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ABSTRACT

The Murdock Creek pluton has a spatial, temporal and possible genetic relationship to major Archean lode-gold deposits at
Kirkland lake in the Abltibi greenstone beh of Ontario. It is a compositionally zoned body comprising a thin mafic margin of
clinopyroxenite, meladiorite, melamonzodiorite, and melasyenite, and an extensive felsic core of alkali feldspar syenite. A coeval
hombiendite unit with lamprophlric affinities outcrops throughout the pluton. Quantitative modeling using Pearce element ratio
(PER) diagrams demonstrates that the various rock-types were derived from a common parental magma by fractional
crystallization, principally ofdiopside, plagioclase, andalkalifeldspar. Accumulation ofearlyfiactionated minerals in thepluton's
margin produced cumulate mafic rocks. A chemically evolved liquid (j.e., residual) physically expelled from the spaces between
the earlier-formed crystals yielded alkali feldspar syenite in the core of the pluton. Fractional crystallization caused an increase in
incompatible tight rare-earttr elemena (mEq andjarge-ion lithophile elements (/,tl@ and in the ratios K/Rb, La./Yb from ma{ic
through felsic fractions. There is a complementary decrease in compatible transition elements (Sc, V, Cr, Co, Ni), whereas coherent
ratios, suchasTh/U,andtheLll,Eratios lVSr, K/Ba Rb/Sr, andRb/BA arerelatively constant. Theparentalpotassic mafic alkaline
magmawas derived by partial melting during extension-induced upwelling of L/lE- and l,REE-enriched upper mantle..Subsequent
separation of early-formed amphibole from the partial melt enabled a dry, more buoyant syenitic liquid to rise in the Kirkland
lake - Larder l,ake fault zone (KLF). Fractional crystallization occuned during ascent and subsequent to final emplacement at
mid-crustal levels. Enhanced K2O, ULE and LREE contents, and depletions in Nb, Ta and Ti, are geochemical characteristics of
all units. These are typical of, but by no means unique to, igneous rocks formed in modem suMuction-related island-arc senings.
Moreover, the low Al2O3, Na2O, SiO2, and high MgO whole-rock contents are more akin to alkaline rocks formed in rift
environments far llom subduction zones. Thus, recent tectonic models suggestrng that Archean suMuction processes are necessary
for the genesis of these rocks may need revision. Gold mineralization in this important camp is shown to be consistent with an
extensional tectonic regime.

Keywords: Pearce element ratios, syenite, fractional crystallization, rift environment, cumulate, hornblendite, lamprophyre, lode
gold deposits, Abitibi greenstone belt, Murdock Creek pluton, Kirkland Lake, Ontario.

SOMMAIRE

Le pluton de Murdock Creek montre des liens spatiaux, temporels, et possiblement gdn6tiques avec les importants gisements
d'orarch6ens que l'onretrouve dans les roches vertes de laceinture m6tavolcanique de l'Abitibi, prds de Kirklandlake en Ontario.
Ce pluton est ion6 et comprend une mince bordure mafique compos6e de clinopyroxdnite, m6ladiorite, mdlamonzodiorite et
m6lasy6nite, et une zone centrale importante et plus felsique, compos6e de sy6nite i feldspath alcalin. Une homblendite
contemporaine, d'affinit6 lamprophyrique, affleure d plusieurs endrois dans le pluton. Un moddle quantitatif fond6 sur les rapports
dl6mentaires de Pearce indique que ces diff6rentes roches sont d6riv6s d'un magma commun par une cristallisation fractionn6e
du diopside, plagroclase et feldspath alcalin. la cristallisation pr6coce et l'accumulation des min6raux maflques sont responsables
de la bordure mafique du pluton, alors que le coeur de sy€nite d feldspath alcalin provient de I'expulsion du liquide r6siduel des
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interstices des min6raux mafiques. Les processus de cristallisation fractionn6e expliquent bien I'augmentation que l'on observe,
vers I'intdrieur du pluton, des teneurs en 6l6ments incompatibles comme les terres rares l6gbres et les 6l6ments lithophiles de grand
rayon, et des rapports K/Rb et lr./Yb, et aussi, la diminution en teneur des 6l6ments compatibles (Sc, V, Cr, Co, Ni). tes rappons
coh6rentscommeTh./Uet ceux d'6l6ments lithophiles K/Sr, K/Ba, Rb/Sr, et Rb/Basontrelativementconstants. Le magrnaoriginal,
6tant potassique, mafique et alcalin, s'est form6 par anatexie du manteau sup6rieur enrichi en 6l6ments lithophiles i grand rayon
et en terres rares l6gbres, dans une zone d'extension et de soulbvement. La s6paration subs6quente de l'amphibole de ce magma
anatectique a permis au liquide sy6nitique, relativement sec et l6ger, de monter le long de la zone de faille de Kirkland l,ake -
Larder Lake. [.es fortes teneurs en K2O, en 6l6ments lithophiles d grand rayon, et en terres rares l6gbres, et les appauvrissements
en M, Ta, et Ti, sont des caracteristiques g6ochimiques distinctes pour toutes les roches du pluton. Quoique ces iignatures soient
courantes dans les arcs de subduction modernes, elles ne sont pas exclusives i ce milieu tectonique. D'ailleurs, les faibles teneurs
en Al2O3, Na2O, SiO2, ainsi que l'enrichissement en MgO, sont plut6t typiques des roches alcalines associ6es aux milieux de rift,
6loign6s des zones de subduction. Les modBles tectoniques r6cents qui font appel aux processus de subduction i I'Arch{en pour
expliquer I'origine de ces roches, pourraient donc Stre d revoir. l,a min6ralisation aurifbre dans cette importante r6gion minibre
est associde avec un rdgime tectonique d'extension.

Mots-cl6s: rapports d'6l6ments de Pearce, roches ultrapotassiques, sydnite, cristallisation fractionnde, milieu de rift, cumulats,
hornblendite, lamprophyre, d6p6ts d'or arch6en, ceinture vene de I'Abitibi, pluton de Murdock Creek, Kirkland Lake, Ontario.

ItrnooucrroN

Late Archean syeniric plutons (-2680 Ma) near
Kirkland Lake, Ontario, in the southern partof the *2.7
Ga Abitibi belt, show a strong spatial coincidence with
gold mineralization, carbonatization. and the Kirkland
Lake - Larder Lake fault zone (KLD (Fig. 1). This
coincidence has led to suggestions of a genetic link
between syenitic magmas and ore-forming fluids (Colv-
ire et al. 1984, 1988, Cameron & Carrigan 1987,
Cameron & Hattori 1987). However, the relationship, if
any, is not as obvious as it might first appear, because
the gold ore postdates syenitic magmatism but is known
to be contemporaneous with related lamprophyric mag-
matism (Wyman & Kerrich 1988). Gold mineralization
is locally controlled by faults, the precursors of which
also controlled the intrusion of individual olutons
(Cameron 1990). Despite the spatial association
amongst these geological elements, few studies have
directly addressed the petrological and geochemical
features of the Archean syenites at Kirkland Lake, or
those that occur in other Archean lode gold ..camps,'
(e. g., Matachewan, Sinclair 1982: Lac Shortt. Morasse
et al. 1988).

The purpose ofthis contribution is three-fold. Firstly,
we seek to demonstrate through geochemical modeling
using Pearce element ratio @ER) diagrams and systema-
tic variation in trace-element abundances. that the rock
types comprising the Murdock Creek pluton are related
by fractional crystallization from a common source of
potassic mafic alkaline magma whose progenitor was a
mantle-derived lamproplryric magma. This is the first
study, to our knowledge, to use the PER technique to
model igneous fractionation in syenitic rocks. Secondly,
we seek to investigate the geodynamic setting of the
pluton using whole-rock geochemistry, and determine
whether Archean subduction processes are requisite for
the formation of the potassic alkaline igneous rocks in
the Kirklandtake area" Finally, we examinethe connection
between alkaline magmas, gold-bearing fluids, carbona-

tization, and the KLF. heviously, it has been proposed
that the alkaline magmas were the immediate source of
gold-bearing fluids. It is now argued that the connection
is less direct, with the gold and the alkaline plutons both
being the result of interlinked processes.

GEoLocrcAL SET'rrNG

The Abitibi belt is the largest and economically most
important Archean granite-greenstone terrane of the
Canadian Shield, with gold production in excess of 3.9
billion grams (Hodgson & MacGeehan 1982). Of that,
652 million grams (GrabowsK et al. 1987) have been
recovered from seven mines in the Kirkland Lake camp,
making itthe second largestArchean gold camp in North
America. The rocks of the greenstone belt in the region
mainly comprise a thick succession of komatiitic, tholei-
itic and calc-alkaline basalts. with lesser amounts of
sedimentary rocks, belonging to the Larder Lake, Kino-
jevis, and Blake River goups, respectively (Jensen &
Langford 1985). These form the southern limb of an
elongate, east-plunging synclinorium (Fig. I ), metamor-
phosed to low-grade subgreenschist and greenschist
facies (Jolly 1974).The youngest unit, the Blake River
Group, has beendated"at2703 + 2 Ma and 2701 +2Ma
by U-Pb on zircon (Nunes & Jensen 1980,C-arfuet aI 1989).

The most prominent feature of the district is the
east-trending Kirkland Lake - Larder Lake fault zone
(KLF), at the western termination of an east-wesr
regional strike-slip fault, the tarder Lake - Cadillac
fault. Cameron (1990) has suggested that the KLF is a
series ofstrike-slip (pull-apart) basins formed by exten-
sion ofthe lithosphere at a strike-slip termination. The
KLF is largely filled bytheTimiskaming Group (Hewitt
1963, Cooke & Moorhouse 1969, Hyde 1980),a2677+
2 Ma (Corfu et al. 1991) sequence of interbedded
sedimentary and alkaline volcanic rocks that unconfor-
mably overlie the basaltic rocks cited above. The
southern margin of the KLF is a fault contact against
uplifted Larder Lake Group basalts, whereas the north-
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surrounding supracrustal rocks, whereas the smaller
syenitic plutons withinthe KLF are elongate parallel to
the margins ofthe strike-slip basins, a form suggesting
passive intrusion into extensional fractures (Cameron
1990). The Ofto stock, one of the large, round plutons
south ofthe KLF, has been dated by the conventional
U-Pb technique (zircon) at26801 I Ma (Corfu et al.
1989), and by the ion probe U-Pb technique (zircon) at
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Ftc. 1. Geology of the Kirkland lake area (modified from Jensen 198).

ern margin is, in part, an unconformity of Timiskaming
rocks over Kinojevis basalts, and elsewhere, a fault.

The disfrict is also notable in containing numerous
composite syenitic plutons, which are uncommon else-
whereinArchean terranes. The areais one of theworld's
oldest major centers of alkaline magmatism. The large,
subcircular plutons south of the KLF (Fig. l) appear to
have been forcefully emplaced as diapirs into the
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2671:l 8 Ma (Ben Othman et al. 1990). Calc-alkaline
(also called shoshonitic) lamprophyres occur throughout
the area and are commonly associated with syenitic
plutons, which they both predate and postdate. A dike
set that cross-cuts syenile has been dated by the U-Pb
method (titanite) at 2674 t2 Ma (Wyman & Kerrich
1988).

Carbonatization of rocks within, and proximal to, the
KLF is extensive and sffucturally controlled (Thomson
1950). Syenitic plutons are affected to varying degrees,
but are also, in some places, observed to cut carbonatized
zones. This feature, together with the occurrence of
pebbles of carbonatized rock in the upper beds of the
Timiskaming Group (Hewitt 1963), suggest a long
period of infiltation by a COr-rich fluid.

Gsor-ocy or rr{E Munnocr Cnssr PLU"roN

Since outlines of the geology and structure of the

Murdock Creek pluton are given by Rowins er a l. (1989 ,
1 99 1 ), only a summary is presented here. Typical modes
of the different plutonic units are summarized in Table
l .

Field relations

The Murdock Creek pluton Gtg. 2) is a crudely
elliptical body, elongate in an east-west direction,
oarallel to the strike of the KLF. It intrudes komatiitic
Lasalts of the Larder lake Group. At the contact, there
is a heterogeneous zone ofintermingled clinopyroxenite
and altered basaltic country-rock. West of the north-
trending Lake Shore fault, rock units and contacts are
well preserved, with only minor shearing and alteration,
in contrast to those in the east" which are obscured by
post-emplacement faulting and alteration. It is primarily
from this unaltered western portion of the pluton that the
samples used in this study were collected.

TABLE 1. MODAL MINEMLOGY OF MURDOCK CBEEK R@K-UNITS

ROCK.I,JNIT8

FtrlaryMrprals

K-Foldspar (Vot74
Phgloclass
Cllnopyroxona
Blotb
Amphlbolo
Magnstb

Secondqy Mln€rals
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44-57 8.12 0-2
5-13 3&45 2&30
15-24 15-22 31-35
7-12 1e.27 1S,20

1-3 1-2 2-4

<2 1-2
<1 0-1
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Modal ranges are based on 1 0@ counte p€r thln soctlon In conjunctlon wlth vlsual
sstlmatlon t€chnlques for coarse-gralngd sampl6; lr = race amounts,
a Rock-units as follourc: AS, alkall feldspar syenite; MAS, melanocratlc alkali feldspar
syenlte; MS, melasyenite; MM, melamohzodiorlte; MD, rneladlorhe; CP, clinopyroxenite;
HB. homblendlte.
b Secondary amphlbole variotles Include magneslan hastlngsite, actinolite, tr€mollte,
and magn€slo-rlEbeckite. Terminology after Leake (1 978).
c Prlmary sulffde minerals include pyrlte, chalcopyrite, bomlte, and covellite.
o Color lndex (Cl) : tgtal mod€ - quartr, plagioclase, alkall feldspar, apatlte, calclte, and
serlclt€ (afl€r Streckelsen 1 976).
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Six plutonic units are defined using the IUGS nomen-
clature (Streckeisen 1976). A thin, mafic margin of
clinopyroxenite, meladiorile, melamonzodiorite, and
melasyenite encloses an extensive felsic core of alkali
feldspar syenite @g. 2). Melanocratic alkali feldspar
syenite is not distinguished from normal alkali feldspar
syenite in Figure 2, because the two units are intergra-
dational. An intrusive hornblendite unit outcrops
throughoutthepluton, in addition to forming alarge (700
x 500 m) body at the northeastern extremity of the
pluton. However, because hornblendite is cut by late
dikes of alkali feldspar syenite, the hornblendite is
interpreted to be coeval with the other rocks. Except for
the hornblendite, all rock fypes generally exhibit grada-
tional contacts in the field. Less commonly observed
abrupt contacts me produced by the movement of
unconsolidated magma into earlier solidified rock-units.

Rare dikes of pegmatitic alkali feldspar syenite are
usually associated with small shear zones, several meters
wide, within the alkali feldspar syenite core of the
intrusion. These shear zones are interpreted as pressure-
release conduits along which volatile-rich fluid and melt

were forcefirlly expelled during the final stages of
magma consolidation. Other features of late-magmatic
volatile build-up, such as miarolitic cavities, were not
observed.

Petrography of the mafic margin

Massive, fine- to medium-grained clinopyroxenite
consists almost entirely of slightly pleochroic, pale
green, subhedral to euhedral, equant crystals ofdiopside,
which produce a cumulate texture, although gravitation-
al settling of crystals is not implied. Primary zonation
(1e., growth zoning) is absenl but metasomatic reaction
with a late Na-rich vapor phase has produced bright
apple-green aegirine-augite along some grain bounda-
ries and fractures (e.g., Fig. 3a in Rowins et al. l99l).
Primary Mg-rich biotite, plagioclase, magnetite, apatite,
titanite, and rare alkali feldspar fill the interstices. The
modal abundance of primary biotite is not uniform and
can rench /7Vo (Table l). Typical primary inclusions in
diopside include anhedral magnetite, euhedral apatite
and titanite, and subhedral flakes ofhighly pleochroic,

Ftc. 2. Geology of the Murdock Creek pluton (Ihomson 1950, Rowins et al. 1989, l99l).
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light tan to dark brown biotite. Clinopyroxenite grades
gradually into meladiorite, which generally retains the
massive, fine- to medium-grained textureo although a
slight primary foliation may be imparted to the rock by
the preferential alignment of plagioclase laths. Miner-
alogically, meladiorite is identical to clinopyroxenite,
except that plagioclase (An3s_3) is now relatively abun-
dant" and the rock possesses a hypidiomorphic-granular
texture. Melamonzodiorite is the least abundant rock-
fype. It is markedly heterogeneous, varying from fine to
medium grained, and from syenitic to clinopyroxene-
rich over tens of centimeters. Medium-grained plago-
clase and laths ofperthitic alkali feldspar may possess
ragged and sutured crystal margins, indicative of minor
recrystallization. In leucocratic variants, diopside, bi-
otite, apatite, and titanite tend to occur together in 0.5-
to 6-mm long lenticular clots interstitial to larger
feldspar crystals (a.g., Fig. 3c in Rowins et al. 1991),
Melasyenite is a medium-grained, massive- to trachytic-
textured rock, and the most mafic variants can appear
slightly porphyritic, with perthitic alkali feldspar laths
up to I cm long. Toward the core of the pluton, this rock
type becomes more leucocratic, its textures and mineral
distributions becoming increasingly homogeneous, with
the slightly porphyritic appearance giving way to a more
evenly colored pink melasyenite. Subhedral alkali feld-
spar grains are usually larger than those ofless abundant
plagioclase (Anrcrs), and they typically display
Carlsbad twinning and vein- and bleb-type perthitic
inlergrowths. The wide range in size of alkali feldspar
crystals presumably resulted from movement in a vis-
cous, partially crystallized syenitic magma or crystal
mush, which produced substantial granulation of crystal
edges. Other rock lextures and proportions ofprimary
ferromagnesian minerals and accessory phases are com-
parable to those in meladiorite and melamonzodiorite.

P eno graphy of the felsic core

Hypidiomorphic-gmnular alkali feldspar syenite ex-
hibits considerable diversity in terms of mineral propor-
tions, with the most melanocratic variants marking the
transition from the mafic margin to the felsic core. Alkali
feldspar grains commonly display Carlsbad twinning
and perthitic exsolution intergrowths of the vein, bleb,
patch, and interlocking varieties. Pale green, columnar
to equant diopside and strongly pleochroic, tan-brown
biotite, together with rare plagioclase, are typically
interstitial to larger perthitic alkali feldspar laths. In
trachytic-textured variants, perthitic alkali feldspar
grains possess ragged margins rimmed by fine-grained
polygonal albite or, alternatively, clear fllms of recrys-
tallized albite ifgranulation is less severe. Diopside and
primary Mg-rich biotite [see Tables 1 and 2 in Rowins
et aL (1991) for compositionsl are compositionally and
texturally very similar to those in the other plutonic
units, as are the-variety ofaecessory minerals (Table l).

P etro graphy of intrusive horublendite

Small bodies of medium- to coarse-grainedhomblen-
dite contain the only pimary amphibole encountered in
the rock tlpes studied. Variable proportions of amphi-
bole and plagioclase, the former ranging in composition
from edenitic hornblende to magnesio-hastingsitic hom-
blende (Rowins et al. l99l),yield a range ofrock types.
Ultramafic rocks (sensa stricto) possessing a cumulaie
texture defined by equant, euhedral, twinned hornblende
crystals, commonly grade into more plagioclase-rich
rocks exhibiting a porphyritic or hypidiomorphic-in-
equigranular texture. Here the rock is more accurately
termed a hornblende meladiorite or "dioritic" hornblen-
dite. However, for the sake of simplicity, these rocks are
here collectively referred to as hornblendite. Typical
primary inclusions in hornblende include subhedral pale
green diopside and subhedral flakes of greenish brown
biotite, plus euhedral apatite and subhedral magnetite. In
the hornblende cumulates, the intercumulus groundmas$
consiss principally of anhedral plagioclase (Anro-rs),
subhedral diopside, Mg-rich biotite or phlogopite, mag-
netite, apatite, and rare anhedral alkali feldspar. This
mineral assemblage is identical to that in the other rock
types of the Murdock Creek pluton, an observation that
is considered important for the petrogenetic interpreta-
tion of these rocks. Rowins et al. (1991) also reported
that the compositions of diopside and biotite in the
hornblendites are very similar to those in the other
plutonic units. The variety of, and textures displayed by,
secondary replacemgnt minerals and accessory phases
are likewise very similar (Table l).

WHoLe-Rocr GnocrnvtsrnY

Analytical mcthods

Whole-rock samples were analyzed for major ele-
ments and Cr, Rb, Sr, Y, Zr, M, and Ba by X-ray
fluorescence spectroscopy O(RD at the Geological
Survey of Canada. Resul8 were calibrated against
standard rock samples; concentrations of major elements
are accurate to better than I 7o of the reported concentra-
tion, with the exception of FeO atdMnO (l2%o relative).
Trace-element concentrations obtained by XRF are
accurate to t 107o of the given value, except for Rb (t
2Vo relatve).'Ihe Fe3+/Ire2+ ratio was determined by
titration employing the Wilson (1960) method; H2O and
loss-on-ignition (LOI) were obtained with a Leco fur-
nace; the concentration of CO2 was obtained by combus-
tion followed by infrared detection, and that of S by ion
chromatography, considered accurate to t 57o of the
repofied concentration.

Concentrations of Sc, V, Co, Ni, Cu, Zn, As, Mo, Sb,
Hl Ta Au, Th, U, and the rare-earth elements (REE")
were determined by instrumental neutron-activation
analysis (INAA) on 10-15 g of sample (Bondar-Clegg
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MK-UNIIa AS AS filiAS tt S tlrs lrlU trtltt iD lO CP CF fg HB At C€b FEL-SP
SAMPLE A71M 87118 8a217 87131 era3 88295 Ml 00288 89l,l2A 8719, W7 88@9 09500 P2 Pl

53.2
0.88

te0
4.7
4.8
E.8
0.'t7
6.54
8.06
4.3
2.r8
0.61
0.gd

na

802
riQ
Arq
Fozq
FeO
(F€Or)
lfttO
Nbo
CaO
ila2o
t90
Pfo
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@2

g,o <50 200 211 13S <50 N 121.0 110.7
h.7 20.s 25.7 64.3 '13.3 l2,S g7.S 28. 0.1

AO A 2g m 94o l8o 2@, S7 91
24 {00 304 440 460 1200 1230 318 80
m 4 8 n r S 5 0 5 3 n a 5 0 2 4
1 4 1 m 1 6 S t 2 ?  o 2 f , . 0 6  1 8
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o.2 0.4 0.1 0.1 0.2 0.2 0.2 3.6 3.1

1302 1585 $8a A4 Zt49 1@4 l2l8 "lp. 817
9. 61 45 71 33 '12 11 na na

1b 120 110 11, 7S 44 36 na na
12.7 13.8 13.1 l8.o '10.9 6.2 6.1 na na
2.o 3.0 3.0 5.0 2.o 2.o 2.0 na na
1.2 1.2 1,2 2.5 1.1 0.7 0.8 na na
3 2 1 3 1 . 0 o . 7  l n a n q
0.3 0.2 0.3 0.5 0.4 0.1 0.1 na na
2 2 0 . 5 3 2 2 0 . 5 n a n a
0.9 0.5 0.5 <O.5 0.5 0.5 0.6 na na
8 1 1 4 1 1 1 6 1 7
4.0 s.2 1 2.1 1.7 1.7 1.8 I 26
1.3 0.8 0.1 0.3 0.5 0.4 0.3 2.6 4.2
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20.3 15.0 31.6 2'6
na na AO na
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3 1 2 9 1 / 9 7
33 3{r S 51
n a n a S S m
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18& 2133 1034 1587
8t 54 78 71
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r ' r 0 . 5 3
0. t o.4 0.1 0.2

e62 A1 @2 2159
st &. 86 7s
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1 1 3 3
0.3 0.3 0.'l 0.4
4 4 3 5
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4 1 1 1
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0.6 1.5 0.04 2.s
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0.70 0.61 t.ts 0.80 0.69 t.tg

13.0 15.3 10.6 t4.t t3t 9.5
4.2 4.1 6.4 4.4 2.7 7.O
3.4 2.6 6.0 4.1 4.7 7.8
7.1 6.2 11.7 8.0 7.1 .t4.0

0.14 0.13 0.23 0.16 0.16 0.21
4.59 3.26 7.3s 5.67 6.91 0.26
6.83 5.03 10.50 7.18 6.93 10.20
3.4 4.3 ?.0 3.9 4.2 2.9
6.26 5.97 3.37 4.@ 3.73 3.15
0.88 0.50 1.O2 0.52 0.47 0.63
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I F.l. - normdh€ wholo-rock frac{ondlon lndex (wt. % Or r Ab + Ne + Lc + Kp).
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and Company); concentrations are accurate to betler
than+ 20Vo of the stated value (except for Au,tSUVo.)

Major elements

Thirty-seven unaltered samples from the various
rock-units comprising the Murdock Creek intrusion
were studied; results of whole-rock major- and trace-
element analyses for 13 representative samples are
reported in Table 2, along with CIPW norms. A complete
set of analytical data can be obtained from the Deposi-
tory of Unpublished Data CISTI, National Research
Council of Canadq Ottawa, Ontario KIA 0S2. Low
whole-rock volatile contents (H2O and CO2 or total LOI
generally less than ZVo) reflect the low proportion of
hydrous minerals in the pluton, and the lack of sub-
solidus hydration and carbonatization. All samples are
slightly undersaturated in SiO2, containing severalwt.Vo
nepheline (Ne), or, less commonly, olivine (Ol) plus
hypersthene (Hy), in tfie norm (Table 2). The presence
of normative nepheline is compatible with the alkalis
versas SiO2 diagram @ig. 3a), which shows all Murdock
Creek rock types to be within Miyashiro's (1978) field
of alkaline rocks. Normative leucite (Lc) and potassium
metasilicate (Kp; KAISiO/ in several biotite-rich cli-
nopyroxenite and hornblendite samples are consistent
with their classiflcation as ultrapotassic igneous rocls sensz
srncro (see classification in discussion on teconic sefiing).

The agpaitic index (Na+K/Al (mol. prop.) ranges
from 0.51 in clinopyroxenite to 1.0 in a single alkali
feldspar syenile sample (87119), indicating that Mur-
dock Creek syenites are ofthe miaskitic variety (S6ren-
sen 1974). None of the Murdock Creek samples are
peralkaline, since they lack modal aegirine and alkali
amphibole, have agpaitic indices less than 1.0, and lack
normative acmite. The KA.{a ratio generally exceeds
unity and, together with high abundances of K2O,
demonstrates tlte chemical atrinity of Murdock Creek
rock types with shoshonitic (mildly potassic; Morrison
1980, Cullers & Graf 1984) and, in some cases, ulfapo-
tassic igneous rocks (especially those of group tr of
Foley et al. 1987).

The compositional continuity of the Murdock Creek
rock suite is well illustrated in Harkervariation diagrams
(Figs. 3b--h). Smooth linear tends characterize all major
elements over the entire compositional range. Given the
gradational boundaries between rock types, the spatial
distribution of plutonic units (mafic margin to felsic
core), and the systematic changes in mineral chemistry
(Rowins 1990, Rowins et al, l99l),tJrissmooth linearify
suggests that all Murdock Creek rock units (except
hornblendite) are cogenetic members ofa single fraction-

ation series, a hypothesis that is quantitatively tested
below with Pearce element ratios.

The FeO/(FeOt+MgO) molar ratio is fairly constant
throughout, with values typically between 0.30 to 0.40.
During crystallization of alkali feldspar syenite, how-
ever, slight Fe enrichment occurred, and values ap-
proach 0.45. Relatively high, though variable,
Fe3+(Ire2++Fe3+) ratios (cation proportions), ranging
between 0.30 and 0.50. characterize all rock units ofthe
mafic margin, supporting evidence provided by ferro-
magnesian silicates and opaque oxides for high fugacity
of oxygen throughout the pluton's evolution fiO2)
between the hematite-magnetite (HM) and nickel -
nickel oxide (NNO) oxygen buffer curves; Rowins e/ a/.
(1991)1. An increase in this ratio during crystallization
of alkali feldspar syenite, up to a maximum of 0.68,
mimics the increase observed in the FeO/(FeOpMgO)
ratio.

M aj o r- elemcnt modeling

Pearce element ratio (PER) diagrams @igs. 4, 5)
(Pearce 1968) are X-I plots of ratios of elements
designed to avoid the closure problem that can distort
trends on Harker or weight percent oxide-oxide dia-
grams and lead to erroneous petrogenetic conclusions
(Chayes 1964, 1971, Nicholls 1988). Such diagrams
allow recognition ofcogenetic rock suites and permit the
identification and quantification of mineral losses and
gains from the system, thereby allowing discrimination
among processes of magmatic differentiation such as
crystallization, assimilation, and magma mixing
(Russell & Nicholls 1988). The denominators of the
ratios are common to both axes and are usually single
elements that must be conserved (i.e., remain incompat-
ible) during the differentiation process. The numerators
may be single elements or complex algebraic combina-
tions of elements. A procedure for designing complex
numerators is given in Emst et al. (1988), and a more
comprehensive matrix method is given by Stanley &
Russell (1989). Briefly, equations were devised based
on the mineral stoichiometry (analyzed compositions
where possible); these equations sum the contribution
from each mineral species to the abundance ofparticular
elements. Appropriately chosen linear combinations of
these equations yield equations that isolate the variation
in tle abundance of specific minerals and allow testing
of fractionation hypotheses. The trends on such dia-
grams have slopes equaling the ratio of the numerator
elements accumulated or fractionated during the process
causing chemical variation. In Figures 4 and 5 , la is used
as the conserved element bv which the numerators are

FIc. 3. Major oxides plotted against SiO2 (tttt- Vo), Note that the highly melanocratic alkali feldspar syenite samples 88216 and
88217 plot atSiO2 values more typical of the less evolvedrock-types. Boundary of the alkaline field in Fig.3afromMiyashiro
(1978). Boundaries in Fig. 3h after Peccerillo & Taylor (1976) and Wheller et al. (1987).
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divided. Note that all elements are expressed as molar
abundances. The choice of La as the denominator was
based on several factors: (l) it occurs at high concentra-
tions relative to its detection limits (2 ppm), and thus any
effects of analytical error are minimized; (2) it varies in

TTIE CANADIAN MINERALOGIST

+ Alkal i - te ldspar syeni te
x Melasyenl te
l )  Meladior i te
I  Cl inopyroxeni te

Melamonzod ior i te

0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  1 . 2  1 . 4

Mg/La

Frc. 4. Murdock Creek daa plotted on a Pearce element ratio diagram to test for the effects
of clinopyroxene-contolled fractionation. The inset shows the igneous fractionation
vectors for clinopyroxene (cpx), biotite Ot), and magnetite (mag) for Murdock Creek
rocks. Compositions that are consistent with the clinopyroxene hypothesis define a slope
of 0.52. Point '?' on the best-fit line is the assumed positron of the larent composition
of the Murdock Creek pluton. See text for furttrer discussion.

+
x
a
T
A

Alkal i - le ldspar syeni
Melasyeni te
Meladior i te
Cl inopyroxeni te
M e lamo nzo d io rite

o . 2

0  a .2  0 .4  0 .6

(anor th i te+al  b i te) /La
(0 .5 (A l+Na-K) /La )

Ftc. 5. Pearce element ratio diagram to test the effects of feldspar fractionation on
geochemical data from the Murdock Creek pluton. The numerators, albite (Na) and
anorthite plus albite [0.5 (Al + Na-K)], have been constructed from equations based on
mineral stoichiometry, which sum the contribution from each mineral species to the
abundance of particular elements (a.9., Emst et aI. 1988). Note that amongst the four
meladiorite samples, there are two clinopyroxenite samples that have plagioclase
contents Q or 8 Vo modal) only slightly less than the > 107o amount necessary for
classification as a meladiorite according to the IUGS scheme (Streckeisen 1976). Point
"P,' is the assumed parent-composition of the Murdock Creek pluton.
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a manner consistent with incompatible behavior during
differentiation (i.e., lowest concentrauons in the mafic
marginal rocks and highest concentrations in the felsic
core); (3) the major minerals of the pluton have mineral-
liquid partition coefftcients (K) for La considerably
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less than unity (e.9., Hanson 1980), and (4) paticularly
La-rich accessory minerals such as allanite and monazite
are absent, although the presence of apatite and titanite,
which have a K6 for La significantly greater than one
(Mittlefehldt & Miller 1983, Lemarchand et al. 1987),
could lead to anomalously high concentrations of [,a in
some samples. Fortunately, the overall increase in La
concentrations from the mafic through felsic rock-units
leads to the conclusion that La behaved incompatibly. ln
both PER diagrams, hornblendite compositions are not
plotted because data points [e far off the well-deflned
main trends, indicating that hornblendite bodies are not
related to the Murdock Creek parent magma by fraction-
ation of ctnopyroxene or feldspar. Howevern as sug-
gested later, this does not prec)ude a cogenetic relation-
ship through other processes of differentiation.

Because diopside is the principal fenomagnesian
mineral in the pluton, a simple PER diagram of Fe/La
versus MglLa (Fig.  ) should be effective in testing for
diopside fractionation. Furthermore, because the FeAvIg
ratios of diopside and biotite remained constant through-
out crystallization owing to a high magmatic lOr)
(Rowins et al. l99l), single-mineral vectors covering
the entire range of rock compositions can be calculated
using average FelMg ratios. In Figure 4, the
stoichiometry of average Murdock Creek clinopyroxene
(see compositions in Table I of Rowins et al. 1991)
requires that the trend have a slope of 0.52 (r'.e., Fe:Mg
= 0.34:0.66). The calculated slope is 0.56 (conelation
coefficient R = 0.97), close enough to the theoretical
value to confirm clinopyroxene fractionation as the
dominant mechanism of fractionation of the fenomag-
nesian phase. The slightly higher calculated slope likely
reflects minor fractionation of biotite and magnetite,
since both minerals have higher Fe/I4g than diopside
@ig.  ) and have the capacity to affect the ratio.

Figure 4 also tracks the history of clinopyroxene
fractionation and accumulation during differentiation
ftom a hlpothesized common parent (point "P" in Fig.
4). The position of this hypothetical parent is based
largely upon petrographic evidence, which indicates that
the clinopyroxenites are cumulates and tfierefore en-
riched in clinopyroxene relative to the parent. Thus,
given the geometry of PER diagrams, the composition
ofthe hypothetical parent mustplot between the residual
liquids (alkali feldspar syenites) and rocks that are
accumulative in clinopyroxene (all others).

A plot of normative albite/La (Na/La) uersas 0.5(Al
t Na - K/La (Fig. 5) was constructed to test the effects
of feldspar fractionation. The numerator of the X-axis
ratio, 0.5(Al + Na - K/La, is designed to show the
effects of anorthite plus albite fractionation. This nu-
merator monitors "plagioclase" behavior in all rock
types except those alkali feldspar syenite samples in
which plagioclase is absent; in this case, the anorthite
content is essentially zero, and the albite component is
entidy hosted in perthitic alkali feldspar. The line of
best fit in this PER diagam has a well-defined slope of

0.77 (R = 0.95), suggesting a cogenetic relationship
between the rock units. The slope is also a crude measure
of the average anorthite content [Att/(Ab+An)] of
crystallizing plagioclase during the pluton's evolution
(- And. This value will be an underestimate in those
rocks where plagioclase dominates over alkali feldspar
because the slope-calculated plagioclase composition
has albite components from both plagioclase and akali.
feldspar. The numerator does not discriminate between
the albite component in plagioclase and that in alkali
feldspar. Conversely, it will be an overestimate in the
rocks where alkali feldspar is the dominant feldspar.
This is in agreement with microprobe data on plagioclase
in meladiorite (An:o-:+) and in melasyenite (AnrGrJ. It
should be emphasized that the slope in Figure 5 is
controlled by fractional losses or gains of albite and
anorthite only; fractionation of any other mineral species
will have no effect on this paficular vector.

The parent @) in Figure 5 is located so as to provide
a rough balance between accumulated and fractionated
rocks (weighted by areal extent). Thus no buried portion
needs to be hypothesized. Note also thatthehypothetical
parent liquid does not need to be located at the same
position (relative to samples) on the two PER diagrams
because ofthe non-closed nature ofPERs. In terms of
the (anorthite + albite)/La ratio, the lowest ratios are
found in clinopyroxenites, indicating that these rocks
have not gained or accumulated any plagioclase. With
the crystallization and subsequent accumulation of
plagioclase, the meladiorite and the other transitional
rock-types, i.e., melamonzodiorite and melasyenite, are
produced.

Interestingly, the highest degrees of "plagioclase"
accumulation are found in melasyenite samples and one
melamonzodiorite sample, although the greatest modal
concentrations of plagioclase occur in meladiorite sam-
ples (Table l). Once again, this discrepancy arises
because the 0.5(Al + Na - K) numerator does not
discriminate between the albite component in plagio-
clase and that in alkali feldspar (the dominant variety of
feldspar in melasyenite and a major component of
melamonzodiorite). Therefore, the 0.5(Al + Na - K)
numerators of melasyenite and melamonzodiorite re-
ceive contributions of albite from both plagioclase and
alkali feldspar, as opposed to meladiorite, which con-
tains essentially only plagioclase. A similar argument
explains the decrease or reversal observed in the 0.5(Al
+ Na - K)/La ratio with the ffansition from melasyenite
to alkali feldspar syenite; albite contributions come only
from alkali feldspar.

The model to explain the data in both Figures 4 and
5 requires that the pluton be considered in fivo parts: (1)
a marginal region encompassing the transitional mafic
units, clinopyroxenite, meladiorite, melamonzodiorite,
and melasyenite, and (2) the bulk of the pluton (by
exposed area), the alkali feldspar syenite core. Relative
to the hypothetical parent-composition (P), the suite of
marginal rocks has excess clinopyroxene (Ftg. 4).
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Plagioclase accumulation is observed in the
meladiorites, melamonzodiorites, and particularly the
melasyenites, whereas the clinopyroxenites (excluding
samples 87115,88297) are slightly depleted in plagio-
clase. This finding suggests thatthe mafic marginal units
were present as crystal mushes (explaining granulation
offeldspars and mineral foliations observed), and that a
process or combination of processes (e.9., filter-press-
ing, flow differentiation, convective fractionation) con-
centrated early-formed clinopyroxene along the walls of
the magma chamber to yield clinopyroxenite. With
further cooling and progressive inward crystallization,
plagioclase and, latero alkali feldspar, became liquidus
minerals. Variable amounts of feldspar and clinopy-
roxene accumulation resulted in the formation of the
remaining mafic marginal units. The last unit to crystal-
lize was the interior alkali feldspar syenite. This unit is
depleted in clinopyroxene relative to the parent compo-
sition, complementing the formation of the marginal
rock-units, which are enriched in this mineral (relative
to parent). From the above discussion, it follows that the
alkali feldspar syenite crystallized from the chemically
evolved liquid (plus small suspended crystals) physi-
cally expelled from the spaces between the earlier-
formed crystals. Of course, the enrichment of alkali
feldspar in alkali feldspar syenite, relative to the hypo-
thetical parent-composition and the more mafic rock-
types, is not proped shown in Figure 5 since only its
albite componenl andnotboth albite and orthoclase (the
potassium feldspar end-member in alkali feldspar) is
monitored. In both PER diagrams, the data points for
individual rock-types display considerable linear spread
along the line ofbest fit. This is suggestive of a variable
degree of separation of cumulus crystals and interstitial
liquids during crystallization. For example, early-
trapped liquid in a meladioritic crystal mush might be
released at a much later stage of crystallization, to mix
with more evolved liquids forming alkali feldspar
syenite. The resulting alkali feldspar syenite would then
have the low concentrations of La associated with
meladiorites and hence plot closer to them in the PER
diagrams. Many other complications are likely to have
occurred during crystallization, and it should be empha-
sized that the above model is a only a simplified version
of what would have been a complex process of crystal-
liquid separation (e.g., see discussions on crystal-liquid
separation in McCarthy & Hasty 1976, McCarthy &
Groves 1979, kvine 1980, Michael 1984, Huppert &
Sparks 1988). Field and petrological evidence that
crystal-liquid separation was an efficient physical proc-
ess in producing the Murdock Creek rock suite includes
the strong compositional zonation of the pluton, the
significant proportions of cumulate and relatively
evolved rocks including alkali feldspar syenite pegma-
tite, and the lack of strong chemical zoning in minerals
(cf Michael 1984, Thompson & Fowler 1986).

PER analysis also can be used to investigate the
relationship between homblendite and the hypothetical

Murdock Creek parent as located in Figures 4 and 5.
Homblendite compositions bear a remarkably close
geochemical and mineralogical resemblance to lampro-
phyric rocks, specifically spessartites of the calc-alka-
line lamprophyre clan (Rock 1984, 1990). Highly mafic
or even ultramafic K-rich rocks of this nature have been
referred to as melaspes$artites (Rock 1987, and refer-
ences therein), but in the Kirkland lake area they could
simply be regarded as hornblende-enriched members of
a potassic basalt or lamprophyric magma suite, which
comprises calc-alkaline lamprophyres plus the highly
differentiated syenites and trachytes. A similar intrusive
hornblendite unit has been identified, along with minette
lamprophyres, in the syenitic Otto stock (Smitir &
Surcliffe 1988) south of the Murdock Creek pluton (Fig.
l). Lamprophyres, hornblendites and so-called "ap-
pinites" in Scotland (Pircher & Berger l912,Wight &
Bowes 1979, Hamidullah & Bowes 1987, Rock 1990)
very commonly occur together (either within individual
plugs, or in adjacent but separate plugs) in the vicinity
of felsic (syenitic, granitic) plutons, and it appears that
a similar igneous environment exists at Kirkland Lake.
Differentiation of lamprophyric magmas to yield
evolved syenitic magmas has been convincingly demon-
strated in a large number of recent petrogenetic studies
(e.9., Macdonaldet a\.1986,T\ompson & Fowler 1986,
Rock 1987a" Rock & Hunter 1987, Fowler 1988, Ndmec
1988,1*at et al. 1988). In the case of the Murdock Creek
pluton, a genetic relationship with hornblendite is
especially well supported, given (1) the spatial and
temporal association, (2) similarities in the compositions
of fenomagnesian minerals and infened conditions of
crystaltzation (Rowins etaL 1991), and (3) very similar
REE and trace-element characteristics (next section).

Given the above arguments, if hornblendite is taken
to approximate the composition of the most primitive
mantle-derived melt, which subsequently differentiated
to produce a "residual" syenitic liquid (the hypothesized
Murdock Creek parent), then the composition of the
fractionate that must be removed from the hornblendite
can be determined by subtracting PERs, e.g.,MglI-afor
hornblendite minus Mg/La for hypothesized parent.
Such PER differences, calculated for eachmajor element
and then converted into the composition of the average
fractionate, show that the resulting composition is
similar to the hornblendile itself. This does not imply
that the hornblendite and Murdock Creek parent had
identical compositions. If a large amount of fractionation
occurred in deriving the Murdock Creek parent from the
hornblendite, then even small differences in composi-
tion benveen the hornblendite and its fractionate can lead
to large differences in composition between the horn-
blendite and its derivative Murdock Creek "parent". For
example, a large amount of fractionation is suggested by
the extent of change in lightREEcontents (La Ce) from
hornblendite to clinopyroxenite (assuming that this
composition possesses LREE abundmces closest to
Murdock Creek parent magma), which indicates ap-
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proximately 65 to 77Vo crystallization. We note, how-
ever, that because the hornblendite is a cumulate rock in
some cases, it may represent a more primitive composi-
tion than the lamprophyric melt from which it crystal-
lized. Therefore, the actual difference between the
composition of the hypothesized Murdock Creek parent
magma and its mafic progenitor is probably not as great
as is suggested by using the average hornblendite
composition. T\e 65-:77Vo crystallization range should
be regarded as a maximum.

Trace ekments

Abundances of incompatible elements are conven-
iently summarized on chondrite-normalized (cn) plots
(Fig. 6), or spidergrams (Thompson et al. 1984). Spider-
grams for all Murdock Creek rock types share remark-
ably similar geochemical features, consistent with the
hypothesis that they are cogenetic members of a single
fractionation series. Despite the pre-emplacement evo-
lution of the magma (leaving a denser mafic cumulate
residuum below) and subsequent fractional crystal-

lization, many of the most important trace-element
characteristics have been inherited, almost unchanged,
from the most primitive rock-units to the most highly
evolved. Consistent features of Murdock Creek spider-
grams are marked depletions at Nb, Ta, Ti, Th, and U,
and enrichments in the other large-ion lithophile ele-
ments (l"fZ@ and LREE. The tectonic implications of
this distinctive pattern are addressed later.

Table 2 shows that abundances of the compatible
transition metals Sc, V, Cr, Co and Ni are highest in the
most mafic rock-types of the intrusion and decrease
fairly regularly with increasing SiO2 content, a trend
consistent with the strong partitioning of transition
metals into fenomagnesian sitcates and Fe-Ti oxides
(Gill 1981, Henderson 1982). Hornblendite samples
possess the highest Cr (up to 1230 ppm) and Ni (up to
271 ppm) contents of anyrocktype intheintrusion. This,
together with their high Mg contents (maximum 16.1
wt.Vo MgO), support the contention that they are rnag-
matic cumulates derived from little-fractionated mantle
liquids (see discussion on primary compositions in
Rhodes 1981, Rock 1987).
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High-field-strength elements (F/FSE), such as Nb, Ta,
Y,Zr and Hf, lack systematic variation with increasing
degrees ofmagmatic fractionation, probably because of
their concenfation in accessory mineral phases that
remained on the liquidus throughout crystallization: Nb
and Ta in Fe-Ti oxides and Ti-silicates (Green 1981,
Green & Pearson 1987, Ryerson & Watson 1987), and
Zr and Hf in zircon flilatson 1979, Green l98l).

The metallic elements Cu,Zn, As, Mo, Sb, and Au
fail to display systematic variation with changing SiO2.
and their low concentration$ are typical ofsyenitic rocks
(Turekian & Wedepohl 1961, Gerasimovsky 1974,
Sorensen 1974). Such low abundances are consistent
with the chalcophile nature of these elements (Brown-
low 1979) and the uniformly low whole-rock S contents,
manifested mineralogically by the scarcity of primary
sulfide minerals.

Thorium and U tend to be most abundant in alkali
feldspar syenite, in accord with their large ionic radii and
resultant incompatibility. The TMU ratio varies between
3.2 to 7.0, averaging about 4.9, a value just within the
magmatic range (Maynard 1983). The relative constan-
cy of the ratio concurs with the maintenance of uniform
^O, (-1tr12 bars) during the pluton's crystallization
because of its sensitivity to changes in magmaticflO2)
(Watkins & Haggerty 1967, Barbey & Cuney 1982).

Abundances of Ba, Rb, and Sr are higher than for
most rocks of syenitic composition (cl Turekian &
Wedepohl 1961, Gerasimovsky 1974). UIE abun-
dances generally follow K2O contents and correlate

positively with SiOr, consistent with their exclusion
from clinopyroxene, the main mineral component of the
less evolved mafic differentiates. This positive covaria-
tion results in fairly constant I(Sr, K/Ba, Rb/Sr, and
Rb/Baratios, although some deviation is presentbecause
of changing proportions of fractionating minerals and
the preferential accumulation ofone mineral phase over
another. The highest K/Rb ratios are found in melasye-
nite and alkali feldspar syenite @g. 7), the opposite of
Shaw's (1968) predicted main trend for K/Rb variation
during magmatic differentiation. The usual trend of
decreasing K/Rb values with progressive differentiation
is generally attributed to an increase in the amount of
biotite fractionating (or in some cases leucite in volcanic
rocks: e.9., Barbieri et al. 1968), because biotite prefe-
rentially concentrates Rb to a greater degree than other
rock-forming minerals (Hanson 1978, Mittlefehldt &
Miller 1983). In the case of the Murdock Creek pluton,
this reverse trend is best explained as resulting from the
early crystallization of biotite, which is enriched in Rb
relative to K, leaving residual magma impoverished in
Rb, followed by later crystallization and accumulation
of alkali feldspar crystals depleted in Rb relative to K
(the IVRb ratio of biotite is normally about 1/3 that of
coexisting alkali feldspar: Beswick & Eugster 1969).
Evidence that alkali feldspar was indeed a primary
influence on the K/Rb ratio is shown in Figure 7; two
very melanocratic alkali feldspar syenite samples, 8 82 I 6
urd 88217 , have K/Rb ratios of 387 and 359, respecti-
vely, both values significantly higher than those found
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Ftc. 7. KlRb plotted against SiO2(vt.Vo). The higher K/Rb ratio in melasyenite and alkali

feldspar syenite results from eady fractionation of biotite and late fractionation and
accumulation of alkali feldspar (see text for further discussion). The very melanocratic
alkali feldspar syenite samples 88216 and 88217 (circled data points) have respective
K/Rb ratios of387 and 359, both values substantially higherthan those found in samples
of similar SiO2 content but containing much less alkali feldspar, thus demonstrating the
large degree of control exerted by alkali feldspar on the ratio. Symbols as in Fig. 3.
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in samples of similar SiO2 content but containing much
less alkali feldspar (e.g., meladiorite and melamon-
zodiorite).

Rare-earth ekments

Rare-earth-element patterns (Frg. 8) are remarkably
similar for all Murdock Creek rock types, with chon-
drite-normalized Ia abundances between 150 and 350.
and abundances of the heavy rare-earth elements
(HREE) about 5 to I 3 times. Note that homblendite has
a similar REE profile but lower chondrite-normalized
abundances, consistent with its more primitrve charac-
ter. Alkali feldspar syenile typically displays slight
ZREE enrichment (La content between 70 to 110 ppm)
and HREE depletion (Yb content 1 or 2 ppm), relative
to the less evolved mafic differentiates. These trends
result in higher (LalYb)- ratios (maximum 59) and in
REE curves with slightly steeper negative slopes. The
overall similarity ofREEspectra, in conjunction withthe
slight steepening of profiles accompanying progressive
crystallization, are consistent with derivation from a
common parental magma and a cogenetic relationship
through fractional crystallization and mineral accumu-
lation. Clinopyroxene, which dominates the early frac-
tionating assemblage, preferentially incorporates the
i/REE (Schnetzler & Philpotts 1970, Cullers & Graf
1984), whereas biotite and feldspar have only a minor

effect on the REE pattern of the melt" except for Eu in
the feldspars (Arth & Hanson 1975, Hanson 1980). The
negligible or very small negative Eu anomalies in the
Murdock Creek REE profiles are a cornmon feature of
Archean alkaline igneous rocks (Condie 1981, Cullers
& Graf 1984). Lack of such anomalies in rocks of the
Murdock Creek pluton can be explained by the uni-
formly high magmaticfO) under which all rock units
crystallized. Such conditions would have favored Eu in
the trivalent state, thereby preventing its incorporation
into the fractionating plagioclase (Drake 1975, Drake &
Weill197$.

REE contents in the felsic members of the pluton
closely resemble those of other Archean syenites @ig.
5-17 in Condie 1981). The REZ patterns for the
Murdock Creek rock units also closely match the REE
profiles of: (l) felsic and augite syenite from within the
KLF (Fig. 9), although Murdock Creek rocks tend to
possess higher I,REE* abundances, and (2) trachytic
flows and tuffs belonging to the Timiskaming Group,
which are suggested to be extrusive equivalents to the
Kirkland Lake syenite suite (Codke & Moorhouse 1969,
Ridler 1970). As pointed out by Kerrich & Watson
(1984), the higher t a abundances ofthe extrusive rocks
(about 400 to 600 times chondrite) are not unexpected
owing to the preferential concentration ofthe IREE and
other incompatible elements plus volatiles into the
explosive extrusive phase of alkaline plutonic-volcanic

1000

X

T
A

O

10

o
=
L

E
c
o
.c
()

UJ
ul
E
.Y
o
o

lu
uJ
E.

f f i  Alkal i - fe ldspar syeni te (n=12)

100

Melasyeni te (n=4)
Cl inopyroxeni te (n=5)
Melamonzodior i te &
Meladior i te (n=6)
Hornblendi te (n=S)

La Ce Sm Eu Tb Yb Lu
Ftc. 8. Average chondrite-normalized kEE pattems for rock units of the Murdock Creek pluton. Chondrite-normalization factors

are those of Haskin et al. (1968).



234 T}IE CANADIAN MINERAI-OCIST

llllllllll ri"ro or Murdock creek rocks

QT r achytic tuff (Ti m is kam i n g)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu

Flc. 9. Chondrite-normalized REE fields for rock units of (l) the Murdock Creek pluton
(excluding hornblendite), (2) augite and felsic syenite from the Kirkland lake syenite
complex (KLSC), and (3) trachytic tuff of the Timiskaming Group. Data for the KLSC
and Timiskaming Gmup rocks from Kenich & Watson (1984).
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complexes (e.9., Carmichael et al. 1974).For compari-
son, the REE profiles of hornblendite, meladiorite,
melasyenite, and syenite from the Otto stock, lying just
south of the Murdock Creek pluton, are plotted in Figure
10. All these rocks are shown to be LREE-enriched and
lack Eu anomalies like at Murdock Creek. but felsic
members show considerablv more variation in LREE
abundances.

CoNsANcuN[y or Larg ARcHEAN PorAssrc
ALKALINE IGNIEOUS RoCKS INTHE KIRKLAND LAKE

AREA

Late Archean (-2680 Ma) composite syenitic plutons
within and adjacent to the KLF exhibit many field,
petrographic, and mineralogical similarities to one an-
other (comparative descriptions canbe found in Burrows

& Hopkins 1923, Thomson 1950, Thomson et al. 1950,
Lovell 1972, Ploeger & Crocket 1982, Kerrich &
Watson 1984, Cameron & Carrigan 1987, Hicks &
Hattori 1988, Smith & Sutcliffe 1988, L6vesque 1989,
Rowins et al. 1989, 1991, Sutcliffe et al. 1,990).T\ere
are, however, surprisingly few published geochemical
data available for a direct comparison of the Murdock
Creek pluton with other syenitic plutons from this suite,
with two exceptions: the Kirkland Lake syenite complex
(KLSC) and the Otto stock. The KLSC, within the KLF,
has been the subject of numerous studies because this
igneous complex hosts most of the gold mineralization.
A comparison of the average abundances of major and
trace elements in felsic and augite syenite from the
KLSC with melasyenite and alkali feldspar syenite from
the Murdock Creek pluton reveals a close geochemical
resemblance (see samples Pl and P2 in Tables 2 and3).
The KIfC syenite is more felsic, having slightly

ffi fetsic syenite (KLSC)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb
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ilillliri"ro of Murdock creek rocks
t Qz-free syenite (88-1 108)
X Melasyenite (88-120)
a Meladiorite (88-103)
o Hornblendite (88-104)
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Frc. 10. Chondrite-normalized REE pattems for rock units of the Otto stock. Shaded fleld
includes REE profiles for all Murdock Creek rock types except homblendite. Data for
the Otto stock fiom Surcliffe et aI. (1990).
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elevated Al2O3 and K2O, and lower FeO1, MgO, and
CaO, relative to the Murdock Creek alkali feldspar
syenite. K2O/I.[a2O ratios in unaltered KIfC felsic and
augite syenite samples typically exceed unity, matching
those in Murdock Creek melasyenite and alkali feldspar
syenite samples, a clear indication of chemical affinity
with ultrapotassic and shoshonitic igneous rocks (e.9.,
Morrison 1980, Foley et aL 1987). Trace-element

abundances and inter-element ratios also are very siml-
lar. Comparable rock-types are /.I/,E-enriched, Mur-
dock Creek rocks being slightly more so. The low
absolute Z and Nb contents noted by Kerrich & Watson
(1984) in both the felsic and augite syenite of the KLSC
also are observed in equivalent syenitic units from the
Murdock Creek pluton and result in higher TilZr and
much lower Nb/Y ratios than in 'hormal" syenites
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[Table 3; also, see Gerasimovsky (1974), and Floyd &
Winchester (1978)1. Furthermoreo ZrlY, K/Rb, and
Rb/Sr ratios closely match in equivalent units from the
two plutons and are somewhat lower than is t]le case for
most rocks of syenitic composition (Table 3). CrA.[i
ratios in the rock units under consideration also compare
favorably, and are higher than in most syenitic rocks.
Given the similarity in REE patterns (Fig. 9) and the fact
thatboth the Murdock Creekpluton andthe KLSC differ
from the composition of typical syenitic rocks in
precisely the same respec8, the case for a consanguine-
ous relaiionship is very strong.

A comparison of the Otto stock with the Murdock
Creek pluton reveals that an intrusive hornblendite unit
also is temporally and spatially associated with units of
meladiorite, melasyenite and syenite (Sutcliffe er a/.
1990). These rock types can be either silica-oversatu-
rated or -undersaturated; alkali granite and quartz
syenite occur in the central part of the stock, whereas
melasyenite in the northem margin may contain up to 40
vol.7o nepheline (Currie 1976). Moreover, except for
hornblendite, clinopyroxene (aegirine-augite and
augite) is usually the dominant primary ferromagnesian
silicate (Rowins, unpubl. data; see Table 2 in Sutcliffe
et al. 1990). Drawing any conclusions from a compari-
son of major- and trace-element abundances befween
equivalent units is difficult because only one sample
each of hornblendite, meladiorite, melasyenite, and
quartz-free syenite was analyzed. Nonetheless, it ap-
pears that the Murdock Creek rocks are, in general, more
potassic and ULE-eniched. The composition of horn-
blendite and meladiorite closely resembles that of their
Murdock Creek counterparts, supporting the case for
consanguinify suggested by REE patterns (Fig. l0t.
Melasyenite and quartz-free syenite from the Otto stock
also share compositional similarities with Murdock
Creek melasyenite and alkali feldspar syenite. Specifi-
cally, the low absolute Zr contents noted in KLSC and
Murdock Creek rocks also occur in the felsic members
of the Otto stock and result in lttghTtfzx ratios (Table
3). Data in Table 3 also show thattheZtN,KlRb, Rb/Sr,
and CrA.{i ratios in Otto melasyenite correlate reason-
ably well with averageMurdock Creekmelasyenite, and
somewhat less so with the KLSC augite syenite. ZrlY,
K/Rb, Rb/Sr, and CrA.{i ratios in the quartz-free syenite
of the Ono stock do not correlate particularly well with
either average Murdock Creek alkali feldspar syenite or
KLSC felsic syenite, although precisely how much
weight can be attachedto these "differences" is uncertain
given the limited geochemical data-base.

In summary, itseems thatwith some exceptions, there
is good geochemical evidence for the case of consan-
guinity among syenitic plutons in the Kirkland Lake
area. This is especially true for the Murdock Creek
pluton and the Kt SC. The geochemical similarity
extends to trachytic flows and tuffs belonging to the
Timiskaming Group (Fig. 9), and to calc-alkaline lam-
prophyres, as shown through REE patterns and spider-

grams in Ujike (1985), Wyman & Kenich (1988, 1989),
and Ben Othman et al. (199O).

PETROGENESIS

It is generally accepted that potassic mafic alkaline
igneous rocks are products of partial melting of a
strongly metasomatized mantle (Lloyd & Bailey 1975,
Gupta & Yagi 1980, Bailey 1982, l987,Lloyd et al.
1985, Fitton & Upton 1987, Foley et al. 1987, Menzies
et al. 1987), enriched in K and other incompatible
elements, most notably the ULE The metasomatic agent
(vapor or silicate melt) may come from the deep mantle
or from subducted oceanic t continental crust and
associated sediments (e.g., Armstrong 1991, and refer-
ences therein).

The evidence presented here suggests that the Mur-
dock Creek pluton has evolved vra a two-stage process.
In the first stage, primitive mafic alkaline melt (lampro-
phyric), similar in composition to the hornblendite, was
produced by partial melting of metasomatically enriched
upper mantle. Partial melting was initiated by mantle
upwelling during lithosphere extension in response to
strike-slip faulting along the KLF (Cameron 1990). This
permitted temperatures to exceed the solidus of mantle
peridotite, as explained in the model of McKenzie &
Bickle (1988) for the generation of basaltic magma.
Partial melting, accompanied by uprise of mantle above
the carbonate-stable limit (Meen 1987), likely caused the
extensive degassing of CO, from the mantle (Newton et
al. 1980, Bailey 1982), which was responsible for
widespread carbonatization of rocks within the KLF (cl,
Groves et al. 1988). Early crystallization in the volatile-
rich partial melt favored hornblende over clinopyroxene,
although small inclusions of primary diopside in cumu-
lus homblende crystals in hornblendite suggest diopside
coprecipitation and the possibility that it preceded
amphibole on the liquidus. Separation of hornblende
crystals from melt at depth and during ascent (- 65 to
777o crystaTlization according to our calculations),
achieved through any number of mechanisms of crys-
tal-liquid segregation [see Dawson & Smith (1982) for
a reviewl, enabled an anhydrous and relatively buoyant
residual melt to separate and rise up the KLF. This pulse
of partial melt then underwent extensive fractional
crystallization, primarily of clinopynoxene, plagioclase,
and alkali feldspar and lesser biotite, magnetite, and
apatite, to yield the clinopyroxenite - to - alkali feldspar
syenite rock series observed. This interpretation finds
petrographic support from the textural observation tlat
the intentitial regions between cumulus crystals of
hornblende (trapped intercumulus liquid) in hornblen-
dite are composed chiefly of diopside and plagioclase,
with lesser biotite and rare alkali feldspar (see Fig. 3f in
Rowins et al. 1991); recall that such an assemblage of
late-crystallizing minerals is identical to that which
formed the Murdock Creek pluton.

The coeval relationship between hornblendite and the
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much more evolved syenitic members of the pluton
might seem unusual but, as noted by Thompson &
Fowler (1986), it is not uncornmon for a subvolcanic
complex of leucocratic rock-types to be surrounded by
satellite vents or a radial dike-swarm composed of
material from the denser mafic magmas in the lower
parts of the system, which were unable to rise through
the lighter liquids above them. The hornblendite body at
the center ofthe syenitic Otto stock also is interpreted as
a late intrusive phase (Smith & Sutcliffe 1988), and such
a scenario as that described above may explain its late
appearance in the evolution of that pluton. We note that
Sutcliffe et al. (1990) also supported a genetic link
between hornblendite and the more evolved syenitic
units comprising the Otto stock. However, their sugges-
tion that amphibole fractionation and accumulation
caused the change in rock compositions from ultramafic
to syenitic seems doubtful, given that, like at Murdock
Creek, clinopyroxene isthe dominant primary ferromag-
nesian silicate in the syenitic units.

TECTONIC IMPLICAT'IONS AND GoLD ME"TALLoGENY

It has recently been proposed by McNeil & Kenich
(1986), Wyman & Kerrich (1988, 1989), Ben Othman
et al. (1990),Sutcliffe er aL ( 1 990), Cortu et al. ( I 99 I )'
and Kerrich & Feng (1992) :Jlrat Archean alkaline
igneous rocks in the Superior Province, and, in particu-
lar, the potassic alkaline rocks associated with the KLF,
formed from subduction-like processes at a destructive
plate margin, analogous to plate motions in the Phanero-
zoic. Cited in support of this interpretation are spider-
grams displaying marked depletions in Nb, Ta, Ti and,
less commonly, P in conjunction with ULE and LREE
enrichments, a chemical signature typical of shoshonitic
and ultrapotassic volcanic rocks formed in modern
subduction-related island-arc complexes (Perfit et al.
1980, Pearce 1982, Macdonald et al. 1985, Thompson
& Fowler 1986, Foley et al. 1987, Wheller et al. 1987,
Stolz et al. 1988). The patterns are commonly attributed
to LIIE and IREE enrichment in a previously Nb--Ta-
Tidepteted mantle source by aqueous fluids or partial
melts driven from subducted oceanic crust, the enriched
elements being those tending to be mobilized by aqueous
fluids.

Despite the tectonic inferences drawn from these
geochemical features, there are several reasons why
subduction processes may not have been directly invol-
ved in the genesis ofArchean alkaline rocks at Kirkland
Lake. It is now widely established that ULE and I'REE
enrichment in the upper mantle may result exclusively
from intramantle metasomatism regardless of tectonic
setting (e.g., Foden & Varne 1980, Arculus & Johnson
1981, Edgar 1983, Vame & Foden 1986). Furthermore,
the cause of the depletion in Ti-group elements in
subduction-related magmas is controversial and may not
be related to the I'IIE and IREE enrichment process in
the mantle (i.e., a chemical decoupling of ULE and

I/FSEoccurs: Stern & Ito 1983, Foley & Wheller 1990).
Briefly, depletion in island-arc-related rocks is usually
attributed to either ( I ) the presence of Ti-group elements
in a residual titanate or perhaps a Fe-Ti oxide phase (into
which Nb and Ta partition) after partial melting in the
mantle (Saund ers et al. 1980, Green 198 1, Morris & Hart
1983, Brophy & Marsh 1986), or (2) an inherent
properry of the source region, brought about by a
previous episode of melt extraction, zone refining or
equilibration with a percolating melt or fluid. The former
hypothesis was rejected by Ryerson & Watson (1987)
on the basis of experimental studies showing that Ti
saturation was unlikely over a range of physical condi-
tions in melt compositions varying from basaltic to
rhyolitic. Smalley et al. ( 1983) and Briquet et al. (1984)
also have suggested that Nb and Ta anomalies in some
orogenic magmas are derived independently from a
Tirich phase. Along the same lines, the negative Ti, Nb,
and Ta anomalies in spidergrams are seen to variable
extents in continental ultrapotassic rocks (lamproites)
and less incompatible-element-enriched continental
rocks such as flood basalts and related intrusions
(Thompson etal. lg84,Foley & Wheller 1990). Indeed,
Foley & Wheller (1990) have shown that conttnental
ultrapotassic rocks (lamproites) possess a gradation of
t/FSb abundances that overlap the characteristics of
island-arc potassic rocks. Clearly, whatever tlre mecha-
nism (or mechanisms) responsible for the depletion in
Tigroup elements, it must be able to operate in circum-
stances other than subduction zones. If a "residual
Ti-rich accessory phase" model is invoked to explain the
pronounced depletions in Ti-group elements in Murdock
breek rocks" then titanite seems the most likely candi-
date, given the oxidized nature of the pluton's source
region in the mantle (Rowins et al. l99l) and the
reiatively shailow level of mantle fusion (due to litho-
sphere extension and mantle upwelling), conditions that
favor titanite stability (Hellman & Green 7979, Green
1980, l98l). Magnetite also is a possible residual phase,
but its ability to accommodate Nb, Ti, and Ta is much
lower than that of titanite (Green & Pearson 1987).

Some of the most compelling evidence against sub-
duction processes to account for the geochemistry ofthe
Murdock Creek suite comes from the work of Foley er
al. (1987). They divided ultrapotassic mafic rocks into
three principal gtoups according to geochemistry and
tectonic setting. Group-I rocks (lamproites)' charac-
terized by low Ca, Na and Al, and tlrgh ULE contentsn
and minor or negligible depletions in the //FSE on
spidergtams, occur principally in continental environ-
ments. Group-II rocks (kamafugites), with low Si, Al,
and N4 and high Ca and ULE (notably Sr) contents' are
characteristic ofriftzones (e.g., East African rift valley).
Group-Itr rocks occur in orogenic, island-arc environ-
ments and have much higher Al contents than the other
two groups. Other distinguishing features of this group
include high Ca K, and low Mg and I/FSE contents.
Using the criteiaofFoley et a/.. two biotite clinopyroxe-
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nite samples (89221 and 89296) and two hornblendite
samples (88329 and 89509) from the Murdock Creek
intrusion are ultrapotassic sewu stricto (K2O/NazO>z ,
K2O and MgO 2 3 wt.Vo). On the key major-elemenr
discriminant diagrams, CaO versw Al2O3, CaO versus
MgO, and Al2O3versusNa2O, tlese rocks plot exclusi-
vely within the rift-related group-tr field. This group-tr
assignment also holds for the other clinopvroxenite and
hornblendite samples, which are not ultrapotassic sezsz
stricto but clearly members of the same rock unit. The
large Nb, T4 and Ti troughs in the Murdock Creek
spidergrams (Fig. 6) might seem to suggest an ,rsso-
ciation with subduction-related group-Itr rocks ofFoley
et al.;however, as discussed, depletion of these elemenrs
is by no means restricted to subduction zones, a point
also made by Foley et al. gven rhe observed deplbtion
in Ti-group elements in spidergrams ofgroup-Ii rocks
fromtheSan Venanzo and Cupaello occunences inltaly.

Field evidence ofextensive carbonatization alons the
KLF suggests a COr-rich melting environment, w"hich
supports the classification of the Murdock Creek ultra-
potassic rocks as belonging to group II, since com-
plexing with CO, readily explains this group's distinctly
high Ca and Sr contents. The presence ofa free CO2 fluid
or vapor phase is consi$tent with mantle enrichmenr
under relatively oxidizing conditions (Cameron lggg),
as implied by theintrinsically oxidized nature of syenitic
plutons in the Kirkland Lake area (Cameron & Carrigan
1 987, Rowins et al. 1989, 1 99 I ) and oxidized ore fluids
rising in the KLF (Cameron & Hattori 1987).

heliminary Sr- and Nd-isotope data on clinopy-
roxene samples from several syenitic plutons and asso-
ciated calc-alkaline lamprophyres in the Kirkland Lake
area (Hattori & Hart 1990), including the Murdock
Creek pluton, also argue against the involvement of
metasomatic fluids or melts from a subductine slab.
Although the pyroxene shows Z/l,E and Z&EA Jnrich-
ment and I/FSE depletion, mimicking whole-rock com-
positions, they have low initial 87SrF6Sr (0.7009 ro
0.7016) and high positive e1,{6 values (+0.g to +3.0),
indicating derivation from a "depleted,, mantle source.
This "depleted" mantle source must have subsequently
undergone LIIE and, I,REE enrichment without thb
addition of HFSE. Metasomatic fluids or melts from a
downgoing slab could have re-introduced IREE arrd.
L/LE, but would also have added radiogenic Sr and Nd,
raising 8751165r and lowering la3Nd/'la,i:Nd.

Syenitic plutons within the KLF are elongate in plan
view; for example, the KLSC that hosts tle main
ore-zone at Kirkland Lake has a length-to-width ratio of
approximately 6:1. Cameron (1990) has proposed that
these plutons were intruded during extension witlin a
strike-slip basin at the western termination of the maior
Cadillac - Larder Lake fault, which strikes .ast-rd.r.
The orientation of the basin and of the plutons corre-
sponds to that for sinistral rrans[ension (e.g., Sanderson
& Marchini 1984). The strike-slip movement may be

related to accretion of the Superior hovince (Corfir &
Stott 1986, Percival & Williams 1989), and it is possible
that subduction processes, during development of the
greenstone belts, caused enrichment in some regions of
the mantle. However, the isotopic evidence cited above,
together with the fact that the episode of partial melting
leading to formation of the Murdock Creek magma
postdated greenstone-belt volcanism, regional metamor-
phism, and initial Timiskaming sedimentation, once
again mitigate against the involvement of slab compo-
nents or the existence of an older "fossil" subduction
zone beneath the potassic alkaline rocks in the Kirkland
Lake area.

The relationship of the alkaline magmatism to gold
derives from the association with CO, and with the
extensional tectonic environment. CO, was invariablv
an important component of the ore fluids for Archean
lode-gold deposits (e.g.,Ho 1987). At Kirkland Lake,
this association is highlighted by the pervasive carbona-
tization of much of the KLF. Deep, CO2-rich fluids are
relatively oxidizing and favor the extraction of Auo from
rocks as Au+ and the dissolution of sulfide, which acu
as a ligand to complex Au+ (Cameron 1988). Liberation
of CO, from the mantle is linked to the processes of
metasomatism and partial melting that generated the
alkaline magmas.

CoNcLUsIoNs

Geochemical modeling, including ahalysis using
Pearce element ratios, and systematic trace-element
variation over the compositional continuum of rock
types constituting the Murdock Creek pluton, indicate a
fractional crystallization model, with incompatible ele-
ments (.|,IZE and LREE) and the ratios K/Rb. La./yb
increasing, compatible elements (Sc, V, Cr, Co, Ni)
decreasing, and coherent ratios such w T\N, ZrlHf,
Crll.{i, and the l/lEratios lVSr, K/Ba" Rb/Sr and RblBa
remaining relatively constant throughout crystallization.
The increasing I?Rb ratio is explained in terms of
changing proportions of crystallizing phases, with diffe-
rent distribution-coefftcients for K and Rb. The control
of primary mineralogy over element disfibution is well
illustrated in chemical variation diagrams, REEpattenn,
and plots of chondrite-normalized incompatible ele-
ments (spidergrams). Modeling using pearce element
ratios has revealed that the mafic marginal rocks were
present as crystal mushes with cumulate-like chemisty
(1e., excess clinopyroxene relative to the parental melt),
whereas the later-crystallizing alkali feldspar syenite
forming the core of the pluton is depleted in clinopy-
roxene but enriched in alkali feldspar, the result of
having formed from chemically evolved liquid physical-
ly expelled from the interstices between earter-formed
crystals accreted along the walls of the magma chamber.
The recognition of mineral accumula.tion in granitic or
syenitic rocks is difficult to discern petrographically,
unlike the case of layered mafic complexes, where
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the goldigneous sedimentary structures and distinct cumulusin-
tercumulus textural relationships are common
(e.g., McCarthy & Robb 1978, Wager & Brown 1968).
This study not only demonsrates the effectiveness
of PER diagrams in identifying the mechanism of
igneous differentiation responsible for pluton evolu-
tion, but also highlights the ability ofPER to recognize
crystal accumulation and depletion in syenitic rock
suites.

Consideration of all the geochemical data leads to a
petrogenetic model in which (l) a source region in the
mantle, which may already be depleted in Ti-group
elements, is modified by deeper-mantle-derived vola-
tiles or melts rich in rhe ULE and LREE; (2) partial
melting, initiated by mantle upwelling ula lithosphere
extension at a major strike-slip termination (pull-apart
basins), produced a liquid ofpotassic maJic alkaline or
lamprophyric character, and (3) separation of early-
crystallizing hornblende occurred at depth or during
ascent (or both), permitting anhydrous and buoyant
residual meltto ascend to mid-crustal levels vla the KLF,
eventually generating the evolved Murdock Creek rock
compositions principally by crystal fractionation of
clinopyroxene, plagioclase, alkali feldspar, and lesser
biotite. Magnetite, titanite, and apatite were the most
common accessory phases in the primary assemblage.

A comparison ofthe petrographic, mineralogical, and
geochemical characteristics of the Murdock Creek plu-
ton, immediately outside the KLF, reveals many simi-
larities with the alkaline intrusive and extrusive rocks
within the KLF. A consanguineous relationship with the
Otto stock, sinrated well outside the KLF, also appears
likely. We suggest that all were derived by repetitive
episodes of small degrees of partial melting of the same
metasomatically LILE- andLREE-enriched source in the
upper mantle, resulting in numerous pulses of partial
melt (syenitic plutons) of slightly variable major- and
trace-element character; yet their overall geochemical
coherence is not lost.

Major-element geochemistry of ultrapotassic rocks
from the Murdock Creek pluton is more compatible with
formation in a rift environment rather than a subduction
setting, as recently proposed for the genesis of these
rocks in the Kirkland Lake region. The marked deple-
tions in M, Ta, and Ti in the Murdock Creek rocks,
although a common feature of subduction-related
island-arc magmas, are not unique to this environment,
and in fact are known in rocks from widely differing
tectonic environments in the Phanerozoic.

Gold mineralization in the Kirkland Lake district is
the result of several interlinked processes. Srike-slip
faulting and localized extension of the lithosphere
caused upwelling of deep mantle and partial melting of
carbonatedperidotite to yield alkaline magmas and CO2.
Relatively oxidized CO"-rich fluid rose up the KLF, and
extracted Auo from the shear-zone rocks as Au+, which
was tfien transported as a soluble sulfide complex.
Gold-bearing fluid was later expelled during a compres-

sional phase that followed extension, and
deposited along reverse faults within the KLF.
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