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Abstract. Amphibole-bearing, Late Archean (2.73-
2.68 Ga) granitoids of the southern Superior Province
are examined to constrain processes of crustal develop-
ment. The investigated plutons, which range from tona-
lite and diorite to monzodiorite, monzonite, and syenite,
share textural, mineralogical and geochemical attributes
suggesting a common origin as juvenile magmas. Despite
variation in modal mineralogy, the plutons are geochem-
ically characterized by normative quartz, high Al,O; (>
15 wt%), Na-rich fractionation trends (mol Na,O/K,O
>2), low to moderate Rb (generally <100 ppm), moder-
ate to high Sr (200-1500 ppm), enriched light rare earth
elements (LREE) (Cey generally 10-150), fractionated
REE (Cey/Yby 8-30), Eu anomaly (Eu/Eu*) ~1, and
decreasing REE with increasing Si0O,. The plutons all
contain amphibole-rich, mafic-ultramafic rocks which
occur as enclaves and igneous layers and as intrusive
units which exhibit textures indicative of contemporan-
eous mafic and felsic magmatism. Mafic mineral assem-
blages include: hornblende+ biotite in tonalites; au-
gite + biotite + orthopyroxene + pargasitic hornblende or
hornblende + biotite in dioritic to monzodioritic rocks;
and aegirine-augite + silicic edenite + biotite in syenite to
alkali granite. Discrete plagioclase and microcline grains
are present in most of the suites, however, some of the
syenitic rocks are hypersolvus granitoids and contain
only perthite. Mafic—ultramatic rocks have REE and Y
contents indicative of their formation as amphibole-rich
cumulates from the associated granitoids. Some cumu-
late rocks have skeletal amphibole with Xy (Mg/(Mg+
Fe?™)) indicative of crystallization from more primitive
liquids than the host granitoids. Geochemical variation
in the granitoid suites is compatible with fractionation
of amphibole together with subordinate plagioclase and,
in some cases, mixing of fractionated and primitive mag-
mas. Mafic to ultramafic units with magnesium-rich cu-
mulus phases and primitive granitoids (mol MgO/
(MgO+0.9 FeO™TAL)) from 0.60 to 0.70 and Cr
> 150 ppm) are comagmatic with the evolved granitoids
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and indicate that the suites are mantle-derived. Isotopic
studies of Archean monzodioritic rocks have shown
LREE enrichment and initial **3Nd/"**Nd ratios indi-
cating derivation [rom mantle sources enriched in large
ion lithophile elements (LILE) shortly before melting.
Mineral assemblages record lower Py o with increased
alkali contents of the suites. This evidence, in conjunc-
tion with experimental studies, suggests that increased
alkali contents may reflect decreased Py o during mantle
melting. These features indicate that ~2.73 Ga tonalitic
rocks are derived from more hydrous mantle sources
than ~2.68 Ga syenitic rocks, and that the spectrum
of late Archean juvenile granitoid rocks is broader than
previously recognized. Comparison with Phanerozoic
and recent plutonic suites suggests that these Archean
suites are subduction related.

Introduction

The origin of Late Archean plutonism is fundamental
to understanding the evolution of the early continental
crust. Geochemical investigations of Archean tonalitic
and monzodioritic to syenitic rocks have emphasized the
characteristic highly-fractionated rare earth element
(REE) patterns and depletion in heavy REE (HREE)
(Arth and Hanson 1972, 1975; Martin 1986). Most mod-
els propose that these rocks are derived from melting
of mafic rocks, usually with garnet as a residual phase
(e.g., Arth and Hanson 1975; Barker and Arth 1976;
Martin 1986). Alternatively, some tonalitic and monzo-
dioritic rocks may be produced by partial melting of
the mantle. Arth et al. (1978) suggested that a Proterozo-
ic tonalite suite in Finland was derived by fractionation
of basaltic magma. Shirey and Hanson (1984) and Stern
et al. (1989) proposed that some Late Archean monzo-
dioritic rocks are derived by direct melting of LILE-
enriched mantle.

This contribution examines the field relationships,
petrography, and geochemistry of examples of 2.7 Ga
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amphibole-bearing tonalitic, monzodioritic and syenitic
plutonic rocks in the Wabigoon and Abitibi Subpro-
vinces of the southern Superior Province. The geological
compilation map of Ontario (Ontario Geological Survey
1990) indicates that these types of rocks comprise up
to 25% of greenstone-granitoid terranes of the Superior
Province of Ontario and therefore should be considered
as a significant component of models that describe custal
evolution. The plutons were studied during several On-
tario Geological Survey mapping projects designed to
investigate the nature and origin of Late Archean mag-
matism. During the mapping it was realized that, where-
as the plutonic suites have a diverse range of modal
mineralogy, they share many common field, mineralogi-
cal, and compositional attributes. Based on these charac-
teristics we suggest that a broad compositional range
of late Archean granitoids are juvenile and formed by
similar processes. In detail, however, it is apparent that
these plutons are the products of a range of parental-
magma compositions and source compositions.

In this paper mantle-derived magmas, which may
subsequently be fractionated, are referred to as juvenile.
Comagmatic is used to describe rocks directly related
by fractionation processes, whereas cogenetic is used in
a more general sense to relate rocks formed during a
common tectono-thermal event. The plutonic rocks are
classified according to the IUGS system (Streckeisen
1976) and granitoid is used as a general term for mesoc-
ratic to leucocratic plutonic rocks. All ages are U/Pb
zircon dates unless otherwise noted.

Geology

The tonalitic rocks in the Lac des Iles (LDI) area and the monzo-
dioritic Jackfish Lake Pluton (JLP) are from the Wabigoon Subpro-
vince. A tonalitic suite from the Abitibi Batholith (AB) and a syen-
itic suite from the Otto Stock (OS) are from the Abitibi Subpro-
vince (Fig, 1).

The AB (Fig. 2a) is an clliptical pluton (1200 km?) intrusive
into metavolcanic rocks of the Abitibi Greenstone Belt. The com-
positc intrusion consists of : early hornblende diorite to quartz dior-
ite, gabbro and hornblendite; foliated to massive biotite-horn-
blende tonalite to granodiorite; and late microcline-porphyritic
granodiorite (Smith and Sutcliffc 1988). A porphyritic granodiorite
[rom the AB has been dated at 2689 +2.7/—2.3 Ma {Mortensen
1987). The biotitc— hornblende tonalite to granodiorite, which is
predominant in the western part of the AB, is examined in this
study.

The OS (Fig. 2b) is one of several alkalic intrusions exposed
near the Kirkland Lake-Larder Lake Deformation Zone. The OS
is an approximately circular stock (95 km?) intrusive into metavol-
canic rocks. Sycnitc and alkali granitc units are predominant in
the intrusion and are associated with hornblendite, pyroxene—
hornblendite and mela-syenite units (Smith and Sutcliffe 1988).
Nepheline syenite comprises < 5% and forms a narrow marginal
phase (Lovell 1972). An age of 2680+1 Ma was obtained from
the OS using zircon and titanite (Corfu et al. 1989).

The hornblende tonalite at LDI (Sutcliffe 1989, Fig. 1) is an
elliptical pluton (150 km?) intrusive into older gneissic biotite tona-
lite. A U/Pb zircon age of 272942 Ma has been obtained for the
tonalite (unpublished data, D.W. Davis, Royal Ontario Museum,
personal communication).

The JLP (Fig. 2¢) is a crescentic pluton (500 km?) intrusive
into tonalitic gneiss and mafic metavolcanic rocks (Blackburn
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Fig. 1. Location map for the study areas showing subprovinces
of the Superior Province. Plutons investigated in this study are:
Jackfish Lake Pluton (JLP); Lac des Iles (LDI); Otto Stock (0S);
and Abitibi Batholith (4.B)

1976; Edwards 19834, 1983b). The plauton ranges from diorite to
monzodiorite, quartz monzodiorite, monzonitc and granodiorite
(Sutcliffe and Fawcett 1980; Longstaffe et al. 1980, 1982). Shirey
and Hanson (1984) included a dioritic phase of the JLP in examples
of magmatism related to melting of LILE-enriched mantle. An
age of 2698 +1 Ma has been obtained from monzodioritic rocks
of the pluton (unpublished data, D.W. Davis, personal communi-
cation).

All of the granitoids are spatially associated with mafic to ultra-
mafic plutons, dikes, layers and enclaves (Fig. 3). At LDI mafic
dikes show gradational relationships and net-vein textures indica-
tive of contemporaneous mafic and felsic magmatism (Sutcliffe
1989). Gravity studies at LDI indicate that the mafic-ultramafic
intrusions, such as the LDI Complex, are shallow (3-4.5 km thick)
lopoliths which locally underplate the tonalite (Gupta and Sutcliffe
1990).

Malfic units, lithologically similar to mafic-ultramafic intru-
sions in the LDI area, are also present within the AB, where a
gabbronorite to hornblende gabbro and hornblendite intrusion
(45 km?) is present within the hornblende tonalite. In addition,
hornblende diorite with abundant enclaves of hornblendite occurs
on the western side of the AB.

Mafic to ultramafic amphibole- and pyroxene-rich units com-
prise approximately 9% of the OS and form an oval body approxi-
mately 2km in diameter in the core of the intrusion and also
form smaller lenses and pods within the intrusion. Syenitic and
dioritic enclaves within the mafic core are evidence of the late
intrusive naturc of thc mafic corc. In the southern part of the
stock, however, a layered sequence of pyroxene— hornblendite,
mela-diorite, and syenite indicates that some amphibole-rich rocks
are in situ cumulates (Fig. 3).

In the JLP, mafic units consist of mela-quartz monzonite which
is a volumetrically minor intrusive phase into monzodioritic rocks
of the pluton and into gneissic tonalite country rocks south of
the pluton. Ultramafic hornblendite and pyroxene —hornblendite
enclaves, ranging from a few centimentres to 1 kilometre, are abun-
dant throughout the JLP and comprise approximately 10-15%
of the intrusion.

Kersantite (biotite — plagioclase lamprophyre) dikes are spatial-
ly associated with the JLP (Edwards 1983a) and the OS (Lovell
1972). Spessartite (amphibole — plagioclase lamprophyre) and ker-
santite dikes are also abundant at the LDT (Sutcliffe 1989). These
dikes are generally less than 1 m wide, dip steeply, commonly have
1 to 2 cm wide foliated margins, and locally, such as at the LDI,
show textural evidence of being emplaced prior to consolidation
of the tonalite host (Fig. 3). A titanite from a lamprophyre dike



VIV VY

" North East
/

Bay i

\s
&

(i)

Ty

2 W= =%
PR N T
se.kilometres s 224"
PRGN S A DI

=5
N

o Lamprophyre dikes

Jrne
Narrows

ARCHEAN

0 2 4 TT— QTTO STOCK ABITIBl GREENSTONE BELT
kilometres

Syenite Nyyyy Metavolcanic rocks

Megacrystic syenite

PROTEROZOIC

et Abitibi diabase dikes Tenalite, gneissic Alkali granite —— == Fault
anutt Matachewan diabase dikes Diorite to quartz diorite Hornblendite, pyroxenite, . Sample location
mela-syenite all numbers prefixed by 88~
ARCHEAN Abitibi Greenstone Belt

Mafic nepheline syenite

Abitibi Batholith Metavolcanic rocks

Gabbro, gabbronorite

Megacrystic granodiorite

Metasedimentiary rocks

+¥++4 Tonalite to granodiorite, massive — — Fault
Tonalite to granodiorite, follated [ Sample location

all numbers prefixed by 88-

GRS T T ¥ LR T N
PN Some s oA T KO A R
3 p ¢ 3 Kalarskons > Y= "¢ b Esox Lake "
v " N » zT
roat”t Lake, . sEortos viiee

. cake at

1
Laa, v, B
ASAY > T

>

r*‘rsﬂ;.-\r,‘t.
> ¢ ga
PN RN
.

1,4

_‘ @ Rainy Lake

3
| eeew | 4' [ LV {
kilometres "I:" 'li‘illl |
03°30 b
ARCHEAN
/ Lamprophyre dikes Jackfish Lake Pluton Wabigoon Greenstone Belt
diorite, monzodiorite,

Unsubdivided granitoids monzonite Metavolcanic rocks

Rainy Lake Granitoid Complex Tonalite, foliated to gneissic —— —— Structural trend
U]I[ﬂ]]]] Late granite suite Hornblende gneiss, amphibolite — — Fault

. Sample location

Fig. 2a—¢. Geological maps of the study areas. Geology of: a AB from Smith and Sutcliffe (1988); b OS from Smith and Sutcliffc
(1988) and Lovell (1972); ¢ JLP from Sutcliffe and Fawcett (1980). See Sutcliffe (1989) for LDI



258

Fig. 3a—e. Photographs of relationships between malic and felsic
rocks. a Hornblendite clots and small irregular enclaves in monzo-
diorite, JLP. b Rounded and irregular hornblendite to diorite clots
and enclaves in syenite, OS. ¢ Cross-bedded and trough-bedded
hornblende-rich layers in syenite, OS. d Irregular and gradational

south of Kirkland Lake which is intrusive into syenite has an age
of 267412 Ma, similar to late tectonic intrusions in the area (Wy-
man and Kerrich 198§9).

Petrography

Modal analyses of representative rocks analyzed for this study are
given in Table 1 and Fig. 4. Table 2 summarizes details of mineral
assemblages and textures.

The granitoid rocks are generally characterized by medium-
to coarse-grained, hypidiomorphic, massive to weakly foliated tex-
tures. Tabular plagioclase is subhedral, and displays moderate to
strong oscillatory zoning locally (AB, LDI, JLP). The most com-
mon mafic mineral assemblage is biotite +hornblende (LDI, AB,
JLP) with hornblende locally rimming augite (JLP). The less com-
mon assemblages are biotite+augite+/— orthopyroxene (JLP)

CENTBAETRES

contact relations between tonalite and quartz diorite, west side
of AB. e Disaggregated mafic dike in hornblende tonalite, LDI.
Note loss of foliation in remobilized felsic material adjacent to
dike

(Fig. 5¢) and aegirine—augite + biotite+/—amphibole  (OS).
Coarse hornblende grains up to 2 cm in length are common in
both the LDI and the AB tonalites (Fig. 5a). Microcline and quartz
are usually present as anhedral, interstitial grains. As the propor-
tion of microcline increases, however, microcline occurs as poikilit-
ic megacrysts up to 2 cm in length enclosing plagioclase, quartz
and mafic minerals (JLP, OS). Most of the OS is characterized
by tabular 2-4 mm strongly perthitic microcline with albite exsolu-
tion (Fig. 5d). Some OS syenites, however, contain discrete grains
of plagioclase and microcline. In all of the plutons accessory apa-
tite, titanite, and zircon most commonly occur as inclusions in
mafic mincrals. Magnetite is the predominant oxide phase.

Mafic to ultramafic units and enclaves consist of medium- to
coarse-grained amphibolite to pyroxenite with massive allotrio-
morphic textures (Fig. 5b, f) and interstitial biotite, plagioclase,
carbonate and quartz with minor apatite, titanite and opaques.
Mecla-granitoid units are gradational between the tonalites, monzo-
diorites, syenites, and the mafic-ultramafic rocks. They are charac-



27.9

1.5
0.1

30.0 33
tr

tr
tr

2.0

4.2
60.4° —
2.3

77.7°
18.4
0.6

88-110888-99 R8-120 88-103 88-104 88-114 88-111278-7°¢
0.7

tr

tr
1.0

0.2

0.5
tr

0.5

10.0

350 250
tr

5.0
tr

59.6  65.0
2.5
1.3
0.4
0.7

ir

9.7 572
25.5
54
0.5
tr

5
tr

49.8
0.9

13.2
24.5
13.2

88-37 8%-66 88-39 88-40 88-08 88-50 78-56 76-36 7825 7820 77-79 75-44 7847 78-55
48.0

Table 1. Modal analysis and estimates of rocks from the Abitibi Batholith, Jackfish Lake Pluton and Otto Stock

Plagioclasc®
Microcline

Quartz
Amphibole

Biotite
Pyroxene
Chlorite
Epidote
Carbonate
Sphene
Zircon

0.3
1210

58
1324

0.2

1109

tr

0.2

-
So

<
QO

ir
1107

Apatite
Opaques

est

est 1313 1078 997 est

est.

1137 892 est 2040 2049 2025 2071 2039 2050

1022

1049

a Includes sericite alteration; ? Perthitc; © Includes 15% serpentinc after olivine.

Total Pts

192]

. Cu

o -

2 gO

o] =TS

Q ES

= 23

= g5

*a [2B=S

b5y oocn -9

Q ~ a2

~ ﬂ.)«-a"“‘o,_3

jo] _-:-au

et UJ; L wow

T QO=Yxo2

o isbm}_(ﬁ'o"d

2 g9y 22

s S=' 8288k

g gggsac
HMogET

_8 3‘.@5533

| SRR R P R
® EQEOEDO‘O"G
§ S3Szggi
v :tt:csﬁ;_a Pl
g L1 ITEEE
5 228955
a ESE8E-sk
g EEEzSo
Ep R 8 8
=1 COLUO g3
OO<<d< T

&

Hooon
TzBREIL™
— — e e

- i
00 S 0000 0% 00 CO O
o Q00000000 O

78- 25 Biolite —hornblende monzodiorite, JLP

78- 20 Biotite —hornblende monzodiorite, JLP

77- 79 Biotite —hornblende monzonitc, JLP

78- 17 Clinopyroxene —hornblendite enclave, camulate, JLP
78- 55 Opx—cpx—hornblendite enclave; cumulate, JLP
88-103 Mela —diorite, cumulate, OS

76- 36 Biolile—hornblende diorite, JL.P
75- 44 Mela-monzonite, cumulate, JLP

quartz-feldspar phyric, AB
88-66 Biotile—hornblende tonalite, AB

88-37 Biotite—hornblende quartz diorite AB
88-50 Biotite granodiorite, AB

88-39 Biolile —hornblende tonalite, AB
88-40 Hornblende — biotite tonalite, AB
88-08 Biotite —hornblende tonalite,
78-56 Biotite —augite diorite, JLP

259

terized by cuhedral, prismatic pyroxenes and amphibole with inter-
stitial feldspar and quartz, Clinopyroxene and amphibole in these
rocks commonly exhibit a distinctive skeletal texture (Fig. 5¢). At
LDI these skeletal textures are attributed to supercooling during
mixing of magmas (Sutcliffe 1989).

Geochemistry
Analytical methods

Whole rock major and trace element analyses were done at the
Geoscience Laboratories, Ontario Geological Survey, Toronto
(AB, OS, LDI) and at the University of Toronto (JLP). Granitoid
samples weighing 1 to 2 kg were stripped of weathered surfaces
before crushing. Major clements were determined by XRF using
fusion beads. Trace elements Zr, Rb, Sr were determined by XRF
on pressed pellets. Cr and Ni were determined by the atomic ab-
sorbtion flame mcthod. Precision and detection limits for major
and trace elements are as reported by Sutcliffe ct al. (1989). Rare
earth elements (REE) and Y were determined at the Ontario Geo-
logical Survey using ICP-mass spectrometry. Details of the analyti-
cal precision, which is approximately 4% at chondritic abundances,
and accuracy of this procedure are reported by Doherty (1989).

Mincral phases from the AB, OS and LDI werc analyzed at
the University of Western Ontario using a MAC 400 electron mi-
croprobe fitted with a Krisel control automation system using Mag-
ic IV correction procedures. Opcerating conditions, detection limits
and precision are as reported by Sutcliffe et al. (1989). Amphibole
separates, estimated to be at least 99% pure, were obtained by
magnetic separation and hand picking of individual grains of the
100-140 mesh size fraction. Approximately 0.01-0.04 g of separate
was analyzed for trace elements by ICP-mass spectrometry.

Rock Chemistry

Representative whole rock analyses from the AB, JLP
and OS are given in Table 3. Analyses of the LDI tonali-
tic rocks are given in Sutcliffe (1989). Group averages
and ranges for the suites are given in Table 4 to facilitate
comparison. It should be noted that many of the rocks,
particularly the melagranitoids and mafic enclaves, do
not represent liquid compositions. These and other rocks
which are the product of crystal accumulation are identi-
fied in Table 3. Although deviations from liquid compo-
sitions in the granitoid rocks may also be present as
a result of crystal accumulation and late migration of
fluids, Fig. 6 shows that all of the granitoids have trends
within the calc-alkaline field, with the LDI and AB being
FeO-rich relative to the JLP and OS. The CaO —Na,O —
K,O diagram (Fig. 6) illustrates that the LDI and AB
suites have Na-rich trondhjemitic trends whereas the
JLP and OS are more K-rich. The OS is alkali-calcic
whereas the other plutons are calc-alkalic (classification
of Peacock 1931).

Both AB and LDI tonalitic suites are characterized
by Al,O, generally greater than 15 wt%, comparable
to the high-Al,O; type tonalite of Barker and Arth
(1976). The tonalites have mol Al,O;/(Na,O+K,O+
Ca0) close to unity with mol Na,O/K,O generally
>4.0.

Rocks of monzodioritic and syenitic composition are
also characterized by high Al,O5 but all are metalumi-
nous. With increasing SiO,, Al,0;/(Na,0+K,0+
CaQ) increases. Molecular Na,O/K,0 is lower than in
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Table 2. Summary of petrography of lithologics from Abitibi Batholith, Jackfish Lake Pluton and Otto Stock

Hornblendite

amph (green
pleochroic) + aug
(overgrown by amph)
aegirine — aug + bio
(interstitial)

RockType Texture GrainSize | Feldspars Mafic Minerals Acccssory Phases | Alteration

Abitibi Batholith

Tonalite, Hypidiomorphic, |Mediumto | pl(subhedral, hb (subhedral to tit, ap, mgt, zir pltoep, ser

granodiorite massive to weakly | coarse tabular, oscillatory ' prismatic, green minor chl
foliated zoning common) leochroic 2 mm to

+ mc (anhedral, cm) +
interstitial) bio (green-brown
pleochroic)

Quartz diorite

Jackfish Lake

Pluton ;

Bio-aug diorite Hypidiomorphic, |Mediumto | pl (subhedral, tabu- - aug (prismatic) + tit, ap, mgt, zir pl to ep, ser
equigranular, coarse ar, local oscillatory . bio (red-brown hp-+biotoep+chi,
massive to foliated, zoning) = : pleochroic) £ opx cpx to uralite
mafic minerals in mc (interstitial)

. Bio-hb diorite aggregates hb (blue green
pleochroic, locally
mantles aug) +
Monozdiorite pl (subhedral, tabu- | bio (green brown
- lar, sodic rims) + mc | pleochroic)
(interstitial to mega-

Monzonite Locally me Medium to | crystic, replaces pl) | as above, no ¢px as above,
megacrystic coarse (mc more intense

to2cm

Mela-monzonite | Allotriomorphic | Coarse pl -+ mc (both hb + aug (evhedral, | ox, tit

mterstitial) skeletal) + bio

Hornblendite Hypidiomorphic to | Medium pl (interstitial) hb (green tit, ox, ap, carb ep, chl, uralite
allotriomorphic pleochroic) +aug (interstitial)
massive hb (brown

pleochroic)
+ aug £ opx

Orto Stock

Sycnite Hypidiomorphic, |Mediumto | per (hypersolvus aegirine-aug tit, mgt, ap, zir ep, ser, chl
massive to weak coarse texturey (subhedral,
foliation prismatic) -+ bio

Alkali granite or pl (subhedral) + | (green-brown

mc (subhedral) pleochroic) + amph
(subsolvus texture) | (blue-green brown

R —— pleochroic)

Porph syenite mcto2cm | mc megacrysts

Mela-diorite to | Allotriomorphic, | Medium to | pl (interstitial) + as above, aug and tit, mgt, ox, zir

syenite massive coarse mc (interstitial) amph locally carb (interstitial)

skeletal

Abbreviations: pl - plagioclase; me - microclinie; hb - hornblende; bio - biotite; aug - augite, opx — orthopyroxene; tit - titanitc; ap — apatite;
mgt —magnetite; ox — oxides; zir — ziron; ep — epidotc; ser —sericite; chl - chlorite; carb - carbonate; amph — amphibole; per— perthite. Where
present quartz is anhedral and interstitial.

the tonalitic rocks but is >1 in all cases. Syenitic rocks

from OS contain from 0.2-14% normative quartz. Most
rocks from JLP are also quartz normative, however,
some dioritic rocks from the pluton contain normative

olivine.

The tonalitic rocks have moderate Sr (213-706 ppm)
and low Rb (12-49 ppm). Monzodioritic and syenitic
rocks have moderate to high Sr (253-1539 ppm) and
low to moderate Rb (28-195 ppm). Zr and Y contents
and Rb/Sr and K/RDb ratios are broadly comparable in

all suites.

Harker variation diagrams (Fig. 7) illustrate similar
patterns for many of the suites. All suites exhibit nega-
tive correlation of major oxides and trace elements
(TiO,, FeO™® MnO, MgO, CaO, P,05, Cr, Ni and

Y) with SiO, . Mafic to ultramafic enclaves and melanoc-

ratic rocks generally have SiO, less than 55-60 wt%.
These rocks show steep negative correlation of MgO,
Ni and Cr vs SiO,. Rb, Zr, and K,O in the granitoids
generally correlate positively with SiO,, however, LDI
tonalites are an exception to this (Sutcliffe 1989). Al,O,

is approximately constant or has negative correlation
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Fig. 4a, b. Modal analyscs of plutonic rocks plotted on diagrams
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eisen (1976). Triangles — AB; circles — LDI; squares — JLP; dia-
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granitoids; filled symbols — mafic to ultramafic units

with SiO, in the granitoid rocks, but shows a weak posi-
tive correlation in the mafic rocks. Sr 1s also constant
or shows slight depletion with increasing SiO, in the
granitoids of most suites. (Na,O+XK,0) shows regular
positive correlation with SiO, and is lower in melanoc-
ratic phases relative to the granitoids.

The granitoids of all suites display similar REE pat-
terns (Fig. 8) characterized by moderate fractionation
of Cen/Yby (8-30) (N =chondrite normalized) and gen-
erally no significant Eu anomaly. Within suites, total
REE decrease with increasing SiO,. The LDI and Ab
tonalitic suites have comparable REE abundances and
lower total REE than the JLP and OS. Analyses of syen-
ite and alkali granite from OS have similar REE abun-
dances to monzonitic rocks of JLP.

Mela-granitoid phases and mafic enclaves from LDIL,
JLP and OS generally have similar patterns character-
ized by high total REE and, in particular, high HREE
in comparison to the associated granitoids. A distinctive
feature of most of the melanocratic phases and mafic
enclaves is Lay <Pry. Melanocratic rocks of OS, how-
ever, have considerable variation in LREE abundances.
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The lowest LREE concentrations are in sample 88-114,
a hornblendite layer in syenite, which has Lay<Pryg
comparable to LDI and JLP melanocratic phases. En-
riched patterns of LREE are obtained from the central
pyroxene — hornblendite core of the intrusion. Extreme
LREE-enrichment characterizes sample 88-120, an ae-
girine —augite rich phase with microcline megacrysts.

Lamprophyre dikes from OS, JLP and the more maf-
ic dikes at LDI have contents of 40-50 wt% Si0O,, 0.5-
0.7 wt% TiO,, 0.4-0.5wt% P,05, Mg' (Mg’ =mol
MgO/(MgO +0.9 FeO") of 0.68-0.71, and have elevated
Cr, Ni, Sr and LREE comparable to other Archean calc-
alkaline lamprophyres (Wyman and Kerrich 1989). The
samples analyzed in this study have mol Na,O/K,0 >1
and therefore are not clearly shoshonitic. High CO, and
H,O contents reflect the high modal abundances of mica
and carbonate and may be primary.

Mineral chemistry

Representative amphibole and pyroxene analyses for to-
nalitic, monzodioritic, and syenitic rocks are given in
Table 5. Using the classification of Leake (1978) all am-
phiboles are calcic. Amphiboles in tonalitic and monzo-
dioritic rocks vary from actinolite to magnesio-horn-
blende and ferro-hornblende with (Na+K), (A=A site
of standard amphibole formula) less than 0.50. Actino-
lite and actinolitic-hornblende have higher X, (Mg/
(Mg+ Fe?*)) than associated hornblende. This variation
apparently reflects the reaction of clinopyroxene and liq-
uid to form hornblende with actinolite being an interme-
diate stage. Amphiboles in dioritic and hornblende-rich
rocks from both the LDI area and AB are generally
edenitic- to pargasitic-hornblende and marginally hast-
ingsitic-hornblende with (Na+X), greater than 0.50.
Amphiboles from OS have considerable variation in al-
kali elements and are more Fe®**-rich than the other
suites. Amphiboles from OS mafic to ultramafic enclaves
vary from hastingsitic-hornblende [Fe'">AlY and
(Na+K),>0.50] with less aluminous hornblende and
edenite rims (eg. samples 88-104, 88—114). One analyzed
grain from sample 88104 has a kaersutite core. Amphi-
bole coexisting with aegirine—augite in alkali granite
has the highest alkali content of the analyzed amphiboles
and is sodium-rich silicic edenite with Nay ranging from
0.62-0.64.

Hornblende separates from granitoid rocks (Table 6
and Fig. 8) have low Rb (1-4 ppm), high Y (24-68 ppm),
high total REE and HREE, Lay<Pry and moderate
Cey/Yby comparable to the melanocratic granitoid and
mafic enclave phases. Eu/Eu* (0.51-0.35) is somewhat
lower than the melanocratic and mafic phases, however,
all are characterized by Eu/Eu* <1.

Based on analysis of five rocks, pyroxenes from the
OS range in composition from augite to aegirine-augite
with up to 40% aegirine component. The most aegirine-
rich pyroxenes are from the granitoids, while the most
Mg-rich and aegirine-poor are from the central horn-
blende —pyroxenite core.

Clinopyroxene from JLP is augite, with the most Mg-
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Fig. 5a—f. Photomicrographs and photographs of textures in the
plutonic rocks. a Blocky hornblende in foliated, biolite—horn-
blendc tonalitc, AB. b Coarse poikilitic hornblende with interstitial
felsic phases, pyroxene hornblendite. OS. ¢ Hypidiomorphic bio-
tite—augite diorite, JLP. Biotite (), augite («), and plagioclase
(p) are labelled. d Perthite in alkali granite, OS, sample 88-99.

rich pyroxenes occurring as diopside with skeletal tex-
ture in mela-quartz monzonite (sample 75—44) and
from the pyroxene hornblendite enclave (sample 76—
516). Based on three samples, orthopyroxenes from the
JLP are in the range En,, .,. Compositions of pyroxenes
in granitoids and enclaves are comparable (Fig. 9).

e Euhedral skeletal hornblende surrounded by variably sericitized
plagioclase, LDI, sample 85-235. f Allotriomorphic pyroxene —
hornblendite enclave, OS, hornblende includes augite, sample 88—
114. Figures Sc—f is with crossed polars and have a field of view
of 4.2 mm

Discussion
Mineral assemblages and Py o

Wones and Dodge (1977) and Wones (1981) concluded
that, in the presence of quartz, magmas with moderate
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Table 4. Average analyses of granitoid Rocks from Lac des Tles, Abitibi Batholith, Jackfish Lake Pluton and the Otto Syenite

Wt % Lac dcs Iles Abitibi Tonalite Jackfish Lake Jackfish Lake
Tonalite n=8 n=15 Diorite n=5 Monzodiorite n=11

Si0, 68.90 (63.36-72.39) 68.64 (61.68-74.81) 55.47 (54.42-57.08) 61.99 (58.99-65.55)

TiO, 0.42 (0.33-0.55) 0.34 (0.08-0.57) 0.67 (0.59-0.80) 0.55 (0.39-0.65)

AL O, 16.24 (15.36-18.07) 16.35 (14.72-17.79) 15.36 (12.67-16.96) 15.99 (15.14-17.95)

Fe,0, 1.15 (0.64-2.05) 1.13 (0.30-2.06) 2.29 (1.76-2.61) 1.98 (1.44-2.59)

FeO 2.27 (1.63-2.93) 1.98 (0.41-3.33) 4.75 (4.17-5.74) 2.92 (1.92-3.78)

MnO 0.05 (0.03-0.08) 0.04 (0.01-0.09) 0.13 (0.11-0.16) 0.07 (0.02-0.10)

MgO 1.39 (0.82-2.08) 1.49 (0.32-3.62) 6.65 (5.81-8.27) 3.66 (2.204.61)

CaO 4.41 (3.63~5.49) 3.92 (1.87-5.34) 8.01 (6.97-8.76) 4.94 (3.34-6.30)

Na,O 3.92 (3.65-4.28) 4.91 (3.75-6.58) 4.52 (3.84-4.94) 4.71 (4.14-6.71)

K,0 1.13 (0.82-1.71) 1.08 (0.27-1.86) 1.71 (0.90-2.74) 2.92 (2.29-3.63)

P,O, 0.09 (0.07-0.13) 0.09 (0.02-0.19) 0.42 (0.32-0.55) 0.26 (0.14-0.37)

Ni 12 (5-19) 16 (ND-55) 76 (55-99)2 34 (30-38)*

Cr 28 (12-52) 27 (6-110) 209 (143-275)> 91 (84-98)

Rb 28 (12-49) 28 (13-48) 30 (11-51) 69 (28-112)7

Sr 273 (241-340)7 395 (213-706) 1375 (1206-1509) 1095 (717-1539)7

Zr 150 (136-170) ¢ 131 (78-244) 79 (38-139) 174 (125-218)7

Y 9 (5-15) 10 (5-13) 13 (10-16) 10 (6-13)7

Ce 32 (19-38)# 20 (6-33)° 112 (110-115)2 84 (77-91)2

Yb 0.60 (0.25-0.86)* 0.41 (0.11-0.81)3 1.15 (1.00-1.30)* 0.71 (0.69-0.73)2

Mg’ 0.45 (0.40-0.48) 0.46 (0.23-0.64) 0.66 (0.62-0.73) 0.60 (0.58-0.63)

AT 1.04 (0.96-1.12) 1.01 (0.80-1.18) 0.65 (0.50-0.72) 0.81 (0.74-0.89)

Mol-Na,0/K,0 5.52 (3.80-7.96) 8.70 (3.36-29.38) 4.83 (2.13-8.03) 2.49 (1.88-3.78)

Ce/YD, 13 (8-17) 3 (8-21) 23 (20-25) 27 (24-30)

Fu/Lu;, 1.2 (0.9-1.9) 1.0 (0.9-1.2) 0.9 (0.8-1.0) 1.0 (1.0-1.0)

Rb/Sr 0.101 (0.048-0.144) 0.075 (0.035-0.115) 0.023 (0.007-0.042) 0.068 (0.018-0.156)

K/Rb 352 (282-556) 302 (174-407) 516 (356-666) 428 (248-796)

Superscripted numbers for trace elements indicate number of analyses; numbers in brackets indicate ranges

K,O crystallize clinopyroxene+biotite at low Py g,
while at higher Py o, amphibole crystallizes before bio-
tite. This suggests that the occurrence of biotite — augite
diorite in the JLP reflects lower Py o during crystalliza-
tion than the biotite—hornblende diorite in the JLP.
The pyroxene —dominated assemblages of OS also indi-
cate relatively low Py, o during crystallization of this in-
trusion. These assemblages contrast with the biotite-
hornblende assemblages in the AB and LDI tonalites.

Microcline is the predominant alkali feldspar in the
AB, LDI, and JLP. The microcline is late and partially
replaces plagioclase locally. Longstaffe et al. (1980) have
provided petrographic and geochemical evidence for au-
tometasomatic growth of microcline megacrysts in gran-
odioritic rocks of the JLP. Similar textures are observed
in monzonitic rocks of the JLP and microcline megacrys-
tic phases of the OS. In contrast to the other horn-
blende — bearing suites, alkali granite of the OS contains
perthite with typical hypersolvus texture indicative of
crystallization at low Py (Tuttle and Bowen 1958;
Morse 1970). In summary, mafic mineral assemblages
and feldspar textures indicate that, with increasing alka-
lis and decreasing silica-saturation, the examined plutons
record crystallization at lower Py,0. This correlation
suggests that the mineral assemblages reveal information
on the original water content of the magma.

Evidence for amphibole fractionation

Mela-granitoids and mafic-ultramafic units associated
with the LDI tonalites, JLP monzodioritic suite and OS

syenite have similar textural and geochemical character-
istics. The texture of these rocks with abundant, coarse,
euhedral, and often skeletal amphibole or pyroxene with
interstitial felsic minerals suggests that the mafic miner-
als are cumulus phases. Analyzed hornblende separates
from AB, LDI, and JLP have similar REE abundances
to the majority of mela-granitoids and mafic-ultramafic
units (Fig. 8). Even if the hornblende separates con-
tained included a small amount of accessory minerals
such as apatite, the analyzed separate may still be repre-
sentative of the cumulus fraction. Higher total REE in
hornblende separates than in some associated melanoc-
ratic phases (eg. LDI sample 85-234) reflects the pres-
ence of significant quartz and feldspar in these melanoc-
ratic units. Comparable X, in pyroxenes and amphi-
boles from ultramafic enclaves and dioritic rocks of the
JLP and amphibole-rich igneous layers in syenite of the
OS are consistent with the cumulate model. A similar
origin for hornblendite has been proposed by Arth et al.
(1978) in a suite of Proterozoic tonalites in Finland and
by Bender et al. (1984) in amphibole-bearing mafic and
ultramafic alkaline rocks of the Cortlandt Complex.

Skeletal hornblende in LDI mela-tonalite (85-234)
has higher Xy, than the adjacent host granitoids (Fig. 9).
The REE abundances of this rock are similar to other
ultramafic enclaves and suggest that, despite the skeletal
textures, this phase is an ortho-cumulate derived from
a liquid with higher Mg’ than the granitoid host.

In the granitoid rocks, fractionation of amphibole
explains the negative correlation of elements such as
Ca0, MgO, FeO, TiO,, Ni and Cr with SiO,, the rapid



Jackfish Lake Monzonite Otto Syenite
n=4 n=>5

64.02 (60.39-69.78)
0.42 (0.26-0.55)

16.42 (15.99-17.03)
1.60 (0.95-2.08)
2.18 (1.05-3.23)
0.07 (0.030.10)
2.46 (0.96-4.39)
3.51 (1.96-5.40)
4.96 (4.51-5.23)
4.11 (3.21-5.30)
0.24 (0.09-0.33)

66.69 (63.81-70.04)
0.17 (0.09-0.29)

17.01 (15.83-18.04)
1.41 (0.86-1.76)
0.73 (0.48-1.08)
0.04 (0.03-0.05)
0.84 (0.56-1.07)
1.41 (0.82-1.86)
6.62 (6.37-7.16)
5.02 (4.48-5.55)
0.06 (0.00-0.11)

9 (9)* 13 (7-25)
19 (19)" 26 (17-45)
106 (43-195)3 93 (59-130)

639 (253-1127)

266 (143-511)° 147 (48-250)

6 (3-9)2 21 (7-38)
49 (49 19 (16-23)2
0.38 (0.38)! 0.47 (0.34-0.60)*

0.53 (0.47-0.60)
0.87 (0.77-1.03)
1.90 (1.46-2.34)
29 (29)
L1t
0.098 (0.034-0.183)
398 (226-621)

0.46 (0.42-0.50)
0.90 (0.83-0.96)
2.02 (1.80-2.16)

10 (9-11)
0.8°0.7-0.8)
0.197 (0.076-0.324)

473 (332-714)

initial depletion of MgO, Ni and Cr, and the positive
correlation of elements such as Rb, K and Zr with SiO,.
Note that Rb, K,O, and Zr decrease with increasing
Si0, at LDI and this exception is consistent with the
role of magma mixing (Sutcliffe 1989). Variation of
Al,O; with SiO, indicates that a phase more aluminous
than the observed amphiboles must be involved in the
fractionation.

Amphibole is present in some enclaves and mafic
rocks with higher Al than in the granitoids, e.g., kaersu-
tite in sample 88-104, hornblende in sample 76-516. This
suggests that fractionation of aluminous amphiboles at
higher pressure than that at which the granitoids crystal-
lized is a posible explanation of the required aluminous
phase. Hammarstrom and Zen (1986) indicate that am-
phiboles crystallizing from calc-alkaline magmas at 6—
10 kbar will contain approximately 2.2 Al ions per am-
phibole formula unit. This composition is exceeded by
several amphiboles of the mafic core of the OS and ap-
proached by amphiboles in enclaves of the JLP. Plagio-
clase fractionation is also a probable factor as indicated,
for example, by the slight decrease in Sr with increasing
SiO, in the JLP. The role of plagioclase fractionation,
however, is considered to be subordinate to amphibole
for several reasons. Firstly, negative Eu anomalies and
significantly lower Sr are not observed in the more frac-
tionated rocks. Secondly, in rocks with petrographic and
geochemical characteristics of a cumulus origin, plagio-
clase is not observed as a significant phase. Finally, ex-
perimental studies of hydrous andesitic compositions in-
dicate that at 8-12 kbar amphibole is the dominant crys-
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tallizing phase and that plagioclase is not a liquidus
phase above 5 kbar (Wyllie 1977; Green 1982).

High concentrations of apatite in some melanocratic
phases and the generally high but irregular abundance
of P,Os in these rocks indicates that apatite is also a
probable cumulus mineral.

Major, trace and rare earth element characteristics
of the fractionated rocks in each suite are generally con-
sistent with an origin as differentiates in a system domi-
nated by amphibole fractionation. Least-squares mass-
balance calculations using XLFRAC (Stormer and Ni-
cholls 1978) indicate that an acceptable model (based
on all major oxides except MnO and using FeO") for
deriving the average JLP monzonite from the average
JLP diorite (Table 4) may be obtained by subtracting
hornblende (analysis 10, table 5), plagioclase (An,,), and
apatite and the proportions 62.2:36.2:1.5. This model
requires that the subtracted phases are equivalent to
66% of the initial magma and produces a solution in
which the square of the sum of the residuals is 1.35.

In the JLP and the other suites, decreasing HREE
and Y with increasing SiO, support the role of amphi-
bole fractionation (Frey et al. 1978). Longstaffe et al.
(1980, 1982) demonstrated that model REE patterns for
10 to 20% hornblende fractionation of a melt of dioritic
composition arc similar to obscrved REE patterns of
fractionated rocks of the JLP. HREE variation in LDI
tonalites, AB tonalites, OS syenites and LDI dikes can
be attributed to 10-30% fractionation of amphibole as-
suming that granitoids with the lowest SiO, and highest
Mg, Cr, and Ni in each suite are representative of initial
liquid compositions (Fig. 10 and Sutcliffe 1989, Fig. 9).
Furthermore, REE in the JLP, LDI and some OS (e.g.
88-114) mela-granitoids and mafic-ultramafic units can
be modelled as cumulates from initial liquids with frac-
tionated REE abundances comparable to the most prim-
itive granitoid rocks in the respective suites (Figs. 9 and
10).

The effect of addition of plagioclase to the amphibole
fractionation model is to suppress the formation of a
positive Eu anomaly in the granitoids and to allow for
greater degrees of fractionation. The addition of 1.5%
apatite increases the bulk distribution coefficient of the
fractionated assemblage but does not significantly
change the profile of the amphibole —dominated bulk
distribution coefficient. An amphibole — plagioclase —
apatite fractionation model for the JLP is given in
Fig. 10c.

The REE and Y data for the suites are also compati-
ble with fractional melting models involving amphibole,
however, the fractional crystallization model is preferred
due to the recognition of in-situ amphibole-rich cumu-
late layers and other amphibole-rich cumulate units
which occur in proportions that account for much of
the cumulus material required by this model. Horn-
blende and clinopyroxene are silica undersaturated rela-
tive to the parental magmas, and fractionation of these
minerals results in silica-oversaturated residual liquids,
as noted by Shirey and Hanson (1984). Similarly, amphi-
bole fractionation results in residual liquids having high-
er Al,04/(Na,O +K,0+ Ca0O) than initial liquids (Zen
1986).
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Fig. 7. Harker variation diagrams for Al,0;, MgO, CaO, Na,0 +
K,O (weight % recalculated on an anhydrous basis), Cr, and Y
(ppm). Symbols as in Fig. 6: open — granitoid rocks; half-filled

With the exception of aegirine —augite in pyroxenites
of OS, amphibole is the dominant constituent of all of
the mafic to ultramafic units in the intrusions studied,
even where the granitoids contain pyroxene+- biotite.
The presence of amphibole in these rocks may be due
to the crystallization and accumulation of amphibole
at higher pressures and in the absence of feldspar and
quartz. A discrepancy between the model REE patterns

— mela-granitoid units; filled — mafic to ultramafic units. Fields
for Abitibi Batholith data are given with Lac des Iles

in Fig. 10 and the observed patterns is that decreasing
LREE are also observed with increasing SiO,. A possi-
ble explanation of this may be the effect of dilution by
accumulation of microcline in the more fractionated
granitoids.

Lamprophyre dikes have REE compositions inter-
mediate between granitoid and cumulate phases at LDI
(Fig. 8). Based on REE abundances, the LDI tonalites
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Fig. 9. Amphiboles and pyroxenes plotted in atomic proportions.
Analyses represent rock averages except for some amphiboles
where substantial core to rim variation is indicated by lines with
arrow. Coexisting augite and hypersthene compositions are indicat-
ed by tie-fines. Outlined are fields of pyroxenes from the mafic
to ultramafic Lac des Iles Complex (Sutcliffe et al. 1989). Symbols
as in Fig. 6

could be modelled as derived from the dikes by amphi-
bole fractionation (Sutcliffe 1989). We suggest, however,
that because the lamprophyre dikes are commonly ob-
served to intrude the granitoids, the dikes are best con-
sidered as cogenetic (but not necessarily comagmatic)
mafic components of the plutons.

Evidence for magma mixing

At Lac des lles, textures such as net-veined dike rocks,
mafic dike swarms, mafic schlieren, skeletal hornblende

Table 6. Trace element analyses of hornblende separates

ppm 1 2 3

Rb 4 1 2

Y 68 3 24
La 20.3 14.9 31.8
Ce 86.0 56.3 107

Pr 14.6 9.04 16.7
Nd 75.3 40.8 76.0
Sm 201 9.63 14.6
Eu 2.62 1.02 2.16
Gd 18.8 7.97 10.2
Tb 2.46 1.09 1.12
Dy 14.2 6.14 5.46
Ho 2.62 1.07 0.90
Er 6.98 3.03 2.31
Tm 0.90 0.38 0.30
Yb 5.80 2.57 1.84
Lu 0.77 0.35 0.28
CeN/YbN 3.37 4.98 13.2
Eu/Eu* 0.41 0.35 0.51

1 =Hornblende from tonalite, LDI (85-122, see Sutcliffc 1989 for
analysis

2=Hornblende from tonalite, AB (88-39)

3 =Hornblende from monzodiorite, JLP (78-20)

in mela-tonalite, and resorbed hornblende in tonalite
suggest that mixing between mafic and tonalitic magmas
took place (Sutcliffe 1989). These textures are similar
to those reported in Phanerozoic granitic rocks where
magma mixing has been documented (e.g. Reid et al.
1983; Furman and Spera 1985; Hyndman and Foster
1988).

Features suggestive of contemporancous mafic and
felsic magmatism, such as hornblendite to microdiorite
enclaves with rounded or cuspate surfaces, are present
in all of the plutons in this study. Another feature ob-
served in LDI, MLP, and OS is skeletal hornblende or
augite in the melanocratic granitoid phases. The origin
of the mela-quartz monzonite (JLP) and mela-syenite

° o o
a o b . ¢ .

S 3 Lac des lies hornblende S3 Jackfish Lake Pluton hornblende 83 Jackfish Lake Pluton hornblende -
w3 fractionation model o fractionation model T q plagioclase - apatite fractionation
g ] £ 3 oo model
o a AR
w 4 w B o J
NS N W oo
-l O g - O N o]
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Q ] o e 1
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g 2 +nitial tiguid £ 24 +mitial liguid B o4 +mtial voud 30%
= 85-233 o 3 76-36 & E 76-36
= § ]
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Fig. 10. REE fractionation models for graniloid suites. Models a
and b based on hornblende partition coefficients for intermediate
liguids (Arth 1976). Model ¢ based on hornblende and plagioclase
partition coefficients in intermedjate liquids and apatite in felsic
liquid from Arth (1976). Fractionated assemblage of 62.5% amphi-

bole, 36.0% plagioclase and 1.5% apatite in model ¢ is bascd on
the major element mass balance calculation. All models assume
perfect fractional crystallization. Initial liquid compositions, based
on the most primitive granitoid in the suites are from table 3 and
SutelilTe (1989, Fig. 6)



(OS) may be similar to that of mela-tonalite in LDI
tonalite where skeletal amphiboles are associated with
injection of mafic magma into tonalitic magma (Sutcliffe
1989). The skeletal textures are attributed to supercool-
ing of the mafic phase during mixing with a felsic phase.
This process is also described in some volcanic suites
(Gerlach and Grove 1982; McMillan and Dungan 1986).
The skeletal pyroxene and amphibole show that the maf-
ic minerals are unlikely to be restite.

Sutcliffe (1989) reported that approximately 20% of
the outcrops of LDI hornblende tonalite have evidence
of magma mixing and that geochemical variation in the
tonalite was consistent with mixing of tonalitic and maf-
ic magmas. Other plutons considered in this study, how-
ever, do not show such extensive field evidence of mix-
ing. We suggest that mixing of felsic and mafic magmas
may control geochemical variation locally, but is subor-
dinate to fractionation of amphibole. One significant as-
pect of mixing textures is that they provide evidence
for contemporaneous mantle-derived mafic magmas.

Evidence for mantle origin

Longstaffe et al. (1980, 1982) proposed that dioritic to
monzodioritic rocks of JLP are derived from melting
of eclogite. This is similar to models of Arth and Hanson
(1975) to produce the geochemically similar Vermilion
District syenodiorites. Shirey and Hanson (1984) sug-
gested that Archean monzodioritic rocks are derived
from direct melting of LILE (such as Ba, Sr, LREE)
enriched mantle sources at depths of <50 km under hy-
drous or anhydrous conditions. They include the JLP
diorites as an example of rocks produced by this process.

Shirey and Hanson (1984) showed that primitive
members of the monzodiorite suite have high Ni (180—
200 ppm) and Cr contents compared with their Mg’
(0.60-0.64) which indicate that they could not have un-
dergone extensive fractional crystallization. The most
primitive members of the suite have compositions com-
parable to cxperimentally-derived liquids from mantle
compositions and to mantle-derived high-Mg andesites
(sanukites) (Shirey and Hanson 1984). Monzodioritic
rocks of Rainy Lake area have ey, values at 2.7 Ga of
+1.0 to +1.5 (Shirey and Hanson 1986). The elevated
light REE abundances in conjunction with depleted
143Nd/***Nd ratios suggest that the mantle source was
enriched in LILE shortly before melting (Shirey and
Hanson 1984). It is not possible to explain elevated
abundances of Sr and LREE by crustal contamination
because must Superior Province supracrustals and gran-
itoids have lower abundances of these elements than the
monzodiorites (Shirey and Hanson 1984). gy of +1.0
to +2.2 are also reported for late alkaline volcanic and
intrusive rocks in the Abitibi Subprovince (Barrie and
Shirey 1989; Basu et al. 1984), a suite to which the OS
is considered to belong (Wyman and Kerrich 1988).

The OS syenitic rocks and the AB and LDI tonalitic
rocks and associated melanocratic phases show similar
geochemical characteristics to the JLP, particularly in
abundances of REE, Cr, and Ni. The X, of pyroxenes
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in mafic cumulates at the JLP and OS are comparable
to pyroxenes in Late Archean mafic-ultramafic intru-
sions such as the Lac des Iles Complex (Sutcliffe et al.
1989) (Fig. 9). Similar conclusions apply to high X,
in amphiboles from the LDI, AB, JLP, and OS (Fig. 9).
High abundances of Ni (generally > 100 ppm) and Cr
(>150 ppm) in primitive granitoid phases indicate that
the liquids were not extensively fractionated. The Cr
and Ni abundances are not compatible with models that
require small degrees of melting of basaltic or eclogite
sources to produce the fractionated REE.

The plutons examined in this study indicate that a
range of late Archean granitoids from tonalite to syenite
may be derived from the mantle by similar processes
to those proposed by Shirey and Hanson (1984). In par-
ticular, most tonalitic rocks have previously been consid-
ered as part of the tonalite — trondhjemite — granodiorite
suite and are generally considered to be derived by par-
tial melting of amphibolite or eclogite (Martin 1986).
Although a mantle-derivation is proposed, contamina-
tion of magmas by a crustal component, as suggested
by some isotopic studies in the Abitibi Subprovince (e.g.
Gariepy and Allegre 1985), it not precluded by the re-
sults reported here.

Further field evidence for the mantle origin of the
suites is the presence of cogenetic lamprophyre dikes
and mafic intrusions. Melagranitoids, particularly those
with skeletal mafic minerals, provide evidence for a pos-
sible comagmatic link between lamprophyres and the
granitoids. The consensus that calc-alkaline lampro-
phyre magmas are derived from LILE-enriched mantle
soures (Rock and Groves 1988; Wyman and Kerrich
1989) is similar to the process proposed by Shirey and
Hanson (1984) for monzodioritic rocks.

Comparison with modern volcanic arcs suggest that
subduction of crustal material may account for the man-
tle-enrichment process (e.g. Ellam and Hawkesworth
1988) although alternatives are possible (e.g. Edgar
1983). A similar approach has been used by Wyman
and Kerrich (1988, 1989) and Rock and Groves (1988)
to suggest that sources of Archean lamprophyres may
be a LILE-enriched mantle wedge and that these rocks
may be related to the late stages of a subduction regime.

The association and distribution of gabbro, diorite,
lamprophyres, and mela-granitoids with more volumi-
nous felsic granitoids in these Archean suites is similar
to some Phanerozoic subduction-related granitoid suites
(e.g., western part of the Cordilleran Peninsula Ranges
Batholith-Silver and Chappell 1988; Scottish Caledon-
ian granites — Fowler 1988). The more mafic phases of
the Archean suites are also similar to M-type granitoids
formed in modern oceanic arc terrains (e.g. Uasilau Yau-
Yau Complex of New Britain — Whalen 1985). These
similarities suggest a similar origin for Archean suites
in the Superior Province greenstone-granitoid terrains.

Role of volatiles

Experimental studies by Kushiro (1972) demonstrated
that partial melting of garnet lherzolite in the presence
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of water produces quartz-normative melts to pressures
of at least 25 kbar. At 20 kbar SiO,- and Al,O;-rich
liquids with compositions comparable to andesite-dacite
are produced. With increased melting, liquid composi-
tion passes to the vapour absent region and melts be-
come less silicic. Subsequently, Mysen and Boettcher
(1975) determined that the silica saturation of liquids
formed by anatexis of mantle peridotite varies with va-
pour composition. In the system peridotite-CO, —H, O,
quartz normative andesitic liquids are produced by ana-
texis under X52° >0.6 to at least 25 kbar total P and
to >200° C above the peridotite solidus. Melts formed
at X12° <0.4 are silica undersaturated and alkalinity
of the melt increases with decreasing X52°. Other experi-
mental studies are consistent with a mantle-origin from
silica-oversaturated melts at pressures <5 kbar at tem-
peratures of ~1,150-1,250° C in anhydrous conditions
(Jaques and Green 1980; Mysen and Kushiro 1977; Pre-
snall et al. 1979).

Shirey and Hanson (1984) noted that production of
silica-oversaturated mantle-derived melts may have been
common in the Archean given that a hotter mantle
(Bickle 1978) may have allowed melting at shallow
depths in a variety of tectonic settings. The presence
of water during melting would promote silica oversatur-
ation, conversely, if melting were dry or in the presence
of CO,, melts would have been silica undersaturated.
Deeper melting would also produce less silica saturation.

Mineralogical evidence in the granitoid suites exam-
ined in this study indicates progressively lower Py o with
increasing alkalinity, Sr- and LREE-enrichment, and de-
creasing silica oversaturation. Corfu et al. (1989) have
shown that the ages of plutonic rocks in the Abitibi
Subprovince support a secular evolution from early (~
2.70 Ga) tonalitic plutons to later (~2.67 Ga) syenitic
plutons. Late Archean alkali-rich intrusive rocks such
as OS have been implicated in magmatic genetic models
for gold mineralization based on their close spatial and
temporal association with gold mineralization (e.g., Wy-
man and Kerrich 1988) and oxidized nature (Cameron
and Hattori 1987). Fyon et al. {1989) suggest that gold
mineralization and alkaline magmatism may be a mani-
festation of the cratonization process resulting from the
involvement of mantle melts and CO,. Results of this
study which suggest late syenitic rocks record lower Py ¢
during crystallization and the presence of intercumulus
carbonate in OS and JLP cumulates supports this model.
Further refinement of fluid conditions during melting
will be an important constraint on the tectonic processes
controlling magmatism in the late Archean.

Conclusions

The late Archean amphibole-bearing plutonic suites ex-
amined in this study range in composition from tonalite
to syenite but share common field, mineralogical, and
compositional attributes. These rocks and associated
malfic units crystallized from juvenile magma introduced
into the crust in substantial volume during the Late Ar-
chean. These plutons are the products of a range of

parental magma compositions which subsequently frac-
tionated amhibole and subordinate plagioclase. In the
southern Superior Province the plutonic rocks record
a secular change from ~2.70 Ga tonalitic intrusions to
~2.68 Ga syenitic rocks, which may be a result of pro-
gressively less hydrous mantle sources.

Elemental geochemical characteristics of the plutons
examined in this study are consistent with Shirey and
Hanson’s (1984) isotopic and elemental constraints sug-
gesting that monzodioritic late-Archean magmas are de-
rived from time-averaged depleted mantle sources that
were enriched in LILE shortly before melting. Refine-
ment of potential sources of mantle enrichment are nec-
essary before the processes of magma genesis can be
fully constrained. An analogy with modern subduction
regimes is tempting, however, in view of petrological
comparisons with plutonic rocks of modern terrains and
structural studies of Archean rocks that suggest subpro-
vinces are accreted terrains (Percival and Williams 1989).
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