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Abstract

Xenoliths of metamorphic country rocks are locally abundant within breccia sequences in gabbroic to troctolitic rocks of the
Voisey's Bay Intrusion, Labrador, Canada. Thermochemical interaction with mafic magma has produced restite assemblages in the
xenoliths that are composed of Ca-rich plagioclase, corundum, hercynite and minor magnetite. Hercynite was produced as a result
of the breakdown of garnet and pyroxene that were originally present in the metamorphic rocks, as well as by the replacement of
corundum, which was itself a product of feldspar degradation during xenolith–magma interaction. Hercynite that replaces pyroxene
and garnet is granular to bulbous, whereas that which replaces corundum is acicular to skeletal. Ion microprobe analyses indicate
that oxygen isotopic equilibrium was neither established during retrograde cooling of the xenolith assemblage, nor during the
replacement processes which led to both types of pseudomorphous hercynite. δ18O values of hercynite that replaces garnet and
pyroxene range from 5 to 11.5‰, and in part reflect the elevated δ18O values of the protolith minerals. Hercynite that replaces
acicular corundum is characterized by δ18O values between 2.5 and 7.6‰. Oxygen isotopic equilibration with mantle-derived
magma having a δ18O value of ∼5.5‰ should have produced values of hercynite near 2.5‰. Values of Δ (plagioclase–corundum)
range between 0.2 and 6.1‰, whereas D (hercynite–corundum) values, which are expected to be near 0, may be as large as 9.6‰
at the sub-millimeter scale. Oxygen isotopic disequilibrium may have resulted in the xenoliths due to rapid withdrawal of partial
melt, and to the crystallization of plagioclase and biotite bands around the xenoliths which prevented isotopic communication of
xenoliths with enclosing mafic magma. Although diffusive transport of oxygen in the xenoliths should have been a viable
mechanism for isotopic exchange, the lack of isotopic equilibration during cooling and the preservation of steep isotopic gradients
in composite hercynite–corundum grains suggest that reaction and crystallization were necessary to promote oxygen isotopic
exchange among minerals in the xenoliths contained within the Voisey's Bay Intrusion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Voisey's Bay Intrusion of Labrador, Canada,
hosts Ni–Cu–Co sulfide mineralization that is closely
associated with country rock xenoliths. Progressive
reaction of the xenoliths with mafic magma produced
a characteristic mineral assemblage consisting of
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hercynite, Ca-rich plagioclase, corundum and minor
magnetite [1]. Temperatures of contact metamorphism
estimated from mineral equilibria are in the range of 700
to 900 °C [2–4]. It can be readily shown that the
relatively small xenoliths (2–10 cm in diameter) in the
Voisey's Bay Intrusion should have reached thermal
equilibrium with ∼1150 °C olivine–plagioclase bearing
magma within days. Previous oxygen isotopic studies of
bulk mineral separates from the xenoliths [2] indicate
that despite the attainment of thermal equilibrium,
oxygen isotopic equilibrium was not achieved. Howev-
er, analyses of bulk mineral separates do not permit a
spatial evaluation of δ18O variations which may shed
light on the mechanism of isotopic exchange during
high-temperature melt–rock interaction, which remains
poorly understood. In the Voisey's Bay Intrusion
hercynite exhibits three distinct morphologies that are
interpreted as representing pseudomorphic replacement
of corundum, garnet, and hypersthene. Hercynite and
corundum may be present as part of the same grain, and
for this reason ion microprobe analyses of these
minerals were undertaken to investigate the nature of
oxygen isotopic fractionation accompanying the re-
Fig. 1. Regional geology of the area around the Voise
placement process. The ion microprobe analyses were
combined with analyses of garnet, plagioclase and
pyroxene mineral separates to better constrain the
isotopic effects associated with the formation of
pseudomorphic hercynite in the Vosiey's Bay Intrusion.

2. Geological setting of the Voisey's Bay deposit

The Voisey's Bay Ni–Cu–Co sulfide deposit is loca-
ted in northern Labrador, Canada, approximately 30 km
southwest of the Town of Nain (Fig. 1). The geology of
the Nain area has been described by several authors [3–
10], therefore, only a brief summary of regional and local
geology is presented here. The Voisey's Bay deposit
occurs along the suture of two distinct, approximately
north–south trending, lithotectonic units called the Nain
and the Churchill Provinces (Fig. 1). The collision of the
two provinces took place during the 1.86–1.82 Ga
Torngat orogeny. The Voisey's Bay deposit is hosted by a
troctolitic intrusion that belongs to the Nain Plutonic
Suite. The Nain Plutonic Suite consists of granite, anor-
thosite, and troctolitic intrusions that formed at 1.35 to
1.30 Ga [11,12].
y's Bay deposit, (adapted from Ryan et al. [9]).



Table 1
δ18O values of corundum from ion microprobe analysis

Drill
core

Depth Zone δ18O
(m) (‰ VSMOW)

VB492 1005 S. Eastern Deeps 2.9
VB492 1005 S. Eastern Deeps 3.1
VB492 1005 S. Eastern Deeps 4.2
VB492 1005 S. Eastern Deeps 3.3
VB492 1005 S. Eastern Deeps 3.4
VB492 1005 S. Eastern Deeps 3.5
VB492 1005 S. Eastern Deeps 4.3
VB492 1005 S. Eastern Deeps 4.7
VB510 566.2 Eastern Deeps 1.9
VB510 566.2 Eastern Deeps 2.6
VB510 566.2 Eastern Deeps 2.8
VB510 566.2 Eastern Deeps 3.7
VB522 582.5 Discovery Hill 4.6
VB522 582.5 Discovery Hill 4.7
VB522 582.5 Discovery Hill 4.9
VB522 582.5 Discovery Hill 5.2
VB522 582.5 Discovery Hill 5.4
VB522 582.5 Discovery Hill 5.8
VB523 762 Eastern Deeps 3.6
VB523 762 Eastern Deeps 4.6
VB523 762 Eastern Deeps 4.8
VB523 762 Eastern Deeps 4.9
VB523 762 Eastern Deeps 5.1
VB523 762 Eastern Deeps 5.2
VB523 762 Eastern Deeps 5.2
VB523 762 Eastern Deeps 4.2
VB523 762 Eastern Deeps 5.4
VB523 762 Eastern Deeps 4.4
VB523 762 Eastern Deeps 5.5
VB523 762 Eastern Deeps 5.8
VB523 762 Eastern Deeps 5.9
VB523 762 Eastern Deeps 6.0
VB523 762 Eastern Deeps 6.1
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The Voisey's Bay Intrusion consists of two sub-
chambers, the Reid Brook to the west and the Eastern
Deeps to the east, and a feeder dike connecting them (see
supplemental Fig. 1). Immediate country rocks to the
intrusion include both metasedimentary and metaig-
neous rock types. The Paleoproterozoic Tasiuyak Gneiss
occurs in the western portion of the area, and consists of
garnet–sillimanite bearing, locally sulfidic and graphitic,
quartzofeldspathic metasedimentary rocks. Metamor-
phosed intermediate to mafic igneous rocks, some of
which are enderbitic, as well as quartzofeldspathic rocks,
occur in the eastern portion of the area (supplemental
Fig. 1). These rocks vary in age from Proterozoic to
Archean. Small (2–10 cm) inclusions of country rocks
are found in what is known as the Basal Breccia
Sequence and the Feeder Breccia of the Voisey's Bay
Intrusion. The Basal Breccia Sequence is a xenolith-
bearing troctolitic to gabbroic unit that occurs near the
base of the Eastern Deeps subchamber. The Feeder
Breccia is a general term that refers to xenolith-bearing
units in the conduit or dike. Variable percentages of Cu–
Ni sulfides are found in the igneous matrix to the
xenoliths; the interaction of mafic magma and country
rocks is thought to be an important ingredient for
magmatic sulfide ore formation [13]. The volume
percentage of xenoliths in the breccia sequences varies
from 5 to 50%.

3. Xenolith petrography

Details of the petrography, texture and characteriza-
tion of the different types of xenoliths in the Voisey's
Bay Intrusion have been given by [1]. In brief [1]
distinguished five types of xenoliths that occur in the
Voisey's Bay Intrusion: light-cored, dark-cored, lami-
nated, massive, and variegated. All xenoliths in the
Voisey's Bay Intrusion consist of hercynite, plagioclase,
minor magnetite and in some cases corundum. The five
types of xenoliths at Voisey's Bay record variations in
the proportions and distribution of these minerals. In
general the xenoliths contain about 30–70% hercynite,
0–40% corundum, and 20–40% anorthitic plagioclase.
Magnetite constitutes not more than 10% of any
xenolith. Massive xenoliths are characterized by con-
centrations of hercynite up to 70%. Hercynite, plagio-
clase and biotite define concentric bands around most
xenoliths.

Three distinct morphologies of hercynite are
observed in the xenoliths. The first type of hercynite
is acicular and resembles the morphology of corun-
dum. Acicular hercynite forms composite grains with
corundum in light-cored and variegated xenoliths
(supplemental Fig. 2). Corundum is mainly acicular
or skeletal and can be present in the center of light-
cored xenoliths as well as in some variegated
xenoliths.

The second type of hercynite is granular in nature and is
concentrated towards the rims of the xenoliths (supple-
mental Fig. 3a and b). This type of texture is also observed
in granular pyroxene from the contact aureole.

The third type of hercynite is bulbous and exhibits a
texture similar to that of garnet in the contact aureole of
the Tasiuyak Gneiss. Bulbous hercynite is usually
closely associated with magnetite and occurs mainly
in the center of the xenoliths, surrounded by granular
and/or vermicular textured hercynite (supplemental Fig.
3c and d). Vermicular and bulbous hercynite define a
texture that mimics cordierite–orthopyroxene symplec-
tites that are observed in the Tasiuyak Gneiss within the
contact aureole of the Voisey's Bay Intrusion.



Table 2
δ18O values of hercynite from ion microprobe analysis

Drill
core

Depth Zone Morphology δ18O
(m) (‰ VSMOW)

VB510 566.2 Eastern Deeps Acicular 2.5
VB492 1005 S. Eastern Deeps Acicular 3.3
VB510 566.2 Eastern Deeps Acicular 3.9
VB492 1005 S. Eastern Deeps Acicular 4.2
VB510 566.2 Eastern Deeps Acicular 4.9
VB487 647 Reid Brook Acicular 5.4
VB487 647 Reid Brook Acicular 5.6
VB523 762 Eastern Deeps Acicular 5.7
VB487 647 Reid Brook Acicular 5.9
VB510 566.2 Eastern Deeps Acicular 5.9
VB523 762 Eastern Deeps Acicular 5.9
VB510 566.2 Eastern Deeps Acicular 6.0
VB523 762 Eastern Deeps Acicular 6.0
VB487 647 Reid Brook Acicular 6.1
VB510 566.2 Eastern Deeps Acicular 6.2
VB523 762 Eastern Deeps Acicular 6.2
VB487 647 Reid Brook Acicular 6.3
VB487 647 Reid Brook Acicular 6.3
VB522 582.5 Discovery Hill Acicular 6.4
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4. Sampling and analytical methods

Samples used for this study were collected from drill
cores in the Voisey's Bay Intrusion. Petrographic
examination was performed using standard transmitted
and reflected light microscopy.

Oxygen isotopic compositions of corundum and
hercynite were obtained in situ using the UCLA
CAMECA IMS 1270 ion microprobe. Parts of thin
sections that exhibited the desired textures were cut and
mounted, together with standards, onto a 2.5 cm diameter
epoxymount, which was gold coated before analysis. The
mount was transferred into a sample chamber under ultra-
high vacuum (10−9 Torr) aided by cryogenic trapping
with liquid N2 and bombarded with amass-filtered 133Cs+

beam (20 keV total impact energy). The 133Cs+ beamwas
projected onto a 100 μm aperture, which resulted in
∼3 nA beam and then focused onto the sample surface
into ∼20×30 μm spot. Surficial charge build-up was
neutralized via a normal incidence electron gun and
Fig. 2. (a) Histogram of δ18O values of corundum from ion microprobe
analyses. (b) Histogram showing the distribution of δ18O values o
acicular, bulbous and granular hercynites.

VB522 582.5 Discovery Hill Acicular 6.5
VB522 582.5 Discovery Hill Acicular 6.5
VB487 647 Reid Brook Acicular 7.4
VB523 762 Eastern Deeps Acicular 7.6
VB510 566.2 Eastern Deeps Acicular 7.8
VB510 566.2 Eastern Deeps Acicular 8.9
VB492 1005 S. Eastern Deeps Bulbous 5.0
VB487 647 Reid Brook Bulbous 6.0
VB492 1005 S. Eastern Deeps Bulbous 6.5
VB492 1005 S. Eastern Deeps Bulbous 6.8
VB492 1005 S. Eastern Deeps Bulbous 7.0
VB510 566.2 Eastern Deeps Bulbous 7.4
VB510 566.2 Eastern Deeps Bulbous 7.4
VB487 647 Reid Brook Bulbous 7.5
VB510 566.2 Eastern Deeps Bulbous 7.5
VB523 762 Eastern Deeps Bulbous 7.5
VB492 1005 S. Eastern Deeps Bulbous 7.6
VB510 566.2 Eastern Deeps Bulbous 7.6
VB523 762 Eastern Deeps Bulbous 7.8
VB487 316 Reid brook Bulbous 7.9
VB487 316 Reid brook Bulbous 8.0
VB510 566.2 Eastern Deeps Bulbous 8.1
VB487 316 Reid brook Bulbous 8.3
VB487 316 Reid brook Bulbous 8.4
VB487 316 Reid brook Bulbous 8.4
VB487 316 Reid brook Bulbous 8.5
VB487 316 Reid brook Bulbous 8.8
VB487 316 Reid brook Bulbous 8.9
VB487 316 Reid brook Bulbous 8.9
VB487 316 Reid brook Bulbous 9.0
VB510 566.2 Eastern Deeps Bulbous 11.5
VB523 762 Eastern Deeps Bulbous 11.5
VB522 582.5 Discovery Hill Granular 6.7
VB523 762 Eastern Deeps Granular 7.0
VB522 582.5 Discovery Hill Granular 8.6
VB522 582.5 Discovery Hill Granular 9.1
VB523 762 Eastern Deeps Granular 9.7
VB510 566.2 Eastern Deeps Granular 10.2
f

VB523 762 Eastern Deeps Granular 10.4



Fig. 3. Photomicrograph showing ion microprobe sites and distribution of δ18O values in sample VB522–582.5 from the Discovery Hill section of the
Viosey's Bay Intrusion. All δ18O values are in per mil relative to VSMOW.

Fig. 4. Photomicrograph showing ion microprobe sites and distribution of δ18O values in sample VB510–566.0 from the Eastern Deeps zone of the
Viosey's Bay Intrusion. All δ18O values are in per mil relative to VSMOW. The shaded line from the lower left to the upper right is the traverse line
shown in Fig. 7.

267J. Mariga et al. / Earth and Planetary Science Letters 248 (2006) 263–275



268 J. Mariga et al. / Earth and Planetary Science Letters 248 (2006) 263–275
negative secondary ions were accelerated at 10 keV. The
energy bandpass for secondary ions was 50 eV and the
mass spectrometerwas tuned to amass resolving power of
2000. Following a 3min presputter period, 16O− and 18O−

ions were simultaneously detected in two Faraday (FC)
detectors with count rates on the order of ∼1.5×109 cps
(3×106 cps). Integration time was 100 s, resulting in
typical in-run precision of ∼0.1‰. Raw intensities were
corrected for detector baseline variations which were
intermittently monitored by measuring FC background
with the primary ion beam blanked. Areas that were close
to grain boundaries, cracks and impurities were avoided.

Thirty-three corundum and 62 hercynite measure-
ments were undertaken over three measurement sessions.
To determine instrumentalmass fractionation, a total of 13
laser ruby and 37 spinel (USNM 163728) analyses were
performed at the beginning and intermittently throughout
the analytical sessions. Prior to ion microprobe analysis at
UCLA, fragments of these standards were analyzed at the
Indiana University Stable Isotope Research Facility using
a Finnigan MAT 252 stable isotope ratio mass spectrom-
eter following conventional BrF5 fluorination methods
[14]. Analyses of NBS-28 quartz in this laboratory yield a
value of 9.6±0.2‰ (VSMOW). Analytical uncertainties
of individual isotopic measurements on the laser ruby and
spinel samples were∼0.05‰, and sample reproducibility
(external precision) was±0.2‰. Oxygen yields for spinel
were 98 to 100%, whereas those for laser ruby were
Fig. 5. Photomicrograph showing ion microprobe sites and distribution of δ18

of the Viosey's Bay Intrusion. All δ18O values are in per mil relative to VSM
between 90 and 95%. The laser ruby and spinel 163728
are characterized by δ18O values of 15.7 and 5.9‰,
respectively. Russell et al. [15] previously reported a laser
fluorination value for spinel 163728 of 4.95±0.1‰. The
reason for this ∼1‰ discrepancy is not resolved, but
because the uncertainty for the standard directly influ-
ences the accuracy of the ion microprobe results, a
systematic bias of the hercynite δ18O values is possible.
Another source for instrumental fractionation in ion
microprobe oxygen isotope analysis arises from compo-
sitional differences in standards and unknowns known as
matrix effects.While FeO contents of VoiseyBay hercynite
(24–26 wt.%) are higher than those of spinel 163728
(19 wt.%; Russell et al. [15]), the maximum documented
matrix effect in spinel between 0 and∼20 wt.% is∼0.5‰
[15] and therefore of second order relevance.Matrix effects
are also likely to be insignificant for corundum which has
pure end-member compositions in both standards and
unknowns. Moreover, bulk mineral separates of corundum
and hercynite yielded conventional values between 2.0 and
6.8‰, and 2.9 and 10.7‰, respectively [2], which agree
closely with the ranges obtained by ion microprobe spot
analyses. The average value of corundum determined by
conventional and ion microprobe analyses is also similar
(∼5‰). This provides an independent check for the
adequacy of instrumental mass fractionation corrections of
the ion microprobe data. Because hercynite δ18O values
varywith grainmorphology (see below), an overall average
O values in sample VB492–1005.0 from the south Eastern Deeps zone
OW.
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is not meaningful, but ranges obtained for distinct mor-
phological types of hercynite obtained by ion probe are
identical to those obtained by conventional analyses.

Over the course of the analytical sessions, instru-
mental mass fractionation for spinel 163728 varied
between −1.8 and −2.3‰, and between +1.7 and −
1.0‰ for laser ruby. The reproducibility of standards for
individual sessions was ∼1.0‰ (spinel 163728) and
∼0.8‰ (laser ruby), which we adopt as the 1σ uncer-
tainties for individual measurements.

5. Results

5.1. Ion microprobe δ18O analyses of hercynite and
corundum

Instrumental mass fractionation corrected results of
ion microprobe δ18O analyses of corundum from the
different types of xenoliths are shown in Table 1, and are
Fig. 6. Photomicrograph showing ion microprobe sites and distribution of δ18

Viosey's Bay Intrusion. All δ18O values are in per mil relative to VSMOW.
summarized in Fig. 2a, and those for hercynite are
shown in Table 2 and are summarized in Fig. 2b. δ18O
values for corundum range between 1.9 and 6.1‰, and
average 5.0‰. The range of observed δ18O values of
corundum in this study spans the mafic host rock and
desilicated protolith environments of [16]. δ18O values
for the three types of hercynite range between 2.5 and
11.5‰. Acicular hercynite has δ18O values that range
between 2.5 and 7.6‰. Bulbous hercynite yields δ18O
values that range between 5.0 and 11.5‰. Granular
hercynite yields δ18O values that range between 6.7 and
10.4‰.

Figs. 3–6 show the sites of in situ ion microprobe
analyses for oxygen isotopic compositions of hercy-
nites and corundum from various xenoliths. Figs. 3 and
6 illustrate sections of light-cored xenoliths that
contain composite grains of corundum and hercynite.
In both sections a sharp replacement front separates
hercynite from corundum. Three analyses of granular
O values in sample VB523–762.0 from the Eastern Deeps zone of the



270 J. Mariga et al. / Earth and Planetary Science Letters 248 (2006) 263–275
hercynites shown in Fig. 3 yield δ18O values of 6.7,
8.6, and 9.1‰. Acicular corundum in the same section
has δ18O values that range from 4.6 to 5.9‰. Two
analyses of composite grains of corundum and
hercynite yield δ18O values of 4.9 and 5.2‰ for the
corundum, and the associated hercynites have relative-
ly higher δ18O values of 6.5‰. Bulbous hercynite
illustrated in Fig. 4 is characterized by δ18O values that
range from 6.0 to 11.5‰, and a single analysis of
granular hercynite has a δ18O value of 10.2‰.
Acicular hercynite from the same section has δ18O
Table 3
Oxygen isotopic values (conventional analyses) for pyroxene and garnet fro

Drill
core or
sample
#

Depth Type of
sample

Rock
(m)

VB433 109 Regional Tasiu
VB487 581.5 Aureole Tasiu
VB192 293 Aureole Tasiu
VB433 115 Regional Tasiu
TG2 Outcrop Regional Tasiu
VB487 407.5 Aureole Tasiu
VB433 109 Regional Tasiu
TG3 Outcrop Regional Tasiu
VB487 407.5 Aureole Tasiu
TG1 Outcrop Regional Tasiu
VB433 119.5 Aureole Tasiu
S1 Outcrop Regional Nain
S1 Outcrop Regional Nain
VB192 252.7 Aureole Ender
VB264 104.2 Regional Ender
VB264 104.2 Regional Ender
VB192 243 Aureole Ender
VB192 293 Aureole Tasiu
VB192 293 Aureole Tasiu
VB487 407.5 Aureole Tasiu
VB433 115 Regional Tasiu
VB433 152 Aureole Tasiu
TG2 Outcrop Regional Tasiu
VB487 581.5 Aureole Tasiu
TG3 Outcrop Regional Tasiu
VB433 118 Aureole Tasiu
VB487 361 Aureole Tasiu
VB487 361 Aureole Tasiu
TG1 Outcrop Regional Tasiu
VB433 119.5 Aureole Tasiu
VB487 407.5 Aureole Tasiu
VB433 152 Aureole Tasiu
VB433 107 Regional Tasiu
VB510 566 Xenolith
VB510 566 Xenolith
VB522 585 Xenolith
VB522 585 Xenolith
VB487 647 Xenolith
VB492 1005 Xenolith
VB523 762 Xenolith
values that range from 2.5 to 5.9‰. Corundum has the
lowest range of δ18O values between 1.9 and 3.7‰.

Figs. 5 and 6 contain randomly distributed bulbous,
acicular, and granular hercynites, as well as corundum
and plagioclase. Both sections lack sharp replacement
fronts that separate corundum from hercynite. Bulbous
hercynites shown in Fig. 5 have δ18O values that range
from 5.0 to 7.6‰, and corundum has δ18O values that
range from 2.9 to 4.7‰. Bulbous and granular
hercynites from the sample illustrated in Fig. 6 are
characterized by δ18O values that range from 7.5 to
m country rocks and plagioclase from xenoliths

type Mineral δ18O
(‰ VSMOW

yak Gneiss Pyroxene 8.0
yak Gneiss Pyroxene 8.3
yak Gneiss Pyroxene 8.8
yak Gneiss Pyroxene 9.0
yak Gneiss Pyroxene 9.1
yak Gneiss Pyroxene 9.3
yak Gneiss Pyroxene 9.3
yak Gneiss Pyroxene 9.4
yak Gneiss Pyroxene 9.6
yak Gneiss Pyroxene 9.6
yak Gneiss Pyroxene 10.1
Mafic Gneiss Pyroxene 6.1
Mafic Gneiss Pyroxene 6.3
bitic Gneiss Pyroxene 5.7
bitic Gneiss Pyroxene 6.2
bitic Gneiss Pyroxene 6.9
bitic Gneiss Pyroxene 7.5
yak Gneiss Garnet 8.5
yak Gneiss Garnet 8.8
yak Gneiss Garnet 8.9
yak Gneiss Garnet 9.0
yak Gneiss Garnet 9.1
yak Gneiss Garnet 9.1
yak Gneiss Garnet 9.2
yak Gneiss Garnet 9.6
yak Gneiss Garnet 9.8
yak Gneiss Garnet 10.3
yak Gneiss Garnet 10.1
yak Gneiss Garnet 10.0
yak Gneiss Garnet 10.2
yak Gneiss Garnet 10.4
yak Gneiss Garnet 10.7
yak Gneiss Garnet 10.8

Plagioclase 8.1
Plagioclase 7.9
Plagioclase 9.5
Plagioclase 9.1
Plagioclase 10.4
Plagioclase 7.1
Plagioclase 6.2
)
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11.5‰, and 7.0 to10.4‰, respectively. In cases where
corundum shares a grain boundary with hercynite the
corundum consistently yields a relatively low δ18O
value compared to that of hercynite. Corundum shown
in Fig. 6 has δ18O values that range from 3.6 to 6.1‰.

5.2. δ18O analyses of pyroxene, garnet, and plagioclase

Results of conventional δ18O analyses of pyroxene
and garnet from the country rocks are listed in Table 3.
δ18O values of pyroxene vary from 5.7 to 10.1‰.
Pyroxene from the Tasiuyak paragneiss yields δ18O
values that range between 8.0 and 10.1‰, and
pyroxene from the enderbitic and mafic orthogneisses
has values that range between 5.7 and 7.5‰. Garnet
from the Tasiuyak Gneiss is characterized by δ18O
values that range between 8.5 and 10.8‰. The average
δ18O value for garnet is 9.7‰. δ18O values of
plagioclase in the same xenoliths from which ion
microprobe analyses were obtained range from 6.2 to
10.4‰ (Table 3).

6. Discussion

6.1. Pseudomorphic replacement of minerals in xeno-
liths and isovolumetric reactions

The composite grains of corundum and hercynite are
interpreted as evidence for pseudomorphic replacement of
corundum by hercynite. The close association of bulbous
hercynite and garnet in the contact aureole, together with
the fact that bulbous hercynite in the xenoliths defines the
same textures as garnet, is interpreted as evidence that
bulbous hercynite is a pseudomorph of garnet. This inter-
pretation is augmented by the fact that bulbous hercynite
is usually surrounded by granular and/or vermicular
textured hercynite, defining a texture that resembles the
symplectitic intergrowths in the Tasiuyak Gneiss which
formed during the incipient stages of garnet breakdown in
the contact aureole. The fact that granular hercynites
exhibit the same grain shapes and textures as granular
orthopyroxene in the protolith assemblage is interpreted
as evidence for pseudomorphous replacement of pyrox-
ene by hercynite.

Pseudomorphous hercynite, together with relict
protolith textures such as crenulation cleavage and
gneissic banding that are exhibited by the xenoliths in
the Voisey's Bay Intrusion [1], imply that volume was
conserved during mineral replacement reactions. The
development of pseudomorphic textures requires that
the rate of dissolution of the precursor mineral be similar
to that of the simultaneous precipitation of the new
mineral [17–19], thereby conserving volume. The fol-
lowing isovolumetric reactions are postulated to account
for the dissolution of garnet, pyroxene and corundum
and simultaneous precipitation of hercynite (although
Mg is also a component of hercynite, for simplicity only
Fe end-members are shown):

Fe3Al2Si3O12ðsÞ
Garnet

þ 1:7Al2O3ðmeltÞ
Meltð1Þ

Z 2:7FeAl2O4ðsÞ
Hercynite

þ 3SiO2ðmeltÞ þ 0:3FeOðmeltÞ
Melt

ð1Þ

1:3FeSiO3ðsÞ
Hypersthene

þAl2O3ðmeltÞ
Meltð1Þ

Z FeAl2O4ðsÞ
Hercynite

þ 1:3SiO2ðmeltÞ þ 0:3FeOðmeltÞ
Melt

ð2Þ

1:6Al2O3ðsÞ
Corundum

þ FeOðmeltÞ
Meltð2Þ

Z FeAl2O4ðsÞ
Hercynite

þ 0:6Al2O3ðmeltÞ
Melt

ð3Þ
Reaction (1) is thought to have produced bulbous

hercynite that is pseudomorphous after garnet. Isovolu-
metric replacement of garnet by hercynite via reaction
(1) requires addition of Al and O, and releases SiO2 and
FeO to the melt (SiO2/FeO=10). Reaction (2) is thought
to have produced granular hercynite that is pseudomor-
phous after pyroxene. Reaction (2) requires input of Al
and O, and releases SiO2 and FeO to the enclosing melt
in the ratio of ∼4:1. Both of these reactions are thought
to have occurred during thermal equilibration of the
xenoliths with surrounding magma, and synchronously
with the initial formation of corundum via a reaction
such as [1]:

2:67ðNa0:7Ca0:3Al1:3Si2:7O8ÞðsÞ
Ca−plagioclase

Z 0:835Al2O3ðsÞ
Corundum

þðNa0:2Ca0:8Al1:8Si2:2O8ÞðsÞ
Ca−rich plagioclase

þ 0:835Na2OðmÞ
Melt

þ5SiO2ðmÞ

ð4Þ

In effect, a partial melt derived from a pelitic or
quartzofeldspathic xenolith would have also contained
Al2O3 providing a source of Al for reactions (1) and (2).
The replacement of corundum by hercynite via reaction
(3) requires addition of FeO and loss of Al and O to the
melt. This reaction is thought to have produced acicular
hercynite that is pseudomorphous after corundum. Fe and
Al necessary to promote isovolumetric reactions could
have been derived from the enclosing magma or from the
breakdown of minerals like garnet, biotite, pyroxene and
corundum. Reactions (1)–(3) illustrate potential feedback
mechanisms that may have played a role in the generation
of hercynite. Aluminum potentially derived from feldspar
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dissolution may have driven reactions (1) and (2). Iron
released in these reactions may have in turn reacted with
corundum in melanosomes to produce hercynite. In the
case of quartzofeldspathic xenoliths or xenoliths derived
from leucosomes a local source of Fe and Mg is not
available. In this case Fe andMgmust be derived from the
surrounding mafic magma.

6.2. Evidence of oxygen isotopic disequilibrium

Both pelitic and quartzofeldspathic country rocks in
the Voisey's Bay area are characterized by plagioclase
δ18O values in the range of 10 to 15‰. Reaction (4) leads
to the production of a slightly 18O-enriched siliceous
melt (see fractionation factors in supplemental Table 1).
Modeling using either batch or fractional expulsion of
this melt shows that produced corundum should be
characterized by δ18O values no lower than∼6.5 to 7‰.
The δ18O values of corundum (Table 1, Fig. 2a) indicate
that isotopic exchange with a low-18O reservoir has
occurred. Taking a representative δ18O value of mantle-
derived basaltic magma of ∼5.5‰, both corundum and
hercynite should be characterized by δ18O values near
2.5‰ if oxygen isotopic equilibrium with the magma
was attained. Assuming an initial δ18O value of 7‰ for
corundum, values of the fractional approach to equilib-
rium (f) with mafic magma at 1100 °C range from 0.1 to
0.9. Δ values for plagioclase–corundum range from 0.2
to 6.1‰, and confirm that oxygen isotopic equilibrium
was not attained during retrograde cooling.

Assuming that the Al2O3 component of reactions (1)
and (2) was derived from feldspar, modeling of the
replacement of a 10‰ garnet or pyroxene indicates that
hercynite produced via these reactions should have been
characterized by equilibrium δ18O values of 7.6 to 8.7‰.
More elevated δ18O values that are found in several
granular and bulbous hercynite grains must be inherited
from protolith garnet or pyroxene, possibly with a
contribution from the high-18O partial melt produced in
the feldspar–corundum conversion. However, the vari-
ability in hercynite δ18O values indicates that hercynite
did not uniformly equilibrate with either partial melt
derived from feldspar breakdown or with enclosing
basaltic magma (or crystal mush).

The replacement of acicular corundum by hercynite
was initiated at the margins of xenoliths. The relatively
high-18O character of the hercynite presents an intri-
guing situation in terms of the paragenesis of 18O ex-
change. Pseudomorphic replacement of corundum by
hercynite must have involved 18O-rich material derived
from the xenoliths. Mixing between the expelled 18O-
rich partial melt derived from the pelitic and quartzo-
feldspathic xenoliths and mafic magma at the margins of
the xenoliths is thought to have produced hybrid melt
with elevated, and locally variable, δ18O values. How-
ever, the low δ18O values of corundum in cores of
xenoliths strongly suggest that 18O exchange with un-
contaminated magma occurred prior to the development
of the hercynite replacement front. Oxygen isotopic
exchange with mafic magma appears to have occurred
synchronously with the expulsion of siliceous melt from
the xenoliths. The advance of the hercynite replacement
front, driven by chemical potential gradients, followed
the expulsion of partial melt from the xenoliths and
initial 18O exchange with corundum.

Mariga et al. [1] have described the crystallization of
a band of plagioclase followed by a band of biotite
around most xenoliths at Voisey's Bay. Formation of the
bands was linked to the development of boundary layers
enriched in Si, Na and K that were derived from the
xenoliths. Only a fraction of the 18O-rich partial melt
expelled from the xenoliths is accounted for in the bands
that surround the xenoliths. Biotite is characterized by
isotopically “normal” oxygen and hydrogen, suggestive
of exchange with 5 to 6‰ mafic magma at the margins
of xenoliths. The igneous matrix material reveals no
evidence for the high-18O melt lost from the xenoliths,
and removal within magma which passed through the
conduit system is thought to have occurred.

The formation of plagioclase and biotite bands
appears to have strongly affected both chemical and
isotopic characteristics of the xenoliths. Although biotite
records oxygen isotopic equilibration with mafic
magma, the bands appear to have armored the xenoliths
and reduced isotopic communication with surrounding
melt. Iron and magnesium required for the replacement
of corundum by hercynite were primarily derived from
the magma which produced the plagioclase band. The
sharp corundum–hercynite replacement front is coupled
to the depletion of Fe and Mg in the plagioclase band.
Although a record of non-equilibrium oxygen isotopic
exchange with surrounding melt is preserved due to the
formation of plagioclase and biotite bands, it is
nonetheless surprising that at the temperature attained
by the xenoliths, internal oxygen isotopic equilibration
between hercynite, corundum and plagioclase was not
established interiorly to the biotite band.

6.3. Potential causes of oxygen isotopic disequilibrium

Oxygen isotopic disequilibrium among minerals in
xenoliths within the Voisey's Bay Intrusion may have
arisen during partialmelting that gave rise to corundumand
hercynite as products of the decomposition of plagioclase
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and garnet/pyroxene, respectively. The rapidwithdrawal of
partial melt from the xenoliths may have prevented oxygen
isotopic equilibration [20–22]. The initial replacement of
corundum by hercynite may have involved the diffusive
transport of FeO and MgO from contaminated, 18O-rich
maficmagma atmargins of inclusions [2]. Gradients of 18O
between unreplaced corundum and hercynite would be
expected as a result of the reaction between corundum and
transported FeO and MgO.

According to the fractionation factors of [23,24;
supplemental Table 1], corundum and hercynite would
be characterized by nearly identical δ18O values, and
hence diffusive transport of oxygen would have been
expected to erase δ18O variations. As an example, an
acicular grain of hercynite and corundum with different
oxygen isotopic signatures (e.g. Figs. 3, 4 and 6) may be
viewed as a diffusion couple. A solution to the diffusion
equation for this geometry is [25]:

Cðx; tÞ ¼ ðC1þC2Þ=2−ðC1−C2Þ=2ðerf ðx=ð2ðDtÞ1=2ÞÞÞ
ð5Þ

where, x is distance, erf is the error function,D is oxygen
diffusivity, C1 is the oxygen isotopic composition of
hercynite, and C2 is the oxygen isotopic composition of
corundum. Values of D for oxygen in corundum are
known only for temperatures above 1220 °C [26], but are
in excess of 10−8 cm2/s. Although D values for oxygen
diffusion in Fe-rich hercynite are unknown, those for
Mg–Al oxide and magnetite are greater than 10−9 cm2/s.
Even assuming D values as low as 10−10 cm2/s at
temperatures between 700 and 900 °C, Eq. (5) predicts
that for a 2 mm long acicular grain, nearly complete
isotopic homogenization could have been attained
within less than ∼1000 years. The length of time that
Fig. 7. δ18O profile of a two millimeter wide traverse across the corundum–her
projected within the two millimeter width radially along curves parallel to the
left to the upper right in Fig. 4.
the magmatic system at Voisey's Bay was operative is
difficult to estimate. Geochronologic studies [27,28]
suggest that intrusive activity associated with the Nain
Plutonic Suite lasted, at least intermittently, for approx-
imately 30 Ma. The Kiglapait and Newark Island
Intrusions (Fig. 1) have been dated at 1306 and
1305 Ma, respectively, whereas the Mushuau Intrusion
located just to the north of the Voisey's Bay Intrusion
crystallized between 1313 and 1317 Ma [29–31]. The
Voisey's Bay Intrusion has been dated at 1332+/−2 Ma
and is the oldest troctolitic intrusion currently known in
the Nain Plutonic Suite [27]. Although magma flow in
any particular conduit may have been episodic or restricted
to a relatively short time interval, it is unlikely that
temperatures in the surrounding magma or within the
xenoliths declined so rapidly as to prevent diffusive
transport of oxygen in the acicular grains of corundum
and hercynite. The fact that oxygen isotopic homoge-
nization is not observed suggests either that estimates of
corundum–hercynite oxygen isotopic fractionation
factors are in error, or that chemical reaction was
required to produce the oxygen isotopic distributions in
the xenoliths at Voisey's Bay. Even though the corun-
dum–hercynite fractionation factors are based on theo-
retical computations [16] and must be viewed with
caution, the variability in Δ (hercynite–corundum) va-
lues indicate that isotopic equilibrium has not been
attained, and that oxygen diffusion was not an effective
mechanism for isotopic exchange.

7. Conclusions

The elevated δ18O values of hercynite that has replaced
garnet and/or pyroxene in xenoliths from theVoisey's Bay
Intrusion must largely represent the inheritance of 18O-
cynite rim of sample VB510–566 shown in Fig. 4. Isotopic values were
corundum–hercynite contact to a traverse line running from the lower
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enriched oxygen from protolith minerals. Ion microprobe
analyses confirm that this type of hercynite did not
equilibrate with either partial melts derived from the
xenoliths or with mafic magma in which the xenoliths
were immersed. Iron and magnesium required for the
replacement of corundum by hercynite must have come
from the magma, in contrast to hercynite derived from
garnet or pyroxene. However, the δ18O values of
hercynite which replaces corundum are also spatially
variable, and strongly indicative of the lack of oxygen
isotopic equilibrium on the sub-millimeter scale. The
crystallization of plagioclase and biotite bands around
xenoliths is thought to have prevented isotopic commu-
nication between xenoliths and magma, and to be respon-
sible for the preservation of non-equilibrium oxygen
isotopic distributions.

Fig. 7 illustrates that an oxygen isotopic profile across
the hercynite–corundum replacement front in a light-
cored xenoliths is nearly as sharp as the chemical front,
and that a potential diffusive exchange zone is limited to
less than 1.5 mm. In individual grains where corundum
and hercynite are in direct contact, the oxygen isotopic
profile approximates a step function. Neither the initial
replacement of corundum by hercynite, nor retrograde
cooling has lead to the attainment of oxygen isotopic
equilibration between hercynite and corundum.Modeling
of diffusive oxygen transport in corundum suggests that
isotopic homogenization (in this case equilibrium be-
tween hercynite and corundum) could have been attained
in less than ∼1000 years at temperatures between ∼700
and 1000 °C. Even though magma flow in the conduit
system at Voisey's Bay systemmay have been episodic in
nature, it is unlikely that temperatures of the surrounding
magma were not maintained for sufficient intervals of
time to permit diffusive oxygen isotopic exchange. In the
xenoliths within the Voisey's Bay Intrusion the cessation
of corundum replacement by hercynite coincided with the
depletion of Fe and Mg within the surrounding band of
plagioclase crystallization and with terminal oxygen
isotopic exchange. Isotopic gradients and homogeniza-
tion across corundum–hercynite grain boundaries on a
scale of tens to hundreds of microns are not observed, and
suggest that the primary mechanism of oxygen isotopic
exchange in the system must be related to reaction and
recrystallization.
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