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The Cretaceous Mont Saint-Hilaire complex (Quebec, Canada)

comprises three major rock units that were emplaced in the following

sequence: (I) gabbros; (II) diorites; (III) diverse partly agpaitic

foid syenites. The major element compositions of the rock-forming

minerals, age-corrected Nd and oxygen isotope data for mineral sep-

arates and trace element data of Fe^Mg silicates from the various

lithologies imply a common source for all units.The distribution of

the rare earth elements in clinopyroxene from the gabbros indicates

an ocean island basalt type composition for the parental magma.

Gabbros record temperatures of 1200 to 8008C, variable silica activ-

ities between 0·7 and 0·3, and fO2 values between �0·5 and þ0·7

(log�FMQ, where FMQ is fayalite^magnetite^quartz).The dior-

ites crystallized under uniform aSiO2 (aSiO2¼ 0·4^0·5) and more

reduced fO2 conditions (log �FMQ � �1) between �1100 and

�8008C. Phase equilibria in various foid syenites indicate that

silica activities decrease from 0·6^0·3 at �10008C to 50·3 at

�5508C. Release of an aqueous fluid during the transition to the

hydrothermal stage caused aSiO2 to drop to very low values, which re-

sults from reduced SiO2 solubilities in aqueous fluids compared

with silicate melts. During the hydrothermal stage, high water activ-

ities stabilized zeolite-group minerals. Fluid inclusions record a com-

plex post-magmatic history, which includes trapping of an aqueous

fluid that unmixed from the restitic foid syenitic magma. Cogenetic

aqueous and carbonic fluid inclusions reflect heterogeneous trapping

of coexisting immiscible external fluids in the latest evolutionary

stage.The O and C isotope characteristics of fluid-inclusion hosted

CO2 and late-stage carbonates imply that the surrounding limestones

were the source of the external fluids. The mineral-rich syenitic

rocks at Mont Saint-Hilaire evolved as follows: first, alkalis, high

field strength and large ion lithophile elements were pre-enriched

in the (late) magmatic and subsequent hydrothermal stages;

second, percolation of external fluids in equilibrium with the

carbonate host-rocks and mixing processes with internal fluids as

well as fluid^rock interaction governed dissolution of pre-existing
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minerals, element transport and precipitation of mineral

assemblages determined by locally variable parameters. It is

this hydrothermal interplay between internal and external

fluids that is responsible for the mineral wealth found at Mont

Saint-Hilaire.

KEY WORDS: Mont Saint-Hilaire; agpaite; mineral chemistry; phase

petrology; late-stage processes

I NTRODUCTION

Peralkaline [molar (NaþK)/Al41] rocks (Ussing, 1912;
Marks et al., 2011) form a subordinate group of igneous
rocks that have attracted considerable scientific and eco-
nomic interest in recent years.Within the peralkaline rock
group, agpaitic rocks incorporate the high field strength
elements (HFSE; such as Zr, Hf, Nb,Ta,Y, REE) into com-
plex Na^K^Ca silicates such as the eudialyte solid solution
series and minerals such as rinkite, wo« hlerite and rosen-
buschite (S�rensen, 1992, 1997; Andersen et al., 2010; Markl
et al., 2010; Marks et al., 2011; Schilling et al., 2011b). They
are considered to represent the most evolved igneous
rocks that form by differentiation of nephelinitic or alkali
basaltic parent magmas (Kramm & Kogarko, 1994;
Marks et al., 2004b; Schilling et al., 2011b). In some peralka-
line plutonic complexes, less fractionated lithologies are
also present (gabbros, diorites and monzonites) that pre-
date the agpaitic foid syenites (Marks et al., 2011, and refer-
ences therein).
In agpaitic systems the HFSE can be strongly enriched

and may form economically important ore deposits (e.g.
Kogarko et al., 1982; Kogarko, 1990; Allan, 1992; S�rensen,
1992, 1997). The large ion lithophile elements (LILE, Na,
K, Rb, Sr, Ba, Cs) may also reach exceptionally high
concentrations, resulting in the formation of exotic and
elsewhere rare LILE-incorporating minerals such as Rb-
and Cs-rich rasvumite, tugtupite or polylithionite (e.g.
S�rensen et al., 1971; Bailey et al., 1993; Chakhmouradian
et al., 2007).
Agpaites crystallize over extended temperature intervals

down to solidus temperatures of 400^5008C (e.g. Sood &
Edgar, 1970; S�rensen, 1997); subsequent to the magmatic
stage, hydrothermal remobilization and transport pro-
cesses result in the formation of characteristic minerals
and phase assemblages (e.g. Horva¤ th & Gault, 1990; Boily
& Willams-Jones, 1994; Salvi et al., 2000; Markl &
Baumgartner, 2002; Mitchell & Liferovich, 2006). The
late-stage evolution of well-studied agpaites implies the fol-
lowing modes of alteration and late-stage evolutionary
trends.

(1) Interaction with later intruded melt batches: heat
and matter provided by subsequently intruding

melt batches cause a highly reactive environment
that favors element dissolution, transport and
re-precipitation (e.g. North Qoroq: Coulson, 1997;
Tamazeght: Schilling et al., 2009).

(2) Cooling in a largely closed system: magmatic^hydro-
thermal systems evolving mostly under closed-system
conditions record pH changes in the coexisting
fluid phase by the formation of characteristic minerals
and phase assemblages (e.g. Il|¤maussaq: Markl &
Baumgartner, 2002; Pilansberg: Mitchell &
Liferovich, 2006).

(3) Infiltration of external fluids: large-scale or locally
restricted infiltration of external fluids appears to be
common during cooling and uplift of peralkaline
rocks (e.g. Tamazeght: Salvi et al., 2000; Schilling
et al., 2009; Il|¤maussaq: Graser & Markl, 2008).
During the hydrothermal stage the primary minerals
can locally be destabilized. In such assemblages, zeo-
lites and calcite volumetrically predominate (Liou,
1979; Schilling et al., 2009; Renac et al., 2010).

In this study, we have reconstructed the magmatic to
hydrothermal evolution of the Mont Saint-Hilaire complex
as one of the most prominent examples of a multi-stage al-
kaline complex with extremely large mineral diversity
(4400 minerals, L. Horva¤ th, unpublished data; Horva¤ th
& Gault, 1990;Wight & Chao, 1995; S�rensen, 1997). Based
on major, minor and trace element mineral chemistry
and the radiogenic and stable isotope characteristics of
selected minerals, we derive a petrogenetic model for the
variously fractionated rock types of Mont Saint-Hilaire.
Additionally, we constrain the intensive parameters under
which the late-stage mineral assemblages formed using
fluid inclusion data and the C and O isotopic compositions
of carbonate and silicate mineral separates to reconstruct
the sources of the fluids responsible for their formation.
Finally, we discuss the magmatic to hydrothermal evolu-
tion of Mont Saint-Hilaire and draw conclusions about
the crystallization of alkaline magmatic rocks over their
extended crystallization intervals and the subsequent
hydrothermal stage.

Regional geology
Mont Saint-Hilaire, located c. 40 km east of Montreal
(Quebec, Canada), is part of the Cretaceous alkaline prov-
ince of the Monteregian Hills, which consists of a number
of west^east-trending intrusive bodies and accompanying
dikes and sills, all emplaced at shallow crustal levels
(e.g. Adams, 1903; Stansfield, 1923; Gold, 1967; Philpotts,
1974). Eaton & Frederiksen (2007) have proposed that
the Monteregian Hills, the White Mountains and the
New England Seamounts (from west to east) are the
near-surface expressions of the great Meteor hotspot,
which is situated beneath the North American plate and
the adjacent North Atlantic Ocean. Based on the
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radiogenic isotope characteristics of the Monteregian Hills
plutons, their parental magmas are inferred to have ocean
island basalt (OIB) characteristics, derived by partial
melting of a depleted mantle source (Eby, 1985; Foland
et al., 1988). The variability of rock types observed within
the Monteregian Hills intrusive rocks is mostly related to
variable degrees of partial melting of the mantle source
and variable degrees of crustal contamination (Foland
et al., 1988). Mont Saint-Hilaire, one of the central intru-
sions of the Monteregian Hills, is composed of
silica-saturated (i.e. quartz- and feldspathoid-free) and
silica-undersaturated (i.e. feldspathoid-bearing) rock units.
The �125Ma (Gilbert & Foland, 1986) Mont Saint-

Hilaire multiphase intrusive complex consists of a succes-
sion of gabbros, diorites and foid syenites. The complex is
exposed over an area of 4 km� 4 km and in an artificial
outcrop owing to quarrying in the northeastern part
within the most evolved foid syenites, where a diversity
of exotic and elsewhere rare minerals is found in the Mont
Saint-Hilaire Quarry (4400 valid minerals: L. Horva¤ th,
unpublished data; Chao et al., 1967; Horva¤ th & Gault,
1990; Wight & Chao, 1995). Previous petrological studies
on Mont Saint-Hilaire have been undertaken by O’Neill
(1914), Gold (1963), Rajasekaran (1967), Greenwood &
Edgar (1984), Currie et al. (1986), Currie (1989) and
Schilling et al. (2011a); its isotope characteristics were stu-
died by Gilbert (1985), Gilbert & Foland (1986) and
Foland et al. (1988).

Petrography
Three major lithologies can be distinguished in the Mont
Saint-Hilaire complex (Fig. 1), as follows.

(I) Medium-grained nepheline-free gabbroic rocks
with rare olivine (Sunrise Suite; terminology after
Currie et al., 1986; Table 1) form the most primitive
rock unit that locally displays magmatic layering.
The magmatic assemblage is apatiteþ ilmenite
þ titanomagnetiteþplagioclaseþ clinopyroxeneþ
amphiboleþ rare biotiteþ rare olivine (Fig. 2a^c).
The modal amount of plagioclase is highly vari-
able and some samples are virtually free of clinopyr-
oxene (Fig. 2b), whereas in others clinopyroxene
strongly predominates over amphibole (Fig. 2c).
Locally, Fe^Ti oxides are rimmed by biotite (Fig.
2c) and clinopyroxene is finely intergrown with
amphibole. Accessory minerals are zircon and
pyrrhotite.

(II) Nepheline- and olivine-bearing diorites (Pain de
Sucre Suite) are texturally similar to the gabbros
and characterized by the magmatic assemblage apa-
titeþ ilmeniteþ titanomagnetiteþ plagioclaseþ
olivineþ clinopyroxene�nephelineþ amphibole
and minor biotite (Fig. 2d); accessory minerals are
baddeleyite and pyrrhotite. Biotite and alkali

feldspar may occur as late-stage phases (Schilling
et al., 2011a; Table 1).

(III) Texturally and mineralogically variable foid-bearing
syenitic rocks (East Hill Suite; Table 1) include
(III-i) fine-grained porphyritic foid syenites with
phenocrysts of alkali feldspar, nepheline, sodalite,
amphibole and clinopyroxene (Fig. 2e). The ground-
mass consists of dispersed aegirine needles, albite,
sulfides, magnetite and ilmenite with apatite and
pyrrhotite as accessory phases. This unit contains
autoliths of earlier crystallized gabbros (I) and dior-
ites (II). The sodalite-rich syenite (III-ii; also
referred to as sodalite syenite) occurs as centimeter-
to meter-sized inclusions in (III-i) and also forms a
distinct unit. It consists predominantly of euhedral
sodalite and nepheline, and subordinate amphibole
and clinopyroxene that are embedded in exsolved,
poikilitic alkali feldspar (Fig. 2f). Locally, (III-ii)
completely lacks clinopyroxene, amphibole and
mica and contains minerals of the astrophyllite
and eudialyte groups as well as other HFSE-
incorporating phases. Felsic medium-grained foid
syenites (III-iii) crystallized the assemblage alkali
feldsparþ nephelineþ sodaliteþ clinopyroxeneþ
biotite (Fig. 2g). Magnetite, pyrrhotite, titanite and
eudialyte are accessory phases, although titanite
and eudialyte do not occur together. Coarse- to very
coarse-grained foid syenite (III-iv, ‘igneous breccia’:
Horva¤ th & Gault, 1990; Piilonen et al., 1998) is com-
posed of alkali feldspar, nepheline and clinopyrox-
ene, and minor amphibole and sodalite and HFSE-
and LILE-incorporating minerals (Fig. 2h). This
unit contains numerous gabbroic and dioritic auto-
liths and xenoliths of marble and hornfels, which
are rounded and digested to various degrees. In the
contact zones of the groundmass with the various
centimeter- to meter-scaled autoliths and xenoliths,
characteristic mineral successions involving exotic
and elsewhere rare phases have formed (see e.g.
Horva¤ th & Gault, 1990; Wight & Chao, 1995;
Piilonen et al., 1998); interstices and vugs are locally
filled by subhedral to euhedral crystals of carbon-
ates, sulfides and silicates.

Late-stage mineral associations from various syenites
display the following textures. Graphite is rarely found in
late-stage assemblages of the foid syenites (Fig. 3a).
Sodalite occurs as a primary magmatic phase
(sodalite-I) and, locally, as sodalite-II replacing earlier
nepheline. Nepheline and sodalite (-I and -II) are over-
grown by natrolite and analcime, (Fig. 3b and c).
Carbonate minerals such as rhodochrosite and sabinaite
occur in apparent textural equilibrium with, or, more
commonly, rim earlier formed minerals such as analcime
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and natrolite (Fig. 3b^d). Zeolite-group minerals are lo-
cally associated with HFSE- and LILE-incorporating
minerals such as eudialyte-group minerals (Fig. 3c).
Primary magmatic alkali feldspar is albitized and
sub-millimeter-sized laths of albite form veins and are

in apparent textural equilibrium with analcime and
natrolite. Locally, intergrowths of analcime with
chabazite are observed (Fig. 3d). Cancrinite-group min-
erals, intergrown with analcime, locally undergo
carbonatization.

1km

Lake Hertel

Gabbros [Sunrise Suite (I)]

Diorites [Pain de Sucre Suite Suite (II)]

Foid syenites [East Hill Suite (III)]

Hornfels aureole

Dike rocks

Mont Saint-Hilaire

quarry

73°8`73°9`
45°34`

N

73°10`

45°33`

Mont Saint-Hilaire

Fig. 1. Simplified geological map of the Mont Saint-Hilaire complex after Currie (1989). No further subdivision of the gabbro and diorite units
can be undertaken owing to the poor outcrop in most parts of the complex. Sample coordinates are provided in the Electronic Appendix.

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 11 NOVEMBER 2011

2150

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
2
/1

1
/2

1
4
7
/1

5
3
6
1
7
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



ANALYTICAL METHODS

Electron microprobe analyses
All mineral analyses were performed using a JEOL 8900
electron microprobe at the Fachbereich Geowissenschaf-
ten, Universita« t Tu« bingen, Germany. Major and minor
elements were analyzed in wavelength-dispersive mode.
For Fe^Mg and Na^Al silicates, the acceleration voltage
was 15 kV with a beam current of 15 nA. Oxides were
analyzed with an acceleration voltage of 20 kV and a
beam current of 20 nA and carbonates were analyzed
with an acceleration voltage of 15 kV and a beam current
of 20 nA. Peak counting times were 16 s for major elements
and 30^90 s for minor elements. Background counting
times were half of the peak counting times.To avoid migra-
tion of Na in felsic minerals, we analyzed for Na first and
used a defocused beam of 10 mm or where possible of
20 mm. Carbonates were analyzed with a defocused beam
of 10 mm. For calibration, both synthetic and natural stand-
ards were used. Processing of the raw data was carried
out with the internal frz correction method of JEOL
(Armstrong, 1991).
Bulk compositions of coarsely exsolved titanomagnetites

and alkali feldspar were reconstructed by image process-
ing (using the NIH ImageJ software) of back-scattered

electron (BSE) images of the exsolved lamellae and host.
Bulk compositions were calculated on the basis of the area
proportions of the exsolved phases. Molar volumes of
44·52, 31·69, 100·07 and 108·72 cm3 mol�1 were used for
magnetite, ilmenite, albite and orthoclase, respectively
(Robie & Hemingway, 1995). If finely exsolved lamellae of
ilmenite were too small, we used a defocused electron
beam of 20 mm to analyze bulk compositions. The full elec-
tron probe microanalysis (EPMA) dataset is provided as
Supplementary Data in the Electronic Appendix (avail-
able for downloading at http://petrology.oxfordjournals
.org/).

Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS)
Trace elements were analyzed in situ with an Agilent
7500ce Quadrupole ICP-MS system coupled to a New
Wave Research Merchantek UP-213 laser unit (Nd:YAG
laser, output wavelength 213 nm) at the Institut fu« r
Geowissenschaften der Universita« t Mainz, Germany, fol-
lowing the procedure of Jacob (2006). Helium was used as
the carrier gas and material was ablated with variable
spot sizes between 55 and 100 mm with average pulse
energy between 0·2 and 0·3 mJ per pulse and pulse

Table 1: Summary of main characteristics of the Mont Saint-Hilaire lithologies

Rock type Typical minerals Important samples studied Additional characteristics; figures

Gabbros (I; Sunrise Suite) Apþ IlmþMtþPlagþCpxþAmp

�Btþ ZrnþPo

MSH 17, 18, 80, 113, 115,

116, 120

Only MSH 113 ol-bearing; Fig. 2a–c

Diorites (II; Pain de Sucre Suite) Apþ IlmþMtþPlagþCpxþOl

þNphþBtþBdyþPo

MSH 12, 14, 75, 119, 106b Fig. 2d; see also Schilling et al. (2011a)

Foid syenites (III; East Hill Suite) Subdivision based on field evidence,

textures and mineral chemistry

Fine-grained porphyritic

foid syenites (i)

Phenocrysts of AfsþNphþCpx

þAmp; groundmass of Aeg-rich

CpxþAbþSulfidesþ IlmþMt

MSH 25, 37, 55, 67 MSH 55 and 37: late-stage veins in (i);

(i) contains autoliths of (I), (II) and (ii)

and host-rock xenoliths; Fig. 2e

Sodalite-rich foid syenite (ii) Euhedral SdlþNph, poikilitic AfsþCpx

þAmp, HFSE- and LILE-incorporating

minerals (e.g. EGM, AGM)

MSH 50, 54 In previous literature referred to as

sodalite syenite; Fig. 2f

Medium-grained foid syenite (iii) AfsþNphþSdlþCpxþBt MSH 40, 90, 99, 105 Fig. 2g

Coarse-grained foid syenite (iv) AfsþNphþSdlþCpxþAmp, HFSE-

and LILE-incorporating minerals

(e.g. EGM, AGM)

MSH 28, 29, 51, 52, 59, 68 In previous literature referred to as ig-

neous breccia owing to numerous

autoliths and xenoliths; Fig. 2h

Late-stage assemblages in (III) AbþAnlþNtrþCbzþCcnþOr

þ various carbonates

Samples beginning with T, LH,

MOC, five-digit samples

numbers, MSH 34

Late-stage assemblages found in all

sub-units of (III); Fig. 3

Major constituents are in bold. Ilm, ilmenite; Mt, magnetite; Bdy, baddeleyite; Po, pyrrhotite; Ccn, cancrinite-group
minerals; AGM, astrophyllite-group minerals. Other mineral abbreviations as in captions to Figs 2 and 3.
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Fig. 2. Photomicrographs showing the characteristic textures of the major lithologies: (a), (b) and (c) represent textural varieties of the gab-
bros; (a) apatite, Fe^Ti oxides, plagioclase and clinopyroxene embedded in poikilitic amphibole; (b) apatite, Fe^Ti oxides and plagioclase coex-
isting with amphibole; (c) Fe^Ti oxides and plagioclase intergrown with clinopyroxene showing rutile exsolution; (d) orthomagmatic texture
showing Fe^Ti oxides, olivine, nepheline and plagioclase in a diorite; (e) phenocryst of clinopyroxene with inclusions of Fe^Ti oxides in a
fine-grained groundmass in foid syenite (III-i); (f) euhedral sodalite and nepheline embedded in poikilitic and exsolved alkali feldspar in
sodalite-rich syenite (III-ii); (g) primary zoned clinopyroxene coexisting with alkali feldspar, nepheline and titanite in medium-grained foid sy-
enite (III-iii); (h) clinopyroxene, nepheline and late-magmatic albite in coarse-grained foid syenite (III-iv). Ab, albite; Afs, alkali feldspar;
Amp, amphibole; Ap, apatite; Bt, biotite; Cpx, clinopyroxene; Nph, nepheline; Ol, olivine; Ox, Fe^Ti oxide; Sdl, sodalite; Ttn, titanite; mineral
abbreviations afterWhitney & Evans (2010).
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frequencies of 5Hz for analyses on thin sections and of
10Hz for analyses of Fe^Mg silicates embedded in epoxy
disks. Each analysis consisted of 60 s background followed
by 75 s ablation time (10ms per peak and isotope, except
for Sm and Nd, which were analyzed for 30ms per peak
and isotope). 28Si was used as an internal standard with Si
concentrations determined by EPMA. The NIST SRM
612 glass served as an external standard and USGS
BCR2-G was analyzed as an unknown using Si concentra-
tions listed in the GeoReM (http://georem.mpch-mainz.
gwdg.de/) database (see Jochum & Nohl, 2008). For data
processing we used the commercial GLITTER software
(version 4.4.2; Macquarie University, Griffin et al., 2008).
Detection limits for most trace elements are 50·1ppm,
except for B, Ti, Cr and Zn, for which the detection limit
is 51ppm. P has a detection limit of �3 ppm. Accuracy
(1s) based on the analyses of the BCR standard, which
was analyzed at least every 15 analyses, is within �10%

for most elements (including the REE) and �12 for B and
Sc, �16% for Ti, �24% for Cu and �50% for Sn (see
Electronic Appendix).

Microthermometry and Raman
spectroscopy of fluid inclusions
Microthermometry of fluid inclusions was carried out on
a Linkam THMS 600 heating^freezing stage connected
to a Leica polarizing microscope at the Fachbereich
Geowissenschaften, Universita« t Tu« bingen. We used the
triple point of CO2 (�56·68C), the melting point of H2O
(0·018C), and the critical point of H2O (3748C) of synthetic
fluid inclusions for calibration. The reproducibility of final
melting and homogenization temperatures were �0·2 and
�28C, respectively.
Qualitative Raman spectroscopic analyses were per-

formed on a Dilor Labram laser^Raman spectrometer at
the Fachbereich Geowissenschaften, Universita« t Tu« bingen.

Fig. 3. Textures observed in late-stage assemblages of the foid syenites of Mont Saint-Hilaire. (a) Graphite (Gr) embedded in unidentified
matrix surrounding clinopyroxene (Cpx) and analcime (Anl). (b) Relict sodalite (Sdl) rimmed and replaced by natrolite (Ntr), which locally
is intergrown with an Al-rich phase; rhodochrosite (Rds) and clinopyroxene are interpreted to predate natrolitization; back-scattered electron
(BSE) image. (c) Relict sodalite and K-feldspar and analcime. Clinopyroxene and eudialyte-group minerals (EGM) are in textural equilibrium
with analcime; BSE image. (d) Analcime is locally intergrown with Na-chabazite (Cbz) and associated with sabinaite (Sab) and rhodochrosite
(BSE image).
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For calibration, we used the spectra of calcite (1085 cm�1)
and crystalline silicon (520·7 cm�1). The laser was operated
at 11 mWat a wavelength of 488 nm.We collected spectra
of vapor and liquid phases of the fluid inclusions from 400
to 5000 cm�1.

Stable oxgyen isotopes of silicate minerals
The oxygen isotopic composition of �10mg hand-picked
silicate material was analyzed on a Finnigan MAT 252
mass spectrometer following the methods of Sharp (1990)
and Rumble & Hoering (1994), as described by Marks
et al. (2003).

Stable carbon and oxygen isotopes of
carbonates
Orthophosphoric acid (100%) was added to �100^200mg
of pure and clean carbonate sample material in a
ThermoFinnigan Gasbench II and the released CO2 was
transported via a He stream through a gas chromatograph
directly into a Finnigan MAT 252 mass spectrometer
(Spo« tl & Vennemann, 2003). As fractionation coefficients
for orthophosphoric acid are unknown for some of the
carbonates listed later in the paper, acid fractionation coef-
ficients for calcite were used, which results in estimated
larger errors of up to 1ø for the respective carbonates.
Error bars account for these errors in the respective figure.

Stable carbon and oxygen isotopes of fluid
inclusion-extracted CO2

C and O stable isotope compositions of CO2 entrapped in
fluid inclusions were analyzed on a Finnigan MAT 252
mass spectrometer. After checking suitable sample mater-
ial containing CO2-rich fluid inclusions qualitatively
for CH4 by Raman spectroscopy, samples containing
methane-free fluid inclusions were mechanically crushed
and the extracted fluid was introduced into a vacuum ex-
traction line following the methods of Friedman (1953),
Craig (1961),Vennemann & O’Neil (1993) and Ko« hler et al.
(2008) and then analyzed on a Finnigan MAT 252 mass
spectrometer.

Stable hydrogen isotopes of hydrosilicates
Measurements of the hydrogen isotope compositions of
minerals were made using high-temperature (14508C) re-
duction methods with He-carrier gas and a temperature
conversion elemental analyzer linked to a Delta Plus XL
mass spectrometer (Thermo-Finnigan) on 2^4mg samples
according to a method adapted from Sharp et al. (2001).
The precision of the in-house kaolinite and G1 biotite
standards for hydrogen isotope analyses was better than
�2ø for the method used; all values were normalized
using a value of �125ø for the kaolinite standard and
�65ø for NBS-30.

Stable isotope analyses presented here are reported as
per mil relative to VSMOW (oxygen and hydrogen) and
relative toVPDB (carbon). Analytical errors for d18O (sili-
cates and carbonates) and d13C (carbonates) are �0·2ø.

Radiogenic Nd isotopes
Concentrations of Nd and Sm were analyzed by LA-ICP
MS (see above); average values of at least four analyses
performed on pure and optically homogeneous mineral
separates were used to calculate the 147Sm/144Nd ratios.
Mineral separates (�20 to �30mg) from selected samples
were hand-separated, cleaned, crushed and subsequently
treated with 2·5M and 6·1M HCl, centrifuged, triple-
washed and centrifuged after each washing procedure.
The samples were then treated with HFand the extraction
of Nd was carried out in quartz columns using 1·7ml
Teflon powder coated with HDEHP (di-ethyl hexyl phos-
phate) as cation exchange medium that equilibrated with
0·18N HCl (Marks et al., 2003). Isotopes of Nd were ana-
lyzed by thermal ionization mass spectrometry (TIMS)
on a Finnigan MAT 262 system in static collection mode
on a Re double-filament configuration. 143Nd/144Nd isotope
ratios were normalized to 146Nd/144Nd¼ 0·7219. The La
Jolla Nd standard yielded a 143Nd/144Nd value of
0·511919� 0·000011 (reference value 0·511850); we applied
a factor of 0·000069 to correct for deviation of the La
Jolla standard analyses relative to the reference value.
Total procedural blanks (chemistry and loading) were
5120 pg for Nd.

RESULTS

Mineral compositions
Fe^Ti oxides

Titanomagnetite is Usp24^84Mt12^65 in gabbros, Usp59^81
Mt11^38 in diorites (Schilling et al., 2011a) and Usp1^45
Mag55^93 in syenites (Fig. 4 andTable 2). Ilmenitess (where
ss indicates solid solution) is Ilm63^90Hem3^18Gk1^30
Pph1^8 in gabbros, Ilm76^89Hem2^6Gk3^16Pph3^5 in dior-
ites (Schilling et al., 2011a) and Ilm33^79Hem3Gk0Pph19^63
in a fine-grained porphyritic foid syenite (Fig. 4 and
Table 2).

Clinopyroxene

Clinopyroxene forms early magmatic crystals in all
lithologies and additionally occurs as hydrothermal
fine-grained masses and needles in the syenites; conse-
quently, clinopyroxene is highly variable in composition
and XFe [XFe¼ (Fetot)/(Fetotþ Mg)] is 0·17^0·35, 0·22^
0·41 and 0·28^1 in gabbros, diorites and syenites, respect-
ively. In terms of endmember distribution, clinopyroxene
is Di21^79Hed7^27Aeg1^11 in gabbros, Di49^69Hed9^34Aeg1^
10 in diorites and Di0^56Hed1^49Aeg2^90 in foid syenites
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(Fig. 5 andTable 3; see Mann et al., 2006, for details on the
calculation scheme for the pyroxene endmembers used).
The jadeite component is �9mol % in clinopyroxene of
all units. Clinopyroxene is optically and chemically zoned
(Fig. 2e and g) and we observed two zonation patterns in
all units: sharp zonation patterns separating cores from
rims are interpreted to be of primary origin whereas ir-
regular zonations and overgrowths are of secondary
origin and reflect late-stage (post-magmatic?)
re-equilibration.

Olivine

Only one gabbroic sample (MSH 113) contains olivine
(Fo71^72Fa27^28Tep1). In diorites, olivine is Fo28^64Fa34^
67Tep1^5 (Schilling et al., 2011a), whereas syenites lack oliv-
ine. No significant zonation is observed in olivine and vari-
ation of the various endmembers is �3mol % in olivine
from all samples; Ca does not exceed 0·01a.p.f.u. and
Ni is below the detection limit of �200 ppm (see Schilling
et al., 2011a).

Amphibole

Amphibole is a major phase in diorites, gabbros, fine-
grained porphyritic foid syenites and sodalite-rich foid

syenites, and rarely occurs in coarse-grained foid syen-
ites. Two compositionally distinct groups of amphibole
are recognized: amphibole from gabbros, diorites and
core compositions of zoned crystals from syenites (III-I
and III-iii) is calcic in composition (1·59^1·97 a.p.f.u.
Ca) and ranges from kaersutite to magnesio-hastingsite
(Mitchell, 1990; Leake et al., 1997; Fig. 6, Table 4). Sodic
amphibole (2·54^2·78 a.p.f.u. Na) forms slightly zoned
crystals in sodalite-rich and coarse-grained foid syenites
and rims calcic amphibole in fine-grained porphyritic
foid syenites; sodic amphibole is arfvedsonite to ferric
ferronybo« ite in composition (Leake et al., 1997; Table 4)
and generally occurs with highly evolved mineral
assemblages such as aegirine-rich clinopyroxene, alkali
feldspar, nepheline and sodalite. Calcic and sodic
amphiboles are characterized by XFe values of
0·27^0·69 and 0·78^0·97, respectively. Ti is 0·24^
0·76 a.p.f.u. in calcic amphibole and 0·06^0·28 a.p.f.u. in
sodic varieties. Si is in the range of 5·82^6·8 a.p.f.u.
and 7·36^7·91a.p.f.u. in calcic and sodic amphiboles, re-
spectively. Aluminum is 1·2^2·37 a.p.f.u. in calcic amphi-
bole and 0·3^0·68 a.p.f.u. in sodic amphibole. Fluorine
and chlorine are as high as 0·49 and 0·04 a.p.f.u.,
respectively.

Fig. 4. Ternary plot [TiO2^(Fe,Mg,Mn)O^(Fe,Al)2O3] showing the compositional variation of Fe^Ti oxides found in the various lithologies
including data from Schilling et al. (2011a). Shown for comparison are the data of Greenwood & Edgar (1984), Currie et al. (1986) and Currie
(1989).
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Mica

Primary subhedral to interstitial trioctahedral Fe-rich dark
mica is rare in gabbros and more common in diorites and
syenites. Secondary biotite rimming Fe^Ti oxides is
common in both gabbros and diorites and compositionally
resembles primary biotite. XFe is 0·21^0·62 in gabbros,
0·33^0·62 in diorites and 0·39^0·99 in syenites. Titanium
is in the range of 0·57^0·93 a.p.f.u. in gabbros, 0·21^
0·99 a.p.f.u. in diorites and 0·08^0·46 a.p.f.u. in syenites
(formulae normalized to 22 oxygens). As the sum of Si
and Al is below eight in most analyses from gabbros and
diorites, and, to a lesser degree also in syenites, some Fe3þ

and/or Ti are assumed to be tetrahedrally coordinated,
which is in agreement with compositional data for biotite

from the gabbros and diorites (Greenwood & Edgar, 1984)
and the Poudrette quarry (Lalonde et al., 1996). The vari-
ation of Na is 0·08^0·22, 0·06^0·18 and 0·02^0·17 a.p.f.u. in
biotite from gabbros, diorites and syenites, respectively. In
biotite, potassium reaches 1·58^1·85 a.p.f.u. in gabbros,
1·67^1·88 a.p.f.u. in diorites and 1·76^2 a.p.f.u. in syenites.
Chlorine and fluorine range between below detection
limit and 0·08 a.p.f.u. (Cl) and 0·68 (F). With increasing
degree of fractionation, mica evolves towards more
annite-rich compositions.

Feldspar

Variably sized euhedral to subhedral feldsparss is present in
all rock types and pure albite laths occur in most late-stage

Table 2: Representative compositions (wt %) of Fe^Ti oxides from Mont Saint-Hilaire

Sample: MSH 17 MSH 115 MSH 17 MSH 115 MSH 105 MSH 99

(I) (I) (I) (I) (III-iii) (III-iii)

Analysis: 575–578 (reint) 614 (unexs) 568 613 345 (unexs) 341 (unexs)

TiO2 15·85 16·43 46·40 47·98 8·15 1·49

FeO 77·52 72·44 48·19 47·53 78·91 84·70

MgO 0·19 2·58 1·44 0·36 0·02 0·00

MnO 0·75 0·88 1·88 1·52 4·31 4·57

Al2O3 0·53 3·42 0·03 0·07 0·16 0·19

SiO2 0·17 b.d.l. 0·01 0·02 b.d.l. 0·01

ZnO 0·02 0·11 0·07 b.d.l. 0·48 0·37

Total 95·01 95·86 98·02 97·50 92·03 91·33

Formulae based on 3 cations and 4 O atoms (spinel-group minerals) and 2 cations and 3 O atoms (ilmenite-group minerals)

Ferric form: Ti–Mt Ti–Mt Ilm Ilm Mt Mt

Ti 0·45 0·45 0·88 0·93 0·24 0·04

Fe
2þ

1·43 1·28 0·79 0·88 1·08 0·88

Fe
3þ

1·05 0·94 0·23 0·14 1·51 1·90

Mg 0·01 0·14 0·05 0·01 0·00 0·00

Mn 0·02 0·03 0·04 0·03 0·14 0·15

Al 0·02 0·15 0·00 0·00 0·01 0·01

Si 0·01 – 0·00 0·00 – 0·00

Zn 0·00 0·00 0·00 0·00 0·01 0·01

Ferric total 98·85 99·51 99·24 98·23 97·15 97·77

R
2þ

1·46 1·45 0·88 0·93 1·23 1·03

R
3þ

1·07 1·09 0·23 0·14 1·52 1·91

Ti
4þ

0·45 0·45 0·88 0·93 0·24 0·04

XUsp 0·45 0·45 0·24 0·04

XIlm 0·79 0·88

Fe–Ti oxide analyses from diorites (II) have been given by Schilling et al. (2011a); XUsp is endmember component of
ulvöspinel in Ti–Mt; XIlm is endmember component in Ilmenitesolid solution; reint, reintegrated; unexs, unexsolved; b.d.l.,
below detection limit. ZrO2 is below detection limit in all analyses.
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mineral associations in the syenites (Fig. 2f^h; Table 5).
Plagioclase is optically and chemically zoned in some gab-
bros and diorites and XAn

plag decreases from core to rim.
Plagioclase-rimming alkali feldspar is restricted to the
diorites (Schilling et al., 2011a). Primary alkali feldspar in
syenites is perthitic in composition and only rarely do tex-
tures allow for reintegration; thus, most analyses reported
represent exsolved lamellae (Fig. 7 and Table 5).
In gabbros, plagioclase is An37^86Ab3^71Or0^4 with up to
0·02 a.p.f.u. Sr. In diorites, plagioclase is An52^13Ab46^
80Or2^7 and alkali feldspar is An3^14Ab29^62Or68^24
(Schilling et al., 2011a). Alkali feldspar in the syenites com-
positionally covers the range An0^10Ab14^99Or1^97 and Ba
and Sr reach highest concentrations of 0·02 and
0·05 a.p.f.u., respectively (Table 5).

Nepheline and sodalite

Euhedral to subhedral nepheline in syenites is Nph73^
78Kls14^23An1Qtz0^11 in molar proportions (Fig. 8, shown
as wt % compositions; Table 6) and contains less Ca than
nepheline from the diorites (Nph69^75Kls10^15An7^9Qtz4^
10; Schilling et al., 2011a). Fe (assumed as Fe3þ) reaches
0·08 a.p.f.u. No systematic differences are observed within

the different foid syenitic lithologies and nepheline found
in late-stage assemblages.
Sodalitess closely resembles the sodalite endmember

composition and Cl contents range from 1·68 to
1·98 a.p.f.u. Sulfur (S assumed as SO3) ranges from 0·01 to
0·24 a.p.f.u. and the highest Cl/S ratios are observed in eu-
hedral crystals from the sodalite-rich syenite (Table 6).
Tetrahedrally coordinated Si, Al and Fe3þ vary in the
range 5·92^6·11, 5·86^6·1 and 0^0·05 a.p.f.u., respectively,
and sum close to the ideal value of 12 in most analyses.
Sodalite found in late-stage assemblages associated with
zeolite-group minerals has slightly higher contents of Al
and slightly lower Si values than sodalite found in mag-
matic textures.

Zeolites

Analcime and natrolite are by far the most common zeo-
lites found in the late-stage assemblages of the syenites.
Analcime is characterized by analytical totals of 89^92wt
% and variable site occupancies of 1·92^2·08 a.p.f.u. Si,
0·9^1·06 a.p.f.u. Na and 0·92^1·09 a.p.f.u. Al (formulae
normalized to six oxygens; Table 7). Natrolite has 2·97^
3·06 a.p.f.u. Si, 1·84^1·99 a.p.f.u. Na and 1·97^2·03 a.p.f.u.

Fig. 5. Ternary plot showing clinopyroxene compositions in the system diopside^hedenbergite^aegirine. Dashed and continuous lines indicate
the trends of data from other localities: Katzenbuckel (Mann et al., 2006); Alno« (Vuorinen et al., 2005); North Qoroq (Coulson, 2003);
Il|¤maussaq (Marks & Markl, 2001).
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Al (formulae normalized to 10 oxygens; Table 7).
Analytical totals of natrolite range from 87 to 91wt %.

Carbonates

Carbonates are restricted to late-stage assemblages in syen-
ites and occur as distinct crystals and fine-grained clots
and masses. Most carbonates are solid solutions of calcite,
rhodochrosite and siderite, and of the dolomite^ankerite
series (Fig. 9, Table 8). Some carbonates contain significant
amounts of REE, Zr, Ti, Na, and Al and were identified
by EPMA and X-ray diffractometry (for details, see
Horva¤ th & Gault,1990;Wight & Chao,1995).The compos-
ition of the carbonate minerals is closely related to their
texture: dolomite, rhodochrosite, siderite and complex

HFSE-incorporating carbonates are intergrown with, or
form rims around analcime and natrolite, whereas dawso-
nite and calcite form overgrowths and various replacement
textures of earlier crystallized minerals. Hence, calcite
and dawsonite are invariably the latest minerals to crystal-
lize in late-stage environments.

Trace elements
We analyzed trace elements in clinopyroxene and amphi-
bole from 14 representative samples (Fig. 10; Table 9) to in-
vestigate the genetic relationships between the various
units and to characterize the composition of the potential
parental melt. In gabbros, primitive mantle-normalized
(Palme & O’Neill, 2004) REE patterns are concave-shaped

Table 3: Representative core and rim compositions (wt %) of clinopyroxene from Mont Saint-Hilaire

core composition rim composition

Sample: MSH 116 MSH 116 MSH 119 MSH 12 MSH 25 MSH 105 MSH 54 MSH 51

(I) (I) (II) (II) (III-i) (III-iii) (III-ii) (III-iv)

Analysis: Cpx 6 Cpx 1 Cpx 4 Cpx 2 Cpx 3 Cpx 7 Cpx 4 Cpx 2

wt %

SiO2 46·09 46·64 49·32 50·58 40·21 50·41 51·99 51·73

Al2O3 6·44 6·05 3·69 3·28 14·20 1·58 0·70 0·74

FeO 6·91 7·21 8·60 7·85 10·36 15·22 26·94 27·65

MgO 12·70 12·84 12·98 13·11 7·06 7·22 0·54 0·07

MnO 0·10 0·13 0·40 0·41 0·22 2·47 1·25 1·28

TiO2 2·76 2·86 2·06 1·63 4·48 0·63 0·34 0·07

ZrO2 0·01 0·03 0·04 0·10 0·00 0·23 1·29 0·94

CaO 22·37 22·50 21·61 21·31 20·50 17·88 7·00 8·61

Na2O 0·59 0·60 0·75 1·06 1·76 3·12 9·89 9·10

Total 97·97 98·85 99·46 99·31 98·79 98·77 99·95 100·18

Formulae based on 4 cations and 6 O

Ferric form

Si 1·74 1·75 1·85 1·89 1·53 1·95 1·98 1·98

Al 0·29 0·27 0·16 0·14 0·64 0·07 0·03 0·03

Fe
3þ

0·11 0·11 0·08 0·06 0·17 0·23 0·66 0·64

Fe
2þ

0·11 0·12 0·19 0·19 0·16 0·26 0·20 0·25

Mg 0·72 0·72 0·73 0·73 0·40 0·42 0·03 0·00

Mn 0·00 0·00 0·01 0·01 0·01 0·08 0·04 0·04

Ti 0·08 0·08 0·06 0·05 0·13 0·02 0·01 0·00

Zr 0·00 0·00 0·00 0·00 0·00 0·00 0·02 0·02

Ca 0·91 0·91 0·87 0·85 0·84 0·74 0·29 0·35

Na 0·04 0·04 0·05 0·08 0·13 0·23 0·73 0·68

Ferric total 98·36 99·24 99·73 99·52 99·40 99·55 102·27 102·39

XFe 0·24 0·24 0·27 0·25 0·45 0·54 0·97 1·00

K is below detection limit, except for MSH 119 Cpx 4 (0·02wt %), MSH 54 Cpx 4 (0·01wt %) and MSH 105 Cpx 7
(0·01wt %). Calculation of Fe

3þ
based on stoichiometry.
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and the light REE (LREE) are enriched by factors of �30
(clinopyroxene) to �100 (amphibole), whereas the heavy
REE (HREE) are less enriched by factors of �10 (clino-
pyroxene) and �50 (amphibole; Fig. 10a and b).
REE patterns of clinopyroxene and amphibole from di-

orites are subparallel compared with those of clinopyrox-
ene and amphibole from gabbros, but are shifted to higher
concentrations (Fig. 10a and b). Clinopyroxene and amphi-
bole with the highest enrichments of REE have a slight
negative Eu anomaly interpreted to result from the frac-
tionation of plagioclase (which is evident from petrog-
raphy in the gabbros and the diorites).
In syenites, the REE patterns of clinopyroxene vary

with composition: in felsic medium-grained foid syenites
(III-iii) and in clinopyroxene cores from fine-grained por-
phyritic (III-i) syenites, REE patterns resemble those of
the diorites; whereas all REE patterns of clinopyroxene
from the sodalite-rich syenite (III-ii), the coarse-grained
foid syenite (III-iv) and Na^Fe3þ-rich compositions from
(III-i) display pronounced negative Eu anomalies and are
concave-shaped with the HREE being enriched to stronger
degrees than the LREE (Fig. 10c). The concentration
levels of the REE in clinopyroxene from (III-ii), (III-iv)
and Na^Fe3þ-rich compositions from (III-i) are below or
resemble those of clinopyroxene from the other syenitic
units (Fig. 10c). The REE patterns of calcic amphibole
from fine-grained porphyritic (III-i) syenites overlap with
those of amphibole from diorites (Fig. 10d). REE patterns
of Na^Fe3þ-rich amphibole from the sodalite-rich syenite

(III-ii) are concave-shaped and characterized by a strong
negative Eu anomaly and by equal or lower concentrations
compared with the diorites (Fig. 10d). Thus, the REE dis-
tribution of clinopyroxene and amphibole from the various
rock types may point to a continuous evolution from I to
II and III.
The HFSEU,Th, Nb,Ta, Zr and Hf in most clinopyrox-

enes are enriched relative to primitive mantle, except for
U andTh in some aegirine-rich compositions from the sy-
enites where these elements are slightly depleted (Fig. 10a
and c). Niobium and Ta are enriched by one to three
orders of magnitude and the lowest concentrations are
found in clinopyroxene from gabbros; Zr and Hf are en-
riched by one to four orders of magnitude and the highest
concentrations were analyzed in aegirine-rich clinopyrox-
ene from syenites (Fig. 10a and c). In amphiboles, Nb, Ta,
Zr and Hf are invariably enriched; U and Th are either
enriched or depleted in amphibole from the syenites
(Fig. 10b and d). Niobium is invariably more enriched
thanTa, whereas for Zr and Hf and for U and Th no sys-
tematic differences are observed in amphibole.
The LILE vary around the primitive mantle concentra-

tion level and Li displays negative anomalies in Ca-rich
clinopyroxene. In contrast, positive Li anomalies are
observed for aegirine-rich clinopyroxene from syenites. V
is the only compatible element above the primitive mantle
concentration level in clinopyroxene. Furthermore, nega-
tive anomalies are pronounced for Pb, Sr and Zn and a
positive anomaly is observed for Sn. The LILE Rb, Sr

Fig. 6. Bivariate plot of Si vs Ca (a.p.f.u.) in amphibole. Calcic and sodic compositions form two compositionally distinct groups.
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Table 4: Representative compositions (wt%) of amphibole from Mont Saint-Hilaire

Sample: MSH 17 MSH 80 MSH 75 MSH 75 MSH 25 MSH 52 MSH 54

(I) (I) (II) (II) (III-i) (III-iv) (III-ii)

Analysis: A 2 Amp 137 A 1 Amp 14 A 1 Amp 237 A 2

SiO2 40·12 40·29 41·37 40·47 38·79 46·44 47·01

TiO2 6·50 4·36 6·57 4·39 5·62 1·33 1·35

Al2O3 12·11 11·52 10·66 11·08 13·30 3·42 3·31

FeO 10·47 13·40 10·78 15·03 13·74 30·06 30·38

MnO 0·31 0·55 0·27 0·47 0·35 3·48 2·97

MgO 12·66 11·01 12·41 10·19 10·44 0·53 1·59

CaO 11·48 11·39 11·44 11·04 11·01 0·73 1·11

Na2O 3·15 2·74 3·07 2·86 3·27 8·94 8·91

K2O 0·94 1·59 1·25 1·53 0·73 1·71 1·63

ZrO2 0·01 0·08 0·12 0·15 0·03 0·33 0·93

Cl 0·02 0·04 0·01 0·05 0·03 0·00 0·00

F 0·00 0·17 b.d.l. 0·05 b.d.l. 0·51 0·00

Total 97·77 97·14 97·95 97·30 97·31 97·47 99·19

F–Cl¼O 97·76 97·06 97·94 97·27 97·31 97·27 99·19

corrected

Formulae based on 23 O, Fe3þ calculated after Schumacher (1997)

Ferrous Ferrous Ferrous Ferrous Ferrous Ferric Ferric

form* form* form* form* form* formy formy

Si 5·94 6·11 6·12 6·16 5·86 7·45 7·38

Al 2·11 2·06 1·86 1·99 2·37 0·65 0·61

Ti 0·72 0·50 0·73 0·50 0·64 0·16 0·16

Mg 2·80 2·49 2·74 2·31 2·35 0·13 0·37

Fe
2þ

1·30 1·70 1·33 1·91 1·73 3·15 3·17

Fe3þ 0·88 0·82

Mn 0·04 0·07 0·03 0·06 0·04 0·47 0·39

Ca 1·82 1·85 1·81 1·80 1·78 0·13 0·19

Na 0·90 0·81 0·88 0·84 0·96 2·78 2·71

K 0·18 0·31 0·24 0·30 0·14 0·35 0·33

Zr 0·00 0·01 0·01 0·01 – 0·03 0·07

Cl 0·00 0·01 0·00 0·01 0·01 0·00 0·00

F 0·00 0·08 – 0·02 0·00 0·26 0·00

Ferric total 97·91 100·24

XFe 0·32 0·41 0·33 0·45 0·42 0·97 0·91

amphibole kaersutite kaersutite kaersutite kaersutite kaersutite ferric ferric

nomenclature ferronyböite ferronyböite

*Ferrous form is given because C-site is underoccupied and hence, no Fe3þ calculation is possible (Schumacher, 1997).
yFerric iron can be calculated as the C-site is overoccupied and Fe3þ is calculated following table A-2 in appendix 2
of Leake et al. (1997) after the scheme of Schumacher (1997).
Amphibole nomenclature is from Leake et al. (1997).
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and Pb are moderately enriched and their respective con-
centrations do not correlate with textural position or as-
semblage of the mineral analyzed in the various
lithologies. In most Ca-rich clinopyroxene and amphibole
compositions, Li is characterized by negative anomalies,
whereas aegirine-rich compositions display positive
anomalies of Li (Fig. 10). Except for V, the compatible
elements Cr, Co, Ni and Cu are depleted or even below
the detection limits of �0·1ppm in both clinopyroxene
and amphibole.
Zr/Hf ratios of clinopyroxene vary from subchondritic

[gabbros, diorites, fine-grained porphyritic (III-i) and
felsic medium-grained (-iii) foid syenites] to superchondri-
tic [sodalite-rich (III-ii) and coarse-grained (III-iv) foid
syenites] values whereas Nb/Ta and U/Th ratios are invari-
ably subchondritic and superchondritic, respectively (not
shown). Except for one syenitic sample, the Y/Ho ratio
of clinopyroxene is subchondritic. In amphibole, Zr/Hf is
subchondritic in the gabbros and sub- to superchondritic
in diorites and syenites. The Nb/Ta and U/Th ratios are

chondritic in amphibole from gabbros and diorites and
chondritic to superchondritic in syenites. Amphibole from
gabbros and diorites is subchondritic with respect toY/Ho,
whereas amphibole from syenites is sub- to superchondritic
in Y/Ho. Both clinopyroxene and amphibole overlap in
their Zr/Hf, Nb/Ta, U/Th and Y/Ho ratios and do not
show any offsets between the suites.

Radiogenic isotopes
Eleven separates of clinopyroxene and amphibole from all
suites and sub-units were analyzed for their Sm^Nd char-
acteristics and corrected for an age of 125Ma (Gilbert &
Foland, 1986) to constrain the source region and the petro-
genetic relationships of the various lithologies; the respect-
ive eNd(T¼125 Ma) values are sorted according to XFe in
Fig. 11. The eNd(T¼125 Ma) of clinopyroxene and amphi-
bole varies from 4·7 to 5·7 in gabbros, from 4·8 to 5·2 in di-
orites and from 4·4 to 4·7 in primary magmatic syenites
(Fig.11,Table 10).Thus, most analyses from all units overlap
within error with respect to their Nd isotopic composition.

Table 5: Representative compositions (wt %) of feldspar from Mont Saint-Hilaire

Sample: MSH 115 (I) MSH 17 (I) MSH 90 (III-iii) MSH 90 (III-iii) MSH 99 (III-iii) MSH 52 (III-iv)

Analysis: Fsp 155 Fsp 292 Fsp 189 Fsp 186 Fsp 202–205 reint Fsp 333–336 reint

SiO2 48·76 54·38 65·80 69·71 68·08 67·70

Al2O3 32·29 28·39 17·56 18·66 18·31 18·68

Fe2O3 0·44 0·28 0·15 0·24 0·27 0·15

CaO 15·63 11·09 0·00 0·03 0·04 0·00

K2O 0·09 0·38 16·45 0·17 3·56 6·43

Na2O 2·28 4·82 0·50 11·83 9·16 7·02

BaO 0·01 0·03 b.d.l. b.d.l. 0·03 b.d.l.

SrO 0·54 0·56 b.d.l. b.d.l. 0·02 b.d.l.

Total 100·03 99·93 100·46 100·64 99·48 99·99

Formulae based on 8 O

Si 2·24 2·47 3·03 3·03 3·02 3·02

Al 1·75 1·52 0·95 0·95 0·96 0·98

Fe
3þ

0·02 0·01 0·01 0·01 0·01 0·00

Ca 0·77 0·54 0·00 0·00 0·00 0·00

K 0·01 0·02 0·97 0·01 0·20 0·37

Na 0·20 0·42 0·04 1·00 0·79 0·61

Ba 0·00 0·00 – – 0·00 –

Sr 0·01 0·01 – – 0·00 –

XAn 0·77 0·54 0·00 0·00 0·00 0·00

XAb 0·20 0·42 0·04 1·00 0·79 0·61

XOr 0·01 0·02 0·97 0·01 0·20 0·37

Feldspar analyses from diorites (II) have been given by Schilling et al. (2011a); reint, reintegrated; b.d.l., below detection
limit. XAn, XAb and XOr are the endmember proportions of anorthite, albite and orthoclase, respectively.
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Table 6: Representative compositions (wt %) of nepheline and sodalite from syenites from Mont Saint-Hilaire

Sample: MSH 90 (III-iii) MSH 55 (III-i) VMA 5 T234 VMA 6 MSH 105 (III-iii) MSH 67 (III-i) VMA 6

Analysis: Nph 178 Nph 305 Nph 117 Nph 38 Nph 17 Sdl 72 Sdl 39 Sdl 137

SiO2 46·34 44·30 42·16 46·85 43·19 37·71 37·20 35·91

Al2O3 31·23 32·82 34·16 31·51 34·14 31·00 30·86 31·13

Fe2O3 0·80 0·16 0·11 0·50 0·20 0·26 0·38 0·22

CaO 0·01 0·01 0·02 0·02 b.d.l. 0·03 0·05 0·01

Na2O 16·41 15·93 16·29 15·95 16·36 24·33 24·69 25·28

K2O 5·26 6·48 7·24 5·10 6·81 b.d.l. 0·05 0·03

Cl b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 6·66 6·75 6·23

SO3 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0·34 0·38 1·28

Total 100·05 99·70 99·97 99·93 100·70 100·33 100·37 100·10

Nepheline formulae based on 16 O Sodalite formulae based on 21 O

Si 4·36 4·26 4·08 4·44 4·13 6·08 6·06 5·94

Al 3·60 3·72 3·90 3·52 3·85 5·89 5·92 6·07

Fe
3þ

0·02 0·01 0·01 0·04 0·01 0·03 0·05 0·03

Ca 0·15 0·00 0·00 0·00 – 0·00 0·01 0·00

Na 2·90 2·97 3·06 2·93 3·04 7·60 7·79 8·11

K 0·48 0·79 0·89 0·62 0·83 – 0·01 0·01

Cl – – – – – 1·82 1·86 1·75

S
6þ

– – – – – 0·04 0·05 0·16

VMA 5, T234 and VMA 6 represent late-stage assemblages. Nepheline analyses from diorites (II) have been given by
Schilling et al. (2011a).

Fig. 8. Nepheline composition in the ternary system NaAlSiO4^
KAlSiO4^SiO2 (plotted as wt %). The Morozewicz and Buerger
compositions (stars) are shown for comparison. Isotherms after
Hamilton (1961). The nepheline compositions of Currie et al. (1986)
overlap with the data presented here.

Fig. 7. Ternary plot showing feldspar compositions. Reintegrated
compositions in syenites are represented by filled symbols. Isotherms
for 1 kbar are taken from Fuhrman & Lindsley (1988), which are
equivalent to the solvus limits for a pressure of 1 kbar that is assumed
to correspond to the depth of emplacement of the Mont Saint-Hilaire
intrusive complex (Currie et al., 1986). Shaded fields represent the
range of data from Currie (1989).
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Age-corrected eNd data for gabbros (eNd¼ 4·8) given by
Foland et al. (1988) are analytically indistinguishable from
our data and, combined with radiogenic isotope Sr data
(eSr¼�19), have been interpreted to reflect derivation
from an isotopically depleted mantle source and limited
assimilation of crustal material (Foland et al., 1988).
Aegirine-rich clinopyroxene from two samples with hydro-
thermal textures gave lower eNd values of 3·9 and 3·4,
which indicates increasing degrees of assimilation in the
late-stage evolution of the syenites (Fig. 11).

Table 8: Representative compositions (wt%) of carbonate

minerals from late-stage assemblages from syenites from

Mont Saint-Hilaire

Sample: VMA 2 T644 VMA 9 MOC3090 MOC3089

Analysis: Carb 40 Carb 158 Carb 134 Carb 10 Carb 13

CaO 54·18 1·12 0·98 28·06 28·65

FeO 0·03 57·41 0·66 8·22 10·84

MnO 0·99 2·04 58·19 0·19 0·77

MgO 0·04 0·65 0·12 17·63 14·53

SrO 0·11 b.d.l. b.d.l. 0·05 0·18

Na2O 0·06 b.d.l. 0·26 0·11 b.d.l.

Al2O3 b.d.l. b.d.l. b.d.l. 0·01 0·08

TiO2 b.d.l. b.d.l. 0·01 b.d.l. 0·01

ZrO2 b.d.l. b.d.l. b.d.l. b.d.l. 0·03

Ce2O3 0·08 0·03 0·01 0·03 b.d.l.

Y2O3 0·08 0·06 b.d.l. b.d.l. 0·05

SiO2 0·02 b.d.l. 0·21 b.d.l. b.d.l.

CO2* 43·36 38·04 37·92 46·62 45·68

Total 98·94 99·35 98·36 100·92 100·81

Formulae based on 1 cation

Ca 0·98 0·02 0·02 0·47 0·49

Fe 0·00 0·92 0·01 0·11 0·15

Mn 0·01 0·03 0·95 0·00 0·01

Mg 0·00 0·02 0·00 0·41 0·35

Sr 0·00 – – 0·00 0·00

Na 0·00 – 0·01 0·00 –

Al – – – 0·00 0·00

Ti – – 0·00 – 0·00

Zr – – – – 0·00

Ce 0·00 0·00 0·00 0·00 –

Y 0·00 0·00 – – 0·00

Si 0·00 – 0·00 – –

Mineral Calcite Siderite Rhodochrosite Dolomite Dolomite

*CO2 calculated assuming stoichiometry; b.d.l., below
detection limit.

Table 7: Representative compositions of zeolite-group min-

erals from late-stage assemblages from syenites from Mont

Saint-Hilaire

Sample: VMA 3 VMA 4 VMA 5 T645 T646 VMA 9

Analysis: Anl 65 Anl 68 Anl 102 Ntr 228 Ntr 258 Ntr 29

SiO2 54·58 55·59 50·83 45·01 47·90 47·37

Al2O3 23·25 22·28 24·28 26·14 26·72 26·69

Fe2O3 0·02 b.d.l. 0·19 0·09 0·03 0·07

CaO 0·01 b.d.l. b.d.l. 0·02 0·01 0·01

Na2O 13·89 13·13 14·33 15·51 15·81 15·50

K2O 0·01 0·08 0·04 0·03 0·00 0·04

SrO b.d.l. b.d.l. b.d.l. b.d.l. 0·01 b.d.l.

BaO 0·02 0·03 0·01 0·01 0·01 0·01

SO3 0·02 0·02 b.d.l. 0·02 b.d.l. b.d.l.

Total 91·80 91·13 89·69 86·84 90·49 89·69

Formulae based on 6 O (analcime) and 10 O (natrolite)

Si 2·00 2·04 1·92 2·97 3·02 3·02

Al 1·00 0·96 1·08 2·03 1·99 2·00

Fe
3þ

0·00 – 0·01 0·00 0·00 0·00

Ca 0·00 – – 0·00 0·00 0·00

Na 0·99 0·93 1·05 1·99 1·94 1·91

K 0·00 0·00 0·00 0·00 0·00 0·00

Sr – – – – 0·00 –

Ba 0·00 0·00 0·00 0·00 0·00 0·00

S6þ 0·00 0·00 – 0·00 – –

Anl, analcime, Ntr, natrolite; b.d.l., below detection limit.

Fig. 9. Ternaryplot showingcompositionsofcarbonates fromlate-stage
assemblages in syenites in the system Ca^Mg^(FeþMn). Grey scales
allow for the distinctionbetweenMn-andFe-rich compositions.
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Table 9: Representative trace element compositions (ppm) of clinopyroxene (Cpx) and amphibole (Amp) from Mont

Saint-Hilaire

Sample: MSH 116 MSH 116 MSH 119 MSH 12 MSH 25 MSH 54 MSH 105 MSH 51 MSH 17 MSH 75 MSH 25 MSH 54

(I) (I) (II) (II) (III-i) (III-ii) (III-iii) (III-iv) (I) (II) (III-i) (III-ii)

Analysis: Cpx 6 Cpx 1 Cpx 4 Cpx 2 Cpx 3 Cpx 4 Cpx 7 Cpx 2 Amp 2 Amp 1 Amp 1 Amp 2

Li 5·10 1·03 3·73 10·2 9·64 29·4 15·7 37·7 0·55 0·94 3·86 452

Be b.d.l. 0·49 0·97 3·39 0·54 2·03 2·47 2·03 1·07 1·14 0·55 4·90

B b.d.l. 2·07 0·57 3·29 8·13 2·11 2·54 1·92 0·80 b.d.l. 0·60 8·72

P 53·2 257 97·5 80·5 44·0 15·5 31·6 12·8 251 155 113 2·86

Sc 97·3 61·5 26·8 51·0 8·48 8·81 16·4 6·28 16·2 18·8 10·1 7·29

V 336 427 440 130 180 9·30 84·1 1·22 236 149 149 4·42

Cr 97·1 43·4 b.d.l. b.d.l. 1·19 0·19 b.d.l. b.d.l. b.d.l. b.d.l. 1·82 0·19

Co 31·6 52·0 17·3 14·7 12·6 1·59 9·28 0·64 18·8 21·4 18·2 8·88

Ni 25·5 43·4 b.d.l. 1·30 0·83 0·23 b.d.l. b.d.l. b.d.l. 0·69 1·14 0·27

Cu b.d.l. 0·58 b.d.l. b.d.l. 0·49 0·59 b.d.l. 0·37 0·30 b.d.l. 0·41 0·92

Zn 27·3 49·2 57·3 92·8 66·3 266 284 304 108 96·5 110 1210

Rb b.d.l. 22·1 b.d.l. 4·83 b.d.l. 0·68 b.d.l. 2·71 4·21 5·33 2·38 17·7

Sr 64·0 645 197 84·5 1109 57·0 30·9 1·07 1461 866 2529 121

Y 9·71 26·7 39·1 97·5 39·5 30·2 47·9 37·2 60·9 135 43·9 16·2

Zr 54·3 126 217 778 84·5 10536 688 5930 235 775 73·5 6968

Nb 0·95 56·1 1·88 9·13 5·24 1·97 3·20 13·3 139 681 81·1 333

Sn 2·42 7·54 3·36 6·37 1·33 99·4 4·75 43·6 3·45 6·47 4·42 48·2

Cs b.d.l. 0·32 b.d.l. 0·22 b.d.l. 0·04 b.d.l. 0·1 b.d.l. b.d.l. b.d.l. b.d.l.

Ba b.d.l. 533 0·11 4·11 0·14 0·07 b.d.l. b.d.l. 773 1383 1483 3·20

La 4·02 17·6 16·1 55·3 28·9 39·7 77·0 60·6 36·8 107 37·5 36·0

Ce 12·4 46·1 58·9 178 105 122 203 164 118 321 116 86·4

Pr 1·98 7·24 10·6 29·0 17·8 18·0 25·1 22·1 19·4 50·0 18·8 10·4

Nd 10·9 37·9 56·2 139 87·2 70·6 89·9 80·3 101 233 97·0 31·6

Sm 3·07 9·48 14·2 33·1 19·9 12·8 13·7 13·7 24·3 51·8 21·5 4·11

Eu 1·07 2·98 4·15 6·64 7·96 1·14 3·45 1·15 7·34 11·9 7·46 0·38

Gd 2·91 9·17 13·1 29·3 16·1 8·27 11·0 8·38 21·1 41·5 17·9 2·11

Tb 0·40 1·18 1·86 4·16 2·20 1·19 1·45 1·26 2·70 5·62 2·16 0·32

Dy 2·43 6·53 9·89 25·1 9·92 7·19 9·39 7·85 15·4 32·8 12·1 2·12

Ho 0·42 1·10 1·65 4·29 1·82 1·45 1·81 1·62 2·57 5·70 1·94 0·74

Er 0·89 2·45 3·86 11·0 3·40 6·04 4·99 7·01 5·88 13·8 4·19 3·43

Tm 0·12 0·29 0·44 1·49 0·41 1·76 0·88 1·97 0·69 1·79 0·49 1·12

Yb 0·61 1·65 2·85 9·61 2·02 23·1 8·44 25·1 4·15 10·4 2·68 11·6

Lu 0·10 0·25 0·40 1·42 0·30 5·98 1·91 6·52 0·53 1·42 0·33 2·72

Hf 3·11 5·03 8·43 24·5 2·16 354 16·8 178 7·93 20·8 1·89 222

Ta 0·12 3·46 0·39 1·30 1·04 0·58 0·26 1·75 8·14 33·4 3·71 18·2

Tl b.d.l. 0·07 b.d.l. b.d.l. b.d.l. 0·02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0·02

Pb b.d.l. 1·61 0·04 0·52 0·04 0·35 0·19 1·58 0·42 0·66 0·67 1·20

Th 0·27 0·84 0·13 3·93 0·14 0·80 0·05 0·76 0·25 1·05 0·18 0·03

U 0·07 0·14 0·03 0·84 0·02 0·05 b.d.l. 0·68 0·05 0·15 0·04 0·04

b.d.l., below detection limit. Major element compositions are given in Tables 3 (clinopyroxene) and 4 (amphibole).
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Stable isotopes
Oxygen in silicates

Forty-two hand-picked mineral separates of clinopyroxene,
amphibole, biotite, olivine, feldspar and quartz from 30
representative samples were analyzed for their oxygen
isotopic composition (Fig. 12, Table 10). Biotite, clinopyrox-
ene and amphibole from gabbros vary in the range
d18O¼ 3·9^5·1ø; Fe^Mg silicates from diorites and syen-
ites have d18O¼ 4·8^5·7ø and 4·2^6·3ø, respectively.
�cpx^amp values for clinopyroxene (cpx) and amphibole
(amp) in apparent textural equilibrium are positive and
range from 0·2 to 0·4ø in gabbros and diorites and from
0·6 to 1ø in syenites. �cpx^ol is either positive (0·2) or
negative (�0·1) in diorites and �cpx^bt is negative (�0·4
to �0·7) in gabbroic and dioritic samples, whereas in syen-
ites �cpx^bt is positive (0·3^0·7).
Clinopyroxene from the late-stage assemblages of the

syenites is isotopically indistinguishable from clinopyrox-
ene with magmatic textures (d18O¼ 5·1^6ø). Albite and
orthoclase from late-stage assemblages have d18O¼10·1
and 14·2ø respectively, and late-stage quartz exhibits the
highest value of d18O¼18·9ø.

Hydrogen in silicates

dD values for amphibole and biotite from gabbros and
diorites vary in a narrow range between �64 and �95ø.
In the syenites, amphibole and biotite vary between
dD¼�107 and �156ø, with the lowest dD values for
those samples with highest XFe. All mineral separates plot
below the meteoric water line (Fig. 13, Table 10) and have
similar hydrogen isotopic compositions to hydrosilicates
from other alkaline occurrences (Marks et al., 2004b;
Waczek, 2009), although our data extend to higher values
with respect to the hydrosilicates from Mont Saint-Hilaire
reported byWaczek (2009).

Oxygen and carbon in carbonates

Post-magmatic siderite, rhodochrosite and magnesite
from late-stage samples in the syenites yield d18O and
d13C values between 9·2 and 18·9ø and between �5·3
and 2·2ø, respectively (Fig. 14, Table 10). Dolomite-
group minerals are characterized by d18O and d13C values
of 12^13·3ø and �2·5 to �1·2ø, respectively. Texturally
latest calcite has d18O values of 12^26·3ø and
d13C values of �5·2 to 2·3ø. Data for coarse-grained

Fig. 11. Age-corrected eNd data for representative samples from all units, sorted according to increasing XFe of the mineral separate analyzed.
Clinopyroxene from samples MSH 52 and 37a display hydrothermal textures.
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Table 10: Isotopic compositions of mineral separates from Mont Saint-Hilaire

Sample Unit eNd (T¼ 125 Ma) (mineral) d18OVSMOW (ø) (mineral) dDVSMOW (ø) (mineral) d13CPDB (ø) (mineral)

MSH 116 I 4·7 (Cpx) 5·1 (Cpx)

4·9 (Amp) �116 (Amp)

MSH 17 I 5·7 (Amp) 4·2 (Amp) �84 (Amp)

4·6 (Cpx)

MSH 18 I 4·8 (Amp) 3·9 (Amp) �86 (Amp)

4·1 (Cpx)

4·8 (Bt) �87 (Bt)

MSH 119 II 5·2 (Cpx) 5·0 (Cpx)

4·8 (Ol)

5·1 (Bt) �81 (Bt)

MSH 75 II 4·8 (Amp) 5·2 (Amp) �75 (Amp)

5·6 (Bt) �82 (Bt)

MSH 12 II 4·9 (Amp) 5·1 (Amp) �81 (Amp)

5·3 (Cpx)

5·4 (Ol)

5·7 (Bt) �64 (Bt)

MSH 25 III-i 4·7 (Amp) 5·2 (Amp) �107 (Amp)

4·2 (Cpx)

MSH 105 III-iii 4·6 (Cpx) 5·0 (Cpx)

4·3 (Bt) �112 (Bt)

MSH 54 III-ii 4·4 (Cpx) 5·8 (Cpx)

5·2 (Amp) �156 (Amp)

5·5 (Bt) �115 (Bt)

MSH 52 III-iv 3·9 (Cpx) 5·4 (Cpx)

MSH 37a III-iv 3·4 (Cpx) 5·3 (Cpx)

MSH 37b III-i 5·4 (Cpx)

MSH 29a III-iv 6·3 (Cpx)

MSH 29b III-iv 5·7 (Cpx)

MSH 59 III-iv 5·3 (Cpx)

MSH 68 III-iv 5·3 (Cpx)

MSH 51 III-iv 5·0 (Cpx)

MSH 40 III-iii 5·1 (Cpx)

MSH 50 III-ii 5·5 (Cpx)

MSH 148 late-stage in III 5·1 (Cpx)

MOC 396 late-stage in III 6·0 (Cpx)

late-stage in III 11·6 (Ab)

MOC 266 late-stage in III 10·1 (Ab)

49692 late-stage in III 11·0 (Ab)

48801 late-stage in III 12·1 (Ab)

48751 late-stage in III 12·2 (Ab)

(continued)
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Table 10: Continued

Sample Unit eNd (T¼ 125 Ma) (mineral) d18OVSMOW (ø) (mineral) dDVSMOW (ø) (mineral) d13CPDB (ø) (mineral)

MSH 34 late-stage in III 14·2 (Or)

MOC 1485 late-stage in III 18·9 (Qz)

MSH 34 late-stage in III 21·6 (Cal) �3·9 (Cal)

14·3 (Rds) �3·0 (Rds)

MSH 66 marble xenolite 26·3 (Cal) 2·3 (Cal)

LH 1 late-stage in III 10·8 (Sabinaite) �3·7 (Sabinaite)

LH 2 late-stage in III 14·9 (Cal) �0·4 (Cal)

LH 3 late-stage in III 10·3 (Synchysite) �2·8 (Synchysite)

LH 4 late-stage in III 17·8 (Dawsonite) �2·2 (Dawsonite)

LH 5 late-stage in III 20·8 (Ancyllite) �0·7 (Ancyllite)

LH 6 late-stage in III 19·0 (Cal) �1·9 (Cal)

LH 7 late-stage in III 13·3 (Dol) �1·2 (Dol)

LH 8 late-stage in III 13·4 (Dawsonite) �2·9 (Dawsonite)

LH 9 late-stage in III 12·5 (Rds) �3·3 (Rds)

LH 10 late-stage in III 14·1 (Shortite) 2·2 (Shortite)

LH 11 late-stage in III 10·3 (Sd) �4·3 (Sid)

MOC 3090 late-stage in III 12·9 (Dol-I) �2·1 (Dol-I)

late-stage in III 12·8 (Dol-II) �1·4 (Dol-II)

MOC 3089 late-stage in III 12·0 (Dol-I) �2·5 (Dol-I)

late-stage in III 12·3 (Dol-II) �1·8 (Dol-II)

T 308 late-stage in III 13·3 (Cal) �3·4 (Cal)

late-stage in III 18·4 (Sd) 2·2 (Sd)

late-stage in III 18·9 (Mgs) 1·9 (Mgs)

49692 late-stage in III 21·8 (Cal) �5·2 (Cal)

T 650 late-stage in III 19·1 (Cal) �3·8 (Cal)

late-stage in III 9·2 (Sd) �5·2 (Sd)

49049 late-stage in III 12·4 (Cal) �1·4 (Cal)

late-stage in III 10·4 (Sd) �3·7 (Sd)

late-stage in III 10·4 (Dol) �2·7 (Dol)

48751 late-stage in III 20·7 (Cal) �2·9 (Cal)

late-stage in III 9·9 (Sd) �4·6 (Sd)

48801 late-stage in III 20·0 (Cal) �2·7 (Cal)

late-stage in III 10·5 (Sd) �4·5 (Sd)

MOC 266 late-stage in III 12·0 (Cal) �2·2 (Cal)

MOC 393 late-stage in III 24·6 (Cal) 1·6 (Cal)

MOC 396 late-stage in III 18·0 (Cal) �3·0 (Cal)

MOC 1485 late-stage in III 18·7 (Cal) �1·3 (Cal)

Dol-I and Dol-II refer to different dolomite generations found in the same sample.
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calcite from a marble xenolith and calcite from one
late-stage mineral association overlap with the oxygen
and carbon isotope compositions of the St. Lawrence
Lowland limestones (Carignan et al., 1997). Other carbon-
ate minerals range from 10 to 21ø (d18O) and �4 to 2ø
(d13C).

Fluid inclusions
Fluid inclusions from the various Mont Saint-Hilaire
lithologies are interpreted to be of secondary origin. Two
groups of fluid inclusions can be recognized based on com-
position (Figs 15 and 16,Table 11), as follows.
Group (a) fluid inclusions are CO2-dominated

two-phase (VþL) fluid inclusions with volume fractions
j between 0·6 and 0·95 at room temperature. Group (a)
fluid inclusions are entrapped in variably sized secondary
trails in all minerals of the gabbros and diorites and
in some late-stage minerals of the syenites (Figs. 15a and
d) and are commonly 520 mm in size and regular to
irregular in shape (e.g. in apatite, nepheline and cryolite).

Final melting occurs between �60·7 and �56·68C
(Fig. 16a) and slight depressions of the triple point of CO2

result from the presence of minor amounts of CH4

detected by Raman spectroscopy; further species present
in group (a) fluid inclusions include HSO4

�, SO2

and H2O. Temperatures of CO2 homogenization range
from 22 to 308C and homogenization into the liquid
is observed for all samples except for a late-stage
cryolite (Fig. 16a, Table 11). Based on low degrees of fill
we assume total homogenization, which was not observed
owing to low concentrations of H2O in carbonic fluid
inclusions, to have occurred in the course of a dew point
transition.
Group (b) fluid inclusions are two-phase (VþL)

aqueous fluid inclusions at room temperature with variable
salinities, which are characterized by volume fractions j
between 0·75 and 0·99 (Fig. 15b^d). Secondary aqueous
group (b) fluid inclusions are mostly irregular in shape,
variable in size (but mostly5100 mm) and occur as isolated
individuals or are arranged in trails. In some late-stage

Fig. 12. d18OVSMOW (ø) data for mineral separates from all units. Fe^Mg silicates are sorted according to increasing XFe. Different grey scales
represent different minerals; gabbros are represented by circles, diorites by triangles and syenites by squares.
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Fig. 13. d18OVSMOW (ø) vs dDVSMOW (ø) of hydrosilicates. Open symbols represent biotite; closed symbols stand for amphibole. Grey scales
are identical for minerals from the same sample. The O and H isotope compositions of hydrosilicates from Mont Saint-Hilaire are from
Waczek (2009) and are shown as diamonds (Mont Saint-Hilaire) and grey fields (other alkaline rock occurrences).

Fig. 14. d18OVSMOW CO2 (ø) vs d13CPDB CO2 (ø) for carbonates and CO2 extracted from fluid inclusions. The primary carbonatite field is
fromTaylor et al. (1967), the limestone field is from Carignan et al. (1997) and the CO2 of fluid inclusions is from Ko« hler et al. (2008; Ivigtut)
and Scho« nenberger & Markl (2008; Motzfeldt).
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samples (e.g. a fluorite), aqueous fluid inclusions found
in trails yield similar total homogenization and final melt-
ing temperatures (Fig. 16b) and thus are interpreted to be
cogenetic and not to have been modified under
post-entrapment conditions. For most (magmatic) samples,
strongly differing total homogenization and final melting
temperatures of aqueous fluid inclusions may result from
mixing of internal fluids with variable proportions of exter-
nal fluids (sample MSH 54, Fig. 16b). Clathrate melting
was observed only in some fluid inclusions (e.g. in a fluor-
ite, clathrate disappeared at temperatures of 9^138C) but
often, was not reproducible owing to metastable behavior.
Volatile species detected by Raman spectroscopy in aque-
ous fluid inclusions include SO4

2^, HSO4
�, SO2 and

either CO2 or CH4. Salinities range from 1 to 25·6 wt %
NaCl equivalent (calculated after Bodnar, 1993) and the
observation of final melting temperatures below �20·88C
argues for the presence of salts such as CaCl2 in addition

to NaCl. In rare samples of all units, aqueous group (b)
fluid inclusions were found to form individuals in up to
millimeter-sized trails that are dominated by carbonic
group (a) fluid inclusions (Fig. 15d), which indicates het-
erogeneous trapping from an immiscibly coexisting aque-
ous^carbonic fluid that migrated through all rock units
under sub-solidus conditions.
Three out of 10 samples yielded sufficient CO2 during

crushing to analyze the fluid inclusion-extracted CO2 for
its oxygen and carbon isotopic composition. Carbon diox-
ide from a dioritic sample and a late-stage cryolite yield in-
distinguishable d18O values of 24·4 and 24ø, respectively,
and thus overlap with some late-stage carbonates and sedi-
mentary limestone hosts with respect to their oxygen iso-
topic composition (Fig. 14). Carbon dioxide from CO2

from another diorite has a higher d18O value of 40ø.
d13C values for the three samples differ and were analyzed
to be �2ø and �4ø for carbon from CO2 from fluid

Fig. 15. Photomicrographs of fluid inclusions. (a) Variably sized secondary group (a) CO2-rich fluid inclusions in nepheline from diorite;
(b) irregularly shaped secondary group (b) aqueous fluid inclusion in nepheline from a syenitic sample; (c) intersecting trails (healed frac-
tures?) of group (b) aqueous fluid inclusions found in a late-stage fluorite in syenites; (d) trail of secondary fluid inclusions consisting of coge-
netic CO2-dominated [group (a)] and aqueous [group (b)] fluid inclusions in a late-stage cryolite found in a syenite; the identical orientation
of carbonic and aqueous fluid inclusions and different volume fractions j should be noted.
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Fig. 16. Microthermometry results of fluid inclusion investigations. (a) Final melting temperature vs homogenization temperature of all fluid
inclusions. (b) Assemblage approach for selected fluid inclusions from the syenites (magmatic and late-stage samples). The large compositional
spread of aqueous fluid inclusions in sample MSH 54 that are not associated with carbonic fluid inclusions is interpreted to reflect capture of a
magmatic fluid that became subsequently mixed with an external fluid.
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inclusions in the diorites and �10ø for carbon from CO2

from the cryolite (Fig. 14).

DISCUSS ION

The magmatic stage: intensive parameters
Field evidence suggests that the gabbros were emplaced
first, followed by the diorites and syenites; this is in

agreement with the conclusions of Greenwood & Edgar
(1984) and the field evidence described by Rajasekaran
(1967) and Currie (1989).
For the only olivine-bearing gabbro sample MSH113, we

followed the approach of Frost et al. (1988) and Schilling
et al. (2011a) in calculating intensive parameters. Results
from two-oxide oxythermometry, based on our analyzed
compositions, define a linear trend in T^fO2 space and

Table 11: Characteristics of fluid inclusions from Mont Saint-Hilaire

Sample Unit Incl

no.

Host

mineral

Composition Degree

of fill

Phases Homogenization

type

T of final

melting

(8C)

Homogenization

T (8C)

Salinity

(wt % NaCl

equiv.)

MSH 18 I 9 Plag carbonic 0·85 v-l 4l �56·3 29 n.a.

MSH 18 I 10 Plag carbonic 0·8 v-l 4l �56·8 26 n.a.

MSH 115 I 8 Ap carbonic 0·7 v-l 4l �59·2 28 n.a.

MSH 115 I 9 Ap carbonic 0·9 v-l 4l �58·9 30 n.a.

MSH 113 I 15 Ap carbonic 0·5 v-l 4l? �58·5 26 n.a.

MSH 113 I 16 Ap carbonic 0·5 v-l 4l? �58·5 27 n.a.

MSH 75 II 1 Nph carbonic 0·8 v-l 4l �56·8 28 n.a.

MSH 75 II 2 Nph carbonic 0·8 v-l 4l �56·8 26 n.a.

MSH 12 II 1 Nph carbonic 0·65 v-l 4l �58·0 23 n.a.

MSH 12 II 2 Nph carbonic 0·75 v-l 4l �57·7 24 n.a.

MSH 119 II 15 Ap aqueous 0·99 v-l 4l �2·5 135 4·2

MSH 119 II 10 Ap carbonic 0·8 v-l 4l �57·1 31 n.a.

MSH 25 III-i 1 Nph aqueous 0·95 v-l 4l �2·8 330 4·6

MSH 54 III-ii 12 Nph aqueous 0·95 v-l 4l �22·3 320 23·9

MSH 54 III-ii 13 Nph aqueous 0·9 v-l 4l �17·0 327 20·2

MSH 62 III-iv 12 Nph aqueous 0·9 v-l 4l �10·9 323 14·8

MSH 62 III-iv 13 Nph aqueous 0·95 v-l 4l �21·1 352 23·1

MSH 99 III-iii 14 Nph aqueous 0·95 v-l 4l �25·1 368 25·6

MSH 99 III-iii 1 Nph aqueous 0·95 v-l 4l �21·5 409 23·4

MSH 34 late stage in III 6 Cal aqueous 0·95 v-l 4l �18·1 188 21·0

MSH 34 late stage in III 7 Cal aqueous 0·95 v-l 4l �11·1 222 15·1

MSH_Fluorite_PT_2 late stage in III 1 Fluorite aqueous 0·9 v-l 4l �15·8 235 19·3

MSH_Fluorite_PT_3 late stage in III 2 Fluorite aqueous 0·9 v-l 4l �15·5 232 19·0

MSH_Quartz_PT_4 late stage in III 14 Qz aqueous 0·95 v-l 4l �22·9 186 24·3

MSH_Quartz_PT_5 late stage in III 15 Qz carbonic 0·6 v-l 4l �58·1 27 n.a.

MSH_Cryolite_PT_5 late stage in III 9 Cryolite carbonic 0·7 v-l 4v �57·0 25 n.a.

MSH_Cryolite_PT_5 late stage in III 10 Cryolite carbonic 0·7 v-l 4v �56·9 26 n.a.

MSH_Nepheline_PT_1 late stage in III 3 Nph aqueous 0·95 v-l 4l �6·0 299 9·2

MSH_Nepheline_PT_2 late stage in III 4 Nph aqueous 0·9 v-l 4l �6·4 310 9·7

T515 late stage in III 7 Anl aqueous 0·95 v-l 4l �7·2 357 10·8

T515 late stage in III 8 Anl aqueous 0·95 v-l 4l �4·5 213 7·1

All fluid inclusions are interpreted to be secondary in origin; n.a., not applicable. The full dataset is provided in the
Electronic Appendix. v, vapour; l, liquid. Salinity values are calculated after Bodnar (1993).
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cluster at 1100^12008C. At 11008C, the equilibrium between
the Ca-Tschermak’s component in clinopyroxene and
anorthite (1) constrains aSiO2:

CaAlAlSiO6 ðCpxÞ þ SiO2ðliqÞ ¼ CaAl2Si2O8ðPlagÞ:

ð1Þ

Applying the composition^activity formulation of
McCarthy & Patin‹ o Douce (1998), silica activities of �0·5
are indicated based on core compositions. Using the most
forsteritic olivine composition analyzed in sample MSH
113, we calculated the QUIlF surface in T^�log fO2

(FMQ) space that titanomagnetite and ilmenite ideally
would be in equilibrium with (Schilling et al., 2011a). For
the estimated aSiO2¼0·5, the calculated QUIlF surface
intersects the linear trend based on T^�log fO2 (FMQ)
pairs from oxide thermometry and indicates equilibrium
conditions of �11908C and log fO2¼0·7 (�FMQ).
For the olivine-free gabbros, we calculated silica activity

based on equilibrium (1) using core compositions of clino-
pyroxene and plagioclase at the highest temperature indi-
cated by two-oxide oxythermometry for the respective
samples at 1 kbar pressure (Currie et al., 1986). To further
constrain temperature and oxygen fugacity, we introduced
the calculated silica activity and the respective clinopyr-
oxene and Fe^Ti oxides compositions into the QUILF pro-
gram (Andersen et al., 1993) and allowed QUILF to vary
the Mg-components in ilmenite, titanomagnetite and
clinopyroxene to equilibrium values. If QUILF varied the
Mg-component of clinopyroxene by more than 10mol %
to achieve equilibrium conditions, we used the analyzed
(unchanged) clinopyroxene composition instead. For sam-
ples in which strongly secondary zoned crystals of plagio-
clase were found, we allowed QUILF to adjust the silica
activity; in these cases, secondary processes are believed
to have modified the original magmatic plagioclase com-
positions, which are interpreted to be out of equilibrium
with the other co-magmatic minerals. Most olivine-free
gabbros yield estimated temperatures of �1100 to 7358C,
a range of fO2 of �0·4 to þ0·7 (�FMQ) and variable
silica activities between 0·3 and 0·7. One gabbro sample
gave an fO2 estimate of þ1·9 (�FMQ) and we interpret
this sample to have been compositionally modified under
late-stage rather than magmatic conditions. Our results
yield higher temperatures and lower oxygen fugacities
than the estimates of Greenwood & Edgar (1984) and
Currie et al. (1986). However, those workers stated that
their results probably reflect subsolidus rather than pri-
mary magmatic conditions. Figure 17a summarises log
fO2 andTestimates for the gabbros and diorites (Schilling
et al., 2011a) and shows that the gabbros crystallized under
higher fO2 conditions than the diorites. Thus, our data
and those presented by Schilling et al. (2011a) confirm the
interpretation of Currie et al. (1986), who stated that the di-
orites crystallized under more reducing conditions than

the gabbros. In terms of calculated silica activity^tempera-
ture equilibrium conditions, the gabbros and diorites are
indistinguishable, although the diorites record lower vari-
ation between the samples investigated.

Fig. 17. (a) Temperature vs log fO2 plot for gabbros and diorites.
Error bars account for uncertainties from the QUILF runs [see
Schilling et al. (2011a) for discussion of the data from the diorites]. (b)
Silica activity vs temperature based on equilibria (2)^(4) for the vari-
ous foid syenites. Primary zonation patterns considered forT^aSiO2 es-
timates indicate conditions represented by the grey-shaded field for
all sub-units of the foid syenites. Mineral compositions from one
sample from III-ii indicate late-stage re-equilibration.
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The mineral assemblages of the various syenites do not
allow oxygen fugacity to be constrained but equilibria
between nepheline, alkali feldspar and clinopyroxene can
be used to estimate temperature and silica activity (e.g.
Mitchell & Platt, 1978; Markl et al., 2001):

NaAlSiO4 ðNphÞ þ SiO2 ðliqÞ ¼ NaAlSi2O6 ðCpxÞ ð2Þ

NaAlSi2O6 ðCpxÞ þ SiO2 ðliqÞ ¼ NaAlSi3O8 ðAfsÞ ð3Þ

NaAlSiO4 ðNphÞ þ 2SiO2 ðliqÞ ¼ NaAlSi3O8 ðAfsÞ: ð4Þ

Endmember activities were calculated using an one-site
mixing model for nepheline and applying the solution^
activity formulation of Holland & Powell (2003) for clino-
pyroxene and feldspar. Figure 17b was calculated using
the GEOCALC software of Berman et al. (1987) and
Liebermann & Petrakakis (1990) with the database of
Berman (1988). In the various syenites, aSiO2 varies be-
tween 0·65 and 0·3 and temperature estimates yield a
range from 410008C to 5508C based on the core

compositions of nepheline, rare primary zoned clinopyrox-
ene and reintegrated feldspar compositions (Fig. 17b). The
highest temperatures derived from equilibria (2)^(4) are
in agreement with the highest temperature estimates
based on nepheline thermometry after Hamilton (1961;
Fig. 8). If secondarily zoned clinopyroxene is considered,
the whole range of T^aSiO2 conditions observed within
unit III can be reconstructed from a single sample and
hence, such samples must reflect disequilibrium conditions
(Fig. 17b).

Constraining the source of the Mont
Saint-Hilaire melt(s)
Trace elements

The trace element patterns of clinopyroxene and amphi-
bole suggest a cogenetic relationship for all lithologies
from gabbro to diorite. Increasing concentrations of the
REE in clinopyroxene and amphibole are accompanied
by the formation of a negative Eu anomaly (Fig. 10a and
b). The first effect can be explained by the fractionation of

Fig. 18. Calculated melt composition (light grey) based on the analyzed REE concentrations in clinopyroxene from the most primitive gabbro,
using the KD values of Zack & Brumm (1998). Typical REE patterns for an OIB (crosses; Sun & McDonough, 1989), and a mid-ocean ridge
basalt (MORB; circles; Workman & Hart, 2005) and trace element compositions of the New England Seamounts (dark grey; Taras & Hart,
1987) are shown for comparison.
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Fe^Ti oxides and plagioclase from the parental magma,
which is evident from the petrography. Partition coeffi-
cients for REE in both Fe^Ti oxides and plagioclase
are51 (except for Eu in plagioclase; see below) in basaltic
systems and hence, the REE are passively enriched during
progessive crystallization (e.g. Lemarchand et al., 1987;
Bindeman & Davis, 2000).We attribute the formation of a
negative Eu anomaly to the fractionation of plagioclase
and, to a lesser degree, apatite. Partition coefficients for
Eu have been reported byVillemant et al. (1981) for basaltic
systems to exceed unity in plagioclase, but at least are
higher for Eu than for the other REE. For apatite, Paster
et al. (1974) found partition coefficients for Eu in basaltic
systems to be greater than for the other REE and thus
apatite is likely to deplete the magma in Eu and to
co-contribute to the negative Eu anomalies found in the
later crystallized minerals of the more evolved units.
The interpretation of the REE variation in the various

syenites is more problematic, as the chemistry of both the
melt and the Fe^Mg silicates differs fundamentally, with
respect to major elements, compared with the gabbros
and diorites. The following observations nevertheless are
in favor of fractionation of the syenite magmas from more
primitive mafic parents (gabbro and diorite). First, the
REE patterns of clinopyroxene and amphibole from the
fine-grained foid syenites (III-i) resemble those of clinopyr-
oxene and amphibole in the diorites in terms of both con-
centration level and LREE^HREE distribution (Fig. 10c
and d). Second, the more sodic rims of both clinopyroxene
and amphibole overgrowing more calcic core compositions
in some samples from the fine- and medium-grained foid
syenites (III-I and -iii) invariably have a different REE dis-
tribution pattern. Thus, the major element composition of
clinopyroxene and amphibole influence trace element in-
corporation into the sodic Fe^Mg silicates (Blundy et al.,
1995; Bennett et al., 2004; Marks et al., 2004b) although
competition with coexisting HFSE-incorporating phases
for REE [e.g. astrophyllite-group minerals: Piilonen et al.,
2000: eudialyte-group minerals (EGM): Schilling et al.,
2011b] may have an additional effect on the REE uptake
into Fe^Mg silicates. Owing to the complex interplay be-
tween the crystal chemical effects of clinopyroxene and
amphibole, locally variable concentrations of the REE in
the various syenitic magmas and competition with numer-
ous HFSE-incorporating minerals, such as the EGM, no
definite conclusions can be drawn on the genetic relation-
ship between the various foid syenites.
Ratios of selected trace elements also imply derivation

from a common parent magma with fractionation from
gabbros via diorites to syenites. Overlapping trace element
ratios between the various units are observed for Zr/Hf,
Nb/Ta, U/Th and Y/Ho in both clinopyroxene and
amphibole (not shown). Even at variable concentrations
of Zr, Hf, Nb, Ta, U, Th, Y and Ho most of the above

element ratios remain constant in all units. Samples that
are distinct in Zr/Hf, Nb/Ta, U/Th and/or Y/Ho contain
Na^Fe3þ-rich clinopyroxene and amphibole that coexist
with other HFSE minerals, with which they compete for
HFSE.
To address the probable characteristics of the parental

melt, we calculated the melt composition based on the
REE composition of clinopyroxene in the least fractio-
nated gabbroic unit using the partition coefficients of
Zack & Brumm (1998; Fig. 18). The calculated melt
composition closely resembles the OIB REE pattern
of Sun & McDonough (1989) and overlaps with the
REE patterns of whole-rocks from the New England
Seamounts (Fig. 18), which we interpret to indicate
derivation from a deep-seated hotspot, suggesting a
common source for the Mont Saint-Hilaire and the
New England Seamount chain. This interpretation is in
agreement with the work of Eaton & Frederiksen (2007),
who stated that the Monteregian Hills are part of
the great Meteor hotspot track under North America
and the adjacent Atlantic Ocean, based on seismic
evidence.

Radiogenic and stable isotopes

Overlapping eNd(T¼125 Ma) values from all units
indicate either a common parental magma or at least a
common source region for all the Mont Saint-Hilaire rock
types; our data overlap with previously published eNd

values (Gilbert,1985; Foland et al.,1988; Fig. 11).The signifi-
cant decrease in eNd observed for the hydrothermal sam-
ples may point to increasing degrees of assimilation of
crustal material during the late-stage evolution of the foid
syenites (see below; Marks et al., 2004b). Our eNd data are
in agreement with the interpretation of Greenwood &
Edgar (1984) and the conclusion of Gilbert & Foland
(1986), who stated that, based on field evidence and the
overlapping ages of all rock units, the various Mont
Saint-Hilaire lithologies are co-magmatic.
The d18O values of the Fe^Mg silicates are typical of

mantle values (e.g. Kyser, 1986; Mattey et al., 1994; Eiler,
2001; Marks et al., 2004b, and references therein; Fig. 12).
Slightly differing d18O values for some texturally and com-
positionally similar clinopyroxenes and amphiboles found
within each (sub-)unit indicate disequilibrium conditions
with respect to stable oxygen isotopes. The biotite and
olivine oxygen isotope compositions invariably imply
higher d18Omelt values than do clinopyroxene and amphi-
boles. Hence, we interpret biotite and olivine to have re-
equilibrated to higher degrees than clinopyroxene and
amphibole.
We calculated oxygen isotope compositions for the coex-

isting melt by combining the mineral^water and rock^
water fractionation coefficients of Zheng (1993a, 1993b)
and Zhao & Zheng (2003), respectively. In accordance
with the variable d18O values of the various mineral

SCHILLING et al. MONT SAINT-HILAIRE EVOLUTION

2177

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
2
/1

1
/2

1
4
7
/1

5
3
6
1
7
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



separates, the calculated oxygen isotope compositions of
the melts (at an assumed temperature of 10008C) vary be-
tween 4·6 and 7·9ø for all units, with the majority of sam-
ples falling close to typical mantle values of between 5·5
and 6ø determined for basalts (e.g. Ito et al., 1987; Eiler,
2001).
The hydrogen isotopic compositions of amphibole and

biotite are similar to the dD values of hydrosilicates from
other mantle-derived alkaline rocks, although lower dD
values have been reported for the Il|¤maussaq intrusion in
Greenland (e.g. Marks et al., 2004b;Waczek, 2009, and ref-
erences therein; Fig. 13). No systematic variation is
observed from gabbros to syenites with respect to hydrogen
and oxygen isotopic composition, and �amp^bt values
are different even for mineral pairs that are similar in
major element composition. Furthermore, hydrogen iso-
topes are prone to re-equilibration and structurally differ-
ent minerals have different closure temperatures for
hydrogen exchange (e.g. Taylor, 1974; Graham et al., 1984;
Huebner et al., 1986; Brandriss et al., 1995). This is in agree-
ment with hydrothermal alteration and related fluid activ-
ity, as indicated by fluid inclusions, late-stage mineral
equilibria and the stable isotope compositions of the
late-stage minerals (see below).

The post-magmatic to hydrothermal
stage: formation of late-stage mineral
associations
Intensive parameters in the hydrothermal stage

As some of the stable oxygen isotope and fluid inclusion
data point to extensive hydrothermal activity, we calcu-
lated activity^activity diagrams to investigate sub-solidus
phase relations. In the late-stage assemblages of the syen-
ites Na^Al silicates constrain the intensive parameters.
Phase equilibria between nepheliness, the albite component
in feldspar, natrolite, analcime and Na-chabazite allow
estimationof theactivities of SiO2andwaterat fixedpressure
and temperature. As clinopyroxene in the late-stage assem-
blages approaches thepureaegirineend-member incompos-
ition and jadeite is virtually absent as a component, we
ignored the latter in our calculations. Following the
approaches of, for example, Liou (1971), Chipera & Apps
(2001), Markl & Baumgartner (2002) and Weisenberger &
Bucher (2010), we calculated aSiO2 vs aH2O diagrams based
on the following equilibria for temperature estimates based
onoxygen isotopethermometryof the late-stageassemblages
involving carbonates and some of the minerals and mineral
assemblages considered in the following reactions:

NaAlSiO4 ðNphÞ þ 2SiO2 ðfluidÞ ¼ NaAlSi3 O8ðAbÞ

ð5Þ

NaAlSiO4 ðNphÞ þ SiO2 ðfluidÞ þH2O ðfluidÞ

¼ NaAlSi2O6xH2OðAnlÞ
ð6Þ

2NaAlSiO4 ðNphÞ þ SiO2 ðfluidÞ þ 2H2O ðfluidÞ

¼ Na2Al2Si3O10x2H2O ðNtrÞ
ð7Þ

2NaAlSiO4 ðNphÞ þ 2SiO2 ðfluidÞ þ 6H2O ðfluidÞ

¼ Na2Al2Si4O12x6H2O ðCbzÞ
ð8Þ

NaAlSi3O8 ðAbÞ þH2O ðfluidÞ

¼ NaAlSi2O6xH2O ðAnlÞ þ SiO2ðfluidÞ
ð9Þ

2NaAlSi3O8 ðAbÞ þ 2H2O ðfluidÞ

¼ Na2Al2Si3O10x2H2O ðNtrÞ þ 3SiO2 ðfluidÞ
ð10Þ

2NaAlSi3O8 ðAbÞ þ 6H2O ðfluidÞ

¼ Na2Al2Si4O12x6H2O ðCbzÞ þ 2SiO2 ðfluidÞ
ð11Þ

2NaAlSi2O6:H2O ðAnlÞ

¼ Na2Al2Si3O10x2H2O ðNtrÞ þ SiO2 ðfluidÞ
ð12Þ

2NaAlSi2O6xH2O ðAnlÞ þ 4H2O ðfluidÞ

¼ Na2Al2Si4O12x6H2O ðCbzÞ
ð13Þ

Na2Al2Si3O10:2H2O ðNtrÞ þ SiO2 ðfluidÞ þ 4H2O ðfluidÞ

¼ Na2Al2Si4O12x6H2O ðCbzÞ:

ð14Þ

For nepheline, we used a one-site mixing model and, as
a result of minor compositional variation, averaged
analyses. For albite, natrolite and analcime we used unit
activities owing to their near-endmember compositions.
As no thermodynamic data for Na-chabazite are available,
we constructed a qualitative mSiO2^mH2O diagram invol-
ving Na-chabazite to show the correct chemographic rela-
tionship with the above-mentioned minerals (Fig. 19a) but
calculated quantitative diagrams without Na-chabazite
(Fig. 19b^d). For calculation of the quantitative aSiO2^
aH2O diagrams, we used the Unitherm database from
the HCh package (Shvarov & Bastrakov, 1999; Shvarov,
1999) and the thermodynamic data of Holland & Powell
(1998) for albite and nepheline and those of Robie &
Hemingway (1995) with the Cp coefficients of Berman &
Brown (1985) for natrolite. We applied the revised HKF
model of Shock & Helgeson (1988) for SiO2 and the HCh
Unitherm-implemented calibration for H2O.The accuracy
of our estimates depends on the consistency of the thermo-
dynamic data available. The thermodynamic data for
nepheline, albite and analcime are internally consistent,
whereas the thermodynamic data for natrolite are not con-
sistent with those of the above minerals. This, however,
does not affect the general conclusions drawn based on
our estimates.
At 2508C, nepheline of the analyzed composition and

pure albite buffer aSiO2 to equilibrium values of �0·001
and at aH2O4�0·08, natrolite becomes stable as the only
zeolite mineral. Equilibrium (10) buffers aSiO2 to higher
values than equation (5) (Nph^Ab) whereas equation (7)
buffers aSiO2 to lower values than equation (5) (Fig. 19b).
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At 1508C, analcime becomes stable at the expense of
natrolite at the high-aSiO2 limit of the natrolite stability
field, and nepheline and albite buffer aSiO2 to equilibrium
values of the order of �0·0001 (Fig.19c). At 508C, analcime
is the major zeolite stable at elevated aH2O, and aSiO2 is

buffered to values between 0·0001 and 0·000001 by the
various SiO2-consuming reactions (Fig. 19d).
The phase relations in Fig. 19 show the stability fields

for the zeolite minerals relevant at Mont Saint-Hilaire
(compare, for example, with Liou, 1971, 1979; Chipera &
Apps, 2001, and references therein; Markl &
Baumgartner, 2002; Mitchell & Liferovich, 2006; Renac
et al., 2010). Calculated saturation of quartz for the re-
spective conditions plots at higher silica activities than the
observed phase equilibria that buffer the activities of
water and SiO2; this is in agreement with the absence of
quartz in the late-stage assemblages used for calculating
Fig. 19. At the temperatures chosen for our phase diagrams,
hydrothermal fluids from other localities (even those that
coexist with quartz-bearing lithologies) were found to dis-
solve similarly small amounts of SiO2 (e.g. Pauwels et al.,
1993; Sanjuan et al., 2010) and conversion of these concen-
tration data for dissolved SiO2 into SiO2 activities, assum-
ing equilibrium conditions, reveals silica activities in
the same range as that calculated based on the late-stage
Na^Al silicates in our syenites.
Although analcime is known to occur under a wide

range of hydrothermal conditions in nature (e.g. Liou,
1971), it is stable only at temperatures �1508C (Fig. 19b
and c). The calculated phase stabilities, however, are
in agreement with the specific situation found at Mont
Saint-Hilaire and the common observation of analcime
pseudomorphs after natrolite in late-stage mineral
assemblages.
Carbonate^carbonate and carbonate^silicate equilibria

provide further constraints on temperature based on
oxygen isotope composition. Using the fractionation coeffi-
cients of Zheng (1993a, 1999) indicates temperatures be-
tween 3808C (�2008C) and 808C (�408C).

Provenance of the late-stage fluids

The carbon and oxygen isotope compositions of carbonates
can be used to determine the source characteristics of the
fluids. Late-stage carbonates from the syenites isotopically
resemble the limestone host-rocks of the intrusion or plot
between limestone and typical mantle carbonate compos-
itions (e.g. Taylor et al., 1967; Fig. 14). This argues for the
contribution of two sources to the carbon and oxygen
incorporated into the carbonates: first, a magmatic compo-
nent predominates in most siderite, rhodochrosite, dolo-
mite, and some other carbonates. Second, a component
that isotopically resembles the surrounding St. Lawrence
Lowlands limestones predominates in texturally late calcite
and siderite. Calcite from a coarse-grained marble xenolith
has preserved its C and O isotopic composition, which
overlaps with the St. Lawrence limestone data of
Carignan et al. (1997) and late-stage dawsonite and calcite
from a Monteregian feldspathic dike (Boussaroque et al.,
1975). Some calcites fall off the mixing line between the
mantle and limestone reservoirs and trend towards the

Fig. 19. (a) Qualitative m^m diagram showing the stability fields of
the Na^Al silicates discussed in the text; (b^d) quantitative aSiO2^
aH2O diagrams for selected Na^Al silicates at different temperatures.
Grey lines represent the lower limits of quartz saturation. All dia-
grams are calculated at 1 kbar pressure; reaction numbers are as
in the text.
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isotopic composition of CO2 extracted from fluid inclu-
sions in a late-stage cryolite with low d13C and elevated
d18O values. A potential source for this (relatively low
d13C) isotopic composition could be dissolved organic
matter, which generally is thermally altered around intru-
sions in the St. Lawrence Lowlands (He¤ roux & Tasse¤ ,
1990). Hence, C and O from organic matter are likely to
have been mobilized and introduced into the syenites
during the emplacement of the Mont Saint-Hilaire intru-
sion. This is in agreement with the presence of rare graph-
ite in late-stage assemblages.
Fluid inclusion data complement those of the carbonate

stable isotope characteristics and the eNd data for the
hydrothermal samples, and reflect the complex late-stage
history of Mont Saint-Hilaire. The formation of the fluid
inclusions in the various Mont Saint-Hilaire lithologies is
related to at least two events. We interpret the secondary
aqueous group (b) fluid inclusions that are not cogenetic
with carbonic group (a) fluid inclusions to have been
trapped from an aqueous fluid that unmixed from the crys-
tallizing and cooling magma in the late-magmatic and/or
subsequent hydrothermal stage. Such a process has been
reported to account for the formation of aqueous fluid
inclusions in numerous alkaline rock occurrences (e.g.
Tamazeght: Salvi et al., 2000; Ditrau: Fall et al., 2007;
Il|¤maussaq: Graser et al., 2008; Ivigtut: Ko« hler et al., 2008)
and may be supported by the relatively high homogeniza-
tion temperatures of some of the aqueous fluid inclusions
found in the foid syenites. Large variations observed in
the final melting and homogenization temperatures of
such fluid inclusions may point to mixing with variable
proportions of an external fluid (Fig. 16b). The absence or
scarcity of hydrocarbons in our fluid inclusions might indi-
cate more oxidized (late-) magmatic conditions than, for
example, at Il|¤maussaq (Krumrei et al., 2007; Graser et al.,
2008; Markl et al., 2010) or Khibina (Beeskow et al., 2006).

We interpret the formation of secondary trails consisting
of carbonic group (a) and aqueous group (b) fluid inclu-
sions to be related to heterogeneous trapping of an exter-
nally derived immiscibly coexisting CO2^H2O fluid.
Owing to the different wetting behavior of H2O and CO2

(e.g. Hollister, 1990; Belkin & De Vivo, 1993), the relative
amounts of group (a) and (b) fluid inclusions cannot
be assumed to represent the composition of the immiscibly
coexisting fluid. However, the presence of cogenetic car-
bonic and aqueous fluid inclusions allows us to constrain
the conditions of capture of the fluids: calculated isochors
(MacFlincCor; Brown & Hagemann, 1995) for cogenetic
group (a) and (b) fluid inclusions intersect between
�3508C at �0·8 kbar and �1508C at �0·3 kbar in nephel-
ine (in a dioritic sample) and between 2308C at �0·7
kbar and 1308C at �0·3 kbar in late-stage quartz (Fig. 20).
Both nepheline and quartz can be assumed to represent
relatively stable containers for fluid inclusions, which pre-
vents post-entrapment modification of the fluid inclusions.
The P^T conditions indicated by intersections of the iso-
chors (Fig. 20) are in good agreement with experimental
studies on the H2O^CO2 solvus, which lies at �2658C for
the pure system (e.g. To« dheide & Franck, 1963; Diamond,
2001) and is shifted towards higher temperatures if NaCl
is added to the system (Hendel & Hollister, 1981; Bowers
& Helgeson, 1983). Hence, percolation of an immiscibly
coexisting external CO2-rich and saline aqueous fluid,
probably in equilibrium with limestone country-rocks, is
interpreted to have affected all rock units. This interpret-
ation is supported by the stable isotope compositions of
CO2 from fluid inclusions in diorite, which isotopically
overlap with those of limestones (Fig. 14). We interpret the
relatively homogeneous final melting temperatures at vari-
able homogenization temperatures observed in the
late-stage quartz (Fig. 16b) to reflect cooling of the exter-
nally derived fluid, which points to long-lived hydrother-
mal activity controlled by external fluids. To conclude,

Fig. 20. Calculated isochors for coexisting (cogenetic) group (a) carbonic and group (b) aqueous fluid inclusions found within single trails.
(a) Diorites; (b) late-stage quartz. The intersecting fields (dark) are interpreted to represent the trapping conditions for both fluid
inclusion types.
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infiltration of an externally derived, immiscibly coexisting
CO2^H2O fluid has the potential to form both CO2 and
aqueous fluid inclusions, to stabilize carbonate minerals
intergrown with late-stage silicates, and to control the C
and O stable isotope composition of carbonate minerals
and the CO2 in fluid inclusions. Alternatively, partial melt-
ing of marble xenoliths, as described by McDonald &
Chao (2004), could account for these observations; how-
ever, based on the small volumes of recrystallized rather
than partially dissolved marble xenoliths observed in out-
crop, partial melting of marble xenoliths appears only to
co-contribute to the infiltration of external fluids. The
latter process may locally predominate over the former.
The results of our study of late-stage mineral assem-

blages imply similar potential for late-stage mineral for-
mation in other alkaline complexes emplaced into
limestones (e.g. Saima: Saima Deposit Research Group,
1987; Tamazeght: Allah et al., 1998).

SUMMARY AND CONCLUSIONS

Our investigation of the magmatic to hydrothermal evolu-
tion of Mont Saint-Hilaire yields the following results.

(1) Trace element and REE data together with oxygen,
hydrogen and Nd isotopic data for Fe^Mg silicates in-
dicate a common mantle-derived parent magma with
OIB characteristics for the major Mont Saint-Hilaire
lithologies and underline the importance of fractional
crystallization during the magmatic evolution of the
complex. For some of the evolved syenites, however,
increasing degrees of crustal contamination are
implied.

(2) Calculated silica activities vary strongly (0·7^0·3)
in gabbros; samples indicating temperatures58008C
display the widest range in aSiO2, arguing for late-
magmatic to subsolidus re-equilibration. Silica activ-
ity is relatively homogeneous (0·4^0·5) in diorites and
we estimate values of aSiO2¼0·6 at near-liquidus con-
ditions and values around of aSiO2¼0·3 in the
late-magmatic stage in the syenites. With the transi-
tion of late-magmatic to hydrothermal conditions,
aSiO2 drops to values around �0·001, which is due to
lower SiO2 solubilities in aqueous fluids compared
with silicate melts and to decreasing temperature.

(3) Oxygen fugacity in the early magmatic gabbroic rocks
varies between �FMQ¼�0·5 and þ0·7 (at 1200 to
9008C) and increases to values around �FMQ¼þ2
in the late- to post-magmatic stage. In diorites, fO2 is
confined to values around �FMQ¼�1 and hence
this unit crystallized under lower oxygen fugacities.
Especially the diorites provide evidence that low
silica activity drives oxygen fugacity to lower values
as indicated by QUIlF-type equilibria involving neph-
eline and feldspar in the diorites (Schilling et al.,

2011a); this is supported by numerous studies of
silica-undersaturated systems, which show that these
magmatic systems have great potential to crystallize
under reduced conditions (e.g. Markl et al., 2010).

(4) Late-stage assemblages involving carbonates and
Na^Al silicates have equilibrated at temperatures
54008C and reflect the provenance of late-stage
fluids from two sources. First, a magmatic component
is present as an exsolved magmatic fluid phase that
isotopically represents a mantle component. Second,
external fluids probably in equilibrium with the sur-
rounding sedimentary host-rocks contribute to the
oxygen and carbon isotopic compositions of carbon-
ates, indicating that external fluids have infiltrated
the intrusive body. Locally, partial melting of marble
xenoliths may contribute to the oxygen and carbon
stable isotopic composition.

(5) Fluid inclusions record an aqueous fluid that probably
exsolved from the residual magma. Subsequently, ex-
ternal aqueous fluids infiltrated the intrusive body
and were trapped in the course of a heterogeneous
trapping process. This externally derived, immiscibly
coexisting CO2^H2O fluid was trapped at tempera-
tures53408C in all units.

(6) The combination of different processes contributed
to the formation of the mineral wealth found at
Mont Saint-Hilaire: first, magmatic pre-enrichment
of alkalis, LILE and HFSE; second, mixing of an
exsolved magmatic fluid with external fluids; third,
low-temperature fluid^rock interaction resulted in
dissolution, transport and re-precipitation of charac-
teristic mineral assemblages dependent on locally
variable parameters.

(7) Emplacement of the silicate intrusive rocks into lime-
stone host-rocks plays a key role in the formation of
the large mineralogical diversity found at Mont
Saint-Hilaire. Owing to extreme chemical gradients
between the limestone host-rocks and the emplaced
silicate magmas there are strong temporal and spatial
variations in the intensive parameters, which locally
favor specific phase assemblages. Thus, other alkaline
complexes emplaced into limestone host-rocks
(Saima: Saima Deposit Research Group, 1987;
Tamazeght: Allah et al., 1998), have a similarly high
potential to develop exotic and elsewhere rare
minerals.
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