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ABsrRAcr

The Kipawa Syenite Complex, a concordant, folded sheet of mildly peralkaline kataphorite-aegirine syenite less than
200 m thick can be traced for more than 50 krn in the Grenville Province of westem Quebec. Several lenses of biotite-aegirine
nepheline syenite up to 200 long by 30 m thick occur within the complex. Along its lower margin, a region 1300 m long by
5 m thick consists of diopside and magnesiorichterite-rich schist with large amounts of eudialyte, agrellite and other rare
minerals, This skam-like lens is fringed on its upper side by alkali granite. The Kipawa Syenite Complex lies entirely within
granitic gneiss derived from an Archean protolitl and emplacedatl2{T x.47 Ma (Guo & Dickin 1994). The complex, emplaced
iUout 12a0 Ma ago, consists mainly of deformed alkaline igneous rocks (plutonic, volcanic, or both) as shown by its
geochemical signature. Marble-bearing sedimentary rocks were tlrust-imbricated with the complex during northwest-directed
tectonic transport at amphibolite-facies (690'C, 9.5 kilobars) metamorphic conditions. Mechanical mixing during this process,
followed by alkali metasomatism and local anatectic melting, produced skam-like rocks (contents of CaO and MgO of 12 and
10 wt.7o) containing the rare minerals. U-Pb dating of zircon fromtle rare mineral occurrence shows thatrare mineral formation
occurred at 994 c 2 Ma. Alkalis, Zr, REE, Be and other elements were redistributed on scales ranging from meters to kilometers
by a combination of fluid flow and anatectic melting in the presence of F-rich brines.

Kqnvords: alkali syenite, metasomatism, metamorphism, amphibolite facies, mapa miring, Kipawa complex, Quebec.

Sotwtc'IRE

Le complexe sy6nitique i kataphorite + aegyrine de Kipaw4 situ6 dans la partie occidentale du Qu6bec, dans la province
du Grenville, se pr6sente en feuillet concordant pliss6, d'une 6paisseur de moins de 200 m, uagable pour plus de 50 km. Le
massif comporte plusieurs lentilles de sy6nite ndph6linique i biotite + aegyrine atteignant 200 m de longueur et 30 m
d'6paisseur. Sur 1300 m de longueur et 5 m d'6paisseur le long du contact inf6rieu, la roche est un schiste i diopside +
magn6siorichterite avec une forte proportion de min6raux rares, par exemple eudialyte et agrellite. l€ contact sup6rieur de cetls
lentille, qui ressemble d un skarn, longe un granite alcalin. Le complexe se trouve entibrement encaiss6 par un gneiss granitique
ddriv6 d un protolithe arch6en et mis en place il y a 1247 t 47 million d'ann6es (Guo et Dickin 199q . n comporte des roches
ign6es hyperalcalines d'origine plutonique ou volcanique, ou les deux, selon les caractlres g6ochimiques. Toutes ces roches ont
6t6 fortement d6form6es lors du charriage tectonique de ce socle vers le nord-ouest i des conditions typiques du facibs
amphibolite (690'C, 9.5 kilobars). Un m6lange m6canique pendant ce processus, suivi d'une m6tasomatose alcaline et d'anatexie
locale, sont responsables de la formation de ces roches, qui rappellent des skarns (teneurs en CaO et MgO de 12 et 1074 poids)
contenant les min6raux exotiques. Une datation U-Pb sur zircon montre que la formation des min6raux exotiques a eu lieu i
994 x. 2 Ma. Les alcalins, le ?, les terres rares, le Be et autes 6l6ments ont 6td redistribu6s sur une 6chelle m6trique ou
kilom6trique suite i un flux de fluide et d une fusion anatectique en pr6sence de saumures riches en fluor.

(Traduit par la R6daction)

Mots-cl6s: sy6nite alcaline, m6tasomatose, m6tamorphisme, facibs amphibo1i1", 6{lange magmatique, complexe de Kipawa,

Qu6bec.

IMRoDUcnoN

Large amounts of eudialyte, agrellite and numerous
other rare minerals have been colected for more than
thirty years from a site on the Kipawa River in western

Quebec (Hicks 1959, Berry et al. 1972, Aarden &
Gittins 1974. Gitttns et a\.1976, Plant & Roberts 1979,
Ansell er al. L980, Roberts & Bonardi 1983).
Reconnaissance mapping (Lyall L959, Rive 1973,
Tremblay-Clark & Kish 1978) showed that this site lies
on the fringe of a folde4 sheet-like body of syenite
(the Kipawa Syenite Complex). Since eudialyle com-
monly occurs in peralkaline syenite (S@renset 1974),* Geological Survey of Canada conribution number 57638.



436 TTIE CANADIAN MINERALOGIST

FIc. 1 Location of the Kipawa Syenite Complex relative to
the Grenville Front and to ofher hoterozoic peralkaline
complexes. K: Kipawa Syenite Complex, R: Red Wine
Complex (Curtis and Currie 1983), S: Strange Lake
Complex (Currie 1985), f; Ilfmausslq @erguson 1970),
N: Norra Karr (Adnmson l9M\ T\e Kipaw4 Red Wine
and Norra Karr complexes are all metamorphosed at the
amphibolite grade.

discussions of the Kipawa Syenite Complex have
generally assqmed an igneous origin for both the
complex and the rare minerals (Tremblay-Clark &
Kish 1978, Sinclair et al. 1992, y'Jlat 1992), a
plausible view since several igneous peralkaline under-
saturated complexes of Precambrian age occur along
the Grenville Front (Fig. L). However, the present
mineralogy of the Kipawa Syenite Complex resulted
from high-grade'metamorphism (Gittins et al. 1976,
Currie & Gittins.1993) without obvious igneous relics,
and the geochemistry of some eudialyte-rich rocks
sfrongly suggests a metasomatic origin (Currie & van
Breemen 1994). This contribution summarizes present
knowledge bearing on the origin of the Kipawa Syenite
Complex and of the rare minerals it contains.

Groroctcar SsrrNc

The Kipawa Syenite Complex lies on the northern
fringe of the Grenville hovince of the Canadian
Shield, in a regioi consisting of northwesterly ftans-
ported allochthons derived from the Grenville hovince
and parautochthonous fault-slices derived from
struchrally underlying Archean rocks of the Superior
Province (Easton L992, Guo & Dickin 1994).
Boundaries between allochthons and parautochthonous
rocks are not known in detail (compare Kellett et al.
1994), but extrapolation from the compilation of
Easton (1992) afi reconnaissance work by A.
Davidson (pers. cofm., 1993) suggest that the Kipawa
Syenite Complex lies in the shucturally lowest part of

the Tomiko Terrane of Easton (1992), which is charac-
terized by middle Proterozoic (-1600-1700 Ma)
metasedimentary rocks and plutonism at about
1250 Ma. Most rocks in the vicinity of the Kipawa
Syenite Complex exhibit evidence of high strain
followed by prolonged annealing at high temperature,
to produce a coarse granoblastic fabric. Dips of
gneissosity and foliation are commonly gentle, and
kilometer-scale open folds of the gneissosity can be
readily mapped, Howevero small-scale observations in
areas of good outcrop demonstrate at least three stages
of isoclinal folding and ductile faulting formed during
low-angle, northwest-directed tectonic transport
(Cunie & Gittins 1993).

Gsorocy oF THE KIpAwA Sysl.rrE Covprrx
arp ENcr,osnvc Rocrs

The Kipawa Syenite Complex (Frg. 2) lies within a
well-defined sequence comprising basal granitoid
gneiss (Kikwissi gneiss), strucfurally overlain by a thin
unit of metasedimentary rocks (including feldspathic
quartzite, amphibolite, thin marble, and peraluminous
migmatitic gneiss), a thick unit of biotite-magnetite
granitic gneiss (Red Pine Chute gneiss, Villedieu
pluton of Guo & Dickin 1994), and an upper unit of
quartzite [possibly equivalent to the Mattawa Quartzite
of Easton (1992)1. The syenite is entirely contained
within the Red Pine Chute gneiss, forming a layer near
the base of this unit that can be traced around a major
syncline-anticline pafu .

The Kikwissi gneiss comprises distinctive grey,
massive to weakly foliated, biofite-dominant granitoid
gneiss characterized by poikilitic oval clots of biotite
up to 5 cm across, riddled with tiny inclusions of
plagioclase and epidole. The rock exhibits minor
migmatization, with feldspar-rich leucosomes 3-:7 cm
wide rimmed by a narrow, biotite-rich margin. At
distances of more than two kilometers from the Kipawa
Syenite Complex, the gneiss is trondhjernitic, grey
green and almost massive. Closer to the syenite,
the gneiss becomes strongly layered, with abundant
K-feldspar, pink coloration, and occasional homblende
porphyroblasts. On its southwestern side, the gneiss is
separated from the overlying metasedimentary
sequence by a 10-m-wide zone of mylonite, but
subconcordant dikes of Kikwissi gneiss cut the
metasedimentary rocks north of Lac Sairs. Guo &
Dickin (1994) reported a Sm-Nd model age of
2.70-2.77 Ga for the Kikwissi gneiss, and interpreted it
to be derived from an Archean Superior hovince
protolith that was remobilized in late Proterozoic time.

The metasedimentary sequence structurally over-
lying the gneiss comprises a heterogeneous assemblage
dominated by biotite schist and gneiss. Several layers
ofcoarse-grained marble, up to 5 m thick, contain large
crystals of tremolile (up to 30 by 4 by 4 cm) lying in
foliation planes and accompanied by granular pale
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$een diopside and minor phlogopite. Feldspathic
quartzite, commonly rich in muscovite, is abundant,
but the bulk of the unit consists of heterogeneous
biotite gneiss and muscovite-bearing migmatite. The
biotite gneiss ranges from garnetiferous biotite
amphibolite, possibly developed from mafic flows or
intrusions, to rather leucocratic, compositionally
layered quartz - feldspar - biotite gneiss. All varieties
are cut by abundant pink, boudined dykes of granitic
pegmatite. The migmatite is a relatively leucocratic
rock that grades to muscovite quartzite, and
consistently contains 3V50Vo of ptygmatically folded
boudins of quartz and feldspar up to 100 by 20 cm.
Both kyanite and sillimaails have been reported from
this unit (Rive 1973). The contact between this
migmatitic material and the Red Pine Chute gneiss
seems to be entirely gradational, but is very poorly
exposed.

The Red Pine Chute gneiss forms a homogeneous
mass of fine- to medium-grained (1-2 mm), grano-
blastic biotite-magnetite granite gneiss with a strike
length of more than 30 km and a width across strike
of up to 2 km. The foliation is marked by tlin

discontinuous foliae of fine-grained, disseminated
biotite. which become thicker and more continuous
toward the base and top of the unit. A characteristic
feature of the gneiss is the presence of a hematitic halo
around the biotite, and less commonly around
magnetite, which stain the surrounding quartz grains,
producing a red-spotted surface. Magnetite tends to
have a platy habit, and may have been produced by an
earlier oxidation of biotite. The gneiss consistently
contains a small amount of muscovite (<2%o),andsome
specimens contain pinhead-sized grains of garnet. The
Red Pine Chute gneiss locally contains l5-20vo by
volume of pi::k pegmatitic layers, 1 to 5 cm thick,
bounded by a biotite-rich rim a few mm thick. Guo &
Dickin (1994) reported a Pb-Pb emplacement age of
1247 + 47 Ma for the Red Pine Chute gneiss (their
Villedieu pluton), and a Sm-Nd model age of.2.5 Ga;
they interpreted it to be Archean material remobilized
at -L.25 Ga.

The Red Pine Chute gneiss contains within it the
Kipawa Syenite Complex and a thin layer of altered
mafic rocks. The Kipawa Syenite Complex forms a
layer within the Red Pine Chute gneiss no more than
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200 meters thick; it can be traced almost continuously
for more than 50 kilometers along strike from Lac Sairs
to Ile la Tortue. The presence ef a rhin layer (5 to
20 meters thick) of distinctive Red Pine Chute gneiss
below the syenite can be observed along the west side
of Lac Sheffield and at the rare mineral site, where its
presence has been verified by drill-holes (Allan 1992).
The large thickness of syenite (up to 1300 m)
suggested by Lyall (1959) and Tremblay-Clark & Kish
(1978) resulted from one or more of the following
factors (a) structural complexity, such as accordion
folding befween Lac Sairs and Lac Sheffield and
numerous small-scale recumbent folds at the rare
mineral locality, (b) low dips, making determination of
thickness difficult and unreliable, and (c) inclusion
of unrelated hornblende-bearing granitoid rocks around
Lac Sairs.

The margins of the syenite are marked by appear-
ance of large crystals, clots and spindles of amphibole
(kataphorite, Table 1), disappearance of quartz, and
coarsening of grain size. The contact approximately
coincides with the appearance of amphibole clots in the
rock, but single crystals or polycrystalline spindles of
kataphorite occur in the Red Pine Chute gneiss up to
100 meters above the syenite, although most are within
10 meters. Red amphibole-aegirine quartz syenite
forms a narrow (<2 meters thick) fringe around the
quartz-fiee rocls, except at the rare mineral locality,
where quartz syenite and peralkaline granite may be up
to 20 meters thick (see below). The syenite forms a
coarse-grained xenomorphic, granular rock, commonly
red to orange in color, with a variably developed Z>S
fabric. The major minerals are twinned albite (Abe.8),
fine string microcline perthite (Ore6.1 and Abss.o),
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Flc. 3. Peak metamorphic conditions in the Lac Sairs region, compared to experimental

data for beginning of melting of quartz + albite + potassium feldspar mixtures in the
presence of excess water (abeled "minimum melt") and the equilibrium ofkyanite and
sillimanite. The curve labeled "gamet-biotite" gives P and T calculated from these
minerals, whereas curve 1 gives data from the equilibrium 4 grossular + 2 pyrope +
12 quartz + 3 tschermakite = 3 tremolite + 12 anorthite, and curve 2, data from the
equilibrium2grossular+pyrope+18quartz+3pargasite=3tremolite+6anorthite
+ 3 albite. The best estimate of equilibrium P-T, as given by the method of Miider &
Berman (1992), is 690'C aad 9300 bars. Note that the beginning of melting may be at
lower tempentures in tle presence of F-rich fluids.
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riebeckite, aegirine and minor biotite (see Table I for
compositions). Fluorite and titanite are common
accessories. Although the feldspar fabric is coarse,
xenomorphic and granoblastic, the compositions of
the coexisting feldspars suggest that this rock has
re-equilibrated down to relatively low temperatures.

The syenite complex contains within it boudin-like
masses of biotite-aegirine syenite up to 200 meters
long that contain nepheline (Kszr.o) or products of its
alteration in amounts ranging from traces to more than
25Vo. Molybdenite and plrite occur ubiquitously in
trace amounts. The combination of coarse granoblastic
texture and disintegration around sulfides creates
exposures that are essentially grus.

Rare lenses ofbiotite syenite gneiss up to 3 m thick
occur in the Red Pine Chute gneiss above the Kipawa
Syenite Complex. These layers exhibit sharp but
conformable boundaries, and resemble the surrounding
gneiss, except for low quartz content, rare small
crystals qf amFhibole and, in some cases, a distinctive
orange color. Since they closely resemble their host,
some layers may have been overlooked during
mapping. About 25 to 30 m above the Kipawa Syenite
Complex, a persistent layer of scapolitized biotite
amphibolite extends for more tlan 20 km, although it is
never more than 20 m thick. Like the Kipawa Syenite
Complex, its boundaries are sharp, but completely
conformable with the surrounding granitoid gneiss.
The rock consists of strongly aligned amphibole
(pargasite, Table l) and scapolite crystals up to a cm
long with varying arnounts of interstitial, partially
scapolitized plagioclase (Anrr), biotite and titanite.
There is a moderate foliation, but the rock exhibits a
strongZ>Sfabric.

The upper quartzite unit is not exposed in the
immediate vicinity of the Kipawa Syenite Complex,
but southwest of Lac Sheffield" it rests on the Red Pine
Chute gneiss with a sharp, structurally conformable
contact. The quartzite contains a variable but low tenor
of microcline and muscovite (<5Vo), and commonly
exhibits relics of cross-bedding defined by thin lenses
of opaque minerals.

A coarse, almost massive, hornblende granite cuts
both the Red Pine Chute gneiss and the meta-
sedimentary sequence in and east of Lac Sairs. The
contact is largely under water, but dikes of hornblende
granite up to 5 meters wide cut both older units on the
west shore of the lake.

Six boudins of gabbro and ultramafic rocls occur
within the Red Pine Chute gneiss and the homblende
granite. The boudins range from 10 to 200 m in length
and 5 to 50 m in width, with the enclosing gneiss
wrapping around them. The rock type in *1e leudins
varies from massive leucogabbro through ophitic-
textured gabbro to coronitic melagabbro. These are the
only rocks in the Kipawa region known to preserve
relics of a primary igneous texture. Their form,
petrography and chemistry strongly suggest derivation

from dikes of the Sudbury swarm, emplaced about
1235Ma (Dudas etaI1994, K. Bethune, pers. comm.).
A quantitative estimate of P-T conditions subsequent
to emplacement was obtained from a layer of coronitic
melagabbro in Lac Sairs in which the minerals biotite,
amphibole and garnet coexist in apparent equilibrium.
Using the method of M[der & Berman (1992), tbts
assemblage of minerals, whose compositions are
given in Table 1, gives a P-T estimate of 690'C and
9300 bars (Trg. 3), in reasonable accord with the
observation of coexisting kyanite and sillimanite, and
the occurrence of partial melt (migmatite). It agrees
with the conclusions of Anovitz & Essene (1990)
that the Tomiko terrane underwent metamorphism
at temperatures of <700oC and pressures below
9000 bars.

Gsorocv oF THE RARE Mrllnnal OccunnsNcE

The geology in the vicinity of the rare mineral
occurence (Frg. 4) has been previously described by
Nlan (1992) and Currie & Gittins (1993), on the basis
of extensive trenching and drilling by Unocal Canada
to assess the rare-earth potential ofthis prospect. Prior
to trenching, rock exposure was insufficient for a
detailed description. In general, the rocks strike north-
west and dip gently (10-30) to the southwest, but
mesoscale, recumbent folds are ubiquitous (Frg. 5).
From the structural base upward, the apparent
succession of units is (1) Kikwissi gneiss, (2) 2-10 m
of Red Pine Chute gneiss, (3) 0-2 m of pink Kipawa
Syenite Complex with lineated amphibole, (4) G-5 m
of marble and calc-silicate rocks, (5) 2-10 m of
melanocratic amFhibole schists with eudialyte and
agrellite, (6) 10-50 m ofperalkaline granite and quartz
syenite, and (7) Red Pine Chute gneiss. Comparing this
succession with that normally found around the
Kipawa Syenite Complex, two differences are
apparent. Firstly, the metasedimentary sequence is
missing between the Kikwissi gneiss and Red Pine
Chute gneiss. Secondly, o'extra" layers of calc-silicate
rocks, peralkaline amphibole schist and peralkaline
granite occur above the syenite.

The Red Pine Chute gnelss and Kikwissi gneiss are
mylonitic with well-developed quartz ribbons and S-C
fabrics @iasecki 1988), and their contact is interpreted
to be a relatively late, northwest-directed tbrust. The
overlying syenite is little deformed. The contact
between the syenite and an overlying marble and
calc-silicate unit, which contacts syenite over 1100 m
of the 1300 m strike length exposed by the Unocal
Canada trenches, is sharp and conformable, but the
marble is complexly small-folded and locally contains
meter-scale blocks of diopside- and phlogopite-rich
material that are rotated relative to the matrix. This
contact is interpreted to be a ductile thrust. The marble
is coarse-grained magnesian calcite with various
amounts of tremolite, diopside, phlogopite (Table 1)
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Flc. 4. Geological map of the rare mineral occurrence within the Kipawa Syenite Complex.
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Flc. 5. Small-scale recumbent fold in alkali granite. The hammer handle is 70 cm long.
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FIG. 6. Eudialyte-agrellite
boudins. The right-hand
boudin is folded around a
small F, fold. The ham-
mer handle is 70 cm long.

and gaphite. There is no sharp contact between
calc-silicate marble and overlying schists rich in
amphibole and pyroxene. An upper fringe of the
marble, 15-30 cm wide, rich in orange chondrodite +
norbergite, locally contains britholite crystals up to
3 cm across, and the contact with amphibole-rich rocks
is commonly marked by a glimmerite selvedge up
to 5 cm wide, However rotated meter-scale lenses and
boudins of granular phlogopite-diopside amphibolite
with abundant fluorite occur on both sides of the
boundary. Some boudins contain eudialyte and other
rare minerals around their margins. The rocks
containing most of the rare minerals consist of thinly
fissile, intricately folded amphibole-rich schists with a
color index of 60-90. These rocks consist largely of
steel-blue magnesiorichterite and Na-poor diopside
(Table 1), with lesser amounts of phlogopite, micro-
cline (Ore6.), albite (Abee.6) and local traces of altered
nepheline. Rare minerals may be disseminated, but
tend to be concentrated in nebulous pegmatitic,
massive patches rich in fluorite. Agrellite--eudialyte
pegmatites form boudin fillings @g. 6) or concordant
veins @g. 7).

The contact between the amphibolite and (struc-
turally) overlying phk peralkaline quartz syenite and
granite is gradational as a result of increasing content
of feldspar, and finally of quartz. The peralkaline
granite and quartz syenite consist of albite, microcline
perthite and a complex assemblage of mafic minerals,
with biotite in various stages of breakdown to
magnetite, both veined and replaced by granular
aegirine and, finally, by riebeckite (Table 1). Zircon
and pyrochlore crystals up to 2 centimetres across form
distinctive accessory minerals. The near-massive

Ftc. 7. Concordant eudialite-agrellite vein in peralkaline
amphibolite schisl The steep cleavage parallel to the vein
is axial-planar to aa F1 fold.
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peralkaline rocks exhibit cross-cutting relations with
amphibole schist (Allan 1992),but grade to Red Pine
Chute gneiss, with which their original mineral
assemblage was identical.

Among the more abundant unusual minerals,

Frc. 8. Pegmatitic patch of
large lilac-colored crys-
tals of zircon in peralka-
line amphibolite. Despite
the spectacular zoning,
these crystals are chemi-
cally homogeneous. They
were chiseled directly
from this outcrop for
analysis, and variously
abraded to produce the
fractions shown in Fig. 9.
Chisel is 10 cm long.

britholite and chondrodite are concentrated in marble
or calc-silicate nvmses, eudialyte, agrcllite and miserite
occur mainly within amphibole schist and zircon,
vlasovite and hiortdahlite occur mainly in peralkaline
ganite. Fluorite and mosandrite are ubiquitous, but

J 0.167

I

Ftc. 9. Concordia dia-
gram ofthe age of
zircon shown in
Fig. 8.
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sparser in quartz-bearing rocks. Large, euhedral
crystals of zircon exhibit obvious zoning in specimen
(Fig. 8), but proved to be remarkably homogeneous
when examined by electron microprobe. Zircon from a
massive pegmatitic patch in the amphibole schist gave
a concordant U-Pb date of 994 x, 2 Ma (Frg. 9,
Table 2). Two titanite fission-track ages from the sarne
area gave 1008 t 32 Ma and L020 x.4l Ma (G.N. Eby,
pers. cornm., 1991), dating closure at about 300oC.

Srnuc'ning oF THE
Krpewa Symffrs Cotvpr-ux

The Kipawa Syenite Complex ourcrops on both
limbs of an open, gently doubly-plunClng syncline-
anticline pair that can be readily seen on large-scale
geological maps (Fig. 2). Small-scale studies at the rare
mineral occturence show that these folds represent at
least a third period of folding superimposed on earlier
deformation. The oldest recognizable folds (F1) form
recumben! sheath-like structures with amplitudes up to
5 meters, whose axes nend 125-L45' and plunge
gently to the southeast, with local reversals to
northwest plunges. The apparent vergence of these
folds reverses across the axial plane of F, folds.
Agrellite-eudialyte pegmatites (Fig. 6) occur in
(folded) cleavage axial planar to F, folds. Axes of F2
folds nend about 210o. The folds are recumbent, north-
verging and asymmetrical, with long upright limbs and
short overtumed limbs. Many 4 and F2 folds with
amplitudes from 1 to l0 meters can be mapped in
trenches on the rare mineral occurrence, suggesting
that the simple cross-sections shown by Allan (1992)
do not give a realistic representation of the structure of
the occurence.

F, structures form the kilometer-scale open folds
noted above. Smaller folds related to these structures
appear in the vicinity of the rare mineral occurrence as
mesoscale chevron-style folds with wavelengths of
a few cm to a few hundred meters, which produce a
zig-zag pattern of the syenite across the major anti-
formal nose east of Lac Sheffleld. A pervasive mineral
and stretching lineation associated with F3 folding
plunges 5-20o toward I25 to 140'. This plunge locatly
reverses to northwesl notably around the klippe in the
core of the major syncline. Brittle or semibrittle shatter
zones up to a meter thick cut F3 structures.

The stuctural history and style of the Kipawa region
are compatible with prolonged southeast-over-north-
west thrusting under ductile conditions. On this model,
F1 folds have been completely rotated into the fransport
direction, whereas the asymmetry of F2 folds indicates
the transport direction. F3 folds are assumed to result
from lateral constriction of an advancing mass due to
passage over irregularities or prominences in tie
substrate. Late brittle deformation indicates the
persistence of high stresses a1fu1 e6eling.

GsocHmdsrRv

Approximately l-kg samples were collected from
surface outcrops: we took care to avoid obvious veins
and alteration. Samples were slabbed, obvious
weathered material cobbed off, and a1Xs1 slsaning with
distilled water and acetone, samples were reduced
to powder in a jaw crusher followed by a rotary
pulverizer with ceramic plates, and grinding in a
ceramic mortax,

Concentrations of major elements were determined
mainly by X-ray-fluorescence analysis of fused disks
in the Geological Survey laboratories. The concen-
tration of Fe2+ was deternined by tifiation, and that of
F and Cl, by ion chromatogaphy.Replicate analyses
of USGS standard samples indicate a precision of. *ZVo
for major elements, except H2O, COz, F and Cl, for
which a precision of tS%o is estimated. Concentrations
of Be, Co, Cr, Ni, Rb, Sc, Y, Cu, Zn and Ga were
detennined by X-ray fluorescence on pressed powder
pellets, with an estimated precision of 5Vo.
Concentrations of Bq Nb, Zr, the rare-earth elemenls
(RED, Y, Hf, Ta and Th were determined by
inductively coupled plasma - mass spectrometry
(ICP-MS) in the laboratories of Memorial University
of Newfoundland after Na2O2 sintering, with an
estimated precision of *2Vo. Representative results are
displayed in Table 3. Complete results are available on
request from the senior author and from the Depository
of Unpublished Data, CISTI, National Research
Council of Canada Ottawa. Ontario KlS 0S2.

All compositions of the Kipawa Syenite Complex
are mildly to moderately peralkaline [(Na + Al/K of
1.01 to 1.591, with the degree of peralkalinity
increasing in the order nepheline syenite, syenite,
quartz syenite and peralkaline granite. The present
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mineralogy and geometry of the complex are the
result of deformation and metamorphismo and the
chemistry of igneous precursors, if any, is not
necessarily preserved. However, the chemistry of the
Kipawa Syenite Complex resembles that of felsic
igneous peralkaline roctrs (cf Civetta et al. 7984,
Harris er al. 1986, Macdonald et aI. 1987), and the
compositional variations in terms of the major
elements can be explained by crystal fractionation and
minor assimilation from a slighfly peralkaline under-
satuated syenitic parent magma. Least-squares fltting
(Stormer & Nicholls 1978), using the bulk composition
(Table 3) and compositions of analyzed minslals
(Iable 1) in the nepheline syenite, shows that the
major-element composition of the nepheline-fiee
syenite can be produced by removing alkali feldspar,
nepheline, amphibole and aegirine from the nepheline
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syenite (Table 4). The calculated proportions of the
removed material are similar to those of observed
nepheline syenite lenses. Peralkaline granite composi-
tions can be produced from the syenite by removing
alkali feldspar, aegirine, biotite and fluorite a1d ldding
small amounts of quartz and amphibole (Iable 4).
Addition of amphibole could be explained by minor
cumulation, but addition of quartz suggests assimila-
tion of wallrocks or, possibly, metasomatism.

The high FeO(total) content (3.271.03Vo) content
of the Kipawa Syenite Complex is suggestive of
strongly peralkaline (pantelleritic) compositions and
inconsistent with the slightly to moderately peralkaline
values observed (cf Civetta et al. 1984, Macdonald
et al. 1987,Haris et al. 1986). The complex may have
lost alkalis owing to alkali metasomatism of the Red
Pine Chute and Kikwissi gneisso as evidenced by the
local occurrence of peralkaline compositions within
these generally peraluminous units. Such meta-
somatism could have taken place during original
emplacement (fenitization), or subsequent deforma-
tion. The contents of Sr and especially Ba are markedly
high for peralkaline rocks, which commonly contain
<50 ppm of both elements, but contents decrease
systematically and markedly from nepheline syenite to
syenite to peralkaline granite, suggesting that high
cotrlents of Sr and Ba were an original feature. There is
also a correlation between the concentration ofZ and
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Ftc. 10. Conelation of (a) (Na+K/Al with Z, (b) F with Ce, (c) Ta with Th, and (d) Zr wi0r Nb in the Kipawa Syenite complex.
The lines marked "Naivasha" in (c) and (d) show the trends found by Macdonald et al. (1987) for peralkaline rhyolite at
Naivasha.
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(Na + K)/Al and between that of the rare-earth
elements and F @g. l0), which may be relict from
magmatic processes. Although the range of composi-
tion within the Kipawa Syenite Complex can be
generally explained by fractionation, a number of
chemical features suggest that other processes have
occurred. Geochemical ratios that ,tre commonly
preserved in igneous peralkaline suites, such as NbZr,
TalTh @g. l0) and t q/f-u" (0.055-9.78) show great
variability. Normalized REE abundances not only vary
in absolute amount but also in shape of the pattern
(Fig. 11). Most of the strongly peralkaline granites are
depleted in light REE (LREE) by a factor of 1G-100,
a feature not observed in igneous suiteso where the
most differentiated rocks are relanvely LR4E-enriched.
These same rocks are enriched in Z and Hfby a factor
of l0 @g. l2), too much to be accounted for by
fractionation required to produce the bulk composi-
tions.

The marble and peralkaline amphibolite schist that
contain most of the rare minerals differ greatly from
the Kipawa Syenite Complex. The marble seems to be

essentially identical to metasedimentary marble in the
region, with addition of F and minor Fe (Iable 3).
Some agpaitic syenite complexes contain a late mafic-
mineral-rich phase very rjch n Zt and other incom-
patible elements (lujavrite, kakortokite: Ferguson
1970, S@rensen 1 974), but such rocks are low in Ca and
Mg, almost devoid of Sr and Ba, and contain sodic,
very iron-rich, mafic minerals. The eudialyte-rich
mafic rocks at Kipawa exhibit high concentrations of
Ca and Mg as well as Ca,/Mg values similar to those
typical of metasedimentary marble, Ba and Sr contents
similar to or higher than in the marble, Fe/(Fe+Mg) less
than 0.2, and Mg-rich mafic minerals some of which
are almost devoid of Na (e.g., diopside, Table 1).
Although the O{a+K/Al values are high (1.18-1.92),
these values are due more to low A1 contents than high
alkali contents. The rare-earth-element patterns and
extended normalized element plots resemble the
syenite in relative abundance and stong relative Nb, Sr
and Ti depletion @igs. lL, L2). These relations suggest
that the skarn-like rocks might be due to physical
mixing or assimilation involving peralkaline granite

(Na+K)iAl F (ppm)

Zr (ppm)
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and marble. Attempts to model this process by least-
squares calculation Clable 4) showed that a reasonable
fit could be obtained for major elements (sum of
squares of residuals 0.69), by assuming mixing
of 26.76vlt.Eo aveftgemarble with 54.80wl.Vo average
peralkaline granite (compositions from Table 3), and
adding 853Vo SiOr (quartz), 7.59Vo NaFeSirOu
(aegirine) and 2.317o F. (The CO2 originally in the
marble is assumed to be lost during this process.)
The addition of silica and aegirine shows the necessity
for fenitization-like metasomatism, as well as physical
mixing. Metasomatism also is required to explain
trace-element abundances, particularly of Be, Nb, F
and the REE, which cannot be explained by mixing.

The normalized REE patterns and extended trace-
element patterns for the Red Pine Chute and Kikwissi
gneiss show a strong resemblance to the syenite
patterns @gs. 11, 12), with only the trondhjemite
departing markedly. Since trondhjemite predominates
at distances greater than 2 km from the Kipawa Syenite
Complex, the data suggest that alkali and trace element
contents of granitic gneiss near the complex either have
been affected by emplacement of the complex, or were
derived from similar sources.
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The geochemical signature of the Kipawa Syenite
Complex suggests that it was origlnally an igneous
body, although the trace-element content, and probably
the alkati content, have been substantially modified
by post-igneous processes. The age of emplacement has
not been dated directly, but it postdates the 1247 Ma
age of emplacement of the host Red Pine Chute gneiss,
and predates the 1235 Ma age of the Sudbury dyke that
cuts hornblende granite, which in tum cuts the Kipawa
Syenite Complex. The age of emplacement is, there-
fore" constrained between about 1235 and 1245 Ma, tn
the same range as other peralkaline syenites along the
Grenville Front [Red Wine, 1337 Ma:- Gatdhr et al.
(1988), Flowers tuver, 1271 Ma: Hill (1981), Strange
Lake, 1244 Ma: Lumbers et al. (199L), Gardar
Province. 1160-1300 Ma: Blaxland et al (1978)1.
Mildly peralkaline syenitic (trachytic) compositions
can result from fractional crystallization of more mafic
compositions (for example, Mahood 1981), but the
volume of such differentiates is small compared to
more mafic compositions, and such differentiates

ftc. 11. Normalized rare-earth-element patterns for the Kipawa Syenite Complex and related units. Abundances are chondrite-
normalized with normalization factors from Sun & McDonough (1989). Sample numbers and descriptions are listed in
Appendix l.
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exhibit strong depletion of Eu (due to feldspar
fractionation) and sfiong LREE enrichment (due to
extreme fractionation). None of these phenomena are
observed in the Kipawa Syenite Complex, which
apparently lacks a mafic phase, has low (Lallu),
(0.055-9.78), and moderate Eu/Eu* (0.055-0.127).
Peralkaline felsic compositions can be obtained
directly by partial melting of metasomatized mantle
protoliths (Eby 1990) particularly those rich in F and
Cl (Manning 1981, Davies & Macdonald 1987). Both
nepheline-bearing and quartz-bearing rocks commonly
occur in such suites ffor example BlatcMord Lake
(Sinclair et al. L992), Red Wine (Curtis & Currie
1981), Gardar (Ferguson 1970)1, a well-known pefio-
logical conundrum (Cunie 1989), and an association
with mildly alkaline basaltic dykes may also occur
(Gardar: Ferguson 1970). Rock types associated with
tensional tectonics (regronal dyke-swarm, peralkaline
rocks) but showing geochemical characteristics
suggestive of orogenic origin (Nb, Sr and Ti depletion)
suggest late to post-orogenic emplacement. Because of
the deformation and remobilization of the Kipawa
Syenite Complex, more detailed statements on its
origrn are not presently possible. It cannot be stated
with certainty whether the complex represents
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deformed plutonic rocks, volcanic rocks, or both
together. Virtually no relics of igneous minerals have
been found. Despite a similar degree of metamorphism,
such evidence is abundant in the peralkaline Red Wine
igneous complex (Curtis & Currie 1981). Ifconcentra-
tions of rare minerals formed in the Kipawa Syenite
Complex during original crystallization, they have not
survived subsequent deformation and metamorphism.
A fenitization aureole may have been presen! as
suggested by local peralkaline compositions in the
enclosing gneiss, but this phenomenon may also be due
to later deformation and metasomatism.

The rare minerals presently observed associated
with the Kipawa Syenite Complex developed in alkali
metasomatized skarn, as shown by the chemical
composition of the host rocks and the persistence of
Na-poor diopside, Mg-rich amphibole and phlogopite.
Consideration of the regional lithostratigraphic succes-
sion and structure suggests that the host marble and
calc-silicate unit originally lay structurally below the
syenite complex and separated from it by a septum of
the Red Pine Chute gneiss, but has been juxtaposed
with the syenite by northwest-directed thrusting asso-
ciated with amFhibolite-grade metamorphism. The
presence of numerous rotated and deformed calc-
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FIG. 12. Element-abundance patlerns for Oe Kipawa Syenite Complex and related units, normalized to primitive mantle
abundaaces. Normalization factors are from Sun & McDonough (1989).
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silicate blocks, and complex flow structure within the
marble, suggest that it marls a ductile thrust surface
along which significant mechanical mixing has
occuned. Precise dating shows that the latest phase of
this process occurred 994 Ma ago. Deformation and
metamorphism induced mobilization of alkalis,
halogens, the REE, Zr, Nb, Be and other elements,
followed by their fixation in the calc-silicates. The
process resembled fenitization (Cunie & Ferguson
1971), and since alkali and halogen-rich brines
scavenge Z,r and REE from the surroundings flilatson
1979), much of the transport could have been due to
subsolidus circulation of fluids on fault planes.
Although such processes are incompletely understood,
depletion of LREE in the peralkaline granites could be
ascribed to greater stability of akallHREE fluorides
(Christiansen et al. 1983). However, evidence of
anatectic melting is ubiquitous in the Kipawa region,
and many of the rare minerals occur in undeformed
pegmatitic patches that surely forrned directly from a
magmatic fluid. Peralkaline granites have been
observed to intrude their surroundings on a small scale,
a relation requiring late to post-tectonic melting.
Development of the rare mineral locality, therefore,
was a complex process involving a combination
of metasomatism and anatectic melting, which
redistributed alkalis and trace elements on scales
ranging from a few meters to several kilometers.

The present knowledge regarding origin of the rare
minerals associated with the Kipawa Syenite Complex
may be summarized as follows. A peralkaline
complex was originally emplaced about 1240 Ma,
either as a pluton, as volcanic rocks, or as a
combination of both. Emplacement probably accom-
panied development of the Sudbury dyke swarm, and
postdated more extensive orogenic magmatism. Any
concentrations of rare minerals associated with
emplacement have not survived later deformation and
metamorphism. At about 995 MU ductile northwest-
directed thrusting under amphibolite-facies meta-
morphic conditions juxtaposed a marble and
calc-silicate unit with the syenite along a surface of
movement marked by mechanical mixing on a meter
scale. This juxtaposition was followed by metasomatic
reactions and anatectic melting in the presence of
F-rich brines. These processes produced not only the
spectacular rare minerals, but redistributed alkalis and
trace elements on scales varying from a few mgters to
several kilometers.
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