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RAPAKIVI AND RELATED GRANITOIDS OF THE NAIN PLUTONIC SUITE:
GEOCHEMISTRY. MINERAL ASSEMBLAGES AND FLUID EOUILIBRIA

RONALD F. EMSLIE aNo JOHN A.R. STIRLING

Geological Suwey of Canada, 601 Booth Street, Oftawa, Ontario KIA 0E8

AssrRAc"r

Granitoid rocks associated with massif anorthosites in the Nain Plutonic Suite (NPS) of central l,abrador display distinctive
characteristics in their mineral assemblages, mineral chemistry, and whole-rock chemistry. The principal granitoid plutons
of NPS, despite wide areal dispersion, are remarkably similar in major- and trace-element chemistry and display relatively
moderate degrees of differentiation. Estimated conditions of late-stage crystallization ranged from about 750o to 800'C, with

flO) 1 to 3 log units below FMQ buffer at a total pressure of 3.5 kbar. lnw fugacities of water, in tle range 250 to 900 bars,
estimated from biotite reactions, tend to reflect near-solidus upper limits for the magmas, because petrographic evidence
indicates tlat biotite bpically crystallized late. The composition of the magma, rich in Or relative to Ab components, seems
to have resulted from reduced activities of water during partial melting of the crustal sources. Chemical and physical properties
9f magmas and minerals are used to constrain est'mates of tle conditions tI, P, "(HzO), 

viscosity, cooling ratel under which
the partial melts initially formed and subsequently evolved and the nature of source materials and crustal residues. The classic
rapakivi texture of plagioclase-mantled perthite is prominent only in the Makhavinekh pluton which, however, is not
chemically or otherwise texturally or mineralogically unique. Physical conditions and processes attending emplacement and
crystallization were probably decisive factors in development of the texture. Extraction of large volumes of granitic partial
melt from the crust left geochemically depteted, hot residues of plagioclase - pyroxene granulite. These residues formed opti-
mal contaminants with which to derive anorthositic magmas through assimilation by contemporary proximal basic magma that
suppted the heat.

Keywords: rapakivi, anorthosite, rock chemistry, mineral chemistry, t€mperature, pressure, oxygen fugacity, water fugacity,
partial melting, crustal residues, Nain plutonic suite, Labrador.

SoMMens

Les roches granitiques associ6es aux anorthosites massives de la suite plutonique de Nain, dans la partie centrale du
Labrador, montrent des caractlres distinctifs en ce qui conceme les assemblages min6raux, 16 ghimis ds5 min6raux, et celle des
roches totales. Malgr6 leur large dispersion g6o$aphique, les principaux plutons granitiques de la suite sont remaxquablement
semblables par leurs teneurs en 6l6ments majeurs et en traces, et monftent un taux de diff6renciation relativement faible.
L'estimation des conditions de fin de cristallisation conduit tr des temp6ratures de 750o A 800'C et une fugacit€ d'oxygbne de
I d 3 unit6s logarithmiques en-dessous du tampon FMQ pour une pression totale de 350 MPa. Estim6es d'aprds les r6actions
imFliquant la biotite entrc 25 et 90 MPa, les faibles fugacitds d'eau doivent refl6ter les conditions maximales proches
du solidus des magmas, car les observations pdtrographiques indiquent que la biotite a cristallis6 tardivement. La composition
du fquide magmatique, riche en Or relativement h Ab, paralt r6sulter d'une activit6 r6duite de I'eau au cours de la fusion
partielle de sources crustales. Grdce aux propri6t6s sh'imiques et physiques des magmas et des min6raux, il est possible de
d6duire les valeurs limites pour estimer les conditions dans lesquelles les liquides de fusion partielle se sont form6s initiale-
ment, puis ont 6volu6, ainsi que la nature des mat6riaux sources et des r6sidus de fusion. La texture rapakivi classique du
feldspath mdsoperthitique enrob6 de plagioclase n'est importante que dans le pluton de Makhavinekh, qui, pax ailleurs, ne
montre pas de caractbres chimiques, p6trographiques ou mindralogiques sp6cifiques. Les conditions physiques et les processus
lors de la mise en place et de la cristallisation sont probablement des facteurs d6cisifs dans le d6veloppement de la texture.
L'extraction de grands volumes de liquide granitique par fusion partielle de la so0te conduit d former des r6sidus appauwis
et chauds de granulite i plagioclase - pyroxbne. Ces r6sidus constituent les meilleurs contaminants pour ddriver les magmas
anorthositiques i partir des magmas basiques contemporains et voisins.

(Iraduit par la R6daction)

Mots-cl€s: rapakivi, anorthosites, chimie des roches, chimie des min6raux, temp&ature, pression, fugacit6 d'oxygbne, fugacit6
d'eau, fusion partielle, r6sidu crustal, suite plutonique de Nain, Labrador.

* Geological Survey of Canada contribution number 27792. Contrlbution number 14 to the International Geological
Correlation hogram, hoject 315 on Rapakivi granites and related rocks.
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INrnoluclow

Granitoid intrusions closely associated with the
major anorthosite complexes of central and nortlern
Labrador have been recognized for some time as
having characteristics similar to classic rapakivi gran-
ite associations (Bridgwater & Windley 1973, Emslie
1978,199L, Anderson 1980, Ryan 1991). The presenr
paper summarizes recently obtained chemical data on
rocks and minerals for the larger $anitoid intrusions
associated with the Nain Plutonic Suite (MS).

Recent U-Pb (zircon) dating of rocks of the NPS
(Simmons et al. 1986, Simmons & Simmons 1987.
Ryan el al. 199L, Emslie & Loveridge 1.992) and.
major complexes of this type elsewhere (e.g., Wiborg
batholith, Finland: Vaasjoki et al. 199L, R6mii 1991;
rapakivi batholiths of southwestem Finland: Suominen
1991; Rogaland, southwestern Norway, Pasteels et al.
1979) has demonstrated the close and overlapping
ages of crystallization in associated basic, anorthositic,
and granitoid compositions. The mineralogy of the
granitoids, including the presence of pyroxenes and
fayalite in earlier-crystallized members of many
suites, points to relatively high temperahres of early
crystallization and water-poor magmas. This is in
accord with a close association with basic magmas
that acted as major sources of heat.

Three large granitoid bodies associated with the
NPS, the Umiakovik Lake batholith, the Makhavinekh
pluton, and the Notakwanon batholith are the principal
focus of this study; also included are some compara-
tive data from the Mistastin batholith. which is some
100 m.y. older but similar petrographically, chemi-
cally, and in rock associations. Emphasis in the pre-
sent study is placed on mineral assemblages and
compositions that bear most directly on derivation of
useful estimates of intensive variables T, P and fluid
compositions that prevailed during formation and
crystallization of the granitoid magmas.

The presence of fayalitic olivine with high-Ca and,
rarely, low-Ca pyroxenes, is common in many of the
granitoid associations with anorthositic rocks in
Labrador and elsewhere. Hornblende and biotite
stabilities increase relative to anhydrous mafic sili-
cates as water activities increase and temperature
declines in evolving granitic melts (Naney 1983,
Clemens et al. 1986,Puziewicz & Johannes 1990).
Many associations have biotite - hornblende in addi-
tion to olivine- and pyroxene-bearing facies, and
petrographic evidence of anhydrous ferromagnesian
minerals rimmsd by biotite and hornblende is com-
mon. The clear implication is that, as a general rule,
water activities rose as crystallization ef anhydrous
minerals proceeded. Orthopyroxene occurs sporadic-
ally in these granitoids, so they are only in part strictly
charnockitic. However, the lower-pressure equivalent
assemblage, fayalitic olivine + quartz, is widespread,
implying that pressures of crystallization slightly

below that required to stabilize ferrosilite relative
to fayalite + quafiz was the only important factor
preventing wider development of charnockites in the
strict sense.

Recent investigations (Nekvasil 1990, 1991, Stimac
& Wark 1992) have clarified some of the controls
leading to the development of a plagioclase mande on
K-feldspar to form the classic rapakivi texture. In the
Nain Plutonic Suite, only the Makhavinekh pluton
displays widespread mantling of perthite ovoids by
plagioclase, and geochemical and petrological reasons
are sought to explain this phenomenon.

The existence of penecontemporaneous basic and
granitic magmatism in NPS demands that greater
efforts be made to test petrogenetic models that relate
various members of the suite more rigorously.
Because the granitoid rocks comprise about half of the
outcrop area of NPS, the details of their genesis must
be intimately li::ked to that of other members of the
suite; aspects of that relationship are explored in this
paper.

Grolocy

The Nain Plutonic Suite is a prominent example of
widespread mid-Proterozoic Elsonian magmatism
in central Labrador. Early studies by Wheeler (1933,
L942,1955,1960) and later efforts in collaboration
with coworkers (S.A. Morse, D. deWaard, J.H. Berg
and many others), plus more recent investigations by
R.A. Wiebe and coworkers. have formed a solid basis
for the pursuit of a more detailed understanding of the
genesis and development of this remarkable igneous
complex.

The NPS intrudes the boundary region between
the Nain Province and the Churchill (Rae) hovince
to the west (Fig. l). Nd and Sr isotopic signatures
in basic igneous rocks of the NPS distinguish conta-
mination by older Archean rocks of the Nain
Province from tlat by late Archean and early Pro-
terozoic rocks of the Churchil l Province (e.g.,
Ashwal  et  a l .  1 ,988" Emsl ie & Thdr iaul t  1991.
Hamilton & Shirey 1992). Although the extent to
which the isotopic signatures in basic and anor-
thositic rocks may reflect effects of the Lthospheric
soruce, as opposed to subsequent processes of crustal
contamination, remains to be clarified, their potential
usefulness in constraining the operative igneous
processes is unquestioned.

Currently available U-Pb ages place the minimum
time-span of intrusion of the NPS from at least 1.29 to
1.32 Ga [see Emslie & Loveridge (L992) for a recent
reviewl. Although cross-cutting relations of
anorthositic by granitoid rocks ("adamellite'1 in the
terminology of Wheeler) were recognized by Wheeler
(1955) and subsequent investigators, showing that
granitoid rocks were at least in part younger, more
recent results of high-precision dating indicate that
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Frc. 1. Geological skerch map of central Labrador showing distribution of principal Elsonian intrusions. The Mugford and
Snyder Groups are early Proterozoic supracrustal sequences.
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granitic, basic, and anorthositic rocks overlap in ages
of crystallization. At present, the oldest published
U-Pb zircon ages are from granitoid rocks on the
western flanks of the NPS (Ryan er a/. 1991, Emslie
& Loveridge L99L, 1992).

U-Pb zircon dating of two distinct intrusive phases
of the Umiakovik Lake batholith yielded similar ages,
within experimental error, of about 1.32 Ga, inferred

to be the age of igneous crystallization (Emslie
& Loveridge 1992). This age is in good agreement
with the work of others in the central and soutlern
Nain complex using U-Pb systematics in zircon
and other isotopic systems, many recent determi-
nations lying between about 1.30 ard 1.32 Ga (e.9.,
Simmons et al. 1986. Simmons & Simmons 1987,
Rvan et al.199l\.
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The Umialcovik Inke batholith

Examination of most parts of the batholith in 1987
and 1989 yielded broad agreement with Wheeleros
(1969) indicated distribution of fayatte-, hornblende-,
and biotite-bearing facies. A zonal relationship exists
such that fayalite- and pyroxene-bearing facies
preferentially form a relatively broad zone adjacent
to the massif anorthosites to the east (Fig. 2); only
rare occurrences are present along the western
margin. Monzodiorite is present sporadically
only adjacent to anorthosite where, with increas-
ing amounts of perthite megacrysts, it grades into
(fayalite)-pyroxene quartz monzonite. Farther from
the anorthosite contact, fayalite and pyroxene become
rare or absent, and hornblende (typically poikilitic)

is the dominant mafic silicate, with only minor
biotite present. Biotite-rich facies lie distant from the
main anorthosite contact, the largest body of horn-
blende-biotite granite being in the vicinity
of Umiakovik Lake (Wheeler 1969, Emslie & Russell
1988).

Boundaries between fayalite-, pyroxene-, and horr-
blende-bearing varieties are commonly gradational
over substantial distances (tens to hundreds of
meters). Hornblende - biotite and biotite granites,
on the other hand, are clearly younger and locally
intrude fayalite- and pyroxene-bearing varieties as
dykes and sheets. Although ovoid perthite grains up
to 2 cm or more across are present in places, the man-
tled rapakivi texture is absent in the Umiakovik Lake
batholith.
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A whole-rock Rb-Sr isochron age of 1290 -r 37
Ma, Srt= 0.7096 -r 0.0013 (using an 87Rb decay con-
stant of 1.42 x l0-rl yrll has been reported (Taylor
1978) for granitic rocks of the Umiakovik Lake
batholith. This is some 30 Ma younger than recent
U-Pb (zircon) ages measured for the batholith
(Emslie & Loveridge L992), a result in accord with
protracted cooling in a crustal regime of high heat
flow, as also suggested by hornblende and biotite
ages from the batholith @mslie 1987).

The MaWtavinekhpluton

This igneous complex, recently described by Ryan
(1991), contains two gradational granitoid units that
appear to overlie anorthosite and associated ferro-
dioritic rocks that are exposed in the interior of the
pluton (Fig. 2). Adjacent to the anorthositic rocks, a
fayalite - augite - hornblende-bearing facies of quartz
monzonite grades distally into (biotite)-hornblende
granite. Some local evidence of mixing is present
between underlying ferrodiorite and overlying quartz
monzonite (Ryan 1991). Of the large granitoid plu-
tons within the Nain Plutonic Suite, only the
Makhavinekh pluton shows an abundant development
ofthe rapakivi texture (Ryan 1991).

The N ot ahu an on b atholith
(Notal<wanon - Voisey Bay)

This igneous association has been described by Hill
(1982).It is similar in many respects to the others, but
tends generally to be less coarse-grained, in part
porphyritic, more quartz-rich and has wider distri-
bution of fayalitic olivine. Units characterized as
granite, q:uartz monzonite, quartz syenite, and
porphyritic granite have been described by Hill. It is
older, but perhaps only slightly, than the peralkaline
granites of the Flowers River complex that intrude it
(Hill 1982).

The Mistastin batholith

This is the largest of the Elsonian granitoid
complexes in central Labrador (Frg. 1). It is dominated
by older pyroxene quartz monzonite intruded by
younger biotite - hornblende granite; a small body
of fayalite qtartz syenite intrudes the granite.
Crystallization of the batholith took place about
1.42 Ga ago based on U-Pb (zircon) dating (J.C.
Roddick, pers. comm., 1990), and thus significantly
predates the crystallization of at least some, and prob-
ably all, of fhe Nain complex. Mineral data from the
Mistastin batholith are considered here for compa-
rative purposes only.

Mnwner-ocv AND GEocrDNffsrRY

Analytical techniquzs

Rock powden were prepared from splits of samples
weighing 2 to 4 kg. Whole-rock chemical analyses
were performed by staff of the Analytical Chemistry
laboratories of the Geological Survey of Canada.
Concentrations of the major elements and the trace
elements Sr, Rb, Nb, Ba, Zr were determined
by wavelength-dispersion X-ray fluorescence (XRFI
techniques supplemented by rapid wet-chemical
methods. Trace-element analysis was performed by a
combination of wavelength-dispersion XRF methods
and by inductively coupled plasma combined with
emission spectroscopy (ICP-ES) on solutions
prepared from I g of sample. Concentrations of
the REE were determined by ICP-ES and inductively
coupled plasma combined with mass spectrometry
(ICP-MS) on solutions concentrated using an ion-
exchange resin.

Mineral analyses were caried out on a Cameca
SX-50 electron microprobe using wavelength-
dispersion techniques, with counting times of l0 to
20 seconds. The analytical conditions, 15 kV, with
sample currents 10 to 30 nA, were considered appro-
priate for the minerals analyzed. We used a variety
of natural and synthetic standards. Raw data were
corrected with the model of Pouchou & Pichoir
(1984). Lower beam-cunents and longer counting-
times were used to avoid volatilization of elements of
low atomic number. In the case of feldspars, a defo-
cused spot ofup to 15 pm was used where grain size
permitted. Oxygen concentrations were quantitatively
monitored as a check on analytical totals. The effects
of the carbon coating on intensity of the O peak was
overcome by coating the standard for O (quartz) along
witl the sample. Compositions of minerals obtained
by electron-microprobe analysis (Appendix 1) are
available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawao Ontario
KIA 0S2. The location of all samples analyzed is
recorded in Appendix 2.

Petrography

Mineral associations observed petrographically in
all of the granitoid plutonic bodies are remarkably
similar. Perthitic K-feldspar, plagioclase, and quartz
are essential minerals in all rocks except monzonites
and monzodiorites that lack quartz. Fayalite and
augite, locally accompanied by pigeonite or orthopy-
roxene or both, are typical ferromagnesian silicates of
the earlier members. Hornblende becomes gradually
more abundant, first as a rim and as flecks permeating
augite along cleavages, then as larger discrete grains
and plates that may exhibit relict kemels of pyroxene
or olivine at their core. Biotite typically displays
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evidence of late-stage grovrth, as poikilitic grains and
commonly as a fringe around ihnenite that could be
near-solidus or subsolidus in origin. Subequant to
rounded to drop-like quartz grains are common,
together with interstitial grains; quartz is rarely only
an interstitial mineral.

Accessory minerals also are similar in all groups.
Apatite and zircon are common, allanite less so, titan-
ite is very rare, and topaz is abundant in one late dyke
in the Umiakovik batholith. Ilmenite is almost invari-
ably the sole Fe-Ti oxide mineral. Fluorite is wide-
spread, but sporadic in occurrence.

Our petrographic examinations have revealed a
number of seemingly completely fresh samples from
the Umiakovik Lake and the Mistastin batholiths that
contain rare interstitial carbonate grains. These may be
products of primary igneous crystallization and, if
so, suggest a CO2 component among fluids dissolved
in the magmas.

The classic rapakivi or wiborgite texture of oligo-
clase-mantled perthite ovoids is widely developed
only in the Makhavinekh pluton (Ryan 1991) and in
the Mstastin batholith to the west (Emslie et al. 1980,
Taylor 1979). The great similarity in mineral assem-
blages in all of the large granitoid masses offers liftle
guidance toward explaining the presence or absence of
plagioclase mantling. Unmantled perthite ovoids
("pyterlites" in the Finnish literature) occur widely but
sporadically in many of tle granitoid bodies.

The mantling of anhydrous ferromagnesian silicates
by hydrous ones and the presence of more than one
generation of quartz and feldspars strongly suggest
lack of equilibrium at the hand-specimen level. This
creates difficulties in assessing which mineral equil-
ibria are appropriately applied to a given temperature
and pressure, a subject considered further below.

Rock chemistry

The major- and trace-element chemistry of the prin-
cipal felsic units of NPS is summarized in Table 1.
The major-element chemistry of all the granitoid
suites is remarkably similar and characterized by
enrichment in ferrous iron and in potassium, and
depletion in magnesium. With respect to strongly
fractionated late-orogenic, postorcgenic and anoro-
genic A-type gtanites, the trace elements Zr, Ba, Sr,
and F are relatively enriched, whereas Rb, the tran-
sit ion elements, and Cl are relatively depleted
(e.9., Emslie 1991).

The ratio of concentration of an incompatible to
that of a compatible element, such as K and Ti, respec-
tively, can be used as a measure of degree of fraction-
ation. The ratio I(lTi is high (>5) in these granites as
for most granitoid rocks. On the other hand, the ratio
I(/Ti is consistently very low (<2) in MS ferrodiorites
and monzodiorites. In Figure 3, tr?Ti is plotted against
the proportion of SiO2, TiO2, and CaO for the grani-
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FIc. 3. KlTi (wt7o) plotted against the oxides SiO2, CaO and TiO, for fwo rock groups of the NPS, the granitoids considered in
ttris paper and diorites (ferrodiorites and monzodiorites). In all plots, the dioritic rocks are tightly clustered at very low
WIi, whereas the granitoids show regular distribution over a large compositional range. Data for granitoids from Table 1,
for diorites from Wiebe & Wild (1983), Wiebe (1978) and Emslie (unpubl. data). Bars indicate one standard error of the
mean.
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toid rocks listed in Table I and several groups of
fenodiorites from the NPS; only the monzodiorite
group from Umiakovik batholith plots with the ferro-
diorites. A substantial compositional gap occurs
between the granitoid and fenodiorite groups for most
elements. Rocks of ferrodioritic to monzodioritic
composition are shown for comparison only and are
not specifically considered in detail in this paper. Note
in particular that except for one granitoid group,
the silica gap is between 52 and 66 weight Vo SiOr.
The composition with a I?Ti of 3.5 in Figure 3 repre-
sents monzonites from Notakwanon (Table 1), which
are likely feldspar-rich cumulates, not representative
of liquids. Although intimate physical and chemical
mingling and mixing between granitic and ferro-
dioritic rock compositions have been documented in
several NPS intrusions on a small scale by Wiebe and
coworkers (Wiebe 1980, Wiebe & Wild 1983), it does
not appear that mixing between magmas respectively
parental to these two rock types produced large
volumes of intermediate compositions. Although
responsible for spectacular effects, mixing between
granitic and ferrodioritic magmas may, in fact, have
been restricted to small volumes. The hyperbolic
distributions of Figure 3, although consistent with
mixing of two end members, are more likely to reflect
processes of crystal-liquid fractionation, particularly
within the granitoid compositions.

At present, inadequate sampling precludes esti-
mates of the composition of the pre-NPS crust in the
Nain region. Multi-element plots of trace elements in
the granitoid rocks are normalized to the composition

of post-Archean bulk continental crust (Wedepohl
1991) and shown in Figure 4. The three groupings
from bottom to top (north to south in geographic
distribution) correspond to greater degrees offraction-
ation, as indicated by increasingly negative M, Sr, Eu,
and Ti anomalies and somewhat higher levels of the
REE. T\e north-to-south increase in degree of frac-
tionation might be correlated with gradual change in
depth of erosion if, as inferred above, the common
smaller grain-size and porphyrit ic textures of
Notakwanon rocks reflect shallower depths of crystal-
lization. The granitoid subunits of the Umiakovik
batholith show relatively weak fractionation among
themselves; the monzodiorite group is chemically
distinct, displaying positive M and Ti anomalies as
well as a much smaller negative Sr anomaly and lo"i/er
concentrations of the I'REE (Fig.  ).

Chondrite-normalized REE patterns (Fig. 5) in
rocks of the Umiakovik batholith display increasing
REE concentrations and increasingly negative Eu
anomalies in the sequence pyroxene monzodiorite,
fayalite - pyroxene quartz monzonite, hornblende
quartz monzonite and biotite-hornblende granite. The
Makhavinekh rocks show a positive Eu anomaly in
fayalite facies rocks near the i:rner anorthositic core,
little or no Eu anomaly farther away, and an increas-
ingly negative Eu anomaly far from the core. This
distribution would be in accord with a vertically
differentiated ganitic sheet. The Notakwanon granites
have a greater level of LREE enichment than others,
coupled with a more strongly negative Eu anomaly.
The Voisey Bay granites are more like those of the

nb Bo lh u K Nb Lo ces| Nd Hfzrsm EuTl Gd Dyv Er Yb Lu

FIc. 4. Extended elemental plots for the principal granitoid
masses of the Nain Plutonic Suite. Data from Table 1.
Compositions are normalized to the post-Archean bulk
crust of Wedepohl (1991).

Lq CePr Nd SmEu GdTb DY Ho Er Tm Yb Lu

Frc. 5. Chondrite-normalized rare-earth element plots for
average compositions of Table 1. Chondrite values from
Evensen et al. (1978).
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Makhavinekh pluton than the Notakwanon batholith.
The persistent negative Eu anomaly in most granitoids
implies that residues of the source materials contained
a feldspar (presumably plagioclase) component.
The lack of abundant feldspar-rich cumulates among
the ganitoid compositions argues against the altema-
tive interpretation that early fractionation of feldspar
from the magmas caused the negative Eu anomalies,

Concentrations ofF and Cl in the whole rocks are
plotted in Figure 6. They exhibit a positive correlation.
The two groups of Notakwanon samples are relatively
low in Cl, unlike biotite and hornblende from
the rocks (see below). The Voisey Bay granites, how-
ever, are relatively Cl-rich, whereas those from
Makhavinekh are lowest in Cl.

Mineral chemistry

Guides to the composition of fluids in equilibrium
with the granitoid magmas can be gleaned from the
chemisny of such minerals as biotite, hornblende, and
apatite. In addition, the Fe-Ti oxide and silicate
assemblages place important redox restrictions on the
melts and fluids (e.g., Ftost et al. l988,Ltndsley et aI.
1990, Lindsley & Frost 1992, Frost & Lindsley 1992).
Fluid concenffations and redox conditions ars impor-
tant influences on degtees of partial mslling of the
sources, rheological properties of the magmas, and
the nature of the crystallizing assemblages.

Compositions of selected minerals are presented for
samples from the Umiakovik Lake batholith,
Makhavinekh pluton, Notakwanon batholith and
smaller granite plutons of NPS (Tables 2 to 9,
Appendix l). The distinctive mineral assemblages and
mineral chemistry of these middle Proterozoic granites
are shown below to be closely correlated with
observed and inferred compositions and concen-
trations of the fluid phase associated with the parental
magmas.

Measurement of the concentrations of oxygen
was carried out for most samples of biotite and
amphibole, and showed good correlation with calcu-

TABLE 2. REPRESENTATIVE COMPOS]TIONS OF OLJVINE

Uniakovik lrlakhavinekh l{otakranon Voisey

89-308 89-311 g)-324 90-?2A 90-263 90-2&. 89-110 89-117 89-119 89-125 90-191

sio2 30.64 29.63 A.g' A.29 30.16 n.Ao 29.33 29.33 30.?3 29.p, 29.01
FEO 68.54 &.16 67.09 6.40 68.24 61.50 8.22 58.56 68.88 8.61 67.01
f i id,  1.28 1.06 1.32 0.89 1.32 1.21 1.8 1.07 1,89 1.16 1.30
t{so 1.61 2.11 z. tA 1.69 1.21 1.6 1.26 1.9 0.z l  0.93 1.79
i t io 0.05 0.04 0.03 0.03 0.01 0.04 0.01 0.& 0.M 0.03
cao 0.04 0.04 0.03 0.06 0.07 0.07 0.10 0.06 0.07 0.13 0.10

Totat 102.20 99.04 100.60 98.:t6 101.01 100.28 100.15 100.20 101.50 100.7, 9.24

o 4
sl  1.00
to 1.88
titn 0.(B
l,lE 0'08
l l i  0.00
Ca 0.00

Totat 3.00

not%Fa 95.&i
notiFo 4.17

4 4
1.00 0.99
1.86 ',t.gl

0.03 0.04
0 . 1 1  0 . 1 2
0.00 0.00
0.00 0.00
3-00 3.02

94.63 93.92
,.77 6.08

L 4 4 4 4
1.00 1.00 1.00 0.99 0.99
1.89 1.90 ' .1.8t  1.rZ 1.92
0.03 0.04 0.0f 0.0:t 0.05
0.09 0.06 0.08 0.06 0.07
0.00 0.00 0.00 0.00 0.00
0.00 0,00 0.00 0.00 0.00
3.01 3.00 3.00 3.00 ! .01

95.6 96.93 9t.79 96.81 96.62
4.y 3.07 4.21 1.19 3. :n

4 4 4
1.01 1.00 0.98
1.r2 1.9 i2 1.90
0.05 0.03 0,04
0.01 0.05 0.09
0.00 0.00 0.00
0.00 0.00 0,00
2.99 3.00 3.01

99.40 97.6' 95.45
0.60 2.35 4.55
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lated stoichiometric O inferred ftom 24 O - (F+Cl).
Both small positive and negative deviations from
stoichiometric values occur, suggesting a lack
of systematic bias.

Olivine and pyroxenes

Fayalitic olivine is widely disributed in the grani-
toid rocks of the NPS. It is most abundant in the
hornblende- and biotite-poor rocks, but persists
as sporadic relict kernels, commonly enclosed by
grunerite, in some relatively hornblende- and biotite-
rich granitoids. Representative compositions of
olivine and the pyroxenes are presented in Tables 2
and 3, respectively.

Ferrous-iron-rich augite is distributed widely,
usually in association with fayalitic olivine. Less
commonly, ferrosilite and iron-rich pigeonite are
present in rocks that bear fenous-iron-rich augite
and fayalite. Pyroxene compositions are plotted

in Figure 7, in which comparison is made with
pyroxenes from ferrodiorites of the NPS.

Amphibole and biotite

Representative compositions of hornblende are
presented in Table 4, and of biotite, in Table 5.
The characteristic Fe-rich compositions of homblende
are exhibited in the plot of Fe/(Fe+Mg) versus total A1
(Fig. 8), and those of biotite, in a plot of Fe/@e+Mg)
versus lvAl (Fig. 9). Biotite and hornblende from
the Notakwanon batholith tend to lie toward the most
Fe-rich parts of the range, in accord with indications
of more evolved chemistry displayed in Figures 4
and 5.

The composition of biotite and, to a lesser extent,
of hornblende displays evidence to support the Fe-F
avoidance principle; however, as F decreases with
increasing Fe contents, it tends to be replaced
by increasing Cl rather than OH (Figs. 10a, b). This

TABLE 9. REPRESENTATIVE COMPOSMONS AND STRUCTUBAL FORMUISE
OF PYROXENES

ECaT
-54

EC89 ECm EC90 ECto EC89 EC89 EC90 EC90 EC89 EC90 EC90
-311 -228 -U2 -261 -110 -119 -105 -108 -308 '105 -219

50.25 49.55 47.A 49.31 48.14 48.58 47.W 49.A7 $.58 50.74 47.92 49.53
0.12 o,?3 0.38 0.30 0.23 0.37 0.03 0. ' t5 0.17 0.05 0.12 0.13
0.v 0.74 1.00 1.10 0.74 0.57 0.15 0.e 0.& 0.3 0.25 0.42
0.03 0.04 0.00 0.03 0.00 0.03 0.00 0.06 0.01 0.02 0.02 0.0: l
1.39 0.40 2.20 ' ,1.37 ?.35 0.39 2.55 1.91 3.90 0.00 0.00 1.10

19.40 25.01 26Ja 25.07 26.14 28.46 27.01 20.30 19.74 42.15 41.91 37.08
0.31 0.4 ' l  0.40 0.39 0.49 0.50 0.52 0,61 0.53 0.61 1. '19 0.88
0.04 0.06 0,00 0.03 0.00 0.01 0.00 0.04 0.05 0.02 0.01 0.01
7.61 4.41 2.r4 3.91 2.54 2.65 0.81 6.42 7.?1 '.% 7.13 11.35

20.51 20.01 19.27 20.v 19.78 18.71 20.81 20.51 18.71 0.60 0.95 o.tl
0.1? 0.09 0.24 0. . |5 0.73 0.16 0.32 0.23 0.A 0.08 0.01 0.6
0.01 0.01 0.01 0.00 0.02 0.00 0.0 ' l  0.01 0.01 0.01 0.01 0.00

100.56 100.96 99.56 1m.02 100.69 100.43 100.00 100.2 99.u 100.15 9.52 141.57

6.00 6.00 6.00 6,00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
1.96 1.97 1.94 1.Ct '1,95 1.98 1.97 1.96 1.95 2.07 1.99 1.97
0.04 0.03 0.05 0.05 0.04 0.02 0.01 0.03 0.03 0.00 0.01 0,02
2.00 2.00 1.99 2.00 1.9 2.00 1.98 1.9 1.96 2.07 2,00 1.99
0-00 0.0r  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.0 ' l  0.00
0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.04 0.01 0.07 0.04 0.07 0.01 0.08 0,06 0.12 0.00 0.00 0.03
0.63 o,&i 0.90 0.83 0.89 0.97 0.95 o.el 0.66 1.45 1.46 1.?3
o.ol  0.01 0.01 0.01 0.02 0.02 0.02 0,02 0.02 0.o2 0.04 0.03
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.44 0.26 0.15 0.A 0.15 0.16 0.05 0.38 0.63 0.33 0.44 0.67
0.86 0.85 0.85 0.86 0.85 0.81 0.r2 0.86 0.80 0.03 0.04 0.04
0.01 0.01 0.02 0.01 0.02 0.01 0,03 0,02 0.02 0.01 0.00 0.00
0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.00 2.00 2.01 2.00 2.01 2.00 2.02 2.01 2.04 1.87 2.00 2.01

0.60 0.76 0.86 0.79 0.86 0.86 0.95 0.& A.& 0.81 0.n 0.65
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Mgz otom 7"
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Ftc. 7. Pyroxene compositions from NPS granitoids plotted on the quadrilateral. For comparison, shaded areas enclose
pyroxetre compositions from ferrodiorites widely distributed in the NPS (unpubl. data of R.F.E.). A few tie-lines are
shown; the most magnesian pair is from monzodiorite from the Umiakovik batholith.

TABLE 4. REPRESENTATTVE OOMPOSMONS AND
STRUOTUFAL FORMUI.AE OF HORNBLENDE

TABLE 5. REPRESENTATTVE COMPOSMONg AND
STRUCTURIL FOFITIU|AE OF BIOITIE

EC@ EC89 EC90 EC90 ECgo ECE9 EC!9 EL90 Eg90-5@ -31t -253 -Z6t -m _ilo _fi9 -105 -108

sf02 42.t0 40. 39.62 40.05 40.05 41,91 tO.I5 4i.S5 40.32
il02 1.70 1.95 1.& 1.72 1.A t.68 1.6' t.85 1.72

A126 8.79 9.15 ,t0.19 8.tt 9.62 A31 6,95 9.20 8.84
$203 0.00 0.00 0.04 0.00 0.00 0.(E o.@ 0.03 0.0t

tdt 30.17 28.17 8.t6 3r.75 11.58 29.99 V.1O Z7.n U.ti
llro 0.21 0.4 0.'19 0.31 0.45 0.3i O,4O 0.50 0.25
llso 3.52 t.81 t.18 1.92 .1.29 3,55 0.60 5.ol 5.89
a(' 0.t0 0.10 0.09 0.10 - o.lt 0.21 0.r5 0.04
c€tt 10.62 10.35 10.82 10.59 10.6E ,to.3o io.2.l tO.& 10.19

xe20 1.56 0.71 1.A 1.& 1-79 1.a2 1.tt t.r i 1,tS
l€o 1.31 '1.5'l 1.60 1.t0 1.52 1.a I.A 1,m 1.4?
Hm 1.69 1.r8 1,6 1.60 1.6t 1.16 1.6t 1.7t 1.51

t 0.40 0,71 0.40 0,4, 0.35 0.o 0.t.1 o.23 0.58
cr 0.15 0.21 o.cr 0.17 0.19 0.19 0.47 0,11 0.3

eF 0,17 0.30 0.17 0.17 0,15 0.25 0.05 o.1o 0.24
@cr 0.(E 0.05 0.0,1 0.04 0,04 0.04 0.11 o.O2 o.O7

Iotqt t02.12 98.98 98.98 99.82 100.14 100.A n.71 100.80 98.69

o a.oo 22.@ 22.@ 22.00 22.00 ?2.@ 2,@ 2,.N U.OO
sftv 6.60 6.57 6.40 6.5t 6.50 6,65 6.6s 6.52 6.47
Auv 1.40 1.43 1.60 1.47 1.50 r.!5 ,t.!1 1.48 1.53

I Blte E.oll 8.00 8.00 8.00 8.00 8.00 8.00 8,00 8.00
Arvt 0.2, 0.30 0.t6 0.14 0.34 0.20 o.u 0.2. 0.15

rl 0.20 0.24 0.17 0.2't 0.15 0.20 0.21 o.A 0.21
Cr 0.00 0,00 0,01 0.00 ,00 0.(X| O.@ 0.OO O.(F
rs 0.84 0.91 O.V 0.47 O.!1 0.a4 0.15 ,t.17 ,t,41

Fe?N 3,76 3.55 3,6E 4,$ 4,A t.n 4.60 ,.tg 3.24
I'11,2,! 5.00 5.00 5.00 5.00 S.0O 5.r!l 5.00 5.@ 5.('0

r€2r 0.20 0.24 0.t6 0.15 0.08 o,23 0.11 0.m 0.21
zn 0.0t 0.01 0.01 0,01 0.00 0,01 0.0t 0.02 0.00
in 0.03 0.(E o.ct 0.04 0,06 0,05 0.06 o.o4 0,03
ca 1.76 '1.72 1.& ,t.80 1.85 1.71 i.St 1.ZS 1.8

il4 slte 2.00 2,00 2.AO 2.@ Z.m e.00 2.00 2.Oo A.(n
c€ 0.02 0.06 0.07 0.05 0.00 0.04 0.00 0.02 O.,lt
xe 0.49 0.22 0.& 0.52 0.56 O.4l 0.52 0.43 0.45
K 0.26 o.t1 0.3 0.29 0,!1 0.a o.z? o.?4 0.30

A slto 0.76 0.59 0.$ 0.86 0.87 0.ZO O.a' O.t5 0.86
oil 1.76 1.t8 1.79 1,74 l.V 1.65 1.81 1.A6 1.62
r 0.20 0.36 0.20 0.21 0.18 o.3o 0.r,6 o.ri 0.a

cl 0.04 0.06 0.01 0.05 0.05 0.05 0.13 o.o3 0.09

At r  1 .& ,  1 ,V  1 .98  1 .61  1 .84  t .55  1 ,4  1 .m 1 .6?
rvF€.{'lg 0.89 0.81 o,At 0.90 O.Ct O,8B O.yt 0.75 0.71

iot6! Strctrat fo@I,€e calfll€ted m the basls of 24 O,Ott.F,Ct.

EC89 EC89 EC87 ECS' ECt9 Es90 EC89 EC89 EC90
-t24 -311 -ll9 -1r?A -221 -187 -117 -128 -t06

sl02 34.79 15.06 3.89 lE.:i8 3?.60 13.72 t3.3t 3.& 14.55
il02 3.05 3,39 2.9 O.2A 3.71 3.12 3.40 3,?9 5.80

At20l 12.87 12.6 12.32 22.50 12,81 12.91 11.20 11.n 12.7t
cr2dl 0.01 0,06 0.@ 0.01 0.03 0.06 0.00 0.01 0.@

t6 8, 29.e. 32.9 22.1t y.71 t3.63 y.76 37,10 A.r1
f,lro 0.10 0,08 0.25 0.72 0.27 0.25 0.06 0.15 0.15
w 6.67 5.r2 4.U O.1a 1.91 2.8 2.9 0.70 4.48
Balt 0.07 0.t6 - 0.13 0.06 0.35 0.39 0,44 0.07 0.28
cdr 0.03 0.03 0.06 0.00 0.15 0.06 o.ql 0.@ 0.06

xeo 0,04 0.05 0.07 0.12 0,08 0.0t o.tE 0.c' 0.,16
t@ 9.81 9.01 8.56 10.11 9.O2 8.62 9,@ 9.4! 9.01
H& t,8 2.91 3.U 1.8,t 3.46 3.41 2.96 t,21 3.50

r 1.02 1.m 1.1A 4.* 0.18 0.23 0.68 0.25 0.42
ct 0.ct 0.04 0.20 0.07 0.8 0.48 1.15 0.93 0.14

t'.t 0.43 0.72 0.5O 1.8:t 0.(8 0.10 0.29 O.ll 0.18
o.ct 0.0t 0.01 0.05 O.O2 0.06 0.11 0.26 0.21 0.4

Tot€t 100.24 100.!5 98.69 99,06 99.45 9t.r2 99.45 i00.55 101t.60

o 20.00 20.00 20.@ 20.00 20.00 20.00 m.00 m.00 20.00
sftv 5.56 5.60 5,60 5.90 5.44 5.57 5.60 '.6t 5.51
AilV 2.43 2.40 2.40 2.10 2.52 2.43 2.2, 2,9 2.t0
rltv 0.01 0.00 0.01 0.00 0.04 0.00 0.18 0.02 0.09

T slte 8.00 8.00 8.(m 8.00 8,00 8.00 8.00 8.00 8.00
Atvr 0.00 0.02 0.00 1.98 0.00 0.08 0,00 0.00 0.00
fity 0.:t6 0.41 0.35 0.03 0.44 0.39 0.25 0.!9 0.60

cf o.lD 0.01 0.00 0.00 0.00 o.o1 0.00 0.@ 0.@
ro?+ 3.87 3. 4.47 2.85 4.85 4.& 4.A 5.18 3.94
ntzi 0.01 0.01 0,0r 0.09 0,04 0.(E 0.01 0.02 0.02

ifs 1.39 1.11 1.o7 o,O4 0.47 0.69 0.71 0.17 1.06
o sftE t.84 5.84 5.92 4,99 5.&t 5.E4 5.95 5,V 5.63

86 0.00 0.01 0.01 0,00 0.02 0.0:l 0.0t 0,00 0.@
ca 0.00 0.00 0.01 0.00 0.08 0.01 0.00 0.00 0.01
la 0.0'l 0,02 0,02 0.04 0.03 0.02 0.03 0.01 0.05
r  2 .00  1 .v  1 .&  2 .42  1 ,92  1 ,84  1 .95  2 .01  1 .8

A ofte 2.O2 1.47 1.9 2.6 2,00 1.87 2.00 2.@, 1.91
on 3.44 3.1l 3.:[ '  1.87 l.tB 3.?! 1,31 t,61 t.E
F 0.52 0.86 0.6A 2.11 0.10 0.12 0.:16 0.13 0.2.1

ct 0.01 0.01 0.06 0.02 0.07 0.l] o.tl 0.26 0.04

re./tetf'fs 0,71 O,74 0,81 0.99 0.t1 0,87 0.87 0.97 O.V)

llot6: Str@tur€l fo@tss @lqlatrd on th6 b68ls of 24 O,OX.F,CI.
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Frc. 9. Fe/(Fe+Mg) versrr ryAl (p€r 24 O,OH,F,C1) in biotite
from granitoids of NPS. Low Fe/(Fe+Mg) samples are
from dioritic rocks.

Ftc. 8. Fe/(Fe+Mg) versus total Al (per 24 O,OH,F,CI)
in hornblende from granitoids of NPS. Samples lowest in
Fe/(Fe+Mg) are from dioritic rocks. One sample of
grunerite from Umialovik is plotted (lowest Al, from
Appendix 1).
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Ftc. 10a. Concentration of F and Cl versus total Fe in
hornblende from NPS granitoids. Fe on the basis of
24 O,OH,F,CI, and F and Cl on the basis of 2 OH"F,CI.
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and F and Cl on the basis of 4 OH,F,CI. Symbols as
in Fig. l0a.



TTIE NAIN PLUTOMC SUrIE

implies that fluids in equilibrium with the magmas t,o
were indeed water-deficient, as supported by other
lines of evidence discussed below. The observed rela-
tionship in which Cl substitution is preferred by Fe- so
rich compositions has been discussed by Munoz t 0.8
& Swenson (1981) and Volfinger et al. (1985). 5

The distribution of F and Cl in biotite and horn-
blende is, for the most part, regular. The plot of wtvo F
in hornblende versus wt%o F in biotite (Fig. 11)
suggests nonlinear partitioning; at higher levels of F,
biotite tends to incorporale F more readily than horn-
blende, whereas at lower levels of F, the opposite
condition applies. A similar effect is indicaled for Cl
distribution between hornblende and biotite (Frg. 12).
The highest levels of Cl are present in biotite and
hornblende from the Notakwanon and Voisey Bay -
Zoar granites. One pair, with about 0.5 wtTo Cl in
hornblende and negligible amounts in biotite, is from
monzodiorite of the Umiakovik Lake batholith. and
seems anomalous. F/Cl ratios in biotite and horn-
blende are displayed in Figure 13 and clearly suggest
partitioning such that F/Cl in biotite increases much
more rapidly than F/Cl in hornblende, especially at
ratios above about 2. Although biotite and homblende
crystallized together for extended intervals, petro-
graphic evidence indicates that homblende was more
abundant at the earlier stages, and biotite became

+ -f--

. r l

I Tt|- -r
tl- il | -.'-
l l  F t -  * ' '  |  '
" t  ' t - r

tG l*  - -+- '

i ,  |  '  I
, +  I
a . t  It - r, {

833

C)
o
C
o
-o
C
o
c
C

u-

1 . 61 ,2

F ln blotlte wto6

FIc. 11. WtTo F in homblende versus wtVo F in coexisting
biotite from NPS granitoids. Bars indicate one standard
error of the mean for averaged analyses (most are aver-
ages of four spot analyses).
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Frc. 12. Wttlo Cl in homblende versus wtVo Cl in coexisting biotite from NPS granitoids.
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offour spot analyses). Outlying samFles are identified.
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. i .
l i . o '

t

. Umlok
EC89-3t I

F/Cl blotlte wt%

Flo. 13. WtVo FlCI in homblende versus wtVo F/Cl in coex-
isting biotite from NPS granitoids. One apparently anom-
alous sample from the Umiakovik batholith is identified.

dominant later. The observed differences in F/Cl in the
two minerals may relate to progressive concentration
of F relative to Cl in more fractionated magmas. One
outlying pair in Figure 13 has a very high F/Cl value

TABLE 7. REPRESENTATIVE COMPOgMONS AND
ETHUOTURAL FORIJ|ULAE OF II"i'ENITE

t&d€kovlk lit€khovlrek {otalxaM Dog lalqd

is
3
o
C
o

!

C

o
E

-
L

89-311 90-228 A7-19 m-2f'.90-264 89-tl0 89-119 90'105 90-108

stoz 0,00 0.$ o.o2 0.00 0.m 0,00 0.00 0.00 0.00
rlo2 50.57 t9.& 49,a1 51.04 51,48 49.V 50.11 50.57 50'16

A[2DB 0.04 0.04 0.04 0.04 0.06 0.04 0,04 0.114 0.04
cfzot 0.09 0.01 0.00 0.03 0.03 0.00 0'00 o.lE 0.01

reo 44.9J 47.fi 47.21 rA. 47.g !€.X 46'52 4a.51 47.&
l,lr€ 0.53 o.r8 1.46 0.58 0.85 0,66 1.78 0.El 1.19
ilso 0.05 0.oE o.o! 0.08 0.6 0'03 0.oZ 0.ll 0.03
cao 0.01 0.04 O,O3 0.04 0.01 0.(E 0.0'l 0.03 0.01

totat 98.22 98.47 9A'60 1N.76 gr.U 98.& 98.48 1AA.12 9.4

o 3.00 3.m a.@ !.@ !.00 5.00 1.00 1.00 3.u,
st 0.00 0.00 0.00 0.00 0.00 0.00 0'00 0.00 0.0t)
fi 0.98 0.96 0.96 0.96 0.9E 0,95 0.96 0.96 0.r5
At o.oo o.oo 0.oo 0.00 0.@ 0.00 0.00 0.00 0.00
cr O.O0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

rE3' O.O4 0.08 0.08 0.08 0.04 0.09 0,07 0.119 0.@
Fsz+ 0,96 0.94 0.92 0.94 0.96 0'94 0.92 0. 0.92

rn 0.Ol 0.01 o.Ct 0.01 0.02 0.01 0.04 0.02 0.0:t
rg 0.@ o.o0 0.00 0.00 0.00 0.@ 0.@ 0.@ 0.01
ca 0,OO 0.00 0.00 0.00 0.00 0.00 0.@ 0.00 0.00

catt@ 2.00 2.@ 2.00 2.00 2.00 2.00 2.00 2.@ 2.00

xhd 0.02 o.o4 o.tx 0.04 0.04 0.05 0.04 0.04 0.05
xltE 0.98 0. 0,96 0.96 0.96 0.95 0'96 0.96 0.95

Itote! F€&r @lcutotdd fr@ charuB batsEo 6rd atolchl@try.

in biotite; the sample is from the Umiakovik batholith
and seems anomalous.

Feldspars

Some rocks contain only perthite, but the more
common assemblage consists of plagioclase (oligo-
clase to andesine) plus perthite. Plagioclase mantles on
perthite ovoids in the Makhavinekh pluton consist

403020l 0

TABLE 8. REPRESENTATTVE COMPOSMONS AND STFI'OTUFAL FORMULAE OF FELDSPAR

a7-r4 w-31',1 98-111 90-A fi-262 m-ze, 90-?6! 90-26! 8t-110 89''ll0 8t'119 89'119 90-t03 m-t@
ksp€. pt€g kspar pt€g Ptag kspar ptsf tspdr ptag k9!dr ptg ksp€r ptag kaPar

sr@ 61.9! 59.?5 6:t.60 60.86 58.19 62.3 58.(ts 61.9E 66.02 9.74 6.75 63,20 61.01 60.A
At203 18,01 z4,t6 18.52 24.& 25.AA $.63 A.A la.E n.v 19,t|6 19.14 17.67 8.67 20.94

reo O.os 0.15 1.03 0.?4 o.l5 0.04 o,zt 0'12 0.48 0.18 o.17 o.17 0.26 0'15
c8 o.z9 6.42 0,O7 6.44 7.14 0.20 6.60 0.06 4.02 0.35 0.52 0.01 5.!6 3.15

t{a2o 1.'17 7.80 2.3 8.tr 7.9 1.32 7.7A 1.r4 9.11 4.64 11.V 1.56 8.49 5.58
no $.45 0.29 13.73 0.r9 0.4r 15.56 o.3? 14.93 0.48 10.41 0-'t4 16.& 0.31 6.47
Bao 1.25 0.06 0.5? O.OZ 0.00 t.18 0.06 0.86 0-21 0.68 0.06 0.4 0.03 0.5'l
sdr o.ol o.o2 o.o1 o.o7 0.05 0,06 0.05 0.02 0.00 o.lt{ 0.02 0.01 0.02 0,07

rotit 9.'f9 9.45 9.9 100.57 98.30 99'37 97.r$ 97.63 9,-,5 100.10 98.57 9''50 9,'15 97'14

sf 11.78 10.72 11.82 10.79 10.r9 n.n fi '67 11.9 1',|.2. 11-8B '11.90 '11.89 10.95 11''
At 4.04 5.28 4.06 5.15 5.36 4.14 '.26 4.6 4.71 4.11 4-02 3.r2 5.01 4.62

Fea' 0.ol o,o2 0.16 0.04 o.oz 0.01 0.6 0.02 0.07 0,0! 0.02 o.ct 0.04 0.02
c€ 0.06 1.8 O.Ol 1.?2 l.ag o.& 1.30 0-01 0-v 0.07 0.10 0,00 l ' tB 0'6s
na 0.43 2.71 0.85 2.79 2.60 O.4a Z.V o.57 3.14 1.& 4.o7 0.57 2' z'Ot
(. 3.9 0.07 3.?A O.O4 o.1o !.75 o.O9 3.64 0.11 2.43 0.03 4.00 0.07 1.5'

8€ O.O, 0.00 0.04 0.00 O.O0 0.09 0.00 0.1t6 0-01 0.05 0.00 0.02 0.00 0.04
s. o.oo 0.00 o.@ 0.01 o.oo 0.01 o.o'l 0.00 0.@ 0.00 0.00 0'00 0.00 0'01

rot6t 20,40 20.w zo.zo zo.u 20.6 20.8 20.1t m.72 20.05 20.16 Zo.',l4 20'43 20.06 20.19
o 32.00 !2.00 32.00 !2.00 32.@ 32,@ 12.00 32.00 32.@ 32.00 12.00 32.00 l?,00 32.00

@tgAb 9.64 67.61 20.6t 68,?a 68.60 11.32 rf'61 13.49 7Z.A 39.71 96'& 12.t8 72'At $'24
mtlor 89.02 1.6 O.o3 1.07 2.3 A7.75 2.10 U.23 2.72 *.& O.7a A7.46 1.V 36'W
@tZAn 1.U rc.?4 O.t4 30.15 34.07 o.ti 31. 0.27 19.05 1.6 2.35 0.06 25.t4 14.97

llot€! n s nu6or of amllas qverogsd.
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of sodic oligoclase. Representative compositions
of feldspars are shown in Table 6.

Ilmenite

Ilmenite is the sole Fe-Ti oxide mineral present in
nearly all of the granitoid samples examined. It is also
consistently poor in the hematite component.
Representative compositions of ilmenite are presented
in Table 7.

Apatite

Apatite is one of fhe most widespread and abundant
accessory minerals in the NPS granitoid rocks.

Representative compositions are given in Table 8.
A plot of concentration of Ce in apattte versus that in
the host rock @g. 14) shows a strong correlation in
exponential-l ike form. Because PrO, generally
decreases in more evolved, SiO2-rich, and Ce-rich
granitoid subunits (Table l), it is fuferred that rocks
richer in LREE contun minerals other than apatite that
are rich in LREE. This could result if other LREE-
enriched accessory minerals (allanite? fluorite?)
became more common in LREE-rich granites
or if apatite crystallized in diminished abundance as
the LREE became concentrated in tld more evolved
liquids. The implication is that apatite carries a higher
proportion of whole-rock LREE n less-evolved grani-
toids than in the more evolved Eranitoids.

TABLE 8. REPRESENTANVE COMFOSMOM' AND STRUCTURAL FORMULAE
OFAPATTE

tlniakovlk ilalhavin€kA lotakm Dog ls.

89-3J1

stoz 0.45
rco 0.09
rr0 0.03
cao 54.46
sm o.07
P205 40.05
La20t 0.15
cezof, 0,6E
xd20:t 0.27
@3 0.06
Elo 0,03
ceo3 0.03
Dy203 0.05
Er203 0.01
F a.a7
cl  0.02
osI,ct 1.63
Totsl 98.88

89-323 89-323 89-324
rlm core
1.42 1.O7 1.39
0,01 0.@ 0.00
0.03 0,03 0.03

52.01 '3.6 5!.?0
0.00 0.05 0.00

t7-a3 39.A 38.56
0.84 0.55 0.7t
2.01 1.?3 1.52
0.m 0.54 0.70
0.20 0.12 0.16
0.06 0.07 0.04
0 ,16  0 .10  0 .17
0.11 0.07 0.08
0.03 0.00 0.02
3,52 3.82 a.A
0.01 0.01 0.02
1.48 1.61 1.39

98.06 98.94 98.54

89-35 87-119 89-29 A9-8 @410 @-125 90-1n
lo-REE hl-REE

2.67 t . t1 2.52 1,60 10.65
0.08 0.06 0.00 0.05 0.00
0.03 0.0:t 0.0t 0.03 0.@

51-]6 53.17 50.13 52.68 :t4.F
0.00 0.02 0.00 0.02 0.00

3.09 18.88 36.32 38.04 20.5E
1.02 0.36 t.rl 0.8? 5.ta
2.31 0.80 2.7E 1.85 11.65
1.18 0.45 1.25 0-r2 4.A
0.32 0.15 0.32 0.22 1.09
0.10 0.04 0.10 0.07 0.28
0.t2 0,10 0.29 0.u 0.86
0.21 0. ' t1 0.15 0.14 0.60
0.02 0.01 0.00 0.02 0.07
3-93 3.67 3.& 3.76 2.98
0.06 0.02 0,01 0.0e 0.15
1-67 1.55 1,63 1.59 1.79

98.03 97.43 97.tA .n U2.12

12 t0

0.81
0,04
0,03

54.tt
0.05

39.C2
0,41
o.94
o.47
o .12
0.0t
0 .12
0.08
0.03
t.42,
0,01
1 .61

99.51

o.71
0 .10
0.05

54.50
0,05

t9.&
0.45
0.9t
0.41
0.09
0.06
0 .10
0.05
0.01
3.34
0.05
1.42

9.27

13

st 0.08 0.32 0.r9
Fez* 0.01 0.00 0.00

r.rn 0.01 0.01 0.01
Cs 10.06 9.82 9.97
sf  0.01 0.00 0.00
P 5.85 5.65 5.76

La3+ 0.02 0.05 0.04
ce'| 0.04 0.13 0.08
ll€+ 0.02 0.06 o.ct
SnSr 0.00 0.01 0.01
Eu2+ 0.00 0.00 0,00
cdr 0.00 0.01 0.01
Dy:tr 0.00 0.01 0.00
Er3e 0.00 0.00 0.00

tot€t  16.10 16.07 16.10
o 25.00 ?5.00 25.00
F  ? .11  1 .96  zJA

ct 0.01 0.00 0.00
ol 0.00 0.0r 0.00

o.z4 0.14 0.48 0.19
0.00 0.01 0.01 0.01
0.01 0.01 0.01 0.01
9.94 10.01 9.U 9.%
0.00 0.00 0.00 0.00
5.70 5.80 5.46 5.V
0.05 0.0r 0.07 0.02
0.10 0.06 0. ' t5 0.05
0.04 0.01 0.08 0.03
0.01 0.01 0.02 0.01
0.00 0.00 0,01 0-00
0.01 0.01 0.02 0.01
0.00 0.00 0.01 0.0'l
0.00 0.00 0.00 0.00

16.10 16.11 16.16 16.09
?5.00 5.00 25,00 25.00
1.42 e.08 2.&. 2.03
0,01 0.00 0.02 0.01
0.18 0.00 0.00 0.00

0.45 0.4
0.00 0.01
0.01 0.0't
9.66 9.90
0.00 0.00
5.5t 5.65
0.09 0.05
0.18 0.12
0.@ 0.06
0.02 0.01
0.01 0.00
0.02 0.0'l
0.01 0.01
0,00 0.00

16.06 16,11
25.00 e5.00
2.20 2.09
0.00 0.01
0.00 0.00

2.32 0-12
0.00 0.01
0,02 0.01
7.9 10.4
0.00 0.01
3.W 5.80
o.44 0.03
0.93 0.06
0.!5 0.03
0.0E 0.01
0.02 0.00
0.06 0.01
0.04 0.00
0.00 0.00

16.05 16. t3
25.00 25.00
2.O5 1.4
0.06 0.01
0.00 0.17

llot6: torB.ltse calculsted on the baele of 25 o. For supte Ec89-229,
to-REE atrd hi.REE refar to apparent separate poFtlatlo6.
Saryte EC89-125 my ba a n€d€r ol tho bfithol,lto seris.
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Frc. I{.\,ttVo Ce in apatite versus mean vl%o Ce in rock unit
(from Table l). Bars indicate one standard errot of
the mean.

Apatite from all of the granites approaches fluorap-
atite; it contains a negligible amount of Cl and only
a small amount of OH, a condition that may reflect
stuctural controls (Hughes et aI. 1989) rather than the
composition of the fluid dissolved in the melt (e.9.,
Boudreau & McCallum 1989). In addition, the F-con-
lents of some samples are unusually high (>3.8 fiTo,
the concentration in pure fluorapatite), implying either
F substitution in other than (OH) sites or a possible
analltical problem, such as a change in peak shape
between the standard (I-iD and the sample.

Apatiie compositions plotted in Figure 15 are consis-
tent with LREE+ coupled with Sie substituting for
(C*+ + F+) as described from the Ilimaussaq intrusion
by Rpnsbo (1989). Sample EC89-125 from the
Notokwanon batholith displays an exfteme example of
this substitution, and may be the mineral britholite.

Intensive variables

Estimates of T, P,./(HzO), andflO) are possible
at different stages of evolution of Ote granitoid mag-
mas using mineral chemical data, together with some
assumptions. It is clear that, for the most part, spot
analyses of pyroxene and feldspar compositions repre-
sent results of subsolidus equilibration, in accord wittr
coarse grain-sizes and expected slow cooling of
the rocks.

Tempe rature s anl. pres s ure s

Pressure estimates for the terrane were made by
Berg (1977, revised 1'979) on contact-metamorphic
mineral assemblages over a broad region around and
near the NPS. These suggest pressures of 3'5 t 1 kbar
for final crystallization for most or all of the NPS. The
southernmost part of NPS, including the Notakwanon
batholith, is in large part fine to medium grained
and porphyritic (Hill 1982), suggesting it may repre-
sent somewhat shallower crystallization than the more
northerly bodies.

Petrographic features of most NPS granitoids imFly
that crystallization took place over a range of tempera-
tures and pressrues prior to final emplacement. For
example, the assemblage fayalite - augite - quartz
occurs widely in all of these granitoid batholiths,
whereas fayalite - ferrosilite - qrartz is much more
restricted. This is consistent with rapid expansion
ofthe Fe-rich pyroxene "forbidden zone" at pressures
below about 5 kbar (Lindsley 1983). These Fe-rich
olivine- and pyroxene-bearing assemblages are
pressure-sensitive (Smith L971, 1974, Lindsley 1983,
Bohlen et al. 1980. Koch-Miiller et al. t992),but
evidence is usually equivocal as to whether the
igneous assemblage reached equilibrium at the final
level of intrusion rather than at some preceding deeper
stage. Using the data of Koch-Miiller et al. (1992) atd
assuming temperatures of 700oC for equilibration,
maximum pressnres in excess of 5.1 kbar are calcul-
ated for the Fe-rich olivine - quartz assemblages
(higher pressures are salculated ifhigher temperatures
are assumed). Using the same data, orthopyroxene -
quartz assemblages indicate minimum pressures rang-
ing from 2.2 to 6.2 kbar; the presence of Ca and sub-

EC80-125
o, brftholFe ?

8.00 10.00 12.00 14.00 16.00 t8,@

Co2* + P6*

Frc. 15. Plot of /,REE + SiA versus C*+ + Ps in apatite from
NPS ganitoids. All cations on a 25-oxygen basis. The
single isolated, collinear sample is EC89-125 from
Notakwanon batholith and may be a member of the
britholite series. Slmbols as in Figure 10a.
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$tantial Mn in some compositions of orthopyroxene
should tend to overestimate pressures. However,
temperatures of equilibration for pyroxene- and
olivine-bearing assemblages were likely above 700oC,
perhaps by 100'C or more, which points to higher
pressures of equilibration. Relict equilibrations
at higher T and P, reflecting conditions at the source
region or during pre-emplacement ponding of magrnao
cannot be discounted, especially in view ofthe ubiqui-
tous petrographic evidence that these anhydrous
assemblages preceded homblende- and biotite-bearinq
assemblages.

Pigeonite (inverted) is common in monzodiorites
of the Umiakovik batholith, commonly in association
with augite and ferrosilite. Inverted pigeonite also
occurs sporadically in fayalite - pyroxene quartz mon-
zonite at Umiakovik, Dog Island and elsewhere.
Lindsley (1983) estimated 825"C as the lowest tempe-
rature of stability of pigeonite; this temperature can
be lowered slightly by the Mn that is present in the
p)noxene, but is,raised by about 8.5oC per kbar. These
latter effects tend to cancel each other in the NPS
granitoids, implying that temperatures of at least
825'C applied to the earlier history of crystallization
of the NPS granitoid magmas.

A test of the estimated regional pressures of crystal-
lization was attempted using hornblende geobarometry
(for a recent assessment, see Ghent et al. 1991).
The required assemblage of hornblende, plagioclase,
K-feldspar, qlrartz, biotite, magnetite, and titanite
is not widely developed. Titanite and magnetite are
lacking from most assemblages, as has been noted
previously, but are present in a few, and the equivalent
Fe-rich augite (or Fe-rich hornblende) plus ilmenite
assemblages are common (e.g., Wones 1989):

3CaTiSiO5 +2FetOo+ 3SiO2 =
3CaFeSi2O6 + 3FeTiO, + Ot

CaTiSiO5 + Fe2SiOa = CaFeSizOo + FeTiO3
12 CaTiSiO5 + l4FqOa + 36SiO2 + 6H2O =

6CqFesSisO22(OH), + L2F eTiO 3 + 7 O,

The hedenbergite- and ilmenite-bearing assem-
blages are stable only at more reducing or higher
temperature conditions than the titanite-bearing
assemblages.

Pressure est:mates are listed in Table 9 and are in
reasonable agreement with the previous estimates
from contact metamorphic assemblages, The range
of Alro.ul from 1.49 to 1.79 atoms per formula unit
amounts to a pressure interval of 2.8 to 4.1 kbar
according to equation Pl, and 3.6 to 5.3 kbar using
equation P2 in Table 9. The relatively small variation
of total Al among the homblende compositions in NPS
granitoid rocks supports the interpretation that crystal-
lization pressures did not greatly differ from about 3.5
kbar. The pressure estimates in Table 9 suggest a
small but possibly significant decrease in pressure

TABTE 9. APruOATON OF
HORNBTENDE OEOEAROMETERS

Unlt or pl,uton

unlakovlk - fsy p( qtz tm. F5
' hb qtz mz, n"4
- bl hb granlte, tF6
- grard mean, F14

tlaktavinekrh, F9

Voiaey Bay, F4

llotakrmn, F5

Dog ts(ettd, F4

rbsr s.o. Pi P2

1.667 0.075
1.ru 0.016
1.683 0.0t6
1,m5 0.0:t5

t.m 0,035

1.528 0,033

1.489 0.097

1.65 0.036

3.6 4.6
4, t  5.3
3.7 4.7
3.8 4,8

4.1  5 .3

3 .0  3 .8

2 .4  3 .6

3.4 4.4

a.s.- ons standard grror of the no8n.
p1(s0.5 ktar) - -3.46tt '.24) + 4.A(r0.13)AtI

(Johmon & Ruthgrford 1989)

Pz(il kbaf) E '4.76 t '.&AL'l
(Iottist€r et 8t.1987)

from northern to southern intrusions, consistent vrith
other evidence for a higher level of emplacement to
the south.

FLUDS

Oxygenfugacities

Ilmenite is the sole Fe-Ti oxide mineral in the
majority of the granitoid rocks from all of the intru-
sions considered here. Occurrences of magnetite-
ilmenite lamellar intergrowths and of titanite are
extremely rare. It is pennissible, therefore, to infer that
cooling of magmas generally followedfiOr)-T paths
defined by the compositions of crystallizing ilmenite
(Fig. 16). Hematite contents of ilmenite are consis-
tently low, mostly in the range 2.5 to 4.5 molEo.
Subhedral to euhedral platy and rod-like grains
of ilmenite occur in all rock types. We infer that
i lmenite began to crystall ize at an early stage.
Application of QIIILF and related equilibria (Lindsley
et al. 1990, Lindsley & Frost 1992) permits calcu-
lation of fiO)-T relations for ilmenite in tlte assem-
blages; these are for the most part in the range 1 to 3
logflO) units below FMQ buffer.

Also plotted in Figure 16 are intersections of biotite
and ilmenite isopleths in T-/(O) space. Note that
iftnenite with a low hematite content, like that encoun-
tered hereo has a trajectory subparallel to FMQ over a
substantial range in temperature. Calculated trajec-
tories of biotite assume thatflHrO) remains equivalent
to water saturation in minimum-melt granite compo-
sitions as temperature changes; other data on mineral
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FIG. 16. Plot of logfiO) versus T"C for NPS granitoid assemblages. Curves labeled

Xnem = 0.02 and 0.M refer to iftnenite with 0.02 and 0.04 mol 7o hematite in solid
solution and are subparallel to the FMQ buffer in this temperature range. For
the Umiakovik batholith, the observed range of biotite compositions is indicated.
l,etters indicate in6iui6uall samFles. Calculated for total pressure of 3500 bars.

TABLE 10. MINERAL COMPOSITIONS USED TO OALCULATE EQUIUBRIA

Unlakovik
EC87-54
EC87-86
EC89-502
EC89-308
EC89-31't
EC89-3z3
Erf')-424
ECW-5r,Z
EC87-105
Ec87- 1 19

llakhsvlnekh
Ec€,9-22'6
Eca9-z9

Voisey Bay-Zo€r
EC90-'187
Ec90-190
Ec90-191

tlotahranon
EC89-125
EC8,-117
EC89-128

Dog ls., etc.
EC90-106
ECm-179
Ec90-181

(xFez+)!.(xorrz

0.109
0.172
0.090
0.171
0 .116
0.u5
0 .157
0.285
0.2s
0.214

0.v4
0.!30

0.3e3
0.339
0.310

0.189
0.268
0.2m

o.2?,6
0.41
0.348

0,393 0.7f4
0.!09 (0.8{10)
0.350 (0.E00)

Xrot

0.It6

0.309
0.m'
0.350

0-229
0.255
0.599

0.2%
(0.295)

0.482
0.512
0.685

0.638
0.577
o-4s7

X0r

0.890
(0,qn)
0.671

(0.800)
0.707

(0.800,
0.841
0.796
0.931

(0.931 )

o.739
o.927

(0.800)
0.716
0.61 t

o.694
0.663

(0.690)

xfa

0.968
0.918
0.958
0.946

0.9:t9

:

:
0.954

o.976
0.966

l{ote: vatues in brackets sre estlrcted aB discusaed In the toxt.
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compositions (Table l0) were the same as used for
calculation of 

"i/ater 
fugacities from equation 1(a)

in the next section. The assumption of water saturation
as a limit is deemed reasonable in view of lack of
field evidence for presence of excess water in any of
the granitoid magmas (general lack of pegmatites,
aplites, miarolitic cavities). The Umiakovik batho-
lith is the largest NPS granitoid intrusion with the
greatest compositional range, which helps to account
for its substantial range in T-l(Or) space.
Monzodiorites from Umiakovik lie toward the higher-
temperature, lower-flO) part of the field, as might be
expected.

Waterfugacities

Estimates of HrO fugacities in equilibrium with the
magmas can be made by employing biotite equilibria
(e.9., Wones & Eugster 1965, Wones 1981). Rigorous
application of such equilibria is hampered in NPS
rocks because, in general, biotite crystallized late, and
it is not always clear whether growth was supersolidus
or subsolidus. In particular, biotite occurring in deli-
cate sprays and as fringes on ilnenite, for example,
almost certainly grew near or below the solidus. Most
rocks contain interstitial to poikilitic biotite, and it is
assumed that growth occurred in the presence of liquid
neax the solidus.

Two equilibria involving biotite were used to esti-
mate water fugasities in the granitoid roclis:

KFqAISi3Ol6(OIf)2 + 1 12 O" =
KAlSi3Os + FqO4 + H2O (1)

log(H2O) = 4819/T(K) + 6.69 -
0.011(P-1)/T(K) + logao* + ll2IogflO) -
loga6.-logas, (1a)

KFqAlSi3Ole(OtI)2 + 3 12 SiO 2 =
KAlSirOr + 3/2 FerSiOn + HrO (2)

loffi2o) =-:74041(K) + 10.84+
0.036(P-1YT(K) + loga6o
+ 312 loga:ia - Ioga6, - 312 togapu Qa)

It is apparent that equilibrium (2) is simply the sum of
equilibrium (1) minus one-half the FMQ oxygen
buffer equilibrium 3 fayalite = magnetite + 3 quartz.
The equilibrium constant (loe K) employed in (2a)
was calculated by subtracting 1,12 log K for FMQ
(Myem & Eugster 1983) from 1og K for (1a):

3l2FqSiOa+ Ll2 o,2= F%O+ + 312 SiO2 (l/2 FMQ)
ll2logflO) = ll2logK=

-1224. n (K) + 4.145 + 0.047@-1 )lT(K)

Problems that arise in evaluating these equilibria
include an appropriate expression to describe the

activity of annite in biotite, which remains elusive
(see Appendix 3 for activity models employed).
For present purposes, c4oo is defined as (XFe2+)3
(XOD2 as proposed by Czamanske & Wones (1973);
F and Cl are low in most examples of Fe-rich biotite in
the NPS, so that the XOH term remains close to 1. The
biotite compositions typically are relatively high in Ti,
which is known to extend the upper-
temperature stability limits (Hewitt & Wones 1984).
All of the K-feldspar in the rocks is perthitic, and
the appropriate composition (bulk or exsolved) that
was in equilibrium with biotite is problematic; fortu-
nately, most compositions lie in the Xe, range of 0.70
to 0.90. Using an estimated value of 0.80 does
not chenge calculatedflH2O) by more than 0.1-0.2
log units. Magnetite is absent from nearly all
rockso but an appropriate composition that would
have been in equilibrium with the ilmenite anal-
yzed was obtained using the QUILF equil ibria
(Lindsley et aL 1990, Lindsley & Frost 1992); a spinel
composition thus obtained has a maximum Xy,
content.

Equilibrium (1a), the relationship suggested by
Wones (1981) for more reduced assemblages (NNO
to WM), results in water fugacity estimates of 250 to
550 bars at the water-saturated solidus (Fig. 17). These
should be regarded as upper limits for reasons given
above. It should also be remembered that these condi-
tions apply only to the later stages of crystallization
of the larger granitic intrusions, once biotite became
stable.

Equilibrium (2a) delivers consistently slightly
higher values of/(H2O), (900 bars at 7lOoC to
700 bars at740oC on tle water-saturated solidus) than
equilibrium (1a) using the same activity models for
biotite and K-feldspar and olivine, as indicated
in Appendix 3). The relatively small differences may
result from lack of internal consistency in thermo-
dynamic values used for the two equilibria or to the
activity model used for magnetite. An alternative is
that fayalitic olivine was never stable at lower
temperatures near the solidus but only at higher tem-
peratures. Olivine is relatively rare in the NPS biotite
- hornblende granitoid rock assemblages, occurring
as relict kernels surrounded by grunerite and horn-
blende shells.

A projection of mean compositions of the grani-
toids in terms of normative components Q, ab and
or is shown in Figure 18. Superimposed are paths of
minimum-melt compositions over a range of total
pressure and varying a(HzO) in the melt (data from
Ebadi & Johannes 1991). Most compositions tend to
cluster at positions consistent with low activities
of water and moderale total pressures. The low-Q unit
from the Umiakovik batholith is monzodiorite. and
that from the Notokwanon batholith is monzonite
(unit 16b, Table 1); neither is relevant to data on
granitic melts.
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Otherfluid components

In addition to water, F and, to a much lesser extent,
Cl, constituted part of the dissolved fluids in the grani-
toid magmas. S and CO2 also were present in small
and varying amounts (Table 1). The calculation of
water fugacities in the previous section assumes that
the proportion of components other than HrO in the
fluids was smalJ enough to ignore.

The extent to which measured proportions of F, Cl,
and OH in hydroxyl sites of apprppriate minerals
retain the state of equilibration with a dissolved
magmatic fluid is questionable. Although a measure
of.regularity erists in F and Cl partitioning between
biotite and amphibole, apatite is invariably almost
Cl- and OH-free, suggesting that structural constraints
operating during subsolidus cooling may have exer-
cised a dominant role in determining its final conlpo-
sition (Hughes et al.1989).

Dtscusstotl

The granitoid rocks considered in this study
confirm the essential "bimodal" nature of NPS
magmatism. The principal rock-type of intermediate
composition present in the NPS is ferrodiorite (and
monzodiorite), and although mixing and mingling of
ferrodiorite and granitic magmas have been well docu-
mented by wiebe (1980) and wiebe & wild (1983),
there is little :indication that substantial volumes
of mixed magmas ever formed.

REE and multi-element plots suggest that extreme
fractionation of these ganitoid magmas did not occur,
probably as a result of higher viscosities in water-
undersaturated magmas. Indicated ranges of late-stage
temperature between about 825oC to 725"C are also in
accord with crystallization from water-undersaturated
magmas.

Any model for crystallization and cooling of the
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NPS granitoids should consider potential heat flow
from contemporaneous associated anorthosite and
other basic rocks that in many places in the Nain
Plutonic Suite underlie or adjoin the granitoids
(Figs. l, 2). Several features may relate to such
an association: 1) quartz-poor or quartz-free monzo-
nite (mangerite) tends to occur in the lower parts of
the sheets of granitoid rock, adjacent to anorthositic
rocks; 2) fluid-poor earlier-crystallized granitoids
(more abundant olivine and pyroxenes) occur closer
to contacts with anorthosite; 3) later-crystallized, and
relatively fluid-enriched, granitoids (more abundant
hornblende and biotite) are more distant from contacts
with anorthosite, and 4) there is a sporadic presence
of the mantled (rapakivi) texture, which has been
related, in part, to unusually slow rates of cooling
during crystallization (e. g., Nekvasil 1991).

The first two features may reflect gravitational
accumulation of crystals or a kind of zone-refining
process driven or aided by underlying hot anorthositic

ftc. 18. Granitoid compositions from Table 1 projected in terms of normative Q-ab-or.
Also shown are loci of minimum melt compositions with changing total pressure and
changing water activities in the melt (from data ofEbadi & Johannes 1991).

Or

v Mokhovinekh
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and related basic rocks. Such processes could help
account for chemical and physical characteristics
of feldspar-rich monzonitic fractions, including their
depletion in incompatible elements and the common
occrurence of resorption-like features on feldspars and
quartz in rapakivi granites (see review by Emslie
1991). With a thermal gradient superimposed on the
magma, liquid-rich fractions would be expected
to migrate more efficiently away from earlier-
crystallized material, as may,have been the case for
the Umiakovik batholith and the Makhavinekh pluton.

Classic rapakivi gtanite suites that exhibit abundant
mantling of perthite ovoids by plagioclase, such as
in the Wiborg batholith in Finland, and parts of the
Korosten complex in the Ukraine, are closely associat-
ed with and, at least partly, underlain by anorthositic
rocks. This is also the case for the Makhavinekh
pluton, has been suggested by Hill (1982) for the
Notakwanon batholith, and may also apply to
the Mistastin batholith (Fig. 1). An obvious question is



842

whether an underlying hot anofihosite pluton may
have played a significant role in the development of
the mantled texture through modification of normal
processes of crystallization and cooling. Rounded,
embayed margins of perthite ovoids are commonly
described (Emslie 1991), suggesting resorption that
could relate to reheating of the magma. Similarly,
rounded, drop-like quartz grains and quartz textures
of more than one generation are features that could
readily be related to reheating that caused local
or temporary intervals of resorption.

Several lines of evidence suggest that decom-
pression of water-undersaturated magmas during
ascent in the crust. with minimum loss of heat. can
lead to development of the mantled textures [for recent
views, see Nekvasil (1991) and Emslie (1991)1. As
noted, field evidence suggests that substantial plutons
of anorthositic rock may underlie many of these
batholiths, and possibly accompanied their ascent in
the crust. Residual heat from crystallization and cool-
ing of the anorthositic plutons thus may have played a
vital role in sustaining the necessary low rate of heat
loss from the granitic magma over a protracted period.
This would alleviate or remove the requirement
to conserve heat by rapid ascent, as proposed by
Nekvasil (1991). Such a heat-conserving model could
have important implications for understanding how
concentration of ore minerals may be facilitated
by extending the duration of the crystallization
interval, thus enhancing diffirsion processes that con-
centate incompatible elements such as W, Nb, Sn, Mo
in lale melts or ore-forming fluids.

Of the NPS granitoid rocks considered here, there is
no clear geochemical reason why plagioclase-mantled
ovoids should be a prominent feature of the
Makhavinekh pluton and be rare or absent in the
others. Consideration of mineral equilibria, including
estimates of T,flO) andflHrO), also offers no ready
explanation. It is likely that physical parameters and
processes played a crucial role, e.9., rate of decom-
pression during upward transport in the crust, rate of
heat loss during transport or subsequent crystallization
(Nekvasil 1991).

Extraction of granitoid magmas like those of the
NPS from a crustal source implies that residues with
specific characteristics remained behind. Such hot
residues mu$t be considered as prime potential sources
for the contamination for basic magmas associated
with the Nain Plutonic Suite.

fu important characteristic of the crustal residue is
presence of plagioclase (negative Eu anomalies
in NPS granitoid rocks) and therefore enrichment in
those elements compatible with plagioclase. The
residues should be depleted in Rb, Ba and K and have
a low K/Ti value, because a high IUTi value charac-
terizes the NPS granitoid magmas. Pyroxenes are
presumably also important in the residues, which can
be characterized pehographically as pyroxene -plagio-

clase granulites with a positive Eu anomaly. Similar
residues are believed to be formed by dehydration
partial melting of post-Archean lower crust (e.9.,
Rudnick I992).Many of the characteristics that apply
to the residues of dehydration partial melting of the
crust are embodied in the required characteristics of
parental magmas for anorthosite$, and such residues
must be regarded as superior candidates for contami-
nants of basaltic magmas to produce anorthositic
parental magmas.

This hypothesis conflicts with that of Morse
& Hamilton (1991), who argued against crustal conta-
mination of parental magmas to anorthosites on ttre
grounds that bulk crusto or minimum melt derived
therefromo contains too much Rb to permit the very
low Rb observed in most anorthositic rocks. However.
in view of the potential for crustal partial melting,
large-scale contamination of mantle-derived magmas
by bulk crust is probably in general an unoommon
process. A preceding episode of partial melting
of the crust that removed most Rb, Ba, K (and other
incompatible elements) into granitoid melts
and enriched the remaining residue in Sr and Eu (in
plagioclase) would create in the latter residue a most
salutary contaminant for production of anorthositic
magmas from mantle-derived basaltic magma. The
process would be very energy-efficient if the basic
magma that caused crustal partial melting subse-
quently assimilated (by assimilation - fractional
crystallization processes) tle already heated residue.
Recent recognition that some granitoid rocks are older
than some basic members of NPS (Emslie &
Loveridge 1992) lends support to that kind of model.
Recently published isotopic data for anorthositic and
related rocks of NPS (Ashwal et al. 1988" Emslie
& Th6riault 1991, Hamilton & Shirey L992) clearly
imply that a significant crustal contribution was
present in their parental magmas.

Assuming a bulk post-Archean crust (Wedepohl
1991) as a model source, a maximum of about 48Vo of.
average NPS gfanite can be extracted from it before K
is exhausted, but the trace elements 7r,Y, and LREE
begin to be exhausted after about 35Vo extraction
(fable I, Fig. 19). This would leave a crustal residue
lower in SiO2, much lower in K Rb, Ba, Zt, Pb, U,
REE (especially LREE) and enriched in components
compatible in intermediate plagioclase and pyroxenes,
including Ca, Al, Mg, Sr, Eu, and Ti. Residues like
t[is, at temperafures of 900oC or higher, would be
readily assimilated (accompanied by fractional crystal-
l ization) by mantle-derived basaltic magma.
Assimilation of such residues in quantity by basaltic
magma sould maintain plagioclase on the liquidus for
protracted periods, assisting in development of sub-
stantial volumes of anorthositic magma (l'.e., plagio-
clase crystals plus melt). Such a process removes
objections raised by Morse & Hamilton (1991) against
crustal contamination as a viable process in the gene-
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Frc. 19. Extended elemental plot ofNPS grand mean granitoid composition (n = 97) from
Table 1, normalized to post-Archean bulk crust (Wedepobl 1991). Percentages refer
to residues remaining after that increment of grand mean NPS granitoid composition
has been subtracted from bulk crust.
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sis of massif anorthosites. Different degrees of effi-
ciency of separation of partial melt from residue
would be unavoidable and could readily explain varia-
tions in trace-element signatues within and between
anorthosite massifs. As argued by Tsvetkov &
Srkhanov (1991), there is little reason to believe that
large quantities of anorthositic liquids can be derived
directly from the mantle. The model outlined here
(see also Emslie & Hegner 1993) regards anorthositic
parent magnas as hybrids of mantle and crustal com-
ponents instead of invoking unusual sources in the
mantle to produce Al-Fe basic maguurs, as discussed
by Olsen & Morse (1990). The present model has
components oontained in the proposed origin of massif
anorthosite by Taylor et al. (1984), but emphasizes the
required mantle contribution ignored by those authors.

The proposed model may also go some way toward
resolving a recent dispute about plagioclase-melt
partitioning in the Kiglapait intrusion (Morse 1992,
Blundy & Wood 1992), which forms part of the NPS
(Frg. 1). If the high-Al character of the parent magma
of Kiglapait resulted from assimilation of plagioclase-
rich (and Sr-rich) residues from prior partial melting
of the crust, excess Sr in the cumulates might be
explained without appeal to liquid losses during
crystallization of the intrusion and without impugning
the validity of the experimental data-base.

Sul,nraanv arp CoNcLUsroNs

The principal granitoid batholiths of the Nain
Plutonic Suite have similar ranges of average compo-

sition and have fractionated in similar \ilays, but only
to relatively modest extents. Mineral assemblages and
biotite equilibria, as well as lack of development
of pegmatite and aplite, point to water-undersaturation
in even the most fractionated subunits. Water-poor
rnagmas were probably a contributing factor in ham-
pering stronger fractionation because of their
increased viscositres.

Indicated ranges of temperature for the later stages
of crystall ization of NPS granitoids were near
750'-780'C at water fugacities of 250 to 500 bars,
and average total pressures about 3.5 kbar. If late-
stage activity of water in the magmas was as low as
0.5, this would raise temperature and water fugacity
estimates to 780'-825oC, 500 to 900 bars. The indi-
cated minimum range of temperature for the
Umiakovik batholith was about 725"-825"C.
The Notakwanon and Voisey Bay granites were at the
higher-flH2O), lower-T part of that range, whereas
the Makhavinekh pluton occupied an intermediate
position.

Biotite and ilmenite compositions indicate that log
fiO) was 1 to 3 units below the FMQ buffer at temtr)e-
rature ranges similar to those above. The Notakwanon
and Voisey Bay granites lie at the more oxidized part
of tlte range.

Known contemporaneity of basic and silicic mag-
matism and high degrees of partial melting of the crust
are consistent with the formation of large volumes
of water-poor, high-temperature granitoid magmas. In
the anorogenic setting of the Nain Plutonic Suite,
basic magmas were the principal thermal source to
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induce partial melting of the crust, and therefore were
susceptible to contamination by both melts and
residues of the crustal partial melting process. Hot,
proximal, plagioclase-rich residues of the partial melt-
ing process are highly attractive contaminants to
produce anorthositic magmas from basaltic magmas.
Consideration of the chemistry of anorthositic rocks
reported from NPS [(low concentrations of K, Rb, Zr,
and other incompatible elements, high concentrations
of Sr, Eu and elements compatible in plagioclase, e.g.,
Wiebe 1978)l implies that such residue components
must generally have been efficiently separated from
the melt fraction.
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justify; thus a less subjective procedure was devel-

8346100 oped. An estimate of Fe3+ was made using the fol-
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