Chapter 11
The Sept Iles Intrusive Suite, Quebec, Canada

Olivier Namur, Michael D. Higgins and Jacqueline Vander Auwera

Abstract The Sept Iles Intrusive Suite (Quebec, Canada) is made up of a large
layered intrusion, late gabbro intrusions and a composite sill (Pointe du Criard Sill).
The layered intrusion crystallized from a ferrobasaltic magma and is subdivided
into a Layered Series of troctolite and gabbro, an anorthositic Upper Border Series
and a granitic Upper Series. The formation of the Upper Border Series resulted from
plagioclase flotation from the base to the roof of the magma chamber. Fractionation
of troctolites and gabbros in the Layered Series resulted in SiO,-enrichment and
FeO,-depletion of the residual melt, ultimately forming the granite of the Upper
Series. The solidification history of the Layered Series was interrupted by two
major and a series of minor influxes of ferrobasaltic melt, significantly enlarging
the size of the initial magma chamber. As a consequence, the Layered Series can
be subdivided into three megacyclic units (MCU 1, II and III). Mixing between
resident magma and undifferentiated melt during replenishments had an impor-
tant influence on both mineral compositions and the liquid lines of descent during
the crystallization of the various megacyclic units. It is shown that the liquid line
of descent during crystallization of MCU II reached silicate liquid immiscibility.
Immiscible melts crystallized two different types of apatite-bearing gabbros, one of
which is a major P-Ti—Fe deposit. Cumulate rocks in the layered intrusion show a
wide range of crystallized interstitial liquid content. Expelling of this liquid from
the crystal mush during solidification is explained both by compaction and compo-
sitional convection, but the relative efficiency of these two processes is shown to
change significantly with differentiation.
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Introduction

The Sept Iles intrusive suite (Quebec, Canada) is made up of a layered intrusion,
some 80 km in diameter, a series of late gabbro intrusions and the Pointe du Criard
composite sill. This magmatic event occurred during the later part of the Ediacar-
ian period (564 Ma; Higgins and van Breemen 1998) and played an important role
in the evolution of the Precambrian continental crust of Laurentia. The layered
intrusion, estimated to be the third largest in the world (Namur et al. 2010), com-
prises a lower Layered Series with troctolite and gabbro, an anorthositic Upper
Border Series and a granitic Upper Series. According to Higgins (2005), all parts
of the layered intrusion are comagmatic and related by fractional crystallization
and other physical processes that occurred during solidification of the magma
chamber.

Rocks from the Layered Series of the layered intrusion are dominated by pla-
gioclase, olivine, clinopyroxene, Fe—Ti oxide minerals and apatite. They resulted
from the crystallization of a ferrobasaltic melt (Namur et al. 2010) and strongly
resemble the ferrogabbros of the Skaergaard intrusion (McBirney 1989), and the
Upper Zone of the Bushveld Complex (Tegner et al. 2006). This troctolite-gabbro
succession contains more than 20 cm- to m-thick layers enriched in magnetite
and ilmenite, similar to those observed in the Bushveld complex (Cawthorn and
Ashwal 2009). It also contains many dm-m blocks of anorthosite, somewhat simi-
lar to those observed in the Layered Series of the Skaergaard intrusion (Irvine
et al. 1998; Higgins 2005). Mineral compositions in the Layered Series evolve
upwards but the main trend is interrupted by two large and several small regres-
sions to more primitive compositions. The most evolved rocks of the Layered Se-
ries are made up of apatite-bearing olivine gabbros which represent an important
Fe—Ti—P deposit. The uppermost part of the Layered Series does not crop out but
is thought to be structurally overlain by a 200-500 m-thick layer of anorthosite,
locally containing cm- to m-scale pockets of syenitic to granitic material. Con-
tinuous outcrops in the southern part of the Sept Iles archipelago show that the
anorthosite is overlain by km-scale cupolas of syenite and granite of two types:
the first one contains abundant magmatic mafic enclaves and the second one is
free of any enclaves.

Here we present an overview of the present understanding of the origin and
evolution of the Sept Iles Intrusive Suite. We describe the different units of the
Intrusive Suite with major focus on the layered intrusion. We present the strati-
graphic evolution of rocks and mineral compositions in the layered intrusion and
use them to describe how the magma chamber was filled and replenished. We
also present field relationships and compositional data for rocks of the Sept Iles
chilled margin, dykes cutting the Layered Series and silicic rocks from the Upper
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Series that we use to determine the liquid line of descent of the layered intrusion
and potential implications for other ferrobasaltic intrusions. We then show how
the liquid line of descent controls some specific magma chamber processes such
as plagioclase flotation, resulting in the formation of anorthosite at the roof of
the magma chamber, and the expelling and/or exchange of interstitial melt from
the crystal matrix during solidification. We finally describe how a silicate-liquid
immiscibility process exerted a control on the Sept Iles liquid line of descent and
how it contributed to the formation of large-scale Fe—Ti—P ore deposits.

Geological Setting

Regional Geology

The Sept Iles intrusive Suite (SIIS) is located on the north shore of the St Lawrence
River, about 500 km to the north-east of Quebec City, Canada. It is a non-deformed
and non-metamorphosed magmatic body emplaced into high-grade gneisses (Hig-
gins 2005) of the allochthonous polycyclic belt of the Grenville geological prov-
ince (Rivers et al. 1989; Rivers 2008). The age of the SIIS was originally deter-
mined from Rb—Sr isochrons on granite and syenite that gave results ranging from
538+17 to 555+2 Ma, with an average of ca. 540 Ma (Higgins and Doig 1977,
1981). The SIIS was re-dated at 564+4 Ma using the U-Pb method on zircons
extracted from a granophyre pod in the gabbroic cumulates (Higgins and van Bree-
men 1998). This age coincides with a large magmatic event in Eastern Laurentia,
dominated by volcanic rocks (basalts) and plutons (alkaline plutons, carbonatites
and kimberlites; Doig and Barton 1968; Doig 1970; Kamo et al. 1989; Kumarapeli
1993; Higgins and van Breemen 1998). This magmatic event, including the SIIS,
was attributed to the initiation of the St Lawrence rift system during the opening
of the Iapetus Ocean (Kumarapeli and Saull 1966). Given the large volume of
magma represented in the SIIS, it is suggested that it might be related to a mantle
plume (Hill et al. 1992; Higgins and van Breemen 1998), although the location of
the SIIS on a major lithospheric discontinuity suggests that it may also result from
lithospheric re-organization (Namur et al. 2010). In any case, the Sr isotopic com-
position of bulk-rocks and mineral separates from the SIIS implies a mantle source
(Higgins and Doig 1981; Namur et al. 2010).

Higgins (2005) proposed that magmatic activity in the Sept Iles region started
with the eruption of an unknown volume of flood basalts and that the SIIS was sub-
sequently emplaced at the unconformity between the lavas and the Grenville base-
ment rocks. No flood basalts are preserved anywhere in the Sept Iles area, but flood
basalts commonly erupt during continental rifting, such as the opening of the St
Lawrence rift system. Basalts of similar age to the SIIS are present to the southwest
of Sept Iles (the Tibbit Hill Formation) and elsewhere in the Appalachians (Higgins
and van Breemen 1998).
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The Sept lles Intrusive Suite

The SIIS is dinner-plate shaped, with a diameter of about 80 km and a maximum
thickness of 7 km. Only 10 % crops out on the mainland and on the islands of the
Sept Iles archipelago (Fig. 11.1). The quality of outcrops is relatively poor on the
mainland, with the exception of rare quarries and along a power line crossing the
SIIS from west to east. In contrast, outstanding outcrops of anorthosite, syenite
and granite occur on the Marconi Peninsula and on the islands of the archipelago.
These outcrops were therefore the first to be investigated and the SIIS was first
described as an anorthosite massif (Higgins and Doig 1977, 1981) similar to Pro-
terozoic massif-type anorthosites. However, unpublished mapping by T. Ahmedali
in the 1960s and T. Feininger in 1985-1990 followed by detailed mapping by
Cimon (1998) and geophysical studies by Loncarevic et al. (1990) have revealed
that the mainland outcrops are more complicated than previously thought and ex-
pose a sequence of massive troctolites and layered gabbros that are overlain by
anorthosite, syenite and granite. In light of these new data, the SIIS was then
described as a single layered intrusion (Higgins and Doig 1986; Higgins 1991).
However, a recent reinvestigation by Higgins (2005) suggests that the igneous ac-
tivity around Sept Iles was more complex and that the Sept Iles intrusive rocks are
better described as an intrusive suite (Sept Iles Intrusive Suite) of three magmatic
components: a layered intrusion, the Pointe du Criard composite sill and a series
of late-stage gabbros.

The Sept Iles Layered Intrusion

General Overview

The Sept Iles layered intrusion is by far the most voluminous unit of the SIIS
although the relative volumes of the different units, including the layered intru-
sion, are not precisely known. Its size is well defined by a gravity anomaly, some
80 km in diameter, with a maximum Bouguer anomaly of 80 mGal, which is the
largest gravity anomaly in eastern North America (Loncarevic et al. 1990). The
layered intrusion is also defined by an important magnetic anomaly (Fig. 11.2).
There is no evidence that the roof of the intrusion is still preserved. As proposed
for other layered intrusions (e.g. the Bushveld Complex; Cheney and Twist 1991)
it has been suggested that the initial intrusion was a sill and that subsidence of the
floor due to the weight of the cumulate rocks is responsible for its final lopolithic
form (Higgins 2005). Interest in the Sept Iles layered intrusion increased at the end
of the 1980s because the composition and size of the intrusion suggested that it
might host significant Ni, Cu and PGE resources. Three cores (DC-84670, 450 m;
DC-84698 (DC-8), 1920 m and DC-84699 (DC-9), 2550 m), currently kept at the
Ministére des Ressources Naturelles et de la Faune du Québec, were drilled in
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Fig. 11.1 a Geological map of the Sept Iles Intrusive Suite adapted from Higgins and Doig (1986)
and Higgins (2005). Note the vertical and lateral subdivision of the Layered Series of the layered
intrusion into three megacyclic units (MCUI-III). The inset map in the upper left corner shows the
location of the map area in southeastern part of Canada. Locations of surface samples and drill-
cores (DC-8; DC-9) from the Layered Series (Namur et al. 2010) are shown for reference. Detailed
stratigraphic relationships between these samples can be seen in Figs 11.1b and 11.5. b Schematic
cross-section of the Sept Iles layered intrusion. Note the vertical succession of the 3 MCUs of the
Layered Series and the Upper Border Series and Upper Series. Note also the stratigraphic intervals
intersected by the drill cores and where field samples were collected. LS Layered Series, UBS
Upper Border Series, US Upper Series

the 1990s by Inco Inc (see location of DC-8 and DC-9 in Fig. 11.1) but no metal-
lic ores were found. However, a 200 m thick sequence of apatite-bearing gabbro
was discovered in DC-84699, while another interval, some 250 m in thickness,
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Fig. 11.2 Magnetic vertical gradient map of the Sept Iles area showing the Sept Iles layered intru-
sion and the country rocks to the north (1st vertical derivative in nT/m, resolution: 1 km) (data
source: Natural Resources Canada). The Sept Iles layered intrusion is characterized by relatively
high magnetic gradient compared to the country rocks. Curved east-west blue bands highlight the
largest Fe—Ti oxide layers of the Sept Iles Layered Series. This map also highlights the size and
circular shape of the layered intrusion. (Courtesy of Lajeunesse et al. (2013), Laval University,
Quebec, Canada)

was known to occur on the mainland. The latter level, generally called the Critical
Zone, was investigated at the end of the 1990s by the Soquem Inc. which drilled
30 cores 100-250 m long.

Using samples from the Inco drill-cores (see their stratigraphic distribution be-
low) together with additional samples collected in the field, the Sept Iles layered
intrusion was subdivided by Cimon (1998) into four series: a Lower Series domi-
nated by massive troctolite, a Layered Series comprising layered gabbro, a Transi-
tional Series made up of anorthosite and an Upper Series dominated by granite and
minor syenite. However, more recent investigations by Higgins (2005) and Namur
et al. (2010) along with comparisons with the Skaergaard intrusion have shown that
the subdivision proposed by Cimon (1998) is inconsistent with the processes that
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occurred during crystallization (see below). A simpler subdivision into the gabbro-
troctolite Layered Series, the anorthositic Upper Border Series and the granite-
syenite Upper Series has therefore been adopted (Fig. 11.1). It should already be
noted that in contrast to the Skaergaard intrusion, the Upper Border Series does not
correspond to a mirror image of the Layered Series but to a 200-500 m-thick unit
dominated by anorthosite. However, the anorthosite may have served as a nucle-
ation site for minor in situ crystallization of troctolite and gabbro at the roof of the
chamber.

No continuity in drill-cores or in the field is observed between the Layered
Series and the Upper Border Series. However, the presence of blocks of anortho-
site in the Layered Series which are petrographically and compositionally iden-
tical to the anorthosite observed in the Upper Border Series suggests a genetic
link between these two series. This is also confirmed by the presence of abundant
syenite-granite pods in the anorthosite of the Upper Border Series that resemble
the granophyre pockets observed in the most evolved cumulates of the Layered
Series (Higgins and Doig 1981; Namur et al. 2010, 2011a). Continuous outcrops
on the Marconi Peninsula and several islands show a vertical relationship between
the anorthosite of the Upper Border Series and the syenite-granite of the Upper
Border Series. These field relationships all together strongly suggest that the Lay-
ered Series, Upper Border Series and Upper Series all belong to the same intrusive
body and are genetically related by a single process of crystallization in the Sept
Iles magma chamber.

To the north, the Sept Iles layered intrusion is surrounded by a thin zone of mas-
sive fine-grained dolerite called the Sept Iles Border Zone. Geophysical data are not
sufficiently detailed to determine whether it continues beneath the sea or if it only
occurs in the north. Based on bulk-rock and mineral compositions, Cimon (1998)
interpreted this unit as a separate intrusive body, younger in age than the Sept Iles
layered intrusion and having crystallized from a more evolved parental magma.
However, by analogy with other layered intrusions, this zone might also correspond
to a chilled margin representing rapidly cooled magma against cold country rocks
(Wager and Brown 1968; Hoover 1989) or to a marginal reversal made up of fine-
grained cumulate rocks becoming increasingly more primitive upwards in the stra-
tigraphy (Egorova and Latypov 2012).

The Sept Iles Border Zone

The exposed part of the Sept Iles layered intrusion is surrounded by a Border Zone
(at least 20 m thick) of massive fine-grained dolerite with minor amounts of me-
dium-grained monzonite, representing an abrupt contrast with the coarse-grained
gabbros of the Layered Series and the highly deformed host Grenvillian gneisses
(Fig. 11.1). The most external part of this zone contains abundant pods and lenses
of evolved material, probably resulting from the local partial melting of the country
rocks. It also contains abundant cm- to m-scale angular blocks of Grenvillian gneiss
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quartzite derived from the Grenvillian country rocks is included into the dolerite. Sept Iles main-
land, looking north. b Photomicrograph of fine-grained dolerite from the Sept Iles Border Zone,
dominated by plagioclase, clinopyroxene and Fe—Ti oxides. Transmitted light

(Fig. 11.3a). Dolerite from the Border Zone has granular texture and an average pla-
gioclase size of 0.1-0.5 mm (Fig. 11.3b). It is dominated by lath-shaped, strongly
zoned, locally antiperthitic, plagioclase, anhedral to subhedral clinopyroxene and
anhedral Fe-Ti oxide patches dominated by magnetite (Fig. 11.3b). Anhedral to
slightly rounded olivine and orthopyroxene are observed in some samples, together
with minor needles of apatite (up to 300 um long), and composite biotite-amphibole
rims around clinopyroxene and Fe—Ti oxides. Traces of quartz, alkali-feldspar and
zircon are observed in some samples. The monzonite is quite similar, except that it
contains more quartz, amphibole and alkali-feldspar and less Fe—Ti oxides than the
dolerite.

The Layered Series

Field Relationships, Modal Layering and Ore Deposits

From its contact with the Border Zone to the central part of the Layered Series,
four main rock types have been recognized in the field: troctolite (Fig. 11.4a), Fe—
Ti oxide-bearing troctolite, gabbro (Fig. 11.4b) and apatite-bearing gabbro. Troc-
tolites and Fe—Ti oxide troctolites are coarse-grained massive rocks, while gabbros
are finer-grained and exhibit mineral lamination. Igneous layering is commonly
observed in gabbros (Fig. 11.4b), dipping 15-30 towards the centre of the intru-
sion, and showing a regular alternation of cm- to dm-thick mafic and more felsic
layers. Layers commonly exhibit modal grading from olivine, pyroxene, ilmenite
or magnetite-rich bases to plagioclase-rich tops. Modally-layered intervals locally
with slump to trough structures and minor unconformities are especially evident
in Fe—Ti oxide-rich gabbros. Most layers are ca. 10 cm-thick but may range from
a few cm to more than 1 m. As described below, some Fe—Ti oxide-rich layers are
however locally thicker than 15 m (Fig. 11.4c; Namur et al. 2010). Centimeter- to
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Fig. 11.4 Photographs of field relationships in the Layered Series. a Coarse-grained troctolite
from MCU III, Riviere des Rapides. b Centimeter to decimeter thick rhythmic layering in gabbro
showing alternating plagioclase-rich leucocratic layers and mafic mineral-rich melanocratic lay-
ers. To the right there is an autolith of pale anorthosite. Hall lake section. ¢ Representative out-
crop of a meter-thick massive Fe—Ti oxide layer, Sept Iles mainland. d Anorthositic autolith block
within gabbros of the Layered Series. Note the deformation of the layering at the base of the auto-
lith, suggesting that the block has foundered into a partially solid crystal pile, Sept Iles mainland

meter-scale blocks of anorthosite are abundant in the gabbro and locally deform
the layering of the underlying rocks (Fig. 11.4b, d). They are especially abundant
in gabbros from the western side of the intrusion.

Fe—Ti oxide mineralization is an important feature of the Sept Iles layered intru-
sion and occurs either as tabular or lens-shaped massive bodies. Tabular ore bodies
are isomodal layers, 5 cm- to 15 m-thick (Fig. 11.4c), dominated by magnetite and
ilmenite, concordant with the general layering, which have sharp lower and diffuse
upper contacts.

Two ca. 200 m-thick apatite-rich gabbro units occur in the lower and middle part
of the Layered Series. The lower unit is comprised of homogeneous leucocratic
gabbro with 2—5 vol.% apatite, while the upper unit shows an alternation of mela-
nocratic layers dominated by Fe—Ti oxides and apatite and plagioclase-rich layers
(with very minor Fe-Ti oxides) on a scale of 1-20 m (Charlier et al. 2011; Namur
etal. 2012a).

o.namur@mineralogie.uni-hannover.de



474 O. Namur et al.

Subdivision of the Layered Series and Lithological Stratigraphy

The presence of two units of apatite-bearing gabbro and the disappearance of cumu-
lus apatite at certain levels suggest that the fractionation trend of the Sept Iles parent
magma was temporarily interrupted. This allowed the Layered Series to be subdi-
vided into three megacyclic units (MCUs; Irvine 1982) with repeated characteristic
sequences of cumulates (Namur et al. 2010). MCU I (1785 m-thick) and MCU 11
(2533 m-thick) are topped by apatite-bearing gabbro units (Fig. 11.5). MCU III is
at least 396 m-thick, but its upper part is not exposed. The Layered Series is at least
4800 m thick (from —4210 to 549 m, with the 0 m reference level corresponding to
the appearance of cumulus apatite in MCU II; Namur et al. 2010).

MCU 1 is characterized by the following succession of rocks: troctolite (pla-
gioclase, olivine; po-C; notation following Irvine 1982), Fe—Ti oxide-troctolite (+
magnetite and ilmenite; pomi-C), gabbro (+ clinopyroxene; pomic-C), olivine-free
gabbro (- olivine; pmic-C) and apatite-bearing olivine gabbro (+ olivine and apatite;
pomica-C; Fig. 11.5). These units show contrasting mineral (see below) and bulk-
rock compositions (Tables 11.1, 11.2). Troctolite (Fig. 11.6a) consists of plagioclase
(ca. 70 vol.%) and olivine (ca. 30 vol.%), with minor clinopyroxene, Fe—Ti oxides
and apatite. It has been shown by Namur et al. (2011a) that some plagioclase is
missing as compared to theoretical cotectic proportions and that olivine is therefore
in excess. Fe—Ti oxide-troctolite (Fig. 11.6b) is identical to troctolite except that the
proportion of Fe—Ti oxides is significantly higher (10-15 vol.%). The latter minerals
form large anhedral grains (up to 10 mm), frequently polycrystalline and generally
dominated by magnetite. Olivine gabbro, gabbro (Fig. 11.6c) and apatite-bearing
olivine gabbro (or locally nelsonite; Fig. 11.6d) are medium grained (1-4 mm) with
plagioclase and clinopyroxene generally defining a strong lamination.

MCU I consists of a complex succession of Fe—Ti oxide-troctolite (pomi-C),
olivine gabbro (pomic-C) and gabbro (pmic-C), topped by a 200 m-thick unit of ap-
atite-bearing olivine gabbro (pomica-C). Olivine is relatively abundant in the lower
part of MCU II but tends to decrease upwards. It is very low (less than 10 vol.%)
in two intervals (pmic-C) where olivine is interpreted as an intercumulus phase
(Fig. 11.5). The mode of clinopyroxene is highly variable in the lowest 1300 m of
MCU II, where this mineral alternates between cumulus and interstitial on a scale
of ca. 100 m. The amount of clinopyroxene then becomes more uniform and higher
(ca. 30 vol.%) towards the top of MCU II.

In MCU III, clinopyroxene and apatite are minor minerals and the rocks are
therefore predominantly Fe—Ti oxide-troctolite (pomi-C) and troctolite (po-C). The
upper part of MCU I1I is not exposed (Fig. 11.5).

Cryptic Layering

The base of MCU I displays a 60 m-thick basal reversal in the composition of plagio-

clase (An, ; An=[Ca/(Ca+Na]), olivine (Fo, ,,; Fo=[Mg/(Mg+Fe*']) and clino-

pyroxene (Mg#. .,; Mg#=[Mg/(Mg+Fe*']), followed by a continuous decrease of
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Fig. 11.5 Stratigraphy of the Sept Iles Layered Series as it crops out on the mainland and as
intersected by the drill cores. The subdivision into three megacyclic units (MCUI-III) is shown.
The stratigraphic intervals intersected by the drill cores are shown for reference together with
the stratigraphic intervals where field samples were collected. The distribution of cumulus (grey)
and intercumulus (white) assemblages is also shown and was determined based on geochemical
constraints and mineral modes (see text for details). Classification of cumulus assemblages follow-
ing Irvine (1982): p plagioclase, o olivine, m magnetite, i ilmenite, ¢ clinopyroxene, a apatite, -C
cumulate. The distribution of the main anorthosite blocks (autoliths; see details in the text for their
origin) and Fe—Ti oxide layers is also shown. The ‘0-meter’ reference level corresponds to the first

appearance of cumulus apatite in MCU 11
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Table 11.2 Average bulk rock compositions of cumulus units in the Layered Series (MCU I).
(Data from Namur et al. (2010))

Unit po-C pomi-C pomic-C pmic-C pomica-C
Sio, (wt.%) | 45.23 40.03 41.08 40.04 39.90
TiO, 0.58 3.87 4.70 6.75 4.45
AL, 20.87 18.24 16.05 14.01 14.69
FeO, 8.26 18.32 17.47 18.95 17.22
MnO 0.11 0.16 0.17 0.20 0.26
MgO 8.71 7.73 7.50 6.44 6.50
CaO 9.75 8.47 10.07 10.97 10.89
Na,O 2.58 2.57 2.58 2.48 3.01
K,0 0.23 0.21 0.17 0.16 0.24
P,0q 0.06 0.04 0.04 0.05 2.39
LOI 0.15 0.28 0.15 0.04 0.20
Total 99.86 99.90 99.99 100.09 99.74

these parameters to the top of MCU I, where they reach An,, Fo,, and cpx-Mg#
(Fig. 11.7). The major element compositions of magnetite and ilmenite do not show
any clear evolution throughout MCU I. In contrast, the Cr-content of magnetite first
increases in po-C rocks (from the base of MCU I to —3600 m), where it reaches
10,000 ppm, before dropping quickly below the XRF detection limit (e.g. 5 ppm,
Duchesne and Bologne 2009) after the appearance of cumulus Fe—Ti oxides. MCU
II starts with a rapid, progressive, upwards increase in the An-content of plagio-
clase (An,, to An,), Fo-content of olivine (Fo,, to Fo,,) and Mg# of clinopyroxene
(Mg# ., to Mg#._ ). Mineral compositions (ca. An,; Fo,; cpx-Mg#. ) are then rela-
tively constant to —590 m. The upper part of MCU II then shows a continuous evo-
lution of minerals down to An,,, Fo,, and cpx-Mg#.; at the top of the megacyclic
unit. The magnetite Cr-content drops rapidly below the XRF detection limit in this
upper section. In MCU I, the compositions of silicate minerals show a significant,
progressive regression to An,, Fo.. and cpx-Mg#. .. The Cr-content of magnetite
also increases to 23,000 ppm at the top of the exposed MCU III.

Sr-isotope ratios (*’Sr/*Sr),, in plagioclase separates from the Sept Iles Layered
Series vary between 0.70360 and 0.70498. This ratio increases upwards in each
MCU and its evolution is strongly anti-correlated with the evolution of plagioclase-
An, olivine-Fo and clinopyroxene-Mg#. The highest (*’Sr/*Sr),, values are ob-
served at the top of MCU I (0.70406) and MCU II (0.70498; Namur et al. 2010).

Anorthosite Blocks
Abundant anorthosite blocks cm- to tens of meters across are enclosed within

cumulates of the Layered Series, and have been interpreted to be autoliths (Hig-
gins 2005; Namur et al. 2011a) derived from the Upper Border Series. They are
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Fig. 11.6 Photomicrographs showing mineral textures and mineral assemblages in the Sept lles
Layered Series. a Troctolite (po-C) with randomly oriented, tabular plagioclase and millimeter-
scale rounded olivine. DC9-2267.5; MCU I; cross-polarized transmitted light. This corresponds
to the most primitive cumulus assemblage observed in the Sept Iles Layered Series. b Massive
Fe—Ti oxide troctolite (pomi-C) containing large rounded grains of olivine, plagioclase and milli-
meter-scale anhedral patches of Fe—Ti oxides. DC 8-1309; MCU II; transmitted light. This photo-
graph illustrates the appearance of large grains of cumulus Fe—Ti oxides (magnetite and ilmenite).
¢ Gabbro (pmic-C) with long tabular plagioclase, prismatic clinopyroxene and millimeter-scale
patches of Fe-Ti oxides. Sample ON05-35; MCU 1I; cross-polarized light. This photograph illus-
trates the appearance of cumulus clinopyroxene. Note the strong mineral lamination (especially
for plagioclase and clinopyroxene), which is very common after the appearance of Fe—Ti oxides
and clinopyroxene as cumulus phases. d Nelsonite sample from the apatite-bearing olivine gab-
bro unit (pomica-C) of MCU II. Note the presence of large crystallized melt inclusions (black
spots) in apatite grains. Sample s9-218.8; MCU II; transmitted light. Other samples of apatite-
bearing gabbro are more leucocratic than sample $9-218.8 and are dominated by plagioclase,
olivine and clinopyroxene, with minor Fe—Ti oxides and apatite. P/ plagioclase; O/ olivine; FeTi
Fe—Ti oxides; Cpx clinopyroxene; Ap apatite

mostly angular slabs and have sharp contacts with cumulates. Plagioclase ranges
in colour from dark to light grey or white. Two types of autoliths are recognized:
blocks of massive anorthosite (by far the most abundant) and blocks of laminated
anorthosite. These blocks occur from the middle part of MCU 1 to the lower part
of MCU III and are enveloped by gabbro (pomic-C; pmic-C; pomica-C) and
Fe-Ti oxide troctolite (pomi-C). No autoliths have been observed in troctolite
(po-C) in the lower part of MCU I and the upper part of MCU III (Fig. 11.5).
Autoliths consist predominantly of plagioclase (84-96 vol.%), with minor oliv-
ine (0—6 vol.%), clinopyroxene (1-9 vol.%) and Fe—Ti oxides (0—4 vol.%). Low
temperature alteration products are present in some of them.
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Fig. 11.7 Major- and trace-element variations in mineral compositions with stratigraphic position
in the Layered Series. a Plagioclase (An%), b Olivine (F0%), ¢ Clinopyroxene (Mg#), d Magnetite
Cr (ppm, log scale). Dashed lines represent boundaries between MCU. Note the evolution to lower
An, Fo and cpx-Mg# in each MCU and the progressive reversals to more primitive compositions
at the bottom of MCU II and MCU III. Also note the 60 m-thick marginal reversal at the base of
MCU 1. Data from Namur et al. (2010, 2012a). See Fig. 11.5. for details on where the samples
were collected

Plagioclase shows a very restricted range of core compositions (Ang, ), with
rims generally extending down to Ang,,. Olivine and clinopyroxene also show
very restricted ranges of composition from Fo,, to Fo,, and cpx-Mg#, to cpx-
Mg#. ., respectively. Sr-isotope ratios (*’Sr/*®Sr),, in plagioclase separates range
from 0.70369 to 0.70386 and do not show any obvious trend when plotted against
stratigraphic height in the Layered Series (Namur et al. 2011a).

The Upper Border Series

The Upper Border Series is composed of anorthosite, with minor leucotrocto-
lite and leucogabbro (Higgins 1991). It is best exposed on the islands of the
Sept Iles archipelago and the Marconi Peninsula. Two types of anorthosite with
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Fig. 11.8 Photographs (a—d) showing field relationships in the Upper Border Series and micro-
photographs (e—f) of representative samples of anorthosite. a Massive anorthosite of the Upper
Border Series displaying a 5 cm-long plagioclase crystal set in a matrix of smaller plagioclase
grains. b Massive anorthosite from the Upper Border Series showing interstitial syenitic to granitic
material between plagioclase crystals. e—d Laminated anorthosite from the Upper Border Series.
Altered clinopyroxene oikocrysts have been weathered out. e Massive anorthosite showing tabu-
lar, mm-scale, plagioclase grains and interstitial poikilitic olivine. M-07-55; cross-polarized trans-
mitted light. f Strongly laminated anorthosite with large plagioclase grains, minor Fe-Ti oxide
minerals and biotite in replacement of primary ferromagnesian minerals. GB-X1; cross-polarized
transmitted light. P/ plagioclase; Ol olivine

very complex distribution are recognized (Higgins 1991): massive anorthosite
(Figs 11.8a, b), which constitutes over 90 vol.% of the Upper Border Series, and
laminated anorthosite (Figs 11.8c, d) which generally forms layers a few cm to
tens of m-thick within the massive anorthosite. Where the layers can be traced,
they generally terminate abruptly in the massive anorthosite within 1-20 m.
The transition from massive to laminated anorthosite generally takes place over
1-5 cm. This lamination probably formed as a result of a simple shear due to

o.namur@mineralogie.uni-hannover.de



11 The Sept lles Intrusive Suite, Quebec, Canada 481

strong convection currents at the upper border of the magma chamber (Higgins
1991). Convection of the anorthositic mush may have also taken place and could
explain how blocks of laminated anorthosite were transported to other parts of
the magma chamber and enclosed within the massive anorthosite. Within the
laminated anorthosite, the orientation of the lamination is generally not parallel
to the overall structure of the intrusion and there are areas where the lamination
diverges and wraps around pods of massive anorthosite up to 1 m long (Hig-
gins 1991). In some areas, the laminated anorthosite is only present as angular
to rounded xenoliths, 10 cm to 1 m long, enclosed in the massive anorthosite.
Massive and laminated anorthosites both locally contain interstitial syenitic to
granitic material (Fig. 11.8b), forming cm- to dm-scale pods, resulting from the
percolation of silicic melt through the partly solidified anorthosite mush (Higgins
2005; Namur et al. 2011a, b).

Massive anorthosites are comprised of randomly oriented subhedral to euhedral
plagioclase, with minor olivine, poikilitc clinopyroxene (up to 10 cm across), Fe-Ti
oxides and very minor apatite, quartz, alkali-feldspar, amphibole, sulfides and min-
erals resulting from low-temperature hydrothermal alteration (Fig. 11.8e). Plagio-
clase generally forms 0.1-40 mm long grains, but some granophyric segregations
contain plagioclase grains up to 1 m across. The large size of the crystals probably
results from crystal size maturation in a crystal mush with an initial high liquid frac-
tion (Higgins and Chandrasekharam 2007; Higgins 2011). These segregations are
more common in the massive anorthosite than in the laminated anorthosite (Higgins
1991). Laminated anorthosites show a similar mineralogy but plagioclase grains
display a very strong lamination (Fig. 11.8f).

Plagioclase, olivine and clinopyroxene show very restricted ranges of compo-
sition from An, to Ang, Fo,, to Fo,, and cpx-Mg# . to cpx-Mg#. ., respectively.
Bulk-rock compositions are high in SiO,, Al,O,, CaO and Na,O, reflecting the pla-
gioclase-rich nature of these rocks (Table 11.3). (*’Sr/*Sr),, in plagioclase sepa-
rates range from 0.70356 to 0.70379 (Namur et al. 2011a).

The Upper Series

The Sept Iles Upper Series is comprised of syenite, granite and minor monzonite,
cropping out on Marconi peninsula and the islands. There are several components
that have complex field relationships and internal structures, some of which are
revealed by the distribution of magmatic mafic enclaves (MME; Barbarin 2005).
The two main components are: silicic rocks free of MME and MME-bearing si-
licic rocks (Higgins 2005; Hounsell 2006; Fig. 11.9a, b). Some MME contain
plagioclase megacrysts and petrographically resemble the dolerite dykes in the
Layered and Upper Border Series and Late Gabbro intrusions. The MME are gen-
erally ovoid, 1-10 cm long. MME locally occur as aggregates, forming m-scale
mafic masses, or dyke swarms, separated by silicic rocks. There is a gradation
from isolated blob-like MME to homogeneous mafic dykes through disjointed
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Table 11.3 Bulk rock compositions of representative samples from the Upper Border Series.
(Data from Namur et al. (2011a))

Sample | M-07-29 | M-07-24 | M-07-23 | M-07-22 | M-07-17 | M-07-14 | GB-05-04 | GB-X1
Type Massive | Massive | Massive | Massive | Massive | Massive | Massive | Laminated
Sio, 51.03 49.80 50.22 | 49.89 |51.57 51.66 |50.27 50.23
(Wt.%)

TiO, 1.61 1.13 0.91 1.51 1.24 0.90 0.37 1.33
ALO, |26.54 23.65 2472 | 2330 |23.65 2371 |26.53 23.54
FeO, 1.71 4.67 3.96 4.52 3.36 4.30 1.83 5.09
MnO 0.15 0.11 0.09 0.12 0.14 0.07 0.07 0.09
MgO 0.23 0.83 2.08 2.03 2.60 2.14 0.79 227
CaO 11.57 12.82 11.05 1225 | 11.61 11.08 | 1235 12.11
Na,O 3.12 3.38 3.65 3.53 2.46 3.12 3.79 3.01
K,0 0.59 0.51 0.93 0.82 1.01 1.26 0.24 0.57
P,O, 0.13 0.12 0.25 0.18 0.14 0.16 0.05 0.13
LOI 1.89 0.99 2.62 1.88 2.04 1.68 0.53 2.35
Total | 98.57 98.01 100.48 |100.03 |99.82 100.08 |96.82 100.72

dykes made up of MME aggregates. MME-free granite generally forms dm- to m-
scale ‘pillows’ enclosed in MME-rich material (Fig. 11.9¢c). The MME-rich units
occur between the pillows. In vertical section of the Upper Series, the amount of
pillows drastically decreases from base to top (Fig. 11.9d). These field relation-
ships suggest that the MME-rich magma formed first, but was not fully solidified
when the MME-free granite was intruded (Higgins 2005).

Silicic rocks of the Upper Series are dominated by alkali-feldspar, plagioclase,
quartz and amphibole, with minor clinopyroxene, Fe—Ti oxides, olivine, biotite,
apatite, zircon, titanite, chlorite and fluorite (Higgins and Doig 1981; Hounsell
2006; Namur et al. 2011b). Alkali-feldspar (Ab,,;An,Or-Ab.An Or,,) forms an-
hedral to subhedral tabular crystals with inclusions of plagioclase, quartz and
amphibole. Plagioclase (Any, ) forms small, antiperthitic, zoned, anhedral to
tabular grains. Quartz forms 0.2-3 mm rounded grains, while edenitic amphibole
(Mg#,, ;) is represented by anhedral to subhedral dark-green to brown grains.
Clinopyroxene (from Mg#51; Ens,.Fs, Wo,, to Mg#,,; Ens [Fs.,,Wo,.) is only
found as cores within amphibole grains. Minor subhedral to euhedral reddish
biotite, frequently associated with fluorite, is observed in some samples. Fe—Ti
oxides (magnetite: Usp, ,; [lmenite: Hem, ;) occur as small (<2 mm) anhedral
patches dominated by magnetite. Zircon and apatite locally form small euhedral
grains.

Silicic rocks in the Upper Series have geochemical affinities with A-type gran-
itoids (Loiselle and Wones 1979; Clemens et al. 1986; Eby 1990; Bonin 2007,
Table 11.4) and are best described as ferroan alkalic to alkali-calcic granitoids (Frost
et al. 2001; see below). They have high REE contents and display highly fractionat-
ed REE patterns with large negative Eu anomalies (Eu/Eu*: 0.22-0.86). Sr-isotope
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E-rich granite

MME-free granite "
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Fig. 11.9 Photographs (a—c) and sketch (d) showing field relationships in the Upper Series and
microphotographs (e—f) of representative samples of granite. a Representative outcrop of pink
magmatic mafic enclaves (MME)-free granite, Grande Basque Island. b Outcrop of pink granite
containing abundant MME. The MME are mainly fine- to medium-grained dolerite similar to
the dykes cutting the Upper Series, Marconi Peninsula. ¢ Detail of the sharp contact between
MME-rich granite facies and a 50 cm wide pillow of MME-free granite, Corossol Island. d
Schematic relationships of MME-rich granite and MME-free granite as observed on Corossol
Island (after Higgins 2005). Note that MME-free granite forms m-scale pillows surrounded by
MME-rich material. MME-free granite pillows are abundant at the bottom of the section and their
abundance decreases upwards. e Coarse-grained granite showing large alkali-feldspar and quartz
grains. 03—05; cross-polarized transmitted light. f Coarse-grained granite with alkali-feldspar, pla-
gioclase, quartz and amphibole grains. 03—42; cross-polarized transmitted light. MME magmatic
mafic enclave; K-felds alkali-feldspar; P/ plagioclase; Qtz quartz; Amph amphibole

ratios have been measured in nine samples (from monzonite to granite) and were
found to be slightly higher in MME-free rocks ((*’St/*Sr),,: 0.70412-0.70548)
than in MME-bearing rocks ((*’Sr/*Sr),,: 0.70362-0.70369; Namur et al. 2011b).
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Table 11.4 Bulk rock compositions of representative samples from the Upper Series and Pointe
du Criard Sill. (Data from Namur et al. (2011b))

Sample 03-42 03-49 03-43 03-44 03-45 07-60 07-61
Unit Monz. Monz. Syenite Granite Granite Syenite Granite
Type us us UsS UsS UsS PC PC
SiO, (wt.%) | 61.09 56.94 63.39 74.71 71.13 67.97 70.15
TiO, 1.27 2.89 1.20 0.34 0.41 0.43 0.35
AlO, 14.49 13.56 13.31 11.95 12.63 13.13 12.98
FeO, 9.52 10.25 8.52 3.42 5.26 4.80 2.46
MnO 0.23 0.13 0.19 0.08 0.10 0.06 0.04
MgO 0.96 2.67 0.80 0.20 0.17 0.54 0.27
CaO 3.63 5.34 3.01 0.63 0.64 1.17 1.61
Na,O 4.61 4.33 4.87 3.99 4.53 4.61 4.65
K,0 3.40 224 3.69 4.68 432 4.87 4.92
P,O, 0.30 0.52 0.31 0.07 0.09 0.10 0.08
LOI 0.04 1.10 0.38 0.05 0.32 1.10 1.22
Total 99.51 99.94 99.64 100.09 99.57 98.75 98.70

US Upper Series, PC Pointe du Criard

Other Intrusive Components

Many dykes are found to crosscut the Layered Series and the Upper Border Se-
ries. They can be subdivided into two types: dolerite dykes and intermediate to
silicic dykes. Dolerite dykes (0.1-1 m thick) are very fine-grained (0.1-0.5 mm)
dominated by plagioclase, clinopyroxene and Fe-Ti oxides. They generally cut
the layering at a high angle and dip steeply to the south. Intermediate and silicic
dykes (and pods) are fine- to medium-grained (1-5 mm) and are generally found
to cut apatite-bearing gabbros. They are dominated by subhedral, antiperthitic pla-
gioclase, clinopyroxene, amphibole (primary grains or replacing clinopyroxene)
and Fe—Ti oxides. Alkali-feldspar is a major phase in some samples. Minor quartz,
biotite, apatite and zircon are observed in most samples. Dolerite and monzonite
dykes in the Layered Series have bulk-rock compositions similar to the dolerite
and monzonite in the Border Zone, with (*’Sr/*Sr),, ratios ranging from 0.70353
to 0.70363.

The Pointe du Criard sill (Higgins 1990) is up to 50 m-thick and crops out over
an area of 10 by 23 km, including all the islands and the Marconi peninsula. It was
emplaced into the Upper Border Series and Upper Series of the Sept Iles layered
intrusion. It is composed of three magmatic components: dolerite, leucogabbro
and silicic rocks (Fig. 11.10a). The margins of the sill are made up of dolerite,
which has fine-grained contacts with the host (anorthosite or granite). At the base
of the sill, the dolerite unit is 0.1-6 m thick and locally contains plagioclase mega-
crysts that increase in proportion upwards. The dolerite grades into leucogabbro
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Fig. 11.10 a Schematic sketch of the Pointe du Criard sill displaying the succession of the three
magmatic components: dolerite, leucogabbro and felsic rocks (after Higgins 2005). Enclaves of
dolerite and leucogabbro are abundantly found in the lower and upper part of the felsic compo-
nent. b Typical outcrop of the Pointe du Criard sill showing the succession of two different mag-
matic components: leucogabbro and silicic rocks. It should be noted that the external part of the
silicic rocks contains abundant MME and mafic xenoliths. Size and abundance of MME and xeno-
liths decrease progressively toward the central part of the sill. The first dolerite component of the
Pointe du Criard sill is not observed on this outcrop. ¢ Close-up of the leucogabbro component of
the Pointe du Criard sill. It is made up of fine-grained dolerite containing abundant centimeter-
scale plagioclase phenocrysts. Plagioclase crystals larger than 20 cm have been observed in some
outcrops. d Photomicrograph of porphyritic granite from the Pointe du Criard sill showing large
alkali-feldspar grains in a fine-grained matrix comprised of alkali-feldspar, quartz, plagioclase and
amphibole. Sample 03—08; cross-polarized transmitted light. e Representative composite dyke of
dolerite-granite as observed in the Upper Series. Marconi Peninsula. K-felds alkali-feldspar
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over a few cm to dm. The latter is 0.3—10 m thick and is mostly composed of
large plagioclase crystals (Figs 11.10b, c). The silicic rocks constitute the bulk
of the sill. At the base, leucogabbro grades into the silicic rocks over a few cm.
The lower 1-3 m of the silicic rocks contains abundant enclaves of dolerite and
leucogabbro. Some enclaves are highly elongated, up to 2 m long and only a few
cm wide. The dolerite is dominated by plagioclase, clinopyroxene and Fe—Ti ox-
ides, with minor olivine and orthopyroxene. The most plagioclase-rich parts of the
leucogabbro unit are almost indistinguishable from the anorthosite of the Upper
Series. The silicic rocks of the sill (Table 11.4) are readily distinguishable from
those of the Upper Series, by a distinctive porphyritic texture and a low content
of quartz. Large, zoned, and rounded crystals (up to 3 cm; Fig. 11.10d) of alkali-
feldspar (Ab,An Or,.-Ab,An Or, ) float in a fine-grained, equigranular matrix
(<1 mm) dominated by perthitic alkali-feldspar, plagioclase (An, ), amphibole
(Mg# . ,,), Fe-Ti oxides (Usp, ,, and hem,), & quartz (Namur et al. 2011b). Relict
cores of clinopyroxene (Mg#, ,) are locally observed in the central part of am-
phibole grains. Composite dolerite-granite dykes (Fig. 11.10e) may be part of the
same event.

The Late Gabbro intrusions crop out on the southern part of Petite Basque Island
and form the bulk of Grosse Boule Island (Higgins and Doig 1981). They con-
sist of generally fine- to medium-grained gabbros, commonly with sub-horizontal
layering. Angular blocks of anorthosite are locally present. They contain black
plagioclase crystals up to a few centimeters long and resemble the anorthosite of
the Upper Border Series. The petrography of these gabbros is little studied but they
appear to be olivine gabbros. It is not clear if the abundant mafic dykes and locally
composite dykes that cut the Upper Border Series and Upper Series are part of the
same magmatic event.

Discussion

Composition and Origin of the Sept Iles Parental Magma

Petrography of dolerite samples from the Border Zone suggest that this unit might
represent liquids chilled against cool country rocks during magma emplacement
(Wager and Brown 1968; Hoover 1989; Namur et al. 2010). However, other ex-
amples of fine-grained rocks at the contact between country-rocks and coarse-
grained gabbros have been interpreted as part of a marginal reversal made up of
fine-grained cumulates (Egorova and Latypov 2012). In Sept Iles, the poor quality
of outcrops and the absence of drill-cores in this unit makes impossible to evaluate
the vertical and lateral mineralogical and geochemical evolution of this unit. How-
ever, Namur et al. (2010, 2011b) have shown that the most fine-grained dolerite
samples (Fig. 11.3) have a ferrobasaltic composition (SiO,: 45.9-52.4 wt.%; MgO:
6.29-3.61 wt.%; FeO.: 13.2-17.1; Table 11.5) which is significantly different to
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Table 11.5 Parent magma compositions of the Sept Iles Layered Series. (Data from Namur et al.

(2010, 2011b)

Sample 05-45 07-01 07-48 07-180 Average
Location Border zone | Dyke Border zone | Border zone

SiO, (wt.%) 48.56 48.51 48.65 48.53 48.56
TiO, 291 2.88 2.78 2.82 2.85
AlLO, 14.62 14.13 14.59 14.67 14.50
FeO, 15.10 14.82 15.06 14.50 14.87
MnO 0.29 0.23 0.21 0.21 0.24
MgO 5.53 5.56 5.14 5.65 5.47
CaO 9.97 9.61 9.47 9.79 9.71
Na,O 2.90 2.76 2.81 2.63 2.78
K,0 0.83 0.60 0.90 0.77 0.78
P,0q 0.36 0.72 0.36 0.82 0.57
LOI 0.00 0.23 0.23 0.03 -
Total 101.07 100.05 100.20 100.42 100.33
Rb (ppm) 8.97 16.2 18.1 8.03 12.8
Sr 472 531 517 523 511

Ba 458 509 421 515 476

Zr 90.8 126 264 126 152

Hf 2.81 3.52 - - 3.17
Th 0.741 0.957 - - 0.849
La 324 422 - - 373
Ce 72.1 86.3 - - 79.2
Pr 10.5 11.8 - - 11.2
Nd 42.4 522 - - 473
Sm 9.31 10.5 - - 9.91
Eu 2.92 3.10 - - 3.01
Gd 9.61 11.4 - - 10.5
Tb 1.42 - - - 1.42
Dy 8.49 10.7 - - 9.60
Ho 1.82 2.12 - - 1.97
Er 4.96 6.00 - - 5.48
Tm 0.699 - - - 0.699
Yb 5.58 5.59 - - 5.59
Lu 0.581 0.876 - - 0.729

the cumulates of the Layered Series. Moreover, most samples have slightly frac-
tionated REE with a weak Eu anomaly (Eu/Eu*: 0.77-1.34) strongly suggesting
that these samples have the composition of liquids having been chilled against
the country rocks and that they do not represent cumulate rocks. Thermodynamic
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calculations of phase equilibria with the MELTS (Ghiorso and Sack 1995) and
other algorithms (Toplis 2005) have furthermore shown that the most primitive
dolerite (highest Mg#; Table 11.5) is an adequate parent to the most primitive cu-
mulates of the Layered Series (MCU I: Ang, Fo,,; MCU III: An_,, Fo.,). The Sept
Iles parent magma is therefore inferred to be a ferrobasaltic liquid, relatively low in
SiO, (ca. 48 wt.%), high in FeO, (ca. 15 wt.%) and TiO, (3 wt.%), and moderately
enriched in trace elements compared to primary melts of the primitive mantle. The
concentrations of FeO, and TiO, are significantly higher than in other ferrobasaltic
layered intrusions such as Skaergaard (Hoover 1989; Toplis and Carroll 1995) and
the Main and Upper Zones of the Bushveld Complex (Tegner et al. 2006) which,
as shown below, has important implications for the Sept Iles sequence of crystal-
lization. Typical primitive mantle-derived basaltic magmas have FeO, contents be-
tween 7 and 10 wt.% and TiO, contents between 0 and 1 wt.% (Falloon et al. 1999;
Danyushevsky et al. 2003); however, fractional crystallization of silicate phases
can result in FeO, and TiO, enrichment of residual liquids (Juster et al. 1989; Sny-
der et al. 1993; Toplis and Carroll 1995). The Sept Iles magma most probably
represents an evolved basalt resulting from a previous process of fractionation of
a more primitive magma in a deep-seated magma chamber. High FeO, and TiO,
basalts have also been observed in the Galapagos Spreading Centre and were in-
terpreted by Juster et al. (1989) as resulting from 50 % fractionation of a typical
mid-ocean ridge basalt (MORB) composition.

Crystallization of the Layered Series

Sequence of Crystallization

Detailed determination of mineral modes (see summary in Table 11.1) together
with petrographical relationships in the Sept Iles Layered Series and detailed study
of plagioclase-plagioclase-clinopyroxene dihedral angles indicate the following
sequence of cumulus mineral appearance: plagioclase and olivine, followed by
magnetite and ilmenite, then clinopyroxene and finally apatite (Fig. 11.5; Namur
et al. 2010; Holness and Vernon 2015). Olivine disappears temporarily, probably
as aresult of high SiO, activity in residual melts (Morse 1990). The relative timing
of Fe—Ti oxides, clinopyroxene and apatite appearance is supported by changes in
the evolution of trace element concentrations in minerals and in bulk-rock com-
positions; (1) the evolution of Cr in magnetite changes from a trend of increasing
content when Fe-Ti oxides are interstitial phases (low mode; po-C rocks) to a
trend of decreasing content when they become liquidus phases (high mode; pomi-
C rocks; Fig. 11.11a). We interpret this as the result of fractionation of olivine and
plagioclase (po-C cumulates), in which Cr is incompatible, from the main magma
body. As a consequence, the Cr content of the melt continuously increases, as does
the melt trapped in the crystal mush. The interstitial magnetite crystallizes earlier
and from a melt progressively enriched in Cr as we go upwards in stratigraphy,
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Fig. 11.11 a Stratigraphic variation of Fe—Ti (magnetite + ilmenite) oxide mode and Cr content
in magnetite in MCU 1. Dashed line represents the onset of cumulus Fe—Ti oxide crystallization

which is marked by a change in the evolution of magnetite Cr-content. b Variation of An (%)
vs Sr (ppm) in plagioclase separates from MCU I. Note the change in the slope at An,
clinopyroxene becomes prismatic and cumulus. Ox oxides; Mt magnetite; Cpx clinopyroxene
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explaining the trend of increasing Cr in magnetite in po-C rocks. With the ap-
pearance of cumulus magnetite (and ilmenite; pomi-C rocks), Cr becomes highly
compatible in the crystal matrix and the Cr-content of the liquid drops, explaining
the upwards Cr-decrease observed in magnetite from the pomi-C unit; (2) the Sr-
content in plagioclase starts to significantly increase at the appearance of cumulus
clinopyroxene. This is because the saturation of this new phase changes the be-
haviour of Sr from a moderately compatible (KdB"k~ 1) element to an incompat-
ible element (KdB"'~0.5) in the cumulus matrix (Fig. 11.11b). The appearance of
cumulus clinopyroxene is furthermore marked by a morphological change from
poikilitic crystals to tabular crystals; (3) the saturation of apatite is recorded by
a significant jump in the bulk-rock P,O, content (Namur et al. 2010; Namur and
Charlier 2012).

The most striking feature in the Sept Iles sequence of crystallization is the
saturation of Fe—Ti oxides before clinopyroxene. This is in contrast with what is
observed in many ferrobasaltic layered intrusions (McBirney 1989; Snyder et al.
1993; Wiebe and Snyder 1993) and other ferrobasaltic provinces (Carmichael 1964;
Juster et al. 1989; Charreteur and Tegner 2013). Published experimental phase dia-
grams for ferrobasaltic liquids show that neither high water content nor high fO,
can explain the sequence of crystallization observed in the Sept Iles Layered Series
(Toplis and Carroll 1995; Botcharnikov et al. 2008). However, it has been shown
that an increase in the FeO, content of an anhydrous ferrobasalt from ca. 13 to ca.
16 wt.% results in the saturation of magnetite and ilmenite before clinopyroxene
(Snyder et al. 1993; Toplis and Carroll 1995). It is therefore suggested that the
early saturation of Fe-Ti oxides in Sept Iles is related to the high FeO, content of
the parent magma, and that differentiation took place with fO, close to the FMQ
(Fayalite-Magnetite-Quartz) buffer.

Cryptic Layering and Filling of the Magma Chamber

The bottom of MCU I is characterized by the presence of a 60 m-thick marginal
reversal of mineral compositions. By comparison with other intrusions, this may
suggest that the initial filling of the magma chamber was gradual and involved
a magma becoming increasingly primitive with time (Latypov et al. 2011). After
the initial filling, fractional crystallization resulted in the stratigraphic succession
of rocks with contrasting cumulus assemblages and an upward evolution towards
lower An content of plagioclase, Fo content of olivine and Mg# clinopyroxene
through MCU I and MCU II (Fig. 11.7). However, these trends are accompanied
by gradual up-section increases in An%, Fo% and cpx-Mg# at the base of MCU
IT and MCU III. These changes in mineral compositions are accompanied by the
disappearance of cumulus apatite and clinopyroxene. Cumulus Fe—Ti oxides also
disappear at the base of MCU III. Large magma chamber replenishments are in-
voked to explain the cessation of magmatic differentiation in MCU I and MCU
IT as well as the observed shifts in mineral compositions and Sr isotopic ratios at
the base of MCU II and MCU III. The retrograde change in mineral compositions
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in reversals indicates that extensive mixing must have occurred during replenish-
ment. Similar progressive magma chamber replenishments have been observed
in the Fongen—Hyllingen layered intrusion (Wilson and Larsen 1982) and the
Bushveld Complex (Roelofse and Ashwal 2012).

Extensive mixing between the resident and the injected liquid in MCU II and
MCU III can occur when there is a low density, low-viscosity, contrast or if there
is a high injection rate (Campbell and Turner 1986, 1989; Wiebe and Snyder
1993), which in turns mostly depends on the diameter of the feeder dyke (Wiebe
and Snyder 1993). Extensive fractionation in each MCU of the Layered Series is
expected to change significantly the density of residual liquids, especially after
the saturation of Fe—Ti oxides (Wiebe and Snyder 1993). Slow magma injection
should therefore lead to the formation of a zoned magma chamber and to an abrupt
regression of mineral compositions, in contrast with what is observed at the base
of MCU II and MCU III. Although the size of the magma feeder beneath Sept Iles
is unknown, it is suggested that it must be large enough to allow magma injec-
tion at high rate and thorough mixing of magmas with contrasting densities, and
presumably viscosities. This injection may have been as a vigorous fountain such
that the proportion of the new to residual magma in the hybrid gradually increased
(Campbell and Turner 1986, 1989). Strong convection in the magma chamber also
further contributed to mixing between the injected and resident magma (Brandeis
and Jaupart 1986).

The rate at which the liquids that formed MCU II and MCU III were injected
into the magma chamber is unknown. A progressive, rather than stepwise, evolu-
tion of mineral compositions over 200-300 m suggests that the rate of injection is
more or less identical to the rate of advance of the crystallization front (e.g. top of
the crystal mush) at the bottom of the magma chamber. The volumes of injected
magma at the base of MCU II and MCU III are also unknown but some constraints
can be obtained about the relative volumes of injected vs resident magmas. The
basal reversal within MCU III reaches mineral compositions with An%, Fo% and
cpx Mg# similar to those observed at the base of MCU 1. In contrast, minerals
from the basal reversal of MCU II do not reach such primitive compositions. This
dissimilarity indicates that the hybrid magma that crystallized MCU III was more
primitive than that forming MCU II. The most evolved minerals from the Sept
Iles layered series are observed at the top of MCU II, suggesting that MCU II has
probably experienced a longer differentiation interval than MCU I before magma
replenishment. It can thus be inferred that the proportion of residual liquid left at
the top of MCU II was low. Consequently, when replenishment occurred at the
base of MCU III, the low proportion of resident magma residual from MCU II was
mixed with the primitive replenishing magma and the hybrid magma crystallized
minerals with high An%, Fo% and cpx Mg#. In contrast, the replenishing magma
at the base of MCU II was mixed with a higher proportion of resident magma re-
sidual from MCU I and the hybrid liquid thus crystallized less primitive minerals
at the base of MCU II.
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Minor Magma Chamber Replenishments

After the main magma chamber replenishment that initiated the formation of MCU
11, plagioclase, olivine and clinopyroxene show relatively constant compositions
over a cumulate sequence of 1.5 km (Fig. 11.7). In detail, these minerals show
compositional cycles at a scale of ca. 200-500 m in which they first evolve to-
wards slightly lower An-, Fo- and Mg# and then show minor reversals (1-4 An%;
1-3 Fo%; 1-3 Mg# %) to more primitive compositions (Fig. 11.12). Regressive
sequences are also accompanied by temporary disappearances of cumulus clinopy-
roxene. In contrast to the silicate minerals, magnetite displays very large composi-
tional variation within these cycles, with the Cr-content increasing from less than
10 ppm to more than 1000 ppm over the successive sequences.

Namur et al. (2010) have shown that neither pressure changes in the magma
chamber (Panjasawatwong et al. 1995; Toplis 2005), nor changes in fO, (Toplis
and Carroll 1995; Namur et al. 2012b) or crystallization from a stratified magma
chamber (Tegner et al. 2006) can produce these reversals. In contrast, they sug-
gested that these reversals in the lower part of MCU II resulted from minor re-
plenishments by undifferentiated magma that mixed with the resident magma.
These events were used to subdivide MCU II into seven cyclic units, 100500 m
thick, each corresponding to the differentiation products of a new batch of hybrid
magma.

Large sequences of cumulate stratigraphy with relatively constant mineral com-
positions are observed in other layered intrusions and have been described in de-
tail in the Bushveld Complex. They have recently been considered as a potential
evidence that layered intrusions may not form by fractional crystallization of large
volumes of magma but may instead result from the stacking of crystal mushes,
with constant mineral compositions, injected from deep-seated magma chambers
(Roelofse and Ashwal 2012; see also details in Cawthorn 2012). Here, we show
that this interpretation is largely biased by the use of silicate mineral compositions
only; minerals that are not sensitive enough to record small-scale magma chamber
replenishments by primitive magma. However, when other minerals such as mag-
netite are considered it is apparent that these large intervals of stratigraphy reflect
cycles with progressive differentiation interrupted by many injections of primitive
magma.

Expansion of the Magma Chamber

During the initial filling of the magma chamber that crystallized MCU 1, the
chamber expanded laterally until it reached an unknown initial diameter. After
this initial filling, the two large magma chamber filling events that respectively
formed MCU II and MCU 111, as well as minor replenishments within MCU 11,
contributed to significantly enlarge the size of the Sept Iles magma chamber.
Given the relative thickness each of MCU, the magma column was however
never thicker than 2.5 km. The initial magma chamber was presumably in the
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Fig. 11.12 Modal and compositional stratigraphic variations in the lower part of MCU II (from
—2500 to —700 m). a Mineral mode of clinopyroxene; b An content of plagioclase; ¢ Fo content
of olivine; d Mg-number of clinopyroxene; e Cr content of magnetite. [-VII represent the seven
cyclic units of MCU I1. Dashed lines represent the boundaries between cyclic units. The two black
diamonds in the olivine trend are samples that are interpreted to have undergone intense sub-
solidus re-equilibration (see Namur et al. 2010). Note that at the bottom of each cycle minerals
evolve to more evolved compositions (lower An, Fo, cpx-Mg-number, low magnetite Cr-content)
while at the top of the cycles they evolve to more primitive compositions. The relatively low mode
of clinopyroxene at the bottom of each cycle should also be noted

form of a sill that progressively deformed to a dinner plate shape by subsidence
of the floor due to the weight of cumulate rocks, a process that occurred con-
temporaneously with crystallization (Higgins 2005). It probably started during
the crystallization of MCU I and continued during crystallization of MCU II and
MCU III. It is therefore likely that the liquids having formed MCU II and MCU
IIT were injected into a dinner-plate shaped magma chamber, which may cause
some angular inconformity in the layering (modal and/or cryptic) at the interface
between rocks from two successive MCUs (Wilson and Larsen 1982). Similarly
to other major layered intrusions such as Bjerkreim—Sokndal (Wilson et al. 1996)
and the Bushveld Complex (Kruger 2005), it is likely that the magma chamber
did not only expand vertically but also laterally during magma injections that
formed MCU II and MCU III. The fact that MCU II is found to be in contact
with the Border Zone in the north-eastern part of the Sept Iles layered intrusion
may confirm this idea. This probably indicates that the Border Zone was formed
incrementally by a series of magma injections that formed the major MCUs and
that the magma chamber increases laterally after each of these injections. Un-
fortunately, the poor quality of outcrops on the Sept Iles mainland makes the
relationship between the cumulate rocks of the Layered Series and the Border
Zone poorly constrained.
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The Sept Iles Liquid Line of Descent and the Origin of Ferroan
Granites

Liquid Compositions and Formation of the Silicic Melts

A series of rocks from the Sept Iles Intrusive Suite have petrographic characteristics
suggesting that they might represent liquid compositions. The most important of
them are (1) rocks from the Sept Iles Border Zone (chilled margin; see representa-
tive samples in Table 11.5), (2) dykes cross cutting the Layered Series (Table 11.5)
and (3) silicic rocks from the Upper Series and Pointe du Criard sill (Table 11.4).
The major and trace element bulk-rock compositions of these samples as well as
(*¥7Sr/*8r),,, ratios have been presented in Higgins and Doig (1986) and Namur
etal. (2011Db).

Dolerite samples from the Border Zone, dykes cutting the Layered Series and
silicic rocks from the Upper Series and the Pointe du Criard define a coherent com-
positional trend from basalt to rhyolite, with a small amount of intermediate trachy-
andesite and trachyte compositions (see below), straddling the boundary between
subalkaline and alkaline fields in a TAS diagram (Fig. 11.13a). All the samples
are located within the tholeiitic field of the AFM diagram (Fig. 11.13b), while the
most evolved compositions fall within the field of ferroan alkalic to alkali-calcic
granitoids (Fig. 11.13c, d; Frost et al. 2001). Major elements from basalt to rhyolite
display coherent trends when plotted as a function of a differentiation index such as
Si0,, with some elements continuously decreasing (e.g. CaO, MgO), continuously
increasing (K,0) or first increasing and then decreasing (FeO,, TiO,, Na,O, P,0,).
REE contents continuously increase from basalt to rhyolite, while a progressively
deeper negative Eu anomaly develops. Other incompatible elements (e.g. Ba, Rb)
increase from basalt to rhyolite, while elements such as P, Ti and Sr are progres-
sively depleted, forming large negative anomalies in N-MORB normalized trace
element diagrams.

Continuous major and trace element trends from basalt to rhyolite suggest that
the fractionation of cumulus phases observed in the Layered Series from the Sept
Iles parent magma might be responsible for the genesis of intermediate and silicic
liquids in the Sept Iles layered intrusion. This was first modelled using mass-bal-
ance equations by Higgins and Doig (1986) and then in more detail by stepwise
least-squares mass regressions by Namur et al. (2011b). Modelling indicates that
the maximum enrichment in FeO, (17 wt.%; saturation of Fe-Ti oxides) is reached
when the liquid SiO, content is 47 wt.% and the proportion of residual liquid (F)
is 0.86 (Fig. 11.14). The appearance of cumulus Fe-Ti oxides (Fig. 11.14) is re-
sponsible for a progressive SiO, enrichment of residual liquids. Clinopyroxene and
apatite saturations are reached when F=0.72 and 0.52, respectively. Further frac-
tionation of ferrogabbros drives residual liquids towards further SiO, enrichment,
with monzonitic and granitic compositions being produced when F is 0.32 and 0.08,
respectively. Fractional crystallization has also been tested using trace elements,
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Fig. 11.13 The compositions of fine-grained dolerite samples (Border Zone), dykes (Layered
Series) and silicic rocks (Upper Series) from the Sept Iles Intrusive Suite plotted in: a The total
alkali-silica (74S) diagram (Na,0+K,0) vs SiO,. The limit between the alkaline and sub-alkaline
series is shown by the curved line (Irvine and Baragar 1971). Observe that the whole set of samples
forms a single consistent trend from basaltic to rhyolitic compositions at the boundary between
the alkaline and sub-alkaline series. b The AFM diagram showing the limit between tholeiitic
and calc-alkaline fields (Irvine and Baragar 1971). Sept Iles samples fall within the tholeiitic
compositional field. ¢ Major element geochemical classification of silicic samples in the FeO/
(FeO,+MgO) vs SiO, diagram (Frost et al. 2001). d Major element geochemical classification of
silicic samples in the Na,O +K,0-CaO vs SiO, diagram (Frost et al. 2001)

with the Rayleigh equation, appropriate partition coefficients (see Namur et al.
2011Db), together with mineral and liquid proportions obtained by mass-balance cal-
culations for major elements. The trace element patterns of monzonitic, syenitic and
granitic melts are well reproduced by fractional crystallization of the parent magma
for F=0.3, 0.2 and 0.1, respectively (Fig. 11.15).
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Fig. 11.14 Results of mass-balance calculations showing the best fit results for the Sept Iles liquid
line of descent. a SiO, in residual melts vs F (fraction of remaining melt). b FeO, vs F. ¢ Calcu-
lated mineral cotectic proportions for each cumulus assemblages. Mineral cotectic proportions
are relatively similar to mineral modes presented in Namur et al. (2010) and determined by point
counting on polished thin sections. Other minerals = amphibole, biotite, alkali-feldspar and apatite.
Solid circles in (a) and (b) represent the liquid compositions used in the calculations by Namur
et al. (2011b). Calculations have been performed for successive liquids (circles; decreasing F) by
removing minerals in the proportions shown in (¢). The starting parental magma composition is
presented in Table 11.5. Calculated mineral compositions can be found in Namur et al. (2011b).
Note that the FeO content of residual melts decreases after the saturation of Fe—Ti oxides, a much
discussed issue for the Skaergaard intrusion
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Comparison of fractional crystallization models with the composition of Sept
Iles rocks therefore suggests that protracted fractional crystallization is a realistic
way to produce the silicic liquids observed in Sept Iles. Other processes such as
partial melting of gneissic country rocks (Lightfoot et al. 1987; Patino Douce
1997) or a mafic source in the lower or upper crust (Beard and Lofgren 1991) can
also produce A-type granites. However, theoretical models performed by Namur
et al. (2011b) have shown that melting of none of these sources can produce melts
with compositions similar to those of the granites observed in Sept Iles. It is
therefore suggested that the continuous trend from basalt to rhyolite (Fig. 11.13)
represents the actual Sept Iles liquid line of descent. This is also in agreement with
field relationships convincingly showing that no trace of silicic melt is present in
cumulate rocks more primitive than apatite-bearing gabbros. This unambiguously
suggests that silicic magmas are residual after extensive fractionation of trocto-
lites and gabbros in the Layered Series. In contrast to the Skaeergaard intrusion
for which the liquid line of descent is highly debated (Hunter and Sparks 1987,
McBirney and Naslund 1990; Toplis and Carroll 1996; Tegner 1997; Thy et al.
2009), the Sept Iles layered intrusion therefore shows an undisputable evidence
of liquid line of descent evolving towards SiO,-enrichment after Fe-Ti oxide
saturation. This trend is moreover in perfect agreement with liquid compositions
observed in volcanic ferrobasaltic provinces worldwide (Charlier et al. 2013).

Role of Country Rock Contamination

There is a remarkable covariation of the composition of cumulus minerals and
their Sr isotopic ratios within each MCU in the Layered Series (Fig. 11.16a).
This suggests that assimilation of country rocks was taking place continuously
during the solidification history of Sept Iles (Tegner et al. 2005), and that this
process, together with fractional crystallization, contributed to the geochemical
composition of the cumulates and the residual liquids. Contamination probably
resulted from the incorporation of blocks of country rocks into the magma be-
fore emplacement or possibly in the chamber itself. A contributing factor may
have been strong tectonic activity, as major St Lawrence Rift system faults cut
the intrusion. It is therefore of interest to determine whether or not country-
rock assimilation contributed to the SiO, enrichment of the residual melts. The
Sr content of the Sept Iles parent magma is estimated to be 511 ppm, while its
initial Sr-isotopic composition was 0.70353 (Namur et al. 2010, 2011b). Three
main types of country rocks occur in the Grenville province around Sept Iles:
(1) metagabbro (Sr: 260 ppm, (*’Sr/*Sr),,: 0.7094); (2) gneissic monzonite (Sr:
230 ppm, (*'Sr/*®Sr),,: 0.7189); (3) cordierite-bearing leucocratic gneiss (Sr:
97 ppm, (¥’Sr/*Sr),,: 0.7746). The amount of country rock assimilated during
the solidification of the Sept Iles layered intrusion was modelled using the assim-
ilation-fractional crystallization (AFC) equations of DePaolo (1981) and the Sr
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Fig. 11.16 Sr isotopic data in the Sept Iles layered intrusion. a Binary diagram showing the
An-content and (*'Sr/%Sr), ., ratio of plagioclase separates from the Layered Series. Note how
the Sr isotopic ratios are anticorrelated with the An-content of plagioclase, which is considered
as an index of differentiation of the Sept Iles magma. This indicates that contamination from
country-rock material was taking place during the solidification of the Sept Iles Layered Series.
b (*7Sr/*Sr),, vs Sr for Sept Iles liquids. The curves show AFC models calculated following
DePaolo (1981) for various mass ratios (0.005-0.025) of assimilated to fractionated material.
Numbers along AFC lines give the fractions of residual liquids. Sr and isotopic data for the Sept
Iles parent magma and the contaminant are shown for reference. This diagram indicates that the
evolution of Sr-isotopic ratios in the Sept lles layered intrusion can be modelled with a very low
amount of contamination from the country-rock material (e.g. 2.5%; see text for details). Data
from Namur et al. (2010, 2011b).

isotopic compositions of Sept Iles liquids (Namur et al. 2011b; Fig. 11.16b). The
average composition of the three distinct types of country rocks was used as the
contaminant component (Sr: 196 ppm, (*’Sr/*¢Sr),,: 0.7343). D¢ B was set to
1.6 for the F range from 1.0 to 0.7, and to 2.1 for further differentiation. Results
of AFC modelling indicate that the Sr isotopic composition of Sept Iles rocks can
be reproduced with only very minor crustal assimilation. A ratio (r) between 0.01
and 0.025 of assimilated to crystallized material is sufficient to match adequately
the observed Sr isotopic compositions of Sept Iles liquids (Fig. 11.16b). The
amount of assimilation is even lower than 1% when using the most radiogenic
country rocks (cordierite-bearing gneiss) as the main contaminant. It is however
slightly higher (5%) when using the least-radiogenic country rocks (metagab-
bro). AFC models therefore suggest that country-rock assimilation played a very
minor role in the geochemical evolution of Sept Iles melts.

Paucity of Intermediate Liquid Components

Most of intermediate compositions along the Sept Iles liquid line of descent con-
tain abundant mafic enclaves (MME, Fig. 11.13). They therefore represent hybrid
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magma with intermediate bulk compositions, and create an artificial continuous
differentiation trend between the most evolved basalts at 57 wt.% SiO, and the
most primitive MME-free granitoids at 67 wt.% SiO,. The very low proportion
of true intermediate compositions observed along the Sept Iles liquid line of de-
scent, generally referred to as a ‘Daly gap’ has been observed in other magmatic
systems and has traditionally been interpreted as resulting from magma passing
through all the intermediate compositions (intermediate liquid SiO, contents)
for only a small drop of temperature, so only a small proportion of intermedi-
ate liquid is actually produced (Grove and Donnelly—Nolan 1986; Toplis and
Carroll 1996; Peccerillo et al. 2003; Tegner et al. 2006). However, this model is
inconsistent with mass-balance calculations showing that 15 % of fractionation
is required to cover the whole range of intermediate compositions and that only a
further 10 % of fractionation is required to drive residual liquids across the com-
positional range of highly silicic melts (67-77 wt.% SiO,). Silicic rocks are more
abundant than intermediate rocks in the Sept Iles layered intrusion (Fig. 11.13),
suggesting that the low proportion of intermediate melts represented at Sept Iles
cannot be related to a low volume of intermediate melt produced by fractional
crystallization.

Minerals in apatite-bearing gabbros from the Layered Series MCU II, espe-
cially apatite, contain abundant, 10-120 pum, polycrystalline crystallized melt
inclusions of two types: a granitic Si-rich composition and a Fe-rich ferrobasal-
tic composition. Single inclusions locally show evidence for unmixing between
the two compositions, and Si-rich and Fe-rich compositions are therefore inter-
preted as immiscible melts (Charlier et al. 2011). Silicate liquid immiscibility
in the Sept Iles magma is interpreted as being responsible for the paucity of
intermediate liquid compositions along the liquid line of descent. Immiscibility
started by the intersection of Sept Iles residual liquids with a subliquidus binodal
(Fig. 11.17a). This process started when the residual liquid reached a monzonitic
composition (57 wt.% SiO,; 10 wt.% FeO,), e.g. the start of the Daly gap, pro-
ducing highly contrasting immiscible melts and no melt of intermediate compo-
sition (as opposed to fractional crystallization; Fig. 11.17a). Upon cooling, both
immiscible melts kept solidifying and crystallized cumulate rocks with identical
mineral compositions (but contrasted mineral modes), while the residual liquids
evolved along the bimodal. During this process, the bulk liquid composition (i.e.
the sum of the two immiscible melts) was continuously enriched in SiO, and de-
pleted in FeO, (Fig. 11.13). Ultimately, the bulk liquid compositions left the two
liquid field (Fig. 11.17a), producing a single homogeneous liquid that further
evolved to produce the residual granites of the Upper Series, which are satis-
factorily modelled by a simple fractional crystallization process (Fig. 11.14).
Immiscibility in Sept Iles was therefore a furtive event, with no influence on the
composition of liquids along the liquid line of descent, except that this process
was responsible for the absence of primary intermediate melts (Fig. 11.17b).
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Fig. 11.17 Schematic illustration of the evolution of the Sept Iles liquid line of descent through a
two-liquid field. The morphology of the binodal is based on Charlier and Grove (2012). The Sept
Iles liquid reaches the binodal on the Si-rich side at ca. 1015 °C when F=0.45 (Namur et al. 2012a)
and splits into two conjugate immiscible melts (Fe-rich and Si-rich). Immiscible melts produce
cumulate rocks (ferrogabbros) with identical minerals but in contrasting proportions. Fractional
crystallization of ferrogabbros drives the bulk-liquid composition (sum of Si-rich and Fe-rich
immiscible melts) towards further SiO,-enrichment (see Fig. 11.14) and the bulk-liquid composi-
tion ultimately leaves the two-liquid field at ca. 985 °C (F=0.25). This results in the formation of
a single stable liquid after the episode of silicate liquid immiscibility. Further differentiation of a
single liquid produces the granites from the Sept Iles Upper Series (see text for details and models
in Fig. 11.14). sli silicate liquid immiscibility; D™ elements partitioning into the Fe-rich immis-
cible melt; DS elements partitioning into the Si-rich immiscible melt. b FeO, vs SiO, diagram
showing the result of the silicate liquid immiscibility episode on the Sept Iles liquid line of descent.
The only evidence for the immiscibility episode is the absence of intermediate liquid compositions
(Daly gap; Charlier et al. 2013). si/ silicate immiscible melt
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Implications of the Liquid Line of Descent for Magma Chamber
Processes

Plagioclase Flotation in Ferrobasalts

Plagioclase in anorthosite from the Upper Border Series shows a very restricted
range of composition (Ang, (), which is moreover similar to the plagioclase com-
position in anorthosite blocks (autoliths) in the Layered Series. It is also identical
in composition to the plagioclase found in troctolites (po-c) and Fe-Ti oxide troc-
tolites (pomi-C) in the Layered Series, but is significantly more primitive than the
plagioclase from the gabbros (pomic-C, pmic-C and pomica-C; An,, ; Fig. 11.7).
A similar relationship is observed for trace elements and Sr-isotope ratios in plagio-
clase (Namur et al. 2011a). A genetic link between plagioclase in the Upper Border
Series, in autoliths and in troctolites from the Layered Series seems therefore evi-
dent.
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The origin of anorthosite in the Sept Iles layered intrusion has been investigated
by Namur et al. (2011a) using density calculations for liquids and plagioclase (Bot-
tinga and Weill 1970; Niu and Batiza 1991), oxygen fugacity along the FMQ buffer
and a pressure of 3 kbar. Liquids used for density calculations correspond to the
samples plotted in Fig. 11.13. A water content of 0.4 wt.% H,O has been assumed
for the parent magma. For each liquid sample, the composition of equilibrium pla-
gioclase has been calculated using the equations of Namur et al. (2012b).

The calculated density of the Sept Iles parent magma is 2.70 g/cm?, increasing
due to fractionation of troctolites to 2.75 g/cm? at saturation in Fe-Ti oxides, and
then decreasing to 2.16 g/cm? in granitic melts as the result of Fe-Ti oxide troc-
tolite and gabbro fractionation (Fig. 11.18a). Calculated plagioclase compositions
range from Ang, to An,,, in perfect agreement with plagioclase compositions in the
Layered Series, and plagioclase density decreases from 2.69 to 2.64 g/cm? with dif-
ferentiation.

Density calculations indicate that plagioclase was buoyant in primitive melts,
but that plagioclase became denser than the equilibrium melt soon after the satura-
tion of Fe-Ti oxides, when the liquid reached 49 wt.% SiO,. Primitive liquids in
which plagioclase was buoyant were in equilibrium with a very restricted range of
plagioclase composition (An, ), identical to that observed in Sept Iles anorthosite
(Fig. 11.18a). In contrast, more evolved plagioclases (An_g ), were in equilibrium
with evolved liquids (>49 wt.% SiO,) and were no longer buoyant. Formation of
the anorthosite therefore resulted from the flotation of primitive plagioclase (An_ )
and its accumulation at the roof of the magma chamber (Fig. 11.18b). The decrease
of liquid density subsequent to the saturation of Fe—Ti oxides inhibited further flo-
tation of plagioclase (Fig. 11.18b). Furthermore, the anorthosite from the Upper
Border Series became denser than the main magma body. As a consequence, anor-
thositic blocks sank into the magma chamber, forming the autoliths blocks observed
in the Layered Series.

As illustrated above, plagioclase (An_ ) that was buoyant is present in the Lay-
ered Series troctolites and the most primitive Fe-Ti oxide troctolites. This indi-
cates that not all of the plagioclase grains floated and accumulated at the roof of
the magma chamber. We interpret this as a consequence of in situ crystallization.
This mechanism prevents flotation due to attachment of the crystals to the floor of
the magma chamber. Formation of coherent three-dimensional chains of crystals
(Philpotts and Carroll 1996; Philpotts et al. 1998) may also have contributed to the
retention of plagioclase grains on the chamber floor. Comparison between the pro-
portion of plagioclase in the troctolites of the Layered Series (67.5% on average;
Namur et al. 2010) and estimated plagioclase cotectic proportion in equilibrium
melts (78 %; Namur et al. 2011b) can be used to put some constraints on the effi-
ciency of in situ crystallization. These values confirm that plagioclase is missing in
the Layered Series, and that more than 10 % of the liquidus plagioclase accumulated
at the top of the magma chamber to form the Upper Border Series.
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Fig. 11.18 Schematic models for the distribution of plagioclase in the Sept Iles layered intrusion
(modified from Namur et al. 2011a). a Evolution of plagioclase and melt densities as a function
of the proportion of residual liquid. Note the crossover between liquid and plagioclase density
just after the saturation of Fe—Ti oxides (F=0.76). At a higher residual melt fraction, plagioclase

is positively buoyant in the basaltic melt whereas it becomes negatively buoyant when F <0.76. b
Simplified stratigraphic column of the Sept Iles layered intrusion showing the sequence of cumu-
lus phases, the mechanisms of crystallization and the relative proportions of plagioclase and mafic
minerals. Troctolite and Fe—Ti oxide-bearing troctolite crystallize in situ on the floor of the magma
chamber. Plagioclase (An, (o) is positively buoyant and some of the plagioclase crystals float to
the top of the magma chamber where they accumulate to form a 100-500 m-thick anorthosite
(Upper Border Series). After the saturation of Fe—Ti oxides (F=0.76), the density of the magma
becomes lower than that of equilibrium plagioclase (Ang, ,,), which is then no longer buoyant.
Cotectic gabbro crystallizes in situ on the top of the previously formed troctolite crystal pile. At
this stage, the anorthosite at the top of the magma chamber does not grow any further. Additional
plagioclase flotation might have occurred during the crystallization of MCU III where the equilib-
rium liquid was locally not saturated in Fe—Ti oxides (see Fig. 11.5)

Development of Ferroan Granites

Evidence for silicic material is observed in many ferrobasaltic layered intrusions.
In some cases, such as in Skaergaard, silicic rocks only form granophyre pods en-
closed in the cumulates (McBirney 1989), while in other cases it forms masses of
granite at the top of the intrusion (Wiebe and Snyder 1993). It has recently been sug-
gested that the most evolved rocks of the Bushveld complex may also be of granitic
composition (VanTongeren et al. 2010). Understanding the origin of these rocks is
generally hampered by the lack of constraints on the ferrobasaltic liquid lines of de-
scent in layered intrusions (Hunter and Sparks 1987; Toplis and Carroll 1996; Thy
et al. 2009). The Sept Iles layered intrusion shows a clear example of ferrobasaltic
layered intrusion with residual liquids evolving towards SiO, enrichment and FeO
depletion after Fe-Ti oxide saturation. It is worth noting that the composition of
Sept Iles granite is almost identical to the granophyre observed in Skaergaard and
the rhyolite at the top of the Bushveld, which suggests that these two intrusions may
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have followed a differentiation trend identical to that of the Sept Iles layered intru-
sion (Tegner and Cawthorn 2010; VanTongeren et al. 2010; Namur et al. 2011b).
It is therefore important to decipher how evolved, residual liquids can be extracted
from the cumulate pile and collect at the top of the magma chamber to accumulate
and form granitic masses.

The history of the Sept Iles layered intrusion started with the initial filling of
the magma chamber and crystallization of MCU 1 in the Layered Series together
with the formation of the anorthositic Upper Border Series by plagioclase flotation
(Namur et al. 2011a, b; Fig. 11.19a). Fractionation of troctolite and gabbro in MCU
I drove the residual liquid to a monzonitic composition (e.g. 55 wt.% SiO,; 10 wt.%
FeO,) that lay between the top of the cumulates and the bottom of the Upper Border
Series (Fig. 11.19b). Using expressions from Ghiorso and Sack (1995) and Bottinga
and Weill (1970), Namur et al. (2011b) estimated that the residual liquid at this stage
had a temperature of ca. 1050 °C and a density of <2.57 g/cm?. This density is lower
than that of typical anorthosite (ca. 2.70 g/cm?; Cawthorn and Ashwal 2009; Namur
et al. 2011a). Part of the residual liquid thus ascended through the partly molten an-
orthosite, probably helped by compaction, and accumulated at the top of the magma
chamber where it formed cupolas and continued to differentiate (Fig. 11.19b). The
passage of silicic liquid through the Upper Border Series anorthosite is recorded by
a matrix of monzonite to syenite around plagioclase crystals and several pods and
dykes of syenite within the anorthosite.

The Sept Iles layered intrusion presents two types of ferroan granite: one with
magmatic mafic enclaves (MME-rich granite) and one free of enclaves. The origin
of these two contrasted types of granite can be understood when magma cham-
ber replenishments are taken into account. During the crystallization of the most
evolved cumulates of MCU I (apatite-bearing gabbros), a major event of magma
chamber replenishment occurred (Fig. 11.19c). Feeder dykes for this magma in-
jection have not been clearly identified in the field, but they might be part of the
same system that produced the fine- to medium-grained dykes of the Late Gabbro
intrusions. Undifferentiated magma and monzonitic melts thoroughly mixed within
the main magma chamber owing to vigorous convection and the highly turbulent
injection. This process resulted in the formation of a very homogeneous hybrid melt
(Fig. 11.19d). However, some basaltic melt reached the silicic cupolas at the top of
the magma chamber (Upper Series). In these, the viscosity contrasts between basal-
tic and silicic melts and the absence of strong convection hampered significant mix-
ing (Barbarin 2005). Injection of basaltic magma into the silicic magma was thus
responsible for the formation of the mafic enclaves (MME) observed in one of the
two granite facies form the Upper Series (Fig. 11.19d). Crystallization of MCU 11
also resulted in the formation of silicic melts that migrated through the anorthosite
to collect at the bottom of the mostly solidified MME-bearing granite (Fig. 11.19¢).
Namur et al. (2011b) suggested that residual liquids from MCU II are responsible
for the formation of the MME-free granite unit in the Upper Series (Fig. 11.191).
This is also in agreement with Sr isotopic ratios in cumulates from MCU II and
MME-free granites.
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Fig. 11.19 Schematic model for the emplacement of silicic rocks in the Sept Iles layered intrusion
(modified from Namur et al. 2011b). a Initial filling of the magma chamber and crystallization of
MCU I together with simultaneous formation of the Upper Border Series (UBS) by plagioclase
flotation (see Fig. 11.18). b The intermediate (monzonite) residual liquid of MCU I is less dense
than the overlying anorthosite and partly ascends through the Upper Border Series to form cupolas
of silicic melt at the top of the magma chamber where it further differentiates (Upper Series; US).
¢ Magma chamber replenishment (injection of the liquid that will form MCU II) by undifferenti-
ated magma. Complete mixing and hybridization with residual melt occurred in the main magma
chamber. In contrast, mixing does not occur in silicic cupolas from the Upper Series and the injec-
tion of basalt is responsible for magma mingling and the formation of mafic enclaves (MME) in
the silicic liquids of the Upper Series, forming the MME-rich granite facies (see text for details). d
Crystallization of MCU 1II from a homogenous melt and differentiation of residual liquids towards
SiO,-enrichment. e Due to its low density, part of the residual intermediate liquids of MCU IT
(remaining after the crystallization of apatite-bearing olivine gabbros) ascends through the Upper
Border Series. f These silicic liquids stay at the base of the MME-bearing silicic rocks and form
the MME-free silicic rock unit of the Upper Series

Observations from the Sept Iles layered intrusion allow us to suggest that the
formation of large volume of A-type granite at the top of a layered intrusion first
requires a liquid line of descent evolving towards granitic composition but is
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helped by the presence of rocks with high permeability, such as a loose plagio-
clase flotation cumulate, at the top of the magma chamber. These rocks can act
as pathways for residual, low-density liquids. Migration of liquid through the
anorthosite probably resulted in a channelization of the liquid which was finally
collected as a series of small, km-scale, cupolas at the roof of the magma cham-
ber. In some cases, residual silicic liquids may also be erupted from the magma
chamber and form rhyolitic deposits (VanTongeren et al. 2010). In the case of the
Skaergaard intrusion, the residual liquid of the Layered Series may have been
extracted from the Layered Series and have contributed to increase the proportion
of intercumulus melt in cumulates from the Upper Border Series, which would
explain the strong enrichment in incompatible elements in these rocks (Salmon-
sen and Tegner 2013).

Crystal Mush Processes and Interstitial Liquid Migration

Cumulates in layered intrusions span the range from orthocumulates with more
than 30% of crystallized interstitial melt to adcumulates with virtually no crys-
tallized interstitial melt. Experiments and theoretical modelling have shown that
cumulate rocks have an initial porosity of 40—60% (Jerram et al. 1996; Philpotts
et al. 1998). Some processes must therefore occur to expel part or all the intersti-
tial liquid from the crystal matrix during solidification. For the Skaergaard intru-
sion, it was suggested that these processes could be gravity-driven compaction
of the crystal mush or compositional convection (Toplis et al. 2008; Tegner et al.
2009; McKenzie 2011).

Using bulk-rock compositions and plagioclase compositional profiles from the
Sept Iles MCU I of the Layered Series, Namur and Charlier (2012) have shown that
these two processes are not mutually exclusive and can occur together within the
same intrusion. They however observed that their relative efficiency changed with
differentiation. In troctolites (po-C) with plagioclase and olivine, the fraction of
interstitial liquid (e.g. 30 %) is high when calculated using elements compatible in
clinopyroxene and Fe—Ti oxides (Zr, Cr and V) whereas it is much lower (0—10 %)
when calculated using P which is only compatible in apatite (Fig. 11.20). These
results were used to suggest that the porosity in troctolites was initially reduced to
ca. 30 % by compaction. This process then stops presumably due to the low-density
contrast between the crystal matrix and the equilibrium ferrobasalt and the thin
crystal mush at the bottom of the intrusion (Holness et al. 2007). Further poros-
ity reduction resulted from crystallization together with compositional convection.
Saturation of intercumulus Fe—Ti oxides at the bottom of the troctolite crystal mush
changed the density evolution of interstitial melt from a trend of increasing density
to a trend of decreasing density. Crystallization of Fe—Ti oxides therefore results in
an unstable density distribution between the Fe—Ti oxide saturated interstitial melt
at the bottom of the mush and interstitial melt at the top of the mush which is not
yet saturated in Fe—Ti oxides (Tait et al. 1984; Toplis et al. 2008). This initiated
the onset of compositional convection. Compositional convection in troctolites is
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Fig. 11.20 Calculated fractions of crystallized interstitial liquid in troctolites and gabbros of the
Layered Series MCU I (see Namur and Charlier 2012 for details of the calculation procedure).
a Fraction of liquid calculated from the whole-rock and liquid P-contents. b Fraction of liquid
calculated using Zr. ¢ Fraction of liquid calculated using Cr. d Fraction of liquid calculated using
V. Note that the liquid fractions in the po-C unit as calculated with elements of contrasting compat-
ibilities in Sept Iles cumulus phases are quite different. Liquid fractions calculated with elements
entering the structure of Fe-Ti oxides (Cr, V and Zr) are relatively high (0.15-0.40), while the
liquid fractions calculated with P are very low (generally less than 0.10)

moreover revealed by plagioclase profiles with large external rims buffered to a
composition of An,, similar to those observed in Skaergaard and interpreted as
forming during solidification of interstitial melt buffered at a constant composition
due to liquid convection through the mush (Toplis et al. 2008).

In gabbros with cumulus Fe-Ti oxides, compositional convection and com-
paction are probably both efficient in expelling (or exchanging) melt from the
crystal mush. The distribution of the last fraction of intercumulus melt in Sept Iles
cumulates, as recorded by the whole-rock P content, is significantly different in
troctolites (po-C) and Fe—Ti oxide-bearing rocks (pomi-C to pmic-C). In trocto-
lites, the distribution of P is heterogencous, and high and low values alternate at
a scale of 30-250 m. In Fe-Ti oxide-bearing rocks, the distribution of the whole-
rock P content is less variable, suggesting that the last fraction of intercumulus
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melt was homogeneously distributed within the mush. Namur and Charlier (2012)
used this information to suggest that expulsion of interstitial liquid from Fe-Ti
oxide-bearing cumulates is dominated by compaction, resulting in a porous flow,
rather than compositional convection which may produce highly-channelized flow
(Worster 1992) and which is therefore more likely to produce a heterogeneous
distribution of the liquid within the crystal mush. The role of compaction in Fe—Ti
oxide-bearing rocks is moreover illustrated by the high aspect-ratio of their pla-
gioclase crystals and the development of well-defined mineral lamination (Namur
and Charlier 2012).

Formation of Fe-Ti—P Ore Deposits

Two 200 m-thick sequences of apatite-bearing gabbro occur at the top of MCU 1
and MCU II. These sequences are significantly enriched in P, Fe and Ti. The up-
permost level was drilled by the Soquem Inc in the 1990s and more than 30 cores,
up to 250 m long, were retrieved along a 7 km long east-west traverse on the
mainland. Apatite-bearing gabbros are the most evolved cumulates of MCU I and
MCU II. In MCU 1, they are homogeneous leucocratic gabbros with 3—4 vol.%
apatite and 15-20 vol.% Fe-Ti oxides. In MCU II, they show an alternation on
a 5-20 m scale between leucocratic gabbros (<5 vol.% apatite; <10 vol.% Fe-Ti
oxides) and melanocratic gabbros (up to 25 vol.% apatite and 60 vol.% Fe—Ti ox-
ides). Based on an incremental forward model of crystallization, it has been shown
that the liquid lines of descent for MCU I and MCU II are slightly different for all
the major elements (Namur et al. 2012a). This is related to the extent of magma
mixing during the important replenishment event that initiated the crystallization
of MCU II as well as minor replenishments that took place during its formation.
Minor compositional differences can have important consequences for the physi-
cal and chemical evolution of the liquid as well as for the formation of cumulates.
When liquid lines of descent for MCU I and MCU II are plotted in the ternary
diagram Si—Al-Ca (Charlier and Grove 2012), it emerges that the bulk liquids of
MCU 1I entered a two-liquid field and that immiscibility developed (Fig. 11.21).
Immiscibility during crystallization of MCU II is shown by contrasting Fe-rich and
Si-rich apatite-hosted melt inclusions (Charlier et al. 2011). In contrast, liquids
formed during the crystallization of MCU I never encountered the two-liquid com-
positional field (Fig. 11.21). Crystallization from a homogeneous magma in MCU
I resulted in the formation of homogeneous leucocratic apatite-bearing gabbros.
In MCU II, Fe-rich and Si-rich immiscible liquids were segregated on a 5-20 m
scale, although chemical equilibrium between both liquids was probably main-
tained. Whether the whole magma body reached immiscibility at the same time or
immiscibility occurred repeatedly in basal layers at the top of the crystal pile is not
known (Charlier et al. 2011). It is however suggested that crystallization from the
two immiscible liquids resulted in the formation of alternating highly leucocratic
gabbro and highly melanocratic gabbro (Charlier et al. 2011; Namur et al. 2012a).
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Fig. 11.21 Representation of liquid lines of descent for MCU I (blue circles) and MCU 11 (red
circles) in a subsection of the SiO,~CaO-Al,O, compositional space. The positions of the one-
liquid field (white), two-liquid field (blue) and the binodal are from Charlier and Grove (2012). F
fraction of residual liquid; +4p the initiation of apatite crystallization. Distance between each cir-
cle corresponds to 10 % of fractional crystallization. Incremental forward models stop at F=0.45.
Note that the residual liquids from MCU I do not encounter the two-liquid field unlike those from
MCU I

Large-scale segregation of immiscible melts, as opposed to simple fractional crys-
tallization of a homogeneous melt, is proposed as a very efficient process to con-
centrate economically important minerals such as apatite, magnetite and ilmenite
in layered intrusions. Nevertheless, some more work is needed to understand how
the immiscible liquids actually segregated (Chung and Mungall 2009) and were
stratigraphically organized within the magma chamber.

Conclusions

The Sept Iles Intrusive Suite is made up of three igneous units, of which the layered
intrusion is by far the most voluminous. The other units are late-stage gabbro intru-
sions and the Pointe du Criard composite sill. The cumulates in the layered intrusion
crystallized from a ferrobasaltic parent magma and form a succession with the fol-
lowing sequence of crystallization: plagioclase and olivine, followed by Fe-Ti ox-
ides, then clinopyroxene and finally apatite. This order of crystallization was inter-
rupted by several replenishments of the magma chamber and the Layered Series can
be subdivided into three megacyclic units (MCUs), each of them having crystallized
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similar sequences of cumulates. Magma chamber replenishments produced lateral
and vertical extension of the magma chamber and therefore significantly enlarged
its size compared to the initial magma chamber.

Saturation of Fe—Ti oxides in the Layered Series changed the evolution of melt
density from a trend of increasing density to one of decreasing density. Before Fe—
Ti oxide saturation, some plagioclase crystals that nucleated and grew at the floor of
the magma chamber floated to the roof of the chamber, where they accumulated to
produce the anorthosite of the Upper Border Series. Appearance of cumulus Fe-Ti
oxides and the resulting decrease in magma density prevented plagioclase grains
from further floating and cotectic cumulate rocks started to crystallize at the base
of the magma chamber. Eventually, altered blocks of anorthosite fell from the roof
to the top of the crystal pile and were buried as autoliths within the Layered Series.
The evolution of liquid density associated with the saturation of Fe—Ti oxides has
also implications for the evolution of the interstitial melt within the solidifying crys-
tal mushes at the floor of the magma chamber. Appearance of liquidus Fe—Ti oxides
is thought to have changed the main way the interstitial melt was expelled from
compositional convection in troctolites to cumulate compaction in Fe-Ti oxide-
bearing gabbros.

Fractionation of cumulates forming the Sept Iles Layered Series from the ferro-
basaltic parent magma resulted in a liquid line of descent towards SiO, enrichment
and FeO depletion after the saturation of Fe—Ti oxides. This liquid line of descent
had a limited proportion of intermediate melts (e.g. 57-67 wt.% SiO,). Minor coun-
try-rock assimilation took place concurrently with differentiation but did not play
an important role in the geochemical evolution of Sept Iles liquids. SiO, enrich-
ment during crystallization had important implications for the dynamic evolution of
the magma chamber. Residual liquids produced during the crystallization of MCU
IT encountered a two-liquid immiscibility field. This produced contrasting Si-rich
and Fe-rich immiscible melts and hence accounts for the absence of intermediate
liquid compositions. On the other hand, residual liquids from MCU I never reached
the two-liquid field. The limited proportion of intermediate liquids observed along
the Sept Iles liquid line of descent is therefore related only to the differentiation of
MCU I. The onset of immiscibility in MCU II also resulted in the crystallization of
cumulate rocks from contrasting and spatially segregated immiscible melts. This
produced alternating sequences of leucocratic and melanocratic apatite-bearing
gabbros towards the top of MCU II. Immiscibility is proposed as an efficient pro-
cess for the concentration of mafic minerals and apatite, and the production of Fe—
Ti—P mineralization in layered intrusions (Namur et al. 2015; Veksler and Charlier
2015). In MCU I, fractional crystallization of a single homogeneous liquid also led
to the crystallization of apatite-bearing gabbros, but these are comparatively leuco-
cratic and are currently of no economic interest.
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