . Granodiorite - southwest

pC-82-281 " Granodiorite ¥ northwést

XRF Analysis Only

. PC-81-392 : C Centre

5 ~ Shonkinite
_PC-81-053. i ' Centre'5 ~ Shonkinite
PC-81-063" ~©° Centre 5 - Biotite Pyroxenite (sheared)
' PC-82-535 “ . Centre 5.- Shonkinite o '
PCﬁS}-OGd - o ,‘¢entre 5 - Bi'otite Pyroxenite
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(4) To confirm samble selection for isotope analysis and
provide an aid to interpretation of isotope data.

(5) To characterise, as far as possible, the magma(s)
involved and possibly the source region(s).

Seven samples were selected f;Qm Centre 1-for
complete analysis. The single sample of leucocraFic
laminated gabbro selected, a slab 2 cm x 10 cm x 15 em,
‘;as o:iented with the long dimension perpendicular to
laminatiOfé} No sample of the banded gabbro was included

&
e

because the scale of inhomogeneity precluded selection of
Pa representa;ive whole rock sample. Detailed examination
of feisic and mafic portions of this unit for rhythmic
and/or cryetic laye;inq has been left for a later study.
Two samples of %pe diofite‘wefe included, an outer mafic
and an inner leucocratic sample. Three_maqnetite
rpyroxenites‘wereeehosen to cbar;ceerise this:unitf.‘ .

( A total of.ten.eyenites were inelu{ed, each ffomna’
-.fwelifdefined lecation in‘the field.u Two are.mafie. o
syenites, two~are elearly riﬁg syenites, four are quartz
syen1tes from the main body and two .are from the body
prev1ously mapped as r1ng syenlte and recla551f1ed in thls‘
‘work as-quartz-syenlte., The syen1tes were selected for‘
analysxs follow1nq a th1n sectlon and hand speclmen survey

of ~over 90 samples from Centre 2.

N1ne samples of s111ca-unders§turated rocks were




A

-~

selected from Centre 3 to be repres#ntative of tha. rocks

now exposed and to cover the range from leucocratic to

mafic types. The original selection of samples for whole
rock trace element and isotopic analysis was made in the
figld and unusual localised rock types such as sodalite-~

or fluorite-rich lenses or the highly metasomatised
1

. )

foyaites adjacent to carbonate "activity on Little Spruce

I'sland were not included. | -

v

, Carbonatites were selected to cover the range of

different types Of intrusive forms. Two are dykes. cutting

gneiss or syenite/foyaite cleanly, two are lenses or

- bodies with indeterminate field relations within the mafic

foyaites and three are from similar, foliated sdvite dykes

which were selected to ascertain the deqree of geochemical

"similarity. The K two- magnetite dolomite carbonatite

samples are from separate pipes.

| The five samples selected from the satellite
1ntru51on,veach from.a different exbdshre; are*'
insufficient to fully'eharacterlze the geochemlstry of

thxs unit but they do represent the possxble range of

comp051t1ons., Flve addltlonal samples from the satellite
o4 .

' ‘1ntru51on were analysed by XRF only.;.

A survey of the element geoéhemlstry of the Blg o '}/

Spruce Lake complex was’ carrled out by Martlneau (1970) in”h'

'conJunctlon;wlth hls petrologlcastudy; One hundred and

,» I“i | ) ) B g ‘ ." : . “‘./v _.,. ",("‘.
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twenty-nine samples were analysed for 11 major/minor
- '\_‘ 7/ @
elements and 102 of these were analysed for one or more of

Rb, Ba, Sr, La, Ce, Y, Zr and Nb by XRF. Of the 129
analyses 14 are of granodioritelor fenite, 19 of various
dykes, 16 f}om the satellite intrusion and 80 from the.16
major units outllqed by Martineau as comprising the main
complex. The number of samples selected from each of' the
16 units varies from 1 to 12.‘ These'data have béen

-

correlated with the results of the present study, wherever

possible, to enlarge the data base for int%rpretation.

4

B. Analytical Methods
. L ~.

N

Concentrations of 10 major/minor elements and 27

o

’ " . '. ) -
trace elements were determined by four different

.methods., The method used fon each element is indicated in

thentables of analytical results thch are presented in

Appendix 3. Some elémehts.Qere‘determined;by two

differé ¢ methods anq'in‘these cases bnly the preferred

ENEY

values are reported.

. ’ . R . ° ) . ) i . .
All samples were qround in an -agate swinq-mill to

';prevent contamlnatlon. Ten ma]or/m1nor elements and elqht
'trace elements (Ba; Mo, Nb, Pb, Rb, Sr, Y and Zr) were, ‘,
-determ1ned by fused qlass and pfessed pellet XRF analy51s

"at Mldland Earth Sc1ence Assoc1ates, Nott1ngham,

] “4'}?'.- L
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Erigland. ﬁighteen trace elements were determined by
instrumental neutron activation analysis (INAA) at the
University of Alberté SLOWPOKE Facility. Uranium was
determined by delayed neutron counting (DNC) at tﬁe
Slowpoke Facility in mos£ samples énd by INAA 1in the
remainder. The elements Sm, Nd,’Rb,‘Sr,‘Pb, and U anleh
were determined in some samples by standard isotope 3
dilution technigues. Details of sample preparation and

’

analyticai methods are given in Appendix 2. '

C. General Geochemical Results

The geochemical data separate readily into four

divergent groups, one carbonate and tbgee silicate, that
7/
- ' \./

reflect‘theipetrologib divisions and sequence observable

in the field. Basic differences between the three
4

silicate groups, each of whi¢h,wiil be more fully

chafaéterispd in Iaté:@discussiohe ate readily
S - o . ' :
‘demonstrated on two commonly used classification diagrams.

¢

The dabbros,‘diorites and syénités of Centr§s,l and 2

_can be combined to form a single differentiation series in.

whiéh Na >> K. The compositiohs‘o£'maqnetitefpVhoxénites*"'
do not plot on the main trend of this series, so’they will '

be discuéseq‘separately. On aﬁ a1kali-si1ica diagram
" (Figure 4).gabbros to‘syehites form_afgihgla-trénd 1ine‘in:
]



201 Agpaitic
syenile Miaskitic
family syenite
15 4 family

Nebhehnne

Sub-alkaline

rocks

| Wt % Sio,

\

Flgure 4."A1ka11 vs silica class1f1cat10n dlagram (modifled from

|  Currie, 1974) showing the compos1t10ns of analysed samples '

from 1ntrusxve Centres 1 and 2 (qabbro-syen1te series,
ruled area) and from the . satellzte intrusion (shonkinites
and biotite’ pyroxenltes -solid c1rc1es). The composition
of €two shanlnxtes from Shonkin Saq, Montana (Hurlburt
'1939) are shown for comparlson (open squares)u

[Gal
)
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the field of alkali basalt/gabbro. The seriés is mildly ~
alkaline, plotting slightly above the Macdonald-Katsura
line commonly used to separate alkaline from subalkaline
basalts. Similarly on a plot 8f peralkaline indices (PI)
viggilica (Figure 5) this series falls well within the
typical alkali basalt field. The NééO/KZO ratio ranges
from i.O to 4.8 in thls group.

" Shonkinites and biotite pyroxenitgs from the

. . - . -
satellite intrusion, another major silicate group, have a

e

more lim.ted compositional range than that of the gabbro-
syenite series and form a shorter trehd at siiqhtlx hiqher‘
‘al®li values on the alkali-silica diagram, but still
within the alkali basalt field. Lower and variable
aluminum abundance (relative to total alkali) produces
higher and more variable peralkaline indices. Higher
peralkalihéﬂindices and the aominance of Botassium over
" sodium in these rocks (NazO/K20'='0.14 to 0.75) easily
separates tﬁem from £he gqpbroié sef

The thlrd silicate group is strikingly dlffefent"

&
,geochem1ca11y as. well as petroqraphlcally, def1c1 nt in

alumlnaigs well as s111ca‘relat1ye to alkalis.
”the foyaltes and ijolites of Centre 3< Neither the =
alka11 5111ca dlagram nor the PI-‘lxca dlaqram is
partlcularly advantaqeOus in class1fy1ng thesecks.

Wide composxuonal varlatxon with no coheswe trend df



Peralkaline index
(Na,0 +K,0)/Al,0, molecular proportions
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. We o2 QN
" 1
Peralkaline inaex vs silica diagram (mdaified from Cu:rie,

Figure 5.

©1974) for silicate rocks from the Big Spruce La®e

j}ntrusxon. Ruled area indicates gabbro-syenite series and
-solid circles 1ndlcate ‘shonkinites and biotite pyroxenites

- of the satelllte intrusion. 'Rocks from Centre 3 are

'1nd1cated by inverted triangles (southern foyaite),
‘upright trxanqles {(northern foyaxte), solid squares
(ijolites) and open squares (melteigites).
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alkaii vs silica is apparent in Fiqure 6. The
classification boundaries shown in Figure 4 have been
removed from this diagram because these Boundaries are
arbitrary (Currie, 1974) and the fields enclosed by them
indicate only generalised nomenclature. The boundaries
have been replaced by fields for typical analyses of
various alkaline rock types taken from Le Bas (1977). The

data for any single rofk type are scattered qnd(the fields

~

shown here do not include all analyses from Le Bas; they
outline the most cpmmon compositions. The possible extent

of the various fields is shown by outliers to the

qroup, one from Budeda (King, 1965) and one from Homa

4 . L.
Mountain (Le Bas, 1977). Other qgroups have similar

outliers. = '

3

Ijolites frd#g:pe Bﬁi Spruce Lake intrusion fall
ij

within the feldspathic

.

lite classification of Le Bas .
(1977). Most of the mafic‘(Northern) and leucocratic
(Southern) foyaites cluster in a single Qroup at the

alkali-rich end of the’hepheline syenite'f}eld. The two

_groups dlffer from each other in that leucocrat1c foyaites_

tend to scatter towards h1gher 5111ca contents (due to
modal alkall feldspar) wh11e the maflc foyaltes scatter
towards and beyond 1Jol1te composlt1ons.'

A s1m11ar scattered pattern of peralka11ne 1nd1ces is

evi&ent in Fiqure 5. The lower ‘limit of 1nd1ces for these
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rocks 1is about 1.0 (few fall below that level but many

fall essentially on the line) and the index shows a

@

general increase with decreasing silica content.

D. trusive Centres 1 and 2 - Gabbros, Diorites,

-
‘\4

n
Syenites and Pyroxenites g
|

The analytical results for gabbros, dioriteslAnd
éyénites analyse% in this study. are presented in Aépendix
3, pages 397 to 399. These data, combia&d Where‘bossible
with data from~Ma;t}neau L}970) have been gsed to
characterise and define individual units nqé.separable in
the fﬁt‘ield (syenites)to défine geochemical pattérns ar
trend; of the differentiation serieé and to evéluatév
possible contaminétion by qrénddioritic host rock. The
resplts for pfroxenites are presented in'a separate
~section‘andvdistussed‘in re1ati;n to those of the qaﬁbroic
series.” Evaluation of’the qeoéhehical hehaviour of

several trace elements during crystallisation allows

inferences to be made about parent liquid composition.

1. Characterisation of.Individual Units

Each of the ihdividual‘units of gabbro and diorfﬂe
'groyped toge;ﬂer as Centre i is read}iy defined by
petrographic and field evidence;..Théisyehiteg“bf Centre
2, hbwevef,_seﬁaraté readily iﬁto onlf.?hreelunitsp €ach
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; .
. “.r 6 ¢ . N . -
3 é 37 geochemlcally distinct,; the quartz-free mafic syenite TN
= "b . .

.(Sl), the quartz—free ring syenite (S2) and the main -

A

. _L . L ‘
N arcuate body of quartz syenlte. The quartz syenites form

a comp051t10nal group which cannot be further 'subdivided

*
A

geochemica; “On the basis of" fleld ev1dence thls qroup

)

is divioed int7 outer5and inner units (S3 andaéa
respectivel‘)tj B ' ,‘ : ‘ o -

‘The aikali-silica variatioq d}aﬁram of, Fiqdre 7

o . &

'rdemonstrates the§p051t10ns of 1nd1g1dual units: wlthln a

~51nqle, poorly constralned maln tr@nd The qabbro field
, - 4. ,

1s broad .and overlaps with that of éﬁorlte for mést R

aelements (Appendlx ’3, paqe -39,7) e 'D1o§1te forms a slnqi‘e
: :

petroqraphlcally—dxstlnct un1t with a- wﬂde range of méiQrﬂ T
'_and trace element abundances, overlapplng w1th qabbro at .::f“fk'

the low—5111ca end ahd w1th maflc syenxte at the hlgh
B2 ‘u(“{5th_gfyf ISV ‘ R I SRR ~'.""

5111ca end..~ LT “1;.‘r.wf.' - LI

E

Mafic Qﬂartz—free byenlte %Sl) composltions overlap ff:".
‘ ﬂr w1th those of theZIeUCchat1c diprltes 1n KZO,.T102, and :

k{4

S

There




59

yoes 103 spratj sreurxoiddy +aseq elep aua. jusubne a3 popniout, usaq o>mn 83: suwcﬁum:_...
wo1j ejeq °sardues pasdfeue jo mcoﬁamoasﬁu 1enplatput o:d;ozm mu:.nw sA :mﬁm Acuou uo uoz,.ﬂ

-

: _ - xin) mo_m
mw\ 09 $s° . - 0§ s
- 2 maar T #... N SR
i S R R T u:c!.n;a
R ) ) S L e ,..o.zQ:uaE.u
0 . ' \v
L 4 '
s
<2 E
- . .
/V L ,. o 0000 %
. M \o. °
. ° ...
) . ‘
S — _
. . © @lueAs 2jiend -
> \' . \
. .
. .u
, - 4 ! 4 4 b
= *
- i
- . R



60

group 1is exemplifiea in the chondrite-normalised rare
eatth element distribution plots and mantle—normalised
lithophfle element ﬁlots (discussed later) where the
. individual lines overlap to form_narrow bands. B
The exteﬁ} of the oute; dqartz syenite enit (54) has
been extended, as a resultAof the present work, t? include
sYenite emﬁlaced immediately adjaeent to diorite‘eﬁd
across the Snare fault, X-X'. This syenite wes.pteviously‘
;t , con31dered to be a\part ofgthe r1ngssyen1te (Si)- The |
) basis of .the changépls anaLyt1cal dEta for two sambkeg{/;
- from the body in questlon.' Resultsjfor sample PC- 82 358

: . : l
-+ from the cen re of the body and PC- 81 364 from near the

‘o v

western/margl were compared w1th those - for two samples e

.from the maln e, stern 1 be of the rinq syenite} PC-82- 124

N -
-

‘-and 129 (quure Wh11e maJor element cgmpos1t10ns of{
“,rlnq syenlte (S2) are 51m11ar to and overlapplng those of
the quartz syenltes (83 and 94), maklna classzflcatlon of :

———the—body 1n queetlon ambtquous, no- such dlfflculty 1s

ifC presented by trace elemenﬁ comp051t10ns.' In Flgure 9 ‘four e

£bplots of 1ncompat1ble and Seml compatlble‘:
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data éf Appendix 3, paqges 398 and 399 (but not shown here)
,indica‘e a similar separation. A third sample of ring e .
syenite, taken from the nbrthern tip of the eastern 1lobe

%nd analysed by Martlneau (1970) for Rb, Ba, Sr, Y, Zr andv
Nb (sample 68031 in F;gure B)leelded‘data which plék"*}?é”
adj;ceet’to the.;ing”5yéﬁite5“ahalysed'hefe{\ Another
striking diffe;ence between the ring 3yenitee\2?d qUertz

syenites, including those of the reclassified body, is the

, \ .
E . Ed

relative concentration of europium’ on chondrite4dorﬁalised
- . ’ . . . . . R ) o .
rare earth‘distribution plots (Figure 10). 'Rinq?Syenites
* N s ) s
have’ stronq poslthe Eu anomalles whlle the Quartz B

syenltes have small neqatlve Eu anomalles.

Only this syenlte body - has been rec1a551fbed

ﬂfollow1nq‘anal%xlcal work. . ':'i o ”‘ .g '

o . _ T . B

“"g;.f2. leferentlatlon Trend

. BT . . . e

The overall contlnulty of the maJor element/

>','~composit10ns (e g.m quuve 7) sugqests that the gabbres,zn;

dlorltes and syenites form a 31ngle, albelt poorly

..

constralned, dlfferentlatxon trend MuItlple pulses of"_:; :ff

2" d

s1m11ar maqma crystalllslng w1qﬁ1n the

Jcrust by simllar

f.

.have been generated by.

Tractlonaertystall1sat10n of'e s;hqle

s

Eatch of'mag'a

] .
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even in a single chamber. The present erosion surface’ |

expases the cumulate gabbros of a magma chamber from which
4> . . : .

any later syenites have been removed. This chamber was

itself emblaced within an.earlier one in which the

e~
o

présently.eXposed outer diorite had already . S
crystallise@. Differentiation of gabbros and diorites in
Ayet‘another chamber,'at greater depth than thHose presently

. - . .
exposed as, Centre 1, was required to produce the syenites

‘ 2
,0f Centre 2.7 )

. Extraction calculations of changes in major; element

N

abundances (using .average mineral compositions from the

literature; Deer-et al, 1966) indicate that the
fractionetibn'trend'from gabbro to mafic syenite (S1) is

- /,

vcontrolled by a mixture of cl1nopyroxene, gptermedxate~

ﬁhfeldspar,lamphlbole and Fe ?1 ox1des, a pattern conflrmed7¥

. . : : P e
\ vby petrqq*ra“ y. OllvxneﬂQS not a major fractlonatlng SRR N

» . B "‘I-

N

'phase w1th1n the exposed rocks.' Fractlonatloh of 511106-“

"75111ca and the. o?seh of cryste_ llsa_tlon of a*lkal‘i felds-p,a‘



b . . 1]
: ~

. : 2 . .
Fe-Ti oxides. The early mafic trend, the discontinuity

and the late lodcocratic trénd correspqond well wioh the
trend fof silica-saturated rocks of the Gardar alkaline
province, Swigﬁgenland (Upton, 1974) and with the
idealised behév}our of a silica—saturatéd mel?ioutlined in
Cox et al (1979). In the Big Spruce Lake‘series‘best-fit
-¢alculations show that'the-1ate—crystallising alkali;ﬂ
feldspér must be sodium-rich; The antiporthitic'noture of .
late felospar has been confirmegd by staining and by
electron microprobe reconn;issance which showed K- .
félospar-as the minog‘phase exsolved fron sodio feldspar

. host on scaieé'ﬁnoﬁbcrypto to meéoperthiqel Potassium

}

- g ) 4
feldspar forms a final rim on feldspar griins.

’ o e 2 .. - .

Eariy,and'laté fractionation Erends are4qeso,apparent

on‘a CaO'vs'Y pldt-(Fique ll) _ The aata'form A constant

-

T f; and well-deflned trend of 1ncrea51nq Y w1th decreas1ng CaO

LT ~

”*: from gabbro to maflc syenlte whlle the quartz syenltes

)

F‘, form a fleld scattered across approxlmatéhy the same

b trend.f The slope of the 11ne 1s essentlally paralle to

”??those of/other alkalxne serles reported by Lambett and

less abundant 1n‘the B1q Spruce.Lake rocks (0 3 bo 0 S

' A

Q“amphibolgyﬁuch ‘as kaerSut1te.> Yttr1um 1s 51gn1f1cant1y f* {;"
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-compositions, poor in CaO and Y.

iil; 1978) and the presence oﬁ anoma11es 1n alI unxbs of .
‘Centre 1 indlcates the strong cdntr1but10n that ‘

';plag1oc1ase crysta

'vlater section"w1th regard to Sr abundances.v'REE

I N
tifractlonation 1n these rocks (Ce/Yb ranges from 13 to 18)

Lambert and Holland. Increased scatter within the ouartz—v

syenite group’may be due to variable amounts of modal,

zircon and/or allanite. The ring Syenite compositions

plot well anay ¥rom the nain trend towards country rock
Lo | o P

3. Trace Element Variations

Chondrite—norhalfsed rare earth elemeht giktribution

i

<.

»

patterns arefshown in Figures 12 to 15. Relgvant data

<

derived froﬁ'tbese-plots,>(XREE,,Eu/Eu*L and Ce/Yb) are
presented in Table 2. “EnEichment of tota; REE (ZﬁEE) oter
the eefies and;the lack of increasing fractionation-of
light rare earth elements (LREE) fpom-heavy rare earth

=

elements (HREE),” constant Ce/Yb, are evident in the y ]

. ~

distribution patterns. Only Eu is anomalous, stronqu.

P
a

positive.(Eu/Eu* = 2'to 3) in-all samples alonq the early

maflc trend &nd. weakly negatlve (Eu/Eu,i= 0. ) to 0. 9) ;n-..b ‘
o, ¢

quartZ»syen1te$. Und1fferent1ated alka11 basalts §bmmonly &

do~ not show Eu anomalies (Sun and Hanson, l975a,b,vFrey et'

.

;Iisatlon makes to the whole rock REE

"COMPbSItlonS.h?TﬁQ Eu anomaly 1s dlscussed 1n deta11 in’ a

R
:'.-' T . A ) ' Ty ;' ‘T' Lo R
. - “ o i .
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Table

Sample Numher and Type IREe!  FEu/Eu” (Ce/Yb)CN3
PC-81-235 qabbro - 99 2.03 14.2 .
PC~81-275 qgabbro 65 2.75 13.7
PC-81-363 diorite. 190 2.15 18.3

‘ _ ®

PC-82-173 diorite . 108 2.19 15.0
pc-81-g12 mafic sy. 237 2.63 14-3
PC-81-332 mafic sy. 307 2.1 14,4
PC—824124_rin§ SY. 167 3.15 16.9

N

PC-82-129 ring sy. 182 2.37 14.9
PCeéZ-OQG‘Quartz sy. (outer) 442 0.80 17.9
PC-82-0?9 Quartz sy. (outer) 760 '0.70 27.6
PC-82-151 Quartz sy: (ogterf . 455 - 0.62 i3.4
VPC-82:358 Qparﬁz SY. (oyter)f 440 0.83 12.2
PC-81-364 Quartz sy.v(outé;) 370 0.87 'iiz.o
éc-alfzas gu;}éz syﬂ,k{nner)\ 406 0;54 N 15.7

2. Rare earth element data for intrusive Centres 1 and 2,

?

v _analysed.

S

.3¢N

« 7 is analysed .valuex
chondrite-normalised. values.,

N “

rd

4
1

!

[

¢

’

»

[
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':‘1Inc1pdes4values7interpéiatéd from Fiqures 12 to 15 for elements not

- . \ ’ o . o .
2Eu' interpolated between Sm &nd Tb_pn chondrite normalised plots. Eu_
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is high relative to averaqge und1fferentxated alkalJ
basalts (Ce/Yb = 8 to 10; Sun and Hanson, 1975b- Frey_gg

al, 1978) but the total REF enrichment is low. Low

-

" abundances., particularly in the gabbroic units, are best

explained by abundance of cumulate piagiocﬁase which has’

distribution coefficients (D values) of .about 0.1 (Fiqure

-~

16). Of the samples analysed, the leucocratic laminated

qabbro (PCL81—275) has the lowest REE ‘abundances,

d‘l
La/chondrlte (LaCN) is only 35 compared to Lagy of 60 to

100 for typical alkali basalts (Sun and Hanson, - 1975b).

-

- The Ce/Yb ratlo remains essent1a11y constant with
increasinq Ce content throuqqout t he serles. \The trend of

‘. ™~

‘chondr1te—norma115ed Ce/Yb ((Ce/Yh)CN) vs Ce, shown in

Figure 17 is conskstent with.the trend calculated by

Térné? et al (1930) for “low'pressure"'crystallisation of

basalts 1nvolv1nq 011v1ne, plaq1oc1ase, clinopyroxene and

'Fe—Ti'ox1des. Low pressure, in ;hat.work.'aopa:ently

a

-

~means§ in- the upbervcrust,'above garnet stability.

| Nelther Open—system (as in Blg Spruce Lake qabbros-

-~

syenltes) nor closed system crystalllsatlon of the common
mlnerals mentloned above can 51gn1f1cant1y fractlonate Ce
w1th respect to Yb at 1ow‘pressures becaG%e of. thei
51m11ar1ty of crystal 11qu1d d1str1but10n coeff1c1ents for

these elements (Henderson, 1982). F1gure 16 111ustrates

' the 51m11ar1ty of d15tr1hut1on coeff1c1ents for Ce and Yb

'Qv -
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‘51 1930), T I e

Chondrlte—normalxsed (Nakamura,,1974) Ce vs Ce/Yb for the’

Big: Spruce Lake gabbfb-syenlte serles {solid cxrcies)
" .compared w1th open=- and closed—system low-pressure S,
fcrys;allxsation trends modelling*fractionation of ol #

1980). Also shown is_the: variation\of Ce/Yb

plag t:cpx Fe-T1 oxides at crustal leveliftaftpr Tarney
durlng eclogite (h1qh pressure) fractxonatxon Tarney et

. .,:5'"'. T ' NEERE " i M : A
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in the major ¢rystallising phases. ©Only three processes

can significantly alter the.Ce/Yb ratio. One is, in fact,
1ow preSSure open system crystallisation %mt with the »

P

repeated removal of less than 0 Ol of the evolved 11qu1d
from the magma chamber 4Pankhurst, 1977; Tarney et al,

1980) Thls model isiinapplicable to the'Big Spruce'Lake

yr,-»m
- Y

,'Lntrusxon where the open system’ 1nvolved multlple chambers

s

crystallxs1nq 1n succe551on. Another process 1s h1qh

pressure orvstalllsatlon involving qarhet (O Hara,-1975)f‘

.

AN

also 1napp11cab1e to -the presently exposed seouente. -Then__

“’third process wh1ch can alter the Ce/Yb ratlo is (low-

: moderate pressure) crystalllsat1on of sanlflcant amounts

.‘s'

of any Dhase w1th w1de1{ dmfgerent dlscglbutlon ése‘

l R

N
trends to the data for Blg Spruce Lake requlnes the‘

'phases nogﬁpresent in the early basalt crystallusat1on :

‘V.modelled by Tarney et al al (l??ﬁ) and Pankhurst (1977).

';;lCrystalllsatxon of orthopvroxene in s1qﬁ1£10ant amounts

ullttle effect on the»slope of the caliylated trends.l'

ﬁ el

D1str1but10n coeff1c1ents for Ce and Yb in. amphlbole and

:addltlon of amphlbole and b1ot1te as.ma;or~crysta11151ng 3_

o coeff1c1ents for Ce and Yb.(prpllcatlon of the calculated B

l.v,.v‘ \ . S . ‘

Nquure 16), and f{actxonatlon of these phases w111 have

L G
- A

could fract1onate Ce and Yb, bUt to a lesser extent than

e L) .‘_"r.-.. ) B v . : "
o . . : el A . . o ¥

v

,vblotxte are s1m11arfto those of cllnopyrox%pe and 011V1ne S

&

lratlon of qarnet, however, orthopyroxene is not 'mﬁff



-~

_observed in rQCks“of‘thisfSerﬁés. Fractionation of.
apatite'and'sphene,:thhgégmmonkhosts for REE, is unli?el&!
, . M) i - ke
to alter the:Ce/Yblratioyto'any qreat extent<§ecause of
Ctne similarity of B values for heady and light REF in

these mineralé._ Partﬁtion coefficient (D) values for REE

- R B bt
s

"in common accessory m1nerals are shown in Figure 18 ’and

L ~
i °

clearly crystallisatron of apatlte, sphene and maqnetrte
w111 haVe llttle éffect on the Ce/Yb of re51dua1 11qu1d.
J/ Fﬁﬁctlonatlon of,zgrcon, whlch is abundant 1n the, later

o syenltesl and.allanlte, whlch is sparse but present, will

the 51gnlflcant and opp051te effects. The'presence of

1

varlable amounts of 21rcon and/or allanlte in analysed
. samples may aocdunt for the scatter of Ce/Yb at higher Ce’
*’levels.. “7‘v Lo

Tﬁere igs a small dlfference between the calculated

. . __"'\v’ : ‘»

open and closed SVStem trends shown 1n quure 17 &n the

Fa

ClOSed system Ce/Yb is consEant w1th 1ncrea51nq crystal
_ . . ’ I3
fract1onab10n (and 1ncreas1nq Ce contenx) to ahout 70%

S

”

%;ystarlrsatlon at‘wh;gh po1nt it be01ns to increase"

sllghtly.. On the othex hand the trend calculate _ ;anl,giw

“fz

open system shows a qonstant small pos1t1ve slope.;eThe_.,'°

i L o

data for Blg Spruce Lake are sllghtLy scattered but are ;UIT..

.V

”'more cons1stent w1th Lhe open system behavxour than w1th av;:;

. Y
PR S,

' close&f ystem model.g Geochem1ca1 1nterpretat1on owaEE

.Tgt,ivarlatlons are, hence, 1n acc0rd w1th fleld evxd\hce of
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':1nCOmpat1ble elements .and both‘are enrlched in résidual

‘liquid,g At ébout‘SO% 5102 apatxte becomes a stable phase

;
~7

80

L | .
sYstem crystallisation within the upper crust.

Of the experimental data boints plotted on the Ce/Yb

vs Ce diagram (Fiqure 17) only that for sample PC-82-099

4

{quartz syenite) lies gﬁqnificantly off a low pressure,

'

-open system trend. The absolute abundances of all rare

earth elements (REE) are much hlgher in this QUartz

syen1te than in any of the others analysed (Appendlx 3,

" page '399), and thevslope,and position of the chondrite-

normalised jist;lbution plot for this sample (Figure 15)

is clearly anoﬁalous. All other quartz syenites form a

-tlght band on the REE plots. The ptesence of locally

A

abundant allanlte (Vi51ble in th1n sectxon) is peseibly a
more reasonable explanat1on of the REE composition thanAle\
localisedflate-deuteric or metasomatic enrichment
assoc1ated w1th carbonatltlc activity. |

A plot of P205 Vs TREE (quure 19) shows that 1n the

b
more maflc members of the serles both REE and P are

A

anéhp‘ls_temoveGAfrpm the 11qu1d 1eav1ng the res1dua1 melt

vpédepleted. However,vat thls p01nt the concentratlon«of

'REE 1s decoupled from that of P and enrlchment of REE

[ 23

3hthe 11qu1d contlnues wh11e P 1s depleted For the latter

'j'part of the d1fferent1atlon serles, the ma]or host for the

K.

”-REEdlsnnot apatlte{'ff
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Other possible hosts for REE in the later Big Spruce
Lake Syenites‘are accessories such as zircon and
allanite. However, ‘allanite has been found in only one
gquartz syenite thin section. REE might also be contained
in late interstitial material or in REE—ricH rims on major

minerals (Suzuki, 1981). Fourcade andlAllegre (1981) -

attempted, with moderate success, to define the hosts for

9 -

REFE in /A quartz diorite and a monzogranite from France.

?héy showedAthat°whi}e most of the REE in the diorite were

held in majgg_minerals such as hornblende and biotite they

were unable to identify the host for all REE. Up to 40-

- R - . »

50% of the ligﬁt REE (La-Sm) which were present in the

. . ki . .
" whole rock analysis were unaccounted for by the mineral

separates’ (which included accessories) that were

-

"analysed. In the monzogranite, biotite and accessory

allanite were the main hosts, but (again) 40-70% of all
REE present in whole rock analyses were not accdunted for -
ih‘miheral separaté aﬁalyses.‘ In both cases a. majog

pert1on of the whole rock REE were apparently lost durlnq

mechanlcal separatlon procedures. Sparse,,REE-rldﬁ : L

. accessorles w1th h1qh1y fractionated REE. (major pprtﬁons
of both heavy and 11qht REE ere m1551na from the dass

4 balances repokted),rﬁr even 1nterst1t1a1\REE rich mater1a1

may account for the dlscrepanc1es report%g From the data

presen;ed here Lt‘;s clear thap,apat;te,;s ne1ther a maln

2



& ~
>3
REE fractionating (light REE}heavy REE) phase noi'is it

the major host in late differentiates. Zircon and
) \

allanite are more likely to fulfil both of these functions

-

in late differentiates. -
T \

_The examination of relative abundances of 'a number of

_ e}ements'in each individual’samg}e greatly facilitates the

&
. ©

interpretation of variations in abswlute abundances of a
large number of sampfes, particularly when these
variations result from enrichment in residual liquid or

incorporation ™n stable crystallising phases,such as
- }

-

feldspar, apatite or oxide. The large number of ‘trace’

-

elements determined in this study is an advantage in this

regard,
In the same manner that _REE abundances are commonly

normallsed to chondrltlc abundances to compare

!

fractionation, totallenrichment and anomalous. behaviour

(Ce and Eu) amonq samples, other trace elements can be =

’

‘normalised to.a.set&%fireferencevabundances for _
comparative purposes. A s:mxlar procedure has been used

by other authors byt elther fewer elemehts werp included
(J
or the system sthd1ed showed 51gn1f1cant1y less

dxfferentlatlon than that of the<§{N”Spruce Lake series.
Azzou21 et al (1982) added TJ Ta, Nb, 2r, Hf, T1,

and V to chondr1te normalised REE dlstr1but10n plots for a

.ser;es‘of seven,alkallne rocks‘fromwthe French Central

s
/

’

_'-



84

v

Massif and noted anomalous behaviour of Ti and V as
differentiation proceeded. §ormalisation ef 19 lithophile
elements to primordial mantle abundances was employed by
Tarney et al (1980) in an attempt to characterise sources
for largely undifferentiated oceanic basalts. The 19
elements used by Tarney et al cover a broader range than
those employed by Azzouzi et al. In addition{to the

lithophile elements previously'mentiohed (V’ie'ekcluded as

semi-compatibre) the qroup includes Cs, Rb, Ba, U, Th, K,

L] .
Sr and P, and'o;}bs’all but 5 REE, retaining Ce, La, Nd,
> ) ‘- )
Sm and Tb. The same group of elements is used here in

preference to that of Azzouzi et al because of its wider

@

. o PR . - N
: ranqe>«f~—\\\\~ = . St s
. . " . o —

Retention of the five REE, .for- which data has already

been presented in thi§;WDrk in the form of chondrite-

: . L - - S
normalised plots, is necessary- for lithophile eleme?t
normalisation in order to fix the position of the residual -

liquid enrichment trend (for iﬁcompatible elements)
o - i :

v 7.

between prominent positive and negative anomalies of semi-

B . A (\ . B B . .
ihcompatible elements (e,q;, P, Sr, Ti).' The REE QrQUP'}$4

_geochemlcar}yﬁcoherent and ‘these elements are enr'ched or

depleted as a *grYbup. The patterns of the 14 REE can

evaluated for con51stency separately from other large 1on

K2

11thophlle elements (LILP) and the va11d1ty of analyt1ca1

reSults for the f1ve REF 1nc1uded in the 19 LILE .can be

L. \,\
-~ . : : ™

o ) -
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rd
o '

5 . Co-
established because the relative abundances of the REE are

¢ ! -~

well known (e.g., Evenseh et al 1978; Henderson, 1984).

A}
1

- The "primdrdial hahtle abundances"” of these elements
der1ved by Tarney et al from earlier WOFK (Rlngwood, 1966 ;

Gast,, 1968, Ganapathy et al, 1876; Sun and Nesbitt, 1977;
&

. Wood .et al, 197%}-are shown in Table 3 in order of

increasing D, where’ D is-the bulk distribution coefficienmt
. « - ‘ ‘ : . ‘ .
of the ¢lement in basaltic liquid, from Cs'to Y. This is

‘the normalising data employed in this work.

" 'The §rder‘of‘the'19 LILE to be used on the abscissa
of the normalised plot is that derived by Tarney et al

-

{1980), for increasipg D-(in.basaltic liquid). The '

jabsdlute abundané%s'used.for hormalising'are not critical
. ~ ¢ )

to intérpfetation \w1th1n any 51ngle study) prov1ded that

"they are spec1fxed for comparlson w1th ‘the data of othér
. ‘ .

el

‘wotkers., The'use of _ mantle ,values 1s'preferred to that"

'M

of: an average “alkali basalt or tholelte because the

fnormallsed LILE drsbtlbqtlon plots so obtalned are thus

e‘comparable to the comménly \used chondrlte normallsed RBE

:.'3 ._‘i‘_.”x‘ Die o e,

' d1str1but1on plots. l._ﬂ v,n o ,1f"v N S PRI

Féx the f1Ve RBE 1ncluded in, :he group theﬁv
9.

o prlmo}d1al mantle" abundances are qbout tw1ce the

ifﬁcoﬁhonly accepted chondm1t1c abundannes JNakamura, 1974,

% N . N v.‘ i
H"gk&n et al, 1968) and they show ‘a slight light/heavy REE

o ';Q
« ’ .
"

i



Table 3.” LILE "primordial mantle” abundances (from Tarnev\et al, 1980).

)

TModified from 0.3

‘4

8

) B
Cs 0.019 sr 23

Rb 0.86 Nd 1.29
Ba 7.56 P 0.4

~_ . y

Th 0.096 " Hf 0.36

U 0.627 ) Zr 11

K 252 Sm 0.460"
Ta 0.043 Ti 1526
Nh o 0.62. : “Tb‘ 0.099
La 0.7 y 4,87
ce  1.90 . )

-

?

'
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5 in Tarney et al (1980), see text for explanation.

}
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fractionation relative to chondritic values. Lanthanum’
and Ce primordial mantle abundances are 2.16 and 2.20

* ' ’ 1 . X
times chondritic .(Nakamura, 1974), Nd is 2.05 times

*chondritic and Tb is 1.96 times chgndritic. -The value

used by Tarney et al for Sm (0.385 ppm)  is only 1.67 times
chondritic and hence the value used here has been-revised
to 2.00 times chondritic (0.460 ppm; Nakamura, 1974) to
make it consistent with the other REE abundances %6f.\
normélisatioﬁ. Interpretation and quantification of
anomalieé expressed using the nérmélisatioh'abundances
given in Tab]e.3 are internally self-consistent for the
Big Spruce Laké analytical daﬁa._.

The mantle-normalised (MN) LILE distribution plots &f

Figures 20-24 provide trace element profiles or signatures

of indi?iduél'sambles. They differ from the mpre common

chondrite~normalised distribution plots of the
EA N . . . . I/ . o

qebchemically ciyereht REE group innhavi?g/pamérous

>‘anoma1ies.”7Th&’plOts,show'bothﬂfréétipnation'(more

incompatib1e LILE/1ess incqmpatible ﬂILE) and progressive’
] ) v v ) T N A.‘_ o o \’ ; . .»

enrichment similar™to the REE plo;s. The’value Qf Yun is

2.0 to 2.5.in gabbrqs,while CSMN‘and Rbﬁﬁ;afévabout 30.  [

‘ThngMN'Vque*rises to about 10-in;quartz'syenites’while

"CSMN‘and Rbyy rise to about 100;; A1I,df the plots éhow.ad
~ \ ' ’ ' :

z;;;ave—down pattern with the'élope of the -alkali portion
Ts'io

Nb)_being’iess than- that of‘thé'REE'portion (La to

)
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Y).- Relative mantle abundances of LILE are not well

<
1

established and the concave-down pattern may be a result
of slightly high norpalising values for the more

incompatible elements. The pattefns'fdr undifferentiated

basalts reported by Tarney et al (1980) show & similar

systematic or smooth concave-down pattern. In the present\

E

study‘the effect is most striking in the late

differentiates, the quarué syenites of Figures 23 and

'24. The LILE distribution patterns“contrast with those

for rocks from other intrusive centres of the complex to

. be discussed later.

This gréup.bf 19 elements is,notlgeochémically

-

coherent (as is the REE series) but anomalous behaviour
can be inferred for .individual elements by assuming that

. N . ' :
the five REE define a residual liquid enrichment tre%? or

-
’

baseline for each sample. Taking the analogy with REE
. . ( o .

distribution plots a step further, some anomalies can be

'Quantified in a manner similar to_that-psed,fdr Eu on REE

€

plots., A liquid enrichment value (éymbolised,fgr exambie,.

* . : : o : . L
Eu ) can’'be interpolated for anomalous glements between =

Ce.,

adjéceth?or @losest)‘REE'where availéble,’é.g., Ti* can’
be :interpolated betﬁeen,Tb.aqd Sm .and Sr* bétween,Nd‘and ‘

.

Y

LN
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Titanium is a non—-hyqromaqmatophilet element

(anomalous) in the earliest samples of the series. Early

removal of Ti into Fe-Ti oxides results in a strong

. . . . * ) . T
positive Ti anomaly (Ti/Ti up to 2.5 in gabbro and in: @g

mafic diorite) which is followed by a neqative.aﬁomalyﬁg

. *
beginning in leucocratic diorite and dropping to Ti/Ti

less than 0.1 in the quartz syenites. Using»a'similar L

LILE distribution plot to examiné’the'variation of Ti in ~

the alkaline series pf'the Chaine des Puys, France,

oe

Azzouzi et al (1982). found only d%

K

(0.94 to 0.40) Ti- anomalies which they attrlbuted to early

[

separation of Fe-Ti oxldes and hornblende. The

(Y

‘ | : '
complementary early positive anomaly attributed to the e

rly Fe-Ti "6xides in the analysed gabbros and

,dioriteQ: ihis Stuay was absent in the French study.

The non—thromaqmatophile character of Sr can be

; reasonably quantxfled by 1nterpolat10n of a 11qu1d

‘enrlchment value,,Sr‘, between the adjacent REE," Ce and

1

’ . . : . PR .
TThe term "a hygromagmatophile element” has become
-synonymous - -with "incompatible element"” (Henderson, '1982)
since its. 1ntroduct10n by Treuil and Varet - (1973). The
two terms are used interchangeably 'in this study to
describe- elements which have distribution coeff1c1ents <1
for the common crystallising minerals during extended -
stages of magma fractionation:and hence "prefer the
magmatic ligquid"” rather than being incorporated. into
crystals: The term non-hygromagmatophile is used here in
.preference. to non-1ncompat1b1e (a double neqatlve) to,
"describe elements which are 1ncorporated into
crystalllslnq phases and hence no lonqer "prefer the

‘ maqmatxc 11qu1d"
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Nd. A strong positive Sr anomaxg reaches a maximum of ra
Sr/Sr* = 7.5 in the plagioclase-rich cumulate gabbros
(Angg-45) . decreases in diorites and changes to negative
at some point between the late diorite (AW28-40) and mafic
syenite then drops to less than 0.1 in the'quartz

syenite. The position of the Sr maximum anomaly within

the series, at intermediate An contents, agrees with

s

published data. Ewart and Taylor (l9§9)'found a well-
‘oefined maximum for Sr in volcanic rocks of New Zealand
between Angg and Angg. ?Korringa and Noble (1971) found
that plagioclase/liquid distribution coefficients for Sr
rose from‘l.S at Angovto 7.0 at Anjg then dropped to about
3-4 in sodic alkali feldspar.

Partitioning of sr2* and Eu?t ihto-plagioclasevis
controlled by the concentratlon of each species in the
melt and by crystal/llquid equ111br1um. Philpotts (1970)
suggeeted th@t 1dent1ca1 charges and very 51m11ar ionic
radii for Buzf and Sr2+.(l.17 A and 1,18 A respect1ve1y;
.Shannon, 1976)'would leadlto almost identicalapartitioning -
behav1our of the two ions- 1n rock systems,‘ A plot of
. Sr/Sr VS Eu/Eu‘ (Flgure 25) 1nd1cates that within the Blg
Spruce Lake series the two plagloclase controlled
anomalles do not correlate on a 1:1 basxs in spite of the
fact that both are quant1f1ed from llqu1d enr1chment
values defined by<the;same REE results-for.any glyen

<«
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Figure 25. Eu/Eu' vs Sr/Sr' in rocks of the gabbro-syenite series.
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leubocratic-laminated,gabbrO'then‘décreases as’ - _
differentiation proceeds. Eu/Eu'ZVaries over a small .. .
‘range, differing in early and late members of the series.
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$amp1e. Any error or disqfepancy in normalisation values
Qsed would shift all.Eu/Eu*vand Sr/Sr* values by a -
constant factor but would not alter the geochemical trends
observed. The plot of Sr/Sr' Vs Eu/Eu' cléarly shows
separate fields for early and late members of the
differentiation series, differing sldpes for the two
fields and Sr/Sr' and'Eu/Eu‘ change'from neqa£ive to 
positive anomalies (i.e., from <1.0 to »1.0) at different
poings within the series. Ring éyenites are omitted from
this plot because tréce element data (presented later)
indicates possible gneissic contamination of this unit.
Sr/Sg* varies more widely thaq does'Eu/Eu*. Within the
-early differentiates Sr/Sr* varies by a fécpor of 10, from
0.7 to 7.0, while Eu/Eu*'is almost constant at 2.0-3.0.
Within the QQarti ﬁyeniﬁes Sr/Sr*.varies by a Eactor of 5,
from 0.3 to OloﬂnuhiléuEuAEu* decreases only from 1.0 'to
0.6. Sr/Sr*1¢hangés.ffom positive to negative anomaly
within éhe mafic syeniteé, one of which has Sr/Sr* >i.0, ¢
‘the other <1.0. Within these:same'mafic syenites.Eu/Eu*
remains in thé rénge-of 2.0 toA3.o, ‘Eu/Eu* becomes <1l.0
'with the first'qgargz syénite wherevSf/Srf has alréady
decreased to 0.35.‘ T n | o ’ i |
The observed dif ferences id'geocheﬁicai behavidufvmay._

result from the fact that more - than one process is Tf

A

involbéd in ﬁhe development of the Eu anomaly. The
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2+

concentration of Sr in the melt at any time is a

Egncti9n only of the original concentration and the amoant
o

{ » . . .
removed by crystallisation while that of Eul®t

is
additionally affected by a dynamic equilibrium between
u2+ and Eu3+. This reaction can be wrﬂtten

~ -

2+ . - 3+ 2-
4EU(m) + 02(\/) pe 4EU(m)'4‘ ZO(m)

(where m and v denote melt and vapour phase, respectively)
indicating that the "Eul*/Eu3? raéio is strongly dependent
upon Sxygen fugaé&ty. Several authors have attempted to
quantify the behaviour of Eu in order to use this element .
to determine oxygen fugacity during érystaliisétion in a
similar manner to the commonly—used'Fg-Ti-oxide
eauilibrium (Phi1potts, 1970; wWeill and Drake, 1973;
Drake, 1975; Sun et al,}1974). However, in addition to

... oxygen fugaéity, melt composftion can markedly affect the
amouﬁt of Eu?*t in the melt (Morris and. Hask}n, 1974)?by

vpfefereptial'stabilisation of_quf in alumino-silicate -
cdhplexes in the melt (Mbiler and‘MueckeZ-i984). The
stab111satlon effect should be most pronounced in. h1gh1y
polymerised Al— and 81 -rich melts such as the late quartz
syenltes. RedoxAcontrol ‘over the concentratlon of Fu2+
avallable for 1ncorporat1on 1nto feldspar 4s thus a-

functlon of both oxyqen fugaCIty and melt comp051t10n (as
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3
ngﬁl as temperaturegand pressure). Control of the .

Eult 2 Eu3+ &qu111brxum appears to reduce the degree of

<

enrichm%nt of Eu in intermediate feldspag relative to Sr

x
‘.

»(restraias the 81ze of the 9051t1ve anomaly) and to cause
. " g
enrichment (p051é1ve 3noma1y) of Eu?t in feldspar to
. - b

-4 . A .
continue‘towarﬂs m0re‘a91d1c'1lqu1d c0mpositibns than .

“bhose whlch optlmlse enrlchment of - Sr2+ (31nq1e valence

statels . car (,

LI A 4

T Removal qf P as apatlte is not very clear on the LILE

“plots: Apatlte becomes a stable phase at about»SO% 5111ca

. - and EEcms within a range of,s1llea‘contents from about 50

{

to 58% ‘in the BigISprdce,Lake series. Thus it appears
mainly in late'didrite and early syenite. Tpe‘LILE |
dfetrlbutlon plots show only one p051t1ve‘i?%’0maly,‘fdt.
_the leucocrat1c diorite (PC-81-363)" The relatlve.
'depletlon of P in aLl the other samples suggests that

ceither the source llquld from wh1ch the gabbros

”cEystallised had a'relative.P‘debletion.or'that the

normalle1ng value for P taken from Tarney et . al- (1980) is”

Qtoo hiqh erconlum and Hf are also low relatlve to the"

;f,11Qu1d enrlchment trend (as deflned by the flve REE) unt117°"

”*l;the quartz syenltes beqln to crystalllse 51gn1f1cant

fffamOUnts of z1rcon., Even 1n these 21rcon-r1ch rocks:

. ~(,r3)

'f(m rcon 1svabundant 1n hand spe01men and th1n sectlon) Zr-

'f'§howsbon1y a Small p051t1ve anomaly on the LILF
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s ]

distr%bution plots. Either hormalising‘values for Zr and
6Hf are\too high or the sbq;ce'liquid was slightly depleted
in these elements. The latter explanation is more
pbobable and‘ts preferred for Zr an@IP. Tarney et al
((1980) found no cons;stently negative P or Zr anomalies
qsiqg the samé‘normalisation values in their Qbrk,with
relatively unfractionated chanic bas8lts. These basalts
do commonly show a small negative anomaly for Hf'relative

N

to 2Zr- and hence this normalisation value may be in error.

‘ Potassium (incompatible in basaltic melts, but
compatible in rhyolitic) was:retained in the mantle—‘t
normalised LILE distribution plots largely as g monitor
for stabilisation Sf K-rich phases (Piotite!ealkali
feldspar) and for evaluation of possible contbmination by
K-rich.gneissit host rock. fn the Big Spruce Lake series
K shows sllqhtly erratlc behav1our. No unitsbshew-a large'

'enrlchment of K over the re51dual 11qp1d trend (deflned by
REE) except ﬂhe ring syenites, whlch appear“to havel
jass1m1lated 81qn1f1cant amounts of qnelss. .However; K
vshows a. small pos1t1ve anomaly even in-: the earllest‘@
,vsamples oﬂ the serles. Values of KMN are up: to 2 tlmes
11qu1d enrlchnent values (approx1mated by 1nterpolat10n
;between La and Rb), but the enr1chment 1s varlable and.
>Shows no trend w1th 1ncrea31ng dlfferentlatlon. ?Itb

i -

‘appears that a. K- r1ch phase is preSent even 1n the

v
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gabbros. Both:qabbros analysed contain small améunts of

amphibole, but the more K-rich one (PC—81—275) also

contains late alkali feldspar, the most probable host for
-

K. Entichment in Ba (positive anomaly) throughout the

early series can similarly be éttributed to the presence

o

of a K—comnatible phase. The relative potassium
en;ichmen( of the leucocratic gabbro is not egtirely,a
result of assimilation of gneiss becauée Ba, NS and Ia are
not depleted 'in this sample to correspond with the
qneisSic LILE signaturé. If K were enriched slightly in

parenf magma then small differences in crystallisation of

N . . . . .
‘Krphases within the different units could result in the

{ constantly positive but erratic anomalies observed.

Of the other LIL elements Rb, Nb, Ta, U and. Th show
slightly erratic behaviour,‘not dlearly attributable to-
large amounts of gneissic contamination. Yttrium follows

the REE enrichment trend,_i.é., the residual liquid

s .

trend. Data for Cs are sparse; abundances are at the

“limit of‘detectiop for the-INAA'procedure-embloyed here.

[
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4. Granodioritic Country Rock

Four samples of the bresently exposed granodioritic
country rock have been analysed in order to allow
assessment of country rock-/interaction during intrusive
éctivity. The analytical results aré® presented in
Appendix 3, paée 400 and as chondrite-normalised REE and
mantle-normalised LILE distribution plots in Figures 26
and 27.

Three of the samples from different 16cations are
almost identical in major element composition; the fourth
from a position between the main gomplex and the satellite
éqmplex is more-felsic. The same three éamples have
almost coincident chondrite-normalised REE Dlots'énd
mantle-normalised LILE plots. A stfqnq.neqatiQe Eu
anomaly (Eu/Eu* ‘'0.35-0.486, Tahienﬂ) and stronq neqati&e
anomalles for Ti, P, Sr, Nb, Ta and Ba are characterlstlc
offthesé samples. ‘The fourth Qranodiorxte, more felSlc,

. is. less LILE enrlched with sllghtly weaker though st111 .
 neqat1ve anomallea f0r Eu (Eu/Eu ‘0. 27) and P,‘51m11af
strong negatlve anomal;es for Ti, Sr, Nb and»Ta, andﬁajﬂ
véry strdng negativé éa anbméiy.‘ NOné éf £hese mantlé—'
fnb;malised;LIL pldts éhow:thé concave-do@d“patte}n}that is'

kY o . : > > ‘ .' o : : o
“typical of the gabbroic intrusive series.



- PC-81-025
. PC-Q1<483
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whole rock/chondrite
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Figure 26. ondrlte-notmallsed (Nakamura, 1974) rare earth element
T dlstrlbutlon plots for. granodioritic country rock around
the Bxg Spruce Lake alkallne compLex.

-~ .



104
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Sample/Primitive maniie.
1

® PC-81-025
O PC-81-483

» 5 — .
v PC-82-074
A& PC-82-2817 )
11111111L1"1|J.L‘11L
Cs Rb Ba Th U ‘K- Ta Nb-La Ce St Ng- P Ht zr Srn T@’u Y

(atter Tarnoy !Jll 1980) _ v o

Figﬁré 27.' Mantle-normallsed LILE dlstrlbution plots for.\
’ ' granodjoritic country rock around the Big. Spruce Lake
alkallne complex. . ‘ .

'
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Table 4. Rare earth elemgnt data for granodioritic gneisses.

“

Sample Number TREE! Eu/Fu’ (Ce/Yb)CN3 :

~ ;
PC-81-025 227 0.42 .. 8
PC-81-483 179 0.35 12 \
PC-82-074 94 10.27 , 22
PC-82-28) 191 0.46 . 10

e
]Includqs‘values interpolated from Figure 26 for elements not analysed.

2g0" interpolated between Sm and Th on chondrite normalised plots. Fn

is analysed value. o _ ) P

3eN = chondriteenormaliéed‘va;ues.
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5. Evaluation of Effects of Contamination, Open Systen

Crystallisation and Cumulate Formation on Trace

Elements

Three mechanishs can produce the major element
variations observed in this study, an example of which is
&he alkali-silica plot (Fiqure 7)a Thé three (which are
not ﬁutually exclusive) are contamination, open-system
fractional crystallisation and cumulat¢ forﬁation.
Geochemicai and field evidence shows that éll three

occurred dufinq the*Biq Sprucé Lake }ntrusion. The
effects on tracé element distrihutigns‘must be evaluated
before inferépqes about parent magma composition can be
made. |

| vaopen system crystallisation was the dominant
_process then variations in element abundances are due
mainly to crystal-liquid partitioning during fractional
érfétallisatidn and for,hygtomaqmatoéhile §r‘in¢ompatib1e
elements . (very 16w D vélueé) relativefabundances'fémaiﬁ‘

constant as absolute abundances increase in residual

liqqids‘(incOmpatibléfelement ratios do n6t altér). The

-slopé’@?ga logarithmic tﬁo—élemenl‘nlot fo’i"su'::_h‘e_ll.‘ér‘nents"‘~

is one (Allegre et al,” 1977) and the. data should be well *
_constrained. For thé‘hyqromadmatophiie'elémeﬁts'éumulate'

formation should have a similar effect.



If contamination is the dominant process then the

two-element logarithmic plots should show scatter beyond

analytical error, in some tases destroying the fractional
érystallisatioa trend. The concentratién-of/kTLE
resulting from contamination is dependent ugon the magma
composition at the time.oﬁ mixing, . the modal and element
composition of the'contaminant and the degree of melting
which occurs during assimilation of contaminant

matérial. “The fractional crystallisation path followed
aftér assimilation will vary according to the changes in

major element composition caused by assimilation. An
1

obvious corollary to this conclusion is that logarithmic

plots of two incompatible elements which have ‘essentially

the same relative abundances in the primitive magma and i
‘ . .
the contaminant material will not show scatter beyond
analytical'error regardless of the degree of

contamlnatlon.

of the A9 elements plotted on,the mantle normallsed

107

in

d19tr1but1on plots of the 1ntru31ve ser1es Ti, Sr, P, Ba,’

‘and K show Qvolv1ng anomalleg gyplcal of. 1nc1u31on in a
',fractlonatlng phase. For thls reason,they are not

'dlagnostic Eor contam1nat10n. Insufficieht‘daté for Cs

:and 1ncons;stent trends for U and Th e»clude these

tl

ﬁ’and‘REE, the mantle norma11sed plots of gnelsses (Figure

’glementsQ Of the remalnlng elements, Rb, Y, Nb, Ta,”Zr Hf



27) suagqgest that
detéctinq
activ{éy.
with Ta
only one element

effects on both.

(Figure 28)

and Nb

(ppm)

T.a

the'loqarithmic,

5 4

Al hd

. Figure 28.

"o 50
Nb  (ppm)

100

from each of

{ppm)

H1

(Ta)

-

assimilation of this host

indicate that

the

are of most

it

pairs to

rock during

value in

evaluate

intrusive
Excellent correlations of Zr with Hf and Nb

is necessary to plot

o+

Nb vs Ta-and Zr vs Hf

N
®%e
[ J L
4 4
’
K
®
,.
»
/.’
100 5Zu
Zt {pom)
in the alkali

‘gabbro to syenite.series
Spruce Lake intrusion.

Yttrium,

of the Big

Zr, Nb and Rb are'pIOtted aqainst‘TREﬁ in

two-element plots of Fiqu(es,ZQ and 30.

As pred1cted from examination of t he mantle normallqed

ploté of

1ntru91ve and country rocks,

S'REFE.

75 Y and

?REE

vs 7r plots produce a elnqle enrlchment trénd for hoth

'1ntru51vn and country rocks whereas souarate fxeldq are

formed on_f

3

REE‘VS'NP and YREE vs Rb.
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Fvaluating each of thesc two-element plots in terms
Of possible contamination and -open system effects and
conéidering the data for all intrusive rocks as a single k
unit, it is clear that data scatter exceeds experifental
error (e.q., compare Zr vs.Hf and Ng vs Ta of Figure 28
with these plots) and that the apparent slopes are.not
egual to one. Both of these are simple criteria for
contamination as outlined above. \However, the data do
form linear trends and most data points are not scattered
towards a common focus (con£aminant composition),
Combination of incompatible and major glement data in
~Figure 31, which sﬁbws Na,O + K,0 piotted vs Nb,_Zr, and
Rb suggests Rhat combined assimilation, open-system mixing
and crystallisation effects may be respdnsible for the
scattered trend of trace element relatiQe abundances noted
'in Figures 29 and 30. The three plots of Nb, Zr.and Rb.vs
alkali,‘whichrhéve the data base expanded to include that
of Martineau (1970), clearly show that the individual
1itholq§ica1~units iieAin separate cbmpositional fields.
Each uait is a'separété entity within a single major
trend, Each Qetrographic unjt éppears to be cohereﬁt in
itself (e.qg., gabbro, mafic‘gyenité or quarlz syenite),
byt there are discoanngifiesvbetween‘them which cgn'be.
'attributed'to Small différences in the coﬁposition of

separate magma pulses,'to;differenées in fractional

\

~
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crystallisation paths (causing variable bulk D valdes)‘or

_to addition of small amounts of contaminant at any

staqe. When this open system belraviour is taken into
.0 .

consideration.the assumption that the slope of the two-

_element lonarithmic plots for these elements is one’ |

-

wappears to be val1d,,the pparent slopes result from
/ '

d;fferlnq relatlve abundances within dlfferent units.
/
For most/of the samples analysed it can be inferred
f C _ ‘ ' . .
from the resﬁlts that contamination efects are small

‘(1sotop1¢ results presented in Chapter 4 suggest. less than

about 14—20% for. most samples) -and are not readily

- me

separable-?rpm those caused by crystall1sat10n of mult1ple

o

\__/ﬁ/qma pulses in multlple chambers.. However, one unfté&bes

Tpres%ftly exposed on the east 51de of the Snare Fault

fbetweén the mAln and sate111te 1ntru51ons. R1w@ syenlte

show . posslhle contamlnatlon effects.. The ZREE vs Nb and -

Vs Rb plots both 1nd1cate that»the r1nq syenlte c0u1d

result from mixing: of a maflc syen1te maqma with up to 40%'

,sT of a qranodlorlte 31m11ar to the fe151c sample, PC 82 074,

’11es on an- apparent m1x1ng 11ne on the Cao VS Y pIot‘

f7(F1gure 11) and on the trace element s111ca varlat,bn

n"

'~ffd1agrams of Flgure 32 If gnelss1c a551m11at10n occurred_,f‘

“;rcompuitely as51m11ated, t&en most maJor and trace element o

y before ﬁinal emplacement and the gPangdlor1te was5

A

s < T v

1

ffgconcentratxons are con51stent w1th\th1s deqree of
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v syerute series 1nd1cat1ng posmble contamination of the
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mixing. However, simple two;component mixing 1s not
consistent with all of the data; and the alkalis and
relative REE abundances are not in agreement. They
introduce a requirément of alkali enrichment to levels
above that of gneiss or mafic syenite (Figure 31) and.
fractionation qg the light rare earths. Ditferentiation

AN

following mixing does not account for the alkali
enrichment and REE fractionation because othe; major and
‘trace elements are not similarly affected. Additaon of
REE-rich (and light RSE‘fractionated) alkali-rich fluids
during emplacement of contaminated magma couid account'for
the total ring syenjte composition. Later fluid movement
should affect adjacent units .as weil, and no such effects
are observed.. ‘ A | . . ,

No other units show element abundance patterns
cpnsistent with systematic mixing ofrparént magma with
‘signifiqant amounts of granodiorite, nor with any singie
,gontaminant cbmpoéition. 'Tne:eiement data for Centres 1
‘,‘and 2 tnus‘indicate'a singie-differentiation trend,*bué

‘ftné nata'are pOorly constrained due to apen'system
' ic;ystalllsatlon of. several batches of 51m11ar magma,
"contam1nated w1th small amounts of crustal rocka. The post—‘
tlntruslve dlsturbance ev1pent 1n K Ar data (Leech et al, o
, 1963"Mart1neau and Lambert, 1974) and in the Rb Sr and
.‘me Nd 1sotop1c data of thls study (Chapter 4) has not ‘

T



overridden the tiaht petroloaic control of compositions

imposed durina intrusive activity.

6. Magnetite Pyroxenites .

The madnerite pyroxenites, ultramafic rocks which cut
the gabbroic ring comnlex at the nqrtheaqt corner ot the
main complex,emust he considered 1n relationship to the
qabbro-syenite series because of the}r close associaf?on
in space and time {Martineau, 1970). The main body of
pyroxeni;e 1ies.jmmediately‘to the northwest of the r;m{

complex in an area interpreted as previously occupied by
1

\

dinrite or qabbroiwhile smaller bodies (dykes and lenses)
cut the central nabbros.‘ Pyroienite'may orininally have

extended furtner to\the,souﬁhwest into a space now
nccupied by later sQEn}te. The pyroxenites~wefe emplaced
followinqg cryst?llisgﬁiQn‘pf‘diorite and}oabnfbé and prior
to ennlacement of.the\guantz syenites. The magnetite-
nyroxenites’diffenbfrok members of the‘main gabbro-syenite

‘series in their»restkie\ed .ultramafic mineralaqy‘and
{apparently) more act1Ve mechanlsm of emplacement.

x

Complete WR analyses of two samples from the ma1n

’pjroxenlte body (PC- ~81- 001 and pC-81- 004) are reported
ApbendixfB,‘paQe 401. Thevthlrd WR sample analysed
'(PC+824163, Appendlx 3, page 401) was taken from a small
" . S0 " \

body whiehiintfudes the large.northeasternvdlor;te_lohe.
E 3 S R S P

|
\
\



This pyroxene itself is displaced by later movement on the
main RE—SW fault splay X-X'.

| Because of the high.Fe—Ti oxide content of the
pyroxenlites the WR major element compositions have ;ery
low SiOz concentrat®ons (SiOz = 30 - 36%). On simple
Harker diagrams these rocks plot o“f the main gabbro-

I

syenite trend,tsomewhat scattered to low SiO, values. The
\

alkali elements are largely absent (Rb) or present in very
small amounts (K, Na, Sr) as are U and Th. ? is present‘
in onl;“PC—82—163'(from the emall isolated pyroxenite
body) . \The pauc&ty of incompatible elements in theee
rocks and the fact that they do not plot on the.main
gabbro-syenite trend indicates that either
(1) the present WR comp051t10n; are not fully"

o representat1ve of the melt ﬁrom which these rocks

crystalllsed, or

(2) the-analytical data are fully representativevof tne
parent melt of theSe ultramaflc rocks and thlS ‘melt
:dlffered 51qn1f1cantly f rom that of the gabbr01c
serles and perhaps had. a dlfferent source.
Relatlve abundances of REE can be used to d15t1ngu1eh
between these two poss1b111t1es. Chondrxte—normallsed REE"ﬁ
_d15tr1but1on pattepns for the three WR samples are- shown

1n quure 33, The pyroxen1tes are stronqu depleted in’

llqht rare earth elements (LREE), La to,Nd, and lack Eu
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_ A
anomalies. Sample PC-82-163, which also has 0.14% P,0q,
has a small pesitive Fu anomaly, perhaps a. result of this
smgll pyroxenite body having assimilated earlier diorite
or gabbro. The middle (MREE) to heavy REE (HREE) (Sm to
Lu) @abundances show a degfee of fractionation similar to
that of the gabbroic series. (Sm/¥b)cy is about 7.7 for
pyroxenftes and 5.6‘tQ 7.0.for gabbrosband diorites.

To determine if the strong LREE depletion‘in these
rocks is due to their unusual modal mineralogy
(mineralogical-control, model 1 above) or to a LREQ
depletion an,the liquid from which they crystallised (melt
composition or source cohtrol, model 2 above) a pyroxene‘
separate from one of them -(PC-81-001) was prepared. The
pfroxene was‘separated from the -80/+100 mesh fraction by
standard methods. Magnetite and mixed grains were removed
by a hand,magnet;.then the portion which floated in
methylene iodide‘but_sank'ih_acetylene tetrabromide was
passed through a Frantz electrodynamic separator. The
final sample was hand- plcked to obtaln a separate ‘

estlmated to be ~99% pure.

INAA results for thfi pyrokene separate are presented
"}n Append1x 3,.page 401 and in a chondrlte normallsed REE
:d1str1but10n p10t-4n Flgure 34.{ The REE d15tr1but1on plot
of the pyroxehs separate parallels that of the WR from
whlch 1t is. derlved but at hlgher concentratlons._ REE

.

,'\
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‘Chondnte normahsed (Nakamura, 1974) ‘rare earth element
distribution plots for magnetite pyroxemte PC-81-~ 001
for the pyraxene separated from this sample and for two

" possible parent liquid composinons calculated from the

. separate compo:-ntxon and usan hth and ‘low D. values. -
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from the sebarate have the same middle to’heavy REE
fractionation trend and the same strong La-Ce depletion as
do the WR REE. The pyroxene, about 40% modal abundance in
the whole rock sample, contains 60-65% of the total REE in
t he ﬁR sample and‘about 90% of the HREE. Crystal/liquid
partition coefficients (D values) for REE in olivine

(e.g., Henderson, 198i€ Fre? et.al, 1978) 1indicate that
its contribution to the whole rock abundances would be
negligible (Figure 35). D values for REE 'in olivine are
about 1 to 2 orders o( magnitude smeller than those for
REE 1n clinopxroxeme, and eoncentrations of REE in olivine
coexisting yith pyroxene of the separate woulgube
correspondingly low. Data for partitioning of REE between
melt and magnetite, the third major phase in these
ultramafic rocks, are somewhat sparse, eépecially for
mafic to ultramafic melts. Data.which are available ffom
fviliemqnt et a1.t1981) and Henderson (1982) indidate that
madnetite.cfystallisinq'alonq with clinoeyroxene should
contaln concentratlons oE REE - of the same order of |
magnltude as cllnopyroxene and that .the mlddle REE should
#be relatlvely enrlched in the gagnetlte over both LREE and
HRBE‘(Flgu;e 35). vThe LREE depletlon exhlb;ted by.the_WR
semples cefreebonds to ; LREE:depietien iﬁ-ﬁyrokené, and
:probably also in magnetlte, and thus the LREE depleted

K

whole rock dlstrlbutlon pattern can be attrlbuted dlrectly



122

b
o
s
b
b_.
: e
[ — —° \\
s L O/ o—2°
\ clhinopyrosene
» 10—~
—
E ) o/v \‘—'—"v—v ——
b © 7
Lo ‘. magnetite \
3 : e
- :
o
. b ——— ® —
./o ]
—"
ey L
[y / chinopyroxene
o
§ 01 :—- ° -
° ¢
o —
o s ] ®
C b
e
E o
0 .
=
v 001 P~
(®] - \
8 L
- (]
- ' e
5 ] /
- .__._______.—_.__-—-—.
./ glivine
0001 |- _—
. L s
3 /
L
=i
-
B8 ‘'® ® bassaitic melt c v dacitic melt
X RN " NS A SN S W SN SN WIS WSS H T
' "La Ce P NJ Pm Sm Eu Gi To Dy Ho B Tm W L
(by atom:ic number)
. . . v ’ .
Figure 35, - Mineral/melt distribution coefficients for olivine .and

clinopyroxene in basaltic melt and for magnetite and
clinopyroxené in dacitic melt.
(1978),- Villemant ‘et al (1981) and Henderson (1982). .

I

Data are from Frey et al
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,7ﬂﬂwhere p} yx/melt 1s tne°bulk partltlon COeEf1c1ent of

"concentrat1on o£ i 1n.the ﬁelt. "jﬁ’;f}‘nf Jﬂi 3
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o

to the high modal abundance of LREE-depleted pyroxene and

magnetite. o
The REE composition of the pyré?ene separate is a
function of the composition of the melt from which it
A

crystallised as well as mineral/melt equilibrium during

crystallisation (i.e., the D vblues for REE in
pyroxene) ‘If$D vaiues for REE in clinopyroxene are

« M
known, thenvfﬁuQﬁgt composltlon of the parent melt can be
calculeted.l There are magny reports 9f Dppp values for
clinopyroxene/melt equilibrium in the literature (e.g.,

Irving, 1978; Henderson, 1982; Moeller an Muecke,

1984). These published values vary by at Geast an order

of magnitude, but all show a decrease of D for LREE

s

relative to HREE, 81m11ar to the example shown in FiguTe

33.u Approx1mate limlts can be set on the REE comp051t10n

of the liquid ftom whlch the pyroxene of sample PC- -81-001

/
wp crystaliised by u51nq 1ow (Frey et al, 1978) and high
; s 2 . .
(Henderson, 1982) D values from the lxte(ature. . The
J‘calculazlon uses the s1mple relatlonsh1p %K: 1 °
= v R L RS
. . b S r
I Ps ° 'C'ln' x";: ! i ’// ¥ g . W, ®
B I‘E§¥—f*='Pp¥x7mélE,:;fv .jiug

. v"

.Q‘element i 1n equ111br1um wibh pyroxene, py;15 the .

It . l
3 i

oncentrat1on of 1 1n pyroxene, and Cmelt 1s the

S . o
[ - . Lo . . Fa
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The D values used and thegresultina REE compositions
of the parent liquid(s) are listed in Table 5. The
chondrite-normalised REE distribution patterns of each ot
the two liquids 1s presented in Figure 34 fér direct
comparison with the REE compositions of the pyroxene and
WR samples. Use of the high D values produces REE
abundances in the liquid similar to those for an
@ndifferentiated alkali basalt (Sun and Hanson, 1975b; .
Frey et al, 1978) while use of the low D values produées

e y
an enriched REE composition similar to that of a
carbonatite. Chondrite-normalised values for La vary from
78 to 1000, while (Ce/Yb)CN varies from 13 to 22 over the

ranqge.of D values used. Neither calculated liguid pattern

. shows the La and Ce depletion characteristic of the

J (o

pyroxene and WR pyrqxenites.’ The melt from which‘the
pyro;ene crystallised was rnot depleted in LREE, but was
actually enriched in LREE, La to;Nd, which are now absent
from the WR magnetite pyroxenifes. The présently exposed
. pyroxenites do not have WR REE distribution patterns fully
rreprésentative 6f‘the melt from‘whicﬁ they crystallised.
It can be inferred that alkali elements, P, U and Th were
‘glso present in;the melt and are now absent. , The aétqal
composition of the original meit cannot @g#ﬁgrtﬁer

" quantified because Qf the uncertainties in D values.

"
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2

Table 5. Calculated rare earth element abundances in melts parent i)r

magnetite pyroxenite PC-81-001.

High Dcpx/melt Low Dcpx/melt

Flement from HPndPrson, 1982 from Frey et il! 1978

D Parent\} 'D Parent

liquid 1 L liquid 2

Y
(ppm) ‘ (ppm)
La 0.26 est 25.7 . “0.02 . 334
. Ce 0.34 63.2 0.04 , 537
€. | * “
Nd 0.6 ;o 36.7 0.09 - . 244
sm 0.9 6.84  0.14 Y411
\\ [
Eu 0.9 1.90 0.16 " 9.50
\\‘,‘\

™ 1.0 * 0.62 0.19 > 3226

Dy 1.1 ‘ 3.51 0.20 X 19.36&

Yb 1.0 1.22 0720 W 6.10
. "

Lu 1.0 0.12 0.19 0.6
: ,&Q%3 - A

- S . .
; &
. \

Concentratiens in possible parent liquids are-calculated from the
' !
-composition of the pyroxene'separate listed in Appendix 3, .page 401,
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The origin of these ultramafic rocks 1is not clearly
defined. Martineau (1970) interpreted them as producté of

fractional crystallisation of an olivine magnetite
pyroxenite melt, that is on the basis that the.present WK
compositions closely resemble that of the original melt.

Martineau compared relationships between the three main

phases of these rocks (their modal abundances) with data

" for the experimental systems CaO-MgO-FeO-Fe,03-5i0, and

MgO-FeO-Fe,03-510, (diopside-forsterite-iron oxide)
(Presnall, 1966). He found good agreement Setween
relationships predicted by experimental data and thosel
observed in the}Biq Spruce Lake pyroxenites (Fiqurep36).
Field, petrographic and experimental evidence indicated
that the pyroxeniteé could have fbrmed‘by‘forceful
intrusion of partly-crystalline olivine magnetite
pyroxenite ﬁagma followed by in situ{fractionél
crystallisation of olivine,‘magne;ite‘and;byroxene., This

-

model requires that an ultramafic melt Of composition

similar to the present WR pyroxeﬂite compositions be in

)

close spatlaL and temporal assoc1at10n w1th mu1t1p1e

'pulses of the alkali basalt melt that formed the rema1nder

of Centres 1. and 2. Not only is such an association of
d1551m11ar magmas unllkely, ev1dence has been presented
above indicatlnq that the parent maqmavof the.pyroxenltes

was not of an oOlivine-magnetite pyroxenite composition.:

s
¥ . . . 3 . . N

Ny
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An origin for these rocks incorporating the absence

of LREE and incompatible elementslcould be proposed by |

ﬂpostulat1ng the existence of an iron oxide 11qu1d during

o

emplacement. Pyroxene and olivine could have crystallised
either in place (i.e., at the present level) or at depth -
from iron-rich basaltic iiquid but outside the plagioclase
field. If an immiscible iron oxide lﬁquid then eeparated

1

from the melt it could displace the remaining silicate

liquid which would carry She LREE and incompatﬁble
elements to upper levels to be lost thrqngh erosion. The
oxide melt woul@ then crystaliiée to form a matrix for
olivine and pyroxene.phenocrystst Weidner (1&82) recently -
demonstrated experimentally that iron oxide iiquids can
exist at reasonable maqmatlc temperatures ( 950°C) and -
over a range of pressures and oxyqen fuqac1t1es. He also'
‘rev1ewed the literature and p01nted out that the mechanlsm
of formatlon of these - unusual melts 1s st111 very |
controver51a1 Iron ore de9051ts postulated to have
formed from an oxlde magma (e. g., Klruna, Sweden) commonly ,
are assoc1ated w1th abundan( apatlte, a mlheral largely

: \
_absent from the Big Spruce Lake pyroxenltes._ A model

1nvolv1ng an 1ron ox1de 11qu1d is hlghly speculatlve and

is not the preferred 1nterpretat10n of the B1g Spruce Lake}

'pyroxenltes.




'Inferred to be the 11qu1d wh1ch was present durlno'

.
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The preferred model for origin of these rocks,
integrating data from Martineau (1970) with that of the
-present study, postulates that gyroxenites were produced
by early fractional crystallisation of a basaltic melt
similar to that whjch'prodnced the gabbro-svenite
series. The relationships deduced by Martineau for

crystallisation of an ultramafic melt to produce olivine,

‘magnetite and pyroxene can also be applied to the early
steges of crystallisation of a basaltic melt. Presnall,
(1966) s;ated:that experimental data for tne join

| forsterite-diopside-{ron oxide do not fefute the
possibility that such ultramafic rocks ere part of a
larger differentiated gabbroic intrgsion and that the
early stages of erystallisation of'a'basaltic melt could
be very's}hilar to the erystallisationﬂpath.of an
ultramafic mixture.’ Tne crystallisation path ofvxhe.Big
Serce;Leke eerxenites in;the ternary system olivineﬁ'
plnel-cllnopyroxene (Martineau, 1970) shown 1n Figure 36
cannot be that of a llquld comp051t10n lylng wlthln the
?,plane, i. e., an 011v1ne magnetlte cllnopyroxene melt.
’Traee elementrdata 1ndlcate'that another component,,:
'crystalllsatlon of pyroxene (and 011v1ne and splnel), 1s'
not represented by present WR comp051tions. The

Vcrystalllsatlon path of Fxgure 36 is - thus Q o]ected onto.
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the ternary plane from a more complex (basaltic) system.
Evidence hae already been presented that multiple magma
chambers, with similar batches of alkali basalt magma
differentiating at varying depths, are regquired to explain
the sequence of exposed gabbroic-syenitic rocks. The
magnetite pyroxenites can be explained, most simply, as
early differentiates of the alkali basalt seqoence. 1f
the magnetite pyroxenites repregent only a small (e.g.,
5%) accumuiate portion of a basaltic melt then the LREE -
enrichment of residual &iquid created by formation.of };
pyroxene and magnetite-would not’ be detectable in the
overall incompatible element enrichment of later gabhros
and syenites. Such a model does not require that an
unusual parent melt for these rocks be contemporary with
and use the same conduit as multiple;pulses of alkali
basalt melt. The presently exposed pYroxenites are thus
interpreted‘as formingfby early olivine, oxide and
~yroxene crystalllsatlon and accumulatlon at the bottom of
_an upper (above the present erosion surface) magma‘ |
chamber. - ThlS magma was d1fferent1at1ng durlng a perlod
of‘fauit movement wh1ch offset'the earller, already solld
d'and brlttle un1ts of dlorlte and layered gabbro now
v151b1e. Mlnor movement of magma durlng formatlon of the

'cumulates and due to fault movement could produce‘; g : -

"1ntru51ve features‘of the-pyroxenltes.such as,, voe
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'hybridisagiOn at contacts'and cross-cutting felationships

of pyroxénite dykes thréugh earlier layering. , l

Hybridisation at contacts would be enhaﬁced if the earlier

diorifzs and gabbros were still barm, as wouid be expected

by ihtrusion of multiple pulses within the same volume.
From the'foregoing it is inferred that the magnetite

pyréxeni%és of Centre 1 are very early representati@es of

differentiation of an alkali basalt melt, multiple pulses

of which are responsible for all of Centres 1 and 2.

Further eviaence of the "primitive" character of these

pafﬁicular rocks h;s tﬂree separate facets. \

(1) The ,absence of Eu anomalies indicates that
plagioclase was probably not a‘significaht phase
during partial melting to form the parent basaltic
‘melt, or during crystallisaﬁion.of the‘pyroxenite,‘
The oridinal melt probably formed below the
- plagioclase stability field (~20 km; Green and
‘Ringwééd, 1967f in‘the‘spiﬁel lherioiite or garnet
'peridotité‘field.: Crysta1lisa;i6n océﬁrred_outside
;hé plagioclése fiéld initetmsfof_;%mpéraﬁufg,1 '
preSSUre énd/or compositionséf-phefmelt. If.
Cﬁx§£?1115atioﬁ-ocqurtéq in a.¢hqﬁper’§3?§e‘tﬁe 1:
ptésénﬁ erosion shrface;qu,préposéd,,:hennp:éssufé‘

- Twas;not1§ Qétefmiﬁihg.féttor_ih ﬁdnrcrysﬁa1li$ati6n

~ of plagipclase'qith_pyfdkene}‘and eithef‘the |
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‘temperature was too biqh'or the melt composition had
not yet reached the plagioclase field. The small
positive anemaly in one sample is best explained by
assimilation of host diorite durtng formation of the
isolated, small body;

(2} The pyroxeﬁite cannot be later in a differentiation
series than the gabbro because pyroxene in the gabbro
is ricber in-iron and has higher Fe/Fe+Mg and Mn/Mg
ratios than does pyroxene from pyroxenite (Martineau,
1970): Y

(3) Nd and Sr isotbpiq compositions of the main
pyroxenite.body (see Chapter 4) are apparently least
c0ntam;nated by either host qnelsses or. earller
intrusive units, ’The pyroxenite WR sample whlch
contains 0.14% P,0q and has a small'p051t1ve Eu
anbmaly, best explalned by contamination during
emplécement, also has .a. lower Sm/Nd ratio than do
vsamples of the ma1n pyroxenlte body and a lower eyng:
both con51stent with. a831m11at10n of ac1d1c, oldgrv

crustal materlal.

. 7.  Parent Magma'l
Relatlve element abundances whlch have not been'

'~a1tered by 51gn1f1cant crystallxsatlon or by contaanatlon‘

.can be,used,to partxallybdeflne aﬂparent 11qu1d

Lo

R
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composition. Plots of 2r, Hf, Nb, Ta, Rb, Y and REE
abundances in samples from gabbros to mafic syenites
(omitting the fing syenite) can reasonably be extrapolated
to estimate relative abundances of these elements inlthe
parent liquld. Only the early trend can be used for
extrapolation becauee of a sharp discontinuity in trace
element behaviour of the quartz’ syenites which crystallise
significant zircon. There is insufficient data for Cs to
be of value because Cs contents of the early members is
below the INAA detection limit. The effects of fractional
crystallisation on Sr, P, Ba and K have been described.

Zr has been seleeted‘as‘the reference element and the
abundances of tbe cher‘elements have been plotted. against
Zr in Pigures 37 and 38: The plots have been extrapolated
to a commen value of 11 ppm 2r, which-isvthe reference
value used earller for mantlernormallsatlon. The
abundance of Zr in any l1qu1d derlved by partlal meltlng
‘of "pr1mord1a1 mantle" contalnlng 11 ppm Zr would be much
. -
greater than thls value but because the degree of partlal
melting is not known 11 ppm 1s used as the referenne valué‘

for relatlve abundances of the other . LIL elements.

Fract1onat10n durlng part1a1 meltlng should be 1nd1cated

by abundances relatlve to Zr varylng systematlcally w1th
E the bulk dlstr1hut1on coeff1c1ent in baaaltlc 11qu1ds,“
1.e,, the order of ‘the elements on the mantle—normallsed .

(Tarney et al,-1980) plots..

e
o -
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The Hf, Ta, Nb and Y plo£s are well constrained and
extrépolation produces reasonable estimétes of rélativc
element abundances. The Rb, Ce, Tb, La plots are somewhat
scattered but can be extrapolated to approximate relative
abundances. Uranium and Th data are erratic and have neot
been included. Table 6 shows the abundances of eight
elements relative té Zr = 11 ppm, along with the
"primordial mantle values” of Tarney et al (1980)
discussed earlier.

Cohsiderind the approximations involvéd in the
extrapolatiéns to derive the relative abundancés, the
.ratics of melt (relative) abundances to primordial mantle
"show excellent internal consistenéy. Incompatible
elements in the parent liquid from which the series was
derived were strongly fractiqnated. Rubidium, Nb, Ta and
Zr show‘fractiOnation similar to the LREE enrichment
igdiéatqp by the La and Tb véLUes. The Hf relative.
abundance is anomalously low; The correlation of Hf and
Zr is excellent and extrapolation should yielq‘a
reasonable valué, but it. is vaiously low relati?e ta the
mantle valﬁes of Tarﬁey‘et al. A syétematic error in INAA

T

analysis can be ruled out as the cause since the same

L

analytical procedure'yields accepted‘vaiues (Gladﬁey_gg

al, 1983) for USGS rock standards. Because the Hf

analytical values 3re considered to be accurate the



. 137
- ~
A -
/
Table 6. Relative abundances (at Zr = ¥ ppm) of 1ncompatible elenents
< ) .
in & possible parent melt for Centres 1 and 2. ! ;
. L~ S '
- , < -
Element Abundanceé 1n Melt Primordial Mantle Me ]t Ahundan’lre-/
at Zr=11 pmm Ibuhungar;ce‘_1 Primordial Mantle
‘ ppm [P
RL 3.7 0.86 - 4.3
. D i /
Ta 0.14 0.043 - 3.26
Nb 1.95 0.62 = 3.15
La L o.M - 1.55
. o
Ce . 3.2~ ' 1.90 o 1.68
. . ° . -4
Hf . 0.14 0.36 : 0.4
Zr .. 1 ‘ m - 1.0
Tb , - 0.026 . 0.099 . 0.26
.Y . ¢ 0.83 4.87 0.17
T . . - .
. tron Tarney et al (1980). g
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apparently anomalous behaviour of Hf must arise from a
fractionation of Hf and Zr or from an error in the
primordial mantle value for Hf The latter explanation is
preferred. Mantle normalised LILE dlstrlbutxon plots for
basalts reported by Tarney et al (1980) commonly show
anomalously low Hf.

Because only relative abundanée; can be derived in

thelabove manner, the degree of incompatible element

fractionation (but not that of enrichment) can be

estimated. From the REE abundances derived here for the
parent melt the mantle-normalised La/Tb is 5.90. If the
La and Tb abundances of Tabie 6 are normalised to \
chondritic abundances (Nakamura, 1974) then La/Tb is 6.51,
the difference being a direct reflection of the LREE
enrichment of the "primordial mantle" composition over
that of thé chondrite composition (Nakamura, 1974).
Assuming a\iinsar REE distribution on the common semi-log
plot for thg,;arent melt, theﬁ a La/Tb ratio’of 6.5 is
Qdevalent to a Ce/Yb ratlo (the more commonl;7?3p6rted
parameteg) of about 16. . This agrees closely with the.
range of i3 to 18 found for the gabbro-syenite serigs. @

The calculated REE/compositions of the melt from

which cumuléte pyroxene of the magnetite pyroxenites

crystallised have (Ce/Yb)ey faﬁging from 13 (dsipg high b~

values) to 22 (using low D values). The lower ratio is in
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agreement with those obtained for the remainder of the
series. The pyroxenite is inferred to be an early
cumulate from a now eroded gabbro-syenite sequence similar
to the rocks analysed. fge early crystalisation of
olivine and clinopyroxene would increase the (Ce/Yb)CN of .
residual liquids slightly so that the melt from which the
clinopyroxene separate crystallised would have had the
minimum Ce/Yb of melts which were emplaced in the crust.
A value of 13 for (Ce./Yb)CN is thus a reasonable estimate
of the degrée of fractionation of REE elements which
occurred in the parent melt prior to intrusion. The
parent melt had a siightly more fractionated incompatible
element composition than an average alkali b;salt, which
has (Ce/Yb)cy ~ 8 to 10 (Sun and Hanson, 1975b; Frey et
al, 1978). The total abundances appear to‘bJ slightly
lower than.average. Z2r/Nb derived for the melt (Table 6)
‘is 5.6, close to the.6.6 suggested. by Hanson (1977) for
alkali basalts. The slightly lower value. for this ratio.
in the Big Spruce Lakélseries is again in aépe;ment;with
an increase in the Nb abundance relative to, 2r, 6:
‘slightly greater fractionatioh‘pf the-mére incqmpatible
elements compared to thaf of typical alkél£ bésalts._

Absolute abundances in the parent melt ;re less
readily gstimated, The total REE coptent bffﬁhe_

Ieucocratic laminated gabbfo (PC-81-275) is low relative
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to that of an average undifferentiated alkali basalt (Sun
and Hanson, 1975b, Frey et al, 1978) probably gdue to high
modal plagioclase. However, the total REE contént of

gabbro (PC-81-235) and diorite (PC-82-173) (inferred from
field evidence to be crystallised agéinst chamber walls

and hence close to chilled margin compositions) are 99 and
108 ppm, near the fange of alkali basalt.  Similarly the
composition of melt1talpu1a£ed from that of tﬁe pyroxene
separate using high D values (D = 1 for heavy Réé) falls ,
in the same range. Only still htghef D values would
produce a éigni}icantly lower total REE content iﬁ the
melt. Most experimentally determined D values for
clinopyroxene (Henderson, 1982; M6ller and Muecke, 1984)
are actuallyn<1 which would make the melt composition even
r"&igher in REE. Thus a value-ﬁf I REE about 100‘ﬁbm (75 to

‘150 ppm) is a reasonable estimate of the Big Spruce Lake

alkali basalt melt composition.

8. Summary and Discussion

The gabbros, diorites, syenites'and‘pyfoxenités of
Centres 1 and 2«form a single differentiation series.  An
) ! 5

alkali basalt parent which had a significant H,y0 content

and Qas both LILE-enriched and LILE-fractionated underwent

. . open-system crystallisation within the crust to produce

the observed series. Crystalligation of olivine,

»
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gpyroxene; plagioclase and ambhibole was followed by that
bf alkali feldspar, biotite, quartz and zircon. Small
1fferences in relative abundances of LILE between
petrographlcale dlstlnct un1ts can be attr1buted to

crystallisation (under variable condltlons of heat flow,

pressure and vélatile cAumlit) of several batches of

similar alkali basalt maqgm¥ contaminated during ascent and

‘crystallisation by small amounts of host granodiorite.

Cpep . A _ S .
Post-intrusive disturbance was localised and has’ not

overridden original petrologic control of whole.rock

coppositions. Only‘ohe unit, the-quartz-free ring syénite

(s2), shows discernible gneissic contamination of element

. .
o

‘compositions.
The magnetite pyroxehites are inferred to be early'
cumulates of the alka11 basalt serles formed 1n -\ late,‘
now eroded chamber whlch was only one of a number usxng
the. same condu1t system over a, perlod of tlme. '
Only the compos;tlon of the alka11 basa&t melt which
| actually reached the upper crust ‘can be derxved’dlrectly o

.

fl;from the whole rock data obtalned from the presently

f“‘exposed units, Extrapolatlon of the,’irly dlfferentlatlon
, v
R , N

”ftrend 1s, of neceSSlty, Llnear and takes no account of
’3Edlscont1nu1t1es in crystalllsatlon that may have occurred

Ef hprlor to forma%Lon of’the earllest obserVable un1ts
7(gabbros) or example,'eclogxte fract10nat1on at depth

‘;’.. .
o_v. R ", ?‘

[N,

-
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canno* be discerned from the present data. Similaﬁly,

information about melt cowposition derived from the

magnetite pyroxenite composition reflegts the sum of all’

processes‘which produced  or altered the melt prior to

pyroxenite crystallisation. A common problem in dealing

with plutonic sequences is that even the earl%est rocks

obtainable may, have been subjected to considerable

fractionation, making it difficult to determine the

original melt composition. Two factors suggest that the

enriched and fractionated LILE compositions derived here

‘for the Big Spruée Lake alkali gabbro series approach that

°of the prlmary magma:

(1)

“,hlghznl contents (300 400 ppm) and h1gh Mg/Mg + Fe

"ratlos (0 68 to 0. 72). R ,; -

The incompatible element compos1t10n derlved fornthe
Blg Spruce Lake parent melt by extrapolation of ‘the

.early dlfferentlatlon trend is close to that for

typieal_undifferentiated alkali basalts which have
been‘reported (Sun and Hanson, i975; Frey et al,

1978) ~ The primitive'naturé of those‘basalts was

"determlned by presence of 1nc1uded hantle xenollths,

2+v.

The pyroxenlte parent 11qu1d 1s 1nferred to be . very

early 1n the crystall1sat10n sequence from 1ts 1ack

”“of Eu anomaly and the necessary early coexlstence of

T 011v1ne,'c11nopyroxene and Splnel as crystalllslng--,Lt

N R S

.

2 - B . N . L )

- .. Ve
[ . N R Y
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bhases in basaltic melt (Presnall, 1966). Depleted
mantle Sr and Nd isétopic signatures for this unit
indicate little crustal interaction during
emplacement within the crust. Relative REE
compositions inferred for this unit are thus closé to

those of the mantle-derived melt.

Schwarzer and Rogers (1974) showed from a. study of

major element' compositions that alkali basalts in oceania—__—~

islands, in béckabf island arcs, 'in continental provinces
and in rift zoneg are a brimary magma typeﬁwifh similar
betrogeneti¢ history ;egardiess of the tecténic setting in
which they occur. The trace elgment similarity of mantle
soqurce réggpns:for alkali basalts from the various
tectonic settings has also been noted (Frey et al,

]
a

1978). The p?reht melt cbmposition inferred in this study

" for the intrusive['highly differen;iated;series of the Big

Spruce Lake Antrusion is similar to that of

f. .
il A

undifferentiated alkali.basalts,which»représehtﬁunmodified

(undifferéntiatéd)‘partial melts of mantle métekial,(Sun'

{ and Hanéon,_l975a; Fréyjet’al; L978f,'hence generélised

‘results or conclusions from the studies of other workers

P

(e.g., Gast, 196§;,Greén}and,RinQWOOG;'1957;'Kay and Gast) -

'1973; Sun and Hanson, 1975a; Frey et al, 1978) are

appliéable to the‘prcsgnpfstUdy;‘ Zone:tefiningi”ih'which~‘

;_anértial mantiefmelt equi1ibfates.wigh'upper'mantlé

-
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during ascent, increases traee element abdndances but does
not-produce the observed fractionation (danson, 1977).
Fractional crystallisation models do not satisfy the
enrichment and ftactionation patterns observed (Gast,
1968; Kay and Gast, 1973; Sun and Hanson, 1975a; Frey et
al, 1978) so ehphasis has been placed on partial melting

models. There is general agreement on several aspects of

_alkali basalt genesis by this process.

e

The behaviour of REE during mantle partial melting

was modelled for direct comparison with the Comgbsition

derived here for the Big Spruce Lake alkali bhasalt parent

melt. D vaiues_were taken from Cullers et al (1982),
chondritic abundances of REE were taken from”Nakamura
"(1974) and Varying degrees of equilibrium meiting and
varying‘mantie cempoeitions (modailas well as REE
abundances) were used. The calcUIations yieided‘results

.

in agreement w1th the follow1ng summary whlch generallses

’the results of the reports mentioned above.

Part1a1 meltlng produces both enrlchment and
fractlonatlon of " 1ncompat1b1e elements in the resultlng'
melt and the concentratlons of 1ncompat1ble elements 1n‘

the melt are dependent upon the deqree of me1t1nq wh1ch

‘occurs, the modal comp051t10n of the re51due and the

'oriqinal.(chemlcal'and.modal),comp951tyon'gfrthe soUrce;

* ety

As the .degree of melting increases the abundances of -
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incompatible elements in the liquid decrease as does the
ratio of LREE/HREE or more incomp;tible/less

incompatible. Even very small degrees of partial melting
(<<1%) of spinel lherzolite with near chondritic REE
abundances cannot produce the highly fractionated relative -
REE ébundances of the alkali bésalt maqma. In order to
produce the necessary REE fractionation\by a reasonable

" degree of mélting,a phase with a high D value for HREE,
such as garnét, must be présent in'the.residue and garnet

perlog?tlte is thus a more probable mantle source for
o

&
alkali basalt generation than is spinel lherzollte. While

the relative REE abundances of alkali basalts can be
generated by difect partial melting ofygarnet periddtite.
the absolute abundances cannot be éolgenerated if the
source has near chgpd:itic abundances. The‘source_must be
enriched in REE andldther incompatible elements at the -
vtime of magma format¥on in order to produde‘the'alkaii

Iy

basalt LILE abundances by direct partlal melglpg '\A 2,%9
5 tlmes enrlchment of all REE over chondrltlc (La/Lu up tzb
2. 5) has been suggpated by Kay. and Gast (1973) as
suff1c1ent. 'sun and Hanson’ (1975b) proposed that alka11
;Tbasalts are'produced'from a>source 1n whlch HREE‘are
already enr1ched to 3 times chondr1t1c abundances, similar
-to the enrlﬂhment proposed by Kay and Gast,Abut'Sun andf .

”

'37Hanson proposed, in add1t1on, that La/Lu of - the sourcef“

\‘ ' . PR
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should be about 4.5. Frey-et al (1978) similarly found
that parfial melting of~a source which had the more ‘
incompatible elements (Ba, Sr, Th, U, LREE) enriched to 6-
9 times chondritic and the less incompatible (HREE, Y,
etc.) to 2.5 to 3 times chondritic (La/Lu ~3.6)’best
satisfied constraints imposed on alkali bhasalt magma
formation by minor and trace element data as well as by
experimental'resuits and major élement compositionéj It

the LILElcontent of the mantlé souree is both enriched and

fractionated at the timpe of magma formation (i.e., either

.
a

prior or concdrrent enrichment) then the degree of partial

melting required to produce alkali basalts is_7 to 15%
- ) :

(Sun and Hanson, 1975b; Frey et al, 1978).
The analytical results obtained for the Big Spruce

Lake gébbro—syenite suite of intrusive Centres 1 and 2 are

in agreement with formation by such a model of 7 to 15%
partial melting. of an LILE-enriched and. LILE-fractionated

mantle source region. - ‘ '

L ’ ’ - |

\ ' T

. ) ) ‘ ‘

, ‘ g

E. 1Intrusive Centre 3 -‘Silica—Undérsaturatéd Suite

The second major s111cate qroup of the main complex
comprlses the foya1te 13011te sulte, the thlrd centre of
';1ntru51ve act1v1ty, whose comp051t1ons form a scattered
'fleld rather than a cohes1ve trend of silica vs total

alka11 or Vs perka11ne 1ndex (Flgures 5 and 6)

i

. A B N L o .
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Representative 'samples of the wide range of
conpositions Dresently'exposed in Centre 3 were selected

for detailed element analysis. Amalytical results are

presented in'Appendix 3, pages 402 and 403.

1. Major and Minor Element Results ' /

The analysed samples display wide variations in major
element abundances. Silica varies from 41 to 53%, and
Al,05 from 6.6 to 23.5%. Total iron as Fe,03 ranges from
a low of 2% in the most leucocratic foyaite sample to over

: . ) ~
22% in melteigite. Aegirine-augite is the major iron-

bearing mine:ai; oxides are not abundant. Throughout the
suite MgO is low, ranging from almost zero in leucocratio
members to about 2.5% in meeocfatic ones. There are no Mg
minerals such as olivine, and Mo:crystallises largely in
aeg1r1ne‘auq1te and minor blotlte. The abundance of CaO
varles from less’ than 1% in leuc0eratlc members to over
10% in the melanocratlc ones. The abundance of . Cao is
s generally less; than that of Nazd} but in the~me1te1g1tes
CaO becomes greater than NaZO. Apatlte, sphene and
‘Naeglrlne—aug1te are the pr1nc1pal Ca mlnerals found in
L'theee rocks."In thlS su1te MnO is - somewhat enrlched : B
L'tanging.from 0.}:to 0,7%. There-islno systemattc 1ncteaee‘ 
or deorease of TiOz from iencocratiofto melanoeratic |

. . members. It ranges from 0.2 to'2:5%,(<0,3% i:mmoet
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samples)./ Sphene is the major host for Ti. The dominant
alkali is Na in this suite with Na,0/K,0 ranging from 1 to
30. No consistent trend is shown by Na,0, its value
remaining almost,constant in a broad range from 5-14%.
The abundance of K50 v;ries fpomvabout 7% in leucocratic
rocks to less than 1% in darker ones. |
Cwa normative compositions' are preeented in Table
7. Normative compositions were calculated following the
method of Iddings (1909). Total iron wa$ reported as
Fe,04 ( XRF analyeis) in the present stqdyQ Martineau
(1970) reported. Fe,03/Fe¢O0 + Fe,03 ratios o% 0.52 to 0.74
for 7 samp1es.from Centre 3, clustering afound 0.65 to
0.74. Normative compcsitions were calcuiated‘using,values
of 0.6 and 0.75 for this ratio but litﬂle significant
difference was noted and'those atﬂthe higheraratio are
repofted in Table 7. Normatibe lelcite.wae_fecaICylated
‘to-of 4 Ks (to pglcombined wifh Abpand Ne, respettively,
for plottinq) and reported ae'such. " A1l .of these pocks

contaln a relatlvely large volatlle component loss on

1gn1t10n ranqes 2 -6%. (Appendlx 3, pages 402 and 403). . ol

-.BecauSe of its low molecular welqht a small amount of. CO, .

can have a 51qn1flcant effect on normatlve comp051t1ons by

» Ld

Unltlnq Wlth Ca whlch would otherw1se be free to form B .
. . ”s B
normatlve d10p51de in samples’%1th abundant Fe and Mg..

AThe proportlon of C02 present 1n‘the volatlles reported as

e A

R
EEE
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loss on ignition (LOI) was determined by vacuum fusion of
selected wholé rock powders at 400°C and 1100°C to
determ?ne Hzo—, HZO‘+ and“COZ. Fluorine and Chlopﬁﬁe,
common volatiles in agpaitic rocks (e.g., Geras{monky et
_21;11966; Piotrowski‘and Bdgar, 1970), are not determined
by this technigque because of their solubility in the melt
nd their great réactivity. In the samplgs analysed the
amount of F and Ci volatilized from the melt was
nggiigible. Full Jdetails of the Qaguum fusion method of
-detgrmin{ng volatiles are given in Metcalfe (in

preparation). The volatiles determined are listed in

Table 8.. For calculation of the normative compositions.

R
L4 3

‘Table 8. Weight percent volatiles determined by vacuum
’ * fusion of .whole rock powders of foyaites and
melteigite. : :

. o ' ' , " Total
Sample S T 400°C 1r00°C" Volatiles
' S _ - : L (Loss on
: ) H 50 coi‘ ¥,0 CO, Ignition)
PC-81-165 North foyaites 0.769 ~-° 0.465 2.904  4.138

I

PC-81-287 North foyaite 0.388 ' -

1.317 1.967 _43.672
o _ CAS M |
PC-81-168. Melteigite o 0552 0.189 0.396";?s1,131

e - 1
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- . - .

the COQ contribution was-set at 50% of the total.LOI.
This approximétion appears tg be valid as only sméll;‘

amounts (0.3 to 3.5%) ®of potentiai oLivineu which 1s not

o @ . L
present in the mede, appeay -in the nogmative compositions,
’ ) ) . .

commonly when potentialapyrbxene.is already abundant. 1In

N B . . & .
these cases any error in normative diopside due to a small

v -

error in the CO, estimate”is not significant to

]

interpretation of tﬁe.fe§ults.

Normative compositions were also calculated for 13
: &

analyses'of\foya{tés reported by Martineau (197C¢). No LOI
was repbrted for these samples so no amount of CO,- could
be estim;ted. The Fe203/EéO +. Fe,03 ratio was either that
reported directly or, where only total iron as Fe,03 was.
reported, b.75 as described above. The normative
compositions bbtained are reported in Table 9.

Twelve normative composiﬁions (Tablgs 7 and 9) have
tdtal,sglié-;oﬁgbnents (Q, Or, Ab, Ne, Lc in CIPW
normative'COmpositiéns)'comprising greater .than 80% of the
;q;al'composition) ?nd these Hé&é“been plotted on a Ne-Ks-,
0 diégrah shown &n Figure 39. 'Thi;‘diagram represents |
Petrogeny's Residua System (referred to simblylas residua
system in }aterﬂdiécussioﬁ) and phase‘iiflds at P = lva;m,
Pﬂéd =7l§pqr and-2 kbar are shown along with the”
MdrozéwicifBugrgér'normal ﬁepheline comp6§itfon"and thé
' terpaty minimq at. P =1 atm (a) and'?Hzo;fhl kbar (a');  
L] ’ - o ' :

A\
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Fiqure 39.

The compositions of analysed fo;aftes and ijolites in the
residua system, Ne-Ks-Q. SF and NF are the compositions
of chilled margin 5amplés of southern and northern '
foyaite, respectively (data from Martineau, 1970). .Also
outi¥n¢¢ are phase}relatiohships'in the undersaturated’
portioh of the syséem at P'= 1 atm, PHéo~= 1 kbar and

PH20 = 2 Kbar.- a and-a' indicqte.the ternary qin;ma at P
= T,atm and PH20 = 1 kbar (adapted from Gittinsn 1979).
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Two points represent the compositions of chilled
margins of the mafic Northern Foyaite unit (NF) and the
leucocratic Soutrern toyaite (SF), samples 68051 and 67374

‘respectively in Table 2. The chilled margin.from which NF

@

was collected is very sharp; fine-grained mafic foyaite’
grades to coarse Quartz syenite, not significantly N
fenitised, over about 25 cm and the actual syenite/foyaite

contact can be piaced within about 3 é%?at this point.
: : .- o .
The contact represented by SF at the southern’ dary of
f{ "
Centre 3 is slightly more transitional {(broader) but is

not.part of the wide fenite zone desc%ﬁbed earlier'
(Chapter 2). These samples contain total salic components
{normative) of 84.5% (NF) and 90.1% (SF)”%?G plot near the
ternary minima atxé‘and a’ (p =1 atm('szg = ; kbar
respectively) thué; both chilled margin compositions lie
within the silica—unde;sqtﬁrgted loy teﬁberature "sink” of
the reéidua'éystem. The compdéitions PE these chilled
margin samples canpot‘be assumed to:be wholly
representatiQe of‘initial magma(s) (Cox et al, i???)w

largely because of the high volatile content. [Escape off

volatiles from the guickly cooled margin,itsel%;or the

~

passage of volatiles through the margin from the more
slowly cooled interior are‘unknown.factors. ,Héw6ver,
these two samples can be inferred to be mQré

representative of initial or parent magma than any others

i ' S



G

. upqn PH"O‘ If the ch111 does 1ndeed closely represent the,r:?;

_crystall}satlon 1nto the chllled marglns,,

\\ /// "N JO
analysed.. The comp051t10n of magma(s) emplaced at the _
level of the present erosion surface was . close to that of\ ﬁ’i
the ternary minima of the re51dua~system at PH204< 1 kbaﬁ/ al

!sugqestlng that crystal-11qu1d equlllbrlum processes were

.
A

' 1nvolved in derlvatlon of the ‘melt as well as in 1ts rapld

S {;

.

The other rocks plotted in the dlagram“have total
normat{vg sa11c components ranglng from 81 to 91% and-all

: 4
plot away from the’ ternary mxdlma. AM.ost of the plotted

e

' comp051tlons 11e away from,tpe Ln1t1a1 11qu1d (ch111)

compositlon w1th1n the low tkmperature "sink" and towards

, - i ) N

that of the Morozew1cz Buerqef normal nephéllne.' Two.

Y e

:J76mposatxons’31e on the potassxp 51de of the cotectlc and
one. 11es in. elther the feldspar dr leuc1te fleld depend1nq ‘faj

+

1n1t1a1 41quxd,tthen the other comp051t1ohs plotted cannot;'

4

x.-‘

bout 1300°C~; Such a§’5”

.up temperature" tof

J
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LA

(1) The two chil1ed margin compositions are far
remeveq from that of the parent magma, which
must then lie well within the nepheline field

C nearuipé other plotted Eompositions,'at an
unlikely liquidUSjtemperature of.about 1300°C.

] . : ¢ !

(2) ' . The compositions lying in the nepheline field,

’

as well as the more potassic'enes lying on the
. . R 'j . |
N . : cotectic or Within the feldsparxgield, are those:

. of cunulates rich in nepheiine (and/or feldspar) |
] ‘A : butAderived from'liquids such as SF and NF.

The latter is the more probable explanatlon and is in

vagreement w1th ﬁxeld observatlons of . mlneral dtgregatio‘%

b

"'*"and crude layerlng. FrOm a study of the meltlng relatlons

- a“

of agpaltlc rocks P10trowsk1 and ngar (1970) sugqested -

;'th t such rocks probably had a long llquidus -solidus

~

.llnterval whlch would fac111tate or enhance cumulate

‘5formation.~ The results descrlbed above 1nd1cate that the

L& NP -

Ly -.ohlgh temperature comp051tlonh (nephellne rich) obtalned in

) thls study are th@ result of cumulate formatlcn and not

crflﬁfh the cause of"'”
75Why the
SO stralqhtforward., If the parent melt.__r'f77'h

\.‘L

] acﬁually lay W1th1n the ternary residua  
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crystallise from NF~or SF in sufficient amounts to drive
the remaining melt composition to the.observed positions
in the feldspar and nephcline fields unlesé‘the two
mincrals were physically separated after crystallising.
Cooling Qf magma of composition NF or SF in thg syhthetic
system would begin close to ﬁhé nepheline—feidspac

s

-cotectic and the 1liquid ccmposition would quickly move to

[N
.

the cotectic to crystallise both phases. The liquid would
remain on the cotectic and move to, the minimum as

crYstaIlisation_pfoceeded. Differential accumulation of

-

nephellne and E%ldspar durlng such crystalllsatlon w0uld

form apparent whole rock comp051t10ns 1y1ng in both the
neohel1ne and feldspar flelds althouqh such com0031txons

would not bgareﬁresentatlve of' the melt from whlch the

iy

cumulate mlne;als were der1ved Cumulatewcomposxtloﬂs
Should 11e on a lxne from Na- r}é;«neDQfllne inormal ~;“

‘ 'nephel1ne) to K—rlCh feldspar reported “by Geras1movsky__£

al (1966) to be the maJor Krbear1ng phase 1n smch -

u._systems. The room-temperature den51t1es of nephe11ne and

' .~m¥21966) Jand;

o

1ialkal1 feldspar coveg,almost 1dent1cal ranges (De°r et al, g

‘assum1ng thls relat1onsh1p persxsts to 11qu1dusL

'3Tftemperatuxes,'no large scalg d1fferent1a1 accumulatlon of

3these phases should occur. The compo§Tt1ons of cumulates
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side of.it. The compositions determined in this® study are

predominantly nepheline-rich and probably not the result

6f crystallisation of NF or SF in the residua sjstem:
Although the chilled margin compositions NF and SF pro;ect =4
onto the.ternary minifum of the synthetic Ne-Ks—O_system
(from a femic component of 10 to 15% in.thehmore complex
natural system), they probably lie within the nepheline

field of the ndtural system because crystallisation

apparently bedan there. Only nrolonded crystallisation

and accumulation of nepheline could produce the

By

predomlnance of pephellne—rich compos1t10ns observed in
1 : Toe .
this suite. . ' : PN
> The composltlons of leucocratic samples thus show
cumulat1ve characterlst1cs and not an’ evolutlonary
” ‘sequen?e in the re51dua system, apparently because the . »'/f{

'crystail1satxon path is, largely perpend1cular to the plane S

;of this | stem. It/1s of 1ntenest to examlne the more'
}4'{imesocrat1c samples 1n ;hls regard.and to deﬁerm1ne 1f an <
B : @ S, .
“evolut1onary trend 1s dlscernlble when fem1c components

-]

~s3”jare 1¥fluded.; In practlce there 1s .nQ 51ngle ternary

- sys}em w1th a femlc component whlch has the usefulness and

.

: _qeneral appllcablllty of the re51dua system Eor'i; wps_“fz;ipfj

R “, H

,f§1e0cocrat1c systems" The synthetlc ternary systems of

I .

"”._fymost 1nterest 1n§'hls case are NefAb Ac and Ne-Ab~D1d”L!i“*":”
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’

Si02 and found phase relationships to be Complex and

dominated by the incongruent melting of acmite to

> hemat}ge. ‘In the dry system the final low temperature
;m}t is\leucocratic, containing only 10% Ac»(aemitef, but
it.also cdntains normatfve_sodium disilicate. Bailey and
Shairer providedla detailed schematic or flow diagram

showing-the univariant_and invariant eQUilibria‘involyed,

from which crysta111sat10n paths can be deduced but not ‘a

s;mple plot on wh1ch natural comp051tlons can be plotted
&

* ‘ and Lnterpreted. Interpretatlon of the analytlcal results

’

in thls study is more stralghtforward usxng the diagrams

prepared by Nolan (1966) who - studled melt relatlons in the

-

I3

‘ System Ab -Ne-Ac- D1 H20 at PH20 1000 kg/cm _Resylts of

’ *hls study are summarlsed ‘in Flgure 40. ‘Nblan found that
% -
‘in the Ab= Ne Ac Joln (Flgure 40a),’when PHZG = 1000 kg/cm

*e

jr.:§_»a comp051t1on of AblsNe30Ac55 (qplnt P)- represents the‘

plere1nq-p01nt (1ow temperature) at 715°C.: Th1s 1s a much

‘: more maflc ‘or- 1]011t1c comp051t10n than that. found by
ﬂﬁBalley and Schalrer Ain the dry system. ’Incremental_lf‘h .

"‘7;add1tion of d10p51de to the system, 1n closer . “ | '

2

”proxlmatlon to natural systems,/moved the phase boundary,,

e

o 5fbetween plagloclase and pyroxene (Flgure 40b) to

. *ffwcce531 ely lower~pyroxene contents.( If d;opstde is" the

i

(ly”pyro ene (1 e., the Ab-Ne-D1 plane) then a low -
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T P 'i‘l;.‘% B _N.aF‘e-S-i' g
e e D e e T ~ snd/or- .
Ve e e ‘_.-v‘-:‘: I A U CaM'QS'z'Oa .
 'Fiqure 40. Phase rélationships in the system Né~Ab-(Ac+Dx) at PH O*= PR
A 1000 kg/cm?.  (After Nolan, 1966.) .« . . -
fﬁ o , a) JIsotherms in the system Ne—hb-Ac. P(represents the ;;'fi;g:f",f'
T f plerc1nq point: ‘at 715°C,; R » d g T §
_ B " b)Y, ‘var1at1on ‘of - c11nopytoxene (crokshatched) and '.* Q'Qf' ,'; fﬁ%
SERE plagxoclasa (hor;zontal striped) fields with pyroxene ') L e

compos;tzon.«-P is the’ low-temperature camposat1on 1n ghe

acmitzc gystem,gn'in the dxopsxdi '"ystem.n;f*

ol
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P). Clearly both the presence of volatiles such Yas H,0
arnd the relative and absolute abundance of mafic

components affect thé,crystallisation sequence of the

alkaline silica—undersaturated'rocks. »
‘_} H 2 . ‘17 e

To compare the natural assemblages of the Big Spruce

)

Lake su1te with each other and with the synthetic systems,

\

a trianqular plot of (Ab+0Or)-(Ne+Ks)-(Ac+Di) has been

used. Tnis‘Plot approximates the synthetic sSystem Ab-Ne-

(Ac or Di) (Nolan, 1966). Figure 41 shows the positions
of 18 samples (Tables 7 and 9), each df which containsh

over 80% of these 51x components (normatlve) The.

-

0051t1ons of the. Ac and Dl p1erc1nq poxnts (P and R
respectlvely) have been added from F1qure 40 for

.comparlson.‘ The most strlkanq feature -of thls plot is

. \that the comp051t10ns of the Blg Spruce Lake sulte are not
Lo /
‘assocxated in any 51ngle f1eld,~nor 1s there any trend-

‘ g - '3‘ - o

along or near a cotectlc. Théy are clusteied near thel .

(Ne+Ks) CAb+Or) and (Ab+0r) (AC+DI) 301ns‘, The two
P ¢
chlfled margln samplés,.NF eﬁd SF, plot near the (Ne+Ks)--.'

L
v.oa‘

7fh(Ab+Or)&J01n at- about (Ab+0r)7o(Ne+Ks)25 a pq;nt whlch

U K 4
reflects the 9051t10n of ‘the. cotectlc and m1n1mum 1n the

T i

’“;leucocratac re51dua system., These 1nferred pafent magma

~

;y'ﬂfcomposit1ons have about 5% Ac+D1 and plot very close to~:"v

'Athe p1er¢1nq poxnt for the synqhet1c Ne*Ab-Dl (drops1d1c)

f »

system (R) althouqh SF conta;ns ma1n1y normatlve ACa ,~5~‘
. ’ e . ?‘ ] . . H L E . o

L

B
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. P A .
l"'t l' '
. \
AN ‘{l\ \

cnopyroserie V

],foyalte (NF) are also shown. Pert1nenty1nformation fr
" i"the dxaqrams of Fiqure 40 (after Nolan,

'Comp051t10ns of analysed foyaites and ijolites in the
system (Ne+Ks) (Ab+0rl-(Ac+DxL.w Compositions of theé.
,chklled mardins of southern. foyaxte»(SF) ‘and. northetn

1966)2hasabeen
mlncluded fot compar1son. R
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* These two compositions also plot well within the field for
o . _ . .

102 . plutonid alkalipe rocks outlined by Nolan (1966) in
T T .éheH(Ab+drYﬁANest)—(Ac+Di) system‘and by Hamilton and .
Mackenzie (1965) isf the residia system. The Mmajority of .

T , S ot .
N the other samples (those which plot -in the nepheline-field
ol . ) . A

rof the te51&ua sysbem) are not only scattered towards P

nephellne 1nﬁE1qure 4], theL also show, a variable femic

. componeﬁt]ahd are scatte;ed towards Ac+Qi”aldng a band
\ » . . : \ . -

: ,yithrsimilarlNe:Fd ratios. Three normative compositions
could notrbe plotted in either ternary diagram because
they have h1gh normatlve wollastonlte and magnetlte.

In summary, the ch!lled margin composxtlans, NF and

..

11e near the pler01ng and reacxlon p01nt of the A$ Ne—

L \

vADl synthetlc system and near the nephellne feldspar §°
: ecotectlc‘ﬁtfthe Ab-Ne—Ac system,; Most’ othen samples from
i »h : N

_@_fthe B1g Spruce Lake sulte plot up—tempera?ﬁre in the

:lff ﬁinenhellne fieid with varlable amounts of feldspar. hh¢'” A‘?




'rmajor element comp051t10n.

’afpfm respect;vely (Flgure 42). These Co values are

'tthaﬁ thbse reported for the 13011te ser1es-from-Fen;:

164

(4

" either ternary diagrﬁm because of high normative magnetite

"and wollastonite. One, PC-81-168, is a "reef” with

indeterminate field relations within mafic foyaite. The
1

¢ - -

other, PC-82-041, -is a dyke 1 in®in width cun'inq .
. | o . , )
leucocratic foyaite. The major element compositions of

oL .
these two are somewhat removed frdm those of the foyaite-
. ’ o .'/ .
ijolite suite. = - ' s

- : ‘ . %

2. Trace -Element Results

. . ~
Apart from the alkali and alkaline-earth elements;

most trace eleﬁéqt abundances increase with the mafic
content  (MgO + Cado + Zﬁ%zog) in these silica

s . o
undersaturated rocks. Rubidium and Cs range from

,‘approximatelf‘QO to 250 and10.6.to.4.5 ppn, respedtively,

s 2

highest: in leucocraticf?ocks. Bar1um ranqes from 2450 ppm

I3

in a letlcocratlc sampl%_ to 340 ppm in ‘an 1]011te.

Strontlum:ranqes frOm 900 to_1900 ppm, 1ndependent of

. , 6' - - . ! . :
Cobalt and . Sc abundances are low 1n all of these‘

.

rocks but 1ncrease thh maflc content t~ about 16 and 2.5
! b

ncomparable to those reported for ‘the 13011te serxesvat e

d}Fen,eNorway (Mltchell and Brunfelt, 1974), wh1ch ranged

'iabout 5 to.SS ppm.u Scandlum abundances are somewhat 1owerg

TR . N BIRRE
- *f.v.fr»g'. SO T coet .
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.vof the %ame parameters throughout thls study allows ft
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3

Norway (Mitchell and Brunfelt, 1975) and Oka, Ouebec (Eby,

In both of those.studles Sc ranqed about 5 to 7

1975).
\ N RS ”
) pprg"?thouqh urtites from Fen had as little as 1 ppm.

Inckeasing Sc with.mafic content (pyroxene) is in.
aqreemenf with data from both Oka, Quebec, and Fen,

Norway. Vanadium is'below the detection limit of about

- 20-25 ppm (dependen; upon whole rock composition) in 5 of

]
qpe 9‘sdmp1es analysed and ranqges from {; 32 4in the other
. : " :

four, - belng slightly higher in mafic foyaltes than in

ijolites and melteqq1tes;~,Chrom1um is very low in

ijolites and melteigites, at or beiow the detection limits
’. » .

of 1-4 ppm. In the foyaites Cr increases from 2.5 to 28
:

ppm w1th 1ncrea31no mafic content‘

W1th1n the . foyalte—ljollte group abundances of TREE,

—~
I

zr, Hf, Th and Y 1ncrease con51stent1y w1th maflc content

LFlgure 43) whlle those of ﬂ @nd Nb are’ erratlc (Flgure

¢

44). The twohmeltelghtes are dlscont1nuous w1th the trend

(,- » . -,

of the- foyalte 13011te group o ' .
. [

N : Trace'element proflles are preSented a§~mantle~

2 u .

normalx@nd LIL element dlstr1but10n plots in Flgures 45 to

. 3
‘

;8. The-parameters used for normalxslnq are those = .
d1scu$sed earller (Tarney et al, 1981) despxte,the fact‘

that these whole rock comp051t10ns are far removed from

thOSeg?fx pr1morﬁ1a1 mantle ar typ1ca1 MOR basalts.f Use:f”h

k4

. .
-
i 5 ~"’.

-
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Mantle-notmalxsed LILE dlstrlhutlon plots for northern

foya1tes from the Blg Spruce Lake 1ntru31on.
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the patterns (or "“trace element slgnature@") whxch 1s qn_

'contrast to;the evolv1nq,patterns of.the-qabbro-syenxte

marglns) relatlve to<all other LIL elements .on. these

direct comparison of the prof{les and demonstrates
’ \

sxmllarltxes and dlfferences in tehaviour oﬁﬂthe 19 trace

[ .9
.

elements among the dlfferent igqneous systems; ‘For'Centre

. . R
3 the various mantle—normallsed patterns are arranged, fn

approximate increasing total REE content. )

“The main features of interest in these\plots‘are the

systematic depletion in Ti and P relatlve to the REF’

:,3

'enrlchment trend and the sample-to-sample varlablllty of

N

e

a4
series.
Tltanlum and P are semi-¢ ompatlb}e or m&nor elements

in more ‘common 1qneous systems but are strlklnq in thelr

' Y
absence throuqhout the entire Sulte (1nclud1ng the chllled

4

plots. .The- T1 that qs present appears 1arqe1y 1n sphene‘»

~.and (poss1bly) as complex Na. 5111cate accessorles rather, .

than'as Fe—Td'oxldes.~ Phosphorus is extremely low (P205,='4;fﬂ

0 1%) 1n all but one sample, T102 1s 0 l to - 0 2% in most

f‘samples, 3ump1ng to 1 S and 2 S% 1n-the meltelgltes.<alndii5_,:t

hi K3

poth cthled marq1n samples P205 1s low (Martlneau.,l970) ff;*

-0, 01 and 0 02% for’ southern foyalte (SPf and maf;c

northern foyalte (NF) respectxvely.' The abundance of T102
1s s1m1lar1y very 10w in SF and NF.' These P anq T1 ;““

COntents are very 51m11ar to those of the quartz syenxtes E

o fho£;Centre:2,_where both elements have beeQNdepleted 1n




"7about‘35 to 70 1n these rocks 1ndependent of total

C - . § 174

“ resldual liquids by prior crystall{sation,as Fe—Tiwoxides
"andfapatjte; Comparison with other altakgnerintruslons

vw shows Ti éﬂd P abundances are ooth 10w in.tﬂggberalkaline
rocks of the IlllmaUSSaq 1ntru51oh (Ferguson, l970), near

those-of the Big, Spruce Lake su1te Both are higher in

" gb

i w

the Lgéozero and Kh1b1na 1ntrusxons where P,0g = 0.15 to
0.3% and TiOy = 0 9 to 2. 5% (Gera51movsky et al, 1974).

In spite of the fact  that several elements show
con51stent 1ncreases 1n abundance wlth maf1c content B
(F1gure 43),,1t is evident from. the mantle*normalised
plots there are - sample-to—sample 1rregular1t1es for these
elements. TY? palrs of elements whlchjare geochemlcally s

‘ciosely related 1n most 1gqéous systems, Nb/Ta and Zr/Hf,.h} l

aTe variable 1n these rocks‘lFlgure 49).} The data scatter

o To

1s greater for these agpa1¢1c rocks than-for the qabbrolc

»su1tea(F1qure-28) 1nd1cat1nq that the var1at1on 11es in-

the.rocks and not 1n the analytlcal accuracy.
” Nb/Ta var1es from about 32 at low concentratlons to

about §r6 1n the,most enr1ched sample B A varlable Nb/Tai'
o e

‘ratlo contrasts w1th that of- the agpa1t1c rOCks of the

Lovozero massxf %reported by Gera31movsky et al (1966) to

i

.ﬂbe consthnt at about 10 to 12,‘a range close to the mean

' 3ﬁof the Big Spruce Lake sulte. The Zr/Hf rat1o ranges from

'wﬂenrlchme“t°f Thls range 1s COmparable to that reported by
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Gera51movsky et al {1974) for nephellne~syen1tes "and
'sxm1lar var1ab111ty within a single complex —~the L0vo7ero
ma551f, Ru551a, ‘was reported by Gerasxmovsky et al“(1966)

Sl .The rare earth elements behave as a cohesive group

«

» [

w1th1n but not between individual samples of the suite.

lndividual’chondrite-normallseg REE distributidbn plots are

o
34

smooth (Figures 50 and él), and'total rare earth contents

(YREE) vary from 260 to 820 ppm with the more  leucocratic

‘

samples having the lower values (Table 10). - A concave-:

.. down 11qht REE*pattern‘ls typlcal of'these rocks except
BN . o ! ’

for one (PC%SI—fBZ, southern fOYa1te) sample.r The,most,v;

" strongly concave -down - pattern, that of meltelglte

PC 82 041, is s1m11ar to the pyroxene controlled patterns
of the magnetxte pyroxenltes of Centre l The general.

- concave down dlstr1but10n patterns of these rocks may be
g .

the reiglt of cumulate formatlon.v"
- Thete are no Ce anomal1es 1nd1tat1ve of h1ghly
ox1dls1ng;condit1ons dur1ng crystalllsat1on' all-samplesz

-

butfone (PC 82 526, 13011te, Eu/Eu = O 96) have small

pos§t1ve Eu anomalles (Eu/Bu =1 0 to l 35) 1nd1cat1vehofil§

the preferent1a1 1ncorporatxon of ‘Bu2 1n feldspar. -The,ﬁ[

cow :
S *ubxqurtous presence oﬂ Eu2 1mp11es that;‘

Lt

'"ja dxstrlbutlon of valence states between Eu2+ nd

Eu3 eX1sted due to. the oxldatlon condltlons (e q..77f'
: ‘{,/Ph1lnotts, 1970 Drake,_1974) or melt comp051tL0n RN
e L e el

of
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Table 10. Rare earth element data for intrusive Centre 3.

'Includes values interpolated from Figures 50 and 51 for elements not

analysged.

sample free' ¢ Eu/Ru’? (c@/vaN3
ppm
PC-81-482 Southern Foyaite 262 1.3% 26.3
PC~82-039 Sonthernvayaite\‘ 285 QTBO 14.0
 PC-81-165 N‘oz-'ther-’n;F‘oyaite 823 1.26 16.1
' PC-81-194 Northerd F/oyair,e 429 1.23 18.4
PC-81-287 ﬁdrthern Fovaite 608 1,22 19.0
PC-82-525 Ijolite 557 1.14 18.1
PC-82-526 *fjol_i te 607 0.96 20.3
pc-81—1és Melteigite 7 489 1.21 23.5
PC-82-041 Melteigite 77 1.17 19.8
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zEufﬁinterpolated between Sm dnd Tb on chondrite normalised plots. Eu

Jew

is

¥

© .

~anélysed value.

"= chondrite~-normalised values.

.-

v
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<

(e:q.; Moeller and Muecke, 1984; Morris and Haskin,

1974)..

(2) the parent .melt probably had not been 51gn1f1cant19

depleted 1n Eu prior to emplacement. 1f, during

9%

evolution of the parent melc and 'its ascent to the
present level, a large portion of original Eu had

been removed by fractionation of“a phase‘sucﬁ as
feI&sparg chen'at some point late ln crystallisation
of this melt a negStive ahomaly (relative depiet}On)
must occur. No nega;lve anomalies were found and it
is unlikely that a major proportion. of Eu was removed'
.prior'to emplacement of the analysed .rocks.

(3) because all of the famples analysed h#ve small

0 i

positive Eu anomalies none of them represents the °

1ast ILQUk¢-£Q crystalllse._ , L L ;

A measure Lf ?t/heavy REE fractlonatlon ‘i-

S ‘ I
((Ce/Yb)CN), var1eskfrom 14 to 26 in a-random ‘manner wlth

o7

total rare eartz;content or ppm Ce. OT a plot of Ce/Yb vs

f

-Ce (quure 52) t wrdata po1nts are scattered and there is

no clear trend of fract1onat10n<39£n~enrlchment.

The concave down whole rockvpatterns obtalned ‘in thlS
‘study are: 51milar ‘to those reported by Eby (1975) for the
alka11ne 5111cates at Oka,,ouebec, but defer-somewhat-
:from those of 1Jollt1c rocks ‘at ‘Sea rook Lake, Ontarlo

"(Cullers and Medarls, 1977) and at en, Norway (M1tche11

Lo . .
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“suite from the. Big Spruce Lake intrusion indicating that o
’there is no pattern of 1ncrea51nq LREE/HREE fractionatxon
thh total enrlchment of REE, '

BN
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and Brunfelt, 1975). At Oka (Eby, 1975), the three

- — ,
ijolités and one urtite geported as whole rock samples
have concave-down distribution patterns similar to those
of the Big Spruce Lake suite. However, the urtite from

] B - ¢ . - - :
Oka has a very strong positive Eu anomaly (Eu/EG: = 7)

thie dhe.ijdiites'show_no Eu anomalies in contrast to.the
typﬁcal small poeitive ancmaldee frem Big.Sprdce Lake.
LZREE valuesuat Oka are simiiar to those from Big Spruce
Lake but show a greater range w1th enrichment up to 1400
ppm compared to' a maximum of 800 ppm obtalned at Big
Spruce Lake.{ Nelther Lu nor Yb were determlned at Oka so
Ce/Yb cannot %} compared quantltatlvely but, by

extrapolatlen of the d1str1but10n patterns reported,

values for YbQN,and hence (Ce/Yb)CN can be approxlmated..

n

(Ce/Yb)CN at Oka is about 14 in urtite and 20 30 in .
13011tes suggestlng that 1n thls case llght REE .]X
fractldnatlon has occurred There 1s 1nsuff1c1ent data to
determlne unequivocaJ;yeyhether the REE data frOm Oka:,':>J

. dlffer 1n thlS respect to—those from Blg Spruce Lake.‘.

757ﬂ' Only one 13011té was 1nc1uded 1n thecstudy of REE at

A

Qea”rook Lake (Cullers and Medar S, - 1977) The chondr1te—‘
X 5 %

normallsed pattern dﬁtalned 1s llnear Wiﬁh no Bu

x

'danomaly.v YREE 1s 373§ ppm and (Ce/Yb)CN as about 35,

N

s1m11at to values for the qu Spruce Lake rocks..~
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At Fen, Mitchell and Bruﬁfelt (197%) notea
considerable variability of REE distribution pattefns
within the urtite-ijolite-melteigite series, which they
attributed to cumulate formation. Patterns at Fen‘were
controlled by predominance of nepﬁeline, pyroxene, apatite’
or melahite-garnet;iﬁ varidus samples. "Most samptes o
showed a slightly concave—dqwn'pattern fot'La and éetbuti
definitely COncaQe~up heavyfREE distribution pattern.. No
Eu anomaliesvwe;e found at Fea. (Ce/Yb) -y ranges from 12 .
to 40 at Fen; and is variable with respeet~to total
enrichment. This is directly comparable to the lack of
correlationxof fractionatign-ana eariehment of REE at ‘Big
;SprucevLake;  '

The'REE/evidehee for cumulate foraatioh within the}

$.
undersaturated rocks at Blg Spruce ‘Lake 'is not so strong

as that at Fen, but ‘the present data support 1nferences

-

wn earller from ma]or element results._ The lack of any'

systematlo varlatlon of REE fracﬁ;onatlon (Ce/Yb) wlth
PP

‘respect‘to enrdchment (FREB or . Ce) is 1nferred to ‘be

due ‘to, mineraloglcal control over relatlve and absolute

REE abum@ances. Such control suggests that the whole rockl

-

. -t

”.patterns obtalned do not reflect the total REE composxtxon

fof the llqu1d at the t1me of crystall;satlon but are

R .

fmodlfled by fractlonal crystalllsatlon and cumulate \g‘

"format1on.

)
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3. Melt Composition

,Both.major'and t}ace element data for the iu}te of
silica—undersatUrabedvrocks from Big Spruce Lake indicate
_a cumulfte character. For this reason ohiy the WR
'composieions of the two chilled margin samplee, southern
foyaite (SF)- and northern foyaite (NF) can be inferred to
approximate melt compositions. In_.addition to the
elements determined in these samples (Table 11, data from
Martlneau, 1970), the concentfations of several others can
be approxxmated from the data obtalned in this study.

From Nb vs Ta (Figure 49) Ta abundance is estlmated to be
0.8 to 1.0 ppm in SF and about 15 ppm in NF. ;From Zr vs.'
Hf, the Hf abundancee are about‘3'bpm and 14 ppm,
respecﬁiyel}l ?foh the plotsfvs total méfic content of
.Eiguree 42, 43 and 44, ebundanoee for U, Th, Cé( éc and
;Rséfcah,be ePptoximated;f;Theﬁabundance estimaﬁee so
'aobtained-(TableVizr.are not wellicohst;aineo.r A'croSS
_check on Y by plottlng ZREE vs Y (Flgure 53) ylelded a

reasonable EREB iUO ppm for NF. The abundance of Y in-

'> SF xs anomalously low at 7 ppm (Flgure 43b) :If the Y

hfnabundance is actually about 22 ppm as. suggested by Flgurebu
'43b, then ?REP can be estlmated at about 260 ppm from Y VS -
~FREF, and 15 1n agreement w1th thevyalue from correlataonv":

 :w1th the total mafic content (quure 43) . Also shown 1n‘f

Table;lZ'arevthe compos1t10nal.ranges obtaxned in thls
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N
.

Table 11. Compositions of foyaite chilled margins reported by Martineau

(1970). v
Northern Fovyaite (NF). Southern Foyaite (SF)
68051 : 67374

Major Eléments (%)

T e,

sio, 55.65 i '57.71

Al,05 119,95 ;  21.5p

FezQs S.54

Feo ! ) 1.97 | 275
~ Mgo B 0.48 . ' 0.02

ca0 3,92 1,69

- Q’

S Rb T 163 R :(J
R S o 32 (;» B 7 L

zr .- ... . 88 . Y79

Nb S 184 3 28
K/Rh . 230 . .. .. . 500 :
'helieved to be too low. {Martineau, 1970) . EER ) ‘ Sy
e L d o : - ' - : -
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Table 12, Mivnot and trace eléement Acvkompositions of fo.;laite chilled
. . )
margins and of satura’ted syenites. . |
’
Elemer:& SF NF
. Leucocratic Mafic Mafic Quartz
Foyaite . Foyaite = ' Syeni te! ' Syenite
Tio, (%) 0.54 0.53 1.5-2.0 0.4-1.3
P,0g (%) 0.01 0.02 0.4-0.6 . 1 0.06-0.3
: ¢ MNO (%) ’ 0.06 ‘ ‘ 0.20 | 0.2-0.3 ) ”0.08-0.2
o
. se¢” (ppm) ~0.1 .- =1 " 6-7 . 1.6-5.3
co® (ppm) ~1 : =4 7.5210 '%@5-‘11
Zr (p};rn) | ‘l79l : 858 150-200 . "+ 310-600
- He" (ppm)  ~3 Sf ~4, - 3-s.5 - PRy
Nb (ppm) 28 . 144 40-60 - : _‘60—80‘ "
f 'ré' (bprﬁ) . 0.8-1.0 | o 15 o 2-4 | _é.d-s.é
'Y“(ppm)‘, v ‘_7 o 32 . | 125-35" éo.,-sg“
IREE" (ppm)  150-300 . 275-450 238-300° 370-760
‘?_“{ppm) a - o.'5'41.o  ‘2"'.3-_3.,‘3
-'I:l".l‘"i(pix.n.;)f' . 36 PR ‘1.9-4-6_"_. - _1:2-2,0‘.'
Rb. (})prn"} o : 94 1" 38-40 . 9p-136
prp{r‘oxirﬁate‘d values for chilled margin sémple'éf :
. ‘1,Ran<j'é;.ofjvavlues from Aﬁpenéi'x 3, _bége 398
?-Rénge of: _valu'e»gi ‘:fromlhﬁpendi'x 3, page 399,. . e ' .
"
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study for mafic syenitegﬁand for guartz syenites of the
Second fntrusive centre.

From the table it is apparent Fhat the behaviour-of
semi-compatible race elements such QS?FQ and Sc and the
incompatible group (2r, Bf, Nb, Ta, Y, REE, U, Th, Rb)
differ in the,silica-saturated and -undersaturated ’ .
systems. In the silica—saturated s§stem.semi-compatible
Co‘and Sc decrease in abundance with;increasing | O
differentiation ffé@ mafic to quartz-syenite, while
abundances of the'incompatible elements~inorease. In the
peralkallne undersaturated system sem1 compatlble and

o
1nCOmpat1b1e elemenb abundances increase together from

| .
1eucocrat1C'to melanocratrc compositions.

.

4. Summary and Dlscu5510n

‘The chllled margln comp051t10ns of the northern and

l'southern foyalte un1ts (NF and SF) indicate that both " .

melts were leucocratlc with normatlve femxc components of

e L

"about 15 ahd 10% respectlvely., Both compos1t10ns plot

’close to‘the‘ o temperature composxtlon of the re51dua ['_L  @

\system and of .he Ne—Ab Dl system (Nolan, 1966)

Normatlve comp051tlons of other foyalte and ijol1te

samples 11e_"up temperature in both dlagrams prov1d1nq
strong ev1dence of cumulate formatlon. In ‘the synthetlc

‘ system, Q Ne~ Ks, crystalllsatlon of NF and SF would

<
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bggun near or’ at the nepheline/feldspar cotectic,
depending upon the pressure and volatiles present. 1In the
more complex natural system represented by the

composfafons of the foyaite—ijolite suite, the

“L

predominance of néphellne—rlch normatlve compo%gtlons

Py . -
G-u

indicates that crystalllsatlon began in the nephelln&. V‘..-r
field and contlnued while nepheline acpumuleted. Later .. - .
co-crystallisation and accumulation of nephelfnégplbs
feldspet.eccounts for cempositions on and near_the

cotectic. _Cryétal sorting following co—crystallisatidn of

¥

" these two minerals is unlikely to occur if the close,

similafity of densities at room temperature (Deer et al,
1563) persiSts to mélt temperaturee. " One normative
comp051tlon is feldspar rich. Sﬁch a composition might be
achleved from an orig1na11y 5111ca—undersaturated melt by ';1

S\b‘

a mechanlsm 51m11ar to one whlch has beegfpostulated for' ﬁ'g_.

'ab?upt fels1c-maf1c layer formatlon in calc-alkallne

:

~,comp1exes (Wager et al,11960; Cox et al,‘l979).§ As

»

v”pepﬁellne crystalllses and accumulates, removing nephellne]‘}:g;

3

HCOmponents from the maqma; thellntercumulus llqu1d becomeq

-depleted in nephe11ne but enrlched in feldspathxc (and‘
.pOSSIDIy maf1c) components.» If thxs 1ntercu3;lus liquid’
"hls removed from the cumulate ngphelxne, p0551b1y durlnq

m‘sporadlc fault movement, then on 1ts return to the

N

 ad3acent magma chamber it w111 contrlbute to a hybrld meltﬁﬁ'
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which is enriched and possibly oversaturated ine
feldspathic (and mafic) components. This is one possible

~

mechanism by which the abrupt feldspar-rich/nephéline-rich

) .
segregations observed in the field might have been .

proﬁuced; )

Of‘tne'trace elemen}s determined in tHisastudy both
semi—compatible (Co, Cr, Sc, V) end incompatible elements
" are enriched in‘more mefic samples. The veriations in
semi-compatible elements ,are best explained by a simple -
increase in model abundances of the.méfic host minerals :
"such as'biotite, aegirine-augite and possibly*oxides, The
aoundances of fncomPatible elements display.two petterns
relptive to mefic content. The ZREQ, Zr,.Th and Y
@inCrease directly with mafic content'of foyeites ‘arnd‘Q
ljolites,‘and it is postulated that these elements are
p e1ther 1ncorporated d1rect1y 1nto the maflc mlnerals_ﬁ
and/or 1nto accessorles which are closely assoc1ated w1th

mafic aqgreqates (e.q.,'zrrcon). Uranlum, Nb {and Ta)
‘abundances are more erratlc and only generally 1ncrea$e
?w1th the maflc content. These elements mlqht be
-'1ncorporated 1nto spec1f1c accessory mlnerals (eJd.,_

perovsklte) suoh that the presence of sxngle crystal in a_
. . S ) v

v

WR sample affects trace concenEratlons.
Some of the more maflc and LILF—enrlched rocks may
Qhaveeoeen\produced;by’co-crystalllsation~of»nephe11ne +
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feldspar + mafics (in approximately egtectie proportions)

.

followed by differential accumulation or crystal
sorting. Erratic distributions in abundances of some

trace elements (e.g., U, Nb) might best be.explained @ﬁ

.

such a process. ' Am alternative process by which mafic and

& N

LILE-enriched rocks might have been produced’ is by

-

cry%tallisation_of a mafic, LILE:enriched,liouid residual

to the crystallisaf}qﬁ\gﬁ 31qn1f1cant amounts of neﬁﬁellne

“1tes are the most

(and poss1bly of feldspag}—» The 513

mafic and LILE enrlched rocKs, apart from the unusual

meltelgxte dykes and "reefs" These units may be “the

product of late, LIL ’?hrlched liquids produced within

another ":thamberi ‘However ;he p0551b;11ty that they

s i ..'.\ . ‘A..-'. N
are cumﬁ@%tes and apparently intrusive in the same manner

as the magnetite pyroxenites of Centre 1 cannot be rufed

.‘out at present.

The same leucocratlc to melanocratlc REE enrlchment

trend has been reported for the alkallne rocks of Fen,

AN A -—

dNorway (M1tche11 and Brunfelt, 1975) and of Oka, Ouehec.

(Eby, 1975) but the processes 1nvolved were not dlscussed.'
N ' . X .

The two ch111ed marq1ns,'NF and SF, whose

comp051t10ns are presented in Tables 11 and 12 are

a

'flnferred to represent 11qu1ds whlch crystalllsed free of

cumulate formatlon.f These two dlffer 'in that NF is both

. more maflc and more enr1ched in 1ncompat1b1e elements.

&



The more leucocratic liquid composition‘(SF) can be
derived from the‘more mafic (NF), by a normal seguence of
mafio -+ feisic ditferentiation, but only if all of the »
incompatible elements are removed from the melt along with
early mafic¢c minerals. ‘
Le Bas (19%97) has suggested that nepheline syenites
could be produced by pallnqene51s of fenites followed by ,
fractional crystalllsatlon._ Such a model is not va11d for .
the intrusive suite from Big Spruce Lake, all of which
'cérry mantle isotopic compositions for Nd, Sr and Pb (see
Chapter 4). There is no majof crustal contribution to
-these undersaturated rocks and'é'mainly mentle'origin is
clearly indicated. | ’ |
The degree of inconpatible‘element enriehment of the-
leucocratic and. mafic foyeite liquids,lsEdandﬂNF, is .
comparable to that of mafic.and qnattz syenites,
respectlvely, whlch were derlved by exten51ve fractlonal /
‘cnystalllsatxon of an alkall basalt parent melt.‘ Comblned;»

- with the leucod?égyc maJor eiement character and sem1- A

"compatxble element (Co, Cr, V, SC, T1, P) depletion, such

'ft enrlchment 1mp11es derlvatlon by extensive fractional

' 1crystalllsat10n.l Addltlonal characteristlcs of the

.f%foya1te 13011te sulte wh1ch must be accounted for in any
petrogenetxc model‘are low S1/a1ka11, low Al/alka11 and

: . A S . \ . e
"1ow Fez*/Fe3+ R . L KON
- o : _ o T e e o
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)
On the basis of REE studies, Eby {1975) and Cullers

and Medaris (1977) sud;ested tﬁ%t“ext<ésive (50-60%)
fractionation of olivine and clinopyfoxene {plus: <1%
garnet; Eby, 1975) from an\alkali olivine basalt magma
could ptoduée the REE emrichment and fractionation of the
ijolites of Oka, Quebec and Seabrook Lake, Ontario.

- Extensive fractionation of magnesian olivine and
clinopyroxene from a dry, highly-oxidised alkali olivine
basalt could preduce the,required»LILE-enriched, Fe3+'and
alkali-rich and silica-undersaturated melt. With
progressive Cryetallisation-the composition of the
clindpyroxene should become increasingly. enriched in’

‘aeqirine because of Na and Fe3*

enrichment in the L
liquid. AFractiomatien of aegirine'(sidz = 55%) would
further reduce the 51llca content of the 110u1d.

-;E'l . The Al content of the foya1tes and 1Jol1tes is not
_compatlble ‘with the fractionation scheme outlined above:"

-An average alkali-olivine basalt has a.high Al/alkali

‘ratio. Based ‘on averaqe comp051t10ns from Frey et al

(1978) and’ Cox,et-al (1979) a1ka11 basalts have . ";

peralkaline indiées ((Na20+K20)/A1203, molecular : Lol
m.gproportlons) of about 0.5 to O. 6 " THe foyaite chiiledf

e

amarq1n comp051t10ns of thls study,,NF and SF, have 1ndlces

of 1.0, and thus Al must be removed relatlve to alka11 to

F N
b

'-produce_foyalte.melt from alkali ol1v1ne;basalt. ~
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Fractiénation of aégirine,_wﬁich does OCCuf in later
- stages, produces the opposige effect of depleting Na
relative to Al. Fractionation of early anorthite is
usually omitted from fraciionatidn schemes to produce
foyaites and ijolites becapse\negativeAEu anomalies are
_not\observed (Cullers and Medaris, 1977). However, if

u3* 5> Eu?* under highly oxidising conditions, then early
r?hoval of anorthite‘might account for Al removal and not
préduce a negative Eu anomaly. .Crystallisétion of garnet
at deptﬁ is restricted to <1% (Eby, 1975) by the (Ce/Yb)ep
aﬁd hence does not account for the finalllow Al

abﬁndaﬁcef Some Al is probably removed in Al-rich
clihqpyroxenei"Abgitic:clinopyroxene can contain 5-7%
A1203 with Al:Na’(atomid)'up tovabout 7 of 8:1 (Deer et
gl_ 1978) but 1t xs 1mprobab1e that clinopyroxene
fractlonatlon alone would change the alkal1/a1um1num ratlo ,
. to the extent‘requ1red by”NF and SF compositions.: ‘
_ Nepﬁelinite or dliv;de nephelinite has been suggested
" as anéthér possible éarent‘melf for théialkéline récks
_associated WIth carbonaéltes (Mlddlemost,-1974-‘Le Bas,

.;1977)f Such a melt has a higher peralka11ne 1ndex, abou;
‘-,0;8,to 9,9 based on .data from Frey etval (1978) and Cox et
al°(1979), more ~in accord with the Big Spruce Lake foyaite.

“chilled margin compositions. However, the. average IREE is.

| ——



195

-

{'r

hiqhérvin nephel}nites than invalkali basalts (for —
nephelinite SREE = 200 to 600 ppm; éullers and Graf,

1984). This presents sianificant difficulties for
derivation of* NF and SF by fractional crystallisation of
nephelinite.

Average alkali olivine basalt and nephelinite both
can be produced by“'direct partial ﬁelting of an LILE-
enriched pyrolite mantle.v.The alkali basalt requires 7 to
15¢ melting (SQn gnd Hanson, 1975b; Frey et al, 1978) and
thé nephelinite, S5 to 7% melting (Frey et al, 197B). The
"major aéa trace elemént data of this study are not‘whollyv
co&éatfble with derivafion of the foyaite-ijolite suite by

fractional crystallisation of either "average” mantle-

derjved magma. Elucidation of the relatiénshibs within

P

_the foyalte ijolite: su1te mlght be prov1ded by:

(1). Experlmental determlnatlon of 1ncompat1h1e element

e

behaviour. in peralkaline, s111ca undersaturated

melts. R S L e
. S :i * ’ .
(2) Detailed electron mlcroprobe study of m1nera1 R
compos1t10ns to def1ne a- crystalllsat1on sequence.
(3).“Determ1nat10n of the effects of volatlles,‘
partlcularly COZ, Qn the cr@stalllsatlon and
1ncompat1b1e element behav1our 1n peralkallne

systems.:



o trladble d1v1ded as shown in quure 54.

 ' triangle. However,'theSe'fockS

F. ,Carbenahites

&7
1. Majﬁr and Trace Element Results

In *he nomenclature and classxficati n scheme forl

¥ . o

carbonatltes recently proposed by WOolley (1982),

\omposlt1ons are plottéd\on a CaO MgO- (Fe
o €

+ Eeéo3 + ﬁnO)

¢ i, ﬂ L

of the 9 carbonatltés analysed in thls stady (Apnendrfr3,

ﬁ;paqes 404 and.4050-are,plotted in.- the figure. <he 7

;T . . 2 o
calcitic samples plot well in the sbvite field with very

‘low Mg and minor Fe and Mn. Onfy one sample, PC-81-185,

which carries -phenocrysts of pyrite and magnetite, has a

,séqnifiéant Fe content. Use of the name sQﬁite for these

7- rocks is reasonable and is also 1n agr 1t w1th the

,,u

Streckelsen (1980) nomenclature scheme whlch 1s based on

&

‘ modal abundances of carbonate phqses.

The compositions’

196

¢

! . | .

The two samples g%om the sebarate carbonatlte focus»

‘to the east of the m"n compLeijlot w1th1n the

é
bferroeagbonatlte-f1eld on the .

hlleydclassiflcatron
ontain abUndant-

phenocnysts of magnetltizln a- ‘_1om1t1c matrlx and the

ﬁf name orlglnally a531qned, maqnetlte dolomlte carbonat1te~'  '

(Maxtlneau,.1970),'1s retaxned 1n thls study in, preference

1

\’I

YN
N

‘to. f_trocarbonatlte because 1t 15 1nd1cat1ve of the oxlde :-
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@ PC-82-408

" @Pc-82-412
Ferrocarbonatite
. . Mgo L l,v‘ . ,'. . .4 B y :' " “ ) »(v L B .' ‘.A ‘ '- . N «l‘ A -0 Z Feps*_Mno"
T W T

""Figure 54. Carbonante class1f1cat1on dxaqran- (accorqu to WOolley,
o 1982) showing composxtxons' of analysed samples from the
Blg Spruce La)fe 1ntrusxon. Y
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The most striking feature of the analytical results
of Appendix 3, pages 404 and 405) is the wide variation in
'abundances‘of»ogjor and - trdce elements. Although the 7
sovites plot very close to each other in the

* classification trianagle, elements not considered in the
‘diagram véry widely.' Table 13 presents the abundance
range for each element in the sovites in comparison with
the two magnetite dolomite‘carbonatites. The variab}lity
of carbonatite compositions has been noted in the past
(e;o.,rColdw.19665 and it has even been stated that an

"average" carbonatite analysis is meaningless (Woolley,

1982) . Element abundances and the jJange within the Big

Spruce Lake group are of the samecmag itude as those
reported prev1ously (e.g., Gold, 1966 Le Bas,‘1977 .
Woolley, 1982). | | |
‘Several generalisations‘can be made4 ut the sbvite
comp051t10ns. Both Na and K are almost totally absent.;v
| iOnly one sample, whlch also has 8102 --25%, has 3% Na20
: g all others, reqardless of . Slozland A120j contents contaln,
ly"‘ <0 3% Na20 -and <0 3% KZO ThlS 1s in- aqreement with the
low to absent alka11 content of all -known carbonatltes
| (Freestone and Hamllton; 1980~.Le Bas,'1981;erolley,v‘
1982) . apart from the Oldoxnyo Lengal natrocarbonatute -“”J.

(Dawson, 1966) " The abundance of Mgo 1s <0 9% 1n the

"so%}tes and Fe ‘is not abundant. Although‘Na,:K, Mg and Fe

L
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Table 13. Range of compositions of carbonatite from the Biqg Spruce Lake

intrusion.

Element Abundance Range for Abundance in 2
: 7 Calcitic Carbonatites® Dolomite Carbonatites.
510, 0.8-25.5 1.1, 23.6
A1203 0.3-8.8 4.6, 4.8
Ti0y 0.03-0.19 3.0, 3.4
IFe 5,04 0.8-6.5 23.3, 22.0
MO 0.07-0.9 12.2, 12.2
cao 33.6-53.8 18.2, 12.9
© MnO 0.2-2.1 0.6, 0.5
Na,0 nd-3.3 0, 0.2
K,0 nd-0.4 1.4, 1.5
P,0g nd-0.15 1.9, 2.6
Ba . 70-1725 399, 467
Co nd-3 51, 46
cr 5-62 447, 864
Cs nd-1 2, v
HE nd-nd 6, 6
Mo 1-7, 7, 7
Nb S 9-182 105, 100
" Ph 23-132 7, 12
Rb 3-36 74, 56
Sbr ' nd-0.6 ~-nd, 0.5
Sc - nd-1.5 14,6, 18.4
sr ©2410-9030 1580, 1390
Ta nd-4 5, 5 :
L Th ' 29-74 9, 32
U 0.2+2.7 4.1, 5.9
Y 68+-187 48,89
o 18-36 " 250, 315
FREE - 960-9560 1380, 2890

 (Ce/Yb)y.

1 87,30?. o

99, 197 4 ®

P

*Major elemen;-okides auoted in .percent; trace elements gquoted in

" ppm. " nd =

not detected.
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readily form carbonates CaCO4 is‘clearly the dominant
phase here. The small amounts of Na, k, Mg aﬁd Fe are
largely present in identifiable silicate and oxide
minerals such as riebeckite, alkali feldspar, biotite,
epidote, magnetite and pyrite (sulfide). P£05 (as
apatite) is almost absent and several lithophile elements
such as Zr, Hf, Nb, and Ta are low in spite of their
common association, in eJZnoﬁic amounts, with‘carbonatite
complexes (Currie, 1974).

Relative abundances of various LIL elements are as
variable as absolute abundances. The Nb/Ta ratios can be

calculaéed for only 4 samples because'Taiwas not detected:

in the others. (Det%ction limit is approximatelyVO;S

‘ppm.) In both magnetlte dolomite carbonatltes and in the

most s1llca =rich sév1te the Nb/Ta ratlo is 19 to 20..but in
one-sbv1te whlch is Nb-rich and 5111ca-poor the ratio is
47. Hf (detectlon limit approxlmately 0. 5 0.7 ppm) 1s
present only in the magnetlte dolomlte carbonatltes ‘where

Zr/Hf 1s 40 and 53 The‘low K and'Rb chtents produce_-

K/Rb ratlos vary1ng from 55 to 223 1ndependent of total

abundance,

Both enrlchment and fractlonatlon of the rare earth

elements (REE) 1s obV1ous from comparlson of the'

'chondrlte normallsed REE distrlbutlon plobs of quures 55

to 57 and the data of Table 14. There 1s some-correlatlon;

PR
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Qdisttlbutxon patterns for govite: dykes. Neqatxve Eu

anomalies are associated with the least enriched sovitea,_

'both of which are possxbly contaminated by qneissic host
‘rock.r Lo . s IV ' T '

e
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Figure 57. Chondri:t;é—normalised ~(Nakamura,'- 1974) rare earth element

distribution patterns for magnetite dolomite carbonatites .

" from the separate focus to ‘the east of the main complex.

.
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Table 14, Rare earth element results for carhonatites.

Sample Number IREE' Eu/Eu”? (Ce/Yb)en"

Sovites

PC-81-176 3853 1.35 7443
pC-81-178 6981 1.19 88.8
PC-81-185 2007 © . 0.72 . 24.8
‘PC-81-376 9562 _»ii.62l 307
PC-81-383 | 6798° . 1.28 145

PC-82-088. . 964 0.85 18,0

 PC-82-506 7351 .28 98

vMagnetite,Dolomite Carbonatites = . : h }' s

pb582-408J; 1378 1.22 . 98.7

PC-82 412 2887 j{,@ei‘ ey i*f,, o

@

1}hcludes values 1nterpolated from Flgures 55 to 57 for elements not

. A
v .

2Euf ;nterpolated between Sm and Tb On: chondrlte norma11sed plots. Ebﬂﬁ ; B

1s analysed value._‘u ' ;;u{llﬂ-LZJQ; ;‘,}H*;= v ;_{ﬁ L
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ofldistribution patterns with intrusive form and
location. The two sdvite samples with lowest LREE,
PC-81-185 and PC-82-088, also have the only negative Eu
anomalies (Eu/Eu* = 0.72 and 0.8%) observed in the
carbonatites. The (Ce/Yb)CN ratioswin tHe e rocks are 18
and 25, much lower than those of other carbonatites (75 to
300) and comparable to seose of the foyaite-ijolite ‘
suite. These two carbo:atites form well-defined dykes
which cut gneiss or cut syenjite near gneiss at the weéte;n
edge of the complex. ‘The. ow (Ce/Yb)rys nNegative Eu
anomalies and outcrop location within or near gneiss
suggest'tkat these two dykes may have s@gnif'icant,a
granedio:ite contamination. Thie conclusion is supported -
by a lbwu143Nd/l44Nd fatio in Ehese\samples relétiveofo
,othe% carbonatites (Chapter 4). [ h
Sbvites.elosely aésociated (spatially) with the
foyaitefijolite,suite have high LREE, 3850'to‘9560-pph,
. R ' a
comparable to abundanbes in eafbonatites from other
1oca‘1t1es (Loubet et al, 19725 ‘The‘qeneral ranqe df
(Ce/Yb)CN of 75- 145 is’ also comparable to ratLos in
carbonatltes from other localities (Loubet et al,”1972)
eOne sample is HREE depleted and thlS produces an
;nomalously h1gh (Ce/Yb)CN of 300 » ‘f .

-Magnetxte ‘dolomite carbonatltes are moderately REE-

enrichedwwith‘zREE¢1400 to 2900, slightly 1ower_than in
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' the main sOViteAgroupt The ratio'(Ce/Yb)CN‘in these two

| Samples is slightly Higher than in sb?ites, ranging from

1 100-200..

e

»

v
1a e

2. Discussion;

[

Wyllle (1§65) in a study of the system CaCO3 MgCO3-

i

FeCO3 determlned a cryétalllsatlon or d1fferent1at10n

, i i

seauence of calcxtlc - dolomltlc +'ferroan carbonates, a
. { ' ‘4—\
o

sequence conf1rmed by ﬁleld evldence (Le Bas 1977,

1981). Amona the sOv1tes from B1g Spruce Lake there is no
dlfferentlatlon trend towards maqhe51an and ferroan
carbonatttes.’ The gepg;aphlcally;separate magnet1te

do}0mite.carbonatites may mepresent late products of’

carbonatlte d1fferent1at10n at . depth, but there isv no

.contlnulty of ma)or element chemlstry between the

presently exposed calc1t1c and dOlOmlth types.

‘Le Bas (1981) suggests that ca » Mg + Fer

. <

dlfferentlatton 1n maJor elements 1s accompanled by

Q changlng proport}ons of varlods trace elements as well.

o

Sr decreases w1th carbonate d;fferentmatlon while Ba, Mn

ta

and REB 1n€rease, posslbly by -an order of magnltude. The

maqnetlte dolomlte‘ca:bohatltes should ‘be the most

d1fferent1ated products accord1ng to the ma)or element

P

c0mpos1t10n and they do have the lowest Sr contents of all-

of the carbonatltes analysed waever, Ba, Mn and REE are
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not enriéhed in these rocks (TableAIB). It thus appears
’ .
that the sdvites and dolomite carbonatites from Big Spruce
Lake are not related by differentiation of a single parent
carbonate melt. Similarly within the sdvite group there
islno consistent differentiation trend in trace element
abundances. The most Fe- and Mg-rich sbvites are inferred
to have been contaminated by granodiorite. The other
sovites plot close together in the’classification diagram
but the most calcitic sovites ‘which should be earliest in

a carbonatite differentiation scheme (Wyllie, 1965; Léhz
Bas, 1981), have the highest REE conténté, moderate Sr and
MnoO, énd low Ba. This LILE abundance péttern is in
opposition'to an origin as early carbonatite
differentiates for these spvites.

Carbonatites and the foyaité-ijolite suite are
glogely associated at Big SprUCé'Lake fn a relatiéhship
that has been_ferméd_interdependence.by some guthors
(e.g;; Le Bas, 1977). Various authorS'have redéntly‘uéed
REE data in attempts to determjne‘the.relat{onship.bethén
carbonatites and the. associated silicates. 1In all studies
(Eby, 1975; Mitcheli and Brunfelt, 1977; Cullers.and: ..
Medaris, 1977) the REE abundances in carboqaﬁites were'
much.greater.than those  in ﬁhe most enriched éiliéates
:(ijolités); TheAehriEhment‘factofs_of REE carbonatite/REE;"

ijolite varied from 5.6 at Oka, Quebec (Eby, 1975) to 1.5-
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2 at Fen, Norway (Mitchell and Brunfelt, 1977) and
Seabroodk La}e, Ontario (Cgllerélan?‘ﬂedaris, 1977). No
acceptableAmodel of fractional crysﬁallisation could be
found to explain t?e data and carﬁonate/silicate liguid
immiscibility was inferred:

A similaq conclusion can be quickly reached for the
Big Spruce‘Lake carbonatite-ijolite association on the
basis of REE data. Omitting the two soVites which perhaps
are contaminated, the lowest IREE for a sdvite is 3850 ppm
-whereas the highest IREE in a éil{caﬁé.is’600 ppm (in an
ijolite). The ratio of ZREE'carbonatite/ZéEE ijdlite is
.6.4; similar.to, but even higher than the 5.6 reported by
Eby (1955) for the carbonatite/ijolite éssociation‘at Oka, .~
Quebec. Thus carbonate/silicate Liquid immiséibility mére |
reasonébly explains the relationship between carbohatites
u_and associated silicates than does frgétional.
crystallisation.® 0

Theiabund&nces of other trace elemenfs in
‘casbonatiteS‘and foyaites/iquites from Big Spruce ‘Lake
show,similar*diséontinuities.which are indicative of
carbohate)silicaté immiscibility. The éonceﬁtrqtidﬁé of
E;aée.élements in individual,parbgnatites is extremely
'Qariablef In .Figure 58‘abuﬁdance§\of Rb}'}r, Nb, LREE, U-
'aﬁd Th in cafboﬁagites and'inlghe foyaiteéijoiite sampléé‘
‘are‘plottédﬁégéinét ékéo; Théftho sbv&tesvinfér;ed t§ be””'

\ . . ¢

.~
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'stcontznuxtles suggest catbonate/silxcace liquid

.
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contaminated are omitted to simplify the figure.

Percentage of K,0 is an arbitrarily chosen plotting

parameter by means of which similarities and differences

can be grapﬁically illustrated.. There are-

~ "3discontinuities” for all elements between carbonatites

aoQ’the most' LILE-enriched silicates. Only REE and Th are

N
enriched in carbonatites over silicates. Thorium is

enriched in carbonatités-relative to silicates by a factor

of‘3 to 6 times (to 15 times if Th-poor foyaites are

compared). 1In sdvites Zr, Nb and U are depleted relative

‘to abundances in the most enriched silicates, Zr by a

faotor_of about 40 to 60, Nb by a factor of about 15 to 30
éé}@&

(apart fromﬁthe single Nb-enrlched sOv1te) and’ U by a

factor of“about iS to 40. Depletlon of Hf\and Ta

r

K c01nc1des w1th that of Zr and Nb, Z S R -

(o b
These "dlscontlnultles emphasise that no contaﬁued

gl

'fractlonal crystalllsatlon of the foyaltewljollte group

Cowill: pﬁbduCe the traoe element comp081t10ns of the ' (

~3the trace element data. Vee

@

n

eov1tes. An 1mmlsc1b111ty relatlonshlp between 5111cate

melt/carbonate melt ‘is the most reasonable explanatlon of

N

"e_The_two magnetlte dolom1te carbonat1tes are r1cher 1n

'A K2o th Etthe sévltes, and they dlffer 1n LILE

tfgueoncentrations as well i Some of the dlfference m1qht be

lﬁascr1bed to a551m11at1on of granod1or1t1c wall rock, _’

"'f

~- ‘ A

e
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because these carbonatites carry andular clasts of

gneiss. The compositions df the qranodidrites are
included in Figure 58. it is apparent that high 2r
content (relative to sdvites) and a high Nh cehtent“do not.
result from assimilation of gneissic country rock,

Contents of U, Th and LREE are ambiguous on that point but

isotopic results (Chapter .4) also indicate no significant

! ’

bneissic contamination. The dolomitic melt appears to
have.separated from and equilibrated with a different
silicate melt than has the sbvite melt(sf. The dolomitic
melt ascended,to tts present level through a conduit
removed (across the Snare fault) from\that‘employed by
sovites and their associated silicates. No alkaline
silicate ihtrusive.rocks which might be aSsbciated with

the dolomitic carbonatites'are presently exposed but it

‘must be 1nferred that processes 51m11ar to those whlch

qenerated the sov1tes also. qenerated the dolomltlc rocks.
Thev51mr1ar1ty of maJor element comp051t1ons of the 4

sbyites" yined with the var1ab111ty of trace element
.

comp051t

;ns and the lack of clear crystalllsatlon trends o

is perhaps best explalned by emplacement of sxmllar buti

separate small carbonate magma pulses.v The separate o

pulses could have had sllghtly var1able 1n1t1a1
A ) .

.comp051t1ons and have equ111brated to vary1ng degrees w1th

3
A .

a varxety of gne1551c and 1ntruslve wall rocks.- There is
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no evidence within the complex of a single large volume of
carbonatite magma.

Separate, relatively small volumes of carbonate magma

could have been produced from a carbonated nephelinitic

0,

melt by fractional crystallisation and liquid \
immiscibility. \}n a recent study of carbonate/silicate
melt immiscibility Ftreestone and Hamilton (1986) found

that the degree of immiscibility, the miscibility ‘gap, is

_.debendent upon composition, decreasing away from alkali-
rich compositions. Carbonate/silicate meit separation i's
more 1ike1y.in salic than'in_matic melts. Immiscibility
,increases with increasing pCOé and with decreasingl |
“temperatures. In addition Freestone and Hamilton (1980)
found that the composition of the Carbonate-phase becomes
richer in CaO. as the miscibility gap'increases.’ That"is,’
the tie-line between equ111br1um sllicate and carbonate

vmelt comp051t10ns rotates towards more ca101tic carbonate

r .
N

ecomp051tions as the mlsc1b111ty gap decreases w1th

1ncreased PCOZ'or decreased temperature.. The Big Spruce

Lake sov1tes are postulated to:have been‘generated by' IRt

'exsolutlon of" carbonate melt from carbonated nephellnltic

‘ (

vmagma which had undergone exten51ve fract10na1

;chystallisatlon durlng ascent from a mantle source

reqion.' There 1s field ev1dence (Chapter 2) for the

.presence of multiple magma pulses w1th1n the foyalte-,

N
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ijolite intrusive centre. If individual parent melt

pulses were slightly variable in composition (major and
trace elements) and in volatile content; then fractional
cristallisation.would follow slightly different paths tbh
reach saturation in carbonate content. Exsolution of
individual batches of carbonate melt from s}licate meloi
under varying conditions of temperatyre and pressure'cozld
account for variable sovite.cohpositions. Differerices
upon exso;ution eould'be later enhanced by (partial)
equilibration with different ‘wall rocks. |

The Fe—-and Agﬂrich nature of the'separate dolomitic
carbonatite suggests that it may be. the product of

fractional crystalllsatlon of a large body' of carbonate

melt which crystalllsed at depth. _
\ by
| .
\v

G. Tntrpsive_Centreus\#jSatellite Intrusion

: The shonkinites and biotite pyroXenites of the

.satelllte 1ntrusxon show stronq geochem1ca1 coherence .
.'thch corresponds to petr_graph1c s1m11ar1t1es. The data'
~also show 51gn1f1cant dlffarences between 1nd1v1dual
exposures which are geograpflcally related or even
_adjacent.' }

Complete analyses (37 elements) of flve samples are -

presented in Appendix 3, page\406, XRF analyses (17_‘ I'

P .- . . \
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elemenis) of four others are presented in Appendix 3, page
407. Normativetcompositions are presented in Table 15.
Samples were analysed in which the degreé of visible
gneissic assimilati®h (significant in many outcrops) is
cdnsidered negligible. Data from Martineau (1970)“wefé

not included in plots for this intrusive centre because

they could not be assessed for contamination.

1. Compositional Variations

All but one/of‘the samples analysed are nepheline or
laucipe normative, slightly undersatufated. The one
'hypersthene normative sample,_PC—81?063, is sheared and
has low total alkali. . .

The rocks of the satellite intruéion are similar to
the shonklnltes of the nghwood Mountalns; Montana
.(Hurlburt, 1939' Nash and wllk1nson, 1970, 1971). They
have s1m11ar1ties to the mlldly undersaturated, Oranditic
groyp Qf.Sahama (l§74) in hav1ng hlgh K- and Mg and i
- enfichment'of-Tiﬂand P. The characterlstlc alkall excess-nu
-fover Al of the orendltlc group 1s found together with a |
'dhlgh Ba/Sr rat10 (1 2 to 4 2) and enrlchment of Zr and
Cr. - The rocks of the satelllte 1ntru51on differ from thav
ntyplcal.orend1t1c rocksfdescrlbed Q¥~Sahama.(from Fltzroy'v
Ba51n,,w.-Austr.,'frOmLS'E. Spaln and from Leuc1;e Hllls,fd

ZWyom1ng) in- havan lower total aIkalr (and s1llca) and

-~
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higher Ca, Mg and Fe. The silica content varies from 39

to 52% and over that range the major elements show well-

conétrained‘trends. The field for gneissic compositions

is included on the Ha;ker diagrams of Figures 59 and 60 to

illustrate possible mixing (contamination) lines. It is .

evident ;hat effects of céﬁtamination by gneisses cannot

be discerned on most Of these major element plots because

mixing lines wopuld be ciése to the intrusive trend.

Mixing of a low.silica intrusive with gneiss might show

scatfer of Na and K to higher SiOz; but none is rgadily

apparent for the samples analysed. Biotite pyroxenites

are widely dispérsedvin the field but form a tight

cOmpositionél‘fiéld‘at_iow Si0,. Compoéitiohs of. various

shonkinites with widely variable modal pyroxene, biotite

and oliQine plo£ to higher Sioé.abundances along well-g.
'defineditrehds. COrfelation of‘whole'rock”compositions to
'sample locations.(éhown'in Fiqdre 3) 1nd1cates the_ |

. dlscrete nature of 1nd1v1dual exposures.' In the southeast
section of the area shonkgglte (PC -81- 053) 11es adJacent

‘to ol1v1ne shonk1n1te (PC 81 057) and the two 11e between

‘hxoplte pyroxen1tés (PC 81 061 and 063) In the northwest .
sectlon, the nearest outcrop to blotlte shonklnlte |
PC 81 388 (45% pyroxene, 45% blotite) is 011v1ne _

'shonk}n;te, PC 82 260 ' Nearby 1s‘a Qery low-K b1ot1te

,prdXehite, PC 82 278 (80% pyroxene).‘*The,mpst northerly 2

e e
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sample analysed, shonkinite PC-82-535, is closely related

geechemically to\the southern olivine shonkinite
PC-81-057.

The coherence as a group coupled with the discrete
natdne‘of individual small exposures.is in agreement with
the modet,butlined earlier, of a single parent body at
depth producing separate upward extensions so that the
present surface reveals both interfingerinr of different

compositions and geographic separation of similar

.
-

compositions.

The apparent major element trends on silica variation

plots reflect the varying modal abundances of the three

~.

main phases: pyroxene (titanaugite-augite-hedenbergite),
alkali feldspar and biotite. Olivine is a very‘minor
phase in the more 5111ca—r1ch "shonkinites. /Variable

’ abundances of Fe- T1 oxides account for 5catter in Fe and

A

Ti among the pyroxenltes. ‘Magnesium numbers (Mg/Mg +

‘Fe2+, atomic ratios) vary from 0.45 to 0.70.
: . ,

Abundances of K and Na beth increase with Si02 .
. . . ' i

content in this series,:but'in very'different»trends. The
.Na20 1ncreases at a constant rate, whlle KZO 1ncreases

rapldly from 1.5 to 3% over a 5102 range of . 39 42%, then

Ve
mo:e slowly (Flgure 59),. Of the incompatlble elementg Rb,'

Zr{ Hf, Nb and'Ta increase in the~same-manne: as K (Figure

61).
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A“logarithmic plot of Rb vs K,0 shows an excellent
correlation between the two element; (Figure 62). The
linear trend produces K/Rb varying from 112 at the low
,stlica end to 160 at the high silica end. Increasing
modal biotite with decreésinq silica content accounts for
the K/Rb variation. All of the K/Rb ratios~are lower than
those of the gabbro or foyaite series (K/Rb rande ~i75 to
400). g

In contrast to the other iﬁcompatible elements (Zr,
Hf, Nb, Ta), éhe rare earth elements do not correlate well
Qith silica content although in general IREE decreases |
with inéreasing silica. Apatite is presenulin all units
iﬁ variab{e amounts (1.5 to 5% normative), most abundant
in biotite pyroxenites and the Eoial_REE content is partly-
due to modal apatite. 1In additiOn;tQ apatite and biotite
the‘mést REE-rich sampie (PC—81—06&) containg abundant
sphene, another cbmmon_host féf REE." |

<

Chondrite-normalised REE distribution plots (Figure
, : — '

63) display no Eu anomalies (EQ/EU*‘= 1.00 to 4.06, Table
16).. It is improbable that the variable modal abundancies
of REE-bearing minerals would.exactly'baléﬁcg,ia allyjl

. ' ' » . -
'Eamgles to produceiar/su* = 0 if sic_;»m'.fican't.'‘Eu‘2+ Qeré
~presént. -The.moép féasonaQIe explénation for.thg-lack-of,
2+

Eu anomalies is the absence of significant amounts ofvEu

,

during»Crystallisatidn due to high oxidising conditions.



222

2
-
A,
4 - - AR
. o Tt ' 1 T 17T v 70 T . -\\l ¥ ¥ T- 17 7
M b \ .
% “»
10 - s C - - ¢
. ° » o \ ]
o - . -4 ‘4
g ! LS ]
- ﬂ .
- B / EIEAN .
5 e - e
. * d K/Rb =180 ;
— . 7 * o \\ =
o \ “
< / N
.°b . 2 ~ ‘\\\ g
hagg /® - ' %
< ®
St — T —
. / , . d ,;\ e «
- - B
(@) e
v / K/Rb=112
. / / =11 |,
. ‘ 1k o / - - -
- i 7 . B . -1
- ' -
- -
el r . 111 . 1.2 U S U | l ' _V_ #
g 50 100 500 \
, "~ Rb (ppm) - \
. ’/" \
o . T .
‘/ O
. . - .
Fxgure 62- Rb vs K,0 in biotite pytoxenxtes and shonkinites of the ‘
satellite 1ntrusxon. . )
. : ‘ ‘ B ¢
.
- ./

@



223

@
°
<
[=]
¥ <4
(&)
=
Q 4
[+]
o :
S 10 — ®oPC-81-057 Shonkinite
2 o
* T °oPC-81-388
i aPC-82-260
o
1 <PC-81-061 Biotite Pyroxentte
! aPC-82-278 '
. :
1 | s G B 1“’ i A b A4 i 4 A
La Ce P No Pm Sm E¥ Gd T Oy Ho E "Tm Yb Lu
(by atomic number)
Figure 63. Chondrite-normalised (Nakamura, 1974) rare earth eiemen:

distribution patterns for shonkinites and biotite

‘pyroxenites of the satellite intrusiég;\Centre S of

i

intrusive activity.,



224

Taple 16. Rare earth element data for satellite intrusion.

’ Sample Number and Type TREE! .E\J/Eu'z (;Ce/Yh)CN3
(ppm)
PC-81-057 shonkinite 260 1.00 . 17.7
pc—aj—oe{ biotite pyroxenite 539 1.00 30.0
, PC-81-388 shonkinité 313 1.02 30.9 '
PC-82-260 ;hpnkinitg ' 241 " 1.06 17.6
'VEC—82—278 biotife pyroxenite 278 1.00‘ 18.1

e
-+

1Ihclqdes_values interpolated from Figure 63 for'ele%ents not analysed.

2Eu* interpqlated bétween Sm and Tb on chonérite normalised plots. Eu

] ' -

Lo :
is analysed valpe. v
PR o . oy . _
3cN a”chondrite-normalised values. o ‘e
<

"o .
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The lowest T REE (240 ppm in shonkinite) is at the
same level as that of mafic syenites of the gabbro series
or the chill zone of the foyaite suite. ' All of the REFE

distribution patterns are slightly concave-down and yegt

(Ce/Yb)cy 1is higher in all samples from the satellite

intrusion (17.6 to 31) than in the gabbro-syenite series
(13 to 18), a difference intrinsic to melt conpositions.
A similar concave-down REE distribution pattern was A
reported bY.Nash'and Wilkingon (1971) for the ‘shonkinites
of the Highwood Mountains, Montana. Althongh only LREE
iwere determined in that study, the total RJS oontent is\
estimated to be similar to those foond for'Big’épruee Lahe
shonhinites. . . | o
There is no clear trend of LREE/HREE fractionation

Al

with total enrichment but the degree of fractionation in

6he parent melt can be estimated. It can be¢reasonab1y.:
X :

1nferred that the total REE content of . 1ndividual‘samples
el

1s dependent upon modal m1neralogy wh1ch is affected by M

mlnor'crystal aCCumulatxon.' The~phenocryst nature of |

‘,‘pyroxene and blOtlte supports thlS 1nference._ Mlnor

naccumulatlon of b1§%1te and aoatlte rather than ’ pyroxene o

‘,would result in: (Ce/Yb)CN closer to that of the or1glnal‘u'

.111qu1d than 1f pyroxene aécumulated (see Flgures 16 and 18

"for dlstrlbutlon coefflc1ents of these mlnerals) The two e

EE—poor samples (PC 81 057 and PC- 82 260) have the IQWer e
' : - . ' ,,/( .

)
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(Ce/Yb)CN values. These two rocks are both biotite-poor,
pyroxene—rioh shonkinites while thi two REE-rich samples,
PC-81-061 and PC—81—388,-have higher biotite/pyroxene
ratios and sliohtly more abundant apatite. Accumulation
of pyroxene reduces (Ce/Yb)CN hence the higher ratio, 30
to 31, in pyroxene-poor samples, 1is probably close to that
of the original melt. No evidence has been found of
accessory mineralsnsuch as allanite whose presence could
raise the (Ce/Yb)CN ratio.

’

One sample (PC~-82~-278) from a newly—exposed biotite
pyroxenite outcrop has a slightly anomalous REE
distributionipattern. The (Ce/Yb).y ratio is 18.1 for
this sample, Veryléimflar tovthose of the two REBepoor'
~shonkinites but‘;n rhie case the ratio is’meaningless as.a.
parameter to indicate‘fraotionation'of REE. La and Ce are
‘much depleted in’ thls sample, whlle the middle to heavy
- REE are enrlched and strongly fractlonated 1n a pattern
reminlscent of thOSe for magnetlte pyroxenltes of Centre
:dl. The low La and Ce abundances found forvthrs blot;te-
,r1ch sample were conflrmed by ana1y51s of’a Second
. a11quot, employlng -an alternatlve INAA scneme‘(a différent

o oy - .

”~detector and a dlfferent y energy were uSed) as_weilaas

the regular scheme.nd
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On mantle-normalised LILE distribufion plots (Fiqures
64 and 65), all samples have a pronounced fractionation
trend;froﬁ low ¥ (S to 7 times mantle abundances) to high
Cs (200-500 times mantle abundances). All samples thus
show increased abundances of the LILE as well as increased
fractionaﬁgon over that of the gabbro series (F;gures 20
to 24). ‘YMN*ranges from 2 to 10 in the gabbro-syenite
seriges, similar to values fo; the potassic suise. ‘The
‘more incompatible elements are much more enriched in the
potassic suite than in the gabbros. The difference in
incompatible element enrichment trends"of the two series
is most readily observed by a comparison of the mantle-
normallsed LILE plots for most enrlched quartz syenites
(éigures 23 and 24) with those of the,potassic rocks.

rﬁjmilarities and differences in the mantle normalised
profiies of samples froh fhe ootassic suite are notable.
"Cs; Rb, Ba endeREE'are alluentiehed‘reiativedtodNb, ré; ir d
dand Hf..'The‘two'biotiteé andiaoatiteetich sampies with"‘
hiqhest L REE (quure 64) ;ave p051t1ve Ba anomalles and -
strongly negatlve Th and U (not seen in the other three
samples, Flgure 65) Negat1ve strontlum anomalles are
pfe;ent 1n all plots as are p031t1ve P and T1 anomglles.-

"By comparlson of F1gures 64 and 65 w1th the mantle— g
nnormalxsed proflles of gnelsses presented earlier (Fxgure"f

”~27), relaplve abundanees of'Rb, Cs, Zr and Nb are most

‘o
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likely to indicate grmeissic assimilation. The logarithmic -,
two-element plots of Figure 66 show that no systematic
ﬁixingilines exist between the potassic intrusive tredd
and gneissic compositions. What is emphasised by these
plots, however, is the discordant position of biotite
pyroxenite PC-82~278. This sample is not significantly
contaminated by granodioritic gneiss. Both Rb and Cs are
depleted relative to Zr in this sample and Cs is further
depleted'relamive to Rb. Therefore, the alkali
combosition of this sample moves further away ttom the
qneissic field than~the;intrusive trend. On the §f1{ca
Geriation diggrams of‘FiéUre 61, itvis apparent that RDb
and Ba are st gngly‘depleted in thie'semple.; The Zr and

fl

Nb ere not, however, and the composition’ does not tend
towa:ds theigdeissic_fleld. This sample elso shows the
_LREé~depleti0n/HREE enrichment diScussed‘earlief aiong
,vwlth a sllght enrlchment 1n 2Fe203 and T102.' This bddy

. lies almost directly above the 1nferred location. of the
'parent body, and contamlnatlon by a Fe-Tl enrlched,
'-alkall- and LREE depleted source may have been ach1eved by
a551m11at10n of a mantle xenollth (alka11-def1c1ent ultra-'
dmaflc) carrled Erom depth. Data from thls sample must be
domltted from. cons1derat10n of any parent 11qu1d |

-

3compos1t10n.,‘
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2. Parent Magma

A parent liquid composition with respect to alkalis

7/

(Cs, Rb, Baf>5lL’the rare earth elements and Y cannot be
der)ived because of variable modal abundances of major and

aqressory minerals which incorporate these elements
v P

v N .
iotite, pyroxene, apatite, sphene). Because 2r (Hf), Nb

(Ta), U and Th are largely hygromagmatophile elements
throughout the series, their relative abundances, in a

: e
possible parent melt can be approximated for comparison

Jith those of the alkali-gabbro parent liquid. Omission
-of the (poseibly) contaminated sample, PC—82—278, froh the
7app£oximations leaves insufficient data'for extrapolation
of the Ta vs Zr plot.:iExtfapolation of logarithmic two-
eleﬁent plotspvs Zr,. to Zr = 11 ppm (Figure 67) produces
the folloWing resultS'(Table 17).
These results suggest a fract1onat10n pattern, Th

be1nq much enrlched over f;jahxt do not sHow the internal
'con51etency of ;hepextrapdlated composition of the.alkali'

Th value is very

gabbro parent melt. The extrapol
uncertaln and could be as low as 0 38 pm, 1eading-to a

parent quuld/mantle ratlé as low as 4.9. Complete trace

o

' element analyses of several more samples w111 be necessarya'

f;to more clqsely approxlmate the parent 11qu1d comp051t1on. _

@

LAy
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‘ f

Table 17. Relative abundances of incompatible elements in parent liqguid

of the satellite 1ntruslion.

Element Abundance 1n Melt Primordial Mantle Melt Abundance/
at 2r=11 pfim Abundance’ Primordial Mantle-
) ppm ¢ ppm
“Ihe 1.2 ’ 0.096 12.5
u .- 0.052 0.027 1.9
Nb , 2.25 0.62 3.6
Hf 0.48 0.36. 1.3

Zr 1M 11 1.0

'From Tarney et al (1980).
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3. Summary and Discussion

Field evidence suggests that the present erosion
surface represents the uppermost level reached dufingji
emplacément of the satellite‘intrusion. The low Mg
numbers (0.45 to 0.70) suggest that significant
fractionation had occurred prior to magma emplacement at
the present level. Olivine was probably the hain early
fractionating phase (Edgar et al, 1976; Edgar and
Condliffe, 1978).

The presently observed compositional range of major
and trace elements is attributed to variations in modal
vabundances rather than to a differentiation Eequence.

The magma émplaced was silica-undersaturated and
LILE-enriched. Although the composition of -the pafent
“magma cannot be quantified at present a pattern of Cs > Rb

>> K and LREE > HREE, (with REE absolute abundances close

to those of mafic\syenites of Centre 1) is clearly evident _

g

»%he alkali, Cr and Sc enrichment ahd the (Ce/Yb)Cﬁ of the

4

the LILE and REE distribution plots. If one compares

potassic satellite intrusion with those for the sodic

gabbro-syenite‘series of intrusive Centres 1 and 2, the

b

sglirce magmas are distinctly different., One was not

derived from the other through differentiation.

.

\

Possible sources of a potassic-magma, distinct from
the sodic melts which were responsible for‘the'main‘

complex are:
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o -~

(1) Assimilation of a potéssium and LILE-enriched crustal
component by a mantle—deriveg‘magma.
(2)° Partial melting of a discdrete potassium- and LILE-

~enriched mantle source region.

{3) Mixing of a potassium- and LILE- rlch mantle component

'..,

with a melttformed from a primitive mantle.

Minor essimilatidn of the presently-exposed
granodioritic host rock is evident in the partially.
absorbed gneissic xenoliths present in many outcrops;
however, such contamination does not fully account for the
-parent melt composition dérived here. This conclusion is
supported by the high concentra;ions of incompatible and
semi~competible elements in the potassic intrusive

<

suite. Cesium, Ba and .Rb are more abundant in the
potassic intruei;e rocks than in the country'rock or in
the alkaii basalt parent magma,’ and more abundant than in
the most differentiated guartz syenites of Centée 2;
Similarly, semi-compatible elements such_;s Qo; Cr and Sc
\ are higher in ﬁhe potassic 5u£te than in'gneisses_or}ih ~
\the gabbro—syenlte serles. Total'REE in the poéaseic
rocks ranges from 250 to 500 ppm; equ1valent to the
abundances in maflc syenltes (sem1 compatlble depleted)
and greater than ‘the gne1sses (90 to 225 ppm)

Fractlonatlon of LREE/HREE is much greater 1n the potaSsxc

suite wlth (Ce/Yb)CN est;maped at.~30-compared to 10_to 20
: ‘ ' \
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in both gneisses and in the gabbro-syenite series.
Clearly the potassic melt of the satellite complex cannot
be the result of simple mixing of an alkali basalt melt or
even mafic syenite with host granodiorite. Production of
the enriched melt by zone refining, ascent of a basaltic
melt through enriched crustal rocks, 1is precluded by the
fact that zone refining ;ouid require large volumes of
crust to interact with the magma gith concomitant increase
in elemenf abundances before any significant change in
element ratios occursv(Hahson, 1977). The IREE, (Ce/Yb)cy
and Cs or Rb/Y results discussed above provide evidence
against'éone refining producing the Eotassic rocké.

A mantle origin for the satellite intrusion

-

(possibilities 2 and 3 above) is thus clearly indicated;

/ﬁ?wever, the processes which may have been involved are

~

depéngent upon”the tempéral as well as Spatiél .
relationship of this intrusion to the main complex. For
this reason further discussion is deferred, to follow

geochronological "interpretation of isotopic results.



CHAPTER 4

ISOTOPE GEOCHEMISTRY'

A. Introduction

Prev1ous 1sotope stud eés of the qu Spruce Lake
intru51on have included K- Ar dat1nq oﬁ b10t1te and a WR
. <
Rh= Sr study.”

K-Ar on biotite -from maflc foyagte/ljollte on Big
\

”.Sﬁtuce Isldnd in the main complex gave.a date of 1785 Ma

(Leech et.al, 1963), whlch was 1n1t1a11y 1nterpreted as

~the age of the complex: Biotite from sov1tes (also from

-Ma (R“St J. 'Lambert pers. obmm;vin Martineau; 1970)

s structural prov1nce.

‘f11974) ane aq\age of - 2184 40 Ma fopf

the main complek) gave'dates of 1810 # 22 Ma and 1835 + 32

gl
x

These dates were also 1nterpreted as the age of the

'compdex (Martlneau, 1970) and 1ntrus1ve act1v1ty was

X

- con51dereo to be related to the formatlon of” the Bear

-

~

WR Rb Sr data reported by Martlneau and Lambert

the ma1n complex

”;and 1980 40 Ma for the sate111te intru51on (recaIculated

.~

“:to k 87Rb‘- 1 42 X 10 11 yr’l).j/The former date was3’

5!1nterpreted as the actual agé of 1ntrusxon of the ma1n 4j._uf‘”

chomplex. the kuAr system hav1ng been reset by mlld a:ﬁ:

' .
. \
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&
metamorphism at about 1800 Ma. No initial ratio was
reported and: it was neted (R.St.J. Lambert, pers. comm..‘
1980) that the, data were scattered. Martineau (1970)
reported measured 87Sr/éGSr of 0.7021 + 2; and 0.7024 + 24
fdr’non;maqnetic separates ftom sb&ites‘of thé,main
complex (loQ Rb) and interpreted these‘low values -as
mantle—derived initial ratios. Scatter in the Rb-Sr data
was attributed to variable initial ratios, metasomatism,
and to anaiytical error- due to.high_Sr and low Rb'ccntents‘
in these rocks. ° | |
,f . In the present study four radiogermic systems have
been examined in whqle-;ock samples frem the maln andr,
satelijte intrusions; Rb—St, Pb—Pb,:Nd:Sm and U-Th-Pb: In
addition, the'Uin system has: been studied in zircons
separated from thevsyenites ofiCentreTZ. A major
QbJectlve,of'this:isotopic stddyﬂis determination.of Lhe
‘qeochronoleglc relat10nsh1ps between the varlous un1ts and

‘ .
.an attempt has been made to obta1n an age for each unlt

' and thus d&termlne the time span of 1qneous act1v1ty. ”The'
: : SR

V;other ba51c obJectlves oF the 1sot0p1c study deal w1th the;

‘\;Betrogene51s of the complex.r From the 1n1tia1 Sr,’Nd and
}Pb ratlos obtalned here the source (Crustal or mantle) of
fthe vari0us magma types has been 1nferred, an assessment
: has been made of the degree of crustal contamlnatxon‘

vland/or'metasomatlc act1v1ty'wh1ch may have affected any

LA P ‘.

L)

wig T LT T L e



240

mantle-derived initial ratios and finally the mantle

source which lay beneath the Slave craton at about 2200 Ma

has been characterised in terms of Nd, Sr and Pb isotopic

compositions.

B. Samples and Analytical Methods

v

AlY of the samples analysed for isotopic compositions
have been analysed for elément,combosition and are
described in thin section (see Appendix 1). Zircon
samples are'descpibed in éavell and Beadsgaard (1986).
The analytical methods'for Rb-Sr, whole rock Pb-Pb and
U-Pb zircons are described in Chaplin (1981). The Sm-Nd
method is described in detail in Cavel}’and Baadsgaard
(1986).

C. Geochronology of-thevComplex- o _ o AVs

The geoehrenelogy’ef»the eohplex has been repoftedi"
.'andbd;ecdesed in Caveil”aﬁd‘Baadsgaard (1986). ThlS paper
is an 1nteqral part of the study. The follow1ng 1s an
‘abstract (Flgure 68)oof that report whlch is reproduced 1n»»

.1tq entlrety as Appendix 4

. ~
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ABSTRACT } R

A zircon age of 2188 +16/-10 Ma has been determined for the
silica-saturated syenites of the Big‘Spruce Lake alkaline complex:‘
A whole-rock Pb-Pb age of 2165 +21/-22 Ma was obtained for the
silica-undersaturated rocks of- the complex, and 2155 2t 16 tof the
compiex'as a whole.'The‘Sm~Nd whole-rock data yield an age of 2183
+ 75 Ma fer the complex as a. whole. Wexghtlng the ages by the
inverse square of the standard devzatxons, an average age for the
complex of 2174 # 20 Ma is dgtermzned. However, it is felt the
zircon age is the ﬁost reliable for the time of crystallization of
the complex. Minor contamination by COQn;ry rock(Sm-Nd model age$
of 2467 to 2595 Ma) and metasomatism contribute to scatfered Sm-Nd
dAta points andvlarge errozsvin the ages obtained for thé“tivé
individuél units. The Pb-Pb data ehab;e afliﬁiting“estipate'or
‘vabout-so Ma for tnezmaxigum timespan for the intruﬁidn 6£‘9§ntfgs
%'1 fo 4.”' |

M

Figure 68, Abstract of 'Geoch?onoloqy of the B1q Spruce Lake | )

o Alkaline intrusion” by P.A. Cavell and: H.Aﬂaadsqaard.v
Canadxan Journal of Earth Sciences,  In press, 1986.
Full text of th1s paper Ls reproduced in Appondix a4,
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D. Rb-Sr Systematics

Because WR Rb-Sr had been measured previously, only a
‘few samples were anal}sed to study variations in initial
rdatios in some of the same samples for which the Nd and Pb
isotopic compositiops had been determined; The data are
.discussed'firstvwith respect to geochtonological
applications to exemplify the problems which arise with
the R?—gg‘system in this case.

Qix'%yenites were chosen on the basis of XRF analyses
:to have tne broadest range of'ﬁb/Sr ratios for an isochron
plot, and a possible initial"tatio determination. The d
;sample‘data are reported in Table 18 and presented on a
ftandafd isochron plot.in Figure 69a; Least squares
‘feqreSSion of the data,‘using alprogram based;on York
(1966), with A 87Rb = 1.42 x~10~ 11yr 1, yielded an age Of
1857 : 132 Ma (error quoted is Za/MSWD) w1th ‘an 1n1t1a1
1rat10 of 0. 70466 f 10 (Table 19).% The reqre551on 11ne is
trongly controlled by the 51ngle data p01nt at hlghest |
: Rb/Sr, PC—82 096./ A second anguot of thlS sample was .

analysed and the 1n1t1a1 results conflrmed -ercons-fromif

four of these 51x syenltes were 1nc1uded in the set whlch_u

’ b »
. \u\

'yielded an age of 2188 +16/ 10 Ma, the emplacement age of.

”“,the complex (CAvell and Baadsgaard, 1986). -

) ST .
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,1Estihated<e;ro;jdn'éonCentratiohé'is,t0,1$,'on 87Sr/868rmmeasu&ement

- error is $0.0001.

»

Table 18. Rb-Sr analytical results for silicates from the Big Spruce
2
Lake intrusion. )
Sample Rb' sr! 87Rb/865r 87Sr/86Sr1 87Sr/36ér2
ppm ppm ’ measured model initial
Centre 1: gabbro, pyroxenite
PC-81-001 0.789 72.4 0,03036. 0.702819 0.70186
PC-81-275. 21.97 2357 0.02598 "0.702755 0.70194
Centre 2: syenite
PC-81-012 38.08 1353 0.07847 0.704755 0.70228
PC-81-285 107.4 613.8  0.48780 0.716640 0.70125 ,
PC-81-364 128.6 404.3  0.88622 0,729514 0.70155
PC-82-096 92.6 87.5 2.9515 0.781144 0.68800
PC-82-151 14,2 220.1  1.4458 0.744369 0.69874
PC-82-358 126.3 289.5  1.2153 10.738839 0.70049
- _
Centre 3: foyaite, ijolite
PC-81-194 117.2 2097 °  0.15583 0.706337 0.70142
PC-81-482 158.0 1922 0,22909 0.708716 0.70149
PC-82-039 229.1 976.9  0.65371 0.722562 0.70193
‘PC-82-525  -23.21 - 1309 -~ 0.04943 0.703323 0.70176
Centre 5 shonkinité,’biotité pyroxeni te ~
© PC-81-053. - 205.8  996.7 0.57560 0.718448" 0.70028 -
. PC-81-057 .230.7  963,4 0.66755 . 0.721017 0.69995
' PC-81-064'  149.7 . 904.3. 0,46126 ©0.716012 . 0.70146
PC-81-388  177.2 ~ 518.8 0.95211 '0.728911° ~0.,69887
- PC-82+260  234.3 842.9 = 0.77490 10.723700 - 0.69925
PC-82-278° ' 60.35° '388.3 '0.43323 0.714802 '0,70113 -
: . ' N . . . } . . . : o ‘

" 2yodel initial ratjo ca1cﬁ1atéa using t-=-2188 Ma, A.87Rb 3'1;42 x

R

]10‘1xyr,“;



o

Table 19. Rb-Sr geochronological~results.

Sample set

£
Number of

Age

“Ma

Mswp 87gr /865y

Centre 1 & 3: gabbro,
pyroxenite, foyaites

Centre 2: syenites

Centre 5: . shonkinites,
biotite pyroxenite

. 2199260

18574132

1848290

]Error quoted is 20/MSWD.’

L

Two samples "from, Centre %
four from Centre 3 (foyalte and 1Jollte) were - analysed and
the dats are,lncluded in Table 18.
these six samples, comblned in an(Isochron plot 1n Flgure

69b, produqed a date ot 2199

age of 2188 Mas

) N A r . :,’ v‘ ot i”p
Rb-Sr analytfcal xesultsafor six SampleSffrom'the

-8

satelllte 1ntru51on,

Flgure_70. Regressgon of these data prodUCed a date of

1848 t:90’Maf omlssxon of sample PC 82 278, whlch mlght be

e

‘contamlnated (see Chapter 3) produced an even younger date

of 1840 122 Ma.

overlap w1th the Rb Sr date .of 1980

vMartlneau and‘Lambert‘(l974).

Py

'60 Ma,

(gabbro and pyroxenite) and .

Regre551on of data for

(e
\
N\

1ncluded 1n Table 18,

\

The large errors allow these dates to

40 Ma reported by

w;thlnferror,of then,

are plotted fh

245

.
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Clsarly the Rb-Sr system does not produce well-
constrained aqes of intrusion for the Big ;prUCe Lake
complex nor reliable initial 87Sr/865r ratios from the
isochrons. Analytical error 1s not the cause of scattered

ésfta points; repeat analyses in‘this study and previously
(R.St.J. Lambert, pers. comm., 1980D) indicate that the
daté scatter is real and the variation lies within the
samples themselves. Variable initial ratios and open
sys;em behaviour are causes of scattéred data.
“ The most likely candidates to rétaiﬂ an initial
(magmatic) isotopic compos;tidn are {he‘carbonatites, and
&specially the sbviteg. These rocks contain 2400 to 9000
pbm Sr and only 3 to 15 ppm Rb so Cofrection of the
measured 87Sr/86Sr ratio for Rb decay is small. One
sbvite,'PCf82jO88; inferred from its REE distribution
patterm to be contaminated by gneiss (see Chapter 3y,
contains‘a mdﬁh.hiqher Rb confent,‘36 ppm and the |
magnetite doiomitetcgrbgnatites coktain éémewhat lower Sr
v11406 Qo 1566 ppm) and‘much higher Rb (56 and-74‘ppm);

@
N1ne carbonatltes (7 sovites and 2 magnetlte d

t

omite

;tltes) were analysed for 87Sr/868r and, using :XRF

data, these‘ratlos_were corrected to‘1n1t191 :atios at -an
age of 2188 Ma. The‘data'for".Ebonatttes are presented'
in Table '20 The Rb-corrected ratlos of soves, init‘ia'l

rat1os, are all low but they vary from 0 70163 to 9 70323,‘



Table 20.
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Rb-Sr analytical results for carbonatites. .

1389

0.70466

Sample Sr Rb 874, /865y 87gr /B6g,
ppm ppm measured initial
Sovites
PC-81-176 6980 12 0.70227 0.70212
PC-81~178 2760 0.70221 0.7021
PC-81-185 5373 6 0.70331 0.70321
PC-81-376 2414 0.70219 0.70201
PC-81-383 9029 14 ‘0.76}37 0.70323
pPC-82-088 3199 36 0%7q136 - 0.702136
PC-82-506 3717 6 0.70177 0.70163
Magnetite—Dolomite—Carbonafites
PC-82-408 1508 74 0.70488 0.70072
PC-82-412 56 0.70108

1 .
Corrected for Rb content using t =

10-’]yr'1.

2188 Ma and A 87rb = 1.42 x

=3



a range beyond experimental error, which is estimated to
be + 0.00010. The Rb-corrected ratios for the two ,
dolomitic carbonatites are lower than those of any sévite
and they too differ from each other beyond experimental
error at 0.70072 and 0.70108; These latter two ratios
must be considered less reliable than the others as true
initial ratios because of the larger Rb corfections.,

For the silicatefsamples analysed individual model

initial 87Sr/865r (Table. 18) ratios were calculated
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because reliable initial ratioe could not be obtained from

the isochron plots. These individual values were t}

evaluated to determine if any of them were representative

. . . t
of parent magma isotopic compositions,
A

The model rnlglal Sr ratios were calculated by
o

gssuming an age 2188 Ma (U- Pb z1rcon age of syenltes)
and a closed Rb-Sr system since,crxstalllsatlon. Easton
" (1983) has fecentdy shown that Rb-Sr and K-Ar isotopic,

systems in the Bear province and western Slave pfovince

were reséet at about 1770 Ma. Resettlng is common up to

b\"

‘about 50 km east _of the Bear-Slave boundary.. In the 11qht

of-;esetting of the biotite K-Ar system at Big Spruce’

Lake, 30 km east of the bqundary;'at ahout 1800 Ma the

asshmptiod'of a closed ﬁb—Sf syétem is not'valid.and the -

ggaculated values for s111cates are thus model ratlos in

cqntrast to the measured (Rb-corrected) values obtalned



for the carbonatites. All of the silicate model initial
el

ratios are low, less than 0.7023, and they show an even

wider range than do those of the carbonatites. The wide
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variation in initial ratios obtained for both carbonatites

and associated silicates precludes definition of separaté
linitial Sr ratios for the various intrusive centres.
Variations of initial Sr ratios ip carbonatites and
associated alkaline silicate rocks haVé been reported
previously by many authors. Rock (1976) prepared a

comprehensive collectjon of earlier Sr isotoplc data for

carhbonatites and assogiated alkaline rocks. ‘He noted.
/

/ . ‘ .
" widespread variability of initial Sr ratios, of both
carbonate and silicate rocks, between samples from
different complexes. He also noted variability between’

/

() “ . R - .
.sam%ees.of a single rock type (either carbonate or

.e A .

%i%%éﬁﬁe) Qithin a. single complex. The variatiqbs within
inﬁgvidual complexes are often'of a mégn{éude éihilar to
.thatfobtained.here for the Big Spruéé Lake compiex. The
‘literature reports also indicate that there is no

syétgmétic difference bétweer initial ratios of different

‘rqdk'types. - Recent studies of carbonatites'from‘Alnb;

Sweden (Bruecgner'andvRex, 1980) and Jacupiranga, Brazil

(Rodeh‘et‘al, 1985) revealed:vétiable initial Sr ratios
within éééh of these complexes.

A ‘
W * a



251

-

Assimilation of wallrock mantle or crustal matérial

during emplacement of magma as well as subsequent

&

metasomatism can change the apparent initial Sr ratios.

’

The effects of both can be identified in the data obtaingd
.<7}_\/ +

from Big Spruce Lake samples. -

e The model initial Sr ratios of the ¥ilicates clgarly

show effects of loegiised disturbance. All of th
silicates have low initial ratios relative to a calculated
whole «earth unifo:m reservoir (UR) valué&at 2188 Ma of
87Sr/868r = 0.79?33. This UR value was ealculated using
. the mean of current literature values (De-ééglo and
Wasserhburqg, 1976b; itlegre et al, ‘1979 Zlndler et al,
1982) for present day 87Sr/865r (0 7050) and Rb/gt
(0.030). Some model 1n1tial ratlos for the 1ntrus1ve:
silicates are lower than BABI (0.69897, Faure,.1977) and
cannot be accounted for,by any cbntaminationvofvmagma
during Emplacement'éndlCrystallisation. There is‘nonknown
soutce which could Be’assimilated to reduce the inltial
magmatic 875r/86sr to values below 0;6990ﬂ’fseveréll.
silicates listed in TableV18 have modeluinitiel ratios in
rhat range, and hence the Rb-Sr systematlcs of,those
samples have been dlsturﬁbd subsequent to crystalllsa-

K}

' tion. The mode111ng assumptxon of a closed system since

crystalllsat1on is not valld, some 8—’Rb/BGSr xat1v

been altered (1ncreased) by movement of. fl

L.
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crust and brobably the 875:/868r ratios havegalso been \ ( j}i\

\ . . ‘ . Qr/ N~ )

altered. w0 . : , | '

Mdvement of'Rb codld be recent and have the observed
4(

effect, but the Tore probable ‘time is® about H600 Ma, the
\ , .
t1me at whlch the b1dt1te K-Ar was reset. There is' no

J
strong petroqraphlc ev1dence ‘for regional metamorphlsm to

s
g

2 . 4

. the weensl:}}lst facies; highly locallsed alteratlon w1th

-

the format*én of stllpnomelane, partlcq}arly ‘of the quar*z }V

'&l

yenxtes, 1s descrlbéd in the géoloqy sectlon. " Pb 1sotope B

PR

vdata, presented 1n a later sectaon, supports the - P

,

‘ 4.
’conc1u51on that movement o; flulds was highlywlocallsed.

L All qf the model 1n1t1al rﬁtlos calculated forr
T
'-s111cates are lbw, a fact whlch coustralns pos51ble o S
,mechanlsms of disturbance.- Elther a less radiogen1c Sﬁ‘ R

. N

"COmponent was added {o tﬁat of the 1ntru$1ve rocks or the

DR

' B
{”Rb/Sr ratla was 1ncreased after crystalllsatlbn.{' B

S (1,

[ .

f@ontamlnatqon by less radlogenlc Sr durlng emplacement as'fi

8 o S
'mechanlsm has q}ready been ruled out by the Gl
B v‘.,,: : ». E i

'«thé domlnant

ngddltion of a less

C e L

A

crystalllsatloﬁw‘

tha ;

crustal;sourcé'
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: : o \ v :
after crystallisation and could not reduce ratios to less

- 3

8 : , B
than true initial.;:jios. Addition of Rb to the magma at

'the time of crysta¥lisation, i.e., contamination, “would

not affect the model initial ratios, so the Rb/Sr ratio

" must have been increased dufing postfcrystalfisation fluid

movement. ’ : o ) N \

-

Because metqsqma;fsm occurred within the\

. granodioritic éfustal hosi rocks the Rb-Sr composition of ..
‘ A -
the gneisses would strongly affeCt the comp051t10n of any

fluld. The gnelsses are - approxlmately 400 Ma older ‘than

/ @ . ‘E"

:the intru5101 (Sm—Nd model ages rang‘<2467 to 2595 Ma;

L

vCayell and Baadsgaard, 1986) ' Rb Sr data for four samplei.

-

of gnelss (Table 21) shows them to be Srwpoor (Sr‘; 50 to‘§ 

+

'-‘150 ppm) and Rb—rlch (Rb-- 100 200 ppm) The Rb/Sr raflo

Jﬁhe Qne1sses varles from 2 to 11, much h1ghef than that f.g, i

. e

“fof;most of the 1ntru51ve slllcates (0 03 to 1”0) Alkal1-[?f,;51 




54

2

*0504°0 = 1
2

¢ .
WQW\uwhm, OWO

89V
o9y
0092

(AR 24

€LiL

Live

0

o -
LBLLTO

hﬂ—.@\-co

NVI/Mmthuo

\
© .

660°1
L0L08°0 .

- TG9%8°0 .,

ELSZ T}
e
z8Lv L
.w,mwmﬁwﬂr

SOViY

eW abe
1P

4

.

eW BHLE

(154

Aawcoev

g/ 18

A
]
]
‘
|

m

n _mm\pm 8.

.XUOu‘umoz

.v‘umwm“num@

o1ssTaub lo3.

31nsa1: RoTIALRUE.




ohd

255

Possible conte@inEtfon of two sbvites by gnessic host
- rock was inferred earlier on the basis of the REE |
distribution petteres (ghepter.B). These two sambles
(Pc-81-185 and PC-82-088) also have initial Sr ratios

higher than those of other sdvites at 0. 70321 and 0 70236

respec&&vely. Th lower Rb-corrected value {0.20236) isb

that of the sdbvi e,,mentioned earlier;,which bears a

N

relatively'hiqh Rb contentJ(Bs.ppm). Tﬁe Rb correction is \jﬁk

-

'less relleble and the 1n1t1a1 ratio of this sample may be -

-

o

sllghtly higher than the 0.70236 determlned.‘ The Sr data -

are- in agreement wlth gne1s51c contamlnatlon of these two

¢

)
4\;bv1tes. In’ other samples-orlglnal gne1551c contamlnation

i

'1s not d15t1ngu1shab1e from metasomatlc contam1nat10n on

5;he‘basls of Sr datap- Both processes qucease radlogenlc

. B .
R ] X ST s e .

L Sr- v

sThe 5111cates as well as’ carbonatxtes must have had o
¢ : . ' T . N "’ . . ‘J ‘ )
sOme 1n1t1a1 magmatlc contamlnat1on, most 11ke1y from thef‘,J~ﬂ

surroundlng gnelsses.p M1x1ﬂg of two components or

B

contamlnatlon of a'magma by wallrock 1s commonlY shown as,*

E ‘.—,

jﬂ a mpxlng trend on a plat df 1n1t1a1 8-’Sr/BGSr vs ppm Sr.

. D
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(2) Because of the variability of parent magma types, and

differentiation within each series no single parent

4

‘ magma with a defined Sr concentration exists for the.~
intrusive‘Series, the data for contamlnated samples 7
LA i ‘.t “

,plot on a "famlly of m1x1nq lines" and hence appear

~

a4 scattered on ‘the plot of Flgure 71.
No single trend can be discérned A better o

demonstratlon of contamlnatlon would be one whlch is <

,1ndependent of element compositions (dlfferentlatlon and -
dlfferlng magma types) dependent'only_on‘rthoprc
comﬁositions;ﬁ Such a plot (eg, vs eyngq) is presented in

~
£t

the~nekt seetidn'where‘Sr and Nd data are combined to
-evaluate p0551b1e a551milat10n effects.'

& . Contamlnatlon by gnelss and%post crystalllsatlon

6 . s L. RE A

. movement of Rb and Sr mean that the 1n1t1a1 rat1o of the

parent maqma(s) can only be apprqx1mated. A reasohable

-

lower 11m1t for the 1n1t1a1 rat1o of the carbonat1tes rs

0. 7016, the lowest of the sov1te values in Table 20° “It'f

3

, 1s inferred that thls 1s the Sr 1sot9plc composxt1on of’:

o T e o ._

Y

_e.,,t
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present whole earth parameters outlined above) and implies

either that the source Tegion had previously been Rb :

‘depleted (to decrease 87Sr) or that magma from a mantle

5 -,

jﬁi eodrceiﬁith a whole earth 87-Sr/865r‘.rat'io was contaminated
"by a dep;eted'source,duriné'ascent and emplacementf . The |
data from Big‘Spruce Lake alone are insufficient to |
distinguish between the th‘possihilities.v Additional-

data from,the 1iterature are helpful in this regard, On

~

Figure 72, taken from Bell et al (1982), the preféfred"

e ‘initial ‘St ratio of the Big Spruce Lake complex is plotted»

vs age to compare it w1th those of 13 other Canadlan

‘carbonatltes.ngell et a1 found that the carbOnatltes of

-
-

‘ eastetn Canada, fall into two separate groups.. One group,

11' labelled A 4n Flgure 72, has 1n1t1a1 Sr ratlos close to or
: u 1 . v

vpon the bulk earth development lrne~ the other group #B)

‘7fdef1ne a development line fot\a source reg1on of much
'!,’ . . f:

.\.

Vf&lower Rb/Sr whlch has behaved as.a closed system for aDOUt
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A - ~»
-
s .’/’F v
., 070604 oo ‘ o
. * -~
0 .
‘0 70404 ’
o . ‘ )
- . O Big Spruce Lake
©
. o
N 070704 '
- : .
1%2]
. ~ _
‘ © . : ,
’ : A Bulk Earth Reservoir. ' -
. Loy . !
Eo 00,7000 Rb/Sr .0.030
q. . 7 ‘ 8 ' S
e Doputed Mnﬁﬂo Reservoir .
‘ " . "
P S ) ﬂb/s: o.osa - .0.002
- g T k CEC RSN St e - — S - .
4*09,' Lot 300 s 2.0 L1070 Ut present

]il-carbonatxtes from the southern Canadlan shleld (based on i
ﬂ-jBel _&‘al, 1982).x One qzonp (A) falis on: the. whole

]5Thxs qrahp defines. én appaxent'mantle dxffekentlation
n;eVent 2 ‘about 2700 Ma. (resultan in.a depleted mantle




- , d 260.

o 53

. ? | o
ages and 1ocat§dns) suggests that the source regioh was

. A St ’ ' : ’ .
'87Sr"dep1eted mantle and that the low initial’ Sr ratios

»
1

measured were not derlved by contamination of magmas w1th
orLglnal whoke earth 87Sr/86Sr ratios by an - upper level
(upper mantle or lower crust) 87Sr depleted layer.

.Contamlnatlon‘of magmas frpm several deferent complexes

. ° » : - N
; ; Sy, . .

would be expected to producg a more random variation of

[N

low Sr ratios and not the corralation evident in Figure

72, . ,' ' 2
. ' "

One important implication of the data presented hereﬂ

is that, despite their high Sr contents énd assumed< rapjd

~ emplacement witliin or through the upper crust ' .

carbonatltegigo not necessarlly retain the1r orlglnal
. B " -
magmatlc Sr 1so%op1c composrtlons. In1t1a1 g ratlos‘ .

\

cannot be obtaaned for a cOmplex on the bas1s of a. 51ngle

-sample by assumlng that h1gh Br and low Rb COntents are

-

suff1c1ent to buffer contamlnatlon effects. f.. S ﬂ
* . . . . 0 . . . : K . V(
\ Yo

'frfEuf{sm%Nd”Systematics

":.g Sm-Nd analytlcai results are presented 1n Appendix 4

f and dlscussed there w1t nﬂdard to qeochronoloq1c

i , Y 2

.‘.x"._

'3 -
1nterpretatlon. Whlle 1nd1vidual Sm-Nd ages have not beenrf‘

i, obtalned for thdﬂflve centres of 1ntzus1ve actlvity at B1g'
: A

Spruce Lake (geochr0n019g1ca1 appllcatlon of the;Sm-Nd‘1s 7
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'11m1ted by the long half-life of ]47Sm and short ranges of
Sm/Nd) 1nformatlon -abbut the petrogenesis of tge intrusion
can be derived from'ini;ial 14‘3Nd/144Nd ra;ios using the

dge of intrusion db;ained 4n this stuay. The U-Pb zircon
. age.is the pfeferred age of cgystéllisatron (2188 +16/:10
Ma, Cavell Knd Baadsgaard, 1986) but the Sh-Nd igochron

.age of 2183 Ma is used" here in calculat1on of initial

-

ratios for internal consistency.

Assessment of ‘initial régio.variations is -
i . . - 4

straightferward using the ¢ notation of De Paolo and
‘Wasserburg (1976a), and parameters’ which refer .to a .bulk

earth comp051t10n (CHUR) ‘ ' : o

. .
ENd is the fractlonal dév1at10n of 143Nd/144Nd of the

‘ sample from that of the hondrlte unlform reservoxr "_; .
[ “r ® \ : . . -.
(CHUR), assumed to be a bulk earth‘compos1t1on, in. parta ’
1n 104 .- f.zf' \uf ;‘.- e ‘ . '
'~ T : _.“'- - L o . v ’ ‘ T '.ﬁ ) T : . - . \
’ T S PEN 144, o S
AT ‘ Nd :
L CHUR . ! / )sample - 4 .

: . £ [ 143 - 1] x 10 ) )
.,gg\;;f . MH'_v Nd/ Nd)CHUR R RS ; _4_¢9
(/' . . c UR . PN . ;.F: . , ) . éHUR L ,‘ .

The ¢ CH of petrogenetlc 1nterest 1s ET , where T 1s the- 5
‘tlme of crystalllsatloh._ If Isample(r) 1s the ;43Nd/144Nd ;
1nit1al ratlo-at tlme T, and ICHUR(T) 143Nd;ﬁ°“4Nd of thé ‘

. ot : o
. chondr1te unlform reserv01r (Jacobsen and Wasserburg, 1984 ES
parametets) th?h "   i: ‘:1 r’l% :wﬂq? if’ﬁ_ﬁj- f f: %% #,T
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CHUR _ (Isamgle(T) - 1) x 104 5\'
‘T I (T) »

CHUR

A value Of.e§£UR near zero indicates a magma, source which

has had a time-integrated (averaged) chondritic Sm/Nd

,composition prior to time T. Deviation of ¢CHUR ibdtfates

a source enrlchment or depletlon of Sm, relatlve to CHUR,
' ' r A
at least once, p;lorvto time T. v

° -

In tﬁ}s study the reference’/ bulk eart§kSm—Nd
parametere‘used }n the calculations of ¢ CHUR are the o
average cheﬁdritic compesition determined by Jacobsen‘end

-Wassefburg:(i980, 1984); this chondritic resetvoir (CHUR)
has 147gm/144ng = 0.1967 and 143Na/144Nd = 0.511847
(normalised to 146Nd/l‘“Nd = 0. 7241)._ T |

Regression of the Sm-Nd data for séhpIES‘from 5i1

;centres of 1ntru51ve act1v1ty (complete analytlcal results

| are included. in Appendlx ) ylelded the ager of 2183 Ma""“A

d1scussed ear11er and-an 1n1t1a1 143Nd/144Nd rablo of o

“_{0 509093 ' 0 000056 (lc errqr) as a meaq value, for ‘the-

. B Y S -
-'entire qroup (F;gure 73) Thls 1n1t1a1 ratlo corresponds'.

._..
..

1 1, overlapplng w1th zero w1th1n

".to an eCHUR of +1_8

"%the convent1ona{a2c error 11m1t ?CHQR = 0 1mp11es that L

e(the source of these rocks, commonly agreed to be fﬂ." ’,7;5'3:“1,

>

'l“prlmltzv deep mantle (e g., Taylor et al, 1967;,Le Bas,ffﬁfw

%1977 'Wyllxe,“1980) had a t1me 1ntegrated chondrltlc Sm/Nd =

14

“%j compos1t10n ét the txme of magma formatxon and emplaCement.‘

-, e ! E . ; . . .
S k ‘. : - . . .
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~ . . .

at 2183 Ma; no prior enrichment or depletion gf Sm
\ ) .. o -

-relative to Nd had occurred. . o ..

ﬁowever, detalled examination of the data indicates

that eygq 1is probably not zero for the source of th& Big

»

Spruce Lake series and overlap of egg with gero |is a
-~ N

fiunction of scattered data which produce a .large error.

An individual EESUR f6r each sample has been calculated

~"u_s'ing the data from Appendix 4, These 32 values are .

preSentedvin Table 22 and presented in hlstogram form in

Figure 74. The histogram clearly shows that eyng values

for the intrusive Ytrocks range'frém 0 up to +3 0,
representlng a range of 1n1t1al ratlos from 0 230902 to

0.50916. 143Nd/144Nd for CHUR at 2183 is 0. 50902. Had
' |

the preferred.U—Pb zircon age of-2188 Ma been used for the

B

' sxghtflcant effect on ‘the values of epng would be noted if

.‘durlng thls study was 0.)Ll§33 + 9 (9 runs)

‘the 143Nd/l‘MNd values for 1nd1v1dual samples had been

normallsed to. a value of 0 511860 for 143Nd/lMNd in the

La: Jolla’ standard solutlon used for 1nterlaboratory

7.ca1culat10n of ENd the dxffereace would be . negllglble.,_A )

3checks.. The mean value obtalned for the La Jolla standard

.

e

Normallsatlgn of all\measured ratloo by ‘a factor_of

‘,..——-

‘ Q 511860/0 511833 would increase the ENd value by about

’“‘0 5 (the measured }43Nd/144Nd ratlo of BCR-l bec@mes L

L

 ,0 511847 23 thh such nonma11sat1on, 1n good agreement

B
o Ea
" B
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FA N

’raﬁe 22.° eyq and €5, for indl.vi«dna'l samples.

- . 1 2 N .
Sample €5y €Nd Sample €5y ENd

. _2
Centre 1 ’ Centre 4

 PC-81-001 - 6.7 “+2.7 PC-81-376" - 4.6 +1.7
PC-81-004 +2.8 PC-81-176 - 3.0 . +2.3
PC-81-235 RO PC-81-178  -~3.1  s0.9° *
PC-81-275 - 5.6 +1.6 : PC—81—18_\5_ +12,5 +1.3 .
PC-81-363 s0.5 PC-81-383 ~ +12.8 2.8 e
PC-82-163 +0.9 B, pc-82-088 + 0.4 -+1.2 e
PC-82-173° . +0.8 PC-82-412  -18 . 42.3 % L

. L : PC-82-506 -10.0  +2.4
Centre 2 . . " Centre S
- ——— e ———— » ‘_‘_—_—‘_—‘— .
PC-81<012 "- 0.7  +1.8 . .- ° PC-B1-061 ®  40.3
. Y A

PC-81-285 . -15.4 #2.0 -+ -  DPC-B1-38B° -49.3 41,2
PC-81-332 L +0.7 . - pC-B2-260 -43.9 -0
PC-82-096  -204  +0.2 .. . PC-81-053 & =29.1° .
PC-82-099 . 405  PC-81-057 =33.%.
“ PC-82-124 o di.2 . pC-B1-064  ~12.5
PC-82-358 26 +1.8 © o pI-82:278  -17.1

”

" PCL82-151  -51 . +0.,2° vt
. a . , g !
, éentre 3 L e S o g - N

. Pc-B1-168 . o+2,0.0 A0, S . ;
- PC-81-194" -13,0 i+1.6 . . \ e

PC-81-287 40,9 - .. . S -
PC-81-483 12,0 “#1.5. o . o :
PC-82-039 " - 5.70 1u8e .

" PC-82-525 - B.1- o%2,4 % .

e U L e ~.“-=.$'0" 030 (é7s 86 .. = e |
alculated using 't = 2188 Ma, (Rb/Sr)yg = U o (5SE/57st g o ‘
0.7050. T e e L
‘ X ‘ ‘ ‘ ' . “‘.v“‘. . ) K .‘\ 9 .\‘.‘ i »,'~ ' - i .-' .’.._ ] ¢
"2Calciulated wsing t ="2183 Ma, (‘1'425m/144Wd)»éHUR z 0.1967, - o
(83488 L o sitaad. T |
. ( Sond/ Nd ) chuR ,Q.§1ﬁ8g7. e e . ) e
A . S - I N -~ B
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" -Bach square represents a single sample.
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with published values). Such normalisation of measured:
ratios has ﬁd effect on the siope ages determined but it
does {ndicate that the € Nd values quoted- here (not
normalised to the La Jolla stahdard) are minimum values.

Initial ratios of all ®samples are .at or aﬁove CHUR
and the tothl fange (0.00014) is greater than’éxpe;imental
error which is estimated at <0.0000S for the 14%Nd/}44Nd
ratio. The age determined by regression of'theiém—Nd data
is essentially equal to the U-Pb zircon age and very close
to the WR Pb-Pb age of the main complex (2155 Ma; Cavell
and Baadsgaard, 1986) indicating‘that the variétion in eyng
is randOm'with respect}to the SmkNd ratio.

In this respect the results differ from those of a
recent study by Catell et al (1984) of komatiitic and
fg5leiitic_lavas from the Abitibi Belt, Oﬁtario, Canada.
Thef found that WR. Sm/Nd daté produéed a poorly-
cdnstrained'isochroh yieiding an age (2826 ¢ 64 Ma) about
130 Ma older,than the U-Pb zircon ég§'(2697 + 1 Ma), and .

an €ng bf +2.65.; In that study éaétter of  the data'points
was gttribhted to.mixing:Bqﬁween'isoﬁopically’distinct
mantle'sohfces EéllowgdAby'fractiohal crystalligation.

 The 130 Ma diécrepanéy:in_ages was°inéefpreted as |
féflecting the cémplék?mixing.énd“fracﬁiona;ion:pfocesses.ﬂ
invdlved. _Yarjatioqs«in initial ta;ibs and Sm/Nd rétios‘

~

”‘within the Big Spruée Lake inﬁrusierrocks can best be
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'explained-by mixing of parent magma({s) of a depleted
‘mantle composition (positive gyg) with a crustal component
(which is‘143Nd depleted relati;e to the manaf dufing
ascent and fractionation, followed.by metasematism.h ’
The most depleted or primitive Nd\i$otop§e .
composition, inferred to be closest to that of parent
magma({s), is carried by two rock types of widely different
charqeter, one silicate at the high end of the Sm/Nd range
(magnetite byroxenite) and the other carbonate (sdvites).
"~ at the low end of the Sm/Nd range. Within error the €nNd
of each of these rock types.is]thé same eyng = *2.7 to +2.8
and +2.3 to +2.8 respectively. Each is equally enriched
in iediogenic 14344 and each of these- high eng Valges is
repfesented by anéiyses of two or more separate samples.

BN

A line connecting the dafa points for these samples would

'e\-be subpdrallel to the reqre551on line which produces ‘the

'vergent grpups appear to

2183'Ma?Sm7Nd age;-these two
represent an quer limit of /e yg \value, i.e., the most

‘primitive or uncontaminated isotopic composition. Other

evidence of %he probable unc taminated cégracter‘of the-

L 3 _ ‘
magnetlte pyroxenltes (PC-81-001 and 004y, the lack of Eu

-

anomali¢s in the REE dlstrlbutlon plots aﬁa\early chulate

character, ‘has been dlscussed earl1e:. Crustal

i

'1nvolvement must have been mlnlmal for these

pyroXenltes;‘ #hlrd pyroxenlte (PC 82~ 163) has a- small

q

7 "
‘ .
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bositive Eu anomaly (Eu/Eu* = 1.2), a lower 1476 /1444

(0.151) than the other two and eyg = +0.9, much lower than

the limiting'va}ue of +2.7 for the other two
pyroxenites. This sample is from a small body lying:
within thg héin diorite unit, which itself has Eu/Eu* =
2.2 and a relatively‘low eng ©f +0.5 to +0.9, and the
pyroxenifé has probagly assimilated diorite which is
slightly contaminated.

The,carbonatites“whiéhAcarry the“depleted, magmat'c

Nd isotopic composition are inferred tg.bé_laxgely

o

uncontamiqatéd bécause they have very high REE abundances
(3000 to 7000'ppm), ‘and all three have aimost‘identibél
{}43Nd/144Nd ratios. € §yg ranges from +2.3 to +2.7 for
'these three sovites, all of which héve almost identical
147Sm/l‘”Nd ratios as well (0.086). A fourﬁh carbonatite
has a sllghtly hlgher 147Sm/144Nd ratxo (OAJBZ) and the

same h1gh ENd’ +2 8. ‘It is 1mportant to note that a h1gh

»

REE abundance alone is not a sufflclent basis on whlch to”

) -
~ assume that”phe'143Nd/l44Nd ratio has.not heen altered by
. . h '

' contamination.‘ Two sovite dykes that elther cut gneiss or’

. ..are assoc1ated w1th ‘the margln of the complex (PC—Bl 185

-,and PC 82~088), were d1scussed earller in connectlon w1th
‘gne1551c contamlnatlon affectlng Sr 1n1t1a1 ratlosvd These

Same two samples have 1000 to. 2000 total REE, strong

,.4"’0

negatlve ‘Bu - anomalles and eNd of +1 5 and +1 7

\
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whxch had. a much lower 143Nd/144Nd ratio. Before

'Sr data only. Isotoplc comp051t10ns of Sr and Nd, whlch

¢ ' 270

respectively, somewhat lower than the limiting va¥e of

+2.8; the Nd isotopic composition appears to have been

altered by assimilation of a component of low 143Nd/l‘MNd,

s

probably granédlorltlc gneiss.

There is thus some ev1dence that the pr1m1t1ve magma
had.eNd‘~’+2.7 and thgt the observed scatteri:esultsh,at:
least'in part, from contamination by a crustal‘component

- .

discussing the petroqenetlc implications of Such an €

22

value and comparlng it to those of other studles ‘the

P

effects of a551m11at10n and open- system behav1our wxll.be
evaluated here to strengthen the evidence in support of
€ Nd - +_2.-7. lb
. " . .
In the earlier discusSion of Sf initial ratios (modelr‘
values) it ‘was pointed out that a551m11at10n of older |
crustal materlal by asoendlng magma would 1ncrease the 4

radlogen1c Sr component and that thls effect is not

separable from those of 1ater metasomatlsm on.the basis of

are 1ndependent of var1ab1e abundances due ‘to d1versxty of

x\? -

roek types 1n the complex, can be used ‘to. distlngulsh

a531m11at10n and open—System effects and allow 1nferences

A

.to’ be made about an or1q1na1 maqmatlc Gr and Nd L&Qtoplc

Bl

composition, | . o V‘. N o “

A
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1

'Nd and Sr initial ratids can be correlated by . :

is calculated 1n a manner -

* ’«»

plottlng ENd VS ESr FSE

51m11ar to that of ENd There is no clearly defined and

commonly accEpted referencelreserv01r (UR) for the Rb-Sk--
. /" o
systi? comparable to the chondrxtlc whiform Leservoir

o

a(CHUR) commoniy used for the Sm Nd system. Values for
S { :
whole _earth Rb/Sr range from 0. 029 to 0.031; for present »

day 87Sr/863r51n a whole earth reservoir.the range is

\
0.7045 to Q.?O?? (De Paoclo and Wasserburg, 1976b; Allegre

et al, 1979; Zi}tdler et al, 1982). vValues of 0.030 and

\ . .
0.7050 have bee(nohosen‘for use in this study ag the mean

. &
value of "those" the literagyre. The eg, and eyg values

are presented in Table 22 aﬁé egy 1S plotted VS eng (1n

Flgure 75. The Nd and Sr 1sotoplc compos;tlons of the

A ‘ N , .
four granodioritic gneisses analysed in this study have

been cal@ulated™for t = 2188 Ma using the present whole
. - v N } a, ) ,‘v .
earth parameters 0utlined'£or"ca1301ation‘of eng @nd egp

v

.values. The resultlng country rock compos1t10ns,

RN

expressed as ENd and €gpre are shown. as a ffeld in Figure
& - » o

75. .

In Flgurew75 effects due to orlglnal contamlnatlon

and to hlghly locallsed 1ater dlsturbance (~ 1800 Ma) can

-

_be discerned. The majorlty of 1ntru51ve rock 1sotoplc
composxtlons plot 1n an elongate field W1th poslt1ve FNd

and neqatlve €Egre extend1nq from about ENd = +2 8 ~and sgr

C - fe
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T -10 to —12\directly towards the field of gneissic
country rock at negative €yg (w—B.S) and very positive eg,
(#125 to +600). At one end of .this main trend of

intrusive compositions are samples of the two rock types,
carbonatite ang magnetite pyroxenite, for which evidence

4

has previously been presented indicating a "primitive" or

probably least comtaminated character. The magnetite

pyroienite }PC-81—001) is, interpreted as'a cumulate which
formed very early in the’crystaliisation of alkali basalt
magma of Centre 1 with llttle opportunity for prior-
assimilation'of‘host gneiss. It is not |[sheared and the
.presence of unaltered pyrogene (and somdtimes olivine) is’
evidence thatlthis pyro%enite was largely unaffected by
any'disturbance atter emplacement, .The| carbonatite which

plots at the upperbénd of the intrusive field {PC-82-506)

has h1gh total REE and Sf contenis, no 1nd1cat10n of

.gnelss1c contamlnatlon (no Eu anomaly) and is relat1ve1y
i

.fresh. Whole rock . Pb* data descrlbed later also 1nd1cate

i
m1n1mal post intrusive d1sturbance of this carbonatlte.

At thé other end of the main 1ntrus1ve trend, closest to

~

the gne1551c fleld, are the two carbonatltes (PC 81 185
2 ‘and PC 82- 088) whlch have low total REE and strong

) negatlve Eu anomalles 1nd1cat1ve of a551m11at10n of host‘

rgnexss. Thls ‘main f1e1d thus 11es along a,m1x1ng line:

~with magmatic isotopic compositions -at one end (eyg ~
- / N “. " ' ) . . i - . .

i
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+2.d, €gr ~ -10 tg,-12) and gneissic at the other ((Nd ~ ,
-3.5, egp 125). bThe.amount of mixing is dependent upon
the.actual gneissic composition but a maximum of 20% is
evident in Figure 75.

Some samples plot aé much lower ESr values, in a
direction almost directly away from the.assim;Iation
trend. Most are samples which have had Rb/Sr increased by
post*inﬁrusive dietd;bance‘to the extent that the model or
calclhlated initia;'875r/868r ratio ié'decreased to near or
belgw BABI. This is an open system erend, in-which

effects are highly localised (specific) and variable. The
{ .

Sm—kd system has suffered less disturbance than has the

Rb-5r system.f This results in pert from the geochemical

!

coh renéefofme-end Nd compared to Rb and Sr and in part
from the fact that Sm/Nd ratios of intrusive and host KX

are similar while Rp/SrJratiosbafe not. A similar

disturbance of Sf but not Nd isotopic compositions can be
y

odserved in ocehn floor basalts (McCulloch, et al, 1980). ~

o

The correlatlon of Nd and Sr 1sotop1c comp051t10ns

>ev1dent in Flgure 75 1nd1cates that the mantle derlved

magmas which reached the gne{ss1c crust- to form the
1ntru51ve complex or1q1na11y had a depleted mantle'
1sotqp1c composition with ENG ~ +2 7 and €sr ~ ~10 to -12,

and that presently observed Varlatlons-are due'to

’

N

- e
S v
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subsequent crustal con?amination, fractional
Crystallisation:and.post—crystallisation disturbance (and
normal radiogenic growth). The dasa for all five ‘
intrusive centres fall in the same main'intrus}ve field,

apart frog the obvious effects of open system behaviour.

be
The similar initial isotopic compositions

indistinguishable from present data, are’ evidence for an
12 "o

isotopicélly homogeneous source region for the entire.:

complex.

The Nd isotopic data do not distinguish between mhe“ A

least contaminated (most primitive) samples from the.three

’

petrographic groups of the main complex: they all have

B

minimum cNd.in the range +2.5 to +3.0. Saturated
silicates, undersaturated(silicates and carbonatites are-
isotopically indisringuisoable based on the present-
_data. The’satellite intrusion does have a lower e g,
‘which is'most‘simply explained by Bheisslc o
cootamination. I1f this lntrusion wereiindeed younger,
€.Q., 1900 Ma as Rb- sr and Pb Pb data suggest (with very
-large errors), then the calculated 1n1t1al ratxos would N
range from 0.509241 to 0 509307 and w1th CHUR for 1900 Ma
at 0.509388 the ¢CHUR values would be =2.9. to-
- 1900
1nd1cat1ng a maJor crustal component 1n the magma.
A981m11at10n of qne1531c crust in amounts sufflclent to .

produce sucb ECHUR values is precluded by,the absence of
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-

neqative Eu anomalies.in the‘K—(ieh‘rocksf and by alkali
enriehment to values above gneissic abundances, both of
which are discussed in Chapter 3. The Nd data thus
suggest that the satellite intrusion is essentially coeval
with the main complex and has suffered only minor gneissic
contamination.

There are three possible explanations for the
positive eyg value‘inferred for the magma(s{ which reached

the upper crust. One possibility is that the currently

accepted CHUR values (Jacobsen and wasserburg; 1980, 1984)

are not accurate. -The sec¢ond is that the original source”

'region had epng = 0 but, during ascent of the magma,

contamination with a depleted upper mantle layer raised

the-143Nd/144Nd ratio to positive values prior to

emplacement in the crust. The third possibility is that

/
the source region itself was"depleted relative to the
pr1m1t1ve whole earth composition represented by CHUR.

The CHUR values’ have recently been re- evaluated

(Jacobsen and Wasserburg, '1984) by further analyses of

~chondrltic meteorites. A change in the 143Nd/144Nd i;
‘reference - value from 0. 51186 to 0. 511847 was requxred due

uto an earlier ;ev131on of the oxygen 1sotope correctxon

factor (WaSSerburg et al, 1981), but apart from. th1s minor. -
revision this'recent.Study war;an;ed no change in the

commonly acceptedeHUR paraMeters. Assuhing that the
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whole eertmfgbeevindeed have e chondritic. sSm-Nd <
composition (the basic assumption ef the eyg notation)
then the mantle source region pf the Carﬁonatite—alkaline
silic;te magmas had its Sm/Nd increaeed at some ;ime prioY
to the 2183 Ma magma formation.

B ’Tﬁe Secoﬁd explanation of éBsitive eng for this
series of mantle—derived)rocks is mixing of magma formed
in a deeb mantle source, previously undifferentiated with

respect to Sm and Nd so that €Eng = 0, with an upper 143Nd—

ey
enriehed layer. There is aﬁhn@ént evidence of a deple;ed
mantle component in current literature (e.g., De Paolo,
1981; Goldstein et al, 1984; “Menzies and Murthy, 1980).
This model corresponds te the two-layer mantle model
’bropbsed by Wasserburg and De Paolo (1979) and mdre
recently used by Basu et aiA(1984).£o explain positive ey
values 6f kimberlites. The continental crust into~which4,
" the Eig Spruee‘Lake‘c?mplex was inﬁfuded; thevSIaye'
craton,.has‘a minimdﬁ'Nd modef (CHUR) age of 2450_Me . .
(Appendix 4) and gcould be older than 30g? Me‘(Ffith et al,
1976~ Krogh and gibﬂlns, 1978), hence a depleted mantle
‘layer beneath this crust'ls at leeftv2450 Ma’ as well. At
‘present there 1s no 1ndependent ;§sessment of the mantle N
comp051t10n beneath the Slave craéon at about. 2200 Ma,

isotopic characterisation of this mantle is-one of the

objectives‘of"the‘pfeseht study.-‘We'bqve'no way of
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estimating the degree of depletion that might have

-

existed. One model which might be compared is that of

Goldstein et al (1984) who postulated the existence of a

!

depleted mantle (DM) layer which had developed linearly

. from ¢CHUR = 0 at 4.57 Ma to eCHUR = 410 at the present,
Nd ND

+10 being the epng of present day mid-ocean ridge: basalts

(MORB). At the time of intrusion of the B1g Spruce Lake

' Powey . CHUR
Complex such a linearly developed DM would have had

:>+5.3 and assimilation of such a comgonent.would readily
increase the eyg value of magma (s) ffom a_chondritic value
of zero. Linear development of DM throughout the history -

of the earth is unlikely. If the depleted-layek is formed
episodically, and the mantle under the.Slave craton was

depleted at about 3.1 Ga to the same degree as the present

N

MORB source (147Sm/144gp @.0.214)'then at 2200 Ma the

| “ . )
CHUR _ 5.
: Nd T
than the ENd found in thls study.’

depleted layer would have had e sliqhtly less

The - tpmrd p0551b111ty requires a deep mantle source
which was 1tsélf LIL element depleted prior “to maqma
‘formation,vpossibly as a result of an earljer part1a1

‘'melting episode. Deep méntle heterodenéﬁty, 1mp11c1t in:

this ‘model, has been suggested prevlously by other
-workers.l ‘The suggest;on by Bell et al (1982) that the
mantle source reglon of carbonatltes in the southern
Canadlan shield has been depleted since 2700 Ma has been

——
—
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discussed in connection with tRe Sr data, and the
correlation of initial Sr ratios between the Big Spruce
Lake cgomplex,ang the other carbonatites shown (Figure

-
72). The requireg:depleted deep mantle source couldthave
N _ \

emed u | . !
been formed beneath the Slave craton Qy a partial Fkitlnq

4 .
episode similar to that outlined abeve. The degree of

’ -

depletlon must be increased however, to 147Srh/144Nd ~

0.224 to' create ngUR ~ +3 by 2200 Ma and if this
N

"

resérvoir existed until present as a closed system it

-
’

would have ENg = 1. . S

s

: Literature ré%ofts of. Sm-Nd from carbonatite

~

-complexes are sparse, none have yet been reported in the

detail of the present work, maklng asseSSment of p0551b1e
«f

A e

contam1nat10n dlfflcult in most cases. Basu and Puustinen
- . ) N i .

(1982) reported €ng = —6- $‘+'-1-4'f6t the 2100 Ma

.S1111n3arv1 carbonatlte complex of Eastern Flnland They

‘i1nterpreted the low 1n1t1ql ratlo as, 1nd1cat1ng

~

-

)9 N - l\

dlfferentiatlon of the mantle source reglon, leadlng to Sm

deplethn, long before the 2100 Ma. meltlng eplsode. .

9‘?’ S, o 3

A
: Results of the present study suggestbthat crustal

r 4 o .
.contgmlnatloﬂ could have cOntr1buted to the unusually low

9 . ‘gg, .

tnlnLﬁlal ratlos of the Flnnlsh carbonatltes.L.Roden et al

1 ﬂ

carbonates of “the 130 Ma Jacuplranga,‘B@az1l

a
- -

ThlS ENd range 15 sllgh&ly lower &han that of vy

a . : . . -
. N " ) e, LR . X P

e .f P '»|€, ¥
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the Big Spruce Lake series, but the original magmatic epg
may actually have been slightly higher. fhese authors

also reported high initial Sr ratios (egy = *+1.5 to +10.6)
which they.attribute to Contamination.by late Pregambrianl\

silicic crustal rocks, a process which should have

-

decreased initial Nd i1sotopic ratios slightly as well. 1In
an early Sm-Nd survey De Paolo and Wasserburg (1976b),

reported an eyg value of +0.1 *+ 0.9 for the, (presently

active) Oldoinyo Lengai natrocarbonatité. The carbonatite
with this eng = 0 value was; of course, inferred to be
_derived from an undifferentiated, chondritic mantle

reservoir. However, initial Sr fatios of 0.7059 and

LF
RS

0.7061 for the 01d01nyo Lengai carbonatltes (Be%& Dawson

E

and Farquahar, 1973) are higher than any of ‘the.. cur't

estlmates of whole earth Sr comp051t10n which range from

0.7045 (De Paolo and Wasserburg,.l976b) to 0. 7052 (Zlndler

- -~

et al 1982) ‘ Crustal contamlnatlon must be inferred from

Wy TN

the Sr data and hénce: the orlglnal magmatrc 143Nd/l‘MNd

ratio may have been hlqher than that presently measured a

St
'

small p051t&ve ENd may be the- prxmltlve magmatlc value of

¥ 3
the Oldo1nyo Lenqa1 carbonatlte. P031t1ve ENd valuee of

‘+5 9. and +7 8 were reported by Basu- and Tatsumoto (1980)%

for the McClure M0unta1ns, Colorado- carbonatlte and’ thp

Maqnet Cove; Arkansas carbonatite, respectlvely. These

‘authoqs assumed that’ the mantle source beneath the

,,»
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continent was depleted similar to the suboceanic source of
alkali basalts.

Variq}ion of initial Sr ratios within and between:
individual carbonatite complexes has been reported by many
authors (e.g., Rdck's 1976 review of earlier data; Bell et
al, 1982; Roden et al,l1984) and it is now apparent that
Nd initial ratios of carbonatites and associated alkaline
rocks also vary within and between individual complexes.
For this reason medbl ages or petrogenetic interpretations
baeed on single carbonatite samples cannot be considered
. reliable. ' o .

The presently available Sm-Nd data erthis study and
in the literature\do not permit an unequivocal distinction
between two possible models leading to depleted parent
Vmaqmas:~ eseentlally isotopically homogeneous depleted
deep mantle sources for carbonatites and ‘silicates or
maqmas from an und1fferent1ated (CHUR)\source region
contamlnated during {gcent’ by an upper depleted mantle

-

layer.’ > o T .

»

'F. ~U=-Th-Pb Systematiqs
-~ - '

The WRbe'analytiCal results for 42 jntrusive rocks
are presented in. Kppendlx 4, while thOEe for four

qranqdlor1t1c host gnelsses are presented 1n Table 23.

S — .
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Tahle 23. Wwhole rock lead analytical data for granodioritic gneisses.

’

Sample 206py, /204y, 207p}, ,204py, 208py, ,204py, . pp!
. oy
PC-81-025 18,309 15.603 37.336 . 24
PC-81-483 20.110 15.930 41.447 ' 24
_ . | 3 X
PC-82-074 27.079 17.094 40.719 25
PC-82-281 19.482 15.771 41.540 ) 23

VXRF analysis.

> 20

14
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Plots of 207Pb/204Pb vs 2ngb/204Pb data for each 7

3 . -
individual centre of intrusive activity; also presented in

+

Appendix 4§, cleariy show the Pb—isotopic data points to be
scgttered from isochron lines beyond analytical error.
For this reason it was\possible to obtain a reasonably
well-constrained age only for Centre 3 in which the latest
differentiates have U contents over 30 ppm (this proguces

a 206Pb/204Ph ratio over 100 in the most radiogenic

saﬁples). Even for this sample group the data po§§$§<are
scattered and regégssion yields an error of #22 Ma (er?or
quoted.is 20/MSWD) onfé 207pp/206ph slope age of 2165 Ma.
and aﬁ MSWD of.97.3. Data for all cenﬁres is-combined in
a single 2,07Pb/204Pb vs 206?5/204Pb plot in Figure 76.
The regre$sion line for éll samples:is stfongly controlled
by‘thé U-rich undersaturated samples -and the age of 2155
. Ma agrees -within error with the:U—Pb‘zircog agé of 2188
5{;;{;J6/-lb Ma as weil as the;WR-Sm7§§?ége.of 2183 + 75 Ma.
 ,Agréem§Q£ ?f#thé_Rb-Pb slope agélwith the zircon and. Sm-Nd
"éges indiﬁatés that data scatter about the regressionﬁline'
shbws no treﬁdlwith U cohtent.. |
e Thevekceés variation of Pb-isotopic compoéiﬁions (as
a resuit of cohtaminationlaﬁd‘metésomégism)"mayﬁbe
evéluatéd in a manner simfiat to that‘employed‘to evqldafé
‘and.interpret Sr aﬁd ﬁd initial ratios, anqra gime—> |

integrated 238U/204Pb.(@)’composition of the source region'
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"'(a); 30t

- Slope Age 2155 T 16Ma

181

expanded
tigwre 76(b) ‘ .

(b)

-
o

\
,Owlfﬂlpb

1% « ’ .

I’ oaobv,os: crorites, pyvoxlotnnes
@ syenites

@ ftoyattes, rjotites *

v cubonj(uoc

@ shonkimtes, bnoule-pyrolcmles

15 16 , 17 8 19
206pp/2°*Pb - .

Figure 76. 207Pb/204pb vs 206Pb/204Pb for whole rock samples from

- all intrusive centres.
~(a) The most: radzoqenlc samples with 2OGPb/2°4Ph ratios

e from 20 to 120.

' (b) Expanded version of the plot for leés’radiogenic
samples showing 1ntersectxon of the Big Spruce Lake
regression line (slope age = 2155 Ma) with the

v:Stacey-Kramers (1975) growth curve and with a 2155
. Ma' (S&K) ‘isochron. Source u values from 8.5 to 10.5
are shown on the 2155 isochron line.
. ‘ Y

»' ) < _V<

N

i
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ﬂ( N
of the Big Spruce Lake magma(s), broadly eguivalent to

initial ratios of the other radioisotope systems, can be

approximated by comparison of the dath ohtained here to a

‘whole €arth model. Values repprted fob Jdource u's derived

‘from measured. Pb isotopé€ ratios are strictly model
1y

degendédﬁ and ﬁone of the modélA\currently in use has the
. \

general acceptance accorded to the chondritic reservoir
f

hypothesis for Nd (CHUR; De Paolo and Wasserburg, 1976a

'

and b): A source p value will be determined first in
terms of the Stacey and Kramers (1975) two-stage Pb
evolution model, and then in terms of the single-stage

Y

model (Holmes, 1946; Houterman, 1946). The single-stage

‘model postulates Pb evolution from a"primordial meteoritic

vcompositidnlbeginnihg at  4.57 Ga (Tatsumoto,ét al, 1973)

isotopic composition»(Iatsgméto et al, 1973) beginninq at
4.56 Ga (Tatsumoto et al, 1973). The Stacey and Kramers
(1975) model poétulates that terrestrial Pb developed in a

reServoir of p = 7.19 from a»pfimordiélfheteoritic

-

but at 3,7 Ga\aJﬂajbr differentiation event of unspecified
nature'occurred }iving rise to a majeor. reservoir {(the
mantle) which now has j = 9.74:. This major reservoir is

the source of present day average Pb. “Fittihg of the-

L

" second-stage growth line is based on data obtaineq from

conformable Pb ore deposits of known ages.'

i . | <
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q

’ The regression line for all samples intersects the

Stacey-Kramers confdrmable Pb growth curve at 2190 +90/-85

‘source 1 haw the same 51qn1f1cance as initial ratios or r

Ma and at -8 Ma -44/+148 (errors quoted are 20/MSWD).

Intersedtion at the approximate age of the intrusian and
at T = 0 indicates a mainly mantle derivation for ‘these A
» : & - -

rocks and a two—étage Pb history for the *source regionr“,u

correlatlnq dlrectly with evolution of the u = 9.74 R o

-
4

reservoir of the mbdel. Figure 76 showc the regression

“line of all data to intersect a 2155 Ma Stacey-Kramers

isochron' at about u = 9.65. In dlscu5510n of Pb data the

207Pb/206Pb slope age of the intrUs1on is used in

5N

preference to the zircon age of 2188 Ma for internal

cbnsistency.‘ The'regression line-isochron intersection

value indicates that the mggg_ini;ial isotopic composiﬁion

oftkhe intrusive rocks at 2155 Ma was equlvalent to

derivation from a source which had a time-integrated p of ;‘
S ’ .

9.6% over the interval £rom 3.7 Ga to'Zng(Mam' For

petroqenetic interprefation of WR Pb isdtopic'data a _
"\r‘ R -

@
values for the "Rb-Sr and Sm—Nd?systems. Interpretatlon of

u values is subject to theYSaﬁe conditions and assumptions
as ¢ valdés,-namely that . : ' "2
{1) The age of intrusive act1v1ty (magma fo;%atlon) is

-known so that the 1n1t1a1 1sotop1c comp051t10n can, be“

calculated from' the present,measured compOSLtlon:

N e
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(2) The system has'remained closed (on a hand specimen
scale at least) to movement of parent and daughter
elgments since crystallisation. . .

. An apparent source p (ps) has been calculateg-for
each.individuaL sample'by exirapolating the measured Pb- -
isotopic composition along a line of 207py, s204py, s ;
206p), ,208py, = 0.13430 (slopé age = 2155 Ma) to intersect
yith 2155 Ma isochron.” The accuracy of the ug values
derived in this manner, from the Stacey-Kramers model, 'is

estimated to. be about +0.03 and the values range from 8.8
to 10.3.

. Both metasomatism and gneissic contamination have
already been identif{ed from the Rb-Sr and Sm-Nd
reéults. To‘examine the possible effects of these two
pfocesses on the U-Pb syétem a s{;ple leaching expé}imgnt
was carfied out on a group of ggrbonatevsaﬁbleé, the fock
type most sensitive to solution and recrystallisation with
concomitantlgéin or loss of Pb énd [V Sév%n sovites and
two dolomite carbonatites, for which'WRkPﬁ isotopic

COmbositioﬁ were already available were selected.’ Each’

sample powder waS‘leachgd with cold éi}te7(1:10) HEl or
HNb3,'the feSQLting soluéion was removed to a clégn vesseld
and‘then'the residue Qas‘deéomeSed'followfng'the.
procedure for WR samples. Tﬁe Pﬁtin each_portionvwas

purified by co—précipitation with Bé(N03J2 followed by

¢
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anion exchange purification in the usﬁél manner. The Ph-
isotopic Compositioné deterﬁined in this experiment are
reported in Table 24, and plogted in Figures 77 and 78,

In two sovites (PC-81-185 and pPC-82-088) the f;
leach;ble and residual Pb have very similar compositions;
the Pb is veryAresistant to solution and it may'b; readify

inferred. that effects of metasomafism -on the'Pb-isotopic

compositions of thcsg;GQo shbvites is minimal so the high

apparent ug values for these sampl “10.1 and 9.9

respectively, represent original contamination. . The REE’
distribution patterns eg., and e ng of these sovites,

e - ——
discussed earlier, 1ndlcate gneissic contam1nat10n o{

e \
uthese sam 'sﬁ_which w0u1d be consistent with 511g§;¥y .

. E - E . ’ v . r .
ﬁyiqh ”S gwlues. . & -
P j

In four sdvites (PC 81 176 PC-81- 11&1_PC 81 383 “and

PC 82-506) the comp051t10ns \T\L/ﬁchgglg¢—:é51dual ‘and WR

Ph form lines on the 207pp/204py g 206py 204py piot
'equlvalent to slope ages of 1670 to 1920 Ma. 'These fouf

“aqes"'are very approx1mate but close to the 1800 Ma age -

of'b1ot1te'K-Ar resetting (Leech et al, 1963, Hartlneau

and Lambért, 1974) and Rb-Sr disturbance (Easton,‘1983). .

In each of these samples the-leachable or resettable Phb is

e

the least radiogenic portion. This Pb component is in a-

)

readily soluble U-poor phasc, possibly a carbonate such as

cerussite.. The most likely explanation for the

(L
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coincidence of these four Tages”™ 1is a simple WR
reérysegilisation or rehomogenisation at about 1800 Ma,
the same time as the biotite K-Ar was reset. Had
significant movement of Pb occurred at any time between
crystallisationgand the present the composition of easil
leached Pb would be expected to have altered to a
different extent in each of these separate dykes (which
have very diféerent WR Pb compositions) producing more
variable leach—residue slope ®ages". Assuming then tﬁat
metasomatic effects are minimal in these four dykes-kﬁe
apparent source p's represent variable initial Pb
compositions due to contamination. The apparenﬁ source
‘w's are 9.4, 9.4, 10.2 and 10.0 respectively.’

In one sdvite (PC-81-376) the easily leached Pb is
more radiogenic than the residual Pb; it is especially

enriched in 297pb so that the 'slope "age" of the leach-=

292

o

at

Y

"residue line is over 2800 Ma. The Pb of this carbonatite

" has been.enriched -at some ‘time in the past by a very

radiogenic Pb cmponent. Thij, dyke cuts mafic foyaites of

Centre 3./ Roeks of this paréicular unit have present i
’values up to 280, suff1c1ent1y high to provide a source
radiogenic Pb at about 1800({207Pb—enr1ched) The
apparent source p of thls semple has thus been

metasomatlcally altered to 1ts present value of 9.1.

/

of
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Two fblomltlc carhOnatlte samples frop separate ‘pipes

cutting nglsses to the east of . the main complex have

t
leachable Pb less radloqenlc‘thah-the WR compositions and

a1 14

-
ce ) Q)

the leach-residue slope

o

"ﬁges'.'
<

is‘no evidence for a regional metamorphic event at ‘this

-

P

-are about IOOO‘Ma.x Theré

‘time. 'Recent movement .of Pb derived from a, gneiss 51m11ar

to PC/82-074, f0r whxch the present comp031tlon is plotted

"in Figure 78 for easy -comparison 'with the leach—residue
omp051tlons, would enrich the leachable Pb component of

the dolomlte oarbonatltes in radlgbenlc Pb along a mixing

ling .towards the gneissic composition and reduce the

leach-residue’slope ”agef in the manner ob{fyed. If

J’

" recent enrlchment of dolomlte carbonatlte Pb by a gneissic

~Pb component’ has occurred then the apparent source 0

“values of these two samples,

9.65 and 9.5,.have.been
‘ c

‘1ncreased frOm lower orlglnalyvalues. A o ;

] : "

P The or1g1na1 Pb’ 1sotop1c omposition of 3 of the 9
, ‘?f p

carbonatltes tested appears t8 have been 51gn1f1cant1y

'altered Qy Pb movement,ione enrlched by hlghly radlogenlc

'*Pb at. some t1me in the past (perhaps ~1800 Ma) and the

'fouher two most probably by recent. movement from the host

h

ng'S T

e

"gneisses. In both

ﬁ 20§Pb component of

€§
'»'o;herﬁ6956v1tes-15

.\.,‘i e .
apparent source p.

cases metasomatlsm has lncreased thet

the.carbonatlte, thus increasing the

‘The WR Pb 1sotop1c compos1t1on of the

1nferred,

from‘th}s leachlng

-

\
%

-~
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o
»

f

experimegt, not to have been significantly altered from

original values. .

u

Only three events™can be identified in the geologic
histgty of this portion of the Slave craton which cogid
haee caused the variation of—apparent gource u's presently
observed. These are:

(1) Recent movement of Pb, during the preseit erosion
‘ |
cycle. ’ .

-

(2) Movement of Pb and U during a very low-grade
t

«metamorphic event which reset biotite K-Ar systems at
4

"
about 1800 Ma. '
(3) Contamination of magmas by upper mantle or crustal
hgst rocke,during ascent and’crystallisation.

wgen the effeCts of ¥hese three processes oa the Pb
1sotop1c compos1t10ns of the varlous intrusive rocks are
c0n31dered a ptobable parent magma Pb isotopic comp051t10n

J
may be inferred.

» .

*  Recent movement of U has no effect on the preSenalx _

observed Pb ratios. Recent movement of "Pb within the main
complex aleﬁe (exchange between intrdsive rocks) would
reeult in ;1naq Pb composlrlons lylnq along m1x1nq lines

which themselves 11e in a band parallel to the 207Pb/ZOGPb

- regression line (Figure 79a). Because-of the,wide range
.ih 206Pb/204Pb,in,the intrusive rocks recent movement
within the'cgmplex wouid‘be dominantly along the,x axis‘bf

X



’

(a) ~
s
compostion .‘: .
. 8 of & W e
g hypothetical gnesss
, < / D // N - .
5 . R W ale
= o .
~
zone of recent Pb mixng hnes
- within the Mmamn compie x '
- ¢—» DOESOI Mixng wnes for PD movement
Detwsen gnNeIss and mitusive rocks
206 4
PO/ ¥ Pb
\
L)
e
(b). I I - T -
Rty l"/_/—“‘—'_’—
> /./ ~ e .
s
T o
PD growh from 2155 Ms e -
to 1800 Ms e - /
& Pb grown ngm ~4800 M3
; 10 the Dresent-Ossr (o3
~
~
£ ,/,/ ‘
~
[=3
N/,
!
. X
206 '
pos 2% pp
. - AR
-3
Figure 79. (a) Effects of recent moveméht of Pb on measured Pb-’
%ggtopic_compositions. Major variations in
Pb/204pb result.
. (b) Effects of post-crystallisation {~1800 Ma)

- disturbance of U and Pb. The dominant effect is
“variation of 297pb/20%pp, : -

-

.
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a 206Pb/204Pp plot, subparallel to tﬁe régression line.
Recent .addition of Pb frém ocoutside the complex, gneissic
Po, would result in mixing lines leading from any point
within the band of scaktered data points upwards
(increasing the relat}ve 207pp content) towards the
gneissic composition.’ Recent gneissic contamination is
expected to be greatest in the small iéolated bodies of
dolomite carbonatite of Centre 4 and the shonkinites and
biotite pyroxenites of the satellite intrusion.

A U-Pb mixing eveﬁt,at about 1800 Ma, both within the
cémplex and between gneiss and intrusive rgcks, would have
similar effeéts with two main differences. O01ld intra-
complex Pb exéhange had a lérger relative 207pp, component
'so that mixing between intrusives céused'data points to
scatter more widely on the y axis, Figure 79b. The second;
difference is that ;?ow;h of Pb frgm the time of
disturbance to the present, in roéks of widely variable s
con&ents, retains and enhances variations causedvby the
earlier movement of both U and Pb. It is‘noﬁable that the
..greauest déviatibns from the régressioﬁilihe,‘both‘
negative_andvpositijé, are those in sample rockémfrom
Centre 3 and from the clOself associated shvites, units-
with,higheét andhlowest U conten¥s. Small moveménts of
UAPb,within.the complex'ét'about 1800'Ma‘cou1d easily

account for thé observed data scatter although. highly
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localised movement of Pb from the host gneisses must also
have occurred in conjunction with the Rb-Sr movement
inférred from the St isotope cémpositions. |

It follows from the foregoing discussion that the
’least radiogenic intrusive rocks are the most likely
candidates from which to infer a limitihg parént magma Or
source region Pb isotopic(composzﬁ}gn,_\glg addition of Pb
from any source to a rock which itself has a very small U,
content is likely to have increased the 207pp componeﬁt
and hence the apparent 'source p.' Recent addition would
have had little effect on the apparent source p values. -
Of the ten least radiogenic samples analysea in this study
.five have ap?argnt source u values 9§ 9.2 to 9.4, well
below that ofifhe regression line a£’9.65 (Figure 76).
‘Three'qon—raaiogenic silicates, two from Centre 1 aﬁd one
ffom Centre 3, have values very clbse té’the mean, 9.55%to
9.85. The otﬁer,two non-radiogenic samples are the
sdvites (PC—81—185 qndvéC—82—0885 for which other eéidénce
indicateslsignificant gneiséic contamination. The least
‘rédiogenic'samplé of all ié sbvike PC-81;376, and it has
the lowest épparent u of‘tﬁis group.  The leachingl
:experiment (outlined earlier) indicated that old soldble
radiogenic Pb had been added to phié'sémple and had raised

the apparent source p from some lower value’ to- the present

v

n 9,1. A range of 9.2 to 9.4 is considered as a

N~



reasonable approximation to the p of the magma source
reqion and u could have been slightly lower still on the

”

basis of PC-81-376. 1Internal consistency within this
group of non-radiogenic samples suggésts minimal crustal
Pb contamination for them.

Assuming that a p value of 9.2 to 9.4 is
representative of the magma(s) which had least
contamination by host gneiss Pb then the mantle source
region from which the magmas were derived was"depleted in
U relative to the p = 9.74 source of confofméble_Pb
(Stacey-Krémers model).

For the 51ng1e stage Pb evolutionary model descrlbed
earlser a source p can 5; derived in exactly the same
manner as that outlined for the Stacey—Kramers model. The .
~value obtaiﬁed for p is 7.9. Lambert (1985) has suggested
that if any primitiQe mantlé still exists theﬁ the u of
this rese}voir would.be about 8.0,‘indicétinq that the Big
Spruce Lake magmas were derived from a reservoir which had
previously been debléted in U relétive.to Pb. Ofkg?ﬁ
authors (Doe and Zartman, 1979; ZaftméA and poe, 1981)°

have postulated a dynamlcally evolv1ng earth in whlch a

mantle (to 500 km depth) 1nteracts with upper and lower

o

crustal reservoirs to produce the observed pattern of PbL
isotopic compositions. This model has no s;ngle”
differentiation.eyent compérable to the 3.7 Ga

.
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4+

differentiation of the Stacey-Kramers model and hence is a
variant of single-stage evolution. 1In this model the

”

mantle, upper crust and lower crust reservoirs now have u

-

= 8.35, 13.23 and 6.29 respectively, changed only slightlyv
from 2.2 Ga (time of intrusion) when they were ’
approximately 8.0, 12.6 and 6.1 respectively. Again itlis
clear that the p 7.9 source of the Big Spruce Lake complex
is slightly below that of tne mantle, trending towards
that of the lower crust.

No systematic difference inveource o is discefn&ble
between different rpck t?pes‘analysed in this study and it
must be inferred that carbonatitZs and associated silicate
rocks, silica saturated and undersaturated, were derived
from Pb-isotopically similar source regions. The gabbro-
syenite series which differentiated in chambers within the’
crust and the small satellite intrusive bodies have been
contaminated to a éreater extent pyucrustal Pb than have ~

: , ‘ )
carbonatites and some of the leucocratic racks of Centre

3. Lancelot and Allegre (1974) si@iiérly found that the .

Pb-isotopic composition of carbonatites from the Cape .

‘Verde Islands, Canary Islands, Mofocco.and Uganda fall in

the same field of 207Pb/204Pb vs 206Pb/20.4Pb as dq'alkali
basalts and alkalic rocks frem the same Atlantic islands.
The depletéd'mantle seutce region for alliBig Spruce

Lake rock types”inferred here from WR Pb data is in
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agreement with WR Rb-Sr and Sm-Nd data for the same
rocks. A subcontinental depleted mantle source is in
agreemént with a subcontinentallLIL element depleted
source region inferred by Bell et al (1982) ang
"Grunenfelder et al (1982) from R¥-Sr data and WR PhL data
respectively for the i20 Ma Oka Quebec carbonatite
complex.

G. Summary and Conclusions

Minor contaAination_by gneissic country rock
‘kéffectihg initial ratios) and later metasomatism
cbntfibute to variagility in measured Sr, Nd and Pb ratios
for WR‘samplés. The two more coherent systems, Sm-Nd in |
which both parent énd.daugﬁter are raéé earth elements aﬁp.
207Pb/206pb {Ai;ﬁich parents and daughters are isotopes OA\
the same elements, show variability thch appears to be f;
random about a mean value in.sﬁch a manner that regression
of WR data yields ?n»age which correlates with those
determ%ned hy other WR systems and by zircon U-Pb ' »szﬁ?

s/

.analyses. Only the Rb-Sr system in which parent and’
égﬁghter elements are geochemically dissimifar yields a
different agg.- | |

'Pb data from carbo%atites indicates two episodes of
minor postjcrystéIlisation movement of U and Pb, one abaut

¢

Y



1600 to 1900 Ma and the other recent. The severity of

open-system disturbance of WR systems was in the order

7/
d
~
7

Rb-Sr > Pb-Pb > Sm-Nd

correlating with the -geochemical coherence of each

system. An age of 1600 to 1900 Ma for the earlier
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metasomatic event (from Pb data) correlates with an age of

1800 Ma obtained earlier for resetting of biotite K-Ar

(Leech et al, 1963, Martineau and Lambert, 1974). Sample

to samplé variation indicates that the effects of

metasomatism on Sr, Rd and Pb isotopic compositions were

hiqghly 1localised.

Minor contamination by host granodioritic gneisses

hgs affected®element and isotopic compositions of

-

carbonatites and associated alkaline intrusive silicate

<
rocks.

" Model ages and initial ratios calculated for an
intrusive complex from analysis of a single sample by

assuming negligible contamination on the basis of

'J‘(a) rapid emplacement,

(b) Hfgh ¢Bncentration of daughtér element in the

o - 5
parent. magma buffers contamination effects,

are not valid. Assimilation of variable amounts of

crustal rocks can affect Rb-Sr, Sm-Nd and U-Pb systéms in
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all rock tybes even when the rocks are very enriched in
Sr, REE and/or Pb. Several samples from a complex must be
analy;ed to obtain a valid initial ratio or model age.

The five separate stages of the Big Spruce Lake
intrusion have not 5een separated in time by Sm-Nd, Pb-Pb
or ﬁ—Sr methods; The maximum interval bétween empl acement
of successive units is probably that between saturated and
undersaturated units, Centres 2‘and 3. Present zircon and
WR Pb-Pb data indicate that these two units are coeval
within error; however, the interval between them could be
up to 30 million years when errors are considered.

Similar iptervals between emplacement of the other units @
would require a total of 90 to 100 million years for
emplacement of fhe entire complex. ‘ Such a t;meépan is
unlikély in view of'the'répid empl acement of diverse
alkaline magmas of the modern African Rift Valley. The
‘main Big Spruce Lake complex was probably emplaced over an
interval of less thén 50 million years.

The age of crYstallisaﬁion of the Big Spruce Lake
intrus;gh is beét defined by the éircon age of the
syenites, 2188 +16/-10 Ma. Pb-Pb data for WR samples . -
gives an age 6f 2155 + 16 Ma, and Sm-Nd giveé‘the age of
2183 + 75 Ma. |

No separaté age can be assigned to the satellite

complex on the basis of present data and it must be

’
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assumed to be coeval with the main complex although 1t may
be youdqer. Large errors on both the WR Rb-Sr age (1848 +
90 Ma) and the 207pp/296pp age (1915 +165/-175 Ma) (errors
quoled in this study are 26/ MSWD) allow them to overlap
with each other. The Pb-Pb date but not the Rb-Sr date
overlaps with thét of 1980 + 40 Ma (error = lo) dete;mined
by Martineau and Lambert. If the true age of this centre
is 1800 to 1900 Ma then the‘isotopic cbmpositions indicate
a significant crustal Compbnent to Sr, Nd and Pb, contrary
to element‘composition results of Chapter 3. ‘

. The’surrounding granodioritic gneisses have Sm-Nd
model ages ranging from 2467 to 2595 Ma if calculatedg
using chondritic parameters from.Jacobsen and Wasserburg

(1980, 1984) but 2866 to 2968 Ma if calculated using the

depleted mantle parameters (DM) outliped by Goldstein et
al (1984). ’

The variability of measured Sr, Nd and Pb isotopic
compositions due to original contaminationfand later
metasométism brecludes determination of separate initial
ratios for_each'indiﬁidual centre:of intrusive activity.
Both variébility and the ratibs measured afe iﬁdependent
of ngck'tYpé and composition, and no systematic difference
between centres can‘be discerned in calculated initial Sr,
Nd or Pb compoéitiqné:‘ The parent magmas (silica-
séturated, silica—undersaturatedland'cérbonate),which

il
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reached the upper crust were 1isotopically very s{milar
(With egp = =10, g = *3 and u = 9.2 to 9.4), derived
from an isotopically homogeneous source reqgion.

whole rock Sr, Nd and Pb data for all intrusive rocks
in the Big Spruce Lake complex clearly indicate that a LIL
element depleted source was present under the Slave craton

N
at the time of magma formation, 2188 Ma. The depleted
mantle component may have existed at upper mantle/lower
crust levels and have been assimilated by ascending magma
derived from a deeper source with chondritic isotopic
character, or the depleted mantle component may lie at - %
depth as the original non-chondritic source of parent
magma. The present data do not allow an unequivocal

distinction to be made betweeh the two possibilities but

are slightly in favour of the latter.



CHAPTER 5 -
PETROGENETIC RELATIONSHIPS: SUMMARY AND CONCLUSIONS

A. Relationship to the Surrounding Area

Sorensen (1974) defines a" group of alkaline complexes
which "lie in tectonically quiet regions"™ with "specific
locations controlled by deep faulting”™. The Big Spruce.
Lake alkaline intrusion belongs ‘to this group. The

intrusion lies in a lobe of the Slave structural province

cdmposed of granitic to granodiorjtic gneiss surrounded
largely by metamorphosed Yellow nife"éupracrustéls. The
age of the host gneisses has been set at 2500 to 2600
(Sm-Nd CHUR model age), although they could be older if
the age is caléulated on the basis of a debleted mantle
composition (Goldstein et al, 1984). 1In that case the
Qneféses are up to 2900 Ma. Rb-Sr and U-Pb age
deﬁerminations for sialic basement elseﬁhere in the Slave
craton (Nikic et al,}l975; Frith, {?78; Krogh and Gibbins,
1978) have .identified. crust of about 2.9 to 3.1 Ga.

| The boundary of the Slave structural. province with

the younger Bear province (~1800 to 1900 Ma) is placed

just 30 km to the west (Fraser et al, 1972).

305
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Both the main cﬁmplex&and the enclosing gneiss are.
cut by the Snare fault, whose strong north-south
expression on aerial and Landsat photographs (Figure 80)
suggests that it is deep and near vertical. The fault was
mapped, in part, by Lord (1942) who considered it to beu
vertical with sinistral movement. An offset of about 0.7
to 1.0 Km has occurred in metasediments of the Yellowknifg
Superaqroup at a point 12 km north of Big Spruce Lake. The’
age of the Yellowknife metasediments has been placed at
about 2400 to 2600 Ma@ (Leech, 1963) and movement on the
faultlis clearly later. The age of the intrusion *has béen
placed at 2188 Ma (U-Pb zircong, this study). Major
movement along the §2are fault to produc¢ the lineament
visible in.Landsat phofos and to form a conduit for deep
magmatism must have occyrred prior to emglacement of the
complex wh¥re no sign{ficant post-intrusive lateral
movement can be observed.

14

The Snare fault was active during at least pért of

»
. B

. . '8 - ‘ : . .
the intrusive activity. Several items of field evidence

in support of this statement have been cited by Martineau

«

(1970).. Although. little post-intrusive lateral movement
can be positively identified from field evidence,AACtivity

probably continued on the main fault system at least long

enbugh tb shear the units of the gompléx'which span the

fault zone. Lord (1942) in his observations of exposures

| ﬁ" 14
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‘Comp031te Iandsam photograph of the area around the B1q

Spruce Lake intrusion and leqend showzng the pr1nc1pa1

No expression of the major "Ghost' Lake
”.liqpament' is vis1b1e around qu Soruce Lake. '



now covered by a higher Wager level noted that crushed
syenitic and granitic rocks occurred on a small 1sland
near the north end of the lake and he placed the fault
zone through this island (Seagull Island,” on tke
accempanying sample locations map). The prfesence and
shape of the lake itself at thé centre of th¢ complex
suggests a post-intrusive Qeakness'in the rocks bhelow.
Cessation of movement along the Snare fault soon after
emplacement of the complex may account ferlthe‘lack of
other nephelinitie bodies along this line.

Martineau (1970) sudgests that tﬁe complex lies at
the intersection of the-Snere fault with a second major
fault trending roudhly north-east to soeth—west (Figure
81). -Wwhile thie meyfindeed be so, and a computer assisted
analysis of the.eeromagnetic data for the Big Spruce Lake
area'suggests (Samseh} pers. comm., 1981) that an east-
west'structureﬂof some kind played a paft‘in the
emplaCemenk'of the complex, there is at present no direct
ev1dence for a second maJor fault .of similar magnltude to
the Snare. Examination of Landsat photographs whlch have
hecome aQailable since Maftineau‘s wor;Ado show a Qery
strong. 11neament trendlnq nqrth east from qu Spruce Lake'
throuqh Ghost Lake (40- 50 km away). It contlnues alonq |

the Share River channel where it was, mapped by Lord (1942)

as a fault at a dlstance of 80 100 km from Big Spruce

\
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Satelnte
intrusion
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‘Figure 81,

§
14

Fault lines around the Big Spruce Lake intrusion (redrawn

.from Martineau, 1970). The intrusion lies at the
.intergsection of the Snare fault and a much smaller NE-SW

féul;,'E-E'. Slave provincevmetasediments are shown in

. vertical crosshatching, the“younqet Snare qroup hy

horizontal crosshatching.

-



Lake. However, no part of this fault has yet been mapped
nearer than 80 km from Biqg Spruce lLake,b (G.S.C. Open File
Map #445, 1977) and perhaps more significantly, no
expression cf it‘around Big Spruce Lake is visible in the
Landsat photographs. No northeast trending fauly,
comparable in size to the Snare fau}t, pasees through the
complex.

s The fault actually o&tlined by Martineau® (1970) is a

smaller, more localised phemomenon which does indeed
i

intersect the Sqére fault at Bié Spruce Lake andvmay have
helped to controlxthe locatiomr of the intrusion.

Field obéervaﬁions suggest a third possibility for
structural control cver emplacement location. The major
or deep Snare fault appears to shift iés position slightl
as‘it passes thrcugh‘gig Spruce Lake, exiting‘at the sout

end somewhat to the east of the line on which it enters

310

Y
h .

from the ncrth. While 'this shift could be -due to offset *°

by a cross~-cutting fauln it is unnecessary to have a

second fault present~ Féults of all sizes can, due. to
, N
inhomogeneities in the crust, d1v1de into a series of

smaller parallel fractures connected by local cross-
) \
cutting faactures. Such a development would form a zone

of block faulted crust. Haé this occurred on the maJor

~Snare fault, it alone cduld form a condult or zone of

‘weakness for emplacement at Big Spruce Lake.

\



The satellite intrusion lies away from the Snare
fault along an east-west fault which is quite separate

from any which might have influenced emplacement of the
o

main complex. —
4

The exact. nature of structural control over the
location of the Big Spruce Lake intrusive complex cannot

be deduced from the present evidence and more detailed

speculation is unwarranted at this time.

An age of 2188 +16/-10 Ma (U-Pb zircon of syenites)
is considered the most reliable for the age of -
crystallisation of the main complex although the timespan
required for emplacement of all units céuld have been as
much as 50 million years. No separate age can be assigned
to the,satellite intrusion. It s inferred to be
essentially coeval although~i5 may ‘be younger.

The presence of the intrus{gﬁ“agdfzﬁe Snare fault

suggest that an,episode of continental rifting may have

. -

begun about 220d'Ma.qnd ended shortly after intrusive
activity ended. The intrusion is closely correlated in

_age with the Hearne Channel Granite, the older alkaline

phase of the Blachford Lake Intrusive suite which lies at

tﬁe~southern edge of the Slave province. . A zircon age of

2175 ¢+ 5 Ma was recently.reported for this body (Bowring

et al, 1984). The Simpson Islahd dyke,.an_élkalivgaﬁbro
. - : . .'6

bbdy lying'glong the East Arm of Great SlaQe Lake, is also
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apparently of the same age (Burwash and Baadsgaard, 1962;
Leech et al, 1963) but any relationship among these three
bodies is tenuous at best. A successful rift does appear
to have developed, somewhat later, 30 km west of the’Biq
Sprucé intrusion_and the Snare fault to form the prescnt
western edge of the Slave province (Hoffﬁan,'l974,

1980). The age and timespan of the surprisingly brief
Wilson cycle which followed, 1900 to 1885 Ma (Hoffman and
Bowring, 1984; Bowring and Van Schmus, 19é4) suggest that
-this'rEgtTng had liptle connection with the emplacement of

the Big Spruce Lake intrusives 300 Ma earlier.

B. Magma Types and Sources

-

ft can be concluded on the basis of fiéld evidence
and analytical results'from this study (and from
Martineéu, 1970) that four discrete magma types, pfesent
at different tihes, formed the diveréity of rock types
‘presently exposed in the Big‘Spiuce Lake complex.‘ These :
were: |
{1y A Na—richv"wét" alkali basalt‘melt which formed
| intrusive Centres 1 and 2 in the northeastern corner

of :He complex. . ’//4/,/

(2) -A Na—rich, highly carbonated leucocratic melt (with
‘ /-

low Fe2+/Fé3f} low Al/alkali, low Si/alkali) which
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formed Centre 3’in the centre and southwestern
portion of thé complex.

(3) Carbonatite melts, Ca-rich and Mg-rich varieties of
which formed dykes and pipes within and adjacent to
the nephelinitic rocks (intrusive Centre 4). ‘
Carbonatite and nephelinitic melts were
interdependent, closely associated in space and time.

(4) A mildly,silica—undersaturated Ko,0 and LILE-enriched
mafic~me1£ which formed the potassic satellite
intrusion, Ceﬁtre 5. .
Diversity of rock types was increased by cumulate

formation and crystallisation of multiple batches,of

magma, each evolving along slightly diffekéq} paths as a

result of slight.différenceé in original composition,

degree of crustal contamination, rate of heafﬂloss,

s

( g

pressure, etc. .
.None ofvthese.magmas was derived from crustal
rocks. The Nd, Sr and‘Pb isotopic compositions of all
rock types cﬁaracterise aﬁmanﬁle source aithdugh minor)
crustal contamination and me;asomatism obscure ady‘
possible small differences in isotpﬁic cbméositions of the
vqrious parent melts. The scurce mantle material had a
time-in;egrated LIL element depletion prior to magma~-

formation with ENG = +3, egy = -10.and p = 9.2 to 9.4.

R 5

The Nd isotopic éomposition_of the mantle source of the '
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Big Spruce Lake magmas, fygq = +3, 1is not that of the,
depleted mantle component inferred by some Qorkers to be
the source of both ancient aﬁd youny crustal rocks
(Goldstein et al, 1984). This generalised depleted mantle
component is postulated to have had a linear development
fgog end = 0 at 4.5 Ga to eng ~ +10 at present (MORB
vélues) and would have had e g = +5 at the time of Big
Spruce Lake activity. Strictly linear development of the
mantle isotop%@ composition is unlikely in view of the
episodic nature of crustal development. An age of about
3100 Ma has been determined for ?arts of the Slave craton
(Firth, 1978; Krogh and Gibbins, 1978). 1f an originally
chondritic mantle reservoir (CHUR) was deple;gd at that
time, and if this depletion was sufficient to create a
reservoir of eygq = +3 at 2200 Ma, then such‘a reservoir
would have a present day eyg = +11, i.e., near MORB |
values. The magnitude  of the Sr depletion 'of Pe Big -
Spruce Léke source region is in agreémént with Sr
dépletion in the source region of carbonatités of}the .
southern:Canadian Shield. Bell et al (1982) postulated
thét a major.differehtfation event may have océurred
beneath that reqlon ab about 2700 Ma and is recorded by
the Sr 1sotop1c compos‘tlons of mantlejderlved ' -§
carbonatltes. The 1n1t1a1 87Sr/869r CQmp051tloﬁ of the

;‘/
Big . Sprute Lake carbonatltes of the Slave prov1nce plots

I
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on the same evolution line as those for the younqger
southern carbonatites.

The isotopic evidence alone cannot discriminate
between two poss{ble mechanisms for magmas‘generated f rom
t he deéleted mantle which reached the upper crust and were
then variably contaminated. These two mechanisms, which
were discussed in earlier sections are, derivation of all
magmas from a source which was itself slightly depleted,
or derivation from an undepleted mantle source region
follo;ed by assimilation of an upper depleted mantle layer
during ascent prior to emplacement within the gneissic
host rocks. Uniformity of isotopic compositigﬁs,in spite
of wide differences in magma type aﬁd reactivity, sﬁggest
(but are not proof) that greater variability of initial
ratios would be noted iH the isotopic ratios if |
significant amounts of depleted‘mantle were assimilated
during ascent. It is likely that silica-saturated or
mildly undersaturated bagaltic magma would react with a
depleted mantlé layer underlying continental crust (two-
{?layerbtheary of Wasserburg and DePaolo, 1979) o a much
different exten; than would carbonated, alkalic, strongly -
siiééa?undersaturated melts. or carbonate mélts. The
present evidence is ﬁhus slighﬁly‘in favour of an
origihal, deep source dépletibﬁ; and relatively rapid

ascent to the upper gheissic crust: for final emplacement.
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The enrichment of incompatible elements and the
fractionation of more incompatible/less incompatible
elements indicates that none of the parent magmas can be
de;ived by direct partial melting of a mantle composition
(spinel lherzolite or garnet peridotite) with cHondritic
abundances of the lncompatible eleméats. All parent magma
compositions require either an enriched source
composition, which would be in conflict with the depletea
source region defined by isotopic results, or source

reqion metasomatism to enrich and to fractionate LIL

elementé'immediately prior to or concurrent_with magma .
formation. In addition, a seperation.of alkali elemen&s,
Na from K (pius Rb, Cs) is required by the parent
composition of the satellite intrusion.

The alkali gabbro-syenite series of intrusive Centres
1 and 2 is not related to the foyaite-ijolite suitexof
Centre 3 through assimilation of granédioritic host rock
by foyaitic-magma to form gabbros and syenites.” This
process is suggested for some alkalic complexes which

begin with saturated and end with undersaturated units

(e.q., Kangerdlugssuaq, East Greenland, Pankhurst et al,_

1977; Brooks and Gill, 1982). It is precluded for the Biq’

Spruce Lake complex by isotopic systematics. The
saturated and undersaturated series of the main complex

might be related to each other as widely'differenf

-~ . s

AP
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. -

crystallisation series of similar but not identical

" o

, -
primitive magmas. Amphibole fractiongting from a "wet

alkali basalt would give rise to the syenite series

whereas extensive crystallisation of olivine and aluminous

AN

clino-pyroxene (but not amphibole) from a dry, carbonateqd,

highly oxidiéeqwalkali olivine basalt magma could produce
. N ” .'(}:&‘ X\ ,u'.s‘: M “

the foyaitqujﬁggvg“SUite. In this model different

il
KARY

1

crystallisation paths resulting from widely different
volatile contents could produce the two series from
similar magmas. In an alternative model, widely different
parent magmas could be produced from a single mantle
soufce region by differing degrees of partial melting
(Frey et al, 1978), alkali olivine basalt by 7-15% melting
and a (carbonated) nephelinite by 5-7% melting. In this
case the two series are related by variable partial
melting .processes.

v

The carbonatites are inferred to be related to the
.
foyaite-ijolite suite by carbonate/silicate melt

immiscibility following extensive fractional

crystallisation of the carbonated silicate melt (alkali

olivine Pasalt or nephelinite).
The origin of the satellite complex remains somewhat
enigmatic. Its age relative to that of the main complex

cannot’ be well constrained by any of the presently

~available raaiomet;ic systems.,. Rb-Sr and Pb-Pb WR data is
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P4
imprecise and uncorrelated. The dates obtained by Rb-Sr

in this study and by Martineau and Lambert (1974) for the
satellite Cqmplex differ by 100 Ma and are not considered
reliable because of subsequent Rb-Sr disturbance.
Similarity of compositions of all sodies of this unit
provide an inadequate range of Sm/Nd for an isochron. No.
zircons have been found from this intrusion. Either this
unit is a part of the main intrusive activ‘ty at aboutl
2188 Ma or it is a result of a recurrence just 5 km away
but over 200 Ma later.

The petrogenesis of/this satellite intrusion thus
must be considered in terms of processes wﬁich could hayé
producgd the sodic and potassic intrusions Coanrrently as
well as in terms of consecutive processes which could
generate potassic magma at some time after the sodic-
series.

By direct anaIOgy with*studf;s of.alka}i basalt
genesis, simple partial melting of spinel lherzolite or
garnet peridotite mantle material wiﬁh near chondritic REE
abundances cannot producé a magma such as that of tﬁe
satellite intrusion. The potassic magma is even more
LLILE-enriched and LILE-fractionated than'the alkali basalt
series (Kay{aqd'cast, 1973; Sun and Hanson, 1975b; Frey et

al, 1978). From an experimental study of a highly '

potassic magma, Edgar et a1 (19?6) conclhded,that the

N
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primary melt could not be a partial melt of average
pyrolite (ol-opx-cpx-gar), but required the absence of
orthopyroxene and garnet and the presence of mica in a
source region. It could be Qerived by partial melting of
an olivine—clinopyroxene—phlogopite—ilmenite assemblage (a
mica peridotite). A-later stu&y (ﬁdgaf and Condliffe,
1978) indicated that K-rich ultrémafic\;agmas could be
generated by partiél melting of pétidotitic mantle;

oot
(

éE‘zhowever,,LILE-—enrichment patterns largely preclude this

-mechanism for the Big Spruce Lake satellite intrusion.

AY

The existence of a heterogeneous mantle ‘has beeh inferred

\ N,
N

to exist beneath Africa, which has a'lonq\%&story of
igneous activity. The presence of mica pyggkenfte\
xenoliths in potassic extrusive rocks is eviagnce thet
such assemblages exist within the mantle (Carmichael,
1970); Dawson et al, 1970). Discrete, atypical mantle
source regions of mica peridotite could be establiéhed by
partial melting or migration oQ&&inor melt or fluid ppases
“w thin the mantle prior to generation of potassic melés.
Alternatively, the necessary enrichment of the @antle
source region could occur through migration of minor melt
or fluid phases at the time of potassic magma generation;

- The Big Spruce Lake complex is an isolated occurrencé‘

and not part of a larger igneous province whose

B
g J

development might have created mantle inhomogeneity.

\
\
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Because the satellite 1ntrusion is coeval or later than
the main intrusion, it may be inferred that the mantle

processes which created the enriched source for potassic

Y
L

magma were closely connected with intrusion 6f the main

complex. Consecutive emplacement of main and satellite

intrusions would have the potassic magma generated by
partial melting of a mantle source-previously enriched by
fluids or partial melt formed during the main intrusive
activity. Concurrent emplacement requires that mantle

*
source region enrichment and magma generation, sodic and

potassic, werexgoeval. Le Bas et al (1977) suggested,
from fluid inclusion studies, that a potassium-rich
silicate phase was present among early immiscible liquids
during carbonatite formation. The’ Big Spruce Lake complex
conta}ns a ﬁy%dcal nephelinite-carbonatite association,

and the early sepdration of a potassic silicate phase

“during carbonatite formation could account for the source

of the potassic suite. This is a reasonable explanation
for the observed Na,0-K,0 separation and does not require
A

a separate metasomatic event to produce the K,O0-rich

mantle. source,
. /

C. Generalised Model

Y

Compositional and isotopic constraints on the source
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region are readily reconciled by a two-stage model in

N

w

which isotopic compositions are altered by LILE depletion
ptior to‘2188 Ma, and element combositiods are altered by
LILE-enrichment (and fractionation) at the time of magma
formation. The LILE—debletedtsource which 1a§ beneathlthe
~ Slave craton at 218é Ma cou}d have been created by a
differentiation episode at any‘*earlier time. A likely
time'range duriné which differentiation may have occurred
“is 3i00 Ma (age ef old Slave cfatpn crust, Ni:ic‘et al;
1975; Krogh and Gibbins, 1978; Frith, 1978) to about 2700

Ma (dlfferentlatlon beneath the Southeastern Canad1an

Shield; Bell et al, 1932).

-~

The isolation of the Big Sptuce Lake cOmple;/from

,\,other intrusive events, its highly localised chraitet_

/
w1th strang structural control over location, ahd

derlvatlon of d1verse parent magmas from an 1sot
‘4¥homogeneous mantle source reglon all suggest that the

'-1ntru51on is the result of a 81ngle mechan1sm whxch itself
3 L
] ‘h . . ‘
'.Can qenerate a varlety of magma types at a. 51ngle
locat1on. *_ S D o {

A p0551b1e generallsed modeﬂ is that proposed by

R

IWyll1e (1980) for the orlgLn of %1mber11tes by d1ap1r1c

Y

actlon 1n the mantle. Th1s model 1s based on an

7:1nterpretatxon of perldotlte-COZ-H 6 meltlng

ﬁrelat1onsh1ps, muCh of which is summarlsed in Wyll1e’
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(1979). In the diapiric model, CO,- and H,0-rich
volatiles rise from deep within the mantle, triggered by a
minor thermal perﬁdrbation (Figure 82). When the rising
volatiles meet the pefidotite solidus at about 260 km
depth (point A) they cause partial melting. This in turn
produces a density inversion and light partial melt rises,
adiabatically, .to meet the solidus again, this time at .
.point B. jThere.it crystallises, with the evolution of
CO,-rich vapours. These vapours-explosivelx propagate
fractures of the lithosphere to form a conduit to the
sgrface. An initial episode of pa}tial melting and

crystallisation could be followed by one or more gpidosdes

in which partial melting could OCCUT at any depth along A-,

B or C-surface and to any degree. , Rising magma would not

be impedéd by the solidus at poihg B but could rise

L4

directly to the sufface along the\conddit already opened
-ups _In his initial model Wyllie pointed out that '
klmberlitlc magma would be formed by partial melting at

depth and could r1se explosively and sporadlcally dlrectly
to the‘surface. Adaptatlon of - thls model to the Big:

¢

Spruce Lake 1ntru51on would have the initial thermal
perturbatlon (to trlgqer movement of deep mantle
volatiles) related to action on the Snare Fault prlor to

-maqmatlc act1v1ty Rls1nq mantle volat11es wh1ch are an

. el
11ntegra1 part of  this. model read11y ‘account for LILF-

AR i ~
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enrichment of the mantle within and around the diabiric
column (mantle metasomatism) and for the LILE-enrichment
and fractionation of magmas. This enrichment and
fractionation must occur at or immediately prior to magma
formation to produce the observed abundances yet maintain
the Sr, Nd and Pb isotopic compositions derived from the
original depleted mantle. From melting episodes at
various éepths a wide variety of ﬁagmas could form over a
short timespan and at a single location. All components
of the rising magmas are mantle-derived and hence
isotopically homogeneous melts reach ghe upper crust.
Some carbonatite melts could result directly from melting
in this model (Wyllie, 1980), but some may also a:ise as a
result of liquid immiscibility following fractional -
crystallisation of a CO,-rich alkaline melt. This seems
to be tﬁé case for thé Big Spruce Lake intrusion. The
potassic satellite -intrusion would result from separation
bf K—;ich fluids or melf‘as oﬁtlined ébbye.

Wyliie's original model (1980) was based on
interpretaﬁién of results fromvexpep;mental‘petrology, but
the same general model can be applied to tﬁe_Big Sgrﬁce

Lake natural system to account fbﬁifield Qbservations and

analytical results. -



REFEREN‘ES
\
4 1
Allegre, C.J., Ben Othman, D., Polve, M. and
Richard, ., 1979, The NAd-Sr isotopic correlation
in mantle materials and geodynamic <onsequences.

-

Physics of the Earth and Planetary Interiors, 19,
293-306.
Alleqre, C.J., Treuil, M., Minster, J.F., Minster,
J.B. and Alb@red?, F., 1977. Systematic use of
- |
trace elements in igneous processes. 1. Fractional
crystallisation in volcanic suites. Contributiqbs
to Mineralogy and Petrology, 60; 57-75.
Apps, M.J. and Apps, K.S., 1981l. A'simple to use
neutron activation analysis computer program.
University of Alberta Slowpoke Facility Annual
Report, p. R4. '
Azzouzi, M;, Bougault, H., Maury, R.C. and
Villemant, B., 1982. Application ofw.\t'he "extended"
Coryell-Masuda diagram to the study of the
{fractionation of titafhium ahd Qanadiﬁm‘in the Fhaine
des Puys alkaline series. Comptes‘hendges Acadgqie
de Sciepce, Paris, Series 11, 295, 117—1120.:
Baaésgﬁa:d,‘H. and Lerbekmo, J.F., 1983, Rb-Srvané
,VU—Pb dafiﬁg of bentonites. ‘banadiaanournal of

Earth Sqiences, 20, 1282-1290. - . 6?’

. . 325



10.

11.

326

Bailey, D.K. and Schairer, J.F., 1966. The system
Na,0-Al,03-Fe,03-Si0, at 1 atmosphere, and the
petrogenesis of alkaline rbéks. Journal of
Petrology, 7, 114-170.

Basu, A.R. and Tatsumofo, M., 1980, Nd isotopes in
sele;ted mantle-derived rocks and minerals and their
implications for mantle” evolution. Contributions to
Mineralogy and Petrology, 75, 43-54.{

Basu, A.R. and Puustinen, K., 1982. Nd-isotopic
study of the S;ilinjarvi carbonatite complex,
Eastern Finland and evidence of early Proterozoic
mantle enrichment. Geological Society of America
Abstracts with Program, New Orieans, p. 440.

Basu, A.R., Rubury, E., Mehnert, H. and Tatsumoto,
M;, 1984. Sm-Nd, K-Ar ahd petrologic study of some
kimberlites from eastern United States and'theirv

implication for mantle evolution. Contributions to

Mineraloqy and Petrology, 86, 35-44.

Bell, K., Dawson, J.B. and Farquhar, R.M., 1973.
Strontium isotope studies of alkalic rocks: the

active carbonatite volcano of Oldoinyo Lengai,

‘Tanzania. Geological Society'of America Bulletin,

84, 1019-1030,

- Bell, K., BlehHinSép, J., Cole, T.J.S. and MenagQ;\

D.P., 1982, Evidence from Sr isotopes for long=# .

i



12.

13.

14.

15.

16,

327

lived heterogeneit{es in the upper mantle. Nature,
298, 251-253.

Bowring, SfA. and Van Schmus, W.R. 1984. U-Pb
zircon constraints on evolution of the Wopmay
Oregen, N.W.T. Geological Asséciation of
Canada/Mineralogical Association of Canada (GAC/MAC)
Annual Meeting. Program with Abstracts, p 47.
Bowring, S.A., Van Schmus, W.R. and Hoffman, P.F.,
1984, U-Pb Zircon ages from Athapuscow aulacogen,
East Arm of Great Slave Lake, N.W.T. Canada.
Canadian Journal of Barth Sciences, 21, 1315-1324.
Brooks, C.K. and Gill, R.C.O., 1982. Compositional‘
variatiofi in the pyroxenes and’émphiboles of the
Kangerdlugssuag intruéion, East G?een)and: further
,evidénce for the crustai cqntamination of syenite
magﬁa. Mineralogical Magazine, 45,_1%9. |
rﬁrownh E.H., 1971. Phase relations of biotite- and
stiypnomelane in_the greensﬁist facies.

Contributions to Mineralogy and Petrology, 31, 275-

299,
Brueckner, H.K. and Rex, D.C., 1980. K-Ar and Rb-Sr
geochronelogy and Sr isotopic study of the Alnd

alkaline complex, northeastern Sweden. Lithos, 13,

- S

111-119.



17.

18.

19.

20.

21. ’

22,

23,

328

{

L Y
Burwash R.A. and Baadsgaard H. 1962. Yellowknife-
Nonacho age and structural relations. Royal Society

of Canada Special Publication 4, ppA22—29.

Carmichael, I.S.E., 1967. The mineralogy and

pé}roloqy of'ihe volcanic rocks'fromvthe Leuctite
Hills, Wyoming. Contributions to Mineralogy and
Petrology, 15, 24-66. N

Carlson, R.W., 1984, Isotopic constraints on
Columbia River flood.basalt genesis and the nature
of the subcontinental mantle. Geochimica et
Cosmochimica Acta, 48, 2357-2372.

Catteli, A., Krogh, T.E. and Arndt, N.T., 1984.
Conflicting Sm-Nd whole rock and U—Pg zircon ages
for Archean lavas from Newton Township, Abitibi
Belt, Ontario. Earth and Pignetary Sciénce Letters,
70, 280-290. :

Cavell,,P.A; and Baadsgaard, H., 1986. The age of -
crystalllsatlon of the Big Spruce Lake alkaline
intrusion. =~ Canad1an Journal of Farth Sc1ences, in

press.

éern&, P. and éerné,'I., 1972, Bastnaesite after

allanite from Rough Rock Lake, Ontario. Cahadian

Mineralogist, 11, 541-543. - Q
Chaplin, C.E., 1981. ‘Isotope geology of the

Gloserheia Granite Pegmatite, South Norway.

‘University of Alberta. M.Sc. Thesis., 120 pp.



24.

25.

26.

27.

28.

29.

329

]
Cox, K.G., Bell, J.D. and Pankhurst, R.J., 1979.

The Interpretation of JIgneous Rocks, George Unwin,

"Sciences, 6, 719-735.

London, 450 pp.

Cullers, R.L. and Graf, J.E., 1984. Rare earth

‘elements in igneous rocks of the continental

crust: predominantly basic and ultrabasic rocks.

in: Rare Earth Element Geochemistry, P. Henderson,
Ed., Elsevier, New York, 510 pp.

Cullers, R.L. and Medaris, G., 1?77. Rare earth
elements in carbonatites and cogenetic alkaline
rocks: examples. from Seabrook Lake and Callander
Bay, Ontario. . Contributions to Mineralogy and
Petrology, 65, 143-153.

Cullers, R.L.; Mullenax, J., DiMarco, M.J. and
Nordeng, S., 1982. The trace element content aﬁd
petrogenesis of kimberlites in Riley County.
American Mineralogist, 67, 223-233,

Cumming, G.L., 1969. A recalculation of the age of

the solar system. Canadian Journal of Earth

Cumming, G.L., Rollett) J.S., Rossotti, E.J.C. and

Wwhewell, R.J., 1972. Statistical methods for the

—-—

computation of stability constants., Part I -
Straight 1line fittihg of points with the correlated
errors. Journal of the Chemical Society, Dalton

Transactions, 2652-2658. -



30.

31.

32.

33.

34.

35.

36.

h ~ 330

Currie, K.L., 1974, The alkaline rocks of Canada.
Geological Survey of Canada Bulletin #239.
Daly, R.A., 1940. Origin of the alkaline rocks.
Geological Socjiety ongmerica.Bulleth, 21, 87-118.
Dawson, J.B., 1962. Sodium carbonate lavas from
Oldoinyo Lengai, Tanganyika. Nature, 195, 1075~

£
i076.
Dawson, J.B., 1966. The kimberlite-carbonatite
relationship. International Mineraloqgical
Association Ath General Meeting, 1964. New Delhi,

£

India, p 1-4.

, /
Dawson, J.B., Powell, D.G. and Reid, A.M., 1970.
Ultrabasic xenoliths and lava from the Lashaine
volcano, northern Tanzania. Journal of Petrology,
11, pt. 3, 519-548.

Deans, T. and Powell, J.L., 1968; Trace elements

. , I ,
and strontium isotopes in carbonatites, fluorites

‘and limestones from India and Pakistan. Nature,

218, 750-752.
Deer, W.A?, Howie, R.A. and Zussmah, J., 1966. An

Introduction to the Rock-Forming Minerals, Longman,

London, 528 pp.

Deer, W.A., Towie, R.A. and Zussman, J., 1978.

—

Rock-Forming "Minerals, Vol. 2A: Single-Chain

Silicates, Longman, London, 668 pp. o J



38.

39.

40.

41.

42.

43.

331

’

Deines, P. and Gold, D.P., 1973. The isotopic

composition of carbonatite and kimberlite caréonqtes

and their bearing on the .isotopic composition of
I

deep-seated carbon. Geochimica et Cosmochimica
Acta, 37, 1709-1733.

De Paolo, D.J., 1981. Nd-i top stu¢ies: some
new perspectives on earth ;tructure and evolution.
Transactions American Geophysical Union, 62, 137-
140.

De Paolo, D.J. aﬁd Wasserburg, G.J., 1976a. Nd-
isotbpe variations and petrogenetic models.
Geophysical Research Letters, 3, 249-252.

De Paolo, D.J. and Wasserburg, G.J., 1976b.
Inferences about magma sources and mantle structure
from variations of 143{Nd/144Nd. Geophysical
Research Letters, 3, 743-746.

Doe, B.R. and Zartman, R.E., 1979. Plumbotectonics

I, The Phanerozoic in: Geochemistry of Hydrothermal

Ore Deposits, H.L. Barnes, Ed., 2nd ed., Wiley-

A S

Interscience, New York, pp. 22-70.
Dosso, L. and Murthy, V;R.,'1980. An Nd isotopic

study of the Kerguelen islands: inferences on

enriched mantlé.50urces. Earth and Planetary

Science letters, 48, 268-276.



x 332

44. Drake, M.J., 1975. The oxidation state of eugopi m
as an indication of oxygen fugacity. Geochimié; et
Cosmochimica Acta, 39, 55-64.

45. Duke, M.J.M., 1983. Geochemistry of the Exshaw
Shale of Alberta. University of Alberta M.Sc.
Thesis, 186 pp.

46. Easton, R.M., 1983. Regionai resetting of Rb-Sr and

| K-Ar isotopic systems at 1770 Ma in the Bear and
Western Slave provinces. GAC/MAC, Annual Meeting.
Program with Abstracts, p. Al9.

47. Eby, N.G., 1975. Abundance and distribution of the
rare earth elements and yttrium in the EQCRS and
minerals of the Oka carbonatite complex, Quebec.
Geochimic; et Cosmochimica Acta, 39, 597-620.

48. Edgar, A.D., Green, D.H. énd Hibberson, W.O.,

1976. Experimental petrology of a highly potassic
magma. Journal of Petrology, 17; 339-356.
49. Edgar, A.D. and Condliffe, E., 1978. Derivation of
‘Qﬁfﬁ> K-rich ultramafic magmas from a peridotitic mantle
.source. Nature, 639-640,

50. Eriksson, S.C. 1984. Age of carbonatite and
phoscorite magmatism of the Phalabor&a complex
(south Africa). Isotope Geoscience, 2, pp 291-299.

51. Evensen, N.M., Hamilton, P.J. and O'Nions, R.K.,

1978. Rare earth abundances in chondritic

>



52.

53.

54,

55.

56,

57.

333

meteorites. Geochimica et Cosmochimica Acta, 42,

-

1199-1212.

Ewart, A. and Tayldr, S.R., 1969. Trace element
geochemistry of the rhyolitic volcenic rocks,
Central North Island, New Zealand. Phenocryst
data. Contributions to Min&ralogy and Petrology,
22, 127-146. N

Faure, G., 1977. Principles of Isotope Geology.,

Wileyvand Sons, New York, 446 pp-

Ferguson, J., 1970. The-éifferentiation of agpaitic
magmas; the Illimaussaq Intrusion, S. Greenland,
Canadian Mineralogist, 10, 335~349. -

Fourcade, S. and Allegre, C.J., 1981. Trace element
behavior in granite genesis: A case studf of the
calé-alkaline plutonic association from the Querigut
Complex (Pyrenees,‘France). -.Contributions to
Mineralogy and Petrology, 76, 177-195,

Fraser, J.A., Hoffman, P.F., Irvine, f.N. and

Mursky, G., 1972. The Bear Province in: Variations

in Tectonic Styles, R.A. Price and R.J.V. Dougla¢d,

Eds. Geological Association of Canada Special Pager
11, pp,.»-'4“53-504. |

Freestone, I.C. and'Hamiltqn, D.L., 1980. The role -
of quuid immiscibility in the genesissof
carbonatites - an experimental study. Contributions

_—

to Mineralogy and Petforogy, 73, 105-117.



58.

59.

60.

61.

62.

63.

334

frey, F.A., Green, D.H. and Roy, S.D., 1978.
Integrated models of basalt petrogenesis: A study
of guartz tholeites to olivine melilitités from
South Eastern Australia utilizing geochemical and
experimental petroloqicai data; Journal of .
Petrology, 19, 463-513.

Frith, R.A.,‘1978. Tectonics and metamorphism along
the southern boundary between the Bear and Slave

structural provinces in: Metamorphism in the

Canadian Shield, J.A. Fraser and W.W. Heywood,

Eds. Geélogical Survey of Canada Paper No. 78-10,
pp. 103-113.

Fudali, R.F., 1963. Experimental studies bearing on
the origin of pseudoleucite and associated problems

of alkalic rock systems. Geological Sociefy of

<)

Amer ica Bulletin, 74, 1101-1126.

Ganapathy, R., Papia, G.M. and Grossman, L., 1976.

»

The abundances of zirconium and hafnium in ihe soiar

system. Earth and Plahetary Science Letters, 29,

302-308.
Gast, P.W., 1968. Trace element fractionation and

-

the origin of tholeitic and alkatine magma types.
Geochimica et Cosmochimica Acta, 32, 1057-1086.
Gerasimovsky, V.I1., Volkov, V.P., Kogarko, L.N., '

Polyakov, A.I., Sabrykina, T.V. and Balashov, Yu;A.,



67.~:

64.

65. -

¥

66.

68.

~ 69,

Polyakov, A.I., 197

Alkaline Rocks, H.

1966. THe.Geochemistpy of the Lovozero Alkaline

. -

‘Massif. . : r

e

Cerasimovsk‘:‘V;I., Volkov, V.P., Kogarko, L.N. and

e The Kola peninsula in: The

‘Suu;hsen, Ed., Wiley and Sons,

New York, . 622 pp-.

Gittins, J., 1979.. The Feldspathoidal Alkaline

Rogks in% The Evolutldn of the Igneous Rocks, H.S.

Yoder, Ed., Prlnceton Unlver51ty Press, Pringceton,

'R.J., pp. 351-390.

Gladney, E.S}, Burns, C.E. and Roelandts, I.,

335

1983. 1982‘compilatiom of elemental concentratians.

in eleven United States Geological Survey. o

Standards.f,@eostandards Newsietter, 7, 3-226.

Gold, D.P., 1966., Ayérage anditypicgl'chemical

-;comp051t10n of garbonatltes. Internat1pnal

M1neraloq1cal Assoc1at10n 4th General Meet;nq,\'

-

- 1964, New Delhl, India, p. 83. -

_Goldstein, S:, O’Nibhs,’R.K;‘and‘ amilton, P.J.,

\l

"-and partlculates from major river systems. Earth
v:and Planetary 801ence Lptters,_?O, 221 236,

fGreen,vD'H .and Rlngwood'-A E., 1967 " The gehesis

°1984’ A Sm Nd 1sotoplc study 0 atmospheric‘dUSts

'D_gof basaltlc magmas. Contrlbut1gp§ to Mlneralogy and B

—~

' ‘\Pet?ology, 15, 103 190 ‘;Q]'v.

,§<-“



70.

71.

12.

73.

4.

75.

76,

~Society, London,‘134,:235-253. : L —

336
®

Grunénfelder, M.H., Tilton, G.R. and Bell, K.,
1982, Lead isotope relaﬁionships in the Oka
carbonatite complex, Quebec. "EOS, é3, 1134.
Hamilton, E.I. and Deans, T., 1963. Isogopic
§Omposition of strongiUm in some Africgn |

- . " - /v .
carbohatites and limestones and in sttontium

N pe

P

Hamilton, D.L. and Mackenzie, W.S., 1965. Phase

minerals. Nature, 198, 776.

equilibrium®studies in the system NiAISiO4

(nepheline)-KA1SiO, (kal;ifite)—SiOéfHZO.

—Mineralogical Magazine,,3ﬁi,2d4—223. 1 v

ﬁanson; G.N., 1977. Geochemical evolution of the

sub-oceanic mantle. - Journal of the Geological

‘ ) , / L
Haskin,'L.A., Haskin, M.A., Frey, F.A.\apdeildéman,’

T.R., 1968, Relative and absolute terrestrial

abundances of the rare earths in Origin and

Disgg@butfon'of the Elements, L.H. Ahrens, Ed.;

International Series Monographs Earth Sciences,.30{

.889-912.

Hendefsdn, P., 1982. Inorganic Geochemistry,

!

?efqammon‘Pfess, NeW'Ydrk,‘BSB'pp.

Henderson, P., 1984. General geochemical properties .

~ ¢ =dnd abundances .of the. rare earth elements in Rare
SR i . B & -——

’ﬁatth Elemeht,GeoChemistrxl P. Hendérsdhf‘Ed.,

-

. : IR R
Elsevier, New York, 510 pp.



77.

78.

79.

80,

8l.

82.

83.

337

Hof fman, P.F., 1974. AulacqQgens and their genetic
relation to geosynclfnes, with a Proterozoic example

from Great Slave Lake, Canade in Modern and Ancient

Geosynclinal Sedimentation. Society of Economic

Péleontoloqists and Mineralogists Special
Publicatjon 19, pp. 38-55.

Hof fman, P.F., 1980. Wopmay Orogen: a Wilson cycle
of early Proterozdic age in the northwest of the

Canadian Shield in: The Continental Crust and its

Mineral Deposts, D.VW. Strangway,; Ed. Geological

Association of éanada, Special Paper #20, pp. 523-
549. ¥ | , f
Hoffman, P.F. qnd Bowring, S.A., 1984. 'Short—lived
1.9 Ga continental margin'and its destruction,
Wopmay orogen, northwest Canada. Geology, 12, 68-.

72,

lemes, A.) 1946. An estimate of the“aée-of the

~

earth. Nature, 157, 680-684. B

)

Holmes, A., 1950, Petrogenesis.of katungite and its

associates. American Minéralbgist, 35, 772=792.

Houterméns, F.G., .1946. Die Isotopenhaufigkeiten im

néturaliéhen Blei und das Alter des Urans,

’

Naturwissenschaften, 33,?185-186.'“ : . .

_Hurlbgrt} C.S.}jqr.,'1939._'Ignéous rocks of thes = -

Highwood Mountains, Montana Part 1: The :
. ) \ .o - ' ; "‘ . - ) )

s



84.

85.

,86.

87.

88.

89.

338

laccoliths. Bulletin of the Geological Society of
America, 50, 1043-1112.

Iddings, J.P., 1909. Igneous Rocks, Vol. I, lst

Edition, J. Wiquxaﬁd Sons, New York. 464 pp.
Irving, A.J., 1979. A review of experimentaf
studies of crystal/liquid trace element
partitioning. Geological Séciety of America, 42,
743-770. |

' o
Jacobsen, S.B. and Wasserburg, G.J., 1980. Sm-Nd
isotopic evolution of chondrites. Earth and
Planetary Science Letters, 50, 139-155.
Jacobsen, S.B. and Wasserburg, G.L., 1984.' Sm-Nd
isotopic évolution of chondrites aﬁd achondrites
I1I. Earth and Planetary Science Letters, 67,‘137—
150.

Jaffey, ‘A.H., Flynn, K.F., Glendenin, L.E., Bentley,‘

W.C. and Essling, A.M., 1971. Precision measurement

of half-lives and specific activities of U(235) and
qj238); ‘Physical Review, Section C: Nuclear
Physics, C4, 1889-1906..

/ -
Kay, R.W. and Gast, P.W., 1973, The rare earth

L . hd

Eontent and'origin of alkali-rich basalts. Journél

S S
of Geology, 81, 653-682. R  ?Q5x‘

<

" Kempe, D.R.C. and Deer, W.A.;A1976._'The

petrogénesis of the Kangerdlugssuag alkaline

ihtrusipn east Greenland. Lithos, 9, 111-123.



339

91. King, B.C., 1965. .PetrogeAesis of the alkaline
igneous rock suites of the volcanic and intrusive
centres of eastern Uganda. Journal of Petrology, 6,
67-100.

92. korringa, M.K. and Noble, D.G., 1971. Distribution
of Sr and Ba between natural feldspar and igneous

melt. Earth and Planetary Science Letters, 11, 147-

151.

93, frogh, T.E., 1973. A low contamination method for

L ®

hydrothermal decomposition of zircon and extraction
of U and Pb for isotopic age determinations.
Geochimica et Cosmochimica Acta, 37, 485-494.

94. Krogh, T.E. and Gibbins, W., 1978, U-Pb Isotopic

[

ages of basemgnﬁ and supracrustal rocks in the Point

\ s
Lake area, Slave Province, N.W.T. Geological

N ~

Association of Canﬁdé Abstracts with Program, 3,
N T a . .

-
- ~t

438,
95, Lambert, R.St.J., 1964. The Big Spruce Lake
nephgline-syenitfﬂcomplex; Snare River, Ndrthwest
Teftitotiés.“ Unéubiished ﬁréliminary rebgrt to the

Bdféalrrhstitute. 8 pp.

96. Lambert, R.St.J., 1985, Lead isotopes in Archean
rocks‘and the evolution of the mantle in: Evolutioh

of Archean Supracrustal Sequences, L.D. Ayres, P.C.

Thurston, K.D. Card and‘W. Weber,” Eds., Geological

Association of Canada Special Paper, 28.

™



<

97.

98.

99.

100.

101,

1 03.

104. .

' geologic studies (including isotopic ages =~ report

4)., Geological Survey of Canada Paper 63-17.-

- and Planetary Science lLetters, 14, 226-232.

340

Lambert, R.St.J. and Holland, J.G., 1974. Yttrium
geochemistry applied to pétrogenesis utilizing
calcium-yttrium relaéionships in minerals -and
rocks. Geochimica et Cosmochimica Acta, 38, 1393-

1414.

Le Bas, M.J.; 1977. Carbonatite-Nephelinite

i)
2

Volcanism, Wiley Interscience, New York. 3{7 PP -

Le Bas, M.J., 1981. Carbonatite magmas.
Mineralogical Magazine, 44, 133-140.

Le Bas, M.J., Aspden, J. and Wooley, A.R., 1977.
Contrasting sodic and potassic glassy inclusions in
apatite crystals from an ijolite. Journal of

Petrology, 18, 247.

. Leech, G.B., Lowdon, J.A., Stockwell, C.H. and

v

wanless, R.K., 1963. Age determinations and  :$

Littlejohn, A.L., 1981, Alteration products of

accessory allanite in radioactive granites from the

Canadian Shield. Geological Survey of Canada Paper

81-1B, 95-104.

!

Lord, C.S., 1942. Snare River and Ingray Lake map

areas, Northwest Territories. Geologicql Survey of

7

14

Canada Memoir #235. - S Ao

Loubet, M., Bernat, M., J%XOYf M. ‘and Allegre, C.J.,

#1972, Rare earth contents in'carbonatites.“Eafth



105.

106.

107.

108.

109,

110.

111.

12,

341

B

Ludwig, K.R., 1980. Calculation of uncertainties of

U-Pb isotope data. Earth apd Planetary Science

"

Letters, 46, 212-220. ’///' -
McCulloch, M.T., Gregory, R.T., Wasserburg, 9/3. and _
Taylor, H.P., 1980. A neodymium, strontium Qnd \
oxygen isotopic sﬁudy of the Cretaceous éomail\\'/’\\V\\\\\j\
Ophiolite and implications for the petrogenesis and /
seawater-hydrothermal alteration of oceanic crust. <»/

Earth and Planetary Science Letters, 46, 201-211.
McGlynn, J.C. and Henderson, J.B., 1970. Archean *°
volcanism and sedfmentation in the Slave Structural
Province. Geological Survey of CanadalPaper 70-40.
Martineau, M.P., 1970. The Petrology of the Big

Spruce Lake Compléx. Ph;D. thesis, Oxford

Univergity, Oxford, England, 93 pp. .

Martineau, M.P., Lambert, R., 1974. The Big Spruce

Lake nephelineryehite/carbonatite‘compLex. GAC/MAC

‘Annual Meeting. Program with Abstracts, p. 59.

Menzigs; M. and Murthy, V.R.;‘l980, Enriched
mantle: Nd and Sr isotopes in diopsides from
kimberlite nodules. ~Nat_uré, 283, 634f636.
Metéélfé;tP., (in preparation).. éetrngnésis of

alkali basalts in Wellé“Gray Provincial Park, B.C.

" Ph.D, Thésis, University of Alberta. L
. . . @ ]

‘Middlemost, E.A;, 1974, Petrogenetic model for  the

A

origin of carbonatites. Lithos 7, 275-278. -



A

113.

114.

116.

117.

342

Y

Mitchell, R.H. and Brunfelt, A.O., 1974. Scandium,
cbbalt and iron geochemistry of the Fen alkaline
complex, southern Norway. Earth and Planetary
Science Letters, 23, 189—1?2.

Mitchell, R.H. and Brunfelt, A.O0., 1975. Rare earth

element geochemistry of the Fen Alkaline Complex,

Norway. Contributions to Mineralogy and Petrology,

‘52, 247-259.

Mbller, P. and Muecke, G.K., 1984. Significance of

europium anomalies in silicate melté and crystal-
melt equilibria: a re—evaluation."Contributions to
Mineralogy and Petrology, 87, 242-250.

Morris, R.V. and,Haskin,.L.A.; 1974. EPR

measurement of the effect pof glass composition on

‘ ()
the oxidation states of europium. Geochimica et

- Cosmochimica Acta, 38, 1435-1445.

-

Nakamura, N., 1974, Determination of REE, Ba, Fe,
Mg, -Na and K ‘in carbonaceous and ordinary

| ) ) :
chondrites. Geochimica et Cosmochimica Acta, 38, .

' : |
757-775.

118. Nash, ﬁ.P. and Wilkinson, J.F.G.: 1970.' Shonkin Sag

L]

Id

Laccolith, Montana: 1. Mafic minerals and

“estimates of temperature, pressure, oiygen fugacity

“qnd‘silﬁca activity. AC?ntributions to Mineralogy

and PetTology, 25, 241-269.

|

|-



119.

120.

[
N
[
.

122,

123.

. 124,

125,

343

Nash, W.P. and Wilkinson, J.F.G., 1971. Shonkin Sag
Laccolith, Montana: I11. Bulk rock geochemistry.
Contributions to Mineralogy and Petrology, 33, 162-

170.

Nikic, 2., Baadsgard, H., Folinsbee, R.E. and Leech,

A.P., 1975. Diatreme containing boulders of 3039

M.Y. old tonalite. gneiss, Con Mine, Yellowknife,

Slave craton. Geolog‘pal Society of America,

Abstract with Program, 7, 1213-1214. -

Nolan, J., 1966. Melting relations in the system

-

NaAlSi 308—N3A15104"N3F851 206-—CaMgSi 206"H 20 and theilr
bearing on the genesis “of alkaline undersaturated

rocks. Quarterly Journal of the-Geological Society
| ‘ _
of London, 122, 119-157. . "

OﬂHara, M.J., 1975. 1Is there an Icelandic mantle

plume? Nature, 253, 708-710.

Oversby, V.M., 1976. 'Iéotopic ages.ané/geochemistry

of Archean acid rocks from the Pilbara, Western

Australia. Geochimica et Cosmochimica Acta, 40,

,
f

817-829.
Pankhurst, R.J., 1977. Open system fraétionatiqn
and incompaéible,eleméht variation inlbasalts.'

Nature,‘268, 36—88.v ’ ,
Pankhurst, R.J., Begkinsaie;.R.D. and Brooks, C.K.,

1976, Strontium and oxygen isotope evidence

relating to the petrédenesis of the Kangerdlugssuaqg

ot



126.

-4

127.

128.

129.

130.

131.

344

Alkaline Intrusion, East Greenland. Contributions
to Mineralogy an@ Petrology, 54, 17-42.

Philpotts, J.A., 1970. Redox estimation from a
2+

calculation of Eu2* and Eu3* concentrations in
natural phases. Ear;h and Planetary Science
letters, 9, 257-268.

Pineau, F., Javoy, M. and Allegre, c.J., 1973.
Etude systematique des isotopes de 1'oxygene du
carbone et du strontium dans‘les carbonatites.
Géochimica et Cosmochynica Acta, 37, 2363-2377.
Piotrowski, J.M. and Edgar, Q.D.; 1970. Melting
relations in undersaturatéé'alkaline rocks from
south Greenland compared to those of Africa’and.
Canada. Meddlung om Crbnland, 181, (9).

Powell, J.L. and Bell, K., 1974. [Isotopic

composition of strontium in alkalic rocks in;: The

1

_ Alkaline ‘Rocks, H. Sorensen, Ed., Wiley and Sons,

'Sciencé,"264,'753-809.

London, 622 pp. ' .
Presnall, D.C.,®1966. The join forsterite-diopside-

iron oxide and its bearing on”tne crysta
. [

ation of
)

basaltic and %}tramafic magmas. Amerifan Journal of

R1ngwood, A.E., 1966. Chemical evoluths of the

‘terrestrlal planets. rohqmlca et Cosmochxmlca

Acta, 30, ‘41-104. ' .
N ’ ?' ..10.



132.

133.

134.

. 345

Rock, N.M.S., 1976. The comparative strontium
isotopic composition of alkaline rocks: New data

from Southern Portugal and East Africa.

Contributions to Mineralogy and Petrology, 56, 205-
228.

Roden, M.R., Murthy, V.R. and Gaspar, J.C., 1985. !
Sr and Nd isotopic composition of the Jacupiranga
carbonatite. Journa} of Geology, 93, 212-220.

Sahama, T.G., 1974. Potassium-rich alkaline rocks

. in: The Alkaline Rocks, H. Sorensen, Ed., John

Wiley and Sons, London, 622 pp.

135.

136.

137,

138,

Schaifer, J.F. and Bowen, N.L., 1935. Preliminary
réport 6n equilibrium relations between feldspars
and silica. Transactions American Geophysical
Union, 16th Annual Meeting, 325-328.

Schnetz}er,fc. ana philpotts, J.A., 1970. Partition
coefficients of rare earth elements and barium ‘

between ilneous matrix material and rock forming

mineral phenocrysts. Geochimica et Cosmochimica

Acta, 34, 33{;

Schwarzer, R.R. and Rogers, J.J.w;, 1974, A
worldwide coméarison of alkali olivine hgsalts and
ﬁheir diffe;entiation trends. Earth and Piane;ary

Science Letters, 23, 286-295/‘

Shannop, R.D., 1976. Revised effective ionic radii

and systematic studies of interatomic distances in
B , * ' . .

\



346

halides and chalcogenides. Acta (Crystallographica,
Section A, 32, 751-767.

139. Sheppard, S.M.F. and Dawson, J.B., 1973. 13C/lZC,
180/160 and D/H isotope variations in primary '
igneous carbonatites. Fortschrift Mineralogie, 50,
128-129.

140. Solomon, S.C., 1976. Geophysical.constraints on
radial and lateral temperature variations in the

»

upper mantle.. Americah Mineralogist, 61, 788-803.
. ' (

141. Spfé%sen, H., 1974. Alkali syenites, feldspathoidal

syenites and related lavas in: The Alkaline-Rocks;

H. Sorensen, Ed., Wiley and Sons, London, 622 pp-

142. Sood, M.K. and Edgar, A.D., 1970. Melting S2lations
of unders;tgrated alkaline rocks Erom the
I1limaussag intrusion and Gr¢nd?dal—ika complex, S.
Gréenla‘g?‘under water wapor and controlled paftial
oxygen pressure. Meddlung om Grbnlqhd; 181, (12).

- 143, Stacéy, J;S. and Krameés,'J.D., 1975. Approximatioﬁ

of terrestrial lead isotope evolution by a th—stgge
model. Earth and Planétary_ScienceyLetters, 26,
207-221.

144. Sﬁreckeﬁsen, A;, 1980. Classification and

o

nomenclature of volcanic rocks, lamprophyres,

»

carbonatites and melilitig rocks: 1UGS Subcommision

of the systematics of igneoqs'rocks. 'Geologische’

R Rundschau 69, 191-207.



145,

146.

147.

150.

347
Sun, C., Williams, R.J. and Sun, S., 1974.
Distribution coefficients of Eu and Sr for
plagioclase-liquid and clinopyroxene-liquid
equilibria in oceanic ridge basalt: An experimentatl

study. Geochimica et Cosmochimica Acta, 38, 1415-

s

1433, o
Sun, S.S. and Hanson, G.N., 1975a. Evolution of the
mantle: geochemical evidence from alkali basalt.
Geology, 3, 297—302.

Sun, S;S. and Hanson, G.N.: 1875b. Oridin of Ross
Island basanitoids and limitations upon the
heterogeneity of mantle sources for|alkali bésalts
and‘nephelinites, Contribut{ons to Mineralégy and
Petrology, 52, 77—{06. .

Sun, S.S. and Nesbitt, R.W., 1977. Chemical
heterogeneity of the Archean mantle, .composition of
the earth and mantle evolution. Earth and Planetary
Science Letters, 35,‘429—448.

Suzuki, K., 1981. Grain boundary concentration of
rafe earth e}ements in a hornblende éumulate.
Geochemical Journal (Japan), 15, 295-303. |
Tarnéy,lJ., Wood, B?A., Saundefé, A.D,, Cann, J.R.

and Varet, J., 1980. Nature of mantle heterogeneity

'in the North Atlantic; evidence from deep sea

drilling. Philosophical Transactions of the Royal

Society, London, A 297, 179-202.

N ‘
e " ~



348

151. Tatsumoto, M., Knight, R.J. and Allegre, C.J.f
’ 1973. Time differencgs in the formation of
meteorites as determinéd from the ratio of lead 207
to lead 206. Science, 180, 1279. ' &

152. Taylor, H.P., Jr., Frechen, J. and Degens, E.T.;
1967. Oxygen and carbon isotope studies of A
carbonatites from the Laacher See District, West
Germany and the Alnod District,?ﬁaeden. Gegchimica

et Cosmochimica Acta, 31, 407-430. 7

153. Tilley, C.E., 1958. Problems. of alkali fock

genesis. Quarterly Journal oéﬁthe Geological

sOciecy;'London, 113, 323-359.

154. Treuil, M.; and Varet, J., 1973.‘§§kit;res
volcanoloﬁﬁoues,'petrolggicues e£ geochemiques de la‘
gén;se et de la differenciation des magmas‘
basa}tiﬁues: Exemple de 1'Afar. Bulletin Societé
Ceolﬁgique de France, T(XVv),. 506-540, |

155. Upton, B.G.<J., 1974, The alkaline province of.

South-east Greenland in: The Alkaline Rocks, H.

Sorensen, Ed.,_wiley and Sons, London, 622 PP. | '-;
156. Villemant, B,, Jaffrezic, H., Joron, J-L., and

Treuil, M., 1981l. Distribution céefficients of

méjor‘and trace elements; fractional crystalli;aﬂioq

in the alkali basalt series of Chaine des Puys .

(Massif Central, France). Geochimica et

It
& . . -

Cosmichimica'Acta; 45, 1997-2b16. o

v
-



“157. VonAEckérmann) H., 1948 The alkaline district of

- Alnd. Sveriges Geologlsches Underaoknlng, Ser. Ca.
J

.36, 7 .
158. Wagér, L.R., 1965. The fOrm and internal structure o

-

»

of the alkaline’ Kangerdlugssuaq 1ntru51on, East
“GrEeLland. M1neraloglca1 Maga21ne, 34 487 497.
159. Wag r, L.R., Brown, G M._amd Wadsworth w 'J ey

1960. Types of 1gneous<cumulates. ~Joutnal of
. o

Petroloqy, 1, 73- 85 ";;-” T S
~wi56. WaSSerburg,vG J. and DeP&plo,.D J., 19791. Médeis of
-  : earth sﬁructure 1nferred ffom neodymlum and, )
o lstrontléi 1sotop1c abunpancgs. PFoceedlngs of .the ¥
vaatlonal Academy of Sc{ence, u.s. A., 76, 73594~ 3%98 i

,61;“WWasserburg, Q J., Jacobsen, S B., DePaolo,.D J.,

E FMCCUIIOChI M To aNd Wen, To, 1981 Prec1se \k ‘

>

m/ﬂd ratlos, Sm and Nd 1sotop1Crtf

Fdetermlnatlon of
A
‘wabundances 1n standa a’ soiuylons‘ Ge0ch1m1ca et

% .
N «,/

s Cosmobh;maca Acta, 4b, 2311 9333, e ”l;ﬁ'jf/;f~‘»

Cse

(1980 o Some'experlmentally

&

'”il1qu1d partltlon coe£f1c1ents for

l th elements. Geochlmlca et Cosmochlmlca .

4¢, 895-897.”_"‘

“';QWe1dner, J,R}; T982., Iron ox1de magmas in. the

SR e

Ca"Ldian Mlneralog1st, 20,"555 566 ? Q tff

”ﬁfsystem Fe—C-O.;



350

165. Winkler, H.G.F., 5974. Petrogenesis of Metamorphic

Rocks, 3rd EJ., Springer-Verlag, New York, 320 pp.

”

166. Wood, D.A., Tarney, J., Varet, J., Saunders, A.D.,

"

' Bougault, -H., Joron, J.-L., Treuil, M. and Cann, S

S ' '
J.R,, 1979. Earth and Planetary Science Letters,

42, 77-97. S T '\\

. ) [N ‘ ]
167. Woolley, A.R,, 1982f‘ A discussipn of carbonatite’

AN

evolutlon ‘and nomenclature, and the generation of

sodlc and pota551c fenltes.,<Mineralogical Magazine, 1

~46, 1?—17.\" o | ' ". @ - 6
168. wyllie, P.J., 1965. ‘Melting relationships in the

I system CaO«MgO COZ—Hzo W1th petrologlcal .
. n‘appllcatlons. gd’}nal of Petrology, 6'3101”123° Q
. w".‘ ,:1' o . H .
169.7”Wy111e, P’J;:ﬁ%§7f"pL1mestone ass1m11at1on ins The .

Alkallne Rocks, H.,Sorensen, Ed., W1ley and Sons, ~-S e

i - -

| London,’622 pp. ;_,1‘.‘, - e '.f',ﬁfi“

-6

170. Wyll1e, P J., 1979 Magmas and volatlle : S

ﬁomponents., Amerlcan Mlneralogist, 64,.469 500

};_171‘f Wy111e, P J.,‘1980 | The orlgln of klmberllte.

k 7;430urna1 of Geophys1ca1 Research, 85, 6902 6910
172., Wyllle, P Ja'apd Tuttle, 0 F., 1959.. Effect of L
| carbon dlox;de on the meltlng of granite and :

; L Fona
er1can Journal of 801ence, 257, 648- .

"‘

feldspaﬁm

'ﬁw;ﬁhd{}éf;ﬂﬂjﬁj :f ,_'f;xj v
J3§ . TR L o
and Tuttle,

1960.: The system

O F.,




351

174. wyllie, P.J. and Watkinson, D., 1970. Phase R

equilibrium studies bearing on genetic links between

alkaline and subalkaline magmas with special o

reference to the limestone assimjlation

‘ p\hyﬁbthesis. Canadian Mineralogisk, 10, 362-374.

175. York, D., 1966. Least-squares fitting' of a straight
© liné. Canadian Joudnal of Physics, 44, 1079-1086.

176. .Zartman, R.E. and Doé, B.R., 1981. P}umbotectonics

. - .The mgdel. Tectonophysigsy. 75, 135-162. o
177. zindler, A., Jagoutz, E., and Coldstein, S., 1982.
'NbFSr—bejsogppic systematics in a .three-component

P mantle:i:é new perspective. Nature, 228,‘519—523.

-

N
3, . \ hr ey ' A ’ L *
o -
o >
. 3 -
b v»
G
. .
4.
.
IS
s P \ -
[ .
S
. . M
< i .
o o . aE
‘o . : ]
’ ; &
7, 3 -
b K S
. : P
. [y
’ n . )
R B . °
PR :
. S v
R .
S . 4
S A .




jChapter‘2,

APPENDIX 1

SAMPLE EOCATIONS AND DESCRIPTIONS

The locations of samples analysed in this‘study are
showﬁson the Sample Loéations Map (map pocket). Spééific
comments about,locations, where necessary, are included in
individual descriptions. Full descriptions of petrology

e .
and‘miﬂéralogy of the complex are given in Martineau

(1970)." The fdlloWing‘descriptions are of specific

samples examined in thin section. Modal ‘abundances cited

a -

are visual estimates..’

EY

.~

Descrlptlons are arranged by sample number w1th1n

v each of the five centres of intrusive . act1v1ty outllned in-

. " N, R ‘ -

AN

e . . T . T R4 -

, . . s . - oL, “k

".Centre 1§‘=Gabbros, Diorites, éyrokenites

N ! . ,‘ . e ’ : " *
K .

e’ : -l‘«‘

.PC—81~001.. Magnetlgﬁ Cl1nopyroxen1te o ‘Z;;;;ﬁ_ﬁgfyw

Tk

Location,vOutcrop on Island C, part of ma1n pyroxenltp‘c

S 3' bod . 'é"'.E i, f e
o Y K e s HQAQ;
Coatse qralned, equ1qranular, black weather1nq to a

rusty staln.' Comp051t10na1 layerlng and graln Orlentatloo

N

S e e Lo ‘
absent.,.-u. - Lol . . e

i

/_i -

PO N
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Rounded and'embayed titanaugite, 1-5 mm, with
inclusions of subhedral Fe-Ti oxide grains makes up 70-75%
of the rock. Maqnetlte serpentine pseudomorphs of rounded
oleine grains ogccupy 5—10%. Fe-Ti oxides (20%) form an
agqgregate interstitial to olivine and pyroxine. Traces of
iron sulfides accompany interstitial oxides. Minor oatchy

alteratlon of pyroxene to brown amphibole has- occurred

There is no significant post- crystalllsatlon .shearing or

‘alteratlon.

-

PC-81-004: 'Magnetlte Olivine Cllnopyroxenlted}

Locetion:‘East s1@9/£f Island D, in ma1n body 100 m from

- »
>

S y contact with ring syenlte. N

: Very almllaf to PC-81- 001 but w1th fresh 011v1ne

e

7. v -

present. 'Exsolutlon of - Fe—Tl ox1des parallel to cleavages

’ _1n tltanauglte 1mparts a greY1sh colour in thln sectlon.
. Pe-81- 235-"" Big- Feldspef Gabbro'" -
vﬁé'Locatlon- W1th1n ‘eastern ring of mar01na1 gabbro.' lOO m <

east of the 1nner marq1n/tran51b1on to LLG. ﬂ e

Hesocratlc;. No comp051t1onal layerlng but rouqh'

-

© follat1on w1th allqnment of feldSpar phenocrysts.
Subhedral—euhedral ande51ne (An45 48°'A1 cm, Torms
f*vv,O;SS% lnla matrlx of tltanauglte Fe—Tl oxldes and late

pomklllt;c"amph1bole.» Feldspar shows no zonlnq, mlnor ;:f




[

pPC- 81 363 & Diorite_ (altered and sheared)

Locatlon. At the centre of the southwestern r1ng.',A,1arge R

fforms 50 60% of the rock. 'It 1s very altered to gTeyB

. brown élay/saussur1te~ Felted masses of qreen chlorlte',';;;lf
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PC-81-275: Leucocratic Laminated Gabbro

Location: Outcrop on small inlet at southwest corner of

Centre 1. B . .

Comp051t10nal layerlng (30°w 30°N) with mafic‘bands

of Fe-Ti oxldes and pyroxene (1 cm wide) separated b¥

'leucocratlc bands 4feldsparuand‘mlngr”maflcs),4f5 cm

wide. Alignment of feldspar and elongate mafics parailel .‘ﬁ
oo , \ e

N
¢

to banding.

Tabular plaqieciase (65%), Ang3_js5. plus.minor
titanaugite (<5%) are cumulate with orientataon‘of L
elongate grains.' The‘matrixMconsists of pyrdxene

poikilitic to euhedral Fe;Ti~oxides, anhedrai oxides,

. @ ' v

‘apatite and brown amphibole plds‘1ate.annedralpfeld5par.

A .

"Minor chlorite is associated with‘therpafics. .

o . i .

; ‘ e . ¢ . o . ' );’
<o . sample from an. 1nhémoqeneous-outcrop.z- “f,‘ ‘ 4'

Leucocrat1c to melanocrat1c with no comp051t10na1

' layerlng or. graln or1entat10n.-~Weathers to a:pale plnk

: Surface sllghtly pltted due to preferentlal weather1ng of ,’-‘

fmafle., Sheared in outcrop. - . e‘fad3;* o "-_A'“Q?

&“;'

Plaq1oclase, 5 8 mm 1n 51ze and subhedral rnlodtdine d“‘




’along cleavages and inclusions of euhedral Fe-Ti oxides;

f-more maflc portlons On a- 1 cm scale. - o ‘. w
. , L -

“isﬁembafed'and'rounded altered ;o‘patcnes;bf_brown’

PC-82*173° Dlorlte~
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(possibly pseudomorphs of earlier pyroxene) are assoctiated
wit@,dark brown biotite and leucoxene, abundant apatite,

Fe-Ti oxides and anhedral feldspar are interstitial to

phlag@ociase. Chlorite forms about 25% of the rock,

biotite 10-15%, oxides 5%, apatite 1%.

PC-82-163: Magnetite Clinopyroxenite

: {
Location: Small exposure within alka11 diorite ij

northeast sector of Centre 1. Offset by
movement on fault X-X' (Figure 1). -
Coarse-grained, equigranular with no compositional .. >/
. . i : ‘ . . . . - : - /
layering or grain orientation. - ' : ) /

Titapaugite (75%),_With exsolved.acionlaf ooaques

c S

- A

amphlbole and ;hlor1te. Boﬁh pyroxenefand‘eafly ﬁuhedral‘
Fe Ti oxldes are enveloped in an ox1de/51llcate 4felted

chlorlte masses) matrlx w1th traces of Fe sulphldes.

.
- P

oa_,,_'rotal ox1degconten; is about 20%,vchlor}teﬁabout 5—10%.?- _ﬂw}l

. . @ - . .

. . ’ N
e o ¢

Locatlon' Larqe outcrop in the northeast lobe of the outer

-

rlnq. e d’ Qf;' '1~__ o o jfl'

.

Crude layerlng of feldsﬁath;c (allqned feldspar) and L

‘ a.
\‘. N
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i

Feldspathic bands are an interlockina network of

crudely aligned‘blagioclase.laths (An43_46) with crude

4 .2
.zoning and inclusions of euhedral oxides. ‘Feldspar

occupies 95¢, oxides 4%, chlorite/pyroxene 1%.
Maflc rlch bands contain 50% feldspar, 20-25%
pjroxene, 20% Fe- Tl oxide and 5-10% chlorite or
amphigole. The feldspar is both subhedral laths of
Anéo_zsyand anhedrél alkali feldspar...Pyroxene.ié

anhéd}al'titanaugit% w}thﬂexsblved acicular opagues on
Cleévages ahd Fé—Tf\eqhedral inclusions. Altered'rims are
green chlorite and Q own ahphibolé transitional ﬁo qgreen
bigtite.> Oxides ére(present;s euhedral grains and -
.gnhedrallaégpegates.\ B

A

- . -

: Qentre 2 Syenites

nPC481§012 Maflc’gyenlte (Syenlte 1) e

) Locatlon-‘Centne of -th south sxde of Island G.:

eéthers to a very‘pale pink surface

Coarse—gralned.

..»

;spotted wlth dark mafl

aggregaies;
B . [

'ase) in- subhedraf

’ 7 . i o
1 0 cm‘ln length %hows nd‘alb1te

/

Clear SOdlC felds ar {anor
Y W '

' reuhedral tablets, 0,5 t

gtw1nn1ng and 11tt1e per hltlsatlon Or zonlng (~50% of the‘

- chkX,'“Pygqxene,nlargely replaced by blue—green amph1bo}§ o

ahd'qteénfbpcwnvbidtite encloses euhedral Fe T1 oxldes .-’

o - -




{j‘abundant coarse (01§%mm) apatlte.. The Fe-Ti ox1des are

3 . 357

grains an% stubby‘apatxte (~25% of the rock). Fe-Ti

oxides in euhedral grains and anhedral masses (< 25%) has
1 * : :

exsolution lamellae replaced by sphene. Stubby coarse

apatite (about 1%) and traces pf carbonate (in pyroxene

pseudomagrphs and mafic aggregates) are also present.

pPC-81-078: Inoer.Ouartz Syenite (Syenite 4)

Location: A small outcrop betwéen Isltand H and the western

N

maioland..
Sheared in outcrop,‘fhis syeoite shows brick-red
weathering surface with no compositiooal layering or grain
orientation. |

JLarge grains of feldspar (O.S‘to 1l cm), suohedral to.

qounded euhedral tabular, sﬁow intbicate exsolution *

g . .
patterns of ropey and patch perthite. Granulated and ,f
~. .

sutured inter- feldspar boundarles are. formed with f1na1

‘alkali feldspar overqrbwths.' Myrmekltlc (quartzdfeldspar)

7

1ntergrowths are c0mmon between gralns. Cumulate-feldspar

" forms 75%. Interstltlal maflc aggcegates form 20% of the

rock. -Green- brown anhedral to subhedral horn‘bénde§

ferrohastlnq51te, 1s commonly rlmmed by alteratxon to’

.’

b1ot1te and is p01k111¢1c to euhedral Fe—Tl oxldes and

i N

*'rlmmed with sphene. A few qralns of céarse quartz (<3% of¢ o

‘dithe rock)aare present at the edges of maflc agqregates.,_

21rcon 1s assoc1ated w1th maflc aggregaies. . i.~'1rw-u o
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PCTB1-285: Inner Quartz Syenite (Syenite 4)
'‘Location: East shoreline of Big Spruce Lake about®'200 m

- .

north of Eontact;witn foyaites. _
. Feldspar (70%) i¥ bimbdai similar to other quartz

- syenites. Subhedtallto.euhed}al embayed rhombic grains
(to about 1 cm) nave cere/?im structure, both parts
stronglyvpertnitised, and narrow alkali‘feldspar-sutured
boundarles. Interstitial to large feldspar is anhedral
perthitic feldspar (5%), quartz (0.5 to 1.0 mm and about
-5%) and mafic aggregates con31st1ng of subhedral to .
euhedral ollve-brown hornblende (ferrohastlngslte) which
is p01k111t1c to euhedral ox;de, anhedral Fe-Ti oxides
pOlklllth to prlsnatlc apatlte and rlmmed by sphene,

apatlte, coarse’ zlrcoﬁ and carbonate. Granular Fe-T1

L
oxide plus serpentin; may pseudomorph rare 011v1ne 1n thls

sample.' Hornblende 1s often altened to felted masseﬁ of . ’g”

biptite;and eu?ed:al-Fe~T1fO}10e 1nc1u51ons.
- : - . . : —.' e ' T

PC-81~ 332' Maflc Syenlte (Syenlte 1)

: N ‘\

Logatlon- La;ge outcrop on the East sxde of tne north t1p
'Tﬁ‘_- ) of Island G.- fr I T L
- Very s1m11ar to PC .81 ~012 but with more altered

[ ‘

ﬁeldspar(and 1nc1u51ons of sybbedral to euhedral early L

A
Y
”

\\ :‘
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pC-81-338: Inner Quartz Syenite (Syenite 4) ' .

Locatioh:_B m inside the outer contact (pyroxenite screen)

~

on the north-eastern side of the unit.. -
/This rock ‘is the chilled zone of inner quartz syenite .
. .
and consists of about 70% feldspar, 30% mafic

O
aggregates. - Feldspar is a clear SOdlC anorthoclase in a

\
[N

mosaic of -small anhedral grains (<5 mm) . Complex détterns

Q .
of patch perthite.with visibly orieﬁleﬁ alhite twinning
’ .

and variable éroportions of alkali, K feldspar and
/ N

plaqloclase are present at the centres. 'éuturéd

boundarxes between grains are formed by late alkall.

feldspar rims. Little subsequent altération has oqéurred.
Subhedral pyroxene, rimmeq with green amphibole is

associated with anhedral (embayed) brown hornblende -in

<

mafic aggregates along with anhedral. Fe-Ti oxides often:
rimmed with green biotite. Apatite, enclosed by mafics, ,"3_
is hollow cryStals, possibly with'fluid'inqlusionS\.

. ‘ N ° : , - .

Abundant zircon is assoc¢iated with the edges of mafic
. . ) ‘ s &

. -aggregates. = , . .

'PC~81 364- Quter Quartz‘Syenlte (Syen1te 3)

.Locatlon- Sho‘e’1ne outcrop on the east 51de of the lake,

an unknown d1stance from d1orite (contact

A ‘ .,," N ’

covered). Part of the body ear11er 1nc1uded w1th

e b ‘ 3 ., K
R rxng syenlte dyke. o Cos

_— "~;' . ‘ o ) . g * -
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Feldspar (85-90%) oceurs in well-defined tablets (1

omla .ropey perthite in an anhedral mosaic of late sqdic
felds®ar. A core-rim structyre (both perthitic) is common
< ’ ‘ '

o .
but. not alwa&s distinct and followed by narrow alkali-
feldspar sutured r.ims. Interstitial mafic aqgreqates

cemprise 10-15%. Anhedral brown h&rnblende, euhedral

V

» . -
&fe -Ti oxides, quartz, aclcular apatite and coarse zircon
., ‘,ﬁ

\
are aCtompanLed by traces of muscovite and carbonate

\
t

PC-82-096: Outer. Quartz Syenite (Syenite 3)
FALToe7VID - "

Location: 50 m from contact with gneiss at the western

r

-

edge of Centre 2.

s ) 1
Coerse (8" to 10 mm) ~subhedral to euhedral rhombic
tabular feldsper (80-85%) shows well-developed ropey
.perthite exsolution throughout the'eqtire erain, Sutured
boendaries haveZharro; albite>rihs. ‘Ihterétitial to”
'feldspar 1s.quartz (5*10% yO 5 to 1. mm) and agqreqates of

!.‘

flnefgralned maflcs plus ox1des (10%) The maflc/oxxde {

L
-

. - . N - . .
..agqregates do not appear to replace earller coarse maflcs

and comatst of flne gra1ned quartz/carbonaﬁe (40- 50%),
Fe T1 Oxldes (40%) olive- green b1ot1te (10%), apatlte.,

Traces of 5t11pnome1ane abut and yeln feldspar.

!

"‘1>C-iv3.’2"—099"'~ Outer Quartz Syenlte (Syenlte 3)

8

’ ~ ' B

Locdflon. .25°m from contact wlth gne1ss at the western

~margin of the,complex; 25)m east of PC-82k0961 8
 location. - ‘,f;f - .
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Similar to PC-81-096 with 80% feldspar, 5-10% guartz,

and about 10% mafic aggregates. The feldspar is smaller
s . ; .
than in PC-82-096 and has poorly defined zoning. Mafic

i

\

aggregates contain 80% brown biotite and 10-15% fine-
grained ‘quartz plus carbonate. Apatite, Fe-Ti oxides

(euhedral) and allanite form the remaining 5%. “%ircon is -

-

absent. ' ¢

PC-82-124: Ring Syenite (Syenite 2)

Location® At the centre of the eastern ring dyke 200 m

»

from sﬁuthern‘end.

Subhedral to euhedral tabular feldspar (1 to 1.5 cm),
shows ropeyvperrhitevexsolut{bg and minor dusty alteration
with traces of carbonate end«has abundant inclusions of
stubby apatite and minor euhedral oxides. 5?eldqur

comprises 75% of the rock. Mafic aggregates interstitial

[

to feldspar are similar to thdseAiu mafic syentte
R C 4 & : : - B
-@PC-81-012 and 332) and include blue-green amphibole

péeuddmorbhing pyroxene, primary olive-brown ahphibole,- .

R

subﬁédral oxides and abundarft stubby apatite.

" PC- 82 129‘ Riné syeniteh(Syenite 2) .

Locatlon. At the centre of the easternsr1ng dyke 900 m

from the southern end. - é\* >
Slmilar to PC-82- 124, an altered quartz free ring

L ) {

syenlte. Cumulate perth1t1c feldspar is fractured and

contains patches. of carbonate.v Fine-grained quartz is

’

i P



\
associated with mafic agaregates in which primary;

amphibole is absent. Blue-green amphibole, chlorite,
~ -~

fine-qrained green biotite and carbonate are all fine-

grajned. Fe-Ti oxides are commonly altered to sphene

exsolution planes and at edaes. Radiating aqgaregates
o

stilpnomelane occur in late cavities and veins with

carbonate. e - Y

PC-82-151: Outer Ouartz.Syenite (Syenite 3)
Location: 50 m from contact with gneiss at the “
— ’

4 .
southeastern margin of Centre 2.

Similar to PC—81L364 but abundant cgarse quartz

3 ~

{10%)

is associated with cumulate perthitic feldspar (75-80%)

and fine-grained mafic. aggregates (10-15%) in which the”

. I . . . o )
‘major mineral is green biotite in fe&lted. masses. 4

is abundant. : ‘ - i
A| #*

-

PC-82-358: Outer Quartz Syenite (Syenlte 3)

Location: Within the LobéIOfﬂsyenite_emplaced across’ the

. .
. ! b

fault cuttind Centre’ 1 (see”Fiaure 8). .

Early subhedral blocky/rhomblc feldspar gn larqe

.

crystals (to 1 cm) shows no a1b1te tW1nn1nq, but a core-

u,

?rlm zonlnq strbctUre 1s apparent in dlﬁferlnq deqrees

r4

-dusty aIteratlon (greater in core), bnrefrlngence and -

texture of perva51ve ropey peﬁl?;te exSolutlon.

Inclus1on§ of euhedral Fe~T1 oxldes are rare.

.

rd

of

362
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Interstitial to early feldspars are anhedral perthitic

feldspar, quartz and mafic adgregages. The total feldspar
7

content is 80% (50% earJy.subhedrel, 30% late anhedral).

' N .

Quartz (5-10%) occurs as individual grains and aggregates
interstitial to feldspar. Mafic aggregates (10-15%) are

slightly variable. In some, euhedral brown hornblende,

>

poikilitic:to euhedral Fe-Ti oxides and rare prismatic

-
Pl

apatire, is fractured and elteréq to green biotite. - A
-Quartr and primary biotite are aseqpiated. Other )
aggregates are fihe-qraiped masses of green biotite,
" euhedral oxides, tracesyof acicular to prismatic apatite

and fine—graihed gquartz/albite: Zircon (te 0.5 mm) 1is

associated with mafics.

% " There is no primary.or pseudomorphed pyroxene.

Centre 3: Silica Undersaturated Series

PC-81-482: %gufhern Foyaite

" Location: Massivé outcrop at northwest tip of Island V.

"Typical” leucocratic foyalte.

Very coarse- qralned, rubbly weatherlng; ma551ve Qrey-
rock Euhedral hexagonal dephe11ne (55%) up to l ém in
length and euhedrdl but embayed sphene (2 3%) up to 2 mm
in. length are enclosed in a m;rrlx of alka11 feldspar

1aths (30%), subhedral prxsmatxc aeglrlne—aug1te (S 10%)

anhedral cancr1n1te (5 10%) and Fe Ti oxldes (<1%)..
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Nepheline is larqgely unaltered and carries zones of

. /
inclusions (aegirine and minor Fe-Ti oxides) near the

rim. Strongly pleochroic aegirine to aeglirine-augite is
interstitial to nepheline; pyroxene cores are often rimmed
withiradiatino clusters of acicular aeq{rine. Feidspar
laths of cryptoperthite form ;; interlogkinq mass.
‘Cranular cancr?nite often rims nepheline and feldspar and
veins nepheiine;‘ Fe~-Ti oxide aqrains show lamellar
exsolution, sometimes Qith preferential replacement of

ilmenite by sphene or a complex interarowth with fluorite

and calcite. Sparse apatite is associated with aegirine-

augite.

pPC-B82-039: Southern Foyaite
Location: Massive'outcrbp on the northern tip of the main

promontory at the souéh ehd éf the area.
Céérée—qrained, rubblgiweatheringg grey rock.
Subhedrai to’euhedﬁal prismatic miéroperthitic alkéli
feldébér”(miérocl?ne to 1 gﬁ 1énqth)’}70%i is eﬁclosed by1
é‘fiﬁe—q:afned aqqfegate bf‘giotite 610§), ﬁehheline
- (15%), and'euhedraf' spher{e (10%). Feldspar is poi'killitic
to sphene and shows minor'alteration to clay/séricite.
vsphené,is pale‘brOWn énd; whéré éncipsed'by, -
fhidiite/ﬁepheiiné, has rims of éranular sphene. Biotite
is dark b{dwn (pleochroic to B%le brOWn)‘éhhed£a1, and

~

~
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clpsters commonly form a boundary layer between early
feldspar and qranular nepheline which forms interstitial
masses. Traces of microcrystalline opaques (Fe-Ti oxides)

and anhedral cancrinite are.associated with nepheline. .

Apatite 1s rare. ,

PC-81-168: Melteigite

"

Location¥ West side of Blg Spruce Island/ from a "reef"
with indeterminate field relatlons, on the
foreshore at the mouth of a radial fraccure.
Euhedral prismatic (to 1 cm)‘aegirine—augite (89—
) 85%); somewhat rounded'and alter%d in patches to deep-
brown biotite, is enclosed in a matrix of anhedral,
hematised cancrinite and feldspar (15%), accompanied by’ ///
. ,
‘ floorite and calcite. Abondsnt‘granular sphene (2-3%) is
associat?drﬁith‘éegirine and biotite. lracestof Fe-Ti

oxides &nd monazite ‘are also present.

\

pCc-81-287: Mafic Foyaite

Location: MaSsive'outcrop at‘the southwest corner of

~

thtle Spruce Island |
Euhedral hexagonal nephellne (up to 0. 7g)cm)‘is
recrystalllsed to a mosaic of anhedral gralns which often
.retain the original zones of aegirine inclusions (40%).
- These necrystalllsed forms are enclosed in a matr1x of

Ry
Arounded aeg1r1re auglte (50%),_cancrlnlte/feldspar (5~

S .
e ot



N

’matrix of subhedral aegirine-augite (25%) altered in

10%), and granular andradite garnet (2-3%). Fluorite

- -

occurs in the matrix along with flakes of brown biotite.:

PC-81-165: Mafic Foyaite

‘Location: Northwest tip of Big Spruce Island.

Euhedral aegirine-auagite (to 3 mm, 40%) is enclosed
in a matrix of subhedral to rounded aegirine,
nepheline/feldspar (40%) and brown biotite poikilitic to

aeaqirine—-augite, with traces of fluorite and carbonate.

Sphene is absent. ' .
PC-81-194: Mafic Foyaite 0
Location: From the centre of Big Spruce Island.
Hexagonal nepheline (to 0.5 cm, 50%) 1is
recrystallised to an aggregate which retains zones of
inclusions of aegirine-augite parallel to the original
crystal faces. These pseudomorphs are enclosig in a
pétches to_brbwn biotite accompénied by granular
népheline/canérihite and K-feldspar (25%).

s

'ﬁ

- PC-81-2041: Melteigite =~ . '
_ngiglggz A nepheline Dorpherfayke (strike ='10°) on
: R ‘ -t

‘northeast tip of Island V, 1'm inlwidth.

s

Nepheliﬁe'phenqcrysts (1 cm) in a matrix of DA ’

-
et .
-

- -
- . . R
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‘sthedraléeuhedral aeq{rine—augitq (l—Z'mm, 65%), euhedrél
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PC-82-525 I3jolite

? = 4 . 367

sphene (1 mm, 10%), anhedral interstitial perthitic

feldspar (10%) and nepheline (15%). Minor euhedral Fe-Ti.
oxides are present. Aeqgirine-augite has reaction rims‘ofU -0

radiating brown biotite against feldspar.

»

Location: 200 m inland on the resistant ridge'trehding-

i : ) . 7
southeast from the northwest tip of Big Spruce -

Island.

-

Fresh, black, no compositicnal layering o¥

orientation of grains. FEuhedral nepheline (to 5 mm), is

o

partly reérystallised to radiating'cfﬁéters of  cancrinite
rimmed by -granular aegirine-augite and fluorite. ‘Fuhedral
aegirine-auqgite is interstitial to nepheline and

) {
associated with granular andradite garnet and subhedral

brown'biopite_poikilitic to Qranular aegirine.  Nepheline,

aeqirine-augite, biotite,and anhedral K-feldspar/cancrin-

ite/nepheline 15%, biotite 2—3%y"darnet 2%.

pC-82-526: Tjolite. o B S .

Locatiopn: 100 m‘50uth9a5t of PC:82—525 location.

Similar to PC-82-525. Remnants .of euhedral nepheline

"(25%) are altered at’ the rims tb.pfismatic radiating

cancrinite. Interstitial, rounded and embayed aégirineé-

. augite (50%) is altered to?granuIa:»andradiLdLga#nétfaL_fk___;_

rims and. in patches and is enclosed in‘a matrix (30%) of »°

2 fa
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1y

spérse brown biotite and granular feldspar/nepheline with

N

traées of fluorite. : : .

Al

An inclusion (2 cm) of medium-grained melte¥gite
consists of euhedral aegirine-augite (80%), rims altered

to andradite, enclosed  in granular cancrinite and
’ »
o ™ ' ' e

fluorite. ™

Centre 4: Carbonatites

PC-81-176: Sbvite ‘ )
Location: A 1ens (0.5 m) of resistant leucocratic

carbonatite in ropey textured mafie carbonatite

c Ce ' F
o islet west of Big ggruce Island.
A s

A coarse,. gtey-green?tock[{appears equigranular in

&
2 <]

‘hand and unoriented. Large ahhedii} carbonate grains form

- B ( ° N
a mosaic (70-75%) veined by ffhe-grained aggregates of

S . T L) . . .
euhedral-subhedral “pleochroic yellow epidote (10%), -

.

: T o, .
microliths of albitic feldspar (15%),.-partly-chloritised

‘biotite (5%). Tréces'o??allanite and fiebeckite “are

’ 1
N

. p:ésent. R e . o v  _“. : o
oA T . ' g
PC-81-178: Sovite % I

Location: Grjey sbvite dyke (0.5 m) between 'silico-

.

o ‘carbonatites and gneiss, on islet west of Big
__=_ . Spruce Island.-. .



Coarse white calcite with a slightly sugary

texture. Slightiy weathered in outcrop: Calcite;(90%)

r A 2
6 . ©

contains interstitial aggregates and fine veins of ' .
. . e o
" riebeckite, allanite, sphene and alkali feldspar, which \
o . - . ' : "‘s,
. . 5 . ' "
impart’ a qrey'Colour‘to the butcrop. e

i T -

PC-81- 1185' Sovite : - I

. . - 4 ’
o . / \\
- e " M

Locatlﬁn.rDyKe (3 m ip width) cutting gneiss west of Bigqg

J/ Spruce Island. The dyke is rimmed with massive ,

quartz. ) S ‘ ‘ )

2

' ; * . . i/
. Medifm-qrainéd red’ carbonatite with phenoprysts of
]
fyrlte up to 1 cm ;n size. The depth of red colour is . K
]
varxable, with sharp contacts and changes in mineralogy

‘o
~

suggesting sllghtly d1fferent magma pulses. The sample
5 ’ £ ) ;-'ﬂ"
analysed isi a. compo51te dr average. - ‘ :

Pyrlte (to 1 cm, 2-5%4 and magnetite (<1 mm, 23%>‘aré

enclosed in a matr1§ oficalcfte (80%) and bastnae51te

¢

L, (10%) w1th quartz (S%) and barxte (trace)

S

PC-81-376: Sodvite -

Location: Dyke (1 m incwidth) at the northeast t1p of
% v . - . ,'f‘:‘/”'
Ilttle Spruce IsLand .'1 .*?

«

Coarse ca1c1te (>95%) lamlnated wlth aqqreqates of -
‘baetnae81té{ allanlte and traces of*green bfotlte to
produce a qrey colour 1n outcrop.v Simiianhto‘?ciﬁlfl78~

and pc -82- ,506. e S "fﬁ;n




PC-82-088:" Riebeckite-Sbdvite

K

PC-81-383: Silico-carbonetite

Location: Southeast tip of Little Spruce Island. No field

relations.-disternible.
Easily -weathered, coarse,.white calcite and resistant

grey-green ’silicate vein éach other irregularly N, The thin
- P i 4 .

section is 70% calcite veined with, subhedral-euhedral
X ' -~/

.

70

—

4

yellow-epidoté,vdeep green biotite flakes (25%) and:tybces*

of brown allanite. Prismatic epidote sometimes has coreés’

.of allanite. Veinlets of‘qfanular quartz/feldspar (5%)"

also occur, 'not associated with epfdotqh

Lotation: Dyke (2}5—3 m in widthi:aSSOCiaﬁed with

foyaite/syenite CQntact at the northwest corner
of Biqg '‘Spruce Lake.

»  Medium-grained, bluish-vioiet in hand specimen;
S - . ‘e )
1am1nated-w1th alternat;ng orlented
;‘f . .
rlebecklte rlch aqqregates and pink carbonate. Euhedral

layérs of blue -

LY

r1ebeck1te/arfvedson1te and brown biotite" (15% and 10

/7

respectlvely) with dark brown pleochr01c allanlte form..

i
.oriented¥ lamellar agqregates between coarse . calcite (70%)

carrying abundant fluorite ' (5%).

PC-82-408: Magnetite;bblomite—Cafbonatite

.Lo¢ation: Small pipe 200 m northweSt_of the main dolomite

pipe, east of theimain.cbmplex.

/ L

'

,oa
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In outcrop, euhedral magnetite (1-2 cm) is weathered

. out from _the typical dark-brown "spongy" dolomite

surface. 'Thé pipe is brecciated and dolomite clasts

-4
dominate over gneissic clasts.

Phenocrysts of subhedral to euhedral magnetite are
carried in a matrix of coarse anhedral carbonate grains
with numerous inclusions of smalllmagnetite ;nd biotite,
and aggregates of sliéhbly chiorirised green biotite.

. - :
Magnetite forms 20-25% of the rock, biotite, 10%,

dolomite, "65%.

PC—82-412~ Magnetlte -Dolomite- Carbonatlte

Locat ion: The centre of a small pipe cuttxng gnel%s on the

». east side of Isiand P. 7 j

oo

In putcrop grey dolomlte is weathered to dark

"4brown. Slmllar tO'PC~82-408 'Coarse euhedral carbonate

!

and rounded carbonate qralns are enclosed in a network of
e

d chlorlte and traces of brown blotxte whlch is assoc1ated

'

. with granular’aggregates of feydspar and flne carbonate as

;

‘welL‘as\radiating'clusters of prismatic feldspar.

Euhedral magnetlte appears throughout (<1 mm) but is

5:\

pjsparse in coarse carbonate and abundant in the

chlorlte/feldspar/flne carbonate netwofk. Carbonate fprms

about 50% of the rock, feldspar 5-10%, magnetlte 10- 15%

"and chhorlte/bkot1te/35$14-g

: P N
‘e . . /s . ‘\
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PC-82-506: Sovite L ,
Location: Dyke kl.S_m in widih) on the east side of Little
Spruce Island.
A grey dyke, with somewhat crﬁmbly#texyure‘du@ to
weathering: Very similar to PC-81-376. Coarse calcite

carries fine veinlets of allanite and traces of granular

bastnaesite. -

( A

Centre 5: Satellite Intrusion ‘ A .

All samples from this area are black, equigranular.
and show no compositional zoning. Grain orientation is

weak to absent.

PC-81-057: Olivine Shonkinite
Location: A small shoreline outgrop on the south side of
the central area. - Contacts with gneiss are

. /’// . ‘ *

sharp. There are no visiblé}xenoliths.

Rounded grains of o 'viné,(irIO%, to 1.5 mm in

léngth) andzpriSmatic augite (40-45%, ;;5~2.97mm in
length) are eﬁploéed in a matrix og biot?t? @10%), alkali -
-fefdspar (35%)¢ Fe-Ti‘oxi S }5%), and-iétg pyroxéne. | _ -
OliVing is fractured an& hédvily'ﬁeined wi£h~hedenbérgitic

* \ .
-

pyroxene-. Pyroxené phenocryst$ are sharply zoned with an
,»auqite core rimméd by a zone of inclusion-rich augite

(biotite, oxides) and qreen;hleochroic_hedenbergité{ Some
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PC-81-061: Biotite: Pyroxenite

.small late pyroxene is entirely hedenbergite. Biotite -is

etrdnqu pleochroic (straw yellow to deep red-brown)
subhedral to anhedral and poikilitic to euhedral Fe-Ti
oxides, late pyroxene and apatite. Scattered anhedral
qrains of Fe-Ti oxides, rimmed by biotite or included in
biotite are scattered throughout. Alkali feldspar 1is
subhedral (lonq'larhs} to anhedral, very clear and.
unaltered. Albitic twiﬁninq is absent, Carlsbad 1is

common. Sphene 1is absent.

-

Location: Shoreline outcrop on the south side of the main

intrusive area, adjacent to. the outcrop from
. Vi ¢

which PC-81-057 was taken: | ."/

K

Subhedral, rounded pyroxene grains (GG%) with_;argel

373

Y

anhedral biotite (30-35%) and re -Ti ox1des (5-10%) form an

interlocking mosaic. Pyroxene is oeclllatory zoned
augite, with abendant inclUsions of‘apatlte (and sphene);
and 1% fractured and altered in patches to. brown . -
hiotite. Brown blorlte eontalns exsolved rutlle.and °
inclusions of 3ma11 euhedrql pyroxene and Fe-Ti ox1de$;‘
Fe T1'0x1des are 1arqely anhedral maqqeq, vften rimmed*”
with sphene. Pyrlte is assorlated with the oxldes.
Sphehe<is abugAaqm (2—3%) 1? }nterst1r1a1 granplar
aggredateéfééghbrt brrsﬁatie apatite is ihcluded in

biotite; oxides and sphene.
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PC-81-388: Bioﬁﬁ%éxshonkinite | <
ngation: On ihe<east side of a small {sland lying

northwgét of Moose Islanq. The island is almost
entirely intrusive; gneiss appears only on the ,
'wéétern side.

Néfy similar to PC-81-061 with less pyroxenc.

Pyroxeﬁe is 40-45%, biotite ig 40-45%, Fe-Ti oxides are 5-
10% and apatite is 3-%% of the rock. Late granular sphene
is present in tracesﬂ;long with carbonate.

) ,

A weak foliation (alignment of prismatic pyroxene) is

-visible in thin sections only.

PC-82-260: Olivine Shonkinite
Location: Outcrop on the northwest shore of Moose Island.

- Similar to PC-81-056 but tnriched in pyroxene (50-55%

if 40-453) and poorer in feidsﬁar (20-25%). Olivine is
completely altered to very fine talc/t:emofite. Alkali

.feldspar is anhedrél. Apaéite (and sphene) is

-

séarse/absent. ! L
PC-82-278: Biotite Py(}oii‘éhite ’ '-'S’ |
Locatién: A small outcréb usuéliy'unde&%é;g;, between Fish
Islénd and Moose Island. .N$7contaéts yisible.
No’xenoiiths observed.' |
Similar to PC-81-061. Modal pyroxene (zoned

augite/titanaugite) makes up 80% and biot te, with abundant
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apatite inclusiéns makes up 15% of the rock. 3-5%_of
clear untwinned feldspar is very late interstitial. No

post-crystallisation shearing and alteration is apparent.

Country Rock

52—81—0255 Granodioritic Gneiss .

Location: Massive outcrop cleared by blasf{nq imméﬁiétely
east of Snare Rapids hydroelectric dam. o

o
A'grgy, porphyritic qneissiwiﬁh sp?rse geldspar
grains to 2 cm crudely.aligned in an gnoriented matrix.

Plagioclase, with rounded and altered cores rimmed with

o

: _ e

albite (25%), and guartz aggregates (20-30%) are "enclosed

in anhedral microcline (40%) and vein ahd aggrégates of

bleached brown biotite wi&? minor muscovite. Zircon and
. ( ,r: . -

'~ apatite are presént in traces.

PC—81*463; éﬁqnodioritic Gneiss

Location: La;éé-outcrop‘cleared by blasting, along the

. Snare River Channel, 1.5 km southwest of the
main‘complex.f' .

. Grey, unoriented gnei;s very simflar téIPC-81+025,

but with chlofftised biotite and more mﬁségvite. |

Plaqioclase‘ﬁakes up 20%, micrdclinef40%, quaft;,ZS%,

biotite (partly chloritised) 5% and muscovite 10%. Zoneé

4
zircon present.
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“PC-82-074: Felsic Gneiss

1

Location: Alonag the eastern side of the southeast outlet
to Biqg Spruce Lake.

Leucocratkc equigranular unoriented pink gneiss.
. ' -

’Altered plaqioclase;ﬁaths_(ZO%) are enclosed in'agqreqates
4 .

of quartza(ZS%) and~anhédral‘microcline (40%) with

aggregates and veins of bleached biotite '(3-5%) and

.

muscovite (7-10%).

PC-82-281: " Granodioritic Gnéiss.

Location: Along the northern Snare River Channel, 100 m

~

north of t?ﬁ complex.

. Granular quartz and feldspar are crudely aligned with

étangers of biotitﬁ_becdeen.r The biotite (8%) is

_hleacheﬁ'and slightly chIoriéiSeﬁ‘éionq‘cleavaqes,

associated with well-developed muscovite (3-5%).

,‘Pﬁﬁgigglase (20%), miq;qplihe‘(30%) éhd”quartz (40%) make.

[
ogk. —goned zircon is present in

“Wup the remainder of the r
s ’ -

- or

o : : . . - o . -
tracesl : A . : R -
T . . Lo ) R .
P : , N "
J0 -
4, :
. r‘A . . g
k] + .
: $. -
‘% “:. & e‘ . £
A A



APPENDIX 2

ANALYTICAL METHODS

A. Sample Preparation

1. Whole Rock Powdets -

Samples for whole rock analyse$ were selected to be(
.the freshes£ representatives of the units from whichvtyey
were taken and at the same time. to produce .the widest
possible range of compositions for each intrusive centre
to facilitate determination of separate isochrons (if
possible, for each center’. Sample size ranged from a
minimum of about i kg to abou€'15'kg. | :
For powders a‘block.Weighing 0w75‘to 1.0 kg (af -
minimum of 0.5 kq) was cut from the center of the fxeld

b

sample to av01d p0551ble ‘surface contam1nat1on or .
alterataon.r This block wasAcut into sllces whlch would
crush in the ]aw crusher. A water- cooled dlamond saw was
used for thlS §tep.” All cut surfaces were cleaned thh
garnet sandpap%r to remove metal marks, and the blocks

- were washed w1th dlstllled water, covered w1th paper aﬁd
allowed to dry in air. The bulk sample was: crushed to

less than 0 5 cm in a Sturtevant jaw crusher,'then ground

to less thap 40 mesh in a Bico disc m111 us1ng mu111te..

s 377
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4
e

plates. This coarse powger was thorouaghly mixed and a
split of about 50 g taken for the final grinding. Final
grinding, to less than about 200 mesh, was performed in an

- .
agate swing mill. From this final powder a 10 g split was

removed for XRF analysis, the remainder retained for other

analyses.

Zircons were separated from the minus 100 mesh
. ’ [}

fraction of six syenites .of Centre 2. Thé non—magnetic
fraction was settled in»acétyléne tetrahfomide‘and then in
methylene iodide to obtain a heavy fraction that was
élmost entirely zircbn. The few grains of pyrite were
removéq by ref1uxinq in-1:1 nitric acid, and a few dark
impurities were'rémoved hy-hand¥pickinq.; This produéed a -

separate '92.9% pure which was cleéaned in diiute HC1 and

water before analysis.

B. XRF_Analysis S . .

Who}e'roék'XRF analees:were performéq at Midléhd
Earth Sciences Aschiates (MESA); No;tingham, Englaﬁd (Dr.
B.P.'Agkins,f Ten major elements (Si, Al, Ti, Fe, Mg, Ca,
Na; K, Mn and Pj5pru§ loss on ignitiéh were determined by
XRF fusion‘techniques. ‘Eight trace‘elemehﬁs (Nb, gr,~Y,

'Rb, Pb; 2r, Ta .and Hf) were determined by présSed powder
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methods. Limits of detection for the trace elements (20)

estimated by MESA are:

ppm © ppm
Té 2 Sr 1
Zr ‘3 Rb 1
! Pb 2 Hf -not given .
Y 2 Nb 1

<

Hf and Ta were found to be erratic at lower levels (<5

ppm) and instrumental neutron activation analyéis (INAA)

values are preferred for these elements. The accuracy of

for both Ta and Hf is about *+10% of the amount

'S '
t. The detection limit for the sample size used is

abQut}0.4 ppm by INAA. §

. »
Accuracy of major and minor element determinations by

XRF was monitored by analysis of three USGS rock )

a

standards, W-2, DNC-1 and BHVO-1l. The results are
presented in Table -25. .Precision was monitored by
replicate analyses of 6 samples, 5 of which were analysed

twice '‘and one was analysed four r&mes. The 1o variances

for various elements (n = 4) are:

Sio, '~ 0.40 MnO ~0.013
. Tio, . - 0.013 - CaO . 0.013
Al,04 0.133 - Na,0 0.020
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- BCR-1

‘element

method 

LFe 03 0.037 K0 0.020

MgO 0.069 P,0g 0.013

&

“8}.

C.- Instrumental Neutron Activation Analysis (INAA}"

Trace element analyses of,whole'rOCR powders were

performed at the University of Alberta SLOWPOKE Fatilityg:
(UASF) using INAA (Duke, 1983).° / ‘ g‘.

Two irradiation schemes were used to maXimise the N
number of elements determined. The shorter—liged‘nuclides
were determined by the comparator method follawing a four-
minute i;radiation at, a thermal flux of 1011 n/cmz/s.
Subsequept to a one-week qecay period(wthe longer-1lived

- ! .
nuclides were determined by the semi-absolute method

following a two-hour re-irradiation at a thermal flux of
' Y

1012 h/cmz/ + The y-activity of samples was counted first

for 1. to 3/h following a decay period of 6 days and then
for 3-10 followinq a total decay time of'about 21

RN

days. Th countlnq time depended upon . the rare earth

ontent of each sample. A full descrlptlon of tHE’

ndﬂlnstrumentatlon is presented in Duke (1983). f
Anaiyses of selected USGS'tock stacdards (AGV-1,

andesite; GsP—l granodiorite;:G—Z grani;e; W-1 diabase;

basalt) were used to .check the accuracy of both the

shoff and long 1rrad1at10n methods (consensus values,f
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Gladney et al, 1983). -

-

A summary of the elements determined by INAA in this
study and the irradiation—decay—cdunt sc?eme used for each
is provided in Table 26. Several elements (gﬂg. Ba, Eu,

A 1S .

Sn) may be determined by more than one scheme, however,

N
4

only the scheme found to be most accurate and precise was

used in this study. In addition, several major and minor
R Ty |
. L ’ .
elements such as Na, K, Al, Ti, Mn and fFe were determined

in some samples. For internal consistency only the XRF -
’ !

data are reporéed fqr these eleﬁents although good
agreement between XRF and INAA was generally fou;d.
For most sample§ an aliquot of about 100 mg,

éarefully weighed to *5:1 mg and- sealed in acia—washed
polyethylene irradiation~vials,lwas-an‘optimum size.

However, some of the samples are enriched in Mn, which
activates to ?®Mn, ‘with a half—life.of 2.576 h, aﬁd

inte}geres withnprecisé determination of 6ghér short—lived
nﬁclides. For these samples the aliquot used was reduced N
to aont 6@-75 mg,. and three sepanéte‘éliquots ahaleed 

fo; the short<=lived ,utlides._iThe;Saiue'?gpérted is the N

ﬁﬁ/prithmétjc mean Of the ;h:ee‘détetminationsiih‘£hese¥

.cases.‘AFollowing‘a‘one—week'decay period. the three v R
a(;quotf were combined, Ehproughly mikxed, and a 100 mé'

portion removed for re-irradiation and determination of

the longer-lived nuclides. ‘The effects of the smaller «
, : ve ) , "



Table ZT.

q

Yy energles and irradiation schemes used fag INAA.

. kev then take welghted mean..
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no

1 kev(SL

Un,—

Nuclide Enerqgy Irradiation-decay-count Scheme and Comments
. keV :
1371 496.2 (4)
IQ]Cc ﬁﬁé.4 (4) check interference of S%e at 142.7 keV
60c 119320 . , "
(3, 8) use weighted mean of 4 values :
1332.5 ‘ . N : &
>Ter 320. (4) : s
13404 795.8  (4) '
1650y 94.7 (2)
181 482.0  (4) o
Bbgr 107%.2 (4) ' o .
12244, 564 (3) '
124 " use weighted mean of two values
Sh 1691 (4) . '
465¢ 889.3 (3, 4) weighted mean including 1120.5 keV 1f
{1120.5) significant Ta interference at 1121.3 keV
18214 152.4 (4) ,
‘233Pa(Th) -~ 311.9 (3, 4) use weighted mean
2% () 2779 (3)
114014 1596.2
L4870 5 3y us i ghted £ f 1
. 1 eq
- . 815.0 ( | use weighte @ean o) éur value
& 3287 / ‘
18744 ©531.0 (4) unreliable, MSID preferred method
.?535m 1103.2 (3) ) , v
152, g 1497.9 (&) . ¥
160Th :298.6 (4) correct foér 233Pa(Th) llnp at 300,
o2y . 1434.4 (1) : : 4
1634y, 198.0 (4) corre?t for ‘82Ta 2t 198.3 keV and 1507, At
. : 197.0 keV .
1?§Yb 396.3 (3) correct for 233Pa(Th) at 398.5 kev.(5)
'5 E reliable at high rarg,earth element contents.
!?7Lu 208.4 (3, 4) correct 6 day value for 239Np(u) at 209 7

{1) 4 m irradiatiph at 1o n/cmz/s, 12 m-deéay,-S m couh€§‘

'

<y

(2) 4m irfadidtion at 10?1 n/cm?/s) 30 m decay, 10 m count.’

& " (Continued)
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,;I‘dblv 26. (Continued)

(3) 2 h arradiation at 102 n/cm? s, ~6d decay, 1-3 h count dependent
‘ ] Y

upon REE content. :

{4) 2 h irradiation at-10%2 n/cmz/s, ~21d decay, 3-10 h count dependent

upon REF content.

(5) Fxample of general correction method. ‘233Pa(Th) at 300.1 keV

Hptprferee with 1007, 4t 298.5 keVv. Hence:

ppm Th fofbind at 311.9 keV counts in 298.5 keV peak

ppn Th found at 300.1 kgV.

¢

= net counts at 298.5 keV due to Th

and net Tb counts = Total counts at 298.5 keV - net counts due to
\'. N .

Th. , \
. . e

N

net Tb counts at 298.5 keV 160 . .
x Th d at 298.5
total counts at 298.5 keV ppm found a 2 ‘

net ppm Tb =
. ' . o °

keV.

ol - d . , N

(&) The correction forlquTapat 198.} keV includgs an empiricallys

,o AN
4 B e N

Lo .

. 23 .
°  determined correctjon factor, for interference of 18215 onto 169Yb,

-~

. _i.e.; counts due to 1§9Tb at 198.3 keV = 0.1888 x counts for iBZTh
/‘ét 152.4 keV.
.‘. ” ‘ . » ‘ \ . ‘ h ‘ -
, 3 -
. . .
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sample size on precision were checked by replicate

-

analyses of a single sample using aliguots of 100, 75 and

50 mg. Reduction of the size of the aliguot used

increases the statistical upcertainty but in all cases the

mean of triplicate analyses of smaller aliquots aqrees
within error with the resultfs obtained using a 100 mg.

aliquot.

>

The errors quoted in tables of results for INAA
1
Y :

determinations are statistical uncertad

es only and do
not include uncertainties in weidhing, iming and flux

variations, which are negligible (Duke, 1983) in

comparison to the statistifgal uncertainties.

”ér'Analysis

D. “Wwhole Rock

Rb and Sr concentrations and Sr isotopic ratios were

deternined by methods outlined in Chaplin (1981).

g,

»

E.° U-Pb.,of Zircons

~

Concentrations of@U and Pb and Pb isotopic
compositions'were'determined by technigues outliﬁed in
Chaplin (1981) which is based on Krogh (1973).

D 3

P | L

.'.“!g\
L0

%3
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F. wWhole Rock Th-U-Pb

Concentrations of U, Th and Pb in‘selected whole rock
samples were determined by an adaptation of the 1isotope
dilution (ID)/isotope ratio (IR) method éf Krogh' (1973).
Pb isotope’ ratios were determined following the procedures
outlined ‘below for dissglution and separation of Pb.

For whole rock f% determinations a sample’ estimated
‘to contaih,@?out 10 ég Pb, wusually 0.15 to 1.5 g, was
decomposed overnight at 100°C using a 3:10 mixture of
HNO5:HF. The solution was then uncovered and evaporated
to dryness. Fluéride was removed by repeated evaporaﬁion
with HNO3. ‘The sample was then dissolved in 20 mL 1:1
HNO3;H20 by refluxing covered for at Iéas('one hour. The

1] mL volume and

resulting solution was evaporated to.10-1

cooled\before transfer (solution plus any precipitate) to

\
kg

'ia 15 mL‘gpflén,centriTUQe tube. The mixture was
&

‘bcentri%dbed and the supernatant liquid transferred to a
silica centrifuge tube cqntaining ; few'dropé of Pbrfree
Ba(NO3{2 solutidn‘(approximatély 10 mg Ba(NO3)yJ).
Séirriﬁg with a Teflon rod usually produced é,copious_
precipitate of Ba(NOj), which carries Pb as co-
precipitate.,  1If no precipitgte formed tﬁen éénéentrated
Hﬁoj was added slowly, Qith sti;ring; until a precipitate
formed.. The centrffuge tube was covered and left

) overnigﬁt to allow complete precipitation of Ba and Pb

v .

. o
-~ nitrates. . ’ . '
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Samples larger than 0.75 g oftén required a larqger

volume of 1:1 HNOazHZO to qisSOIVe all or almost all of

. Q )
the decomposition residue. 'Up to 50 mL were used in some

instances and this was evaporated to about 25-27 mL before

<

conling, centrifuging and precipitation of Ba and PbL

N

nitrates.

The solution plus Ba + Pbh precipitate JWas centrifunged

and the supernatant discarded. The nitrate precipitate
was dissolved in a minimum of water and the solution
transferred to a 3 mL silica centrifuge tube. Barium

nitrate was reprecipitated by addition of #HNOj, Following
; ‘ SN

centrifuging the supernatant liquid was discarded and the
precipitate redissolved and repreéipitated at least .twice
in the small the. The precipitate was thén dried and
dissolved in 1.0 mL 1.5 N HCl (vapour distilled). This
solution was loaded onto a péeviously célibrated chloride

" anion exchahge column to separate the Pb. The Pb-eluate

was evaporated to dryness for the determination of Pb

i ratios. - S
isotope ra _ ; . 7

'The purified Pb was loaded as a phosphoric acid-

>

silica gel mixture onto a single filament of rhenium’

ribbon (0.75 x 0.025 mm). The 206/204, 207/206 and
je '

208/206 ratios were meésufedfat é tempen&ture of 1200-

1280°C on a VG Micromass 30 spectrometer usipgra nine-stepe

peak,jumping‘procédhre. Mass ﬁqrmalisation faétors'of
206/204 ='1.Q02752, 207/204 ,= .1,004267 and.208/204 = ;’

- . «
. . /7 . »

£
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1.066420, determined by repeat ;Uns of the NBS 981
étandard, were applied to noimali$v the sample data to the
NBS 981 ygerrar .

For U-Th-Pbh whole rock determinations both Pﬂ IR and
U-Th-Pb ID's were determined f%om a sinagle sample
dissolution. A sample sufficient tg contain about 10 uqg
Pb was weigﬁed into a Teflon beaker. The sample was
decomposed and dissolved in 1:1 HNO3 and cooled as -
outlined above. At this stage the sealed beaker was
weighed. Half .the solution was poured into a clean -
~weighed Teflon beaker and weighed. An 51iqu0t of mixed
238 4 230y spike was welghed in followed by an aliguot
of either 208pp, or 206Pb spike (depending upon whether the
sample was rich in U or Th). This portion was used for
isotope dilution of U, Th and Pb concentrations. The
second half of the sample 'solution was used for IR _
determination and was processed folléwing the method . ‘~~u///
outlined above. | )

The 1D determination; required a modifitation'bf the
Pb-IR method. The spikeq solution was evaporéted to é '
~\v;1ume approximately’ equél to one-half of the iD samp)g
aliquot, to make the HNO5 almost Concqn;rated. This’
solution was cooled{ éentrifuged annga(NO3)2 precipitated

as before but the first supernatant 1iquid‘which contained

U and Th was retained. The Pb was separated as outlined
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awe. The supernatant solution was transferred to a .

o .

i s
&cflun bea®:r and evaporated to a volume ot about 1 ml,

HNO 5. One mi. H,O was added and this solution added to a
pre-calibrated nitrate anion exchange column to Separate U
and Th. The sampleawas passed twice through the column to
purify Th and U. The final U-Th eluate was evaporated to
dryness then loaded in a drop of HNO53 onto the side
filament of an outgassed double rhenium filament.

The purifiéa P separate was loaded in the usual
phosphoric acid;silica gel mixture onto the centre
filament of the same agSemhly and ratios measured as
outlined above. ‘ .

U (238/235) and Th (232/230) ratios were measured on

the VG Micromass 30 spectrometer using a 3-step peak-

jumping procedure. -

G. Whole Rock Sm-Nd Analyses

e

A sample containing'at least lsbpg'Nd‘(d.Z.to 1.0 g
usually) was weighed into a 25 ﬁt_screw—top Teflon vessel
and mixed 14544 +v1498m spike solution added for isotope
dilution analysis. A like amount of sample ﬁowder was
placed in'a second vessel for~d?terminatiqn of the
}43ﬁd/144Nd ratio. Use of séﬁaréte dissolutions for ratio

and concentration determinations was justified by repeat

. - .
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analyses of Severe},samples. Even for carbonatites

containing oJ;r 1500 pp¥ Nd no significant di¥ference in

elther 443Nd;mA4Nd or;l475m/144Nd was found. Samples were-

decomposed overnight in 3 mL-HN03'+'10 mL HF at ~100°¢T "
< . ’ . , q

-

[ . .
After centrifugling, the superdatant‘llodld was discarded,

/

t he fluorlde re51due was washed by dlqestlon with 4% HF:4%

: “U ,

HC1 solutlon (centrlfuqe ‘and discard wash liquid) then the

flunride was removed by repeated evaporation with HN63.
. L . 2 ‘ o

The final residue was dissolved in dilute HCl and R,0j3
[ ’ ,

elements precipitated by addition of ammonia. 1If there
‘was insufficient Fe. or Al present'to act as a carrier for
Nd andésm’theh the solution was re—acidified' a wrace of
pure Fe solution added and the R,0;5 reprec1p1é!!;§f ff

excessive amounts of Al or Fe were present at this stage

*

" then the'following steps were repeated until the R503

precipitate;reached an emount which would‘be soluble in
iess.tha;\Q\TL 6NrHCl. . To the hydroxide precipitate .
.concentreted.HF eas added dropwiee.to diseolution;‘ The. =
resulting fiuoridedresidué was baked to incipientﬂdryness
Eo.remOQe exe%se\HF then it was‘digested with 5% HF:AﬁAHCl

-solution,forQQO minutes "to solubilise the- Al and Fe as

G . .
. [ 4

:5f1uor1d§ @omplexes.nnThe solution was removed following

centrlfuglng and the dlgestlon procedure repeated twice

-

mgrew%mtp‘fresh ac1d solutaon. . Then the residue was
B - ot

téggted‘withﬂHNo}‘as before, to\remoVe,EIUOride, taken up
5 . > _ _ L

t“ﬁ@ﬁ'n.-

7~
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in dilute HC1 and the R,043 group precipitated by the

addition of ammonia. All steps were carried out in the
TN
original Teflon vessel. ‘A second procedure, which could

B lny
not be used for samples with a low Nd content, was

somet imes employed to remove excessive amounts of

“ . ‘ . . . . ' . .
aluminum. The ammonia precipitation was carried out in a

17
¥

50 mL silica centrifuge tube. Following femovil of the
<

sypernatant solution, pellets of pure NaOH were added to

-

the hydrdxide residue to dissolve the aiuminum but not the
iron or rare-earth hydroxides. The resulting solution wags
reméveh by centrifuqinq and decanting. To remove excess
’sodium thé precipitate'was again taken up in dilutg HC1
and 5ydroxides reprecipitated with amméniaf |

In all .cases the final hydroxide precipitaté was
‘dissolved in a miniQO of 6; HCl and water such that the’
final volgme oﬁ'solution was less than 2 mL and le€ss than
- 2N in HC! for adéitioﬁ to the firstﬂcation e}change

¢ 2

column.- Subseqdent procedures for the separation of .Nd

-

_(and.Sm) are essentiélly those outlined by Dosso and o
Murthy (1980), 4}he dilute HCl'sgmple solu£ion.was addédv
toravcation exchange céiumn (bowex S0W-X8, 100—290 mgsh)
6.0 mm diamefer, 21.4,cm,1ength of rqsin‘previoﬁsl;
cleaned with 6N HCl and eqguilibrated to 2.3N HCl. The
hajor eleménts’wefe'removed by eluEiOn'with‘SO‘hL 2.3N

HCl, then the REE (rare'earth elements) were collected in
‘ . o \ .
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.

55 mL 2.3N "HCl1. The sample solution was evaporated to
dryness ani Lhc’resiguc taken up in ZVdrOps 1.5N HCl FGT/—\;—
add?tion to the second column. This cblumn is 3 mm in
diameter and contains a length of 34.3 cm Dowex 50W-X8,
.106—206“mcgh cation exchanqge resin cledned with 6N HCIL,
rinsed with water and then eqguilibrated to 0.2 M 2-
methyllactié acid (MLA) adijusted to a pH = 4.43 + 0.01 _
with ammonia. After the sample was léaded ontovthe resin/
the column was canhected\to a fraction collector and
eluted with conﬁinuous stream of 0.2 M MLA. When elution
of Nd was complete, the beakers containing the central
portion of the Nd (or Sm) peak (as determined by\é
calibration run using mixed Sm and Nd) were combined-in a |
Tefion.beéker and the solution evaporated to dryness. Fo;
Nd the volume collected was about 25 mL, for Sm.aboutiifl‘
13 mL. Calibration of this column was moﬁitorqd

‘thr0uqhout the study.A The remain{ng‘MLA was removed on a |
;hird COiumn, 3'mm diameter with 8.0 .cm of Derx—XB; 100-
200;hesh resin cleaned with 6N HC1 ahd watér th;n
equilibrated to 0.1 M HCl. bThe sample  was added'to the

| éolumn in about 0.5 ﬁL_l.SN HélAﬁhen‘the MLA and ammonium
sélts were‘remOQedﬂby’elution'with two 1 mL portions of
0.1 M HC1l followed by 3 mL. 0.1 M HC1, then 8 mL 2.3N '
HCl. Nd or Sm was thenécollected’in 20 mL 6N HCl1 and the

solutien evaporated to ®ryness. At this stage, for

»
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isntope dilution the sample was heatpd‘wif,h a drop of HNO §
to convert it to nitrate form and was now ready for
loading onto the mass spectxometer filament., For
measurement of the 143!\1(1/144Nd ratio two turther steps

were added for purification.  The Nd sample, dissolved in

1 drop 2.3N HCl, was added to a ffourth column containing a

resin bed of 1 mm diameter, 12 cm length below a loading
reservolr. The resin employfd was Dowex 5S50W-X8, 100-200
mesh cleaned with 6N HC1l a equilibrated to 2.3N HC1.

The sample was washed in with 2 sequential drops of 2.3N
HC1 from a measured volume of 0.8 mLy, then eluted with the
remainder to ré€move soluble alkali. Nd was then Collectea

4

in a Teflon beaker usina 1.6 mL 6N HCl and this solution
was evaporated. Becéusé the isotope ratios of these
samples were béinq meésured in a chloride form on the mass
spectrometer it was neéessary to remove tﬁe orhanic matter
to improve stability. The sample was transferred in threec
sgccessive drops qf HNO 5 to a special plafinum vessel,
dfied on a'hotplaie, and carefully ignited to a red glow
over a burnér. Thé organic-free Nd sample~wg§ transferred
to a rounJ—béttémed fefion vessel using 2 seqdential drobs
' « ' @
of 6N HC1l, ready for 1oading'ontolthe mass spectromeer
filament in a chloride form. -

The'total;blank'on the-procedure was less than 0.3 ng

Sm and 7 ng Nd. In all cases in this study the -
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sample:blank ratio was s}gnificantly greater than 1000:1.
For determination of the 143Nd/l44Nd ratio the sample
was loaded trom 6N HCl onto the side filament of a double
filament assembly and dried in air at a low current. For
determinations of ratios in spiked samples either Nd or Sm
was loaded as the nitrate from dilute HNO3 solution onto
the side of a double filament, dried and heated to a dull
red glow to convert to ghe oxide. Ratios were determined

on a VG Micromass 30 spectrometer. Accuracy and precision

were monitored throughout the study using four

standards. ,Whole rock powders of USGS BCR-1 and an "in-
house" gneis§ standard were repeatedly carried .through the
‘entire procedure. The mean of 4 runs on BCR-1 was
0.511820 + 23. Repeat runs on the in—housé standard gave
a run-to-run ;eproducibility of + .00003 for the entire
progedure,  Two solutions of Nd were employed for_mass‘
spectrometer reprodﬁcibilipy and inter-laboratory

checks. The Nd in each of these solﬁtioﬁs was converted
to the chloride fo%m by evaporation of an HCl solutibn
before loading oﬁto the filament for measurement. The inF'
house sténdafa solutiqn qéve run-to-run reproducihiiity of
+ .00002 indicating that for the samples most of the
imprecision or error iies in Lhe ratio determiﬁatiéﬁs

-themselves and not in the chemistry. For the La Jolla Nd

solution the mean of 9 runs was 0.511833 + 9 (Io).- This



-~

value compares with that of 0.511837 + 4 reported by
(Carlson (1984) but 1s lower than the la Jolla value of

0.511858. - ’

39
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APPENDIX 3

DETAILED ANALYTICAL RESULTS FOR WHOLE ROCK ‘SAMPLES

Sy

The following abbreviations are used in the tables of.

results. +

ND Not detected/below detection limits.

NA ﬁdt analysed/not determined.

XRF X-ray fluorescence ana}ysis. ) Coa
INAA Instruméntaliggutron $ctivation analysis.

MSID Mass spectrometrié isotope dilution analeis.

DNC Delayed neutron counting

Errors listed on INAA analysis are statistical (lo)

errors.

3
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Table 27. Analytical Results: Centire One, - Gabbros and Diorites
e _Sample Nunber
PC-81-235 PC-81-275 PC-81-363 Pe-82-173 M-t hod
.. Major and Minor Element Oxides (%)
$10, 48.62 49.19 51.31 46.69 XKE
Al,O0p  18.57 21.27 19,23 16.24 X
T10, 2.98 2.68 1.93 4.22 XK
Fe,0, 10.36 7.60 8.01 13.33 XRE
MqO 3.55 2.46 2.3 4.23 XRF
Cal 9,59 9,9 6.31 B.H4 Xk
MnO) 0.12 0.08 .12 .14 I Xps
Na L0 4.29 P2 a.10 5.78 3.94 XKF
K50 0.90 1.36 1.79 1.23 XKRF
P50g 0.22 0.10 0.77 0.16 XRE
LO1 119 0 1.39 2.19 0.98
Trace Elements (ppm)
Ba 432 507 1629 562 . XRF
Ce 38.1+0.4 26.7+0.4 77.9+0.5 43.640.5 INAA
Co 32.9+0.2 26.5+0.2 15,310.1 42.240.2 INAA
Cr 38.241.9 10.441.8 9.4+1.7 28.9+2.3 INAA
Cs ND ND 0.47+0.12 ND INAA
Dy 2.2940.29 1.16+0.23 3.55+0.40 2.85+0.33 INAA
Eu 2.5540.06 2.0140.06 4.07+0.07 2.54+0.07 . INAA
Hf’ 1.90#0.06 1.22+0.06 2.58+0.06 2.27+0.08 INAA
La A17.240.2 11,340.2 35.140.3 20.240.2 INAA
Lu 0.09+0.01 0.07+0.02. 0.1220.02 0.12+0.02 INAA -
Mo ND ND 1 2 XRF
Nbh 19 16 24 28 XRF
Nd 22.85 13.76 42.41 22.06 MSID -
Pb 8 4 1 6 XRF Y
Rb 23 t22.0 40 - 25 XRF, tMSID
© Sh _\ND ND NI ‘ND INAA
Se - 13.740.1 10.5+0,1 " 7.90%0.1 17.940.1 INAA,
Sm 4.64 2.89 7.94 4,52 MSID
Sr 1713 t235.7 1861 . 1243 XRF, tMs1D)
Ta 1.44%0.07 1.08+0.07 1.70+0.07 2.2140.07 INAA
Th 0.64+0.09 0.28+0,09 0.63+0.09 0.46+0.01 INAA
Th 3.030 .1 0.9+0.1 4.6%0.1 1.310.1 INAA
U 0.4940.03  0.16+0.02 0.58t0.04 0.36%+0.03  DNC
v, 15849 152410 5847 287412 INAA
Y 11 8 19 ‘ 12 XRF
Yh 0.68+0.06° 0.50#0.06. 1.08+0.06 0.74+0.07 INAA
2r 70 117 1 XRF ¢
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Table 28. Analytical Results: Centre Two - Quartz Free Syenites
o , Sample Number
PC~-81-012 PC-81-332 PC-82-124 PC~82-129 Method
Major and Minor Element Oxides (%)
$10, 53.36 55.23 59.07 60.17 XRF
Alz()3 16.01 16.59 16.66 16.63 XRF
’I‘102 1.97 1.47 1.34 1.08 XRE
Fe203 11.85 10.27 6.25 6.25 4 XRFP
MgO 1.89 1.36 1.18 0.91 XRE
Ca0 4.43 3.90 2.46 2.20 XRE
MnO’ 0.23 0.20 0.11 0.13 XRE
Nazo 6.09 6.26 5.97 6.08 XRF
K ,0 2.56 3.18 5.13 5.35 XRF
P50¢ 0.56 0.38 0.29 0.24 XRF
LOI 1.10 , 1.05 1.57 1.22 -
1éace Elements (ppm) 5
Ba 3911 3128 3335 2097 XRF
Ce 86.720.6 127141 65.5+0.7 68.340.9 INAA
Co 10.120.1 7.6%0.1 4,9%+0.1 4.0%0.1 INAA
Cr ND i 6.5%1.9 22.8%2.3 ND INAA
Cs 0.64%0.12 ND ND 1.07%*0.15 INAA
Dy 5.17#0.53 6.78%0.60 3.30%0.36 3.85%0.40  INAA
Eu 7.4240.08  7.44%0.10° 5.70%0.09 4.87+0.09  INAA
HE 3.13%0.06 5.40$0.13 - 2.71#0.07  4.5%#0.1 INAA.
La 41.2%0.3 55.340.3 29,740.3 34.240.2  INAA
Lu 0.1840.02 0.26%0.02 0.14%#0.03 0.17£0.02 INAA
Mo 3 2 1 - ' XRF
Nb 40 58 23 28 XRE
Nd t58.60 t68.20 t36.73 4347 tMs1p, " 1NAA
Pb 7 10 10-. 9 XRF
Rb. t38.1 *40 *53 *72 *xrF,MSID
sb 0.35%0.09 0.31%#0.10 0.89+0.09 ND ~ INAA
Sc 6.6040,03  7.14%0.02 3.71%0.02 -~ 2.40%0.01 INAA
Sm t11.35 t13.41 t6.94 *8.0240.02
Sr *1353 1003 ., 648 512 XRF
" Ta 2.3540.08  3.56%0,08 1.49%0.09 1.7420.07  INAA
Tb . 1.05%0.04 1.4440.04 0.72#0.10 0.80%0.03 7 INAA
Th 1.9%0.1 4.6%0.1 4.6%0.1 6.2%0.1 INAA .
U 0.63%0.04 0.67+0.04 1.10+0.05 ~1.92+0.38 DNC,“INAA
v ND NA NA NA ' ‘
Y, 27 35 16 20 , XRF
Yb 1.53%0.07 2.13%+0.08  0.99+0.08 1.1720.06  INAA
146 212 127 130 XRF
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IFor methods used see Table

29. Analytical Results: <Centre Two - Quartz Syenltes1

e N Sanqale‘ Nuqﬁzgj;__‘ o

PC~-82-096 PC-82-099 PC-82-1%51 PC-82-358 PC-81-364 PC-81~285
ﬂqlog and Minor EAement Oxi1des (%)
$10, 63.96 1.95 63.61 64.88 - 63.39 59.63
Al 0y 14.75 14.94 15.20 15.82 15.91° 15.66
T10, 0.47 0.43 0.76 0.60 T 0.69 1.27.
Fe,05,  6.40 4.84 5.82 4.76 5.23 7.46
MgO 0.60 1.13 0.78 *0.59 0.60 1.72
Ccao 1.02 2.75 1.74 1.46 1.70 2.45
MNO 0.09 0.22 0.13 0.09 0.08 0.11
Na 0 5.56 ©5.76 5.04 5.58 6.04 5.61
K 50 5.62 4.91 5.03 5.28 4.95 4.25
P50 0.06 0.06 0.15 0.11 0.13 0.28
LO1 1.69 3.14 1.70 1.26 1.35 1.78
Trace Elements (ppm)
Ba 309 405 657 836 804 963
Ce 19041 34141 19241 19941 15441 16641
Co 1.6%0.1 1.5%0.1 5.120.1 4.3+0.1 4.6+0.1 10.7+40.1
cr 2.5%1.8 7.581.7°  15.3%1.8  14.5%2.9  5.6%1.9 9.1+1.8
Cs ND 1.66t0.11 0.96%0.11 ND 1.1940.13  1.46+0.09
Dy 7.5640.68 10.9%1.0 9.50%0.84 8.47%0.73 8.132Q.73 8.85t0.79
Eu 3.25+0.06 3.83%0.08 2.80$0.07 3.19+0.08 3.,35$0.08 ®3.79+0.08

©Hf - 8.740.1 8.4%0.1 13.740.1 12.6%0.1 12.040.1  8.240.1
La .93.0%0.3  184.9%0.5 87.5%0.4 90.0%0.4 65.8%0.3 '84.8%0.1
Lu 0.38+0.0% 0.43%0.02 0.45%0.02 0.42%0.03 0.41%0.03 "0.38+0.01
Mo 4 ) 4 3 3 -4,
Nb 65 58 82 .. 72 77 67
- Nd t87.7 t133.5 - t9s5.7 tg1.1 *82.5 t84.9
Pb 9 36 10 18 16 13
Rb t92.6 *115 t114.2  t126.3 " t128.6 t107.4
Sb ND | 0.33$0.08 0.26€0.09 0.57$0.08 ND ND
Sc 1.88%0.02 1.61%0.02 2.97+0.02 2.31%0.02 .2.89%40.02 5.31+0.03
Sm t15.58 t21.15 t17.45 t14.39 14.6040.03 115,43
st~ '87.4 242 t220.1 t289.5 t404.3 = 613.8
Ta 3.76+0.07 2.1%0.1 5.544+0.08 4.96%0.11 5.34$0.11 3.95+0.08
Tb -1.64%0.08 2,11#0.08 1.81%0.08 1.58%0.11 1.54$0.13 1.60+0.08
Th 14.520.,1. 17.740.1  18,0t0.1  20.9%0.1 16.140.1  12.4t0.1
U 2.6840,08 2,39%0.08 3.01+0.08 3.34%0.09 2.48+0.08 2.23+0.07
v ND - ND 12.0%6 ND " ND , 4818
y 40 50 47 a3 4z - L7 42
Yb 2.71$0.05 3.14+0.07 3,49%0.07 2.94%0.07 3.2620.07 2.69%+0.06
Zr 311 348 618 . 495 . . 503 398
28.
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PO-HYI-02Y

e e e e ——

Analytical

Results:

POC-81-483

Sam®le Nuambwer

Gnes) s

PO-H2-074

Mrijv)_r dr\,‘ioMxnur Flement Oxides (%)

S10,
/\IPUi
TIUZ
P-ez()3
" Mg
("ad)
M)
Naz()
K20
PZ()‘J
LOI

Trace FElements (ppm)

71.20

14.70
().26
2.26
1.56
.47
.01
3.57
4.89
0.09
1.29‘

72.39

14,08
0.29
2.52
1.09
0.57
0.0
3.49
4.64
0.09
1,22

Ra
(7“)
o
Cr
Cs
Dy
Ev
Hf
La
Lu
Mo
Nb
Nd
Ph
Rb
Sh
sc
Sm
Sr
Ta
Tb

660
96.2+0.8
'3.2+0.1
5.0+0.8
1.29+0.13
5.76+0.51
0.99+0.04
585+0.09
46.0+0.3
0.49+0.03
NA )

14

41.03

24

123.9

NA °

5.1640.02

8.37
86. 2
0.76%0.05

1.1740.07

25.940.6
5.3040,25
NA :
40

' 2.9940.23

184

494
67.640.4

3.8%0.1

3.340.1
0.844+0.10
3.9740.36
0.7Q004 _
4.74+Q.08
39.2¥%0.2
0.27+0.01
NA

14

39.28

24

105.2°

NA
4.38+0.02
8.00
108.0
0.54+0.05
1.00+0.05
19.240.1
3.3240.23
NA

29 .
1.3840.04
148

74.58

13.6H48
0.14
1.22
0.45
0.5
0.02
3,21
4.98
0.21
1.12

/209

. 41.440.4

2.040.1
.8%0.1

2io4fo.10

1442+0.18

0.2840.03

2.4540.06

17.9+0.2

0.08+0.01

NA

11

19.31

25

201.0

NA

1.4940,01

3.96

51.8

0.59+0.04

0.3910.04¢

gg;;;o.1
.06+0.23°
NNA

8
0.4810.04

85

=8 2-2810

71.92
33.HS
.28
2.54
0.84
0.75
0.03
3.4
4.87
0.08
1.26

779
79.240.5
4.3+0.1
5.240.7
1.0640.11
4.49+0.41
0.94%*0.04
5.6040.08
39.9+40.3
0.2410.01
NA

13

36.12

23

117.5

NA

5.16+0.02

7.52
149.1
0.64+0.05
0.9940.02
22.140.1
2.75+0.21
NA

27
2.03+0.02
164 -

M-t hod

XRE
INAA
INKA
INAA
INAA
INAA
INAA
INAA
INAA
INAA

XRF
MSID
XRF
MSID

400



Analytical Results:

Centre One - Pyroxenites

401

Table 31.
e .Eﬂl:: X‘iunher
PC-81-001 PC-81-004 P -82-163 P(‘—81-OO1 Me thod
({pyroxene)
(separate)
ﬁglgf_and Minor Element Oxides (%)
5102 29.77 36.42 34. 38 NA XRE
Al,0, 2.36 “3.36 4.37 NA XRF
TiO, 10.19 5.14 7.34 NA XRE
Fe 0, 32.80 26.78 29.96 NA XR ¥
MG () 12.31 L 14.63 10.88 NA XRF
Cal 10.31 12.11 10.57 NA XRF
MnoO 0.24 0.27 0.23 NA XRF
Na ,0 0.47 0.26 0.14 NA XRF
K0 0.01 0.03 0.07 NA XRF
P,0g 0.01 0.02 0.14 NA XRF
LOT 1.02 1.27 1.75
Trace Elements (ppm)
Ba 102 69 89 ND | XRF
Ce 14.1%0.6 10.510.6 30.2%0.6 - 21.5%0.6 INAA
Co 15441 13841 1261 77.7%0.4 INAA
Cr 74642 267945 7065 10043 INAA
~Cs ND ND ND ~ND INAA
Dy 2.30%0.33 1.3740.23 . 3.39%0.39 3.86%0.43  INAA
Eu 7.0140.09 0.74%0.07  2.14+0.09 1.71%0.11 INAA
HE 51.7440.10 1.3420.11 2.98+0.13 2.210.2 INAA
La 4.6%0.1 3.1%0.1 10.4$0.1  '6.720.2 INAA
Lu ND ND ., ND 0.1240.04 = INAA
Mo ] L} NA : NA NA XRF
Nb * 16 . 9 20 NA XRF
Nd 14.23 10.25 26.83 ND ' MSID
Pb 7 9 4 NA XRF
Rb '0.79 3 //} 3 ND XRF, TMSID
Sb ND ND 2.4%0.1 ND INAA
Sc 48.3%0.,1 47.9+0,1 42.240.1 65.610.1 INAA
sm 3.8 2.76 t6.73 *6.16+0.02 '™ms1iD,"1NAA
Sr 103 62 66 ND XRF
Ta 1.22%#0.09 0,30t0.08 1.38+0.09 .ND - INAA
Th . 0.44%0.06 . 0.29%0.06 0.72%0.06 0.62%0,07 INAA
Th ND ND 0.71$0.11  ND " INAA
U 0.14%0.02 ND ND ND INAA
v 124030 NA NA NA INAA
Y 11 ' 7 18 NA : XRF
Yb 0.49%#0.11_ ND 0.79+0.09 1.22%+0.12  INAA
2r 74 54 105 NA XRF

.
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Tatle 32, Analytlcal Resulté:  Centre Three - Fovaltes
[ e .. Dample Number
) PC-81-4R0 PO-82-039 PC-8B1-16"% PC-81-194 PO-81-287 M-t hieoed
Major andd Minor Flement Oxides (%)
...... ant Minor Flement xades (%)
S1005 53,31 50.80 41,29 42.54 44.8Y XK F
’”_,”* 23,49 20.47 w12.04 200,89 14.6H XEE .
.T102 (.26 2.20 0.22 \0.1/ 0.30 XK
CFeo0, 2,20 7.83 14.42 B.86 13.92 XKRE
MO 0.02 0.19 1.99 .82 1.90 XRF
Can 0.4 1.41 9.86 4. 26 8.02 Xk E
M1 (.06 .26 .48 .26 .47 Xt
Na,o 11,23 7.43 11,34 14.14 10.10 XEF
K26 6.62 7.52 0.67 2.90 1.26 XRF
qus .06 0.02 0.22 0.08 0.09 XKF
LOI 2.1 2.02 5.89 5.37 4.47
Trace Flements (ppm) -
Ba 1914 2448, . 693 628 5573 XRE
Ce 11241 11641 35241 19141 26541 INAA
oy ND 6.3+0.1 B8.9+0.1 3.8t0.1 8.640.1 INAA
Cr -2.6%1.3 9.7+1.4 28.742.0 ND 28.0¢2.0 INAA
s’ 1.14%0.09 2.6540.18 0.5740.15 ND 4.48+0.22 INAA
© Dy 3.9240.42 6.43%20.63 15.32+0.82 7.32+0.46 11.17+0 63 INAA
Eu ' 2.98%0.05 4.03$0.08 9.33%20.08 4.54$0.09 6.55%0e ") INAA
HE 1.240.1 7.640.1 17.640.1  10.840.1  23.0%0.1  INAA
La 68.740.4  45.8+0.6 = 144.7+0.3 81.6+0.4 114.040.3 INAA
- Lu 0.08%0.01 0.79+0.03 1.03%+0.03 0.55%#0.02 0.89+0.02 INAA
Mo 4 T OND ' 5 3 "4 XRF
Nb 21 194 65 38 153 XRF
Nd t43.83 t67.61 *18849 87.48 126.4 tMSID, *INAA
Ph 8 '3.2 7.6, 0.4 t18.8 tms1p, *xRF
Rb t1s8 1229 *38 th7 *73 tMSID, "XRF
Sh ND 0.72+0.07 ND 0.2940.08 ND INAA
Sc 0.05 0.201t0,02 2.7+40.03  1.4%0.03  2.1#0.1 INAA
Sm Y29 t13.10 *28.740.1 15.00 22.07 tMSID, *XRF
Sr t1922 1977 - "1876 2097 . 1784 tMs1n, "XRrF
Ta 0.65%0.09 24.3130:12.6.2140.17 1.1340.21 15,9+0.2 INAA
™ ®.8140.05 1.0040.09 2.89%0.06.-1.3140.05 2,18+0.10 INAA
Th "5.54+0.06 73.60+0.08 110.55+.78 17.53+0.14 t12.01¢+.10 *MSID, "INAA
U *0.2840.03 T2.51 t6.10 t0.66 t14.70  tmsip, *nne
\Y ND . ND 3215 ND 3243 INAA
Y 24 26 _ 61 34 48 XRF™
Yh 1.0740.05 2.1140.3  4.7140.15 2.64+0.08 3.55+0.21 INAA
Zr 79 779 1362 XRF



Tatiiee

Ma)or and Minor Element Oxides

Sy10y,

Al O

RO
Tl()z
FEQOZ
M)
s
Mr:y
Ndz()
K 50
l",(){)

LOI

Trace Flemants (ppm)

$3.

525

Po-H-

43.52
14.834
0.21
13.22
1,76
7.93
0.42
12,76
0.3K
0ty
5i01

Analytlcal Resulta:

Po-H =520

Centre Three

PU-B1-16H4

(%)

43.25
16, 33
0.20
12.49
1.59%
T.26
0.38
12.12
1.41
0.07
4.7

Ba
Ces
Co
r
s
Dy
Fia
Hf
La
Lu

Nb
Nd
Pb
Rb
St

Sm
Sr
Ta
ThH
Th

343
2424
H.0+0.2
ND.
1.54+0,26
9.72+0.49
6.04+0.11
14.640.1
110.240.4
1.0240.04
5

123

117206

*20

t23.2

ND .
1.4140,G4
t19.72
Y1309
22.1640.24
2.0640.06 -
*9.840.2
*18.99+0.23
2241 )
45
3.4040.05
991

466

247+
7.9+0.2
ND
1.03+0.27
8.69+0.53
5.57+40.12
13.7+0.1
111.4+0.4
0.92+0.05
S

237

"M 45414

t26.7

39

ND
1.5240.04
*23.140.1
1534
41,99+0.22
2.21%0.20
t10.90
*39.48

ND

37
3.1140.05

982

46 .34
6. 69
1.45

22.14
2.89
9.83
(). 69
616
1.70
O.06
2.22

697

21741
15.4+0.2
ND
2.5440,21
7.96+40.53
5.1640.11
23.240.2
97.3+0.3
1.17+0,05
4 ‘
359

93,9

"19

.75

ND
1.91+0.03
t6.52

974 ,
52,64+0.48
1,660.08
*12.0%0.2
*33.83+,29"
29+2

32 .
2.3540.05
1215

- Iyolites,

Po-82-041

].6.8
2.50
18.52

.90
0.58

5.19
2.37
0,09
0.78

572
289+
13.340.2
1.640.2 =
0.6140.14
15.8940.86
11.83+0.12
24.140.2 .
96.0+0.4
0.98+0.02
4

197

*221+9

'8

56

ND
1.5940.03
*42.4+0.1
1502 _
35.9340.22
3.4140.07
*34.640.7

*0.5540.03

ND
57
3.7240.04

967

Mes [ tee ) tey

M:thaod

XpE
Xie ¥
XK F
XRF
Xkt
Xp s
Xk

Xk
XK F
XpE

XRE
INAA

INAA

INAA

INAA

INAA

INAA

INAA

INAA

INAA

XRF

XRF -
msIp, " INAA
tMsID, “XRF
™MSID

INAA

INAA

+ *
MSID, “INAA
tms1n, "xrr
INAA

I3AA

? *
MSID, “INAA ¢
tMs 1D, *DNC
INAA

XRF

INAA

XRF

4073
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Table 34. " Analytical Results:

" Sample Number

Centre Four - Carbonatites (a)

9O pe-81-178  PC-H1-1376

PC-82-506

Major and Minor Element Oxides (%)

Sl()y
Al o
'I‘x()Z

) F6203

MqO -
‘Can
- Mno
.,L;,:'Nd 2()
KZO

Poog
LOI

-

Lo1.4n 0.79
1h, 35 0,32
‘\ @.09 0.03
1.16 0.78
0.18 0.17
53.82 53.72
0.87 1.58
0.0 0.0
0.02 0.0
0.02 0.0
41.62 42

“Trace Elements (ppm) o

Nd

Rb
Sh

Ta

" ND

~
-

30

109 70
292143 459345
3.040.2 ND
3443 6243
ND . ND
48.3144.31 23.4042.93
75.1140.36 90.84+0.35
ND o ND ¢
105841 154041\
1.25%0.09 0.83%0.05
NAvfgil NA .
20 % 19 7
1940" 2277
t23.2. . thia2
3L 5

- ND
339 ° ¢ 342 .
2760 - 2414
ND . . - ND )

. 13.8740,14 9.16%0.14 °
t38.1% . - t28.67
@t Toag
NA - NA
156 ° 68 .
8.4140.17 " '3.7940.11

' 23 .

i

53,
2.08 ¢

0.83

0.29
T 0.06

0.98 |
0.24 .

12

0:0

0.02

0.15
41.60

.97

330341
1.340.2

14 +3

ND ]
41.99+4.20
63.0540.33
ND

120441
1:0940.09
NA '
182 -

#4890

*131
6
0.6£0.1

270 .

37172
3.9%0.2 .
9.44+0.09
*a8+1
*2.7t0.7
NA

187
8.5610.17

36

40

A-

s

PC-81-176 PC-81-3813 Me t hoyd
25.51 . 9.33 XRF
B.78 3.92 XkE
0.10 0.02 XRE
2426 3.62 " XRF
0.4 0.07 XRF
33.56 45.20 KRF
0.24 0.32 XRF
3.34 0.24 XRF
0.28 0.26 YRF
0.02 ° 0.02 XRE
25.90 35.01
275 223 - XRF 7
1780+4 296316 INAA
1.820.2 ND INAA
4943 ‘ 2146 INAA
ND ND ~ INAA
14.4540.73 47.95+2.35 INAA
24.96+0.20 58.8+0.41 INAA
ND ND Y. INAA
98541 1369+2 ©  INAA
1.6240.03 0.5240.07 INAA
7" 1 . XRF
14 .10 - ¥RF
693 ____. 1692 MSID
t87.7 ta2s ¢ tmsTD,MXRF
12 14 XRF -
0.5%0.1 ' ND , iNan W
98.4 243 MS1D
6980 9029 XRF
0.75%0.15 ND. . INAA
4.3040.11 10,03t0.20 ‘INAA’
- 134,60 t63.4 tmsin, "INA
139 12,06 *ms1p,"DNE
NA-  NA INAA
71 162 _ %RF
6.1140,20° 5.16+0,15 INAA
18" 23 XRF



Table

35.

Analytical Results:

Sample Number

PC-81-185

PC-82-088

Centre Four - Carbonatites (h)

PO-H2-408  PO-82-412

Major and Minor Element Oxides (%)

Sl()2 13.07 3.38
AIPO3 0.56 0.34
'1‘1()2 019 0.02
FPZOB 6.46 2.61
MgO 0.64 4 0.86
Ca J;.}H 49.51
Mn(r 1.25 1.38
Naz() Q.06 0. 31
Kz(') O.()‘ 0.36
P205 0.15 0.0,
LOT 34.66 39.91
Trace Elements (ppm)
Ba 1725 73
Ce 793+2 333142
Co 1.740.2 1.740.1 -
Cr 3244 1742
Cs ND 1.1320.17
Dy 25.0241.63 28.61+1 .48
Fu ©13.2540.18 12.48+0.14
HE ~ ND 'ND
La © 43841 145+0.4
Lu 2.3740.05 1.2420.04
Mo 1 NA -
Nb 36 9 -
Nd t470 1230
Pb *35 t32.4
Rh 6 36
Sb 0.5+0.2 0.2%0.1
Sc 1.4540.03  ND ‘
Sm' tg1.4 ts0.2
Sr 5373 3199
Ta ND : ND

. Th 5.6540,06 . 7,01+0.14
Th *49.3+0.3 173.8
U *2.19+0.07 t1.0
Y ND ND
Y 123 v 161"
Yb . 8.16%0.16  5.27%0.11

- Zr 26 23

11.13 23.61
4.59 4.79
3.04 3360
23.26 22.02
12.1'8 12.17
18.24 12.87
0.63 0.47
0.0 . 0.19
1.43 1.51
1.87 2.59
23.94 16.68
hY
399 467
589142 124242
50.6+0.4 46.4+0.2
44744 86445
1.99+40.32  0.6740.22
12.84+0.72 24.20+2.04
13.1640.15 21.00t0.19
6.24+0.20 5.8740.12
283+1 680+1
0.31+0,05 0.28%0.03
7 7
105 100
*319+18 t619
*7 , *12
74 56
ND 0.5%0.1
14.640.1 18.3940.05
- *37.9+0.1  t87.9
1580  « 1389
5.29+0.,17 . 5.13$0.11
3.2640.09  5.3940.11
*R.50.5 © "31.6%0.2
*4.0940.10  "5.91+0.12.
ND. 213410
48 89 .
1.5240.08  1.6i%0.05
376 '

2517 &

Me- t hieydd

) )

©

XKt

Xk
XRE
XRF
XRF
XK E
Xk F
XRF
XRF
XRE

- XRF

INAA
INAA
INAA
INAA
INAA
INAA
INAA
INAA
INAA
XRF

XRE

L JON * -
MSID, TINAA

1 LIV
MSID, “XRF
XRF

INAA

INAA

tuern *
MSID, "INAA
XRF

INAA

INAA

? x
MSID, "INAA
tMsIn, *DNC
INAA

XRF

INAA

XRF

405
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Table 36, Analytical Results: Centre Five - Shonkinlites and Fiotite-

Pyroxenites

Sample Number

e ———— e ————

[}

PC-81-057 PC-81-061 PC-81-~388 PC=-82-260 PC-82-278 Method
Major and Minor Element ()x1dvs/(%) ' ;
\
510, 4n.78 41.28 41.01 51.44 40.66 xp e
Aly05  9.93 4.12 4.30 11.65 3.47 Xk F
T10, 2.30 2.87 2.92 2.14 3.84 XRE
f-‘9203 13.30 18.96 17.87 12.25 21.75 XRF
MO 7.92 11.61 13.41 6.30 10.70 XPE
Ca0 H.85 14.98 14.27 7.56 15.77 XRE
MnO 0.16 0.22 ©0.19 0.16 0.26 XRF
Na,O ' 2.47 0.68 0.34 3.22 0.77 XKF
K ,0 4.28 2.78 2.45 4.32 1.09 XRF
PZUS 0.70 2.19 1.55 0.63 1.36 XRFE
LOI 0.60 0.60 1.31 L0474 0.26
Trace Elements, (ppm)
Ba 1392 2466 2131 1128 471 XRF
Ce 1041 22341 12347 96 +1 11024 INAA
Co 46.410.3  76.6%0.3  74.040.4 36.2%0.2 74.4+0.5 INARA
Cr 34542 18242 873+7. 3894 26742 INAA
Cs 9.540.3 5.4%0.3 3.910.4 7.2%0.2 2.2+40.3  INAA
Dy 4.57%0.46 7.12%0.62 4.49%0.46 5.14*0.51 5.94$0.58 INAA
Eu - 3.17#0.08 5.76#0.12 3.8140.14 2.84t0.09 3.8740.12 INAA
Hf 5.5+0,2 2.840.2 1.840.3 4.4%0 .1 2.840.2 INAA
La 46.6%0, . ."93.3$0.4 51.34+0.3  44.6+0.3  43.1+0.3  INAA
Lu . 0.19%0.03 0.21#0.02 0.1840.03 0.27+0.03 0.37¢0.03 INAA '
Mo 2 0 2 3 2 TXRF
‘Nb 25 13 . 10 26 13 XRF
Nd 60411 - 11327 182.20 t54.72 *75.40 tMsID, *1NAA
Pb 19 14 8 21 7 XRF
‘Rb t23 B v R & ¥ t234 t60.3 *Ms1D, “XRF
Sh +0.34 ND 0.28+0.1  0.3940.1 -ND INAA ©
Se 29.2140.06 43.56+0,05 47.58+0.06 25.76+0.05 50.01+0.07 -INAA
sm f12.6+0.1 '25.36 t16.58 “t10.47 t16.26 tusip, "INAA
sr - 1997 - %978 ts19 . 843 388 T™™MsID, "1INAA
Ta 1.3840.08. 0.61£0.10 ND ° 1.4040.10 0.45$0.10, INAA
Th = 1.16%0.09 1.69#0.07  1.09%0.08 1.0#0.10 1.28+0.06 INAA .
“Th, 13.840.2  8.0%0.? 4.240.2 12.240.1  4.5%0.2 INAA - ‘
U . 3.22$0.09 0.84%t0,04 0.64+0.04 3.21+0.09 1,10%40.05 DNC
\; NA NA . 386%12  ND NA INAA
Y .28 32 24 27 .29 XRF
Ybh 1.49+0.17  1.95%0.16 1.01$0.20 .1.39:0.08 - 1.54+0.03 INAA
Zr ~213 ‘82 67 205 1,106 XRF



Table 37.

satellite

PC-81-053

407

Complex.

Analytical results for samples analysed by XREF only -

PC-81-063 PC-81-064 PC-82-534
Maj)or and Minor Element Oxides (%)
510, 43.12 39Y.8Yv 40.68 48.53
AL L0, 6.42 4.09 4.0 B.60
T10., 3,17 4.15% 3,32 2. 60
Fe 04 17.36 20.72 19.20 13.37
MqO 9.54 12.13 11.09 "' 7.87
Cal) 12.99 13.56 15.51 10.26
Mni¢) 0.2 (.26 . 0.24 0.149
Na 50 1.31 0.36 0.89 2.01
K50 3.36 . 1.69 2.30 4.45
P 50g 1.77 \ 1.75 1.8z 0.97
LOI 0.64 1.34 0.86 0.69
Trace Elements (ppm)
Ba 2528 \ 2148 2356 L2310
Nb 28 12 19 30
Pb 8 8 6 . 2
Rb 198 108. 143 ) 238
Sr 991 531 815 787
Y 31 - voe29 35 27 |
Zr 203 \ R4 118 233
. A \\ :
(



APPENDIX 4

GEOCHRONOLOGY OF THE BIG SPRUCE LAKE ALKALINE INTRUSION

o

X Lad
Abstract

A zircon age of 2188 +16/-10 Ma has been determined
for‘the silica-saturated syenites of the Big Spruce -Lake:- |
alkaline complex. A whole-rock Pb-Pb age oft:1§5 +2i/—22
Ma was obéained for the silica-undersaturated rocks of the
complex, and 2155+ 16 for the complex as a whéle. The
Sm-Nd whole-rock data yield an age of 2183 + 75 Ma for the
complex as a whole, Weighfing the ages by the inverse-
square of the standard deviations, an average for‘the
complex of 3174 + 20 Ma is aetérmined. However, it 1is
felt the zircon age is the most reliable for the time of
crYstaIlization of the complex. Minor contamination by
coUntyyvco¢k (Sm-Nd model ages of 2467 to 2595 Ma) and

’

metasomatism‘contribdte to_ scattered Sm-Nd data points and

/

large errors in the ages obtained for the five individual-
units. The Pb-Pb data enable a limiting estimate of about
50 Ma for the maximum timespan for the intrusion of

centres 1 to 4.

Introduction .

The Big Spruce Lake intrusive complex, centered at
‘ ) ‘ "

63° 33'N, 115° 55'W, about 150 km northwest of

408
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Xel}owknife, N.W.T., (Fiqure 1) intrudes qranodioritic
%neiﬁs of the Slave Province. The compléx was mapped and
déQVribed in detail by Martineau (1970) and Martineau and
Lambert (1974). The intrusive rocks consist of a main
complex, ahout 3.5 x 9 km, and a satellg&e complex of
potassium-rich mafic rocks outcropping about 5 km to the
southeast. Within the main complex the rock types range
f rom silica—satsrated to oversaturated gabbros, diorites
and syenites through undersaturated foyaites and ijolites
to carbonatites. Field relations indicate a time sequence
of emplaFeméQt of the variogs.units.

X Rb-Sr whole-rock aaqe of .2170 + .40 Ma for the main
Big Spruce Lake intrusion was obtained by Martineau and
Lambert (1974). They also reported an aqe of 1980.,+ 40 Ma
for the satellite complex, suggesting prolonged or
repedted intrusive activity. However, the data points
were scatiered (R.St.J. Lambert, pers. comm. 1980). The
fscatter may have been due, .in part, to fhé higﬁ strontium
and low rubidium co%centratiéns which are common in these
rocks, buf it may also have been due to post-intrusive
metasomatic activity or to variability in initial |
87Sr/868r ratios. Evidence for ;he;exiétence of a 1ow—.
grade‘hetamorﬁhic event which could havevaffected ;he

. Rb-Sr system lies in the K-Ar dates which have been

reported. K-Ar data obtaihed from‘biotices fromvthefmain
' B ‘ ' '
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complex have given dates of 1820 Ma (Martineau and
Lambert, 1974) and 1785 Ma (Leech et al, 1963),
sianificantly younger than the Rb-Sr dates.

The Bin Spruce Lake intrusion lies on the Snare
fault, a major N-S lineament almost parallel to the Wopmay
fault which lies about' 30 km west (Hoffman, 1980; Geol.
Surv. Can. Open File Map 445, 1977). Because of 1its
alkaline character agd the location of the complex it was
earlier sugge§ted that this in}fusion represents an early
continental rifting phase of t%e Wopmay Orogen (e.g.
Héffman 1974, 1980), but recent work (Bowring and Van
Schmus, 1984; Hoffman and Bowring, 1934) constrains
successful rifting of the‘orogen to about 1.9 Ma ma&ing
correlation between the B;g Spruce Lake intrgsion éndvthe
wOpmay riftinq tenuous.

In the present study the 206Pb;é07pb and Sm-Nd
systems have been employed on whole-rock samples frdm_Biq
Spruce Lake and a U-Pb isochron has been obtained frbm
zircons from syenités,fin ahﬁgttempt to constrain the age
of'crystallization of the complex as é whole, if poésible
to quantify tﬁe time interval over which emplacement
occurfed,‘and‘té state unambiguously whether or not the
satellite'intrusion is associated in time with the main

complex.: "



Qutline of Geoloay

Martineau's (1970) detailed description of the
complex was used as the basis for field work and sample
collection. An outline map of the geology 1s shown in
Flgure 1. The intrasion consists of over 18 individual
units but these separate readily into five major
petrographic groups. Within the main C()mplcxvf()‘ur‘ agroups
are discernible, three silicate and one Carbunagg. A
sequence of intrusion of the three silicate groups or
centers of activity is given by field relationships.
There 1s very little deoqraphical overlap between the
silicate centers. : ~

Intrusive activity began with the formation of a
layeréd ring complex in the northeast (Center 1). An
outer ring diorite, chilled against gneiss, was followed
by central gabbro units. A generally massive gabbro with
coarse feldspar is chilled against‘the diorite and grades
transitionaily into a more leucocratic laminated unit.
This in turn grades rapidly into a yhythmiéallyobanded"
'gabbré wﬁich forﬁs thé‘cénter of the riﬁq. The present
e:osjon sﬁrface cuts a relatiyely.slowly cooled and
guiescent magma chamber. 'Aftep;SOIidification the qabbro§
were intruded‘by magnetite olivine pyréxenite and cut by a
NNE-trending fault, a splay of the main Snare fault which

.
-



cuts the complex (Fiqure 1). The main fault line crosses
Biqg Spruce Lake from NNV to SSH. The main portion of the
pyrokonitu lies in the northwest corner of the gabbros and
diorite with smaller bodies scattered throughout.
Pyroxenite maqmatic activity may have continued over a
period of time as pyroxenite is cut by a fault (X-X'
Figure 1) and in turn the pyrouxenite fills the space
between splays of this fault.

Following emplacement of the ring complex and
pyroxenite én abrupt change in mégma composition to
syenitic, silica—sgturated to oversaturated, was
accompanied by mévement of the center of activity about
2.5 km southwest. The_postdating of intermediate/ﬁafic
units of Center 1 by the syenites of Center 2 1is defined.
by massive syenite, itself unfractured, emplaced across
the fault X-X. Individual syenites weré emplaced as a
ring around the gabbros, a small island of mafic
(perxene-rich) syenite lying pefween Cénter i and the

main portion of Center 2, and possibly two concentric

:ihixwithin the main arcuate mass centeked on the north

-

end-bf the lake. The exact ﬁumber of ihdi&iduéi Syenité
units is not cleaf.at'présent bécadSeNVariaEiéné'within
the units originally defined by M-.ar»g.i..:h.éé_L‘J‘.(1'9‘170.):. are
sometimes as great as‘petwegnpuniﬁé,JéhdﬁﬁéhtéctS @h §ﬁe‘v

field are often obscured. The exact number 'of:syénites:.



is, however, immaterial to the overall sequence.

Ehplacement of silica-undersaturated magmas (Center
3) to the Southwest‘of the syenites followed. Gfey to
black éoyaites are chilled against coarse red-brown
syenlte. lLeucocratic toyaites occupy the southern portion
of the area and were followed by mafic foyaite and 1jolite
to the northwest corner. Breccilation of foyaites neér the
contact with gneiss in some locations, fine-qgrained
foyaite apparently chilled against coarse within the main
body and a series of small N-S foyaite dykes i&ﬁjcate that
the i%trusion of undersaturated magmas was periodic aTd
that the Snare fault system was still activekto some
degree. ‘_

The foyaites 4re surrouﬁded by an aureole of
fenitized gneiss. This band is of variable width and is .
particulariy prominent across the southern contact.

. Larbonatite empLacement (Center 4), apparently the
last phase of the main complex, had two foci. Calcitic
carbonatite was intruded in and'arouna the mafic
undersaturated units. Expoéed carb&hatitgs are scattered
sovite dykes,‘with widths-up to 3 m and exposed lengths up
_ , .
to 75 m, cuttling foyai?es and‘adjacent gneiss. Flow
patterns are visible in some of ﬁhe dykes. Within mafic
foyaites there are also coarée—grained silico-carbonatites

thch exhibit no clear -field relations andvmay be primary

~
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- -

1n origin or hybrid as’ a result ot interaction of host

toyaite or ijolite w;th later carbonatesgf'Calcitiv

maqgmat ic activit; is 41so shaown 1in a carbonated minetre
breccia pipe (10 m diameter}, carrying sub-rounded clasts
of gnerss and f<>yai§«), cutting the gneiss immediately west

of the main complex;’ D¢iomitic carbonatite bodies occur

-

%@%ﬂeast of the main complex, but

within thP’qneisgﬂﬁh

have .not been found within the intrusion. Dykes and pipes

} . 3
of dolomite {up to 15 m diametgr) carry phenocrysts of

- . ! ® . .
magnetite and xenoliths of gneiss and may themselves be

brecciated. Calcitic and dolomitic magmatic activity do

not overlap geographically. "

The fifth major rock type (Center 5) 1is ﬁgstricted
largely to an area about 2.5 km by 3 km lying 5 km to the
southwest of the main complex. Within this area numerous

small bodies of shonkimite and biotite pyroxenite are >

exposed. Aeromagnetic“data (Geol. Surv. Can. Geophys.

Paper 2966G, 196j) suggested a singie elongate body 1lying
at depth. Nd carbonatite is.exposéd;at the surface .in
this area but the gneiss is feniéised adjacent to several
hodies and catbonate has been identified in drill core
from one of the‘moré éent;ah bodies. ' The position of this
intrusion (Center 5) within the time sequence of the main

‘complex cannot be determined from field relations.

Porphyry dykes, up to 4 m in width and carryinq
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nepheline and sanidine as phenocryst phases, cut Centers |
and 2 but not 3 to 5.

Sanples
(a) Sarmples tor whole-rock analyses were: Seleotedd te

be the least altered or weathered representatives of the

units from which they were taken and at the same Ulme Lo
A

l

produce the widest possible range of C()mp()s‘ltiur\s‘ tor cach
intrusive center to facilitate determination of separats
isochrons (if possible, for each center). Sample size
ranged from a minimum of about 1 kg to dbbut’lﬁ k.

(b) "Zircons were separated from the minus 100 mesh
fraction of six syenites of Center 2. /F separate (>99%
pure) was produced by settling the non-magnetic fraction
in heavy liquids (acetyiene tetrabromide and methylene
indide), treating the heavy fractipnfwith 1:1 nitric acid

@

and hand-picking the final sample.

"Whole Rock Lead

vy

A powder sample sufficient to contain about 10 ug
: \
total Pb was used wherever possible to maximize the
sample:blank ratio as well as to minimize errors due to

sample inhomog?neity. Sample. size"varied from 150 mg to " .-

1.5 qg.  Samp1es were deéomposed in a mixture of HF:HNO;



and PL was separated by copreciplitation with Ba (NO3)

tollowed by chloride anion exchange separation of the

<.

Ph. The total blank was less than 5 ng PbL. Separate
dissolutions of the same rock powder did not always

sroduce the same measured Ph isot"Qpé ratios {(outside of
- N

measurement error). This was more ‘common’ for samples with
a high proportion of radiogenic Pb and i1s probably the

result of sample inhomoqgeneity with respect to uranium- -

\

ri@ sample qgrains. This inhomogeneity, similak to that

\

reported in whole rock studies of other authors (e.q.

Overshy, 1976) has no significant effect on\ghe 5
R
207py, s206py, slope ages determined, as the repeAf runs

N

produced measured ratios lying on the same regression line
N

(see Table 38). '

For measurement of isotope ratios the purified Pb was
loaded as a phosphoric acid-silica gel mixture onto a

single filament of rhenium ribbon. _The 206/204, 207/206

and 208/206 ratios were measured atﬁﬁftemperature of 1206¢
1280°C, on a VG MM 30 mass spectrometer using a 9-step .
peak-jumping procedure.'~ﬁass fractionation corrections of
26@/204 = 1,002752, 207/204 =‘1.004267 ahaf208/204 =
1.006420, (determined by repeat runs of the NBS 981
standard) were applied to sample"dafé.
vRatios were measured for a total of 47 whole rock

. ‘ Cy

sahples, at leaii\six from each cénter of intru§ive”

Ry B
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N
Table 38. Whole ror; lead analytical data.

wampile O, “ e

z0q 204 208 .

PC-81-001 pyroxenite 15.992 15.280 36.108 7
PC-81-235 gabbro 19.662 15.740 43,199 8
PU=81-217% gqabbro 16,9248 15, 347 39,97 3
PC-81-363 diorite ' 17.576 15.502 40.514 R
PC-82-163 pyroxenite 19.1 31 15.743 39.744 4
PO-82-173 d1or)te ) 16,2149 15*3hH‘ 36,676 .
pC-81-012 syenite 17.477 15.465 38,256 7
PL‘;H]—ZH‘) syenite 18.107 15.587 38.620 13
Pv—81-364 syenite 19.029 15.677 39.845 16
PC-82-096 syenite 5 18.9948 15.610 41.381’&7 2]
PC-82-099 syenite 19.459 15.79 41:967 36
PC-82-124 syenite 17.779 15.530 38.5R5 10
PC-82-151 syenite . 20.447 15.8848 41,674 10
PC-82-358 syenite 18,722 15.692 40.746 1
PC-81-161 ijolite - 16.555 15,372 40.373 13
PC-81-165 foyaite - 24.354 16.311 . 39.284 16
PC-81-168 melteiqite 114.92 28.686 44.584 1
PC-81-194  foyaite 16.329° 15,200 - 39.499 S
PC-81-287 foyaite 43.794 19.067 41.422 TS
PC-81-482 foyaite 15.776 15.158 42.153 8
PC-82-039 foyaite 37.358 ‘ 17.902 42.675 5
PC-82-041 melteigite . 20.334 15.861 42.304 H
PC-82-525 1ijolite 52.023 19,901 40,727 20
PC-82-526 ijolite ’ 99.896 26.467 41.410' 27
PC-82-526 rerun ° . 98.425 26,281 41,696 27
PC-81-168 rerun | 113.51 28.489 44.394° 19

PC-81-287 rerun 44,561 19.127 41,582 16

(Cont.inued)
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Jable 38. (Continued) .
‘ N
A
PC-81717¢ carbonatite 14.937 15.046 37.041 73
P(~81-178 cacbonatite 15.900 15,120 39.944 « 20
PC-81-185 carbonatite 16.377 15.398 40.780 35
pc-89-876 carbonatite 14.478 14.931 3% .091 a4
PbPe-81-383 carbonatite 20.587 15.999 56.77 24
PC-87:088 carbonatite 15.593. 15.315 44.451 31
PC-82-412 géfbonacite 28.816 + 16.945 53.776 12
PU-82-506 carbonatite 19.903 15.884 37.992 13
pel81-176  rerun * 14.921 15.029 37.023 73
PC-81-053  shonkinite 22.504 16.069 48.789 ‘8
PC-81-057 shonkinite 18.906 15.675 39.455 19
PC-81-961 époﬁkinicé 17.720 15.564 39.824 14
'PC-81-063 biotite pyroxenite 18.753 15.657 39.754 8
;PC—81r064.3hiopite pyroxenite 20.405 15.841  44.267 6
PC-81-388 shonkinite 19.532 - 15.784 = 41.740 8
PC-82-260 biotite pyroxenite . 17,918  *15.530 38,031 21
PC-82-278 shonkinite 19.458 15.748 40.483 7
" PC-82-535 biotite hyroxenite. ‘j9.158' 15.757 40.732 21
“PC-81-392. shonkinite 20.585  +15.888 . 40.175 10
: -~ . -
. .
‘, -
N Lo
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activity in the main complex (as defined earlier) and 10
from the satellite center. Concentrations of Pb were
measured Ly XRF analysis of pressed pellets (Midland Earth
Science Associates, Nottingbam, England). The results are
listed in Table 38 and the ratios plotted in Figures 83 -
86. Regression analysis for isochrons, sttaight line
fitting with correlated errors, was based on thming
(1969) and Cumming et al (1972). An error of 0.5 per mil
was used for 206/204 and 207/204.ratios, 0.6 per mil for
the 208/204 ratios except whete the individual precision

‘ errers exceeded these values. In those cases the

individual error was substituted. e decay constants used

. to calculate siope ages are A,3g =/0.155125 x 10‘9yr_1‘and

Ay3s = 9.8485 x 10710yr~1 (Jaffgyfet' a1, 1971).

Regression lihes'and slope ages were calculated for tpe
main comglex as a whole and' for various separate groups to
see if the time seqhence interpreted from field relations
‘could.be resolved.; These results are presehted:in Table
39, Data scatter beyond experlmental error 1s ev1dent in
the plots and in the hlgh mean square of welghted dev1ates
f(MSWD; Table 39). Based on the whole -rock data no :
,distinction ean‘be‘made between scatter caused by post?
intrusive ﬁovement of U and/df Pb and'that caused. by magma‘

a551m11at10n of varylng amounts of contam1nant durlng'”

'emplacement. Probably both effects are present to varylng

e
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.S/ope age =2122_395 Ma s

/ e Center?: syenite

T

*348 O &0 .

. +144 il
Slope age = 2080’ 152 Ma

O Centerl: gabbro, diorite

N

21-00 -

15-00 + +— —+ —t -+
1500 17-:00 1200
| ZObpb/ZOAPb.
E‘iql;re 8#3. whole-rock lead isotdpe ratios for samples

from Centers 1 and -2 of the Big Spruce Lake
.complex. Cambining data for Center 1 {2080

Ma) with that of Center.2 (2122 Ma)
produces a single age of 2138 +170/-181 Ma.
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Figure 84. >Whole-rock.1ead isotope ratios for samples
' : from Center 3," foyaites and ijolites of the

Big Spruce Lake complex.
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whole-rock lead isotope ratios for samples
from Center .5, shonkinites and biotite -
pyroxenites, from the satellite intrusion
of the Big Spruce Lake complex.
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Table 39, 207Pb vs ZOOPD regression and slope age results.,
No. of '
Sample Group Samples  Slope S1gma MSWD) Aqfc/Ma1
1. All centres, all samples 47 0.13424 7 63.7 2154 + 15
2. Main complex
Centres Y, 2, 3, 4 37 0.13431 7 75.5 2155 + 16
3. Centre 1 (pyroxenite, 144
gabbros & diorite) 6 0.12869 253 4.6 2080
) -152
{+348
4., Centre 2 (syenites) 8 0.13184 310 20.1 2122 .
-39
5. Centre 3 (foyaites & ‘ +21
ijolites) 13 0.13508 8 97.3 2165 )
-2
+134
6. Centre 4 (carbonatites) 10 0.13762 47 132.4 2197
-141
7. Centre 5 (shonkinite & 4165
biotite pyroxenite) 10 0.11209 196 9.3 1915 .
- -17
8. Centres 1 & 2 (saturated
silicates of main © +170
complex 14 0.13303 188 12.5 2138 .
-181
. ’ +250
9. Centre 5 minus #1053 9 0.12386 320 8.1 2012 )73

~
YError on aqge is 20/MSWD.
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degrees depending upon the rock type. For example, the
individual small bocies of shonkinite/biotite pyroxenite
of the satellite intrusive area commonly carry ‘sub-angular
to rounded clasts of gneiss, assimilation of which would
affect the initial raties; the carbonatites are easily
recrystaflized with concomitant gain or loss of matertal
and may have been affected by a mild metamorphic eveht
such as that which apparently reset the K-Ar system at
1800 Ma (Martineau and Lambert, 1974; Leach et al, 1963).
Assuming first that the satellite intrusion is
related to the main complex, regressing all daka produced
an age of 2154 * 15 Ma (Group 1, Table 39). Removing the
data for the satellite intrusion has no reél effect on the
age of the main complex, 2155 * 16 Ma (Group 2, Table 39),
which is controlled by the radiogenic Pb in the mafic
foyaites .and ijolites of Center 3. Regression of any
sample set which includes one or mote of the most
radiogenic silica-und;rsaturated rocks produces a slope
age of 2155-2169 Ma, indicating the degreé of cqntrol
‘these samples exercisé. To ensure that the values
measured for these sémpleé were correct, three af them
wé;e selected for‘repeat determinations on separate
disgolutions of the sample powder. It'is.ghese reruns
which were mgntioned earlier'as indicating:arslight sample

inhomogeneity. The results are included in Table 38 and
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show that the two runs for a sinqgle radioqehic sample*
produce short lines essentlally parallel (within
measurement error) to the reqression ¥2Te. Hence, the
"
inhomogeneity does not significantly affect the slope aqge.
For the individuél centers of activity or rock £ypes,
the age of Center 3 (Group S5, Table 39) is the one best ¢
defined by the Pb-Pb data at 2165 +21/-22 Ma. This result
is reasonable, in spite of its high MSWD, because of the
highly radiogenic samples. For the other three rock types
(Groups 3, 4 and 6, Table 39) the aées are not well
constrained, although the large errors allow each to
overlap easily with tqg Pb-Pb age of the complex as a
whole. Combining the gabbroic and syenitic samples
produces a regression line (Group 8, Table 39) somewhat
more tightly constrained than the individual lines. Not
onlylis the MSWD lower, but it . is ﬁot possible from field
relations for the syehites to havevpreceded the qabbros as

+

the individual slope ages might indicate.) These two must

-

he .considered coeval from the present data. In the same

way, the carbonatites could not be older th their host

rocks and the age determineg‘by whole rqck Pb-Pb, 2197 Ma,
is too high. 1Isotope ratios in carbonatites are extremely
suceptible to alteration at'all stages from magma -
emplacement” to the present exposure and further work is

4

necessary to constrain the age of these rocks more
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-obtalned,
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closely.
The data from the satellite center are also

imprecise. Each sample was taken from a diftterent
- Y

out crop, separated from the others by gnelss, surfafe

-

water or both. Clasts of ‘host-rock gneiss akg cBmmon,

especially ,near the margins, and this area 1s interpreted

as many individual upward projections from a sinfjle deeper

body, each one contaminated with a variable amount of

. R ot ‘ . . ) .
country rock. The scattered data- points bear this out,

-

“and the true age is nppt evident. Reqression of all ten

_samples qtveé an age of 1915 +165/~l75 Ma}‘younqer than /

the main Complex amd the age of 1980 Ma determ1ned for -
this 1ntru51on by Martlneau and Lambert uSlna Rb Sr. This
Pb—Pb age is controlled by a sinale sample, PC-81-053 o

(Table 38} whxch has a’ higher radloqenlc component than

‘the othersq Om1351on of thlS sample produces a. slope auo

of 2012 +250/ 273 Ma, almost coeval wlth the main .

complex. However the data are scattered apbrec1ab1y, so

B

that the age of the satelllte lntru51on cannot be

ascertalned wlth SUff1CLent prec1sion from the Pb Pb data'
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-Ph ot Zircons ] f

The zircon from all samples wds larqgely fragments <>td
coarset qrains (up to 1 mm in cross—égction in hand-
specimens) with only a few complete euhedral qgrains
present.  The laraely transparent qrains varied Arom
colorless to deep brown, indicatina varying deqrees of
metamictization. A few grains (in samples 1078 and 1338,
Table 40) had definite‘da}k cores.

Samples of 8-20 mqg zi;con were . decomposed in Téflon
bombs (Krogh, 1973). U and Pb were separated, and
concentrations and isotope ratios determ?ned as described
in Baadsgaard and Lerbekmo (1983). The analytical results
are given in Table 40. The blank in the procedure was
less than 4.5 ng Pb and 2 ng U. The isotopic composition
of the blank used in calculations was that of modern iead,
calcul@ped uéing the Stacey and Kramers (1975) model, with
206/204 = 19.700, 207/204 = 15.628 and 208/204 = 3B.63.
The composition used for common lead Correction was
derived from the whole-rock lead data. An isochron for an
éqe of 2155 Ma (£he éb*Pb siope age of the complex) was
calcurated‘usinq the Stacey and Kramers model. The
intersecfion‘of this® line.,with the whole-rock 207Pb/206Pb
regresgion line defined the common lead composition,

206/204 = 14.826, 207/204 = 15.108 and 208/204 = 34.289.
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Using the intersectlon of a 2200 Ma growth line with the
regression line made no significant difference to the
final results.

A best-fit regression line, calculated using a
~correlation coefficient of r = 0.90 (Ludwig, 1980) is
plotted in Figure 87, The zircon samples have lost about
14-32% Pb (Faure, 1977, p. 209) and lie along a well-
defined discordia line which intercepts .the concordia\at
2188 +416/-10 Ma and 299 + 113 Ma. The MSWD is 6.68, due
larqely to samples 1285 and 2358, for which a slight
instability during isotope ratio me urement; (see Table
40) may be responsible. Omission of |these two points
produced a regression line with an MSWD of 0.27 but "an
upper intercept only 3 Ma greatet. The lower intercept of
299 Ma does not represent episodic.loss of Pb since no

late metamorphic event of this age is known for the whole

region.

Whole Rock Sm-Nd

The method used for sample dxssolutlon and’ separat1on

of Sm and Ng based on that of Dosso and Murthy (1980), is
outlined in the appendix. '

'

The total blank on the procedure was less’ than 0.3 ng

Sm anhd 7 ng Nd. In all cases in this study the o <5{/\\\

sample:blank ratio was greater than 1000:1. ~
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Fer determination of the 143Nd/14.4Nd ratio the sample
was'loaded from 6N HCI1 onto the side filament of a double
rhenium filament as?embl& and dried in air at a low
‘current. Fot determina%ions of ratios 1in sniked samples
either Nd or Sm v;as loaded as."‘nitrate, f rom dilute‘
HNO 5 solution, onto the side of a doub1e filament, dried

4 R .
and heated to a dull red glow to convert to the oxide.
. ke . o

Ratios were determined on a VG MM 30 mass spectrometer.

©

‘The mean of 4 runs onABCR—i was. 0.511820 + 23, Fot the La
Jolla Nd%solution the mean of 9 runs was 0.511833 £ 9 (i
‘). An in-hguse etandard solution gave run-to-run
reprédﬂcibility of t0.0QOOB;'indjcating that for the

samples most of the imprecision or error lies in the ratio

.
1

determinations themselves and not in the_chemietry.
The results for the 31 samples analysed in this study

-are llsted ‘in Table 41 ‘and plotted in Flgure 88 Four.

"o .

samplea of ‘gneissic country rock were also analysed and

‘model ages calculated for each. The analytlcal results,
: - P ‘ )

"model ages calculated and}the.parameters use: are,given in
Table 42. - ¥\

As‘with-tﬁe Pb-Pb-data,'reqression and - 1sochron ages‘
. were. calculated for the complex as a whole and for varlous

qroops. The prbgram used was. based on York (1966), using
"a 1479m decay constant of 6. 54 x 10 12, 1.»:The o

\
Lo .

reqression resu}ts are_llsted-ln‘Table'43./ﬁfhe two

<
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R

.

230.19

»
Table 41. Sm/Nd whole rock analytical data.
sample o . 1475;\ RN
N (ppm) ’ (ppm) 1‘mNri 144Nd
PC-81-C01 pyroxenite 3.842 1;.232 0:16301 20.51150+3
PC-—H'I—()QQ pyroxenite 2.759 10.251 0.16256 0.51150+2
PC-81-235 gabbro .4.644 22.845  0.12275  0.51085+2
© PC-81-275 gabbro 2.886 13.759  0.12665  0.51092%3
PC-81-363 diorite 7.9491 42{511‘ 0.11307 0.51067+1
PC-82-163 pyrbxenite 6.725 26.834  0.15133  0.51124+7
pPC-82-173 diorite 4.523 22.059 0.12383 0.51084+3
PC-81-012 syenite 11.348 58.596  0.11695  0.51079+2
PC-81-285 syenite 15.434 '84.860  0.10983  0.51070#
PC-81-332 syenite 13.412 "68.198  0.11876  0.5107641
PC-82-096 syenite 15.575 87.745 0.10719 + 0.510574%,
PC-52-099 syenite 21.147 133.45 *  0.09568 o.snohztg
PC-82-124 syendte '6.944  36.732 © 0.11416  0.5107241
PC-82-358 syenite - 14.390 81.081 0.10717,  0.51065%2
PC—82—15[ syenite 17.453. 95.713 - 0.1101%11. 0.51061 11
PC-81-096 porphyry dyke 14.470 82.379 0.10607 0.51062%3
PC-81-168 melteigite 16.521 193.911 ' 0.10624  0.51065+3
PC-81-094 foyaite 15.004 87.476  0.10358 = 0.51059%1
PC-81-287 foyaite 22.067 126.39 0.10543  0.510584)
PC-81-482 foyaite 7.286 43.827 o.1bo%9 0.51054%1
PC-82-039 foyaite * 13.095 67.607 0.11696 0.5107942
PC-82-525 ijolite 19.724 - 112.61-  0.10577  0.51066+2
PC-81-176 chrbonati te- © 98,421 693.05: 0.08576  0.51037+2
PC-81-178 carbonatite 3¥8.84 1940.3 ¥ 0.10545 = 0.51058+
PC-81-185 carbonatite 81.402°  469.78 0.10464  0.51059+1
PC-81-383 carbonati te 241,00  1586.8 0.09168  0.51048+2
PC-81-383 rerun . 245.4  11617.0  0.09165 05104741
PC-82-088 carhonatite 50.176 0.13163

0.51097+41 .

(Contin(;e(i

;) :

.
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Tabyle 41, (Continued)

T 147 3 143

sml Nt
Sample . 5m Nd - — — e
144 144

(pgan) (ppm) Nd Nd .
PC-82-088 rerun 50.76¢ 230.41 0.13305 0.51099 "
P('-82-412 carbonatite 87.927 618.87 0.08580 0.51.037+2
PC-82-506 carbonatite 269,82 1890.9 0.08617 0.51038+1
PC-81-388 shonkinite 16.582 82.196 0.12182 0.51083411
PC-82-260 brotite pyroxenite 10.867 54.718 0.11993 0.510744+1

o

1 o .
Estimated error 1s O.1s%.

2katlos are normalized to 146Nd/“MNd = 0.724127, precision listed is

one siqma. -
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Table 472.

Sm/Nd analytical data and mode ]

country rock.
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ages for granodiori®ie

1475‘m ]43N1

Samp le Sm Nd — - ( Model Age Ma
144 144

(ppm) (ppm) Nd Nd
1025 8.374 41.028 0.12325 0.51064 2467
» ' .

1483 8.004 39,275 0.12306 0.51059 2559

2074 3.961 19.310 0.12386 0.51059 2595

2281 7,508 36.117 +  0.1257) 0.51064 2557

L _ -12 -1 147 144 :

Ag, = 6.54 x 10 y™ !, (1 %sm/14%Nd) g = 0.1967 and -

(]43Nd/144Nd)CHUR 0.511836 from Jacobsen -and Wasserburg (1980).
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Table 43, Sm/Nd whole rock regression and aqge results,

Number
of C AQQ"

Sample Group Samples Slope 10 MSWD  (Ma)
(1) A1l centres, all samples kR 0.014376  4HK  0.65 2183+75
(2) Centre 1 (gabbro, diorite, | -

pyroxenlte) 7" 0.016177 1006 0.34 24544154
(3) Centre 2 (syenites) g 0.015782 2680 0.0 2394+410

1

(4) Centre 3 (foyaltes,

1 jolites) , ) 6 0.01510 4079  0.30 229226234
(5) Centre 4. (carbonatites) 7 0.012634 1237 0.27 19204189

'calculated asing ASm = 6.54 x 10712 year"; error listed is 20/MSWD.
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samples listed in Table 41 from the satellite intrusion
were se.ected from XRF‘analyses of majo; and trace
elements to provide the widest range of Sm/Nd for an
isochron. Howevgr the very short ranqe actﬁally obtained
precludes calculation of an individual Sm-Nd aqge for that
group of samples.

From Tables 41 and 43 and Figure 88 it is clear that
the Sm-Nd results cannot be used to resolve the sequence
of e%placement of the various units. A smafl part of the
observed scatter is due to experimental error in the ratio
measurements, but most seems to arise from the samples
themselves (see the Pb-Pb data)§ Because of the
geochemiial coherence of Sm ana Nd it is likely that the
major part of.the scatter can be ascribed to variable
amounts of contamination (initial ratios) rather than to
later metasomatism. Individual data points which strongly
cqnﬁrpl the various reqfessioh linés were repeated_énd
reproduced either by a repeat dissolution ofakhe same.
sample powder Jcarbona;ités,PC—814383 ggd PC-82-088) or by
énalyéis of a geographically adjacent, closely related
sampie, Data poinﬁs for the twé magneﬁite‘pyroxenites in
Table 41,,PC-81—001’aﬁd_004 are almpst-coincident; Three
other sampleé, carbonatites, for which theldata plot |
‘almost oﬁ‘fop of each other ih Figure 88 are the most/?m—
dépléted samples. These éa;béhatites are very light REB;

-~
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enriched and l43Nd~enriched, and lie outside error limits
above the reqression line calculated for the complex as a
whole. The Sm-Nd isochron age calculated tor the complex
using all data i; 2183 + 75 Ma anq is strongly controlled
by accurate data points significantly above the regression
line at the-high end of.the Sm/Nd range (magnetite
pyroxenites) as well as at the low end (carbonatites}).
Removal of dnly the Sm-enriched madnetite pyrbxenites from
tﬁe reqression produces an age of 1999 + 103 Ma. Removal
of these same two samples from the rearession éf Center 1
(Crou;u2, Table 43) lowers the calculated aqe.from 2454 ¢
154 Ma to 2215 *+ 275 Ma, the increased err;r'reSUItinq
‘from a smaller 147Sm/144Nd range. Short ranges of Sm/Nd
for the syenites and undersaturated sé%icates of the main
Compléx (Groups 3 and 4, Table 43) combined with the
scatter mentioned earlier lead to very poorly defined ages
for these units, 2394 + 410 Ma and 2292 + 625 Ma
Eespectively. ‘The age calculéted for the carbonatites

alone, 1920 + 1B9 Ma appears to be forced to this low

value by the three most Nd-enriched samples mentioned

, earlier.
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Discussion

Althouagh the times of emplacement of three of the
five individual phases of this complex cannot ‘be closely
defined by the present. data, well constraineg ages have
heen ohtéined for two centers (one silica-saturated and
one silica-undersaturated), aqd»for the complex ascf
whole.

The age of crystallisation of the entire complex is
prchably best defined by the zircon age of .the syenites,
2148 +16/710 Mé. The Sm-Nd age for the complex as a
whofé;"fTSB + 75 Ma, aqrees well with the zircon age and.
the error allows it to overlap easily with'the Pb-Pb
age. The Pb-Pb age of 2155 + 16 Ma for the main complex
does not aqreefwithin error with the zircon age‘but the
failure to doﬁso may be due to a spuriously low error

L 3

e data) caused by

Cconsiderinq‘the observed scatter in
the radioqenic'foyaipes and ijolitYes which control the
reqression iiqé. Regression of data for thé
undersqturated silicates only gives an age of 216§ +21/-22
for Center 3, which does agree within errbr with the
zircon aqge of the syenites. If‘oné-spéculates that the
‘difference between the ages of the éyenites éﬁd.foyaites

could be real then there are two possible- explanations.’

One is that 'undersaturated intrusive activity followed the
& : ' -



saturated after an.interval of 10-20 million years.. The

other is that the whole rock Pb-Pb system reached closure

..

! ’ ,
after the zircon U-Pb closure. Neither of these,

hypotheses has anyléupporting“e&idenée, and it must be
considered fhat these units are’ essentially cdeval. The -
co#ﬁ?usion from the data that the carbohatites are coeval

with their host foyaltes 1s supported by a recent . study of

t he Phalanrwa complex (Er;ksson, 1984) whlch found that‘

the time of emplacement of - carbonatltes and associated

;.

la -
undersaturated rocks was the same w1th1n lO m11110n years.
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No separate‘aqe can be defined ﬁor thetsatelllte ) .

T

intrusion to confirm the age of 19807+ 40'&9;reh0rted by
% - N

Martineau and Lambert (1974) .- Because the;Rb—Sf éata-were‘

.scattered (Lambert pers. comm., 1980) as are the Pb~Pb

\ - .
data from this study, this unit must be considered

o

%4 smaller efféct due to very low grade meta@orphism.

..

associated in time with the main complex pending more
definitive work.
The scatter noted in both whole 'tck systems appears

. ' . . .
to’ be due mainly to variable initial ratios accompanied by

zircbn data pfoduces a godP regression line yet t
AR . . ¢ .

rock Pb data fer four of the same syenite samples is.

disparate. If the isotopic composggion of Pb incorporated

into these four samples was v’ariabl'e dud to ass"'lation

of country rogk then it would have a significant effect on
: . .. i

RN
y B

i
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W\

[

. u

the whole rock system but not on the zi}con"system where
onily smill amodhts of'common'Pb are incorgbrated during

crystalklisation. Similarly, post—lntru51ve low- qrade

metamorph’ism (which is petroqraphxcally difficult to

{ separate from deuteric action) appears not .to have
e r h o e - ‘ N
stgnificantly affected the geochemically-coherent Sm-Nd
eystem. Thé fact that the SﬁrNd isotbpic d@ta is

scattered while the- REE show<%mooth chondrlte*hormalized

tr 3

dfstrrbut1on patterns (1n preparation) with no” )

"

dlscontxnuxtles 5uqqests ‘that oriqxnal isotopiat variations
R o . " o
are ngspon51ble. N .
A Wellétonstfained (zircon) age of emplacement of
M .

’2188 Ma fbr thig alkaline 1ntru51on ‘and the presence of

W

- ,(
the Snare fault: sugqest tnat an eplsode of contxnental

v -

rlftlng began along the fault about 2200 Ma- ago. o

o

Slgnlflcant“movement along the Snare f@ult tqégroduce the

J g

11neament vlslble in . Lcndsat photos must- have occurred
prlor to the emplaceme

. L v \f,J .
siqnlflcant post 1ntrusxve Tateral mqvement ‘can be L

N a\\. -

observed Movement on thea%nare 11neament*apparentlyq . é
Y] S e

t of the compIex.where no

<

'ended shortly after the Buq Spruce iaie 1ntrué10n, a fatt

NV

Whlch may account for the 1ack of other n&phellnLtle'h"“
I . o /() \ o 5,
bodles along thls llne.k The Blg Sprqce Lake 1ntru51on is.
f
‘closely corrclated 1n aqe wlth the Hearne Channel Gran1te,
[; <

‘the older alkallne phase of the Blachford Lake Intru51ve

._‘ . - .
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Conclusions - .

suite which lies at the southern edqge of

443

the Slave

province. A zircon aqge ot 2175 + 5 Ma was

recently

reported for this body (Bowring et al, 1984). The Simpson,

Island dyke, an alkali gabbro body lyinqg

a

long the Fast

Arm of Great Slave Lakeg, 1s also apparently of the same

aje (Burwash and Baadsgaard, 1962; Leech et al, 1963) but

any relationship among these three bodies

is tenuous at

hest. A suaccesstul rift does appear to have developed,

spomewhat later, 30 km west of the'Big Spruce intrusion and

tHe Snare fault to form the present western edge of the

's]ave proviﬁce (Hof fman, 1974, 1980). The age and

timespan of the surprisingly brief Wilson }ycle which@@@ q@

gduowed, 1900 to 1885 Ma (Hoffman and Bowring, 1984;

&

*

Bowrina and Van Schmus, 1984) suqggest that this rifting

had little*copneciiab with the emplacement of the Biqg

~

Spruc¢e Lake intrusives 300 my earlier.

i
“ 0
" : -

’

B o ) o '

W

{1) Minor contamination by gnéSg%G country rock,

affédtihg initial ratios, and , later metasomatism

AfconE}ibute‘to variability in measured Nd and Pb ratios for

S ‘ Tk
whole-rock samples.

T
ve

[

:éion have not been separated in t ime

“{2) The five sepérate?stagesﬁof the Big Spruce Lake

by Sm-Nd or
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Pb-Pb methods. The maximum interval between emplacement
of succeséive units is probably that between saturated and
undersaturated units, Centers two and three. Present
~zircon 4nd Pb-Pb data indicate that these two units are
fEQeval within error; however, the inteﬁval between them
could be up to 31 million years when/é;rors are
considered. - Similar intervals between emplacement of the
other uﬁits would require a total of 90-100 million years
for emplacement of the entire complex. Such a Jimespan is
unlikely in view of the rapid emplacement of diverse
élkaline magmas of. the modern African Rift Valley. The
main Big Spruce Lake complex was probably emplaced over an

interval of less than 50 million years.

(3) The age of crystallisation.of the Big Spruce
Lake intrusion is best defined by the zircon age of the
syénitesf 2188 +16/-10 Ma. Pb-Pb data for whole rock
sgéqlezlgives an age of 2155 ¢ 16’Ma, and Sm-Nd gives an

age"

.

572183 + 75 Ma.
f4)/ No separate age can be assigned to the satellite

complex on the basis of present data althdhgh it may be

younger.
~

(5) Four Sm-Nd model ages for granodioritic country

rock range from 2467 to 2595 Ma.
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Appendix: Sm-Nd Separation Method

*

A sample containfng*at least 15 ug Nd (0.2 to 1.0 g
usually)Awas weighed into a 25 ml screw—top'Teflon vessel

and a mixed 14°ng plus 149 spike solution added for

isotope dilution- -analysis. A like amount oftsample powder
was placed in a second vessel for determination of the \
143Nd/144Nd-ratio. Use of separate dissolutions for f@tio

and concentration determinations was justifiéd by repeat’

analyses of several samplés. Even for carbonatites

o



- ’(

5

4
& &

.

[ ]

decomposed overnight,‘ln 3 ml HNO, + 10 ml HF at 100°C. -

446

contalnlng over 1500 ppm Nd no significant dlfference

143Nd/144Nd or 1475m/144Nd was found. Samples we(e

-

After centrlfug}ng, the supernatant %;gtii’was dlscarded

the fluoride residue was washed by dige®{ion w1th 43 HF:4%
. C

N L , N :
HC1 solution (céntrifuge and discard supernatant wash-

®

lxqu1d) then the:fluoride was remoGed‘by répeated .

evaporatlon w1th HNO3. The f1nal»rgsldue was dlssolved;in

dllute HCl and R203 elements prec1pﬁtated by addltlon of
4.

-’
v

ammonla., If there was 1nsuff101ent ﬁé or Al present to

s

act. as a carrler for hd and Sm then the solutlon was re- .

Y]

acidified, a trace of pure Fe sblut1on aﬁded and the R203

y
<

'rreprec1p1tated CIf exce551ve amounts of Al or Fe were

present at thls stage then the follow1ng steps were

g e

‘v R . ﬂ-.“ N

repeated until” the-R2O3 prec1p1tate reached an amount

[ - ’

‘: whlch“would be* soluble 1n'less than 2 m1 6N HCl To the

. L} -

hydroxlde prec1p1tate conc HF wa!‘added dropw;Se tov

RPN

‘resultlng fluorlde reS1due was baked to

dxssolut1on.,‘The
: Wi g
3 1nc1p1ent dryness

w&ph 4% HF 4% HCl

<

\

: /
"and Fe-as fluoride complexas.l Tne solutlon was’ removed

Al . Sk

to remove excess “HF then 1t was dlgested

.solutlon for 20 m1nutes to squblllze Al

N .

Y .

follow1nq centrlfuqlng and the dlqestlon procedure

'7

reneatgp tw1ce more w1th fresh ac1d solutlon. Then the

ine51due;was treated wltn HNO3 as befo

i fluorlde,_

taken up 1n dxlite HCl and the

ﬁé; to ‘remove 14/:“
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precipitated by the additiohgof ammonia. All steps were
carried out in the on{g&%al Teflon vessel. A second
procedure, which could not be used .for samples with a low

ﬁ . '
Nd ¢ontent, was sometimes employed to memove excessive
. Y
amounts of aluminum.. The ammonia precipitation was

~ )
carried out in a 50 ml silica centrifuge tube. .}Qllowinq
p ‘ .
removal of the supernatant solution, pellets of pure NaOH
.

were added to the hydroxide residue to dissolve the v

~aluminum but not the iron or rarelcarth'hydroxides. The
Y -
resulting.solution was‘remo;ed by centrifuging and %5
decantén;. ‘To remove excess sodlum the prec1p1tate was
. Ly N -
again taken up in dllute HCl and hydrox1des reprec1p1tated

.

// with émmonia, In all cass the f1na1 hydrox1de prec1p1tate
, was‘dissolved 1n a mlnlmum of 6N HCl and water such that T

the flnal volume of solutlon was less than 2 ml and less .i

.- thar 2N, in HC1 for additlon to the ﬁlrst catlon exchanqe

-'column.' Subsequent procedures for the separatlon of Nd 3

(and smé are larqely based on those outllned by Dosso and

Murthy (1980), employlng three separate catlon exchanqe.
'columns; MThe ftrst removes’ the rare.eatth elements from B
‘nmajor elements and othe;.trace elements. The second

° . , .

" employs a fract1on collbctor and a column eluted %1th a’

Lr e

:mgthyllactlc ac1d . ‘solutlon." The thlrd column

thlS sgage, for 1sotope dllutlon the sample was heated:f:

s
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with a drop of HNO3 to convert it to a nitrate form and
was now ready for loading onto the mass spectrometer

filament. For measurement of the 143Nd/144Nd ratio two -
/
'further Steps ‘were added for purlflcatlon. The Nd sample,

dissolved in one drop 2.3N HCl, was added to a fourth

a

column containing a resin bed of 1 mm diameter, 12.3 cm
length be 1 ow a loading reservoir. The .resin employed was
Dowex 50W-X8, 100-200 mesh cleaned with 6N HCl and -
equlllbrated to 2. BN)HCI The sample was washed in" with 2

sequentialldrops of 2.3N HC1l from a measured volume of 0.1

.

ml, then eluted withfthe Temainder to remove soluble

alkali. Nd was then~collected 1n a’ Teflon ‘beaker us1ng

.‘

1 6 ml 6N HC1 and thls solutlon was evaporated Because»"
the 1sotope ratlos of these samples were beﬁnq measured in-

a chlorlde form on the mass specbrometer organlc matter

- ' B ¥
- was removed ‘to 1mprove stabllty. The sample was ’ :

{transferred in three succe331ve drops of‘HNO3 to a speoial-

“_o

- plat1num vessel, drled on a hotplate,‘and carefully
: 1qn1ted to a red qlow over a burner. The orQanlc free Nd
;sample was trqnsferted ‘to, a-round- bottomed Teflon vessel "iy

4 -

_«u91ng 2 sequent1a1 drops\of 6N HCl, and derd ready fot

loadlnq onto the mass spectrometer fllament in a hlJ;




SAMPLE LOCATIONS, 1981 1882
MOOSE ISLAND coMpLex NWT.
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