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The Rogart and Strontian high Ba—Sr plutons ( Northern
Highlands, Scotland) comprise a range of lithologies from felsic to
ultramafic rocks. The latter are mantle-derived and their differenti-
ation to produce the felsic components of the plutons is the result of
Jractional crystallization and variable assimilation of the surround-
ing Moine metasediments. New results presented here demonstrate
that accessory mineral chemistry can provide further insight into
their petrogenesis and highlight the petrological potential of apatite
and titanite. The main accessory minerals titamte, apatite and
zircon contain most of the rare earth elements (REE) in the high
Ba—Sr plutons. Results for apatite and titanite show that careful
imaging and in situ trace element analysis provide constraints on
the petrogenetic history of the host-rock. In both plutons, apatite and
ltanite record in situ  crystallization and fractionation. In
Strontian, both apatite and titanite from the granitoids record a
mixing event with mafic magma in their rim compositions. Apatite
and titanite chemistries are sensitive to the nature of their host-rocks
(felsic versus ultramafic) and some elements (e.g. Sr,V) closely re-
Jlect whole-rock chemustry and the degree of fractionation. In some
cases, whole-rock trace element concentrations can be calculated
based on accessory mineral chemustry. Thus, trace elements in acces-
sory minerals can give direct access to the nature and crystallization
history of plutonic rocks. This petrological tool may be helpful in
provenance studies using accessory minerals, and because high Ba—
Sr plutons have recently been equated with Archaean sanukitoids,
this might also be important in constraining the temporal distribu-
tion of this important magma type.

* Coorresponding author. E-mail: emilie.bruand @ port.ac.uk
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INTRODUCTION

The Strontian and Rogart plutons are typical high Ba—Sr
granites in that they have high Ba—Sr contents, are ex-
tremely rich in light rare earth elements (LREE) and
have relatively low Nb, Ta, and heavy rare earth element
(HREE) abundances. They have been discussed in the lit-
erature for their high modal abundance of accessory min-
erals (mainly titanite and apatite, with lesser zircon and
monazite; e.g. Paterson et al., 1989; Paterson & Stephens,
1992). Their whole-rock chemistry and isotope systematics
(O, Nd and Sr) argue for a mantle-derived parent magma
modified by fractional crystallization and host metasedi-
ment assimilation (Fowler et al., 2008). Although the
whole-rock chemistry (trace element, radiogenic and
stable isotopes) of the Rogart and Strontian plutons is
well constrained (Fowler et al., 2001, 2008), studies of acces-
sory minerals in other intrusions have demonstrated that
these can give additional information on petrogenesis (e.g.
Sha & Chappell, 1999; Hoskin et al., 2000; Tiepolo et al.,
2002). The incorporation of trace elements and more par-
ticularly rare earth elements (REE) into their structures
makes them ideal minerals for this purpose. More specific-
ally, previous studies concentrating on titanite and apatite
have suggested that these minerals might be sensitive to
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mixing processes, fOo, fluid circulation or P—7 conditions
(e.g. lepper & Kuehner, 1999; Piccoli et al, 2000;
Belousova et al., 2002a; Smith et al., 2009; McLeod et al.,
2011). Recent work also shows promise in linking apatite
compositions to their host-rocks (Chu et al., 2009;
Belousova et al., 2002a; Jennings et al., 2011). On the other
hand, although zircon is a well-known accessory phase
with many geological applications, its utility as a petrogen-
etic tracer is still not fully understood (e.g. Hoskin et al.,
2000; Hoskin & Schaltegger, 2003; Gagnevin et al., 2010).
Although most studies focus on describing one of the acces-
sory minerals contained within a suite of rocks (e.g. Sha
& Chappell, 1999; Tepper & Kuehner, 1999; Piccoli et al.,
2000; Belousova et al., 2002a; McLeod et al., 2011), compari-
son of the various accessory minerals within a suite of sam-
ples has been rarely done (Hoskin ez al., 2000). As they all
contain REE, systematic comparative studies are essential
to understand their behaviour in different conditions. In
this contribution, we study apatite, titanite and zircon in
a suite of rocks from the Strontian and Rogart high Ba—Sr
granites and develop a new petrographic tool to under-
stand the behaviour of these phases in a range of felsic to
malfic intrusive igneous rocks.

Recent advances in mineral trace element chemistry
may also be exploited for sedimentary provenance studies
and to constrain crustal evolution. Similarities between
high Ba—Sr granites and sanukitoids have led previous
workers to describe them as ‘Phanerozoic sanukitoids’
(Fowler & Rollinson, 2012). Sanukitoids are interpreted as
being the products of partial melting of a metasomatized
mantle wedge and have been reported as occurring
during a short geological time span (~2:7-25 Ga;
Martin et al., 2009). They have been interpreted by vari-
ous workers (e.g. Martin et al., 2009) as the result of
changes from a shallow to a steep subduction style in this
time interval and therefore might mark the onset of
modern plate tectonics. Given this potentially pivotal
role, it is important to constrain their temporal distribu-
tion. Assuming that accessory minerals record the geo-
chemical characteristics of their host magmas, it should
be possible to recognize different igneous protoliths in
detrital heavy mineral assemblages. For example, if the
high Ba—Sr (sanukitoid) ‘fingerprint’ is shown to be
robust, then it can be sought in representative sediments
of different ages, to monitor changing sanukitoid abun-
dance with time.

This study presents detailed petrographic observations
and systematic laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analysis of trace elem-
ents in apatite, titanite and zircon, with two main aims: to
better constraint the petrogenesis of high Ba—Sr granites,
and to test the assumption that their characteristic chemis-
try is recorded by the abundant accessory minerals that
they contain.

GEOLOGICAL SETTING AND
SAMPLES
Late Caledonian high Ba—Sr plutons

The late Caledonian orogeny in Scotland is marked by vo-
luminous granite magmatism, resulting from the collision
between Laurentia, Baltica and Avalonia following the
closure of the Iapetus Ocean during Silurian times (Soper
et al., 1992; Atherton & Ghani, 2002). The plutons have a
broadly calc-alkaline composition and are widespread
within the Scottish Highlands north of the Iapetus Suture
(Soper, 1986; Iig. 1). Three suites have been distinguished
(Stephens & Halliday, 1984): the Argyll suite (now modi-
fied to the Argyll and Northern Highlands suite;
Stephenson et al., 1999), the Cairngorm suite and the
South of Scotland suite. Most plutons of the last suite have
now been subsumed into the Trans-Suture suite (Brown
et al., 2008). High Ba—Sr granites (Tarney & Jones, 1994)
characterize the Argyll and Northern Highlands suite and
are the particular focus of this contribution. Their origin
has previously been ascribed to slab break-off (Atherton
& Ghani, 2002; Fowler et al., 2008).

In the Northern Highlands, the Caledonian foreland is
separated from Moine Supergroup metasediments, into
which the high Ba—Sr plutons were emplaced, by the
Moine Thrust. To the south, the Great Glen Fault defines
the boundary between the Northern Highland Terrane
and the Grampian Terrane. The Midland Valley and
Southern Uplands define the southern part of the Scottish
Highlands between the Grampian Highlands and the
Tapetus Suture.

The late Caledonian high Ba—Sr suite intruding the
Northern Highland terrane can be divided petrographic-
ally into two groups: (1) a western area dominated by syen-
itic plutons and (2) a central—eastern area dominated by
granitic plutons (e.g. Fowler ef al., 2008, and references
therein). We present data obtained from single mineral
grains (titanite, apatite, zircon) from the Rogart and
Strontian plutons; these are both granite-dominated igne-
ous complexes from the central—eastern area (Fig. 1).

Rogart and Strontian igneous complexes

The Rogart and Strontian igneous complexes have a
broadly concentric geometry and are mainly made up of
biotite-hornblende granodiorite. Emplacement of the
Strontian complex caused contact ~metamorphism
evidenced by cordierite-K feldspar and sillimanite-K feld-
spar mineral assemblages in the adjacent country rocks
(Soper, 1963; Tyler & Ashworth, 1983); no contact meta-
morphism is observed around the Rogart pluton.
Strontian has a biotite granodiorite central facies sur-
rounded by hornblende—biotite granodiorite, which grades
from porphyritic to non-porphyritic at its margin (Sabine,
1963). The hornblende—biotite granodiorite has been dated
at 425 +£3 Ma (U-Pb on zircon) and 423 £3 Ma (U—Pb
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Fig. 1. Map of the Northern Highland region (Scotland) modified after Fowler ¢t al. (2008), showing sample localities and ages (in Ma) from

Brown et al. (1968) and Rogers & Dunning (1991).

on titanite; Rogers & Dunning, 1991). The Rogart igneous
complex is made up of an inner granodiorite and an outer
tonalite, both of which are cross-cut by a later granite. It
is contemporaneous with Strontian and has been dated at
around 420 Ma (K—Ar on biotite; Brown et al., 1968) and

425 £+15 Ma (U-Pb on zircon; Kocks et al., 2013). Mafic ig-
neous bodies (from centimetres to hundreds of metres in
scale), referred to as appinites, were first described from
the Appin area by Bailey & Maufe (1916) and are present
in the main facies of both the Strontian and Rogart
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plutonic bodies. Appinites are mantle-derived rocks with
shoshonitic affinities (Fowler, 1988; Fowler ez al., 2008), and
are widely believed to be the plutonic equivalents of calc-
alkaline lamprophyres (Rock, 1984; Murphy, 2013). Their
high Mg, Ni, Cr and V contents indicate a mantle source
component in their petrogenesis. In these rocks, horn-
blende is the dominant mafic mineral and occurs mainly
as large prismatic crystals contained in a groundmass of
hornblende and feldspar & quartz. Local mingling and
mixing relationships are observed between the main plu-
tonic facies and the appinite bodies, especially at
Strontian. The Strontian pluton was derived from a
depleted mantle source and Rogart from an enriched
mantle source, as discussed in detail by Fowler et al.
(2008). Both plutons evolved by fractional crystallization
and variable assimilation of the surrounding Moine
metasediments.

In this contribution, seven samples in total have been
studied: two hornblende—biotite granodiorites (SR1, SR3)
and one appinite (SR2) from Strontian, and two tonalites
(RT1, R2), one granite (RHG-1) and one appinite (RAI)
from Rogart. All samples from both plutons contain abun-
dant accessory minerals such as titanite, apatite and
zircon and are exceptional in that respect (Table 1). The
hb—hi granodiorite samples from Strontian are chemically
similar with SiO, ranging from 62-81 to 63-83% (Fowler
et al.,2008) and an Aluminium Saturation Index [ASI, cal-
culated as molecular: AlyO3/(NasO +KyO + CaO)] ran-
ging from 0-87 to 0-90. Overall their trace element
contents are also similar and have been described in
detail by Fowler et al. (2008). Granitoid compositions from
Rogart vary extensively (Fowler et al., 2001). In Rogart,
tonalites vary in SiOy between 62-98 and 71-20%, Fe,Os
between 2:78 and 4-71% and their ASI are 0-81 (RT1) and
0-91 (R2). The granitic sample (RHG-1) has a somewhat

comparable chemistry in major elements to R2 with an
ASI of 0-92 but with slightly higher KoO and CaO con-
tents (Fowler et al., 2001). Trace element contents vary sig-
nificantly between the Rogart samples [e.g. Sr ranges
from 693 ppm (RHG-1) to 1333 ppm (RT1); see Fowler
et al. (2001) for analyses]. In the tonalitic samples, RT1 has
higher contents of Cr, Ni and Nb compared with R2,
which can be linked to less fractionation, following Fowler
et al. (2001).

Appinites in the central-eastern Northern Highlands
carry the high Ba—Sr geochemical signature, but are com-
monly even more enriched in large ion lithophile elements
(LILE; e.g. Sr, Ba), high field strength elements (HFSE;
e.g. Nb, Th) and transition metals (e.g. Cr, Ni, V) than
the associated granodiorites and granites (Fowler et al.,
2008). These characteristics can be observed in the two
appinitic samples studied here (SR2 and RAI). However,
some compositional differences do exist between them. In
terms of major elements, the Strontian appinite is richer
in FeyOs but has a higher ASI (0-59, compared with
Rogart ASI =0-49). The sample from Rogart is more en-
riched in Sr, Ba and LREE compared with that from
Strontian, but has lower HREE, Zr, Cr and Ni.

ANALYTICAL METHODS

Image acquisition

The samples were crushed (jaw-crusher, ball mill or
Selfrag"™), sieved (<355 pum, 355-500pm and 500
1000 pm fractions) and passed over a Wilfley table. A dia-
magnetic separator was then used to obtain fractions of
different heavy minerals based on their diamagnetic prop-
erties. Titanite, apatite and zircon were handpicked,
mounted in epoxy resin discs and polished for w2 situ chem-
ical analysis. Titanite and apatite were also analysed

Table I: Estimated modal proportion of titanite, apatite and zircon in the Rogart and Strontian samples

Sample Rock type Grid reference Mineralogy Titanite(%)* Apatite(%)* Zircon(%)*
Strontian

SR1 Granodiorite NM795611 hbl-fsp-bt-qz 2-3 1 <1

SR2 Appinite NM786611 hbl-fsp-bt +cc 5 1-2 <05

SR3 Granodiorite NM779607 hbl-fsp-bt-qz £ aln 1-2 <1 <1

Rogart

RHG-1 Granite NC671046 fsp-bt-gz £ chl-cal 1-2 1-2 <1

R2 Tonalite NC709029 hbl-fsp-qz-bt-ms + aln 1 <1 <1

RT1 Tonalite NC741065 hbl-fsp-qz-bt-ms & aln 1-2 1 <1

RA1 Appinite NC702026 hbl-cpx-fsp-bt + cc 3 5 <0-3

The grid reference system used is the Ordnance Survey National Grid reference system using OSGB 36 datum. Mineral

abbreviations are after Whitney & Evans (2010).
*Modal proportion.
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within thick sections (¢. 150 pm). Back-scattered electron
(BSE) images of titanites were taken with a scanning elec-
tron microscope (SEM) JEOL JSM-6100 at the University
of Portsmouth (accelerating voltage =20kV). Cathodolu-
minescence (CL) images of apatites and zircons were
taken with a KeDev Centaurus CL detector housed on a
JEOL 6060LV SEM also at the University of Portsmouth
(accelerating voltage =15kV).

Electron probe microanalysis (EPMA)

A Cameca SX-100 microprobe at Bristol University was
used for determination of major elements in titanite and
zircon using TAP, LPET, PET and LLIF crystals. PCO,
TAP, LPET and LLIF crystals were used for apatite. An
electron beam of 1 pm was used for titanite and 10 pm for
apatite, both with 20kV accelerating voltage and 40 nA
and 10nA beam currents, respectively. An electron beam
of 5 um was used for zircon with an accelerating voltage
of 17 kVand a beam current of 100 nA. Several trace elem-
ents in these minerals were also analysed for comparison
with LA-ICP-MS data. The Durango apatite standard
(Marks et al., 2012) and the 91500 zircon standard
(Wiedenbeck et al., 2004) were analysed during microprobe
sessions to monitor data quality.

Laser ablation-inductively coupled plasma
mass spectrometry (LA-ICP-MS)

Trace element contents of titanite, apatite and zircon were
analysed by LA-ICP-MS at the University of Portsmouth
using an Agilent 7500cs (quadrupole) ICP-MS system and
a New-Wave UP213 (A =213 nm) solid-state Nd:YAG laser.
Each analysis consisted of ¢. 30s background acquisition
and 60s sample acquisition. The diameter of the laser
beam was 30 um for titanite and apatite and either 30 pm
or 40um for zircon (with a 10Hz repetition rate, an
output energy of 0-01-0-1m]J per pulse, and a fluence of
~4 ] cm™?). Each analytical run had either nine or 16 spot
analyses with at least two external standard analyses at
the beginning and end of each run (either NIST 610 or
NIST 612). NIST 610 standard (Pearce et al., 1997) was ana-
lysed with a laser beam diameter of 55 um before and
after titanite and apatite unknown runs. In addition,
Durango apatite (reference value used: Marks et al., 2012)
was also analysed with a laser beam diameter of 30 um at
the beginning of each apatite run. NIST 612 standard
(Pearce et al., 1997) was analysed before and after zircon
unknown runs with a laser beam diameter of 55 pm. The
91500 standard was analysed (Wiedenbeck et al., 2004)
with a beam diameter of 40 um at the beginning of each
zircon run. Details of the standard analyses and their com-
parison with literature data can be found in the
Supplementary Data Electronic Electronic Appendix 1
(supplementary data are available at http://www.pet
rology.oxfordjournals.org). Internal references used for
normalization of LA-ICP-MS data were *Ca for apatite

HIGH Ba—Sr GRANITES, SCOTLAND

and titanite, and *’Si for zircon and were obtained by
EPMA.

PETROGRAPHY

The hb—bi granodiorite samples from Strontian (SR1-SR3)
mainly comprise hornblende, feldspar and biotite. Both
samples contain titanite, apatite and zircon (Table 1)+
allanite. The two tonalite samples from Rogart (R2 and
RT1) comprise biotite, feldspar, hornblende and muscovite.
Accessory phases present in these samples are titanite, apa-
tite and zircon % allanite. The granite sample from Rogart
(RHG-1) is mainly made up of partly sericitized feldspar
and biotite, which is often replaced by chlorite and calcite.
This sample is therefore more affected by alteration than
the others considered in this study. Titanite, apatite and
zircon are present.

Appinitic samples from both locations (SR2 and RAI)
are mainly made up of hornblende, biotite and feld-
spar % calcite. Sample RAl contains pyroxene, which is
fractured and often partially replaced by calcite, in con-
trast to SR2. Paterson et al. (1989) highlighted the excep-
tional amount of titanite in these rocks (lTable 1), which
also contain a large amount of apatite, together with
minor zircon and allanite.

Titanite, apatite and zircon, occurring in every sample,
are the focus of this study and their characteristics within
the samples studied are described in the following section.
Accessory allanite is occasionally observed in Rogart (R2
and RT1 samples) and less so in Strontian. Allanite is not
a ubiquitous mineral across the range of samples analysed
and is therefore not considered in this study.

Titanite

Bi—hb granodiorite: samples SRland SR3

Titanites are euhedral and large (up to ~lcm in length;
Fig. 2). In BSE images at least three zones, grading from a
bright core towards a dark rim, can be identified (Fig. 2a
and b). Occasionally a thin (~10-40 um), darker outer
rim is present (Fig. 2a). The bright core often shows fir-
tree zoning but also some oscillatory zoning, both of
which are characteristic of titanite crystals (e.g. Paterson
& Stephens, 1992; Watson & Liang, 1995; Hayden et al.,
2008; McLeod et al., 2011; Fig. 2a and b). Locally, rare dis-
solution—reprecipitation textures have been identified.
Apatite, Fe—Ti oxides and zircon occur as inclusions
within titanite cores and rims.

Granite: sample RHG-1

Two generations of titanite can be identified on the basis of
size and petrographic relationship with the rock-forming
minerals. Large titanites (>500 pm in length) are euhe-
dral, often replaced by oxides and/or calcite and are also
found as inclusions in feldspar. Smaller titanites (<500 pum
in length) are subhedral, locally replaced by chlorite and
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L]

=  Core
Fir-trée zone

Fir-Tree zone

Granitoids Appinite
Strontian: SR1/
SR3

Strontian:SR2

— Fir-tree/Osc.

Dark ext. rim Dark ext. rim

RGH1 Rogart: RA1

Fig. 2. Back-scattered electron images of titanite crystals from the Strontian (a, b, f) and Rogart (c—e, g) localities. (a, b) Titanites show core—
rim zoning from fir-tree bright cores towards dark rims. (c—e) Titanites show different zones with multiple dissolution—reprecipitation features.
(f, g) Appinitic titanites from Strontian and Rogart, respectively, show typical sector zoning.
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are always present as inclusions in biotite, aligned parallel
to the basal cleavage. The chemical zoning pattern within
this sample is more complicated than in those from the
Strontian granodiorites. Cores usually display fir-tree
zoning, surrounded by several successive bright to dark
zones (10-50 um width; Fig. 2¢), which seem to develop fol-
lowing dissolution—reprecipitation episodes (Fig. 2c—e).
Such titanites locally contain many Fe—Ti oxide and some
apatite inclusions.

Tonalite: samples R2 and RT1

Titanites are large (up to 1.5 mm in length) and euhedral.
In RT1, they are often altered and replaced by calcite.
Titanite zoning is comparable with that in RHG-1 with
dissolution—reprecipitation textures observed. The results
of several dissolution—reprecipitation events have caused
complex zoning made of up to six zones around the core
(e.g. Fig. 2e). Although oxides are abundant as inclusions
within titanite, apatite inclusions are rarer.

Appinate: samples SR2 and RAI

Titanite is anhedral and larger than that in the granitoids
(up to several centimetres; Fig. 2f and g). In SR2 it is inter-
stitial between the main minerals (amphibole, biotite and
feldspar), which suggests that it grew late in the crystalliza-
tion sequence. Titanites from RAI are anhedral-subhedral
and in contrast to SR2 do not show any obvious interstitial
texture. In both samples, titanite can be texturally in con-
tact with apatite, but rarely contains inclusions. Titanites
always have sector and often oscillatory zoning (Fig. 2f
and g). However, in contrast to the granitoids, they do not
exhibit any systematic core to rim zoning. The sectored
and brighter zones can appear either at the edge or in the
core. Rarely, a thin and external dark rim is present.

Apatite

Bi—hb granodiorite: samples SRI and SR3

In both samples, apatite occurs mainly as inclusions within
biotite and amphibole and more rarely within feldspar. It
is also common as inclusions within titanite and zircon.
Apatite grains are either large and subhedral (up to
500 pm in length) or small and euhedral (<300 um). In
CL, they are zoned and comprise an oscillatory zoned
core enclosed by an homogeneous rim (<50 pm; Fig. 3a
and b). Some crystals are entirely homogeneous in CL.

Granite and tonalites: samples RHG-1, RTI and R2

Apatites are mainly present within biotite and green
amphibole. As for the Strontian granodiorite, apatite inclu-
sions occur within titanite and zircon. CL reveals oscilla-
tory zoning in most of the crystals, which is sometimes
absent at the rim (Fig. 3c—e).

HIGH Ba—Sr GRANITES, SCOTLAND

Appinite: sample SR2 and RAI

In SR2, two apatite types can be identified: one type is
homogeneous in CL and the other has a homogeneous,
partly dissolved core and a bright rim (Fig. 3f). These can
be linked to different textural locations, the former within
feldspar and the latter as inclusions in amphiboles or in
late titanite. As feldspar is usually an early crystallizing
phase compared with amphibole, it is likely that apatite
within feldspar crystallized early and that apatite rims pre-
sent within titanite crystallized later.

In RAL apatites are large (up to 1cm in length; Fig. 3g)
and have a significant modal abundance (Table 1). Indeed,
the amount of apatite is much higher than that of titanite.
This is not the case in SR2, in which the proportion of
both phases is roughly the same. Apatite occurs as inclu-
sions within amphibole and feldspar or in contact with
titanite. In CL images, apatite textures are similar to the
second type of apatite found within SR2, with a dark core
showing dissolution features surrounded by a brighter rim

(Fig. 3g).

Zircon
Bi—hb granodiorite: samples SRI and SR3

In these samples, zircons occur within the three main
phases (biotite, green amphibole and feldspar) and can be
up to 500 um in length. They are abundant and exhibit
typical igneous oscillatory zoning in CL (Fig. 4a and b).
Inherited cores are rare.

Granite and tonalites: samples RHG-I, RT1 and R2

Zircons in these samples have the same characteristics as
those in the Strontian granodiorite described above. The
only difference is that a darker rim (<30 pm) is occasion-
ally observed (Fig. 4e).

Appinites: samples SR2 and RAI

Within SR2 a few zircons have been identified, of which
two types could be distinguished. One shows clear igneous
oscillatory zoning (Fig. 4f) and the second shows sector
zoning. Within RAl zircons were not observed in thin sec-
tion and only a few tiny crystals could be extracted.
Unfortunately, these zircons are extensively cracked and
altered (Fig. 4g) and were therefore not suitable for
analysis.

RESULTS

LA-ICP-MS in situ chemical data for titanite, apatite and
zircon in the Strontian and Rogart samples are described
below, concentrating on the REE because of their central
role in petrogenetic interpretations, with other trace elem-
ents discussed as appropriate.
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Fig. 3. Cathodoluminescence images of apatite crystals from gramt01d§ a—e) and appinites (£,
Rogart locality. (a, b) Apatites from Strontian granitoids comprise oscillatory zoned cores and unzon(‘d rims. (c—e) Apatites from the Rogart

granitoids are characterized by oscillatory zoning. (f, g) Apatites from appinitic samples are characterized by a main dark zone (Type 1),

Type 2 reprecipitation —
100 pm

which can be dissolved at its rim and reprecipitate a bright rim (Type 2).
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Granitoids Appinite

Apatite
0
o

Fig. 4. Cathodoluminescence images of zircons from the Strontian locality [granitoids (a, b); appinite (f)] and the Rogart locality [granitoids
(c—e); appinite (g)]. (a—f) Zircons are characterized by typical igneous oscillatory zoning. (g) Typical altered and cracked Rogart appinite
zircon.
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Titanite chemistry

Rare earth elements

Chondrite-normalized REE patterns are illustrated in
Fig. 5. The titanites from the Strontian granodiorite sam-
ples are similar but can be divided into three groups
(Fig. 5a). The first group (Group 1) has a high REE con-
tent and a significant negative Eu anomaly [(Eu/
Eu*)ny=056-0-85; Table 2 and Supplementary Data:
Electronic Appendix 2] and represent the broad core of
the crystals and the fir-tree zones. The second group
(Group 2) has lower REE content (especially LREE) and
a Eu anomaly which is slightly negative [(Eu/
Eu*)n=0-75-0-93]. This group of analyses are exclusively
from the rims of the crystals. The third group (Group 3)
has the lowest REE contents and a positive Eu anomaly
[(Eu/Eu*)x =106-159]. This last group is rare and could
be characterized only when a darker external rim was pre-
sent and was wider than the laser spot size (30 um, Fig. 2a).

Appinitic titanite REE patterns are somewhat different
with a general pattern showing a slightly positive Eu
anomaly (Fig. 5¢), although two groups can be distin-
guished. Group 1 represents analyses made on bright
sector zones. Group 2 represents analyses made on rare ex-
ternal dark rims. Group 11s LREE enriched with a slightly
negative to positive Eu anomaly [(Eu/Eu*)x =0-89-150].
Different parts of the sector zones have REE patterns that
overlap within a limited range of compositions (Fig. 5c);
the brightest zones usually have higher REE abundances
and the darkest the lowest (Table 2; Supplementary Data:
Electronic Appendix 2). The external dark rims have
lower LREE contents than Group 1 and are characterized
mainly by a negative Eu anomaly [(Eu/Eu*)y=0-80—
151]. Titanites from the Rogart appinite are more enriched
in LREE than those in the Strontian appinite and have
no Eu anomaly (Fig. 5c¢). Titanites from this sample are
also characterized by a convex-upward shape in the
LREE. The different sector zones observed within titanite
crystals all have similar concentrations and patterns.

The chondrite-normalized REE patterns of the Rogart
granite and tonalites have core patterns (Group 1) with a
convex-upward LREE pattern and a negative Eu anomaly
similar to that of titanite in the Strontian granodiorite.
Rim compositions (Group 2) have lower LREE abun-
dances than Group 1 (Fig. 5b) and have a similar or
slightly less pronounced negative Eu anomaly. Rim com-
positions in the granite sample (RHG-1) vary more than
the R2 or RT1 rims, which have a lower LREE content
and no Eu anomaly (Table 2; Supplementary Data:
Electronic Appendix 2). This could be linked to the two
generations of titanite found within the RHG-1 thin
section, of which one grew late. Bright dissolution—
reprecipitation zones in R2 crystals (Group 3) have a
convex-upward LREE pattern and a slightly negative to
absent Eu anomaly.

Other trace elements

Previous studies on titanite zoning in the Strontian pluton
(Paterson et al., 1989; Paterson & Stephens, 1992) have sug-
gested that the zoned sectors are out of equilibrium with
the magma. On the other hand, modelling and recent ex-
perimental studies (Watson & Liang, 1995; Hayden et al.,
2008) have shown that although the most enriched sector
zones do seem to be out of equilibrium (e.g. fir-tree fea-
tures; FT), other parts of the titanite zones are not and
therefore that titanite can be used as a petrogenetic indica-
tor (e.g. Hayden et al., 2008; McLeod et al., 2011). These stu-
dies have also shown that the brightest parts of the sector
zones preferentially incorporate a substantial amount of
certain elements (such as Zr and some REE) on a set of
growth surfaces. Such ‘enriched’ sector zones have been in-
terpreted as representing an area or face of growth entrap-
ment (Watson & Liang, 1995). Watson & Liang (1995)
have shown that there is a ‘critical ratio of growth rate to
lattice diffusivity’ above which sector zoning develops,
leading to the abnormal enrichment of REE and some
trace elements (e.g. Nb and Zr). This was confirmed in a
later study (Hayden et al., 2008) in which experiments
with titanite crystallization have shown that the Zr content
of bright sector zones resulted in an overestimation of the
temperature of crystallization of the titanite [see discussion
by Hayden et al. (2008)]. The FT and bright sector zones
in the titanites from our study similarly have a substan-
tially higher Zr content (Table 2; Supplementary Data:
Electronic Appendix 2). Although analyses of FT and
brightest sector zones always correspond to the highest
REE contents (Table 2; Supplementary Data; Electronic
Appendix 2), their chondrite-normalized REE patterns
are not clearly distinguishable from the other parts of the
crystals. Similar to Zr content, FT zone Nb contents are
much higher (ranging from 2000 to 3500 ppm) than the
non-I'T" zoned cores of the granodiorite titanites (between
1000 and 1700 ppm). The brightest sector zones of the appi-
nite sample reveal the same systematics, with Nb being
much higher than in the other sector zones (Table 2;
Supplementary Data: Electronic Appendix 2). Following
the results of the experimental and modelling studies
(Watson & Liang, 1995; Hayden et al., 2008), these anomal-
ously high Nb and Zr contents in the FT and sector zones
are interpreted as being out of equilibrium with the
magma composition and will not be considered further
here.

Discarding the FT and brightest sector zone data, two
trends are apparent within the Strontian granitoid data
on a Nb vs Gd plot (Fig. 6a), corresponding to core and
rim compositions. Core compositions have a constant Nb
content, although Gd generally decreases outwards. Rim
analyses correspond to an abrupt decrease in Nb and Gd
contents, comparable and parallel to that defined by the
appinite titanite compositions.
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Fig. 5. Chondrite-normalized REE patterns [using McDonough & Sun (1995) chondrite values] for titanites in (a) Strontian granodiorites
(SR1, SR3), (b) Rogart granite (RHG-1) and tonalites (RT1, R2) and (c) Rogart and Strontian appinites (RAl, SR2). (See Table 2 and
Supplementary Data: Electronic Appendix 2,
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Fig. 6. Nb (ppm) versus Gd (ppm) for titanite from (a) Strontian and Rogart (b) localities. Data reported in this figure do not include analyses
of the FTor bright sector zones (See Table 2; Supplementary Data: Electronic Appendix 2). Reprecipitation zones are indicated by smaller sym-

bols and the shaded field.

On a (Eu/Eu*)x versus (La/Sm)x diagram (Fig. 7a),
two trends (cores and rims) can again be identified
within the granitoid samples. Core compositions mostly
plot between unity and ~5 [(La/Sm)x] with some core
analyses and all the rims plotting above five; (La/Sm)y in-
creases and the negative Eu anomaly reduces towards the
rim. One analysis representing the dark external rim and
two analyses of the rim within SRI have positive Eu
anomalies and plot in the same area as the appinite trend.
The (La/Sm)x ratio within Strontian appinite shows a
positive correlation with (Eu/Eu*)x.

Hayden et al. (2008) have shown that the Zr content of
titanite is temperature dependent. Considering that the
different plutons cooled at similar pressures during titanite
crystallization [13—14km depth, following Tyler &
Ashworth (1983)], Fig. 7b can be interpreted in terms of
temperature (proxied by Zr) versus HREE content (Y
being a proxy for the HREE). Once again, two groups

can be distinguished following core-rim compositions.
Core compositions vary from high Y contents
(>3000 ppm) towards lower Y contents (~1000 ppm, exter-
nal part of the core) at comparable Zr contents (500—
700 ppm). Rim compositions of Y plot below 1000 ppm but
show more rapidly decreasing Zr contents (ranging from
600 to ~400 ppm). Rims from SRI have much lower Zr
contents (~200 ppm). Titanites from the Strontian appinite
show a similar range of Y concentrations (from ~1000 to
~500 ppm; Iig. 7b) to titanite rims from the granitoids.
The Zr content of titanite from the appinite decreases
from ~650 ppm to 100 ppm in the dark external rims.
Thus, applying the Zr-in-titanite thermometer [Hayden
et al. (2008), who estimated the uncertainty at £20°C],
titanite in the Strontian granitoids began to crystallize
at ~772°C and finished at ~709°C, based on maximum
Zr contents in the cores towards minimum Zr contents in
the rims (Table 2; Supplementary Data: Electronic
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lyses are indicated by smaller symbols and the shaded field.

Appendix 2). Using maximum and minimum values
within the Strontian appinite, titanites crystallized be-
tween ~772°C and ~682°C. These values are maximum
estimates, assuming the activities of TiOy and SiOj in our
calculations were unity as quartz is present and the
amount of titanite in the samples is more likely to reflect a
high aliO,. Using a lower activity of al'iOy =05 [sug-
gested as the lower limit for typical crustal rocks by, for ex-
ample, Ferry & Watson (2007) and Hayden & Watson
(2007)] in the calculations would decrease the temperature
results by about 50°C.

As for the titanites from Strontian, those from Rogart
(Table 2; Supplementary Data: Electronic Appendix 2)
also show a wide compositional scatter between FT and
sector zones, consistent with disequilibrium conditions.
Removing these FT and bright sector zones, the data
show a single Nb vs Gd trend within the granitoid samples

(Fig. 6b). Although Gd content decreases from the cores to-
wards the rims (from ~1100 ppm to 200 ppm), Nb contents
are mostly between 1000 and 1400 ppm with analyses
from areas interpreted as having undergone reprecipita-
tion being higher (up to 2030 ppm). Except for one analysis
plotting at extremely high Nb and Gd contents, the appini-
tic titanites define a positive correlation between Gd and
Nb.

Rogart granite and tonalite analyses are also plotted on
the (Eu/Eu*)x versus (La/Sm)y diagram (Fig. 7a). Core
values plot within the core trend of Strontian analyses.
However, the rim compositions are different with (La/
Sm)y values in the range 1-3 and a Eu anomaly tending
towards unity. The spread of titanite compositions in
Rogart is more restricted than in Strontian (Fig. 7a).
Similarly, the appinite values plot in a narrow range of
1-2 in (La/Sm)y ratio and around unity for (Eu/Eu*)x.
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Although (Eu/Eu*)y values are comparable with those for
the Strontian appinite, the (La/Sm)y ratio is much lower
in Rogart.

Zr and Y data are plotted in Fig. 7b. In contrast to the
Strontian granitoid titanites, those in Rogart define a
single trend with Zr and Y contents decreasing from cores
(Y =3240 ppm) toward rims (Y =924 ppm). Zr content
varies from ~654ppm in the cores towards 303 ppm
within the rims corresponding to temperatures between
~771°C and ~728°C. The titanites from the appinites crys-
tallized between ~759°C and ~731°C.

Apatite chemistry

Chondrite-normalized REE patterns for apatites from the
Strontian granodiorite samples (Samples SR1 and SR3)
are subparallel and define two groups (Fig. 8a). One
group (Group 1) has higher REE contents and a negative
Eu anomaly [(Eu/Eu*)y = 0-47-0-93], whereas the second
group has lower REE contents and a weaker negative Eu
anomaly [(Eu/Eu*)y=0-78-0-94]. These two groups cor-
respond, respectively, to analyses made in the oscillatory
zoned cores and the rims of the apatite crystals (Fig. 3a
and b). Both groups have enriched LREE relative to
middle REE (MREE). The (La/Sm)y ratio, representing
the slope of the LREE, is plotted versus Gd, representing
the MREE concentrations, to illustrate the characteristics
of the two apatite groups (Fig. 9). Figure 9a shows that
two apatite compositions, reflecting core and rim compos-
itions, can be distinguished within the granodiorite. As
for titanite (Fig. 5a), apatite records a distinct change in
REE content during its growth. A Ce versus Y diagram
also highlights a compositional gap in apatite between
cores and rims (Fig. 9¢). Minimum Ce concentrations in
the cores are ~2300 ppm and maximum Ce values for
rim compositions are ~1500 ppm. Interestingly, no other
trace elements apart from the REE show systematic vari-
ations between core and rim compositions.

The appinite sample (SR2) has apatite REE patterns
evolving continuously from high and flat LREE-MREE
content with a strong negative Eu anomaly towards
higher LREE/MREE and slightly negative to absent Eu
anomaly (Fig. 8c). The lower REE contents correspond to
apatite rims when they occur as inclusions in amphibole
and titanite or simply in contact with them. Apatites in
appinites display a general increase in (La/Sm)y and de-
crease in Gd content toward the bright rims of the crystals
(when this rim has been identified—see petrography de-
scription; Figs 3f, h and 9a). Figure 9a highlights the de-
crease of MREE (Gd) in apatite rims in contact with late
phases such as titanite.

Chondrite-normalized REE patterns for apatite from
the Rogart granite and the two tonalites are illustrated in
Fig. 8b. In contrast to the Strontian apatites, the REE pat-
terns of cores and rims overlap; consequently the core and
rim patterns of the various samples have been merged for

casier inter-sample comparison. The R2 REE patterns are
tightly clustered with a flat LREE pattern and a slight
negative Eu anomaly. RT1 is similar, but also has more en-
riched LREE compared with MREE. The RHG-1 patterns
are more clustered and in general have the lowest normal-
ized abundances of the three samples. However, the
RHG-1 patterns show exactly the same characteristics
(flat LREE pattern and slight negative Eu anomaly) as
the other two samples. Core compositions of the RHG-1
apatite tend to have the highest total REE (Table 3;
Supplementary Data: Electronic Appendix 3). For all
three samples, despite overlap, there is a trend to lower
total REE concentration from cores towards rims
(Table 3; Supplementary Data: Electronic Appendix 3).
Apatite compositions in the Rogart tonalites or granite do
not show abrupt changes in composition. They are charac-
terized by large variations in Gd and small variations in
(La/Sm)x (Fig. 9b).

Apatite chondrite-normalized REE patterns for the
Rogart appinite are different from the Strontian appinite,
with a flat LREE pattern and a slightly negative to absent
Eu anomaly (Fig. 8c). Analyses either from cores or rims
are tightly clustered and do not show significant differ-
ences. The flat LREE and the Eu anomaly of apatite REE
patterns in the Rogart appinite have similar characteristics
to the titanite from the same location (Fig. 5c¢).

Apatite (La/Sm)x values are around two, as for the
other more evolved samples (Fig. 9b). Appinite apatites
have Gd contents ranging from ~200 ppm to ~80 ppm.
Appinite and tonalites or granite cannot be distinguished
based on their apatite composition in this diagram and
have a rather constant (La/Sm)y ratio. There is a positive
correlation between Ce and Y within each Rogart sample,
with a general continuous decrease of these elements from
cores toward rims (Fig. 9c).

Zircon

Chondrite-normalized REE patterns for zircon within the
Strontian granodiorite (SR1 and SR3) are homogeneous
and have typical igneous zircon REE patterns (e.g.
Hoskin & Schaltegger, 2003) with large positive Ce
anomalies, negative Eu anomalies and strong HREE en-
richment (Fig. 10a). No systematic core to rim variations
have been observed, in contrast to apatite and titanite
(Figs 5a and 8a). Appinitic zircons have similar REE pat-
terns, although the REE content is systematically higher.
This is opposite to the Belousova et al. (2002b) compilation
of zircon data, which infers an increase of REE content
within zircon from ultramafic toward granitoid compos-
itions. Generally the Th/U ratio is <0-5 for igneous zircons
(Hoskin & Schaltegger, 2003) and although the Th/U
values in zircons from our granitoids are consistent with
this, the appinitic sample has slightly higher Th/U (Th/U
~0-5-16, Table 4; Supplementary Data: Electronic
Appendix 4).

1634

GTOZ ‘¥z 13nBny Uo ARligiT yinowslod Jo AiseAlun ke /Biospeunolpioxo ABojosed)/:dny woly pspeojumod


http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu037/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu037/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu037/-/DC1
http://petrology.oxfordjournals.org/lookup/suppl/doi:10.1093/petrology/egu037/-/DC1
http://petrology.oxfordjournals.org/

BRUAND et al. HIGH Ba—Sr GRANITES, SCOTLAND

100000
Apatite Strontian granodiorites
SR1,SR3
10000 core
2
=
2 1000f iy, ~
o
)
(@]
=
$ 100
£
=
10 -}SRhSRB Group1=(?0re of the crystal
[ Group 2 =Rim of the crystal
. @
lLa Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100000, :
Apatite : :
Rogart granite and tonalite
10000
3
=
S 1000
o]
=
S
©
o 100
=
= -
[ R2 Core and rim
10 | |21 RT1 Core and rim
[ ] RHG-1 Core and rim
L 1)
la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
100000,
Apatite Appinite
RA1, SR2
10000
2
5 1000
c
[s]
fl o
g SR2core
© 100
(]
£
=
10 Il RA1 core and rim
I SR2 core
[ srR2rim
)
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
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The Rogart tonalites or granite zircons have comparable
REE patterns and concentrations to those from Strontian
(Fig. 10b). Other trace elements analysed within these zir-
cons do not show any variation between core and rim
zones (Table 4; Supplementary Data: Electronic
Appendix 4).

DISCUSSION

Petrogenetic records during apatite and
titanite crystallization

Accessory mineral composition data from the Rogart and
Strontian plutons provide constraints on their crystalliza-
tion history, particularly in terms of in situ crystal fraction-
ation and mixing processes during the crystallization of
the magmas.

Saturation of accessory phases

Zircon saturation temperature estimates for granitoids
have been made for several decades (e.g. Larsen, 1973;
Watson, 1979; Watson & Harrison, 1983; Barrie, 1995, and
reference therein; Miller e/ al., 2003; Harrison et al., 2007,
Fu et al., 2008) and have promoted significant understand-
ing of zircon crystallization behaviour in plutons.
However, similar data have not been intensively obtained
for apatite and titanite since the work of Harrison &
Watson (1984) and Green & Pearson (1986). Hoskin et al.
(2000), in a detailed study of a cogenetic suite of plutonic
rocks (Boggy Plain pluton, Australia), described the vari-
ation of titanite, apatite and zircon trace element chemis-
try and used an integrated approach to identify accessory
mineral saturation during differentiation. Despite the
value of such work, there is a lack of data for other pluton
chemistries and geological settings. Several studies
[including that by Hoskin et al. (2000)] have shown that
zircon usually saturates in felsic melts (S1Oy >65%) but
not in those that are less evolved. In the Boggy Plain
suite, Hoskin et al. (2000) estimated that apatite probably
saturates throughout the range of compositions (aplite to
diorite) whereas titanite was interpreted as never saturat-
ing within the suite. Titanites in these samples were anhe-
dral (except for the most evolved samples) and their
abundance was limited.

In contrast to Boggy Plain, all the granitoids from our
study are extremely rich in accessory phases (titanite, apa-
tite, zircon; >3% modal proportion). These are euhedral
and present as inclusions within all of the rock-forming
minerals, strongly suggesting that saturation has been
reached. Zircons are large, abundant and contain apatite
inclusions. Apatites are large, euhedral in every sample
and have been found as inclusions in the other accessory
phases (titanite and zircon). These textural relationships
suggest that the three accessory minerals grew simultan-
eously, although apatite might have started to crystallize
slightly earlier. The homogeneous composition of apatite
cores in these samples does not, however, necessarily sup-
port this last statement. In the appinites, apatite is com-
monly found as inclusions within all the rock-forming
minerals and occasionally within titanite, but is not found
within zircon. Therefore, either apatite could have satu-
rated and stopped crystallizing before zircon crystalliza-
tion or the low abundance of zircon may obscure the
relationship between these minerals. In appinite SR2,
titanite is abundant, anhedral and interstitial, and is there-
fore interpreted to have crystallized late, possibly in re-
sidual melt pools, as described by Hoskin et al. (2000). In
contrast, titanite in RAIl is anhedral—subhedral, but not
interstitial, and therefore might have saturated and started
to crystallize slightly earlier. Zircons are tiny, extremely
rare and free of apatite inclusions, and are therefore inter-
preted as not crystallizing early in these ultramafic
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Fig. 10. Chondrite-normalized REE patterns for zircons in (a) Strontian granodiorites (SR1, SR3) and appinite (SR2). (b) Rogart granite
(RHG-1) and tonalites (RT1, R2). (See Table 4 and Supplementary Data: Electronic Appendix 4.)

(appinite) samples. REE patterns (Fig. 10) support the sug-
gestion that such zircons seem to have crystallized from
REE-enriched melt pockets.

T he granitoids: in situ crystal fractionation and a late
mixing event?

In the Strontian granitoids, both apatite and titanite ex-
hibit two chemical groups, which presumably relate to the
same petrogenetic events. The first group (crystal cores)
has higher REE contents and a more significant negative
Eu anomaly. The second group (crystal rims) has a lower
REE content, with a slightly negative to absent Eu
anomaly.

Cores of titanite and apatite in Strontian record a sys-
tematic outward decrease in trace elements (Figs 6a, 7a,
b, 9a, ¢ and 11). For example, Fig. 7b shows a correlation
between Zr and Y content, of which the latter can be used
as a proxy for the HREE, which are compatible in titanite.
The progressive decrease of Y is consistent with i situ crys-
tal fractionation, as titanite and other accessory minerals
progressively deplete the remaining melt in trace elements.
The same systematics is observed in apatite cores
(Fig. 9a—c), suggesting that the cores of titanite and apatite
grew during the same interval.

However, progressive in situ crystal fractionation cannot
explain the sudden compositional change observed in the
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Fig. 11. (a) Selected mineral-melt partition coefficient for apatite and titanite for felsic and mafic melt compositions (from Prowatke &
Klemme, 2005, 2006). (b) Nb/Ta versus Y (ppm) for titanites from the Strontian and Rogart localities. A sudden increase of Nb/Ta recorded
in titanite rims in Strontian granitoids indicates a mixing event with a mafic magma (field defined by dashed borders).

titanite and apatite rims in Strontian (Figs 6a, 7a, b, 9¢c, d
and 11). There are several possible causes, such as a change
in oxygen fugacity, fluid circulation—hydrothermal alter-
ation or magma composition (e.g. Piccoli et al., 2000;
Prowatke & Klemme, 2005, 2006; Smith et al., 2009;
McLeod et al., 2011). More reducing magma conditions
will lead to the dissolution of the outer rims of titanite
crystals, resulting in the stabilization of ilmenite within
titanite and the regrowth of titanite with a lower REE con-
tent (e.g. Piccoli et al., 2000; McLeod et al., 2011).
Although the presence of titanite-magnetite—quartz in a
felsic magma indicates relatively high fO,, decreasing fO,
in such a magma has been shown to induce crystallization
of ilmenite (Wones, 1989). Moreover, under reduced condi-
tions, the lower activity of ferric iron induces the need to
charge balance REE in the titanite structure, which can
partly explain the lower REE uptake. Except for the

change in REE content, other features that might charac-
terize a change in fO are not observed in the Strontian
titanites. Belousova et al. (2002a) have shown that La/Sm,
Ce/Th and Y/ZREE in apatite compositions are dependent
upon the oxygen fugacity of the magma. La/Sm and Ce/
Th increase with fO,, whereas Y/XREE tends to decrease.
None of these ratios show systematic differences between
apatite cores and rims in the samples discussed here
(Table 2; Supplementary Data: Electronic Appendix 2). It
is therefore unlikely that abrupt changes in REE between
the cores and rims of apatite or titanite can be explained
by a simple change in fOo. Hydrothermal alteration of
titanite is characterized by patchy zoning and formation
of anhedral crystals with trace element contents depending
on the nature and chemistry of the fluid (e.g. Piccoli et al.,
2000; Horie et al., 2008; Smith et al., 2009; McLeod et al.,
2011). Titanites from the Strontian granitoids are euhedral
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and have typical magmatic zoning and do not reveal
obvious hydrothermal alteration between cores and rims
(Fig. 2a and b). Prowatke & Klemme (2005) have shown
that D ianite/merc for the REE and some other trace elem-
ents (Ta, Nb) is strongly influenced by melt composition
(Fig. 11a). They have shown that D anite/melc InCreases sig-
nificantly for these elements from mafic to felsic magma
compositions. For instance, Gd Diiwanite/mere Varies from
about unity in mafic compositions to 370 in the most felsic
compositions studied. Our results show major systematic
changes for the same elements (REE, Ta, Nb) between
cores and rims, with the rim values plotting within the
field for appinites (Table 2; Supplementary Data:
Electronic Appendix 2; Figs 5a and 6a, b). Another ex-
ample is illustrated in Fig. 11b based on the Nb/Ta ratio in
titanite. In this figure, Nb/Ta ratios in Strontian titanites
increase significantly towards those in the appinite and in
the titanite rims of the granitoids. This phenomenon can
be best explained by considering the D.anite/merc for Nb
and Ta (Fig. 1la). Indeed, Dnp/Dr. felsic < Dxp/Dra
mafic is mimiced by the Ta/Nb ratio in titanite. Prowatke
& Klemme (2006) have shown that Dpaice/mele iNCreases
from mafic towards felsic melt compositions for the REE.
The apatites from our study reveal changes in REE com-
position between cores and rims, but no systematic
changes for the other trace elements. It therefore seems
likely that the titanite and apatite rims in the Strontian
granitoids record a mixing event with a more mafic
magma, characterized in these minerals by (1) an abrupt
decrease in REE in the rims of both minerals, (2) an
abrupt decrease in Nb and 'Ta in titanite rims and (3) rim
compositions comparable with appinite apatite or titanite
compositions (Fig. 12b). This conclusion, at the micrometre
scale, is consistent with numerous macro-scale mixing
and mingling features between the granitoids and mafic
magmas observed at the locality from which the samples
were taken, including abundant microgranular mafic en-
claves and a disrupted synplutonic microdiorite dyke.

In Rogart, titanite and apatite trace element contents
decrease generally from the core towards the rim
(Figs 7a, b, 8b and 9b, c). Unlike Strontian, there is
no abrupt change in their chemistry at the rim, and the
overall trends are consistent with progressive i situ crys-
tallization of minerals that crystallized simultaneously
(Fig. 12b). Petrographic description and some analyses
have highlighted some dissolution—reprecipitation BSE-
bright zones (Fig. 2e). When these zones were large
enough to be analysed they were shown to be enriched in
certain elements (e.g. HREE +Yand Nb, Figs 6b and 7b;
Table 2; Supplementary Data: Electronic Appendix 2).
These brighter zones are always succeeded by a zone that
plots within the general core-to-rim trend of the Rogart
titanite compositions [Figs 2e¢ (e.g. al4), 6b and 7b]. Thus,
these dissolution—reprecipitation episodes are thought to

HIGH Ba—Sr GRANITES, SCOTLAND

be a consequence of injection of several pulses of the same
magma, which is consistent with recent interpretations of
the construction of the pluton (Kocks et al., 2013).

The appinites: in situ crystal fractionation?

The petrogenetic interpretations of the appinite titanite
and apatite compositions are somewhat different, as titan-
ite is a late phase in sample SR2 (interstitial growth) and
is anhedral-euhedral in sample RAl (Fig. 2f and g). In
Rogart, the titanite and apatite REE patterns are similar
(flat LREE with an absent or slightly positive Eu anomaly;
Figs 5¢ and 8c). This would imply that D,paice/merc and
Diianitejmere for the different REE are comparable for a
given magma composition and that the minerals crystal-
lized at a similar time, consistent with the data of
Prowatke & Klemme (2005, 2006) for mafic magma com-
positions. In contrast, the appinitic titanites and apatites
from Strontian have rather different REE patterns and
apatite cores and rims have distinctive REE contents
(Fig. 9a and ¢ Supplementary Data: Electronic
Appendices 2 and 3). It is also observed that apatite with
BSE-bright rims is systematically present as inclusions in
late phases such as interstitial titanite or amphibole
(Fig. 3f), suggesting that apatite rim growth is synchronous
with titanite. Changes in REE content between cores and
rims in apatite may, therefore, be related to the late
growth of titanite (Fig 12a). Progressive depletion of the
melt in LREE-MREE as a result of early apatite satur-
ation may explain the difference in titanite REE patterns
between appinites from Rogart and Strontian (Fig. 5¢).

Summary of apatite—titanite crystallization history

Based upon the data and observations presented above, it is
possible to reconstruct the different stages of growth of
apatite and titanite and link them to pluton petrogenesis
(Fig. 12a and b). For this purpose, the average (Sr/Sm)
ratio is used in Fig. 12¢ because it allows discrimination of
the nature of the magma from which the mineral has crys-
tallized. The average Sr content in the cores or rims of the
two minerals is homogeneous and correlates with the Sr
whole-rock content (see below). Sm is used as it has been
shown from experimental studies (Prowatke & Klemme,
2005, 2006) that titanite and apatite REE distribution coef-
ficients vary significantly between mafic and felsic magma
compositions. Bearing these points in mind, the following
crystallization sequence for the granitoids is proposed.

(1) In the granitoids, inclusion of apatite within titanite
and zircon demonstrates that apatite is an early
phase in the crystallization sequence. The presence of
apatite within titanite zones implies that apatite crys-
tallized slightly earlier than or simultaneously with
titanite. Most of the time, apatite inclusions do not
appear within the FT zones that crystallized first in
titanite. Moreover, both apatite and titanite have
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Fig. 12. (a, b) Summary of the crystallization history of titanite and apatite in the felsic and mafic intrusive rocks from Rogart and Strontian.
(c) Discrimination of the host-rock composition (felsic vs mafic) based on the Sr/Sm ratio in apatite and titanite. Each sample point represents
the average composition of core and rim (Supplementary Data: Electronic Appendices 2 and 3).

homogeneous cores with an abrupt change in REE
composition at their rims. If titanite had crystallized
later than apatite, a shift in apatite REE patterns
owing to the new uptake of LREE-MREE by titanite
might be expected (see Sr2 sample in Fig. 8c). This is
not observed (Fig. 8). All these observations strongly
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suggest that these minerals have crystallized simultan-
eously. In Fig. 12¢, the Strontian and Rogart titanite
and apatite core compositions plot in the same area.

Subsequently, rims of both minerals within the differ-
ent granitoids crystallized (Fig. 12b and c¢). The
abrupt change in the composition of the rims of
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Strontian samples is similar to the mafic samples in
Sr/Sm space, revealing a mixing event between the
granitoid and a mafic magma. On the other hand,
Rogart granitoid rim data plot close to their core com-
positions. As a result of i situ crystal fractionation,
the Sr/Sm ratio for both minerals increased slightly,
but still clusters in a tight area (Fig. 12c¢).

For the appinite, the (Sr/Sm) ratio for each mineral is
characteristically higher than for the granitoid and plots
in an area where (Sr/Sm)apaice >10 and (Sr/Sm)riganice
>0-20. RALI apatite and titanite grew simultaneously and
have core and rim composition plotting in a tight field.
Apatite cores in SR2 crystallized first, indicated by the
increase of (La/Sm)y in apatite towards the rim and the
interstitial habit of titanite crystals (Fig. 12a). Conse-
quently, (Sr/Sm)ricaniee for SR2 plots at a higher value in
Fig. 12¢.

Thus, the (Sr/Sm)zpagce versus (Sr/Sm)ricanice of a given
sample can be used to track wn siu crystallization and to
discriminate the composition of the magma from which
the accessory minerals crystallized (felsic or mafic). In
this example, the plot identifies a mixing event in the
petrogenesis of the Strontian granitoids, but further work
on other samples and magma compositions needs to be
done to assess if this kind of diagram can be used more
widely as a discrimination tool. In this case, the diagram
is only of use when combined with a detailed petrographic
study. This contribution has shown that detailed study of
accessory minerals can highlight petrogenetic processes
not visible with whole-rock data only. However, whole-
rock chemistry and isotope data (O, Nd, Sr) argue for
petrogenetic processes that could not be observed in the
apatite, titanite or zircon trace element chemistry; for ex-
ample, metasediment assimilation (Fowler et al., 2008).
This is consistent with the bulk of such contamination
occurring before crystallization of the accessory phases;
that is, en route to the site of magma emplacement.

Accessory mineral records of whole-rock
composition

Sr=V in apatite and titanite

Vapatites STiitanite @and Stapagie have significant potential to
reflect the content of these elements in the whole-rock and
therefore have potential applications for provenance stu-
dies. Previous studies have suggested a link between apatite
composition and that of the whole-rock (e.g. Hoskin et al.,
2000; Belousova et al., 2001, 2002a; Chu et al., 2009;
Jennings et al., 2011; Miles et al., 2013). From these studies,
several correlations have been highlighted, such as Sr in
apatite (Stypaiie) reflecting the degree of fractionation of
the host granite. Chu et al. (2009) have also used Sr, MnO
and F contents in apatite to infer different settings of
pluton genesis. In the Scottish samples studied here,

HIGH Ba—Sr GRANITES, SCOTLAND

differences between the Sr contents of apatite cores and
rims are minor (Fig. 13a, Table 3; Supplementary Data:
Electronic Appendix 3), which is consistent with the work
of Tepper & Kuchner (1999) suggesting that elements
(Mn, Fe, Sr) occupying the Ca site in apatite are redistrib-
uted between zones by intracrystalline diffusion. A plot of
Srapatite Versus Sty defines two separate groups corres-
ponding to whole-rock (WR) ultramafic and granitoid
compositions (Fig. 13a). Literature data for granitoid sam-
ples have also been plotted (Hoskin ez al., 2000; Belousova
et al., 2002¢; Chu et al., 2009; Jennings et al., 2011), which
correspond well to our new data. ‘Gabbros’ from the suite
of complex intrusive bodies studied by Jennings et al. (2011)
also plot in the same field as the appinites (E. S. Jennings
& H. R. Marschall, personal communication). The data
distribution in Fig 13a therefore suggests that magma com-
position may have some influence on Sr partition coeffi-
cients, in contrast to the conclusions of Klemme &
Prowatke (2005). Similarly, V content is fairly homogeneous
in apatite crystals (Vyparice); Fig. 13b shows the relationship
with Vyyr. There is an increase of Ve from felsic to
ultramafic samples, again discriminating the two main
compositions.

Although such apatite and whole-rock compositional
correspondence has been investigated in recent years, the
similar use of titanite has not. Figure 13¢ and d shows that
Sr in titanite (Sryanice) correlates with Sry,ae and there-
fore with Sryr. There is a good correlation between the
Sr content of apatite and titanite and there is a consistent
enrichment factor of about 10 in apatite with respect to
titanite (Iig. 13d). Available data from the literature
(Hoskin ez al., 2000) plot on the same trend.

Figure 14a and b demonstrates that Srywgr and Vg re-
flect the degree of fractionation of the samples, although
the Sr data are rather more scattered (Fig. 14a and b).
Reported SiOgwrSrupaiice values for the felsic samples
are consistent with available literature data (Hoskin et al.,
2000; Belousova et al., 2002a; Chu et al., 2009; Jennings
et al., 2011), although in general our samples have higher
Stapatice for similar SiOy values (Fig. 14c). This can be ex-
plained by the characteristic high Ba—Sr contents of our
samples (Fowler et al., 2001, 2008). Comparable ultramafic
compositions (E. S. Jennings & H. R. Marschall, personal
data) and our appinitic samples (Fig. 14c) define a second
trend (see above, Fig. 13a). Similarly, Sr;oanie (Fig 14d)
and V,paiee (Fig. 14e) show similar trends. In summary,
Stapatiter STiitanice a0d Vapagee seem to reflect the degree of
fractionation of the Strontian and Rogart samples.

Apatite and titanite: recovery of whole-rock REE content

Application of distribution coefficients to early crystalliz-
ing apatite and titanite should allow recovery of the ori-
ginal melt composition. Zircon was not tested because
previous workers have shown that back-calculation for
this mineral is difficult, either because of substitution by
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Fig. 13. Variation of Sr and V content in apatite (a, b) and titanite (¢) versus whole-rock (WR) composition (Fowler et al., 2001, 2008). Average
compositions of cores and rims are plotted for each sample (See Supplementary Data: Electronic Appendices 2 and 3). (a) Average apatite
values from Hoskin ez al. (2000, cross symbols), Belousova et al. (20024, small open circles); Chu et al. (2009, plus symbols); Jennings et al. (2011)
and E. S. Jennings & H. R. Marschall (personal communication; small open triangles) are also shown. (c, d) Data from Hoskin et al. (2000,
cross symbols) are also plotted. (d) Sra), versus Sryy, for the Rogart and Strontian samples. The dotted line represents a 1:10 correlation between
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xenotime (e.g. Hoskin et al., 2000) or because of the lack of
experimental data for our felsic range of magma compos-
itions. Strontian samples have been affected by a mixing
event (see discussion above) and therefore cannot be used
to calculate original whole-rock values. We therefore test
the back-calculation approach on Rogart titanite and apa-
tite, which have fairly homogeneous compositions. In a
first stage, calculations for felsic samples were done using
available A values from experimental studies for both
minerals (e.g. Tiepolo et al., 2002; Prowatke & Klemme,
2005, 2006), giving results that appear to be completely in-
consistent (especially for titanite) with the whole-rock
data (Supplementary Data: Electronic Appendix J).
Compositions used during the experiments are dissimilar
to the composition of our samples. Therefore, apatite and
titanite A, values were chosen from natural samples (min-
eral or glass; Luhr et al., 1984) with a bulk composition
that is more appropriate. Results calculated with apatite

and titanite core compositions from the RHG-1 and RT1
samples show reassuring comparability with the whole-
rock chondrite-normalized REE patterns (Fig. 15a and b;
Fowler et al., 2001; Table 4 and Supplementary Data:
Electronic Appendix 4). Calculations for sample R2 give
a similar pattern shape but systematically higher REE
contents than the whole-rock data (Fig. 15¢). Apatite gives
more reliable results than titanite but calculated HREE
abundances for both minerals plot far above the whole-
rock data. This cannot be explained by later saturation of
zircon in which the HREE are extremely compatible be-
cause apatite crystals have been found as inclusions paral-
lel to zircon growth zones, implying that they grew at the
same time. R2 apatites systematically have lower La/Sm
and higher Y/(X¥REE) than the other samples (Table 4;
Supplementary Data: Electronic Appendix 4), which
could suggest a different fO, for this sample (Belousova
et al., 2002a), although there is a lack of experimental data
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Fig. 14. (a, b) Variation of whole-rock Sr and V content versus SiO, for the samples studied. Data from Fowler et al. (2001, 2008). (c, ¢) Variation
of Sr (ppm) and V (ppm) content in apatite versus SiOgwrg. (d) Variation of Sr (ppm) content in titanite versus SiOgywr. The abundances of
these elements within apatite and titanite vary with SiOgwgr content and reflect the degree of differentiation of the samples. (¢) Literature

data have also been plotted. (See Fig. 13 for data sources and symbols.)

to confirm this. Further, in plutonic igneous rocks such
as these, it is entirely possible that the whole-rock itself
does not represent a melt composition. Each sample is a
combination of evolving melt and entrained crystals, such
that for sample R2 admixture of a low HREE mineral
(e.g. feldspar) would effectively reduce the whole-rock

HREE content. The observed mismatch might therefore
be related to different fOy conditions, to dissimilarity to
the apatite compositions of Luhr et al. (1984), or to a differ-
ence in composition between the whole-rock composition
and the evolving magma as recorded in the accessory
minerals.
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Fig. 15. Chondrite-normalized REE patterns modelled by back-calculating whole-rock compositions from titanite and apatite average core
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Tor the Rogart appinite, A, values for basic rocks are
taken from Prowatke & Klemme (2006) (Table 4; Supple-
mentary Data: Electronic Appendix 4). Calculations using
apatite, which crystallized early in RAl (Fig. 15d), have
LREE concentrations consistent with the whole-rock data.
Those performed with titanite, which is a late crystallizing
phase, do not reflect the whole-rock data (Fig. 15d). The
lack of experimental data for HREE distribution coeffi-
cients does not allow for comparison with the HREE.

What about zircons?

Zircon is undoubtedly one of the most widely used mineral
to date rocks (e.g. Compston et al., 1984; Feng et al., 1993;
Kosler & Sylvester, 2003, and references therein), and is ex-
tremely valuable for provenance studies (e.g. Fedo, 2000),
to track magma sources (using O and Hf isotopes; e.g.
Hawkesworth & Kemp, 2006; Dhuime et al., 2012) and po-
tentially to estimate oxygen fugacity (e.g. Ballard et al.,
2002; Trail et al., 2011; Burnham & Berry, 2012). Some re-
searchers (e.g. Heaman et al., 1990; Belousova et al., 20025)
have tried to discriminate source rock type using trace
elements in zircons but the systematics remains unclear
(see Hoskin & Schaltegger, 2003). The use of trace elem-
ents in a single grain of zircon to record petrogenetic

processes has been described as unsuccessful (e.g. Hoskin
et al., 2000), but a recent study by Gagnevin e/ al. (2010)
suggested that U-Th-Y variations in zircon could reflect
a magma mixing event. No significant elemental differ-
ences have been found within the zircon analytical data
produced for this study. The only noticeable difference is
the higher REE content of the appinite sample compared
with the granitoids, which is suggested to be the conse-
quence of late crystallization from REE-enriched melt
pockets. Therefore, zircon seems not to be a good candi-
date to track petrogenetic processes.

CONCLUSIONS

Careful imaging and chemical characterization of single
grain accessory phases (apatite and titanite) can be a
powerful petrogenetic tool. With the new results presented
here, several observations can be made, as follows.

(I) Apatite and titanite trace element data can be used to
constrain part of the petrogenetic history of the stu-
died plutons. In situ crystal fractionation is evident
during the crystallization of both the Strontian and
Rogart plutons, and a late mixing event with mafic
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magma can be identified in Strontian, which is not
evident from whole-rock data.

(2) Other petrogenetic events, such as metasediment as-
similation recorded in whole-rock isotope systematics,
are not visible in the mineral chemical data presented
here (trace elements). This may be a matter of
timing, with i situ crystallization of the accessory
minerals  post-dating  crustal assimilation that
occurred during magma transport.

(3) Many elements within apatite and titanite (e.g. Sr, V,
REE) closely reflect whole-rock chemistry and the
degree of differentiation of the samples.

(4) All the accessory phases studied here can be dated by
U-Pb methods and therefore, the association of U—
Pb dating and trace element analysis could provide
important additional constraints for provenance stu-
dies (e.g. McAteer et al., 2010). Although tonalite—
trondhjemite—granodiorite are the main plutonic
rock types generated during the Archean, an import-
ant change around 2-7 Ga led to the genesis of sanuki-
toids. This event is often interpreted as the result of a
change from shallow to steep subduction and would
represent the onset of modern plate tectonics.
Ultimately, the study of accessory minerals within
sanukitoid-like rocks has implications for the recogni-
tion of the sanukitoid signature through time.
Further work on sanukitoid accessory phases is now
needed to confirm that these also reflect their original
magma compositions. If successful, this will be helpful
in defining the temporal distribution of sanukitoids
from the detrital record.

(5) Elemental variations within zircon crystals are not
petrogenetically informative.
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