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The concentration of halogens in apatite, biotite and amphibole is investigated for a large variety of mantle-
derived plutonic rocks (gabbros, diorites, monzonites, olivine- and pyroxene-bearing monzonitic to granitic
rocks, syenites, carbonatites and a phoscorite). In all rocks studied, apatite occurs as an early magmatic phase,
whereas biotite and amphibole may occur either as a late magmatic phase or as late-stage, potentially hydrother-
mal product replacing precursor olivine, pyroxene and Fe-Ti oxides (ilmenite and magnetite).

ﬁiﬁfﬁiistribuﬁm Based on electron microprobe analyses for F and Cl and detailed textural observations, we test existing models of
Apatite halogen partitioning between apatite and biotite. Bromine concentration data for apatite, biotite and amphibole
Biotite are used to further refine our understanding of the geochemical similarities and differences between Cl and Br
Amphibole during magmatic and hydrothermal processes.

Equilibrium partitioning
Re-distribution

Our data suggests that F and Cl contents in apatite, biotite and amphibole can indeed be useful monitors of the
halogen systematics in magmas, but they may also be subject to post-magmatic changes to variable extents.
The relatively small radius and compatible F cation seems to be less prone to post-magmatic alteration and is like-
ly to best reflect the original magmatic halogen abundances — especially in apatite. However, the larger and prob-
ably more incompatible Cl anion, is more easily re-mobilized as reflected by strong redistribution of Cl in biotite
and amphibole which have been clearly overprinted by hydrothermal fluids. In certain cases, the ability of halo-
gens to re-distribute themselves after magmatic equilibrium partitioning (as emphasized by our data) suggests
that observed partitioning (especially between apatite and biotite) may also be used as a very sensitive indicator

for post-magmatic hydrothermal processes.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Halogens (F, Cl and Br) influence the physical properties of natural
melts (e.g., density, viscosity and crystallization temperature) and are
important for many magmatic and hydrothermal processes such as
the transport of metals in melts and hydrothermal fluids. Their potential
environmental impacts are related to volcanic eruptions due to the
release of these elements into the atmosphere (see the recent reviews
of Aiuppa et al,, 2009; Pyle and Mather, 2009).

In most plutonic rocks apatite, micas and amphibole are the major
halogen-bearing phases (e.g., Speer, 1984; Markl and Piazolo, 1998;
Piccoli and Candela, 2002; Zhang et al., 2012; Teiber et al., 2014), although
titanite, fluorite, topaz, epidote, sodalite or scapolite may be important in
some cases (Breiter and Siebel, 1995; Teertstra and Sherriff, 1997; Forster
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et al., 1999; Frost et al., 2000; Frindt et al., 2004; Gieré and Sorensen,
2004; Krumrei et al., 2007; Gioncada et al., 2014). Because of the similar
jonic radii of F~ (1.33 A; Shannon, 1976) and OH™ (1.32-1.37 A), F™ is
much easily incorporated into OH-bearing minerals than the larger Cl™
(1.81 A) and Br~ (1.95 A). Consequently, in mineral-melt systems, F is
less incompatibly during magmatic differentiation than the heavier
halogens Cl and Br (e.g., Pyle and Mather, 2009). Furthermore, in melt-
fluid systems, Cl and Br preferentially partition into the fluid phase,
whereas F is largely retained in the melt, resulting in the fractionation
of F from Cl and Br during fluid-present magmatic processes
(e.g., Fuge, 1977; Webster and Holloway, 1990; Carroll and Webster,
1994; Villemant and Boudon, 1999; Bureau et al., 2000; Webster et al.,
2009; Wang et al., 2014a).

Several studies have addressed the partitioning of F and Cl in melt-
mineral-fluid systems and models have been developed to reconstruct F
and Cl concentrations in melts and fluids using the halogen contents in
apatite, biotite and amphibole to monitor the process (e.g., Stormer and
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Carmichael, 1971; Westrich, 1981; Munoz, 1984; Volfinger et al., 1985;
Zhu and Sverjensky, 1991, 1992; Brenan, 1993; Icenhower and London,
1997; Villemant and Boudon, 1999; Piccoli and Candela, 2002; Mathez
and Webster, 2005; Boyce and Hervig, 2008; Chevychelov et al., 2008;
Webster et al., 2009; Patifio Douce et al., 2011; Zhang et al., 2012; Teiber
et al., 2014). These studies show that F and Cl contents in apatite, biotite
and amphibole are governed by several factors such as, melt composition,
crystallization temperature, the presence of a fluid phase and the major
element composition of biotite and amphibole. These factors are com-
monly interconnected, since relatively primitive rocks (e.g., gabbros)
normally have relatively high Mg contents and crystallize at higher tem-
peratures compared to more evolved rocks such as many granites. As a
result the respective Mg-numbers of hydroxyl-bearing silicates may influ-
ence their ability to incorporate halogens in these two different magma
types. Also, the degree of differentiation of a melt governs the relative
abundance of F and Cl to a certain extent, Cl becoming relatively depleted
compared to F during late-magmatic or hydrothermal stages due to its
strong affinity for an evolving fluid phase (e.g., Zhang et al,, 2012). Finally,
it has been suggested that halogens may be re-distributed between apa-
tite and hydroxyl-bearing silicates as a consequence of late-stage or
post-magmatic hydrothermal fluid circulation (e.g., Brenan, 1994;
Willmore et al., 2000; Teiber et al., 2014). Despite these potential com-
plexities, studies generally show that F/OH and Cl/OH ratios are normally
higher in apatite than in biotite and amphibole from the same rock. Also,
amphibole tends to display higher F/OH than associated biotite, but for
Cl/OH ratios to not show such a clear relationship (e.g., Stormer and
Carmichael, 1971; Ekstrom, 1972; Westrich, 1981; Volfinger et al.,
1985; Léger et al., 1996; Zhang et al., 2012; Teiber et al., 2014). Br is
present at much lower concentrations than F & Cl, and there is little
data for the distribution of this element, mainly due to analytical limita-
tions (lonov et al., 1997; O'Reilly and Griffin, 2000; Marks et al., 2012;
Teiber et al., 2014; Wang et al., 2014b).

In the present study we have carefully measured the distribution of
halogens (F, Cl and Br) between apatite, biotite and amphibole for a
range of plutonic rocks including gabbros, diorites, monzonites, olivine-
and pyroxene-bearing monzonitic to granitic rocks, syenites, carbonatites
and a phoscorite. All rocks contain magmatic apatite that is clearly formed
at an early stage in the crystallization sequence. Biotite and amphibole
occur as subhedral to euhedral, probably magmatic phases and/or as tex-
turally late overgrowths and reaction rims around orthomagmatic olivine
and Fe-Ti oxides and/or as a replacement of pyroxene. This diversity
allows us to investigate (i) the general applicability of existing halogen
partitioning models between apatite and biotite and (ii) the potential
susceptibility to alteration of magmatic halogen distribution patterns
between apatite and hydroxyl-bearing silicates under late-magmatic to
hydrothermal conditions during the final cooling of plutonic rocks. The
combination of detailed textural observations with halogen distribution
systematics allows us to distinguish the various episodes of halogen
mobilization and the “footprint” of such events in the various minerals.
Interpretation of these events is a prerequisite for modeling halogen
distribution for an evolving magmatic-hydrothermal system.

2. Material and methods

The rock samples studied here are from five different localities.
Selection was based on the abundance of apatite and most of them
were previously investigated in previous petrological and geochemical
studies (Table 1). Here we provide brief descriptions of geological set-
tings and textures with a main focus on apatite, biotite and amphibole.
A more detailed classification of apatite, biotite and amphibole group
minerals is provided in Table 2.

2.1. Mont Saint-Hilaire

The Mont Saint-Hilaire complex (Canada) is one of many Cretaceous
intrusive complexes of the alkaline Monteregian Hills Province and

consists of gabbros, diorites and foid syenites, that crystallized from
partial melts of an OIB-type mantle source (e.g., Eby, 1985; Currie et al.,
1986; Foland et al., 1988; Darbyshire et al., 2007; Schilling et al., 2011b).
We investigate two gabbroic (MSH17 and 18) and three dioritic
(MSH12, 75 and 119) samples, which contain variable amounts of
plagioclase, alkali feldspar, nepheline, olivine, clinopyroxene, Fe-Ti ox-
ides, apatite, amphibole and biotite. Typical accessories are baddeleyite/
zircon and pyrrhotite (Table 1). Apatite occurs in all samples as sub-
to euhedral inclusions (20-300 pm) in orthomagmatic olivine,
clinopyroxene and Fe-Ti oxides. Where present, biotite and amphi-
bole appear as mm sized, subhedral grains (presumably magmatic)
and as texturally late, fine-grained reaction rims around Fe-Ti oxides
in contact with feldspar and in places intergrown with each other.
Amphibole further occurs as replacement of pyroxene (Fig. 1a—c).

2.2. llimaussaq

The Ilimaussaq complex (South Greenland) is part of the Mid-
Proterozoic alkaline Gardar Province. Its major rock units comprise augite
syenites, peralkaline granites and nepheline syenites. Melting of litho-
spheric mantle followed by prolonged fractionation processes is assumed
to be responsible for the origin of these rocks (e.g., Larsen and Sgrensen,
1987; Marks and Markl, 2001, in press; Marks et al., 2004a,2004b;
Upton, 2013).

Five samples of augite syenite were chosen for this study, representing
a traverse from the fine-grained margin (GM1858) towards the central
part of the complex (GM1333, 1332, 1330 and 1857; see details in
Marks and Markl, 2001; Zirner et al., submitted). They consist of apatite,
alkali feldspar + nepheline, olivine, clinopyroxene, Fe-Ti oxides, amphi-
bole and biotite along with accessory baddeleyite/zircon, and pyrite +
pyrrhotite. All samples contain euhedral apatite (50-700 um) enclosed
in alkali feldspar, olivine, clinopyroxene, Fe-Ti oxides, amphibole and
biotite (Fig. 1d-f). Brown amphibole occurs as poikilitic grains up to
3 mm in size, usually associated with alkali feldspar, apatite and Fe-Ti
oxides (Fig. 1f). Red amphibole is present as a replacement of
clinopyroxene and as fine-grained reaction rims around Fe-Ti ox-
ides (in the latter case often associated with fine-grained biotite). A
green amphibole forms and overgrows on olivine, and in places is
intergrown with tiny biotite flakes (Fig. 1g-i).

2.3. Ardnamurchan

The Ardnamurchan complex (Scotland) is part of the Paleogene
North Atlantic magmatic province and mainly consists of gabbroic and
monzonitic rocks. The rocks formed by combined fractional crystalliza-
tion of a tholeiitic magma and assimilation of country rocks (Walsh,
1975; Walsh and Henderson, 1977; Geldmacher et al., 1998; Emeleus
and Bell, 2005; O'Driscoll, 2007).

For this study a monzonite (ARD16) and a quartz-monzonite
(ARD17) were investigated in detail. Both rock samples consist of
plagioclase, alkali-feldspar, quartz, Fe-Ti oxides and apatite. ARD16 con-
tains additional clinopyroxene, amphibole and rare biotite. In contrast,
ARD17 is rich in biotite but lacks amphibole. Apatite in both samples
(10-300 pum) occurs as euhedral to subhedral inclusions in feldspars,
Fe-Ti oxides and in biotite and amphibole, if present. Euhedral to
subhedral biotite (up to several mm) in ARD17 (0.2-3 mm) and
subhedral amphibole (0.2-1.5 mm) and rare subhedral biotite (0.2 mm)
in ARD16 appear to be of magmatic origin (Fig. 1j and k). Additionally,
ARD16 contains abundant fine-grained reaction rims of biotite surround-
ing Fe-Ti oxides (Fig. 11).

2.4. Lofoten Islands
The Lofoten Islands (Norway) mainly consist of Proterozoic gabbro-

ic, dioritic, as well as associated olivine- and (ortho-)pyroxene-bearing
monzonitic to granitic rocks. For convenience, the latter are grouped
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Table 1
Overview of the textural occurrence of halogen-bearing minerals for the individual samples and references for additional information.
Locality Sample Literature Description used in this study ~ Halogen-bearing minerals Previous studies on the used samples
description Apatite  Biotite Amphibole
Mont Saint-Hilaire ~ MSH17 Gabbro Gabbro X X (1,3) X (1,3) Marks et al. (2012); Schilling et al.
MSH18 Gabbro Gabbro X - x  (13) (2011a and b)
MSH119 Diorite Diorite X X (1,3) -
MSH12 Diorite Diorite X X (1,3) X (1,3,4)
MSH75 Diorite Diorite X X (1,3) X (1,3,4)
[limaussaq GM1858 Augite syenite Augite syenite X x  (13) x  (1,23,4) Marks and Markl (2001), Marks et al.
GM1333 Augite syenite Augite syenite X X (3) X (2,3,4) (20044, 2004b, 2007),
GM1332 Augite syenite Augite syenite X X (2,3) X (2,3,4) Zirner et al. (submitted)
GM1330 Augite syenite Augite syenite X x  (23) x  (234)
GM1857 Augite syenite Augite syenite X x  (23) x  (1,234)
Ard.* ARD17 Quartz monzonite  Quartz monzonite X X (1) - Not used in previous studies
ARD16 Tonalite Monzonite X X (1,3) X (n
Lofoten Islands GM349-3 Gabbro Gabbro X X (4) X (1,2,4) Markl (2001), Markl and Frost (1999),
GM500 Gabbro Gabbro X X (1,4,5) X (4) Markl and Hohndorf (2003),
GM448 Gabbro Gabbro X X (34) - Markl et al. (1998)
GM1082 Leucogabbro Gabbro X x (345 x (345)
GM1160 Leucogabbro Gabbro X X (34) -
GM1120 Ferrodiorite Diorite X X (1,3,4) -
GM384 Ferrodiorite Diorite X X (1,3) X (3)
GM451 Ferrodiorite Diorite X x  (3) -
GM270 Charnockite Mangeritic rock X X (34) X (3,4)
GM1140 Mangerite Mangeritic rock X X (34) X (3,4)
GM378 Mangerite Mangeritic rock X x  (34) x  (34)
GM18 Mangerite Mangeritic rock X X (34) X (4)
GM393 Mangerite Mangeritic rock X X (3/4,5) X (1,3)
Kola Kovd-10 Phoscorite Phoscorite X x (1) - Not used in previous studies
Peninsula 7/68 Carbonatite Carbonatite X X (1) -
205/274 Carbonatite Carbonatite X X (1) -
4/241 Carbonatite Carbonatite X X (1) -
1/552.5 Carbonatite Carbonatite X X (1) -
Ard.* = Ardnamurchan; x = mineral observed within sample; - = mineral not observed within the sample; Textural distinction: 1 = discrete grain; 2 = replacing olivine; 3 = replacing
Fe-Ti-oxide; 4 = replacing pyroxene; 5 = replacing hydrosilicate.
Table 2
Overview of theapatite, biotite and amphibole compositions present in the individual samples.
Locality Sample Description used in this study Apatite group minerals Biotite group minerals Amphibole group minerals
Mont Saint-Hilaire MSH17 Gabbro Fluorapatite Phlogopite Kearsutite
MSH18 Gabbro Fluorapatite - Kearsutite
MSH119 Diorite Fluorapatite Phlogopite -
MSH12 Diorite Fluorapatite Phlogopite Kearsutite
MSH75 Diorite Fluorapatite Phlogopite Kearsutite
Ilimaussaq GM1858 Augite syenite Fluorapatite Annite Ferropargasite
GM1333 Augite syenite Fluorapatite Annite Ferropargasite to ferro-edenite
GM1332 Augite syenite Fluorapatite Annite Ferropargasite to ferro-edenite
GM1330 Augite syenite Fluorapatite Annite Ferropargasite to ferro-edenite
GM1857 Augite syenite Fluorapatite Annite Ferropargasite to ferro-edenite
Ard.* ARD17 Quartz monzonite Fluorapatite Phlogopite -
ARD16 Monzonite Fluorapatite Phlogopite Ferro-edenite
Lofoten Islands GM349-3 Gabbro Hydroxylapatite Phlogopite Pargasite
GM500 Gabbro Fluorapatite Phlogopite Pargasite to edenite
GM448 Gabbro Fluorapatite Phlogopite -
GM1082 Gabbro Fluor-hydroxylapatite Phlogopite Pargasite
GM1160 Gabbro Fluorapatite Phlogopite -
GM1120 Diorite Fluorapatite Phlogopite -
GM384 Diorite Fluorapatite Annite Edenite
GM451 Diorite Fluorapatite Phlogopite -
GM270 Mangeritic rock Fluorapatite Phlogopite Pargasite to edenite
GM1140 Mangeritic rock Fluorapatite Phlogopite Pargasite
GM378 Mangeritic rock Fluorapatite Annite Ferropargasite to ferro-edenite
GM18 Mangeritic rock Fluorapatite Annite Ferro-edenite
GM393 Mangeritic rock Fluorapatite Annite Ferro-edenite
Kola Peninsula Kovd-10 Phoscorite Hydroxylapatite Tetraferriphlogopite -
7/68 Carbonatite Hydroxylapatite Phlogopite -
205/274 Carbonatite Hydroxylapatite Phlogopite -
4/241 Carbonatite Hydroxylapatite Phlogopite -
1/552.5 Carbonatite Hydroxylapatite Phlogopite -

Ard." = Ardnamurchan; - = mineral not observed within the sample.
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Fig. 1. Photomicrographs (scale: red bar = 200 pum) of apatite, biotite and amphibole textures. Sample represented (a) MSH12; (b) MSH75; (c) MSH119; (d) GM1330; (e) GM1332;
(f) GM1858; (g) GM1330; (h) GM1332; (i) GM1332; (j) ARD17; (k) ARD16; (1) ARD16; (m) GM18; (n) GM1160; (0) 4/241. Abbreviations: Amp = amphibole; Ap = apatite; Bt = biotite;
Cal = calcite; Fe-Ti-Ox = Fe-Ti oxides (ilmenite or magnetite); Fsp = feldspar; Ol = olivine; Px = pyroxene. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

together and are referred to as mangeritic rocks in the following. This rock
suite originated from multistage fractionation of mantle-derived melts
combined with the assimilation of lower crustal rocks (e.g., Markl and
Frost, 1999; Markl, 2001; Markl and Héhndorf, 2003; Corfu, 2004).

The investigated gabbroic (GM349-3, 448, 500, 1082 and 1160),
dioritic (GM384, 451 and 1120) and mangeritic rocks (GM18, 270,

378, 393 and 1140) contain ternary feldspar, clino- and orthopyroxene,
Fe-Ti oxides, 4 olivine, apatite, & amphibole, £ biotite, pyrrhotite, 4
zircon. Apatite (50-300 um) occurs in all rock samples as sub- to
euhedral inclusions in feldspar, pyroxenes and Fe-Ti oxides or along
grain boundaries between these minerals (Fig. 1m and n). All samples
contain small amounts of fine-grained and texturally late biotite and/
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or amphibole replacing pyroxenes and Fe-Ti oxides. A few samples
additionally contain up to 1 mm large subhedral amphibole (GM349-3
and 393) or biotite (GM384, 500 and 1120).

2.5. Kola Peninsula

The Kola Peninsula (Russia) was intruded in Devonian times by
several rift-related alkaline to carbonatitic complexes that are formed
from mantle-derived melts (e.g., Marty et al., 1998; Arzamastsev et al.,
2001; Wall and Zaitsev, 2004; Zaitsev et al., 2014).

Calcite carbonatite samples from Kovdor (1/522.5, 4/241 and 7/68)
and Vuoriyarvi (205/274) drill holes which cut the main carbonatite
stocks of the massifs, contain calcite, magnetite, apatite, biotite (phlog-
opite), and 4 tremolite. Euhedral to subhedral apatite (100-300 um)
and 1-5 mm large phlogopites are common phases. A sample from
Kovdor (KOVD-10) collected from the open pit, belongs to the calcite-
forsterite-magnetite phoscorite variety (Krasnova et al., 2004) with
tetraferriphlogopite (Fig. 10).

2.6. Analytical methods

The analytical data was collected at the Mathematisch-
Naturwissenschaftliche Fakultdt, Fachbereich Geowissenschaften,
Eberhard Karls Universitdt Tiibingen (Germany). Electron microprobe
analyses utilized a JEOL 8900 electron microprobe in the wavelength-
dispersive mode (WDS). For apatite analyses we applied an acceleration
voltage of 15 kV, abeam current of 10 nA and a beam diameter of 10 um.
These operating conditions are very similar to those used by Teiber et al.
(2014) and Wang et al. (2014b) and were chosen to prohibit significant
time-dependent variations in halogen X-ray counts, which are partly
caused by different crystallographic orientation of the apatite relative
to the electron beam (see details in Goldoff et al., 2012; Stock et al.,
2015; Stormer et al., 1993).

For biotite and amphibole analyses we used an acceleration voltage
of 15 kV, a beam current of 20 nA and varying beam diameters between
2 and 10 um. The raw data were processed using the JEOL integrated $pz
and ZAF corrections for hydroxyl-bearing silicates and apatite, respec-
tively (Armstrong, 1991). More details (e.g., detection limits, standard
deviations and used standard materials) are given in the electronic
supplement (Table A.1).

Analyses for Br were acquired using a benchtop TXRF system (S2
PICOFOX) from Bruker AXS Microanalysis GmbH equipped with a Mo-
tube operating at 50 kV and 600 pA. Handpicked separates of apatite,
biotite and amphibole were cleaned with MilliQ water and then milled
to a fine powdered with an agate mortar. Between 1 and 5 mg of these
powders were dispersed in a mixture of 1 ml TritonX-100 solution
(1 vol.%) with Se as an internal standard. After homogenization, several
10 pl aliquots of suspension were pipetted onto polished quartz-glass
disks and dried on a heating plate at 70 °C. Each dried sample was
then analyzed for 1000 s and the raw data were fitted using the Spectra
software 6.2.0.0 (Bruker AXS Microanalysis GmbH). Pile-up corrections
were applied for Ca, P and Fe (apatites) and Fe, Ti, K and Ca (biotite and
amphibole). To ensure accuracy of the Br determinations, we periodical-
ly re-analyzed several apatite samples previously characterized by
Marks et al. (2012).

3. Results

The abundances of F and Cl in apatite, biotite and amphibole are
reported as molar fractions of F (Xg = molar F / (F + Cl + OH)) and
Cl (Xg = molar Cl / (F + Cl + OH)), based on the assumption of a
fully occupied OH-site. A general overview of the results is given in
Table 3 showing median, mean, maximum and minimum values of Xg
and X, as well as the respective F-, Cl- (wt.%) and Br-contents (ug/g)
for each mineral in each sample. Halogen data and major and minor
element compositions of apatite, biotite and amphibole including textural

information for the analytical locations are given in the supplementary
data files (Tables A.2, A3 and A.4). The halogen data are illustrated in
Fig. 2-4, with the data for each locality are arranged from left to right
by decreasing #Mg values (molar Mg/(Fe + Mg)) of either available
whole rock (Ilimaussaq and Lofoten Islands samples), olivine (Mont
Saint-Hilaire samples) or magmatic biotite (Kola Peninsula samples)
compositions. To investigate potential crystal chemical effects on the
incorporation of F and Cl in biotite and amphibole, we use the molar
fraction of Mg relative to other octahedral cations (Xyg = Mg /
(Mg + Fe + Mn + Ti + AIY")) and a modified Xg.*-value (Xp* =
(Fe + AIY") / (Fe + Mg + AIY)) as introduced by Zhu and Sverjensky
(1992).

3.1. Apatite

Sub- to euhedral apatite occurs in all samples as an early magmatic
phase in various textural relationships (Fig. 1). In gabbroic rocks, apatite
shows highly variable X ranging to quite low values (0.18 to 0.75). The
low values and variability is less for apatite from carbonatitic (0.33 to
0.58), dioritic (0.59 to 0.90) and monzonitic rocks (0.57 to 0.90) and
reaches the highest values in apatite from mangeritic (0.71 to 1.00)
and syenitic rocks (0.78 to 1.00; Table 3; Fig. 2a).

Relatively high X, values (up to 0.18) are present in apatite from
gabbroic, dioritic, monzonitic and some mangeritic rocks (Table 3;
Fig. 3a). The lowest X, values (mostly <0.01) occur in apatite from
syenitic and carbonatitic rocks. Among the syenitic samples, the most
primitive one (GM1858) shows the highest X¢ values. There is no
clear relationship between F and Cl contents of apatite show no clear
dependence on their textural relations.

Mean Br contents for most apatites vary from below detection limit
(b.d.l.) of around 0.3 pg/g to 2.0 ug/g (Table 3; Fig. 4a). Higher Br concen-
trations were found in apatite from monzonite ARD16 (2.3 pg/g) and
quartz-monzonite ARD17 (3.7 ug/g), and from three gabbroic rocks
(MSH17, MSH18 and GM1082) reaching (3.4, 2.9 and 9.9 pg/g, respec-
tively). A general correlation between mean/median Cl and Br contents
among apatites is not obvious, except for the syenitic samples from
Ilimaussaq, where mean Cl decreases with an increasing degree of
differentiation and Br contents remain constant (Table 3), resulting in
a continuous decrease in the Cl/Br mass ratios (Fig. 4b).

3.2. Biotite

Fluorine abundances in biotites are highly variable ranging from
below the detection limit (in some gabbroic rocks) up to 0.67 Xg in a
mangeritic rock, with no clear relationship with respect to rock type
(Table 3; Fig. 2b). Within a given locality, however, the biotites X
generally correlate with the F systematics observed for apatites. For
example, in mangeritc rocks from the Lofoten Islands F-rich biotites
replacing precursor pyroxene or Fe-Ti oxides occur together with F-
rich apatites and vice versa. In many samples, the total range in X is
relatively small (e.g., Lofoten samples) even if biotites in a sample occur
as both discrete grains (presumably magmatic) and as (late-stage)
replacements of precursor minerals (Fig. 2b). In other samples biotites
show a larger range of X (e.g., Mont Saint-Hilaire), although both textural
occurrences of biotite (discrete primary and secondary phases) in these
samples cover a very similar range in Xg. The largest spreads of X are
shown in biotites from syenitic rocks of the llimaussaq complex, where
Xg in biotites may vary by two orders of magnitude in a given sample
(Fig. 2b). Importantly, the different textural occurrences of biotite in
these samples contain different amounts of F: biotites replacing olivine
show the highest X values (up to 0.35) and those replacing Fe-Ti oxides
have lower values (mostly well below 0.1). In addition, biotites from
these samples show a positive correlation between Xg and Xy, with
biotites replacing olivines showing higher Xy, values than those replac-
ing Fe-Ti oxides (Fig. 5a). This is consistent with the so-called Fe-F or
Mg-Cl avoidance rule (Munoz, 1984; Mason, 1992; Léger et al., 1996;



Table 3
Fluorine, chlorine and bromine contents of apatite, biotite and amphibole given as in [wt.%; ug/g] and molar fraction for F [XF] and Cl [XCl].
Apatite Biotite Amphibole
EMPA TXRF EMPA TXRF EMPA TXRF
wt.% molar ug/g wt.% molar ug/g wt.% molar ug/g
Cl F XCl XF n Br n F Xcl XF n Br n Cl F XCl XF n Br n
Mont Saint Gabbro MSH17  Mean 0324007 217+ 0.0474+ 0593+ 41 34+ 9 005+ 017+ 0.003+ 0.0204+ 21 40+ 6 0024+ 0144 00034+ 00324+ 31 05+ 3
Hilaire 0.11 0.010 0.030 0.1 0.02 0.06 0.001 0.006 0.6 0.01 0.04 0.001 0.009 0.2
Median 0.31 2.16 0.045 0.593 0.04 0.19 0.003 0.021 0.02 0.13 0.003 0.031
Min 0.24 1.98 0.035 0.542 0.03 0.07 0.002 0.008 0.01 0.05 0.001 0.011
Max 0.47 2.37 0.069 0.643 0.09 0.29 0.006 0.034 0.05 0.23 0.006 0.053
MSH18 Mean 0374007 218+ 0.054+ 0590+ 49 29+ 8 X 003+ 017+ 0.004+ 0039+ 55 08+ 3
0.09 0.010 0.024 03 0.01 0.05 0.001 0.011 0.3
Median 0.36 2.19 0.053 0.596 0.03 0.17 0.004 0.039
Min 0.27 1.98 0.039 0.536 0.01 0.03 0.001 0.007
Max 0.51 2.35 0.075 0.636 0.05 0.30 0.006 0.070
Diorite MSH119 Mean 0254007 299+ 0036+ 0813+ 33 094+ 8 006+ 126+ 0.0024+ 0145+ 51 1.5+ 5 X
0.18 0.010 0.047 0.2 0.03 0.25 0.002 0.028 03
Median 0.24 3.03 0.036 0.820 0.05 1.27 0.003 0.146
Min 0.15 2.65 0.022 0.725 0.03 0.81 0.002 0.095
Max 0.43 333 0.063 0.896 0.12 1.83 0.007 0.209
MSH12 Mean 023 4+0.06 284+ 0033+ 0772+ 54 074+ 10 007+ 1.09+ 0.0044+ 0126+ 47 1.5+ 8 005+ 074+ 0006+ 01724+ 53 04+ 3
0.15 0.009 0.040 0.2 0.02 0.17 0.001 0.019 03 0.01 0.27 0.002 0.063 0.1
Median 0.21 2.89 0.031 0.785 0.06 1.04 0.004 0.120 0.05 0.61 0.006 0.143
Min 0.17 2.57 0.024 0.698 0.02 0.87 0.001 0.101 0.03 0.49 0.004 0.113
Max 0.46 3.09 0.066 0.837 0.13 1.83 0.008 0.211 0.10 1.38 0.012 0.322
MSH75 Mean 0194005 263+ 0.028+ 07134+ 25 09+ 7 005+ 058+ 0.003+ 0070+ 42 20+ 6 003+ 0274+ 0004+ 0064+ 27 1.0+ 3
0.13 0.007 0.036 0.2 0.01 0.24 0.001 0.028 0.4 0.01 0.06 0.002 0.015 0.1
Median 0.18 2.63 0.027 0.714 0.05 0.50 0.003 0.059 0.03 0.28 0.004 0.065
Min 0.12 2.39 0.018 0.649 0.03 0.27 0.002 0.033 0.02 0.15 0.002 0.036
Max 0.31 2.85 0.045 0.778 0.08 1.26 0.005 0.148 0.08 0.41 0.010 0.095
Ilimaussaq Augite GM1858 Mean 0.06 +£0.01 3.28+ 0.008+ 0876+ 54 1.0+ 4 006+ 118+ 0004+ 0143+ 15 77+ 6 009+ 096+ 0012+ 0234+ 45 nqg. 3
syenite 0.14 0.002 0.036 0.2 0.01 0.26 0.001 0.031 2.6 0.02 0.11 0.002 0.028
Median 0.06 3.27 0.008 0.870 0.07 1.22 0.004 0.148 0.09 0.95 0.012 0.232
Min 0.03 2.99 0.004 0.798 0.04 0.53 0.003 0.066 0.07 0.77 0.009 0.186
Max 0.09 3.63 0.013 0.972 0.08 1.50 0.005 0.182 0.13 1.25 0.018 0.303
GM1333 Mean  0.020 + 334+ 0002+ 0885+ 41 154+ 4 006+ 032+ 0004+ 0.0414+ 27 n.a. 008+ 100+ 0010+ 0248+ 41 ng. 3
0.01 0.18 0.001 0.044 0.3 0.03 0.23 0.002 0.029 0.02 0.40 0.002 0.097
Median 0.02 337 0.002 0.897 0.05 0.29 0.003 0.036 0.08 0.85 0.010 0.213
Min b.d.L 2.90 b.d.L 0.775 0.03 b.d.l 0.002 0.000 0.02 0.45 0.003 0.116
Max 0.03 3.67 0.004 0.965 0.11 0.87 0.008 0.109 0.12 1.68 0.016 0.414
GM1332 Mean 0.01+001 336+ 0.0014+ 0904+ 43 na. 005+ 078+ 0.003+ 0.098+ 23 30+ 2 006+ 1264 00094 03174+ 50 ng. 3
0.20 0.001 0.051 0.01 0.85 0.001 0.106 0.9 0.02 0.50 0.003 0.123
Median 0.01 332 0.001 0.905 0.05 0.35 0.003 0.044 0.06 1.24 0.008 0.310
Min b.d.L 3.03 b.d.l 0.810 0.02 b.d.l 0.002 0.000 0.03 0.45 0.005 0.116
Max 0.02 3.80 0.003 1.009 0.07 2.68 0.004 0.334 0.10 2.21 0.014 0.546
GM1330 Mean 001 +£0.01 339+ 0.0014+ 0911+ 40 08+ 4 005+ 117+ 0003+ 0148+ 31 1.5+ 6 007+ 094+ 0009+ 0237+ 44 bdl 3
0.15 0.001 0.044 0.1 0.01 0.75 0.001 0.093 0.2 0.02 0.33 0.002 0.082
Median 0.01 3.36 0.001 0.902 0.05 0.85 0.003 0.107 0.07 0.84 0.009 0.209
Min b.d.l 3.05 b.d.l 0.825 0.03 0.24 0.002 0.031 0.03 0.53 0.004 0.136
Max 0.03 3.70 0.004 0.994 0.08 2.83 0.005 0.353 0.10 1.73 0.013 0.428
GM1857 Mean 0.01 £0.01 3394+ 0.0014+ 0907+ 18 124+ 5 003+ 037+ 0002+ 0.048+ 25 07+ 5 006+ 099+ 0.008+ 02544 37 bdl 3
0.15 0.001 0.031 0.1 0.01 0.41 0.001 0.052 03 0.02 0.35 0.003 0.087
Median 0.00 341 0.001 0914 0.03 0.22 0.002 0.028 0.05 0.93 0.007 0.237
Min b.d.lL 3.10 b.d.lL 0.864 0.02 b.d.L 0.001 0.000 0.03 0.50 0.004 0.129
Max 0.02 3.61 0.003 0.960 0.05 135 0.004 0.173 0.10 1.73 0.014 0.435
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Ardnamurchan Monzonite

Lofoten Islands Gabbro

Lofoten Islands Gabbro

Diorite

Mangeritic
rock

ARD17

ARD16

GM349-3

GM500

GM448

GM1082

GM1160

GM1120

GM384

GM451

GM270

GM1140

Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

Median
Min
Max
Mean

1.00 + 0.20

1.05
0.68
1.25
0.44 + 0.10

043
0.28
0.82
0.55 + 0.28

0.64
0.12
1.16
0.36 + 0.03

0.35
0.32
0.44
0.34 + 0.04

033
0.26
0.43
0.35 + 0.08

0.35
0.27
0.54
0.25 £+ 0.01

0.25
0.22
0.27
0.21 £+ 0.02

0.22
0.16
0.24
0.12 £ 0.03

0.11
0.08
0.17
0.40 £ 0.05

0.40
0.29
0.47
0.05 + 0.01

0.05
0.03
0.06
0.22 £+ 0.02

245 +
0.20
240
213
2.82
2.83 +
0.24
2.84
2.10
3.38
092 +
0.22
0.84
0.68
136
2,66 +
0.11
2.64
2,51
2.85
249 +
0.10
2.50
228
2.69
177 +
0.08
1.75
156
1.89
242 +
0.08
241
224
2.54
263 +
0.10
2.62
2.46
2.87
2.68 +
0.12
2.65
2.40
2.83
2.50 +
0.14
249
223
2.72
352 +
0.18
3.55
327
3.77
311+
0.10

0.143 +
0.022
0.151
0.098
0.180
0.064 +
0.015
0.061
0.040
0.120
0.078 +
0.039
0.090
0.017
0.164
0.050 +
0.005
0.049
0.045
0.062
0.048 +
0.006
0.047
0.036
0.060
0.051 +
0.012
0.050
0.038
0.078
0.035 +
0.002
0.035
0.032
0.039
0.030 +
0.003
0.031
0.034
0.023
0.017 +
0.004
0.016
0.011
0.024
0.056 +
0.007
0.058
0.041
0.066
0.006 +
0.001
0.007
0.004
0.009
0.032 +
0.003

0.660 +
0.052
0.648
0.575
0.756
0.760 +
0.064
0.761
0572
0.902
0243 +
0.058
0221
0.182
0359
0.700 +
0.029
0.691
0.665
0.752
0.655 +
0.026
0.655
0.600
0.704
0473 +
0.023
0470
0416
0.509
0.647 +
0.022
0.646
0.601
0.681
0.694 +
0.025
0.690
0.653
0.757
0.708 +
0.030
0.708
0.642
0.749
0.660 +
0.036
0.661
0.587
0.714
0.942 +
0.044
0.955
0.879
0.998
0.826 +
0.026

50

75

15

14

15

21

17

15

14 +

0.2

16

15

19

37+ 3
0.2

23+ 3

0.1

n.a.

n.a.

n.a.

99+ 4

0.5

14+ 4
0.1

n.a.

n.a.

0.26 +
0.10
0.27
0.10
0.42
051 +
0.06
0.51
0.44
0.62
0.03 +
0.01
0.02
0.02
0.04
0.17 +
0.01
0.17
0.15
0.19
0.07 +
0.01
0.08
0.04
0.10
0.08 +
0.02
0.08
0.07
0.12
0.08 +
0.01
0.07
0.06
0.11
0.04 +
0.01
0.05
0.03
0.06
0.08 +
0.04
0.09
0.02
0.13
0.09 +
0.03
0.11
0.04
0.11
0.10 +
0.03
0.10
0.06
0.17
033 +
0.03

127 +
0.16
1.28
0.90
1.54
1.08 +
0.63
0.91
0.31
2.04
b.d.L

b.d.l
b.d.L
b.d.L
034 +
0.04
0.34
0.26
0.40
0.28 +
0.03
0.28
0.23
0.35
b.d.L

b.d.l
b.d.l
b.d.L
022 +
0.03
0.22
0.15
0.27
033 +
0.04
0.34
0.25
0.40
0.28 +
0.03
0.28
0.23
033
027 +
0.11
0.24
0.09
0.44
4.47 +
0.54
4.36
3.57
5.80
0.85 +
0.08

0.016 +
0.006
0.017
0.006
0.027
0.033 +
0.004
0.032
0.028
0.040
0.002 +
0.001
0.001
0.001
0.003
0.011 £+
0.001
0.011
0.009
0.012
0.005 +
0.001
0.005
0.003
0.006
0.005 +
0.001
0.005
0.004
0.008
0.005 +
0.001
0.005
0.004
0.007
0.003 +
0.000
0.003
0.002
0.003
0.005 +
0.003
0.006
0.001
0.008
0.006 +
0.002
0.006
0.002
0.007
0.006 +
0.002
0.007
0.003
0.011
0.021 +
0.002

0.151 +
0.019
0.152
0.108
0.183
0.129 +
0.075
0.109
0.037
0.245
b.d.lL

b.d.lL
b.d.lL
b.d.l
0.041 +
0.005
0.041
0.031
0.047
0.032 +
0.003
0.032
0.026
0.041
b.d.lL

b.d.lL
b.d.lL
b.d.l
0.026 +
0.004
0.026
0.018
0.032
0.039 +
0.005
0.040
0.030
0.049
0.034 +
0.003
0.034
0.027
0.040
0.031 +
0.013
0.027
0.011
0.051
0.514 +
0.059
0.500
0.423
0.663
0.101 +
0.009

55

12

20

18

23

20

26

25

15

11

13

14

06+ 3
0.1

041 +
0.07
0.40
0.21
0.60
0.02 +
0.02
0.02
b.d.l
0.04
0.22 +
0.04
0.20
0.17
0.27

0.09 +
0.02
0.10
0.04
0.13

0.03 £
0.02
0.03
0.01
0.04

0.17 +
0.06
0.20
0.09
0.27
031+
0.01

1.61 +
0.16
1.62
1.12
2.07
b.d.lL

b.d.L
b.d.l
b.d.L
0.06 +
0.04
0.07
b.d.L
0.10

b.d.l.

b.d.L
b.d.l
b.d.l

0.05 +
0.07
0.05
b.d.lL
0.10

1.96 +
0.18
1.97
1.57
222
037 +
0.07

0.053 +
0.009
0.052
0.027
0.078
0.002 +
0.002
0.002
b.d.1
0.005
0.027 +
0.005
0.026
0.021
0.035

0.012 +
0.003
0.013
0.005
0.016

0.004 +
0.003
0.004
0.001
0.006

0.022 +
0.008
0.025
0.011
0.034
0.038 +
0.001

0270+ 50 bdl 3
0.038

0.392

0.389

0.497

b.d.l. 23 na.

b.d.l
b.d.l
b.d.l
0.014 10 na.

0.017
b.d.1
0.023

b.d.l. 9 na

b.d.l
b.d.l
b.d.l

0012+ 2 na
0.017
0.012
b.d.l.
0.024

0460 + 19 na.
0.045
0.461
0.366
0.529
0087+ 5 na
0.015

(continued on next page)
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Table 3 (continued)

Apatite Biotite Amphibole
EMPA TXRF EMPA TXRF EMPA TXRF
wt.% molar veg/g wt.% molar veg/g wt.% molar veg/g
a F Xcl XF n Br n Cl F Xcl XF n Br n Cl F Xcl XF n Br n
Median 0.23 3.09 0.032 0.820 0.33 0.84 0.021 0.100 0.31 0.37 0.038 0.088
Min 0.00 b.d.l 0.026 0.783 0.29 0.71 0.018 0.084 0.29 0.27 0.036 0.064
Max 0.26 3.29 0.037 0.876 0.41 0.98 0.026 0.116 0.32 0.45 0.040 0.105
GM378 Mean 0.16+0.08 3.004+ 00234+ 0802+ 16 1.7+ 4 030+ 0324+ 00204+ 0.040+ 12 na. 028+ 0.09+ 0.037+ 00214+ 11 na
0.14 0.012 0.036 0.1 0.12 0.03 0.008 0.004 0.20 0.03 0.027 0.008
Median 0.14 3.00 0.020 0.798 0.29 0.32 0.019 0.039 0.26 0.09 0.034 0.023
Min 0.08 2.78 0.012 0.742 0.02 0.28 0.001 0.034 0.02 0.04 0.003 0.010
Max 0.37 343 0.053 0.907 0.52 0.39 0.034 0.049 0.65 0.13 0.087 0.030
GM18 Mean 0.06 £0.01 2924+ 0008+ 0779+ 17 16+ 4 023+ 006+ 0015+ 0.007+ 28 na. 035+ b.dl 0.047 &+ b.d.l 7 na
0.18 0.002 0.049 0.1 0.07 0.03 0.005 0.02 0.003
Median 0.06 2.88 0.008 0.764 0.19 0.05 0.013 0.007 0.36 b.d.lL 0.047 b.d.L
Min 0.03 2.66 0.004 0.709 0.17 b.d.l 0.011 b.d.1 0.31 b.d.l 0.040 b.d.l
Max 0.08 3.29 0.012 0.882 0.36 0.11 0.024 0.014 0.38 b.d.l 0.049 b.d.l
GM393 Mean 0.01 £0.02 3274+ 0002+ 0871+ 17 09+ 4 018+ 043+ 0012+ 0054+ 17 na. 045+ 021+ 0.060+ 0.052 17 na.
0.15 0.002 0.038 0.1 0.17 0.13 0.011 0.016 0.14 0.04 0.019
Median 0.01 3.29 0.001 0.875 0.10 0.42 0.007 0.052 0.50 0.22 0.066 0.054
Min b.d.l 3.00 b.d.l 0.800 0.05 0.29 0.003 0.037 0.18 0.14 0.024 0.034
Max 0.06 3.46 0.008 0.922 0.46 0.66 0.030 0.085 0.59 0.28 0.079 0.069
Kola Peninsula  Phosc.* Kovd-10 Mean  0.01 + 151+ 0001+ 0399+ 17 09+ 4 001+ 011+ 0.001+ 00124+ 18 13+ 4 X
0.004 0.11 0.001 0.029 0.4 0.01 0.05 0.001 0.006 0.4
Median 0.01 1.47 0.001 0.390 0.01 0.10 0.001 0.011
Min b.d.l 1.35 b.d.l 0.358 b.d.l 0.04 b.dl 0.004
Max 0.01 1.75 0.002 0.465 0.04 0.21 0.002 0.024
Carbonatite 7/68 Mean 0.01 + 147+ 0001+ 0387+ 17 09+ 4 001+ 027+ 0000+ 0030+ 18 b.d.l X
0.003 0.05 0.001 0.014 0.4 0.01 0.04 0.001 0.004
Median 0.01 1.48 0.001 0.388 b.d.l 0.27 b.d.l 0.030
Min b.d.lL 1.38 b.d. 0.363 b.d.l 0.19 b.d.1 0.022
Max 0.02 1.58 0.002 0.414 0.03 0.33 0.002 0.037
205/274 Mean  0.01 £0.01 183+ 0001+ 0486+ 22 b.d.l 0.01+ 051+ 0.000+ 0057+ 18 11+ 4 X
0.13 0.001 0.035 0.01 0.12 0.000 0.014 0.2
Median 0.01 1.80 0.001 0.479 0.01 0.50 0.000 0.055
Min b.d.l 1.65 b.d.l 0.443 b.d.l 0.19 b.d.l 0.021
Max 0.02 2.16 0.003 0.583 0.01 0.74 0.001 0.083
4/241 Mean 0.01 £0.01 1474+ 00014+ 0389+ 17 1.1+ 4 001+ 0164+ 0000+ 0.018+ 1909 4 X
0.09 0.001 0.025 0.1 0.01 0.04 0.000 0.005 +0.1
Median 0.01 1.49 0.002 0.394 0.01 0.18 0.000 0.020
Min b.d.l 131 b.d.l 0.344 b.d.l 0.07 b.dl 0.008
Max 0.02 1.63 0.002 0.435 0.02 0.22 0.001 0.024
1/5525 Mean 0.03+001 140+ 0.004+ 0373+ 8 09+ 4 002+ 009+ 0001+ 0009+ 14 bdl 4 X
0.10 0.001 0.028 0.6 0.01 0.04 0.000 0.005
Median 0.03 1.40 0.004 0.372 0.02 0.07 0.001 0.008
Min 0.02 124 0.003 0.327 0.01 0.04 0.001 0.004
Max 0.04 1.58 0.006 0.421 0.04 0.15 0.002 0.017

EPMA = electron microprobe microanalyzer; TXRF = total reflection X-ray fluorescence; XF = molar F/(F + Cl + OH); XCl = molar Cl/(F + Cl + OH); n = number of analyses; n.a. = not analyzed; n.q. = not quantifiable; b.d.1. = below detection
limit; X = mineral not observed.
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Fig. 2. Molar fraction of F (Xg) in (a) apatite, (b) biotite and (c) amphibole. From left to right, samples are grouped by locality and by increasing degree of differentiation. Ard.* =

Ardnamurchan (Scotland).

Zhang et al., 2012). Although texturally similar, biotites from Mont Saint-
Hilaire and the Lofoten Islands samples do not show such obvious system-
atics, mostly because of the much smaller variability in Xy

The X values in biotites are usually one to two orders of magnitude
lower compared to Xr. They are highest in monzonitic and some
mangeritic rocks (up to 0.04), intermediate in gabbroic, dioritic and
syenitic rocks (between about 0.001 and 0.01) and lowest (<0.01) in
carbonatitic rocks (Table 3; Fig. 3b). A correlation of X, values with
the textural occurrence or the major element composition of biotites
(Xwmg) is generally not observed.

Most biotite separates contain between 0.6 and 2.0 pg/g Br, with
some carbonatitic biotites being below the detection limit of 0.3 pg/g
Br (Table 3; Fig. 4a). Higher Br contents in biotite separates were
found for a gabbroic sample MSH17 with 4.0 pug/g, as well as in the
two syenitic samples GM1332 and GM 1858 with 3.0 pg/g and 7.7 Lg/g
Br, respectively. There is no clear correlation between (mean) Cl and
Br contents. In biotites from the five syenitic samples, mean/median Cl
and Br contents decrease with increasing degree of differentiation to

different extents (Table 3), resulting in an increase of Cl/Br ratio along
the sample traverse, although apatites show the opposite trend (Fig. 4b).

3.3. Amphibole

The Xg values in amphiboles, show a very similar pattern as biotites
in the same sample (Table 3; Fig. 2c). They are lowest in amphiboles
from gabbros and several dioritic and mangeritic rocks and much higher
in the monzonite and in syenitic rocks (up to 0.6). As seen for the
biotites, amphiboles from syenitic rocks, replacing olivine have higher
Xwmg and Xg values than amphiboles replacing Fe-Ti oxides (Fig. 5b).
Also, X correlates negatively with Ti and AI'Y (not shown).

In most gabbroic, dioritic and syenitic rocks, amphiboles are relative-
ly low in X¢; (<0.02), with gabbroic samples usually having the lowest Cl
contents (Table 3; Fig. 3c). Much higher Cl contents are found in amphi-
boles from mangeritic rocks and the monzonite ARD16 (0.02-0.08). In
most samples, there is no clear correlation between the Cl content of
amphibole and its textural type, except for mangeritic sample GM378,
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where amphiboles replacing pyroxene show lower X, values than
those replacing Fe-Ti oxides (Fig. 3c). In mangeritc sample GM393 X¢
values are lower in late-stage amphiboles replacing Fe-Ti oxides than
in amphibole grains interpreted as magmatic (Fig. 3c).

Bromine contents in amphibole separates from syenitic rocks could
not be quantified due to Fe and Ti pile-ups overlapping with the Br
fluorescence line in the TXRF spectra. Amphiboles from Mont Saint-
Hilaire samples contain between 0.4 and 1.0 pg/g Br (Table 3; Fig. 4a).
As with the apatites and biotites, there is no clear correlation between
mean/median Cl and Br contents.

4. Discussion

Apatite is an early magmatic phase in all investigated rock samples,
as shown by its sub- to euhedral texture enclosed in, or intergrown with
most other early magmatic phases (e.g., pyroxene and Fe-Ti-oxides).
In contrast, biotite and amphibole show variable textures in certain
samples: Some samples contain relatively large, subhedral to euhedral
biotite and/or amphibole. These grains are probably of magmatic origin

and crystallized from evolved melts with a water activity high enough
to stabilize biotite and/or amphibole, and probably crystallize slightly
later than apatite (e.g., samples from Ardnamurchan and Kola Peninsu-
la, as well as the Lofoten Islands and the biotite-bearing samples from
Mont Saint-Hilaire; see above). However, many samples contain mostly
fine-grained and anhedral biotite and/or amphibole, that is replacing
precursor anhydrous minerals (olivine, pyroxene and Fe-Ti oxides).
Their textures indicate that they formed late and crystallized either
during late-magmatic or under post-magmatic hydrothermal condi-
tions and therefore clearly after apatite crystallization (e.g., samples
from Ilimaussaq, Mont Saint-Hilaire and the Lofoten Islands).

In the following we discuss the partitioning of F and Cl between
apatite and biotite using the temperature-dependent model of Zhu
and Sverjensky (1992). This will allow us to consider the retention or
potential alteration of equilibrium partitioning of F and Cl using the
detailed knowledge and consideration of the textural relationships
between these two minerals in each sample. Using such models may
then reveal if apatite and the texturally different biotites in a given
sample are in overall chemical equilibrium with respect to halogens or
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not. Furthermore, this analysis will also allow us to identify potential
differences between apatite and biotite concerning their sensitivity to
late-stage re-distribution and re-equilibration processes.

In general, the distribution of F and Cl between apatite, biotite and am-
phibole is governed by several related factors. For example, the halogen
abundances in hydroxyl-bearing silicates depend on crystallization tem-
perature (e.g., Icenhower and London, 1997) and their major element
composition (e.g., Munoz, 1984; Volfinger et al., 1985; Dilles, 1987; Zhu
and Sverjensky, 1992), which are in turn influenced by melt composition
(including degree of partial melting and differentiation). During
hydrothermal events biotite and/or amphibole may replace precur-
sor anhydrous minerals such as olivine, pyroxene, Fe-Ti oxides. The
new hydroxyl-bearing silicates may then reflect the fluid composi-
tion to varying degrees (e.g., Zhu and Sverjensky, 1992). Eventually,
sub-solidus cooling may lead to a re-distribution of halogens
(e.g., Brenan, 1993) and interaction with external fluids may cause
additional input or removal of halogens at those prevailing conditions
(e.g., fluid composition and temperature). As F tends to have less of an
affinity for a fluid phase compared to Cl (e.g., Carroll and Webster,
1994; Villemant and Boudon, 1999; Mathez and Webster, 2005;

Webster et al., 2009; Patifio Douce et al., 2011; Zhang et al., 2012;
Mangler et al., 2014), it is probably more robust against late-stage
fluid-mineral interactions, whereas Cl is relatively more sensitive to
these processes.

4.1. Fluorine and chlorine distribution between apatite and magmatic biotite

Biotite of presumably magmatic origin is relatively common in the
monzonitic rocks from Ardnamurchan (Scotland) and the carbonatitic
rocks from the Kola Peninsula (Russia). In the following we will discuss
these two localities in more detail.

For monzonite ARD16, the distribution of F between apatite and
biotite yields apparent equilibrium temperatures between 700 to
730 °C, with one pair (apatite in contact with late-stage biotite replacing
Fe-Ti oxides) giving a value as low as 620 °C. We consider the latter to
reflect late-stage re-equilibration (Fig. 6a). Chlorine data from the
same analyses yield similar temperatures (around 750 to 800 °C;
Fig. 6b). For comparison, calculations using the mean F and Cl values
of apatite and biotite result in similar values (about 700 °C and 800 °C,
respectively), suggesting that for the bulk rock the F and CI distribution
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between apatite and magmatic biotite is largely retained. The distribu-
tion of F among apatite-biotite pairs for quartz-monzonite ARD17
gives an apparent equilibrium temperature between 770 and 920 °C
(mean of 800 °C), again suggesting equilibration at magmatic condi-
tions (Fig. 6a). However, using the Cl data, much lower mean tempera-
tures of <600 °C are suggested (Fig. 6b). We interpret this as partial re-
distribution of Cl, probably due to the late-stage or post magmatic
removal of Cl from the biotite, which is in cases altered to chlorite at
its grain boundaries. This clearly contrasts with F which seems to have
retained the original magmatic distribution.

Carbonatite samples from the Kola Peninsula yield apparent equili-
bration temperatures between apatite and biotite (phlogopite) ranging
from ~750 to 600 °C for F, whereas those obtained for Cl are well above
1000 °C (Fig. 6a and b). Note that these data are based on mean F and Cl
measurements of apatite and biotite, as contacting apatite-biotite pairs
were not available. The large discrepancy between the F and Cl calcula-
tions suggests that the two halogens show very different behavior with
respect to post-crystallization modifications. Based on the melt inclu-
sion thermometry of Kharlamov et al. (1981) or the calcite-dolomite

geothermometry of Zaitsev and Polezhaeva (1994), the crystallization
temperatures for the Kovdor carbonatites are between 940 and 640 °C.
Therefore, we assume that temperatures based on the F distribution
between apatite and biotite reflect variable diffusive re-equilibration
during cooling, as has been suggested by Andersen et al. (1991). The
very high temperature estimations based on Cl in these samples are prob-
ably in error but may be the consequence of a hydrothermal overprint.
We suggest that biotite from these samples was preferably enriched in
Cl by equilibration with a late-stage Cl-bearing fluid phase, potentially de-
rived from the carbonatitic melts themselves (e.g., Seifert et al., 2000). Ap-
atite from these samples is relatively low in Cl as observed for most other
carbonatites (e.g., Seifert et al., 2000; Patifio Douce et al., 2011; Wang
et al, 2014b).

4.2. Fluorine and Cl distribution between apatite and late-stage biotite
Late-stage, biotite, presumably of hydrothermal origin is seen to

replace precursor olivine, pyroxene and Fe-Ti oxides in most of the
investigated samples. They are, however, especially abundant in the
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samples from the Ilimaussaq complex. The F and Cl contents of apatite
from these Ilimaussaq samples do not show any differences between
the textures, which is in contrast to biotite (Fig. 2, 3 and 5). If one
assumes, that magmatic apatite re-equilibrated with the late-stage
fluid from which the biotite grew, then equilibrium temperatures can
be calculated using the halogen distribution. In this case, the calculated
equilibrium temperatures between apatite and biotite replacing olivine
and Fe-Ti oxide, are largely a function of the variable F and Cl contents
and variable Xg.*Btite,

For the llimaussaq samples, mean F contents of apatite combined with
biotite replacing olivine yield systematically higher apparent equilibra-
tion temperatures (up to about 1000 °C) compared to biotites replacing
Fe-Ti oxides from the same sample (600-700 °C) although there is no
textural evidence that biotites replacing olivine originated prior to those
replacing Fe-Ti oxides (Fig. 7a). We speculate that this might be related
to additional crystal chemical effects influencing the halogen abundances
in biotite, which are not accounted for by the Zhu and Sverjensky (1992)
model. The temperatures calculated based on F data for biotites replac-
ing Fe-Ti oxides are very similar to temperatures estimated by Markl
et al. (2001) for biotite formation in these samples (between 600 and
700 °C). Consequently, we assume that late-magmatic F equilibration
of apatite and biotite was largely achieved in this case. The calculated
temperatures using mean Cl contents are more variable and also much
higher than those obtained by F, resulting in unrealistically high temper-
atures well above 1000 °C (Fig. 7b). However it should be noted that in
some instances the two texturally different apatite-biotite pairs in a
given sample do yield relatively similar equilibration temperatures.

Contacting pairs of apatite and late-stage biotite replacing Fe-Ti
oxides reveal further heterogeneities on a more local scale: A wide
range of temperatures (490-880 °C for F and about 550 up to >1000 °C
for Cl) is calculated and the resulting temperatures based on F and Cl
data from the same apatite-biotite pair can differ greatly (Fig. 7c and d).
Even apatite-biotite pairs in the same samples yield a large apparent
temperature range which implies that magmatic apatite and late-stage
biotites are probably not well equilibrated for F and Cl. Again, the re-
spective temperatures based on Cl distributions are more variable,
and can range to much higher temperatures than those obtained
by F distributions. Thus, apatite and biotite are not in overall equilib-
rium with respect to Cl, which we interpret to result from the rela-
tively mobile character of Cl compared to F in late stage fluids. The
same holds true for rocks from the Lofoten Islands, where apparent
equilibration temperatures scatter mostly around 700 °C for F and
vary widely (from around 550 to >1000 °C) for CI (Fig. 7 e and f),

with again large differences between F and Cl temperatures in a
given sample.

Overall, our data suggest that the post-magmatic re-equilibration of
F and Cl between apatite and biotite in the same sample may progress to
different extents, even on a mm length scale. Re-equilibration appears
to vary for F or Cl in a specific sample. We suggest that Cl may be
more easily re-distributed between biotite and a fluid phase compared
to F. This appears to be especially true for apatite-biotite pairs where
Cl temperatures are (unrealistically) high compared to those obtained
from the F concentrations. In this case, we suggest that biotite might
have gained Cl during a hydrothermal overprint, whereas apatite did
not. Consequently, late-stage biotites have not equilibrated their Cl
with the magmatic apatite, due to insufficient time for equilibration
(e.g., cooling and diffusion). In rare cases, where calculated equilibri-
um temperatures based on F and Cl are similar and typically reflect
temperatures lower than around 800 °C, we assume that late-stage
re-equilibration with respect to F and Cl between apatite and biotite
was achieved. It is, however, obvious that equilibrium temperature
estimations based on Cl data have to be regarded with great caution
and F data are much more reliable.

4.3. Fluorine and chlorine distribution between apatite and amphibole

The partitioning of F among apatite-amphibole pairs shows no clear
relationship with Xg.*A™PMPole and suggests a clear preference for
apatite over amphibole (Fig. 8a). For Cl, however, a roughly negative
correlation with Xp.*A™PNibok s apparent (Fig. 8b), where more Fe-rich
amphiboles (replacing olivine) favor the incorporation of Cl over
apatite. As no correlation is observed within individual samples, we
assume that this might reflect the higher mobility of Cl that is over-
whelming any crystal chemical effect. It is also possible that any equilib-
rium distribution cannot be resolved, due to overall low Cl contents in
both minerals.

4.4. Fluorine and chlorine distribution among co-genetic
biotite-amphibole pairs

The preferential uptake of F for amphibole over biotite is apparent in
the replacement textures involving Fe-Ti oxides from syenites at
[limaussaq, mostly for samples where Xg.*5°® is larger than Xp, “AmPhibole
(Fig. 8c). In some gabbroic, monzonitic and mangeritic rocks where
amphibole and biotite are presumably of early or late magmatic origin,

there is generally no obvious preference of F for either amphibole or
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biotite. We suggest that this indicates limited F fractionation between
biotite and amphibole at relatively high temperatures (magmatic origin).
Significant fractionation may only occur at cooler, late-stage, and probably
sub-solidus conditions. This appears plausible as the two mineral groups
have relatively similar structures concerning the local environment
(e.g., arrangement of OH-position with respect to octahedral cations;
Volfinger et al., 1985). In contrast, the heavier, larger radius and more
incompatible Cl, shows a general preference for amphibole over biotite,
as indicated by almost all our data, largely independent of textural occur-
rence (Fig. 8d). It is possible that the apparent preference of Cl for amphi-
bole could be a post-magmatic effect caused by the relative mobility of Cl
compared to F, and slight differences concerning the re-equilibration
behavior between the two hydroxyl-bearing silicates. In this case only
biotite-amphibole pairs with more or less equal distribution of Cl would
represent the retained magmatic equilibrium. Interestingly, some previ-
ous studies on the distribution of F and Cl between biotite and amphibole
have yielded similar, and partly contradicting distribution patterns in
gabbroic, dioritic, monzonitic, granodioritic, granitic and syenitic rocks

(e.g., Gillberg, 1964; Ekstrém, 1972; Westrich, 1981; Zhang et al., 2012;
Teiber et al., 2014). However, the lack of any detailed textural relation-
ships for the respective biotite-amphibole pairs in these studies makes
it difficult to compare these previous results with ours.

4.5. Bromine contents and Cl/Br ratios in apatite, biotite and amphibole

Our data imply that Br contents for apatite are either similar (Kola
samples), lower (Mont Saint-Hilaire and Ilimaussaq samples) or higher
(Ardnamurchan samples) than those of coexisting biotite but are gener-
ally of a similar magnitude, consistent with the previous data of Teiber
et al. (2014). Overall, the Cl/Br mass ratios for apatites, biotites, and
amphiboles show considerable variation between around 30 and 4000
(Fig. 4b), with apatites generally having higher ratios than hydroxyl-
bearing silicates from the same sample, and amphibole being higher
than biotite. Among the Mont Saint-Hilaire samples, CI/Br ratios are gen-
erally highest for apatite, intermediate for amphibole and lowest for bio-
tite in any given sample. Ignoring the different textural interpretations,
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this may indicate that these three minerals can fractionate Cl from Br to
different extents.

In the syenitic rocks from the Ilimaussaq complex, Cl/Br mass ratios
of apatites decrease from about 600 in the relatively fine-grained and
probably faster cooled marginal sample (GM1858) to values as low as
30 in the coarse-grained innermost sample (GM1857), which probably
cooled much slower (Fig. 4b). In the same samples, however, Cl/Br
ratios of texturally late and presumably hydrothermal biotites show
the opposite trend, increasing from about 80 to 500 (Fig. 4b). Based on
our observations (see above) and previous studies, which showed that
magmatic differentiation is unlikely to produce large variations in Cl/Br
ratios (e.g., Wang et al., 2014a and references therein), we consider it
unlikely that the decreasing trend in Cl/Br ratios for apatite represents
undisturbed magmatic values. Because of its relatively fast cooling rate,
apatite from the marginal sample (GM1858) has the highest potential
to preserve their initial Cl/Br ratio. The Cl/Br ratio in apatite for this sample
is much higher than that of biotite, which is consistent with the systemat-
ics observed for the Mont Saint-Hilaire samples and the Cl concentration
in these apatites is higher than in the other samples (see above). Conse-
quently, this would also imply that all apatites lost some of their initial
Br during cooling, diffusive re-equilibration or later hydrothermal over-
print. Assuming that biotites from all samples crystallized from homoge-
neous fluid with a constant CI/Br ratio at approximately the same
temperature, roughly similar Cl/Br for these biotites would be expected,
which contradicts the observed increase of Cl/Br ratios (Fig. 4b). There-
fore, we propose that, biotites crystallized from a fluid phase, which
evolved over time towards the inner part of the magmatic body. As Cl is
probably more compatible in biotite than Br (due of its smaller ionic
radius; see above), biotite should always have a higher Cl/Br ratio than
the coexisting fluid phase. Consequently, biotite fractionation should
progressively decrease the Cl/Br ratio of the residual fluid phase. Later
biotite crystallizing in the inner parts of the complex should therefore
show lower Cl/Br ratios, which contradicts our data (Fig. 4b).

One possible explanation is that a later influx of external fluid might
be responsible for the observed Cl/Br systematics in biotite. Groundwa-
ter or saline lake water or seawater have been proposed as the external
fluid source (Marks et al., 2007), which might have carried significant
amounts of Cl and Br causing variable low-temperature redistribution
of Cl and Br between biotite, apatite and fluid, depending on a number
of factors such as fluid-rock ratio, temperature, etc. Although Cl and Br
show very similar behavior during magmatic high-temperature
processes, the Cl/Br ratio of minerals may be strongly altered by low-
temperature re-distribution processes such as diffusion and/or
hydrothermal overprint.

5. Conclusions

Our detailed observations on the distribution of F and Cl between
apatite, biotite and amphibole for a range of texturally determined
crystallization sequences in a range of plutonic rocks show that ap-
atite may retain magmatic halogen abundances. F seems to be less
affected than ClI by any subsequent re-distribution processes during
cooling (e.g., diffusion or hydrothermal overprint). The larger CI
anion seems to be more easily mobilized and re-distributed during
hydrothermal processes, especially in biotite and amphibole. Therefore,
the distribution of F and Cl between apatite and biotite may also be a
very sensitive indicator of post-magmatic processes such as fluid over-
print. Only detailed textural evaluation combined with extensive spatially
resolved analyses can be used to constrain either primary (magmatic) or
late-stage (hydrothermal) halogen abundances in the melts or fluids from
which the minerals crystallized.

In accordance with previous studies, our data show that apatite
always incorporates more F and Cl than coexisting biotite and amphi-
bole. However, previous studies and our work on the distribution of F
and Cl between biotite and amphibole also demonstrate some partly
contradictory distribution patterns. Potential fractionation effects of F
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and Cl between these two structurally similar silicate mineral groups
are relatively small compared to halogen fractionation between apatite
and either biotite or amphibole. Further investigation, and in particular
experimental studies are needed to better constrain and quantify the
distribution of halogens between biotite and coexisting amphibole.

The Cl/Br mass ratios in a given rock sample are usually highest for
apatite, intermediate for amphibole and lowest for biotite. This indicates
that these three minerals may fractionate Cl from Br to variable extents.
As Br is probably the most incompatible of the three halogens investi-
gated in this study, such re-equilibration effects are expected to result
in a general loss of Br from the affected minerals, depending on factors
like cooling rate and/or intensity of hydrothermal overprint.
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