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Abstract

The Sept Iles layered intrusion (Quebec, Canada) is dominated by a basal Layered Series made up of troctolites and gab-
bros, and by anorthosites occurring (1) at the roof of the magma chamber (100-500 m-thick) and (2) as cm- to m-size blocks in
gabbros of the Layered Series. Anorthosite rocks are made up of plagioclase, with minor clinopyroxene, olivine and Fe-Ti
oxide minerals. Plagioclase displays a very restricted range of compositions for major elements (Ang—Angg), trace elements
(Sr: 1023-1071 ppm; Ba: 132-172 ppm) and Sr isotopic ratios (¥’Sr/%¢Sr;: 0.70356-0.70379). This compositional range is iden-
tical to that observed in troctolites, the most primitive cumulates of the Layered Series, whereas plagioclase in layered gabbros
is more evolved (Angy—Ansg). The origin of Sept Iles anorthosites has been investigated by calculating the density of plagio-
clase and that of the evolving melts. The density of the FeO-rich tholeiitic basalt parent magma first increased from 2.70 to
2.75 g/em? during early fractionation of troctolites and then decreased continuously to 2.16 g/cm® with fractionation of Fe-Ti
oxide-bearing gabbros. Plagioclase (Ango—Angg) was initially positively buoyant and partly accumulated at the top of the mag-
ma chamber to form the roof anorthosite. With further differentiation, plagioclase (<Angy) became negatively buoyant and
anorthosite stopped forming. Blocks of anorthosite (autoliths) even fell downward to the basal cumulate pile. The presence of
positively buoyant plagioclase in basal troctolites is explained by the low efficiency of plagioclase flotation due to crystalliza-
tion at the floor and/or minor plagioclase nucleation within the main magma body. Dense mafic minerals of the roof anor-
thosite are shown to have crystallized from the interstitial liquid.

The processes related to floating and sinking of plagioclase in a large and shallow layered intrusion serve as a proxy to
refine the crystallization model of the lunar magma ocean and explain the vertically stratified structure of the lunar crust, with
(gabbro-)noritic rocks at the base and anorthositic rocks at the top. We propose that the lunar crust mainly crystallized
bottom-up. This basal crystallization formed a mafic lower crust that might have a geochemical signature similar to the
magnesian-suite without KREEP contamination, while flotation of some plagioclase grains produced ferroan anorthosites
in the upper crust.
© 2011 Elsevier Ltd. All rights reserved.
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1980; Elthon, 1984; Batiza and Niu, 1992) and sub-volcanic
magma chambers (Higgins and Chandrasekharam, 2007).
Such plagioclase accumulation at the top of large basaltic
intrusions may theoretically lead to the formation of anor-
thosite (Scoates, 2000). However, evidence for such process
on Earth is scarce. In contrast, this apparently simple mech-
anism of anorthosite formation is the standard explanation
for the formation of the lunar ferroan anorthosites (Wood
et al., 1970; Warren, 1985, 1990). These anorthosites occur
throughout the lunar upper crust (Ohtake et al., 2009), and
are interpreted as the result of plagioclase flotation atop the
crystallizing lunar magma ocean (LMO; Shearer et al.,
2006). Earth-based remote sensing (Sprague et al., 1994),
as well as color images from Mariner 10 (Robinson and
Lucey, 1997) and multispectral images of MESSENGER
(Blewett et al., 2009) have also tentatively identified anor-
thosite on Mercury, for which a magma ocean model is tra-
ditionally suggested for building of the crust (Brown and
Elkins-Tanton, 2009).

The mechanism of anorthosite formation at shallow
pressure contrasts with that of Proterozoic massif-type
anorthosites, which requires crystallization at high pres-
sures (Kushiro and Fuji, 1977; Emslie, 1985; Ashwal,
1993; Longhi et al., 1993, 1999; Duchesne et al., 1999).
In a first stage, accumulation of buoyant plagioclase oc-
curs at the top of deep-seated magma chambers (at 11—
13 kbar), which is then followed by diapiric uprising of
low-density plagioclase mushes toward mid-crustal level
(3-5 kbar) due to gravitational instability. Polybaric frac-
tional crystallization also occurs en route during the dia-
piric rise of the anorthosite mush (Charlier et al., 2010).
Most Proterozoic anorthosites thus display evidence of
continuous deformation from magmatic to solid stages.
This alternative model of anorthosite formation, which is
a common process on Earth, was considered as an ana-
logue for the petrogenesis of lunar anorthosites in a
post-magma ocean environment (Longhi and Ashwal,
1985; Longhi, 2003; Korotev et al., 2010). On the Moon,
anorthosite diapirs are considered to be the result of pla-
gioclase crystallization from liquids produced by remelting
of overturned mafic cumulates having crystallized from the
LMO (Longhi, 2003).

The Sept Iles intrusion (Canada) is the third largest
layered plutonic body on Earth after the Bushveld Com-
plex and the Dufek intrusion (see Table 1 in Namur
et al., 2010). Although many layered intrusions contain
anorthosite into the sequence of cumulate rocks (e.g.
Bushveld: Cawthorn and Ashwal, 2009; Skaergaard:
Irvine et al., 1998; Stillwater: Haskin and Salpas, 1992;
Duluth: Miller and Weiblen, 1990), the Sept Iles intrusion
is the only example on Earth that contains a significant
volume of anorthosite exposed at the roof of the magma
chamber (Higgins, 1991, 2005). Understanding the forma-
tion of anorthosite in Sept Iles may thus lead to a better
comprehension of the early differentiation mechanisms of
terrestrial planets and of the formation of their pristine
crust.

In this study, petrographic and geochemical characteris-
tics of the Sept Iles roof anorthosite are presented and com-
pared to cumulate compositions crystallized at the floor.

We investigate the role of magma density and its evolution
with fractional crystallization in producing narrow crystal-
lization intervals during which plagioclase was positively
buoyant. Periods of plagioclase flotation alternated with
plagioclase sinking, forming successively anorthosite at
the top and sinking blocks of anorthosite at the base of
the intrusion. These magma chamber processes characteris-
tic of the Sept Iles intrusion are then used to propose a
model that explains most of the stratigraphic features of
the lunar crust and may stimulate new ideas concerning
the formation and geochemical characteristics of the lunar
lower crust.

2. THE SEPT ILES LAYERED INTRUSION

The Sept Iles layered intrusion is located on the north
shore of the St. Lawrence River, about 500 km to the
north-east of Quebec city. It is an unmetamorphosed and
undeformed magmatic body, emplaced at 564 +4 Ma
(U-Pb on zircon; Higgins and van Breemen, 1998) into
high-grade gneisses of the Grenville Province. Based on
the texture of some rocks in the upper part of the intrusion
and on the presence of minerals indicative of low-tempera-
ture alteration in anorthositic blocks of the lower part of
the intrusion, it was estimated that the Sept Iles intrusion
crystallized in the pressure range between 1 and 3 kbar
(Higgins, 2005).

The intrusion has a dinner-plate shape with a diameter
of ca. 80 km, a maximum thickness of ca. 5.5 km and an
estimated magma volume of ca. 20,000 km® (Loncarevic
et al., 1990). The north-western part of the intrusion crops
out around the Sept Iles peninsula and on islands of the
Sept Iles archipelago, where three different series have been
described: the Layered Series, the Upper Border Series and
the Upper Series (Fig. 1; Higgins, 2005).

The ca. 4.7 km-thick Layered Series is made up of 3
megacyclic units (MCU) showing the following succession
of cumulus assemblages: troctolite (plagioclase and olivine),
Fe-Ti oxide-bearing troctolite (plagioclase, olivine, Fe-Ti
oxide minerals) and layered gabbro (plagioclase, Fe-Ti
oxide minerals, clinopyroxene, 4 olivine, + apatite; Namur
et al., 2010). Cumulus olivine is locally absent from the gab-
bro sequence (olivine hiatus; Morse, 1990). Each unit re-
sults from the crystallization of a new influx of
ferrobasaltic parent magma (Namur et al., 2010). Six small
magma chamber replenishments also occurred during the
crystallization of MCU II (Fig. 1b). The Sept Iles Layered
Series is characterized by the presence of abundant cm- to
m-scale anorthositic blocks (autoliths) included in gabbroic
rocks (Higgins, 2005).

The Upper Border Series is made up of anorthosite, with
minor leucotroctolite and leucogabbro (Higgins, 1991). It
also contains many cm- to dm-scale pods of granophyre,
mainly syenitic to granitic in composition. The total thick-
ness of this series is not perfectly known but is estimated to
be in the range from 100 to 500 m.

The Upper Series is made up of ferroan metaluminous
syenite and granite with minor monzonite (Higgins and
Doig, 1986; Namur et al., 2011). It is found as small cupolas
topping the central part of the intrusion. Namur et al.
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Fig. 1. (a) Geological map of the Sept Iles layered intrusion adapted from Higgins (2005). Inset map in the upper-left-corner shows the
location of the map area in the south-eastern part of Canada. (b) Schematic stratigraphic column of the Sept Iles layered intrusion with
evolution of mineral compositions (Xrefract: An-content of plagioclase, Fo-content of olivine, Mg# of clinopyroxene and Cr-content of
magnetite) in the Layered Series. Horizontal dashed lines in MCU II represent the end of successive small differentiation cycles. Horizontal
grey bands in MCU II and at the bottom of MCU 111 represent stratigraphic intervals with reverse evolution of mineral compositions as a
result of magma chamber replenishments. The “O-meter” reference level corresponds to the first appearance of cumulus apatite in MCU II.
MCU = megacyclic unit.

(2011) showed that rocks from the Upper Series represent
evolved residual liquids left after extensive fractionation
of the Layered Series and the Upper Border Series from
the Sept Iles ferrobasaltic parent magma.

3. SAMPLING

Ten anorthositic samples were collected in the Upper
Border Series. Eight samples (prefix M) come from a
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W-E section along the north coast of the Marconi Penin-
sula (S2 in Fig. 1a) and two samples (prefix GB) come from
the northern part of the Grande Basque Island (S3 in
Fig. la). Fifty-three other anorthositic samples were col-
lected in autoliths from the Layered Series. Most of them
come from three drill-cores (DC-9, 36 samples; DC-8, 12
samples; s9, 2 samples; Fig. 1a). Three surface samples were
also collected along the N-S Lac Hall section (S1 in Fig. 1a)
through the MCU II of the Layered Series. Forty-one
troctolite-gabbro cumulate samples from the Layered
Series MCU 1, previously presented in Namur et al.
(2010), were also selected for new Sr-isotope analyses, trace
element analyses of olivine and Ca-rich pyroxene and
electron microprobe analyses of plagioclase cores. For
autolith and cumulate samples, stratigraphic positions
are reported in meters with the “0 meter” reference level
corresponding to the appearance of cumulus apatite in
MCU II. Analytical methods, including all the preparation
techniques and instrument protocols, are described in Elec-
tronic Annex.

4. FIELD RELATIONSHIPS AND PETROGRAPHY
4.1. Anorthosite rocks of the Upper Border Series

Mineral proportions indicate that the term anorthosite
s.s. (>90 vol.% of plagioclase) cannot be strictly used to
define part of the samples from the Upper Border Series
(Fig. 2; Table EAl; Electronic Annex). This name will
nevertheless be used collectively in the following to de-
scribe plagioclase-rich rocks, properly referred to as
leucogabbro, leucotroctolite and anorthosite. The Upper
Border Series comprises both massive and laminated

Plagioclase

L Autol. MCU |

A Autol. MCU Il
Leuco- Leucc-)- & UBS
gabbro 1 troctolite
,

Cpx + 05 Olivine
Fe-Ti ox

Fig. 2. Mineral proportions (vol.%) in Sept Iles anorthosite
samples from the Upper Border Series and in autoliths from the
Layered Series. Ternary diagram showing the relative amounts of
plagioclase and mafic minerals (Fe-Ti oxide minerals + clinopy-
roxene and olivine). Anorth = anorthosite; Autol = autolith. Open
symbols: massive anorthosite samples, filled symbols: laminated
anorthosite samples.

anorthosites (Fig. 3; Higgins, 1991). Massive anorthosite
constitutes over 90 vol.% of the Upper Border Series. Both
types of anorthosite locally contain interstitial syenitic to
granitic material (Fig. 3) that results from the percolation
of highly evolved liquids through the not fully-solidified
anorthositic rocks of the Upper Border Series (Namur
et al., 2011).

Massive anorthosites are comprised of randomly
oriented subhedral to euhedral plagioclase (Fig. 4a), with
minor olivine, clinopyroxene, Fe-Ti oxide minerals
(ilmenite-hematite and magnetite-ulvospinel solid solu-
tions), apatite, quartz, K-feldspar, amphibole, sulfides and
minerals resulting from low-temperature hydrothermal
alteration (calcite, chlorite, serpentine and epidote). Plagio-
clase (modal proportion: 84-95 vol.%; Fig. 2; Table EAl)
forms distinctively zoned sub-equant to strongly tabular
grains, ranging in size from 0.1 to 40 mm (Fig. 4a). Olivine
(1-6 vol.%) occurs as: (1) disseminated mm-scale optically
unzoned anhedral to subhedral grains of sub-equant to
slightly elongated shape and (2) mm- to cm-scale unzoned
poikilitic grains enclosing lath-shaped plagioclase grains
(Fig. 4b). Clinopyroxene (3-8 vol.%) is represented by
mm- to cm-scale unzoned poikilitic grains (Fig. 4a and c)
containing abundant oriented exsolution lamellae of
Fe-Ti oxide minerals and orthopyroxene, and Schiller
inclusions. Fe-Ti oxide minerals (0-3 vol.%) form polycrys-
talline aggregates with anhedral texture and size up to
5 mm in diameter. Laminated anorthosites show mineralog-
ical characteristics similar to those of the massive rocks,
except that plagioclase grains display a very well defined
igneous lamination (Fig. 4d and e).

4.2. Anorthosite autoliths in the Layered Series

Abundant cm- to tens of m-large anorthositic blocks
(autoliths; Fig. 3d) occur in the Layered Series. They are
mostly slab-like in shape but some of them are isometric.
Their contacts with cumulate rocks of the Layered Series
are angular to slightly-rounded and the layering is de-
formed beneath them and smoothed above. Two types of
autolith blocks occur in the Layered Series: the first one,
which is by far the most abundant, is made up of massive
anorthosite, while the second one comprises laminated
anorthosite.

Massive and laminated autoliths have mineralogical
assemblages and mineral textures similar to those of anor-
thositic rocks from the Upper Border Series (Fig. 4f). Their
stratigraphic distribution in the Layered Series was deter-
mined through examination of rocks intersected by the
drill-cores (DC-9; DC-8; s9) and exposed along two field
N-S cross-sections. Seventy-two autolith blocks were num-
bered and occur abundantly from the middle part of MCU
I to the lower part of MCU III (Fig. 5; Table EA2;
Electronic Annex). This 4100 m-thick stratigraphic interval
is mostly made up of gabbro and minor Fe-Ti oxide-
bearing troctolite. No autoliths were observed in troctolites
from the lower part of MCU I and the upper part of MCU
IIT (Fig. 5). Due to continuous outcrops in these strati-
graphic intervals, this absence is interpreted as a genuine
feature of petrological significance.
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Silicic pod

Fig. 3. Photographs of macroscopic structures of anorthosites in the Sept Iles Layered Series and Upper Border Series. (a) Massive
anorthosite of the Upper Border Series displaying a 5 cm-long plagioclase crystal comprised in a matrix of smaller plagioclase grains. (b)
Laminated anorthosite from the Upper Border Series. Altered clinopyroxene oikocrysts have been weathered out. (c) Massive anorthosite
from the Upper Border Series showing interstitial syenitic to granitic material between plagioclase crystals. (d) Meter-scale anorthosite block

(autolith) in gabbro from the Layered Series MCU 11.

5. RESULTS
5.1. Mineral composition in cumulates from the Layered Series

In cumulate rocks from the Layered Series, the An-
content of plagioclase decreases upwards in each MCU, from
the most primitive troctolites (Ango—Ang;) to Fe-Ti oxide-
bearing troctolites (Ang—Angy) and the most evolved
gabbros (Angy—Ansy; Fig. 5; Tables EA3 and EA4; Elec-
tronic Annex). Strontium and Ba in plagioclase increase
continuously from troctolites (Sr: 1030-1070 ppm; Ba:
120-140 ppm) to Fe-Ti oxide-bearing troctolites (Sr: 1040—
1090 ppm; Ba: 140-170 ppm) and gabbros (Sr: 1040-
1620 ppm; Ba: 150-680 ppm; Figs. 5 and 6a, b; Tables EA3
and EA4). The REE patterns of plagioclase-cores are charac-
terized by LREE-enrichment and by a positive Eu anomaly
(Table EA4). In most samples, HREE are below detection
limit. The positive Eu anomaly continuously increases from
the troctolites (Eu/Eu”: 9.1-15.3) to Fe-Ti oxide-bearing
troctolites (14.8-17.0) and gabbros (18.9-46.5; Fig. 6¢).

The refractory components of olivine and clinopyroxene
(olivine forsterite-content and clinopyroxene Mg#; molar
MgO/(FeO + Mg0)) also decrease continuously upwards
in each MCU from troctolites (Fo: 73-67; cpx-Mg#: 79—
74) to Fe-Ti oxide-bearing troctolites (Fo: 67-65; cpx-
Mg#: 76-73) and gabbros (Fo: 66-55; cpx-Mg#: 75-69;
Figs. 1b and 7a, b). Compatible trace element-contents of
mafic minerals (Ni, Co and Cr in olivine and clinopyroxene)
also decrease continuously from troctolites to gabbros (e.g.
Ni in olivine in Fig 7c¢ and Cr in clinopyroxene in Fig. 7d;
Table EAS; Electronic Annex). Interstitial clinopyroxene in
troctolites and Fe-Ti oxide-bearing troctolites has high
REE-contents (e.g. La: 6-21 times La of Cl-chondrite;
Fig. 8a; Table EAS5) and show REE-patterns with

significant negative Eu anomalies (Eu/Eu®: 0.51-0.93). In
contrast, cumulus clinopyroxene from gabbros has lower
REE-contents (e.g. La: 6-12 times La of Cl-chondrite;
Fig. 8b) and shows REE-patterns with neutral to slightly
positive Eu anomalies (Eu/Eu”: 1.0-1.5).

5.2. Mineral compositions in anorthosites

Plagioclase-cores of the anorthosite samples from the
Upper Border Series and autoliths of the Layered Series
show a relatively restricted range of compositions
(Angg—Angy; Sr: 1023-1071 ppm; Ba: 123-172 ppm; Figs.
5 and 6; Table EA6; Electronic Annex). Data from elec-
tron microprobe profiles through plagioclase grains and
detailed analyses of rims indicate that plagioclase grains
from anorthosites are strongly compositionally zoned.
They show a central plateau with cumulus core-composi-
tions in the range between Angg and Angy, rimmed by
compositions evolving down to ca. Ansg, while most rims
cluster around Angpy; (Figs. 9 and 10). The REE pat-
terns of plagioclase-cores are characterized by LREE-
enrichment, and by a positive Eu anomaly (Eu/Eu™:
9.6-16.8; Fig. 6c).

Olivine and clinopyroxene also show narrow ranges of
major element compositions (olivine: Fogg 6;; Fig. 7a;
Table EA7; Electronic Annex and clinopyroxene: cpx-
Mg#;5_¢7; Fig. 7b; Table EAS8; Electronic Annex). In
contrast, compatible trace elements display larger composi-
tional ranges (olivine: Ni: 189-846 ppm, Co: 192-247 ppm;
clinopyroxene: Ni: 10.4-163 ppm, Co: 35.7-48.2 ppm, Cr:
1.21-194 ppm; Fig. 7c and d). Clinopyroxene-grains from
all the anorthositic samples are characterized by high-
REE contents (e.g. La: 10-58 times La in Cl-chondrite;
Fig. 8c) and negative Eu anomalies (Eu/Eu*: 0.35-0.95).
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Fig. 4. Photomicrographs of mineral assemblages and textures in anorthosite rocks of the Upper Border Series and in autolith blocks of the
Layered Series. (a) Massive anorthosite from the Upper Border Series showing zoned mm-scale plagioclase grains and interstitial poikilitic
clinopyroxene. Sample GB-05-04, cross-polarized transmitted light. (b) Massive anorthosite from the Upper Border Series showing tablet-
shaped mm-scale plagioclase grains and interstitial poikilitic olivine and clinopyroxene. Sample M-07-55, cross-polarized transmitted light. (c)
Massive anorthosite with mm-scale interstitial poikilitic clinopyroxene. Sample M-07-17, cross-polarized transmitted light. (d) Strongly
laminated anorthosite from the Upper Border Series with large plagioclase grains, minor Fe-Ti oxide minerals and biotite in replacement of
primary ferromagnesian minerals. Sample GB-X1, cross-polarized transmitted light. (¢) Strongly laminated anorthosite from the Upper
Border Series with fine-grained interstitial granitic material dominated by quartz, K-feldspar and amphibole. Cross-polarized transmitted
light. Picture from M.D. Higgins. (f) Massive anorthosite autolith from the Layered Series with large plagioclase grains and minor
hydrothermal alteration phases. Curved plagioclase twinning results from mineral deformation probably due to the weight of overlying
cumulate rocks. Sample DC-9-762.5, autolith-44, MCU I, cross-polarized transmitted light. Pl: plagioclase, FeTi ox: Fe-Ti oxide minerals;

Gr: granitic material.

5.3. Bulk anorthosite compositions

Whole-rock compositions are used to determine mineral
proportions in anorthosite samples (see Electronic Annex)
and will be used in the following to determine the propor-
tion of trapped liquid having crystallized in these samples.
Anorthosite rocks of the Upper Border Series and autoliths
of the Layered Series have similar whole-rock compositions
in terms of major and trace elements (Table EAY;
Electronic Annex). Their high contents in SiO, (45.8—
52.8 wt.%), Al,O3 (23.1-29.1 wt.%), CaO (9.6-13.1 wt.%),
Na,O (2.5-4.5 wt.%) and Sr (701-923 ppm) reflect the pla-
gioclase-rich nature of these rocks. The variation of the
FeO, (0.7-7.2wt.%), TiO, (0.1-2.6 wt.%), MgO (0.2—
4.8 wt.%) and P,Os (0.05-0.25 wt.%) contents mirror the
variable amount of mafic minerals (olivine, Ca-rich pyrox-
ene and Fe-Ti oxides) and apatite.

5.4. Strontium isotopes

Sr-isotope ratios (¥’Sr/%°Sr) were measured on plagio-
clase (+ quartz) separates from anorthosites of the Upper
Border Series, from autoliths of the Layered Series and
from cumulate rocks of the Layered Series (Table EA10;
Electronic Annex). Isotope ratios were re-calculated for
an age of 564 Ma (Higgins and van Breemen, 1998). In
cumulate rocks of the Layered Series, Sr-isotope ratios in-
crease upwards in each MCU from the most primitive
troctolites (0.7036-0.7039) to the Fe-Ti oxide-bearing
troctolites (0.7038-0.7040) and the most evolved gabbros
(0.7040-0.7049; Figs. 5 and 6d; Tables EA3 and EA10) be-
cause of a slight contamination by highly radiogenic gneis-
sic country rocks (Namur et al., 2011). Anorthosite samples
show restricted ranges of isotopic ratios, from 0.70356 to
0.70379 for the Upper Border Series, and from 0.70369 to
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Fig. 5. Stratigraphic column of the Sept Iles intrusion showing the distribution of rock-types (troctolite; Fe-Ti oxide bearing troctolite;
gabbro) in the Layered Series, the stratigraphic intervals intersected by the sections and drill-cores investigated in this study and the
distribution of autolith blocks in the Layered Series. Compositions of plagioclase (An%, Sr, Ba, 8’Sr/%°Sr) are also presented for cumulate
rocks of the Layered Series, for anorthosites of the Upper Border Series and for autolith blocks of the Layered Series. Note the different scales
for cumulate samples and for anorthosite samples. The range of plagioclase compositions in the Upper Border Series are represented by a grey
field as no stratigraphic position can be precisely determined for the samples. Tr = troctolite; FeTi Tr = Fe-Ti oxide-bearing troctolite;
Gab = gabbro; XRF = X-ray fluorescence analyses; EM = electron microprobe analyses.
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0.70386 for autoliths (Figs. 5 and 6; Table EA10). When
plotted against the stratigraphic height in the Layered Ser-
ies, no evolutional trend is observed for Sr-isotope compo-
sitions of autoliths (Fig. 5).

6. DISCUSSION

6.1. Comparing plagioclase compositions in anorthosites and
basal cumulates

Plagioclases in anorthosites of the Upper Border Series
and in autoliths of the Layered Series show a similar range
of compositions for both major (An-content; Figs. 5 and 6)
and trace (Sr, Ba and Eu/Eu”; Fig. 6a—c) elements. All the
anorthosite samples have also similar Sr-isotope ratios

(Fig. 6d). This obvious similarity in plagioclase composi-
tion suggests that the Upper Border Series and autoliths
of the Layered Series are genetically linked.

Compared to cumulate rocks of the Layered Series, pla-
gioclase from anorthosites shows a very restricted range of
major-, trace- and isotopic-compositions, which is highly
similar to that observed in troctolites and Fe-Ti oxide-
bearing troctolites (Figs. 5 and 6). In contrast, gabbros from
the Layered Series show more evolved (lower An-content,
higher Sr- and Ba-contents; Fig. 6a and b) and more radio-
genic (Fig. 6d) plagioclase compositions. The similarity
between major and trace element compositions as well as
Sr-isotope ratios between plagioclase in anorthosites and in
basal troctolites and Fe-Ti oxide-bearing troctolites of the
Layered Series suggest that plagioclase from all these rocks
has crystallized at the same time from the same parent
magma.

6.2. Formation of Sept Iles anorthosites

6.2.1. Sept lles liquid line of descent and density calculations

The Sept Iles parent magma is inferred to be a tholeiitic
basalt (ferrobasalt; 48 wt.% SiO,; 15 wt.% FeO; Namur
et al., 2010), slightly richer in FeO, than that of the Skaerg-
aard intrusion (12-13 wt.% FeOg; Hoover, 1989; Toplis and
Carroll, 1995, 1996; Nielsen, 2004; Jakobsen et al., 2010)
and similar to that of the Bjerkreim-Sokndal intrusion
(Vander Auwera and Longhi, 1994). The Sept Iles liquid
line of descent (LLD) has the following characteristics
(Namur et al., 2011): (1) crystallization of troctolites drives
the parent magma on a tholeiitic trend with FeO-
enrichment (up to 17 wt.%) and slight SiO,-depletion
(down to 47 wt.%); (2) saturation of Fe-Ti oxide minerals
and clinopyroxene drives the residual liquid along a FeO-
depletion and SiO,-enrichment trend, ultimately leading
to the formation of A-type granites (67-76 wt.% SiO,) at
the top of the magma chamber. The precise knowledge of
the LLD allows calculation of the evolution of melt density
with differentiation.

Density calculations were performed following the
expression of Bottinga and Weill (1970), with partial molar
volume, thermal expansion and compressibility data of
Lange and Carmichael (1987), Kress and Carmichael
(1991), Toplis et al. (1994), Lange (1997), Ochs and Lange
(1997, 1999). Calculations of liquid densities require knowl-
edge of the following intensive variables: (1) the evolution
of oxygen fugacity (fO,) with differentiation; (2) the H,O-
content of the melt; (3) the melt liquidus temperatures
and (4) the pressure of crystallization.

The fO, of the Sept Iles intrusion has not yet been esti-
mated. However, as the Sept Iles and Skaergaard intrusions
have similar parental magmas and cumulus mineral assem-
blages (McBirney, 1996; Namur et al., 2010), results ob-
tained for the Skaergaard are used here. The oxygen
fugacity in the Skaergaard intrusion has been constrained
to be close to the FMQ buffer during the crystallization
Fe-Ti oxide-free cumulates and to decrease to FMQ-1 after
the saturation of magnetite (Osborn, 1959; Forst and
Lindsley, 1992; Thy et al., 2009). In this study, density cal-
culations were realized at FMQ for liquids not saturated in



Anorthosite formation and the lunar crust 5007

70 70
+ Core . X hPCL RS
d 900,. - e ¢ 2000 o, o+ 9geT
®, + T e .
= Rim | S0 fme f 7 o000 = oy e :
265 e b & 651 *
£ ! ; E: ‘
o P P - P £0090°%0%
3 601 ¢ > © 60+ o0y H
Q H o
k=] H : 2 &
=3 P * =3 s
e 1 9-1322; Laminated 3 f.:551
b Autolith n° -68 Plag M-07-60; Massive anorthosite 15
Plag  Layered Series MCU | uBs Plag
50 4 4 n + + " n 50 n 1 + " I +
0 200 400 600 800 1000 1200 1400 1600 0 100 200 300 400 500 600 700
Distance (microns) Distance (microns)
70 - — 70 — - t
9-904; Massive Autolith; n® -61 M-07-23; Massive anorthosite
Layered Series MC.U | uBS
oy * e * I
R 65 i Nee o 'M'N £ 65
c } A Se ‘0*‘ 0~ L < c ey PN .
< * * ! ﬁ 4 $000s 4% 00%% e
(0] & P’ Lo
§ oo S | Bef ., %00%%
5] ; ] hd @
2 e * £ ;
H & [= i
ol ‘ & ] & ;
o 55 Pla o 55t <
Plag 9 ¢ Plag
Plag
50 50
0 100 200 300 400 500 600 700 800 900 0 200 400 600 800 1000
Distance (microns) Distance (microns)

Fig. 9. Selection of compositional profiles (plagioclase An%) across representative plagioclase grains from samples of anorthosite from the
Layered Series and the Upper Border Series. The nature of the phase in contact with the plagioclase is indicated. The distance scale is taken
from an arbitrary starting point and only relative distances bear some significance.

a t t t t t b t t t t t
9-1322 M-07-60
357 Laminated, autolith n° -68 351 Massive anorthosite o
Layered Series MCU | , Upper Border Series
(7] (2]
c 30 c 30
k] S
8 25 g 25
] ]
& &
o 20 o 20
5 I:Ig?re s
b = Rim g
g 15 - 8 15
E E
Z 10 2 10
5 5
oA
c 9-904 d
40 Massive, autolith n° -61 M 40 m;csz-iigano rthosite
n 35 fayersd Sedes ML w 351 Upper Border Series
S S
T 30 % 30
uE> e
3 25 3 25
a2 a
<] =]
‘s 20 ‘s 20
o} @
a re}
= 15 £ 15
3 =5
Z 10 Z 10
5 5
0 = 0
45 50 55 80 65 45 50 55 60 65
Plagioclase An (%) Plagioclase An (%)

Fig. 10. Histograms of plagioclase compositions (An%) for 4 samples of anorthosite from the Layered Series and the Upper Border Series.
Note that the data for the different An-contents are stacked and not overlapped.

Fe-Ti oxide minerals. For Fe-Ti oxide saturated liquids, we Sept Iles granites contain H,O- (0.8-1.5 wt.%) and
used values varying linearly with the silica-content from F- (0.7-2.4 wt.%) rich brown hornblende (Namur et al.,
FMQ (at 47 wt.% SiO,) to FMQ-1 (at 60 wt.% SiO5). 2011). The occurrence of this mineral allows us to constrain
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the H,O-content of granitic liquids to be at least 4 wt.%
(Dall’Agnol et al., 1999; Klimm et al., 2003; Bogaerts
et al., 2006). Using geochemical modeling for major and
trace elements, Namur et al. (2011) have shown that the
Sept Iles granitic melts are reached after 90% of fraction-
ation. This enables us to estimate the H,O-content of the
parent magma at ca. 0.4 wt.%. Density calculations were
performed with liquid H,O-contents increasing from
0.4 wt.% H,O in the parent magma to 4 wt.% H,O in the
most evolved granitic compositions.

Liquidus temperatures were calculated using the linear
relationship between liquidus temperature and the MgO-
content of ferrobasaltic melts observed in experiments of
Toplis and Carroll (1995). The liquidus temperature of
the Sept Iles parent magma was calculated to be ca.
1155 °C, while Fe-Ti oxide minerals and apatite saturated
at 1120 °C and 1090 °C, respectively. The pressure of intru-
sion is estimated to be 1-3 kbar (Higgins, 2005).

The compositions of plagioclase (An%) crystallizing in
equilibrium with Sept Iles liquids along the LLD were cal-
culated using empirical equations for plagioclase-melt equi-
libria from Namur et al. (in press). Calculated plagioclase
compositions were corrected for the effects of the melt
H,O-content (0.4-4 wt.%) and the pressure (1 kbar) using
the equations of Putirka (2005). Plagioclase densities were
calculated at the liquidus temperatures by considering a lin-
ear relationship between the densities of albite (2.62 g/cm?
at 298 K; Campbell et al., 1978) and anorthite (2.76 g/em?
at 298 K) and using the thermal expansion coefficients of
Niu and Batiza (1991).

6.2.2. Relation between magma and plagioclase densities

The calculated density of the Sept Iles parent magma,
using the constraints explained in the last section, is
2.70 g/em® at 1155 °C. During fractionation of troctolites,
the melt density increased to 2.75 g/cm® at ca. 1120 °C, be-
fore decreasing continuously to 2.16 g/cm® for granitic
melts at ca. 995 °C, as a result of fractionation of Fe-Ti
oxide-bearing troctolites and gabbros (Fig. 1la;
Table EA1l; Electronic Annex). This trend is similar to
that observed for typical tholeiitic liquid lines of descent
(Campbell et al., 1978; Sparks et al., 1980; Sparks and
Huppert, 1984; Morse, 1986, 1988; Hunter and Sparks,
1987).

Calculated compositions of plagioclase crystallizing
along the Sept Iles LLD range from Angg to Ansy, in excel-
lent agreement with plagioclase compositions observed in
the Layered Series (Namur et al., 2010). Plagioclase densi-
ties evolved with differentiation from 2.69 to 2.64 g/em®
(Fig. 11a).

Results of density calculations indicate that plagioclase
was positively buoyant in primitive melts. However, plagio-
clase became denser than the residual melt soon after satu-
ration of Fe-Ti oxide minerals, when the melt reached
49 wt.% SiO, (fraction of residual liquid; F = 72%; Namur
et al., 2011; Fig. 11a and b). Primitive liquids with less than
49 wt.% SiO, are in equilibrium with a narrow range of pla-
gioclase compositions (Ango—Ango; Fig. 11¢), which were
thus positively buoyant. Liquids containing more than
49 wt.% SiO, are less dense than the plagioclases in
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Fig. 11. (a) Density evolution of Sept Iles liquids and equilibrium
plagioclases with differentiation (wt.% SiO, in the liquid). Density
calculations are based on liquid compositions presented by
Namur et al. (2011) and plagioclase compositions calculated
using equations of Namur et al. (in press). See text for the
methodology of density calculations. The rectangle in the upper-
left part of the diagram shows the field view of Fig. 4b. (b) Close
up on the plagioclase and liquid density curves crossing.
Plagioclase is buoyant on liquids with less than 49 wt.% SiO,,
while it is non-buoyant on more evolved liquids. (¢) Histogram
showing calculated compositions (An%) of buoyant plagioclase in
equilibrium with liquids having less than 49 wt.% SiO, and non-
buoyant plagioclase in equilibrium with evolved liquids (more
than 49 wt.% SiO,).
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equilibrium with them (Ancgo; Fig. 11b and ¢) and plagio-
clase flotation was therefore no longer a potentially opera-
tive mechanism. After Fe-Ti oxide mineral saturation,
primitive plagioclase grains (Ange—Angg) accumulated at
the roof of the intrusion, thus became denser than the main
magma body and may have sunk into the magma, explain-
ing the presence of anorthosite autolith blocks in gabbros
of the Layered Series.

6.2.3. Mechanisms of plagioclase flotation

Plagioclase Ango—Angg is buoyant on Sept Iles basaltic
melts, in excellent agreement with the occurrence of this
range of compositions in anorthositic rocks of the Upper
Border Series and in the autoliths found in the Layered Ser-
ies (Fig. 12). However, as previously illustrated, plagioclas-
es with similar major and trace element compositions than
those of the anorthosites are also abundantly observed in
the floor cumulates of the Layered Series (troctolites and
Fe-Ti oxide-bearing troctolites; Figs. 6 and 12). This means
that not all plagioclase grains with composition more prim-
itive than Ang, have accumulated at the roof of the magma
chamber. In the following, the efficiency of plagioclase flo-
tation is quantified and discussed in light of published the-
oretical and experimental crystallization models for mafic
magma chambers.

Cooling of basaltic magma chambers dominantly occurs
at the roof (e.g. Irvine, 1970; Brandeis and Jaupart, 1986;
Morse, 1986; Martin et al., 1987; Kerr et al., 1990). How-
ever, in large aspect-ratio magma chambers, such as Sept
Iles, Bushveld and Stillwater, crystallization essentially oc-
curs at the bottom of the magma chamber (Campbell,
1978, 1996; Huppert and Sparks, 1980; Brandeis et al.,
1984; Brandeis and Jaupart, 1986; Martin et al., 1987,
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Fig. 12. Histogram showing the range of plagioclase core compo-
sitions (An%) observed in the Sept Iles layered intrusion. Plagio-
clase from the anorthosites ranges from Ang, to Angy, while
plagioclase from cumulate rocks of the Layered Series ranges from
Ans, to Anyy. This diagram illustrates that buoyant plagioclase
(Ang_go) is present in both anorthosites and floor cumulates of the
Layered Series.

Martin, 1990; Latypov, 2003). This results from convective
instabilities at the top of the chamber that hamper the
attachment of the crystals against the roof (Brandeis and
Jaupart, 1986), from the effect of pressure on the liquidus
temperature that facilitates nucleation at the floor of the
magma chamber (Irvine, 1970; Martin, 1990) and from
the low degree of supercooling that is required for the
nucleation process (Brandeis et al., 1984; Campbell,
1996). Nucleation at the roof and transportation of the
crystals to the floor by convection currents is also generally
envisaged as a crystallization model for basaltic magma
chambers (e.g. Morse, 1986, 1988; Philpotts and Dickson,
2000). However, when occurring, part of the crystals stay
attached at the roof and form a “downward roof cumulate
sequence”, as exemplified in the Skaergaard or Kiglapait
intrusions (Morse, 1979b; McBirney, 1996). Moreover, in
these intrusions the floor cumulate sequence is significantly
thicker than the roof sequence, suggesting that floor nucle-
ation may have also occurred (Brandeis and Jaupart, 1986;
Philpotts and Dickson, 2000). The absence of evolved pla-
gioclase compositions (<Ang) in the Upper Border Series
of the Sept Iles intrusion clearly indicates that roof cumu-
late sequence has not developed and thus that nucleation
and crystallization at the roof were very subordinate
processes.

The presence of positively buoyant plagioclase both at
the floor (Layered Series) and at the roof (Upper Border
Series) of the Sept Iles intrusion may be explained by two
phenomena: imperfect in situ crystallization mechanism
and homogeneous nucleation of a low proportion of crys-
tals in the main magma body. (1) In situ crystallization
along the floor of the magma chamber prevents plagioclase
flotation by attachment of the crystals to the magma cham-
ber side (Campbell, 1978; McBirney and Noyes, 1979). This
process may be assisted by the formation of coherent three-
dimensional chains of crystals (Philpotts and Carroll, 1996;
Philpotts et al., 1998; Philpotts and Dickson, 2000). How-
ever, the in situ crystallization process is generally not fully
effective (McBirney and Noyes, 1979) and crystal chains are
not entirely consolidated before the proportion of crystals
reaches 30% (Philpotts et al., 1998). Consequently, some
isolated plagioclase crystals may escape the cotectic assem-
blage and rise up to the top of the magma chamber to form
the anorthosite. This process might also be facilitated by
convection currents driving plagioclase grains upwards
(e.g. Marsh and Maxey, 1985; Brandeis and Jaupart,
1986; Turner and Campbell, 1986; Marsh, 1988; Higgins
and Chandrasekharam, 2007); (2) In situ crystallization
can be accompanied by subordinate homogeneous nucle-
ation and crystallization of grains within the main magma
body. These grains are isolated and able to float or sink,
depending on their relative density to that of the magma
(Martin and Nokes, 1988, 1989; Weinstein et al., 1988;
Verhoven and Schmalzl, 2009). This process could thus ex-
plain the formation of anorthosite even in the case of a fully
effective in situ crystallization at the floor of the magma
chamber.

In the Sept Iles intrusion, it has been calculated by least-
squares regression that the cotectic proportion of plagio-
clase crystallizing from liquids in equilibrium with troctolite
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is 78 wt.% (Namur et al., 2011). This value is slightly higher
than that determined for other ferrobasaltic magmas
(72-74 wt.%; Toplis and Carroll, 1995; Thy et al., 2006),
but is in good agreement with that determined for FeO,-rich
MORB compositions and calc-alkaline lavas of the Mede-
cine Lake Volcano (78 wt.%; Grove et al., 1982, 1992).
For Fe-Ti oxide-bearing troctolites, no estimation is avail-
able. However, comparison with experimental data suggests
a plagioclase cotectic proportion of 60-70 wt.% (Snyder
et al., 1993; Vander Auwera and Longhi, 1994). Fig. 13a
and b show the modal proportions of plagioclase in trocto-
lites (50.0-79.7 wt.%; average: 67.5 wt.%) and Fe-Ti oxide-
bearing troctolites (14.6-69.6 wt.%; average: 50.4 wt.%) of
the Layered Series (Namur et al., 2010). Mineral modes
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Fig. 13. (a) Modal proportion (wt.%) of plagioclase in troctolites
from the Layered Series and comparison with the cotectic
proportion of plagioclase calculated by Namur et al. (2011). (b)
Modal proportion of plagioclase in Fe-Ti oxide-bearing troctolites
and comparison with cotectic proportions determined from the
experiments by Snyder et al. (1993) and Vander Auwera and
Longhi (1994). Modal data from Namur et al. (2010).

from point-counting (vol.%) were converted in wt.% (using
the density of the minerals) to allow a more straightforward
comparison with cotectic proportions. Plagioclase modes
are generally lower than the estimated cotectic proportions,
indicating that part of the plagioclase has not accumulated
in the Layered Series (Fig. 13a and b). Based on average
modes, it can be estimated that 13 wt.% of the plagioclase
is missing from basal troctolites, while 16-28 wt.% (depend-
ing on the considered cotectic proportion) of the plagioclase
is missing from Fe-Ti oxide-bearing cumulates.

6.2.4. Mafic minerals in anorthosites

Due to their high densities, the presence of ferromagne-
sian and Fe-Ti oxide minerals in the anorthosites cannot
result from accumulation of liquidus grains, except in
chains with low proportions of Fe-Mg silicate miner-
als + Fe-Ti oxide minerals (Philpotts and Dickson, 2000).
Alternatively mafic minerals in anorthosites may represent
cumulus phases having crystallized against the magma
chamber roof. However, this is not supported by (1) exper-
imental studies showing that large aspect-ratio magma
chambers mostly crystallize at the floor (Brandeis and
Jaupart, 1986; Martin, 1990) and (2) the strong decoupling
in the evolution of the anorthite content vs Mg# between
anorthosites and basal cumulates (Fig. 7), which is not ob-
served in other intrusions where crystallization simulta-
neously occurs at the floor and at the roof (e.g. Morse,
1979b; McBirney, 1996). This decoupling suggests different
processes of crystallization for the abundant plagioclase
compared to the minor mafic minerals.

Here we suggest that mafic minerals in the anorthosites
may have crystallized from the interstitial liquid, as already
proposed by Raedeke and McCallum (1980). The propor-
tion of interstitial liquid in anorthosites associated with lay-
ered intrusions varies between less than 10% (Haskin and
Salpas, 1992) to more than 30% (Raedeke and McCallum,
1980; Maier, 1995). Here we used two different approaches
to calculate the fraction of trapped interstitial liquid (Frp)
in Sept Iles anorthosites, and we note that they give rela-
tively consistent results: (1) we used the whole-rock concen-
tration of an element (P,Os) that is highly incompatible in
the cumulus phases (see Electronic Annex). Calculations
suggest a high Frp (12-64%; average: 32%; Fig. 15;
Table EA9); (2) using least-squares regression of whole-
rock, plagioclase and liquid compositions, we determined
the relative proportion of plagioclase and liquid in each
sample, by making the assumption that anorthosites are
made up of a mixture of cumulus plagioclase and liquid
(see Electronic Annex for details on the calculation proce-
dure). Using this methodology, we calculated high Fry val-
ues (13-51%; average: 29%). The two different approaches
indicate high Frp in Sept Iles anorthosite rocks, in agree-
ment with the large interstitial rims observed around pla-
gioclase grains. The variable Fpp values from one sample
to another sample probably result from a process of fluid
migration within the crystal mush (McKenzie, 1984; Tait
et al., 1984; Morse, 1986; Turner and Campbell, 1986).

Considering the calculated amounts of trapped liquid,
mafic minerals in anorthosites may be fully interpreted as
interstitial crystals. In addition to these high Fyp values
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and the distinctively poikilitic texture of these minerals,
geochemical characteristics of mafic minerals also constrain
their interstitial status: (1) for a given range of plagioclase
core compositions (Angg—Ang;), olivine and clinopyroxene
in anorthosites have lower Mg# and lower contents in com-
patible trace elements (Ni and Cr) than the same minerals
in cumulate rocks of the Layered Series (Fig. 7). These
evolved compositions in anorthosites indicate that clinopy-
roxene and olivine are in disequilibrium with plagioclase
cores; (2) compared to the cumulus clinopyroxene of the
gabbros from the Layered Series, the REE patterns of
clinopyroxene in anorthosites show strong negative Eu
anomalies and high HREE contents (Fig. 8c). Such features
are considered as a strong evidence for clinopyroxene crys-
tallization from interstitial melt (Cawthorn, 1996; Hermann
et al., 2001). This is confirmed by the strong resemblance
between REE patterns of clinopyroxene from anorthosites
and those of clinopyroxene from basal troctolites of the
Layered Series, for which the interstitial nature has been
clearly established on the basis of textural and geochemical
arguments (Namur et al., 2010). Most plagioclase rim com-
positions lie within the Angg and Ang; interval (Fig. 10). In
the Layered Series, plagioclase with this range of composi-
tion is in equilibrium with olivine Fogg_¢7 and clinopyroxene
Mg#70_ 75 (Figs. 7 and 12). These compositions of olivine
and clinopyroxene globally correspond to those observed
in anorthosites (Fosg_gs; Mg#H-CpXes_75), thus suggesting
that plagioclase rims are in equilibrium with mafic minerals
that are thus interpreted as being interstitial phases.

6.2.5. Synthetic model for the distribution of plagioclase in
the Sept Iles magma chamber

During the early differentiation of the Sept Iles layered
intrusion, the melt density was higher than that of equilib-
rium plagioclase (Fig. 14a). Some plagioclase grains were
thus able to rise up through the magma column to form
anorthosite (Upper Border Series) at the roof of the magma
chamber (Fig. 14b). The onset of Fe-Ti oxide crystalliza-
tion caused a drastic decrease of the magma density. When
the melt density became lower than ca. 2.65, plagioclase
stopped floating and the formation of anorthosite at the
top of the magma chamber ceased (Fig. 14b), while cotectic
gabbros started to crystallize at the top of the cumulus pile
in the Layered Series. In addition, previously formed anor-
thosite of the Upper Border Series has started to sink as
blocks from the roof down to the basal crystal pile. Mafic
minerals having crystallized from the interstitial liquid in
anorthosites may have also facilitated the sinking of blocks.

6.3. Implications for the lunar crust

6.3.1. Lithologies of the lunar crust

Differentiation of the Moon is interpreted to have resulted
initially from the crystallization of a lunar magma ocean
(LMO;e.g. Wood et al., 1970; Warren, 1985). The lunar crust
is defined by the first appearance of cumulus plagioclase in
the cumulate succession (Shearer and Papike, 1999). Seismic
data indicate that the thickness of the lunar crust is in the
range of 20-120 km, with an average value of 45-60 km

(Toksoz et al., 1974; Neumann et al., 1996; Khan et al.,
2000; Hikida and Mizutani, 2005; Ishihara et al., 2009).

The lunar crust is mostly composed of rocks resulting
from the crystallization of the LMO, with the exception
of the mare basalts, rocks from the alkali-suite and rocks
from the magnesian suite (Wieczorek et al., 2006). Crustal
rocks having crystallized from the LMO were traditionally
considered to be highly anorthositic (ferroan anorthosite
suite; FAS; Wood et al., 1970). However, a number of evi-
dences now suggest that the lunar crust is vertically strati-
fied with mafic rocks at the base and felsic rocks at the
top: (1) a seismic discontinuity occurs at ca. 20 km depth
beneath the surface of the Apollo 12 and 14 landing sites.
Moreover, the relationship between gravity and density of
the Moon suggests a compositional stratification within
the crust (Toksoz et al., 1974; Wieczorek and Phillips,
1997); (2) mostly based on Clementine multispectral reflec-
tance data, it was shown that the ejecta of large basins, the
central peaks of some craters and the South Pole-Aitken
basin are more mafic (mostly noritic) than the surrounding
anorthositic highlands (e.g. Lucey et al., 1995; Spudis et al.,
1996; Pieters et al., 1997; Wieczorek and Phillips, 1998;
Tompkins and Pieters, 1999; Bussey and Spudis, 2000;
Hawke et al., 2003; Cabhill et al., 2009).

Wieczorek and Zuber (2001) have investigated the min-
eralogy of the lunar lower crust based on Clementine spec-
tral data collected in crater central peaks. Based on 6
craters that expose deep material, these authors concluded
that the lower crust is mafic (norite, gabbronorite, anortho-
sitic norite; 65 £ 8 vol.% of plagioclase). The mafic nature
of the lower crust was also recently confirmed by radiative
transfer modeling of impact central peak craters (Cahill
et al., 2009). By contrast, mineralogical data from Clemen-
tine, SELENE and detailed analysis of Apollo FAS rocks
and meteorites indicate that the upper crust is highly en-
riched in plagioclase (82-100 vol.%; Warren, 1990, 2005;
Palme et al., 1991; Lucey et al.,, 1998; Tompkins and
Pieters, 1999; Korotev, 2000; Wieczorek and Zuber, 2001;
Korotev et al., 2003, 2010; Warren et al., 2005; Ohtake
et al., 2009).

6.3.2. Lunar rocks and LMO crystallization

Based on different estimates of the LMO composition
(e.g. Taylor, 1982; O’Neill, 1991), it has been proposed that
plagioclase saturated after 68—78% of dunite and orthopy-
roxenite fractionation, whereas ilmenite saturated after
95% crystallization (Snyder et al., 1992; Longhi, 2003).
Fractionation of ilmenite-free cumulates was responsible
for an increase of the melt FeO-content to 14-15 wt.% at
the appearance of plagioclase and to 22 wt.% at the appear-
ance of ilmenite (Warren, 1990; Longhi, 2003). Warren
(1990) estimated that the density of residual melts of the
LMO (Fig. 14c) increased with fractionation from 2.69 to
2.72 g/em® at F=100% to 2.80-2.84 g/cm® (F = 22%) and
2.88-2.92 g/lem® (F=5%). Crystallization of ilmenite-
bearing gabbro-norite was then responsible for a decrease
of the melt FeO.-content and the melt density, but the exact
evolution is unknown (Fig. 14c).

The formation of the anorthosite lunar crust was tradi-
tionally interpreted as resulting from the separation of
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Fig. 14. Schematic models for the distribution of plagioclase in the Sept Iles intrusion and in the lunar crust. (a) Evolution of Sept Iles
plagioclase and liquid densities as a function of the proportion of residual liquid. (b) Simplified stratigraphic column of the Sept Iles intrusion
showing the sequence of cumulus 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. Part of the plagioclase grains floats to the
top of the magma chamber where they accumulate to form a 100-500 m-thick anorthosite (Upper Border Series). Just before the saturation of
clinopyroxene, the density of the magma becomes lower than that of equilibrium plagioclase, which is therefore no longer buoyant. Cotectic
gabbro thus crystallizes in situ on the top of the previously formed troctolite crystal pile. (c) Evolution of crustal lunar magmas and
plagioclase (Anjgg_go) densities as a function of the proportion of residual liquid in the LMO after the appearance of cumulus plagioclase. The
sequence of crystallization is after Snyder et al. (1992) and Longhi (2003). The evolution of magma density (until the saturation of ilmenite) is
after Warren (1990). Crystallization of ilmenite-free norite and gabbro-norite results in an increase of the magma density. After the saturation
of ilmenite, the evolution of magma density is unknown and two possibilities are envisaged: (1) The density of the magma decreases slightly
but remains higher than the density of plagioclase until ¥ = 0%; (2) the magma density decreases rapidly and becomes lower than that of
equilibrium plagioclase before F = 0%. As a consequence, plagioclase is buoyant before the saturation of ilmenite but becomes non-buoyant
rapidly after ilmenite saturation. (d) Stratigraphic column of the lunar crust and proposed mechanisms of crystallization with resulting relative
proportions of plagioclase and mafic minerals. Norite and gabbro-norite crystallize in situ at the top of the previously formed mantle crystal
pile. Part of the plagioclase grains ascends to the top of the LMO to form anorthosite (FAS). Plagioclase may also float during the
crystallization of ilmenite-bearing gabbro-norite. However, if the density of the liquids is lower than that of equilibrium plagioclase, cotectic
ilmenite-bearing cumulate crystallizes and the formation of the FAS ends.

plagioclase, floating to the top of the LMO, while mafic
minerals sink to the top of the previously crystallized
mantle cumulates (Wood et al., 1970; Taylor, 1982;
Warren, 1985, 1990; Snyder et al., 1992). This widely
accepted model was however challenged by the recent com-
positionally layered model of the lunar crust indicating that
rocks with a proportion of plagioclase up to 50 wt.% occur
in the lower and middle parts of the lunar crust (Wieczorek
and Zuber, 2001; Cahill et al., 2009).

Wieczorek and Zuber (2001) suggested that all parts of
the lunar crust could have been formed by cotectic cumu-
late flotation on LMO magmas. There are however several
lines of evidence making this argument untenable: (1) aver-
age estimated densities of the lower crust range from 2.94 to

3.04 g/em® (Wieczorek and Zuber, 2001) and are higher
than the highest liquid density of the LMO (Warren,
1990; Fig. 14c); (2) it has been calculated that cotectic
assemblages with only 69-80 wt.% of plagioclase (ca.
2.88-2.92 g/cm’) may float on LMO magmas (Warren,
1990; Wieczorek and Zuber, 2001; Warren et al., 2005).
These estimates cannot explain the presence of norite
(50 vol.% of plagioclase; density: 3.00-3.20 g/cm?) in the
lower crust and ilmenite-bearing norite (3.40-3.80 g/cm?;
Elkins Tanton et al., 2002) in the middle crust.

6.3.3. Model for the stratigraphy of the lunar crust
Processes related to floating and sinking of plagioclase
in the Sept Iles intrusion might contribute to a better under-
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standing of the stratigraphy of the lunar crust. We suggest
that the mafic lower crust (norite and gabbro-norite) has
crystallized in situ at the base of the LMO on the previously
formed crystal pile, represented by ultramafic mantle rocks
(Fig. 14d). During crystallization of norite and gabbro-
norite in the lower crust, plagioclase formed three-dimen-
sional coherent chains that enclose ferromagnesian miner-
als & ilmenite. These cotectic networks were denser than
magmas from the LMO and prevented cumulate rock flota-
tion. However, as shown for Sept Iles, some isolated plagio-
clase grains may have escaped the networks and floated to
the top of the LMO to form the FAS (Fig. 14d). The den-
sity contrast between plagioclase grains and the equilibrium
melts is higher during LMO crystallization compared to the
Sept Iles intrusion. However, the gravitational attraction on
the Moon is only one-sixth the terrestrial value and thus,
the efficiency of plagioclase flotation is probably relatively
similar in both cases. Considering the estimation of LMO
differentiation path by Snyder et al. (1992) and the effi-
ciency of plagioclase flotation observed for the Sept Iles
intrusion (up to 30%), plagioclase accumulation at the top
of the LMO allows the formation of a ca. 8 km-thick anor-
thosite layer. This thickness is slightly higher than the esti-
mation of Longhi (1982) but lower than the 15-20 km
thickness suggested by most authors (e.g. Wood, 1986;
Ohtake et al., 2009). The calculated thickness of pure anor-
thosite produced by flotation of plagioclase grains may
however be underestimated because: (1) the cotectic pro-
portion of plagioclase (53% before the saturation of clino-
pyroxene and 31% after clinopyroxene in) calculated by
Snyder et al. (1992) is relatively low compared to those ob-
served for troctolitic magmas on Earth (Morse et al., 2004).
Cotectic proportions similar to those observed on Earth
would allow the formation of an anorthosite layer thicker
than 10 km; (2) the thickness of the lunar crust is generally
thought to range between 60 and 120 km (e.g. Neumann
et al., 1996; Chenet et al., 2006; Wieczorek, 2009). Chang-
ing the lunar crust thickness by a factor 2 would also
change the resulting thickness of pure anorthosite by the
same factor.

After the saturation of ilmenite in the LMO, the density
of residual liquids decreased significantly. The exact path
being unknown, two different ways for forming the lunar
crust exist: (1) if ilmenite saturated melts were denser than
plagioclase (ca. Angg go; 2.73 g/em?), some plagioclase
grains continued floating, thus contributing to the forma-
tion of the FAS and increasing the total thickness of the
anorthosite layer (Fig. 14d); (2) if ilmenite-saturated melts
were less dense than plagioclase, the formation of the
FAS ended. In this case, previously formed FAS-rocks
may have sunk as blocks into ilmenite-saturated melts from
the lunar surface to the top of the crystal pile. This process
could potentially explain the presence of highly anorthositic
rocks at different levels of the lunar crust, even between
mafic cumulate layers of the middle crust (Wieczorek and
Zuber, 2001; Cahill et al., 2009).

6.3.4. Mafic minerals in lunar anorthosites
Considering the number of samples available for ferroan
anorthosites, their size, possible polymictic origin, catacla-

sis and recrystallization (James et al., 1989, 1991), the
cumulus origin of ferromagnesian minerals (olivine, pigeon-
ite and clinopyroxene) may be at best postulated (Longhi,
1982, 2003; Wieczorek et al., 2006). However, several lines
of evidence make this hypothesis questionable: (1) mafic
minerals in anorthosite rocks frequently display a very clear
poikilitic texture (James et al., 1989; Warren, 1990), which
is traditionally interpreted as a strong evidence for crystal-
lization from the interstitial liquid in the pore space; (2) ma-
fic minerals in FAS rocks from the Apollo missions
(pristine index >7; Warren, 1993) show a large composi-
tional range at a given plagioclase An-content (e.g.
Angg.1; orthopyroxene Mg#,4 73; olivine Fosg 74), indicat-
ing that at least some grains are in disequilibrium with asso-
ciated plagioclase cores; (3) the most iron-rich compositions
of ferromagnesian minerals in FAS (Mg#33 ¢»; Goodrich
et al., 1984; Warren, 1993) cannot have crystallized in equi-
librium with highly An-rich plagioclase (Angy g7; Floss
et al., 1998), except from a liquid with an alkali-content
approaching zero (Longhi, 1982). However, even in this
case, formation of mafic minerals by fractional crystalliza-
tion cannot explain the absence of primitive compositions
(Mg# > 60).

A more straightforward explanation for the presence and
the iron-rich composition of ferromagnesian minerals would
be a direct crystallization from the interstitial liquid, as ob-
served in anorthosites of the Sept Iles layered intrusion.
The mafic mineral-content in Sept Iles anorthosites is be-
tween 3% and 20%, thus covering the whole range observed
in the lunar anorthosites (Korotev et al., 2003). The variable
amount of mafic minerals in Sept Iles anorthosites is ex-
plained by a non-uniform distribution of the interstitial li-
quid (10-50%), due to convection within the anorthosite
mush (Tait et al., 1984; Morse, 1986). A similar model may
be proposed for the lunar crust where anorthosite is formed
by flotation atop a convecting magma ocean (Herbert
et al., 1977; Morse, 1982, 1987; Solomatov, 2000; Loper
and Werner, 2002). This hypothesis of crystallization of the
mafic minerals from the interstitial liquid is reasonable in
light of the trapped liquid-content determined for lunar soils
of the Apollo 16 landing site (30%; Jolliff and Haskin, 1995).

6.3.5. Potential geochemical characteristics of the lunar
lower crust

Recent interpretations from Clementine data together
with mineral modes from lunar meteorites give further in-
sight on the vertically stratified nature of the lunar crust.
The distribution of mineral modes within the lunar crust
is remarkably similar to that observed in floor and roof
cumulates of the Sept Iles layered intrusion (Fig. 15). This
similarity allows us to make assumptions on the geochemi-
cal characteristics of the lunar lower crust, mainly for min-
eral compositions that are mostly unknown. Based on
crystallization mechanisms observed in the Sept Iles
Layered Series, it is suggested that plagioclase and mafic
minerals in the lunar lower crust may have followed a nor-
mal trend of fractional crystallization of the LMO. The pla-
gioclase An-content should slightly decrease bottom-up
together with a more pronounced decrease of the Mg# of
ferromagnesian minerals. It is moreover suggested that ma-
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fic minerals at the basis of the lunar crust should have Mg#
values significantly higher than those observed in FAS
rocks. A significant decoupling in the evolution of mafic
mineral compositions (Mg#) as a function of plagioclase
composition (An-content) is thus expected between FAS
rocks and rocks from the lunar lower crust. This kind of
decoupling is well known to occur between mineral compo-
sitions from FAS rocks and rocks from the magnesian-suite
(troctolite, norite, gabbro; Warren, 1993). However, most
magnesian-suite rocks are enriched in a KREEP compo-
nent, considered as representing residual liquids of the
LMO (e.g. Shearer and Papike, 2005), which cannot be ex-
plained by a fractional crystallization model similar to that
of the Sept Iles Layered Series. However, it has been sug-
gested that two kinds of magnesian suite may exist in the
lunar crust, one being enriched in KREEP component
and which could potentially be restricted to the Procellarum
and Imbrium basins (Metzberg et al., 1973; Lawrence et al.,
1998, 2000; Jolliff et al., 2000) and the other one being free
of KREEP component (Longhi and Boudreau, 1979;
Korotev, 2005). Based on the Sept Iles model, we suggest
that the rocks from the two magnesian-suites would have
been produced by fractional crystallization of magmas that
have different origins: the LMO for the KREEP-free suite
and a KREEP-contaminated magma for the other suite.
The origin of the latter magma has been extensively dis-
cussed in the literature (Warren, 1986; Hess, 1994; Shearer
and Papike, 2005; Longhi, 2009). Crystallization of these
magmas would produce rocks with relatively similar evolu-
tions of major element mineral compositions but contrasted
whole-rock concentrations for incompatible trace elements
(e.g. Th).

7. CONCLUSIONS

Anorthosite cumulates have been recognized in many
layered intrusions (e.g. Bushveld; Cawthorn and Ashwal,
2009; Stillwater; Haskin and Salpas, 1992; Duluth; Miller
and Weiblen, 1990), but Sept Iles is the only known exam-
ple of a layered intrusion exposing a thick anorthosite layer
at its roof.

Density calculation of plagioclase and liquid along the
Sept Iles liquid line of descent suggests that plagioclase
was positively buoyant on primitive basaltic melts during
the early differentiation of the intrusion, but that the flota-
tion ability disappeared soon after saturation of Fe-Ti oxi-
des. The calculated compositional range of the positively
buoyant plagioclase (Angs—Angg) is identical to that ob-
served in anorthosites forming the top of the intrusion
(Upper Border Series). Therefore, we propose that these
anorthosites were formed by accumulation of floated pla-
gioclase grains which have initially crystallized at the bot-
tom (Layered Series) of the Sept Iles intrusion. However,
the presence of Ango—Ang, plagioclase in the Layered Series
indicates that the ability of plagioclase to float was moder-
ate. Minor nucleation from the main magma body and pla-
gioclase flotation to the top of the magma chamber is also
envisaged as a possible mechanism for the Sept Iles anor-
thosite formation. After saturation of the Fe-Ti oxides in
the main magma body, the melt density decreased below
that of plagioclase and blocks of anorthosite (autoliths)
started to sink from the roof of the intrusion down to the
top of the crystal pile in the Layered Series. Ferromagne-
sian minerals and Fe-Ti oxides in the Sept Iles anorthosites
have probably crystallized from the interstitial melt, as sug-
gested by their evolved compositions.

Magma chamber processes occurring in the Sept Iles
intrusion are used as a proxy to explain stratigraphic fea-
tures observed in the lunar crust crystallized from the lunar
magma ocean (LMO). We suggest that the mostly noritic
lower crust may result from in situ fractional crystallization
at the base of the lunar magma ocean, while ferroan anor-
thosites occurring in the upper crust may have been formed
by plagioclase flotation in melts of the LMO. The presence
of plagioclase in the lower crust is interpreted as resulting
from the low efficiency of plagioclase to escape the basal
cumulates or from the low amount of crystals nucleating
from the main magma body of the LMO. Finally, mineral-
ogical data from the Sept Iles Layered Series lead us to sug-
gest that ferromagnesian minerals at the base of the lunar
lower crust may be more primitive than those observed in
FAS rocks. This geochemical signature would be similar
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to rocks of the magnesian-suite that do not contain a
KREEP-signature. Our crystallization model for the lunar
crust thus supports the idea that two magnesian-suites
may exist within the lunar crust (Longhi and Boudreau,
1979; Korotev, 2005).
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