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Evidence for distinct stages of magma history recorded
by the compositions of accessory apatite and zircon
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Abstract Accessory minerals contain a robust and
accessible record of magma evolution. However, they may
reflect relatively late-stage conditions in the history of the
host magmas. In the normally zoned Criffell granitic pluton
(Scotland), whole-rock (WR) compositions reflect open
system assimilation and fractional crystallisation at depths
of >11 km, whereas amphibole barometry and the absence
of inherited zircon suggest that the observed mineral
assemblages crystallised following emplacement of mag-
mas with little or no crystal cargo at depths of 4-6 km. The
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crystallisation history is documented by large trace-ele-
ment variations amongst apatite crystals from within indi-
vidual samples: decreasing LREE and Th concentrations in
apatite crystals from metaluminous samples reflect broadly
synchronous crystallisation of allanite, whereas lower
LREE and Th, and more negative Nd anomalies in apatites
from peraluminous samples reflect the effects of monazite
crystallisation. WR evolution is likely to have occurred
within a deep crustal hot zone where H,O-rich (~6 wt%),
low-viscosity magmas segregated and ascended adiabati-
cally in a super-liquidus state, leading to resorption of most
entrained crystals. Stalling, emplacement and crystallisa-
tion resulted from intersection with the H,O-saturated
liquidus at ~4 km. H,O contents are as important as
temperature in the development of super-liquidus magmas
during ascent, blurring distinctions between apparently
‘hot’ and ‘cold’ granites. The trace-element contents of
most accessory minerals are controlled by competitive
crystallisation of other accessory minerals in small melt
batches, consistent with the incremental assembly of large
granitic plutons.

Keywords Accessory minerals - Trace elements - Hot
zone - Granite emplacement - Magma ascent - Incremental
assembly

Introduction

The bulk compositions and differentiation of silicic mag-
mas may be governed by a range of factors, including
source rock composition, magma mixing, assimilation of
country rocks, fractional melting, fractional crystallisation,
water activity and the pressure and temperature pathways
of magma evolution (e.g. Bowen 1928; DePaolo 1981;
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Stephens et al. 1985; Gardner et al. 1995; Kemp et al.
2007). However, in order to account for the large volumes
of silicic rocks and the absence of significant mafic
cumulates in the upper crust, it has been proposed that
these differentiation processes operate mainly at lower
crustal depths (Debari and Coleman 1989; Kay and Kay
1993; Muntener et al. 2001; Jull and Kelemen 2001;
Coleman et al. 2004; Annen et al. 2006a; Appleby et al.
2008; Kemp et al. 2006a, b; Ulmer 2007). This has since
been supported by numerical simulations of heat transfer
(Annen and Sparks 2002) and high-temperature experi-
ments (Muntener et al. 2001; Prouteau and Scaillet 2003)
that demonstrate that silica-rich magmas can be generated
by incomplete crystallisation of hydrous basalts at lower
crustal depths. Furthermore, the liquid-lines-of-descent
represented by the whole-rock (WR) compositions of some
batholiths can only be simulated by phase equilibria
models at lower crustal depths where plagioclase crystal-
lisation is delayed because of elevated pressures (Ulmer
2007). Differentiation and the determination of bulk
magma compositions is thought to occur within hot zones
composed of nested sill complexes or small magma
chambers (Annen and Sparks 2002; Annen et al. 2006a, b).
By contrast, the mineral assemblages in many volcanic
rocks (e.g. Bacon 1983; Bacon and Druitt 1988; Druitt and
Bacon 1989; Harford et al. 2002; Blundy and Cashman
2005) have been shown to crystallise in the shallow crust.
Experimental data have shown that the observed phase
proportions and their compositions in calc-alkaline mag-
mas are best simulated with near-closed system, polybaric
crystallisation of initially fully molten magmas and H,O-
saturated conditions without requiring significant decreases
in magma temperatures (Blatter and Carmichael 1998;
Martel et al. 1999; Couch et al. 2003; Rutherford and
Devine 2003; Costa et al. 2004; Blundy and Cashman
2005). In many cases, crystallisation is therefore mainly a
consequence of decompression rather than decrease in
temperature and has been successfully demonstrated by
mineral thermometry (e.g. Colima andesite, Moore and
Carmichael 1998), plagioclase compositions (e.g. Soufriere
Hills andesite, Higgins and Roberge 2003; Couch et al.
2003; Rutherford and Devine 2003) and phenocryst-hosted
melt inclusion compositions (e.g. Mount St. Helens,
Blundy and Cashman 2005).

It is therefore likely that WR compositions reflect
magmatic processes at depth, while the elemental compo-
sitions of most observed mineral phases, including acces-
sory minerals, are mainly determined by the re-distribution
of elements between crystallising phases after the
emplacement of magma batches at shallower depths.

Accessory minerals such as zircon have been shown to
provide a robust record of the evolution of the magmas
from which they crystallised, yielding valuable insights
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into the processes associated with silicic magma genesis
and crustal evolution (e.g. Kemp et al. 2006b, 2007; Eiler
2007; Appleby et al. 2008; Claiborne et al. 2010; Haw-
kesworth et al. 2010; Bradley 2011; Roberts 2012). Apatite
has also been shown to document prolonged compositional
changes in silicic magmas (Nash 1984; Shnukov et al.
1989; Sha and Chappell 1999; Hoskin et al. 2000; Bel-
ousova et al. 2001, 2002; Chu et al. 2009). However, the
relationship between the trace-element compositions
recorded in accessory minerals at the crystal scale and
those of the WR on a pluton-wide scale is uncertain. Here,
we examine the processes that control trace-element
compositions at the WR scale and accessory mineral scale
in the normally zoned Criffell pluton, in southern Scotland.
We show that in this pluton, accessory mineral crystals and
WR trace-element compositions appear to record largely
different stages of magma history. Based on the observed
mineral assemblages, geothermobarometry is used to esti-
mate the temperatures and depths of crystallisation and to
examine possible ascent paths and varying physical states
of magmas in the Criffell pluton.

The Criffell pluton

The ~20 by ~10 km Criffell pluton was emplaced at
~397 Ma (Halliday et al. 1980) into low-grade wackes
and pelites of Llandovery to Wenlock age (433-423 Ma),
forming part of the Southern Uplands accretionary prism in
southern Scotland (Fig. 1). Criffell belongs to the Trans-
Suture Suite (TSS; Brown et al. 2008), which encompasses
several plutons on either side of the Iapetus suture zone.
The plutons were emplaced after final closure of the
Tapetus Ocean (Soper and Woodcock 2003), so despite
displaying a calc-alkaline character their genesis cannot be
linked directly to subduction. Instead, independent tectonic
evidence suggests that pluton emplacement took place
during a phase of extension or transtension, possibly in
response to oblique convergence between Avalonia and
Laurentia (Brown et al. 2008). Further north in Scotland,
others have proposed slab break-off following lithospheric
thickening as an alternative cause of tectonic subsidence
and extension (Atherton and Ghani 2002; Oliver et al.
2008; Neilson et al. 2009).

Criffell is a normally zoned pluton, with five broadly
concentric zones recognised on the basis of changing
mineralogical and geochemical character (Stephens et al.
1985). The three outermost zones (Zones 1, 2 and 3) are
granodiorite, containing primary hornblende (with occa-
sional cores of clinopyroxene), biotite, plagioclase, potas-
sium feldspar, quartz and accessory allanite, sphene,
zircon, apatite and opaque minerals (Fig. 2). Accessory
minerals occur mainly as inclusions in all major phases,
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Fig. 1 Map of the Criffell pluton. Paler shading reflects increasing
WR SiO,. Zone mineralogy is as follows: (/) clinopyroxene—biotite—
hornblende granodiorite; (2) biotite—hornblende granodiorite; (3)
biotite granite; (4) biotite—_muscovite granite (5) muscovite—biotite
granite. Minerals listed in order of increasing modal abundance
(Stephens et al. 1985). Black points denote sample sites. Inset
Regional map of major Scottish plutons. HBF Highland Boundary
Fault, IS Iapetus Suture

with apatite also found as inclusions in zircon. The zones
become progressively more silicic towards the centre of the
intrusion (Stephens and Halliday 1980), and the two
innermost zones (Zones 4 and 5) are granite containing
primary muscovite and monazite but lacking hornblende,
sphene and the abundant zircon and magnetite that char-
acterise the granodiorite. WR SiO; ranges from ~58 wt%
in Zone 1 to ~72 wt% in Zone 5. Zones 1 and 2 are
metaluminous while Zones 3, 4 and 5 are mildly peralu-
minous. The transition from outer to inner zones is also
associated with increasing initial 87S1/%0Sr (0.7052-0.7073),
3'%0 (8.5-11.9 %o) and decreasing eNd (—0.6 to —3.1)
compositions (Halliday 1984; Halliday et al. 1980; Ste-
phens et al. 1985). Geochemical modelling of these isotope
ratios (Stephens et al. 1985) indicates that such trends may
reflect the effects of assimilation of local Southern Uplands
sediments and the fractional crystallisation of a crystal
assemblage similar to that of mafic enclaves found within
the granodiorite. However, 2°’Pb/***Pb isotopes have since
shown that the local Southern Uplands sediments into
which the pluton is emplaced are unlikely to have contrib-
uted to the crustal signature of the Criffell pluton (Fig. 3)
(Thirlwall 1989). Similarities in the **’Pb/***Pb composi-
tions of Lake District plutons and those situated north of the
Iapetus suture, including Criffell, have been used to suggest
they share a common source, the composition of which
compares closely with the 2°’Pb/***Pb composition of
the Skiddaw Group sediments found in the English Lake
District to the south (Fig. 3) (Thirlwall 1989). These con-
clusions are consistent with seismic evidence for under-
thrusting of Avalonia beneath the Laurentian margin during

the Caledonian Orogeny, potentially as far north as the
Midland Valley (Hall et al. 1984; Beamish and Smythe
1986; Klemperer and Matthews 1987; Freeman et al. 1988;
Klemperer et al. 1991).

The origins of the configuration of mineralogical and
geochemical zones in Criffell remain uncertain. In the
outer granodiorites, the alignment of plagioclase, amphi-
bole and biotite crystals gives these rocks a prominent
foliation. At a mineral scale, this foliation has been shown
to accompany protoclastic textures where small quartz
crystals have a mortar texture about larger, kinked pla-
gioclase crystals (Stephens 1999). Furthermore, the kinking
of biotite crystals provides further evidence that strain
occurred in the solid state and was not magmatic in origin
(Stephens 1999). Courrioux (1987) suggested that the for-
mation of a foliation in the outer zone of the pluton resulted
from the later intrusion of the inner zones, providing evi-
dence for at least two stages of emplacement. WR isotopic
variations and discontinuous compositional zones (Ste-
phens et al. 1985; Stephens 1992) provide further evidence
for multiple sources and emplacement episodes. Mafic
enclaves are a conspicuous feature of Zones 1, 2 and 3;
they are isotopically distinct from their host rocks, indi-
cating that they are not the product of crystal settling but
instead represent different magmas whose relationship to
the WR compositions of the granitic rocks remains unclear
(Holden et al. 1987, 1991).

Apatite is the dominant accessory mineral in all five
zones of the Criffell pluton. It forms as euhedral, prismatic
crystals between 30 pm and >1 mm in length and occurs
mainly as inclusions in other minerals, including zircon.
Sphene occurs only in Zones 1 and 2 as large (up to 2 mm)
euhedral crystals making up nearly 2 modal % of the WR
(Fig. 2). Euhedral morphology and the scarcity of
impingement textures and mineral inclusions indicate that
it was an early crystallising phase (Stephens et al. 1985).
Allanite and monazite were not observed in thin section,
but were found in very small quantities in mineral separates
from metaluminous (Zones 1 and 2) and peraluminous
(Zone 5) samples, respectively. Zircon in Zones 14 is seen
to occur mainly as solitary, euhedral inclusions up to
200 pm long in all major mineral phases and may also
occur as a free crystal phase. Only a very small number of
heavily cracked zircon crystals were found in Zone 5.
Importantly, the Criffell pluton along with other TSS plu-
tons in Southern Scotland and Northern England lacks
inherited zircon. This was shown by an extensive investi-
gation of zircon U-Pb ages, including 17 analyses from
four of the TSS granites (Pidgeon and Aftalion 1978).
These findings have since been confirmed by U-Pb dating
using secondary ionisation mass spectrometry (SIMS) on
>100 zircon crystals from the Criffell, Fleet and Shap
plutons (Miles et al., in review). SEM imaging also shows
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Fig. 2 a Petrographic relations between phases in the outer zones
(Zone 1) of the Criffell pluton. b Petrographic relations in Zone 4.
Images a and b show the euhedral nature of apatite inclusions in
different host phases. ¢ Cathodoluminescence (CL) image of a zoned

no evidence of internal resorption (Fig. 2c, d), suggesting
that most zircons are not xenocrystic. In this respect, the
Criffell pluton (along with other TSS plutons) differs from
the numerous Caledonian granite plutons that crop out to
the north of the Highland Boundary Fault in Scotland,
reflecting either substantial differences in source regions or
mineral resorption prior to emplacement (or both).

Methodology

Samples were collected from each zone of the Criffell
pluton. WR major and trace-element concentrations were
determined using a PANalytical PW2404 wavelength-dis-
persive sequential X-ray fluorescence spectrometer at the
University of Edinburgh.

Apatite compositions were determined primarily by a
Cameca SX-100 electron probe supported for comparative
purposes by ion microprobe analyses using a Cameca ims
4f at the University of Edinburgh Ion Microprobe Facility
(EIMF). Good agreement was observed between the two
methods. Zircon-hosted apatite was analysed in zircons
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zircon with apatite inclusion from Zone 1. d CL image of a zoned
zircon crystal with apatite inclusion from Zone 3. Ap apatite, Bt
biotite, Hb hornblende, K-Spar potassium feldspar, Plag plagioclase
feldspar, Qtz quartz, Sp sphene, Zrc zircon

mounted in epoxy blocks following standard zircon sepa-
ration techniques (see Appleby et al. 2008). Back-scattered
electron (BSE) and cathodoluminescence (CL) images
were taken on polished surfaces using a Philips XL30P
scanning electron microscope (SEM) at the University of
Edinburgh. Apatite hosted by other phases was analysed
directly in polished thin sections. Allanite mineral sepa-
rates were identified using SEM energy dispersion X-ray
spectroscopy (EDS) analysis (Supplementary material 5).

A wavelength-dispersive method (WDS) was used for
electron probe analysis of apatite using PCO, LTAP, LPET
and LIF dispersion crystals. Beam conditions were 20 kV
and 60 nA for trace and most major elements, with a 10 nA
defocused beam used to minimise loss of alkalis during
analysis.

Apatite inclusions were analysed using the Cameca
ims4f ion microprobe, with a 5-nA 'O~ primary ion beam
with 15-keV net impact energy and a spot size of
approximately 15 pm. Only high-energy secondary ions
(100-140 eV) were measured in order to reduce molecular
ion overlap. F/Ca ion yields were determined using Dur-
ango and Wilberforce apatite standards. The very small
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Fig. 3 Pb-Pb diagram modified from Thirlwall (1989) showing the
Pb isotope compositions of the TSS plutons, Skiddaw Group
sediments (Thomas et al. 1985; Stone and Evans 1997), Southern
Uplands sediments (Stone and Evans 1995), Borrowdale Volcanic
Group (BVG) (Thirlwall 1986) and depleted mantle (Zindler and Hart
1986). All plutons extend to more radiogenic 2°’Pb/***Pb composi-
tions than the Southern Uplands sediments into which they are
intruded. Numbers in brackets refer to the number of available
analyses

size of some apatite inclusions in zircon resulted in the need
to test for beam overlap with zircon. The very low concen-
tration of Zr in apatite relative to zircon means the magnitude
of any overlap can be estimated by taking the ratio of an
average zircon Zr concentration (~ 420,000 ppm) and that
of the apatite analysed. Grains that showed evidence for
overlap were discounted. Data obtained by both analytical
methods (ion probe and electron probe) are similar.

Amphiboles in Zone 1 were analysed in polished thin
sections using a wavelength-dispersive method (WDS)
using a Cameca SX-100 electron probe using LTAP, TAP
and PET dispersion crystals. Beam conditions were 25 kV
and 10 nA for Na, Mg, Al, Si, K, Ca and Fe, and 15 kV and
100 nA for Ti and Mn.

Result
Whole-rock compositions

WR data are from Stephens and Halliday (1980), Stephens
et al. (1985) and this study (Fig. 4; Supplementary material
1). The transition from Zones 1 to 5 is associated with
decreasing MgO, MnO, Sr, La, Ce, Y, Zr, Ni (Fig. 3)
together with TiO,, Al,O3, Fe,05, CaO, P,Os, Nb, Y, Cr,
V, Ba, Sc and Nd, and increasing SiO,, K,0, Rb, U and Pb
(Supplementary material 1).

WR REE profiles (Stephens et al. 1985) are smooth
across all zones with little or no Eu anomaly evident in any

zone. WR Ce decreases from 104 to 22 ppm while Y
decreases from 26 to 3 ppm with increasing SiO, across the
entire WR suite (Figs. 4, 5). LREE/HREE ratios increase
with increasing SiO, in metaluminous zones, and Ce/Yb
ratios increase from 62 to 98. However, in peraluminous
zones, Ce/Yb ratios decrease from 97 to 53 with increasing
Si0,. The Ce-Y array in the WR is steeper than in apatite
crystals (Fig. 5), implying different controls on their Ce
and Y contents. The progressive decrease in the total
abundance of REE with increasing SiO, has been attributed
to the removal of small amounts of accessory minerals by
fractional crystallisation (Stephens et al. 1985).

Apatite trace-element compositions

Average chondrite-normalised apatite REE profiles (Fig. 6;
Supplementary material 2 and 3) and Ce versus Y plots
(Fig. 7) for apatite show that crystals from different parts
of the pluton yield different Ce—Y trends. Apatites from
metaluminous zones (1 and 2) display linearly correlated Y
and Ce compositions (Ce: 521-3,979 ppm; Y < 662 ppm)
and lack significant Eu anomalies (trend 1) (Fig. 6). By
contrast, apatites from peraluminous zones (4 and 5) are
relatively depleted in LREE (Ce mostly <2,000 ppm),
show larger absolute variations in Y and HREE (Y:
383-3,054 ppm) (trend 2, Fig. 7) and have prominent
negative Eu anomalies (Fig. 6). In Zone 3, a small number
of apatite crystals fall on trend 1 and have weak Eu
anomalies; they are therefore compositionally similar to
apatite crystals in Zones 1 and 2. The majority of apatites
in Zone 3 fall on trend 2 and are therefore similar to those
in Zones 4 and 5 (Fig. 7).

In order to compare WR and apatite trace-element and
REE trends, the Ce and Yb contents of the magmas from
which apatites crystallised have been calculated using
apatite-melt partition coefficients from Fujimaki (1986)
(Fig. 8). Yb has been used in place of Y due to the avail-
ability of published Yb partition coefficient data. Like Y in
apatite, the Yb concentrations of the melts from which
apatites crystallised in individual metaluminous samples
are limited in absolute terms relative to Ce (Ce:
90-20 ppm; Yb: <7 ppm) and occupy a similar region of
compositional space to that of the WR suite (Fig. §). In
peraluminous zones, calculated Ce—Yb concentrations in
the melts in equilibrium with the apatites follow similar
trends to those of Ce-Y in apatite (Ce <70 ppm; Yb:
9-2 ppm) and contrast markedly with the trend followed
by the WR suite (Fig. 8). Yb concentrations in apatite were
determined by ion microprobe.

Th and U in apatite decrease from Zone 1 (260-20 and
150-30 ppm, respectively) to Zone 5 (<10 and <20 ppm,
respectively) (Fig. 9; Supplementary material 3). In gen-
eral, the Th and U contents of zircon-hosted apatites are

@ Springer
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Fig. 4 Harker plots showing a selection of major and trace elements
versus SiO, for whole-rock samples from the Criffell pluton
distinguished by mineralogical zone (see figure key). Major element

data are presented as oxide wt%; trace elements are presented as ppm.
Data from this study and Stephens and Halliday (1980) (see
Supplementary material 1)
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Fig. 5 Ce-Y data for the WR suite and apatite crystals from single
samples (see figure key). The WR compositions of samples used for
apatite analyses are plotted using stars labelled with their zone
number. Substantial variability is seen in the compositions of apatite
crystals from single samples, similar in percentage terms to that of the
entire WR suite. Inset figure shows WR data and three petrological
models: assimilation and fractional crystallisation (AFC), fractional
crystallisation (FC) and simple mass balance mixing. In all models,
granodiorite sample 244 from Stephens et al. (1985) has been used as
a starting composition (Ce = 98 ppm, Y = 13 ppm). For AFC
modelling, Skiddaw Group sedimentary rocks have been used as a
crustal contaminant (Ce = 35 ppm, Y = 86 ppm, from Cooper et al.
1988) and assimilation to fractional crystallisation ratio of 0.3

higher than for apatite hosted by other phases in each zone
(Supplementary material 3). However, beam overlap with
enclosing zircon may have affected some analyses, and
only data from apatite crystals hosted by Th- and U-poor
minerals (all hosts except for zircon) are plotted in Fig. 9
and used to infer general trends. Th/U ratios decrease in
tandem with Ce in metaluminous zones, but there is little
evidence of any correlation in peraluminous zones. Only in
intermediate zones (Zones 2 and 3) is there evidence that
Th/U ratios correlate with Y (Fig. 9).

Discussion

Crustal hot zone models propose that magma compositions
are initially determined by open system processes occur-
ring in the deep crust and upper mantle, and that crystal-
lisation and textural evolution occur later in shallow crustal
reservoirs (Annen and Sparks 2002; Annen et al. 2006a, b).
The trace-element compositions of the earliest accessory
minerals to crystallise are therefore likely to reflect those of
the bulk magma. However, if accessory minerals crystallise

assumed based on a similar study by Stephens et al. (1985). A crystal
assemblage similar to that of mafic enclaves found in granodiorites
has been used with modal proportions of: plagioclase = 40 %,
amphibole = 35 %, biotite = 20 %, sphene = 2.5 %, apatite = 2 %
and zircon = 0.5 %). Partition coefficients have been taken or
estimated from Fujimaki et al. (1984), Ewart and Griffin (1994),
Sisson (1994), Schnetzler and Philpott (1970), Tiepolo et al. (2002),
Sano et al. (2002), Thomas et al. (2002), Fujimaki (1986) and
Prowatke and Klemme (2006). Mass balance has been used to model
simple mixing between granodiorite sample 244 and Skiddaw Group
sedimentary rock. AFC models provide the closest match with WR
analyses

largely in shallow reservoirs, the evolution and subsequent
distribution of elements between accessory minerals may
be determined by processes that are independent of those
that determined the bulk magma composition at depth.
Here, we examine the extent to which accessory mineral
and WR compositions document different stages of magma
history.

Bulk magma variations at depth: whole-rock chemistry

Despite evidence for crustal involvement in the generation
of the Criffell magmas (Halliday et al. 1980; Harmon and
Halliday 1980; Halliday 1984; Stephens and Halliday
1984; Harmon et al. 1984; Stephens 1988; Stone and Evans
1997; Highton 1999), subsequent **’Pb/***Pb data (Thirl-
wall 1989) have shown that the substantial thickness of
Southern Uplands sediments (~ 11 km; Stephens 1999)
into which the pluton is emplaced cannot have contributed
significantly to the crustal signature of these magmas
(Fig. 3). Instead, their °’Pb/***Pb compositions are more
similar to those of the Skiddaw Group sedimentary rocks
which crop out south of the Iapetus suture on Avalonian
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Fig. 6 Chondrite-normalised REE patterns for apatites in different
zones of the Criffell pluton. Apatite hosted by zircon in Zone 3 is
distinguished (red, dashed lines) from that hosted by other phases and

crust (Thirlwall 1989). Seismic imaging indicates that this
Avalonian crust can be traced beneath the southern margin
of Laurentia and is present at depths of >11 km beneath the
Criffell pluton due to tectonic underthrusting that occurred
during final closure of the Iapetus Ocean (Hall et al. 1984;
Beamish and Smythe 1986; Klemperer and Matthews
1987; Freeman et al. 1988; Klemperer et al. 1991). The
open system magmatic processes responsible for generat-
ing the range of WR compositions therefore appear to have
occurred at depths of 11 km or more. It follows that pet-
rological models assuming the local Southern Upland
sedimentary rocks are a major crustal contaminant in the
Criffell magmas (Stephens et al. 1985) should be re-
evaluated.

Petrological modelling of the WR evolution requires
knowledge of the crystallising mineral assemblage at
depth, in addition to constraints on the composition of
potential assimilants. Redox conditions in the amphibole-
bearing granodiorites have been shown to lie close to the
hematite-magnetite buffer (Stephens et al. 1985) and
contain the buffering assemblage necessary for using Al-in-
hornblende barometers (Johnson and Rutherford 1989).
The crystallisation of most granitic systems is typically
eutectic and most of the buffering assemblage required for
hornblende barometry is likely to have crystallised largely
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LaCe Pr NdSmEuGd Tb DyHo Er TmYbLu
shares more characteristics with those in Zones 1 and 2. Apatite
hosted by other phases in Zone 3 is similar to that in Zone 5

simultaneously with amphibole. The results of the Johnson
and Rutherford Al-in-hornblende barometer when
applied to Zone 1 (Supplementary material 4) reveal that
the present mineral assemblage formed at 4-6 km
(0.8-1.5 kbars) depth, within the Southern Uplands accre-
tionary prism. Anderson and Smith (1995) suggest that
temperature should also be considered when calculating
crystallisation depths using Al-in-hornblende barometers.
Crystallisation temperatures have been calculated using
the amphibole-plagioclase geothermometer of Blundy
and Holland (1990) (albite components are estimated at
~75 % using optical methods are consistent throughout
the samples analysed), revealing crystallisation tempera-
tures between 674 and 692 °C. Using temperature as a
further variable and applying the barometer of Anderson
and Smith (1995) suggest crystallisation pressures of
2-2.4 kbar which equates to ~7-9 km depth. Both
barometers therefore indicate that the granodiorite mineral
assemblage is unlikely to represent the mineral assemblage
that was present at the time when most WR compositions
were determined at depths >11 km. Despite strong evi-
dence for significant crustal contamination at depth, the
absence of inherited zircons in the Criffell magmas (Pid-
geon and Aftalion 1978) indicates that the current assem-
blage of accessory phases may also have formed during
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Fig. 7 Ce (ppm) versus Y (ppm) in apatites from Zones 1 to 5 of the
Criffell pluton. Apatite from Zones 1 and 2 (a) defines near vertical
trends characterised by Ce depletion. Apatite from Zones 4 and 5
(¢) defines a near-horizontal trend of Y depletion and consistently low
Ce. The compositions of a small number of apatite crystals from Zone
3 (b) resemble those of apatite crystals from metaluminous Zones 1
and 2. The majority of apatite in Zone 3 resemble those in Zones 4
and 5, but shows a more pronounced trend of Ce depletion. 2 SD

later stage crystallisation at shallow depths. Their modal
proportions and compositions cannot therefore be used to
model the evolution of WR compositions at depth.

By contrast, magmatic mafic enclaves that show isotopic
disequilibrium with their host granodiorites (Holden et al.
1987, 1991) in the outer zones of the pluton have been
suggested to represent cognate material that may ultimately
have been entrained by ascending magmas, providing
potential insights into the process of magma differentiation
at depth. Following the approach of Stephens et al. (1985),
assimilation and fractional crystallisation (AFC), mixing
and fractional crystallisation models have been calculated
using a mineral assemblage similar to that of the mafic
enclaves (40 % plagioclase, 35 % amphibole, 20 % biotite,
2.5 % sphene, 2 % apatite and 0.5 % zircon) and Skiddaw
Group sedimentary rocks as a crustal contaminant (Ce =
35 ppm, Y = 86 ppm; Cooper et al. 1988). Granodiorite
sample 244 (Stephens et al. 1985) has been used as a starting
composition (Ce = 98 ppm, Y = 13 ppm). Despite uncer-
tainties regarding the origin of the mafic enclaves, AFC
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analytical error bars are shown for EPMA analyses. Ion probe
analyses are subject to smaller errors (~10 %). d Schematic
illustration of compositional trends in metaluminous and peralumi-
nous samples. The former is controlled primarily by allanite
extraction, the latter is inferred to reflect initial LREE depletion and
HREE enrichment caused by early monazite crystallisation. Later-
crystallised apatite follows a trend of HREE depletion

processes involving an assemblage identical or similar to that
of the mafic enclaves coupled with assimilation of Skiddaw
Group (or similar) materials with an assimilation to frac-
tional crystallisation ratio of 0.3 provide the best fit to the
trend of decreasing Ce and Y exhibited by the WR suite
(Fig. 5). Further uncertainties may result from inferences
and estimates of some partition coefficients due to an
absence of published data.

Late-stage crystallisation history at shallow levels:
apatite mineral compositions

While WR compositions appear to reflect open system
differentiation at depth, it is unclear whether or not shallow
level crystallisation processes involved further changes to
the WR compositions. The trace-element compositions of
apatite have previously been shown to archive the petro-
genetic history of granitic magmas (Nash 1984; Shnukov
et al. 1989; Sha and Chappell 1999; Hoskin et al. 2000;
Belousova et al. 2001, 2002; Chu et al. 2009). If, like
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Fig. 8 Calculated melt compositions. Ce and Yb melt compositions
calculated from apatite compositions (small circles) using published
apatite-melt partition coefficients (Fujimaki 1986). Yb data are only
available for ion probe analyses. Average whole-rock (WR) compo-
sitions for each zone (red stars) were calculated using data from
Stephens and Halliday (1980) and Stephens et al. (1985) with 1 SD
error bars shown for each population (zone). a and ¢ also show

zircon and hornblende, apatite formed during crystallisa-
tion at shallower levels and saturated from the bulk
magma, then apatite compositions provide a way of
determining the crystallisation history of the Criffell
magmas that may not always be recorded by WR compo-
sitions. Ce—Y trends reveal that apatites from single sam-
ples would appear to have crystallised from melts with up
to two orders of magnitude variability in Ce and Y contents
(Fig. 5). Here, we examine the processes by which such
compositional diversity is attained and the extent to which
apatite retains evidence of magma processes that are dis-
tinct from—and independent of—those recorded by WR
compositions.

Apatite saturation
Apatite crystals occur almost exclusively as inclusions in

different host minerals and it is possible that they crystal-
lised at the crystal-melt interface during phenocryst growth
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calculated crystallisation models assuming a starting composition
similar to average WR for Zone 1. The minerals used and their modal
proportions are listed in the figure. Peraluminous crystallisation
models assume a starting composition that post-dates monazite
saturation (Yb = 9 ppm, Ce = 50 ppm). Shaded fields show the Ce—
Yb compositions of the entire WR suite

under locally saturated conditions or in late-stage intersti-
tial melt pools (Bacon 1989; Hoskin et al. 2000). Local
saturation of apatite may prevent crystals from document-
ing compositions that reflect the bulk magma. This is
because local concentration gradients may occur adjacent
to growing phenocrysts while the highly evolved compo-
sitions of late-stage interstitial melts may bear little
resemblance to bulk magma composition. Furthermore,
interstitial melts may crystallise under lower temperatures,
thereby changing the way some trace elements partition
into accessory phases (Hoskin et al. 2000). It is therefore
important to determine whether apatite became saturated
in, and crystallised from, the bulk magma or from local
pockets of magma that were isolated from the bulk magma
or adjacent to growing phenocrysts. Crystal morphology
alone is not enough to distinguish crystals formed in these
two settings (Bacon 1989). In isolated interstitial melt
pockets, melt compositions are likely to be more variable
and a range of accessory minerals would be expected to
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Fig. 9 a Apatite Ce versus Th (ppm) for all zones of the Criffell
pluton. R? values are listed in the key and reflect the extent to which
Th and Ce correlate. Positive correlations are observed in metalumi-
nous zones only and relate to simultaneous crystallisation of allanite.
Low concentrations of Th in peraluminous zones reflect earlier

saturate sequentially. However, in the Criffell pluton, the
overwhelming majority of apatite inclusions are found in
isolation from other accessory minerals, consistent with

Apatite Y (ppm)

monazite crystallisation, while low R? values indicate little further
depletion of Th with Ce and monazite crystallisation. b Apatite Y
versus Th showing similar results to the previous plot. R values for
Y-Th correlations for each zone are given in the key

crystallisation from the bulk magma. Furthermore, the
existence of distinctive and continuous trends as opposed
to more random distributions of apatite compositions
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Fig. 10 Calculated apatite Nd anomalies normalised to average WR
Nd anomalies for different zones [Nd/Nd* = Nd/(Ce x Sm)”’]. WR
REE data from Stephens et al. (1985). A general decrease from Zones
1 to 5 is apparent in WR-normalised Nd anomalies in apatites from
progressively more evolved zones and cannot have been inherited
from the WR. Negative Nd anomalies reflect saturation of monazite

supports the maintenance of chemical connectivity
between apatites and the bulk magma rather than growth at
phenocryst interfaces. We therefore favour bulk saturation
in all zones of the Criffell pluton.

Causes of compositional diversity in apatites
in metaluminous granites

In order to model the range of Ce—Y compositions exhib-
ited by apatites from single metaluminous samples (Fig. 5),
it is first necessary to investigate how their concentrations
vary in response to crystallisation. WR compositions,
which are considered to be representative of magma
compositions at the time of emplacement, are similar to
those from which only the most Ce-rich apatites crystal-
lised in Zones 1 and 2 (Fig. 8). Crystallisation therefore
appears to have induced a trend from high to low Ce
concentrations in apatites within these zones, consistent
with the common occurrence of decreasing REE concen-
trations with increasing crystallisation found in other
granites that result from the fractionation of REE by
accessory minerals (Stephens et al. 1985; Sha and Chappell
1999; Hoskin et al. 2000; Belousova et al. 2001; Chu et al.
2009).

Other studies have shown that REE diversity in apatites
may also result from an increase in partition coefficients
between apatite and silicate melts with increasing differ-
entiation, SiO, and polymerisation (Prowatke and Klemme
2006). In this model, increased differentiation in the
absence of other accessory minerals should lead to an
increase in the REE content of apatite. However, the
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observed trend is one of the depletion in REE with
increasing crystallisation (Figs. 7, 8). Furthermore, the
change from metaluminous to peraluminous zones is
associated with only small variations in SiO, (<3 wt%)
despite large changes in the REE patterns of apatite crys-
tals. Any effect of increasing SiO, on the partitioning of
REE in apatites from single samples is therefore considered
to be of secondary importance.

Having concluded that the observed trends in apatite
compositions may also reflect the crystallisation of other
accessory phases, the range of compositions observed
within single samples may be modelled in terms of the re-
distribution of REE amongst competing accessory phases
during crystallisation.

Assuming a starting composition similar to that of the
WR, no reasonable combination of petrographically
observed minerals is capable of reproducing the observed
trend of Ce depletion seen in the calculated melt compo-
sitions from which apatites in single metaluminous samples
crystallised. For example, assuming modal proportions of
40 % plagioclase, 20 % amphibole, 2.5 % sphene, 2 %
apatite and 0.5 % zircon (and using the published partition
coefficient data of Fujimaki et al. 1984; Fujimaki 1986;
Sisson 1994; Tiepolo et al. 2002; Sano et al. 2002), only
around half the observed decrease in Ce concentration is
predicted after 95 % crystallisation.

Another accessory mineral found only in magnetic
heavy mineral separates (but not petrographically) from
Zones 1 and 2, that is also commonly stabilised in
metaluminous magmas, is allanite (Montel 1986). Alla-
nite is highly effective at removing LREE, with mineral-
melt partition coefficients as high as ~2,800 (Mahood
and Hildreth 1983). By contrast, there is a minimal dif-
ference in the efficiency of HREE removal by allanite
relative to apatite. Allanite crystallisation is also consis-
tent with the overall decrease in the Th content and Th/U
ratios of apatite in these zones (positive correlations
between Ce and Th in apatites have R” values of
~0.7-0.9) (Fig. 9). The latter decrease in Th/U is likely
to reflect increased partitioning of Th relative to U in
allanite (Hoskin et al. 2000). Crystallisation models
indicate that the observed trend in Ce depletion seen in
calculated melt compositions can be replicated after
~40 % crystallisation by the additional crystallisation of
only 0.1 % allanite (Fig. 8) and demonstrates the ability
of allanite to generate cryptic signatures of its presence in
the Ce and Y contents of apatite.

Experimental studies suggest that even for relatively
modest concentrations of LREE, allanite is easily saturated
in silicate rocks at relatively low temperatures (~ 700 °C)
(Klimm et al. 2008). Furthermore, Janots et al. (2007)
calculated that allanite is stable at temperatures as low as
250 °C in pelites with 0.88 wt% CaO and 700 ppm LREE.
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At higher CaO contents such as those of the Criffell
magmas, allanite should easily be stabilised. Monazite
crystallisation may also effectively reduce the concentra-
tion of LREE in granitic magmas, but is seldom saturated
in metaluminous magmas (Montel 1986). Furthermore, the
preferential uptake of Nd relative to other REE by mona-
zite commonly results in negative Nd anomalies in other
crystallising phases (Sha and Chappell 1999; Chu et al.
2009). No significant negative WR-normalised Nd anom-
alies are observed in metaluminous apatites (Figs. 6, 10).
We therefore consider allanite the more likely LREE-
controlling co-existing phase in metaluminous zones.

Might the WR and accessory mineral compositions
have been determined together in the metaluminous
magmas?

The suggestion that allanite was part of the crystallisation
assemblage at shallow levels encourages us to look again at
whether it was also present during the development of the
WR compositions.

Assimilation and fractional crystallisation models that
assume a crystallisation assemblage similar to that of mafic
enclaves coupled with assimilation of Skiddaw Group
sedimentary rocks are capable of generating the observed
range of WR compositions without allanite crystallisation
(Fig. 5). Furthermore, the preference exhibited by allanite
for LREE relative to HREE means that if allanite crystal-
lisation was a dominant control on WR differentiation, as is
apparently the case during the crystallisation of apatite,
more evolved metaluminous WRs (with higher SiO,)
would have lower LREE/HREE ratios. LREE/HREE ratios
in the metaluminous WR suite increase with progressive
differentiation and have been interpreted by Stephens et al.
(1985) to reflect a dominant amphibole control rather than
allanite, but may also reflect zircon crystallisation. It
therefore seems likely that independent processes deter-
mined both WR and apatite trace-element compositions in
distinct regions of the magmatic system, consistent with
other evidence suggesting that WR Pb isotope composi-
tions (Fig. 3) were determined at significantly greater
depths than those at which crystallisation of amphibole and
zircon occurred in the granodiorites.

Causes of compositional diversity in apatites
in peraluminous granites

Apatite crystals from peraluminous zones (Zones 4 and 5)
define a second trend of variable Y (and Yb) and low Ce
relative to those in metaluminous zones (trend 2, Fig. 7)
but have indistinguishable textural relations with their host
phases. This trend is distinct from that defined by the entire
WR suite (Figs. 5, 7, 8) and indicates that independent

magmatic processes have determined the evolutionary
trends of WR and crystal compositions in these zones.
Apatites in other peraluminous plutons have been shown to
define similar compositional trends (Sha and Chappell
1999; Hoskin et al. 2000; Belousova et al. 2001, 2002; Chu
et al. 2009) reflecting the crystallisation of LREE-rich
monazite. Monazite is known to saturate readily in pera-
luminous, two-mica granites. This is supported by evidence
that WR compositions in Zones 4 and 5 fall within the
experimentally constrained field for monazite saturation
(Montel 1986). Furthermore, small amounts of monazite
were recovered from mineral separates from Zone 5.
Apatites in Zones 4 and 5 commonly display more negative
WR-normalised Nd anomalies than those from metalumi-
nous zones (Fig. 10), implying that monazite crystallisation
may have imposed compositional controls over the REE
compositions of apatite and other co-existing phases. The
consistent absence of such Nd anomalies in the WR suite,
including in the most evolved and peraluminous WR,
indicates that such signatures were not inherited from the
WR and that monazite has not influenced WR composi-
tions during AFC processes at depth. The consistently low
concentrations of Ce and Th in apatite (Fig. 9) and the
absence of further depletion of these elements during
apatite crystallisation in Zones 4 and 5 suggest that most
monazite crystallisation preceded that of apatite in these
magmas. Crystallisation of monazite and apatite at differ-
ent stages of crystallisation may seem contrary to most
eutectic systems. However, peraluminous WR composi-
tions in these zones favour early saturation of monazite
(Montel 1986) while the low abundance of CaO (often
<1 wt%) in the most peraluminous zones is likely to have
delayed apatite crystallisation. London (1992) suggested
that monazite crystallisation may slow or cease completely
once P is accommodated in additional apatite and plagio-
clase during later stages of crystallisation.

In addition to having crystallised from Ce-depleted
melts, apatites from peraluminous magmas commonly have
higher HREE contents than are consistent with the HREE
contents of the WR. This effect is difficult to explain but
may to some extent reflect the absence of major phases
such as amphibole (in which HREE are also compatible).
Crystallisation of apatite and zircon in Zone 4 is likely to
have resulted in Y (and Yb) depletion. Crystallisation alone
is therefore likely to induce a progression from high to low
Y and Yb concentrations in apatite (Figs. 7, 8).

In summary, the similarity in the textural relationship
between apatite and host phases in all zones of the pluton,
the absence of monazite control in determining WR com-
positions in peraluminous zones, and the absence of
inherited zircon are all consistent with a model where WR
and accessory mineral compositions are largely determined
separately during different stages of magma history.
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Causes of compositional diversity in apatites
from a transitional zone (Zone 3)

The compositions of most of the apatites analysed from Zone
3 resemble those of Zones 4 and 5, and presumably also
reflect the effects of monazite crystallisation. However, the
compositions of a small number of apatite grains resemble
those in Zones 1 and 2 (Figs. 7, 8). The WR suite indicates
that the transition from metaluminous to peraluminous
compositions is associated with progressive differentiation.
The presence of apatite compositions in Zone 3 on both trends
shows that in this zone early crystallisation is likely to have
been dominated by allanite, while apatites that crystallised
later were subject to the effects of monazite crystallisation.
This is consistent with the stabilisation of monazite relative to
allanite in more peraluminous magmas (Montel 1986).

Magma generation, ascent and pluton emplacement

The production of chemically diverse WR compositions
within deep-seated regions of the crust followed by crys-
tallisation of the observed mineral phases at shallower
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Fig. 11 Pressure—temperature diagram showing the adiabatic ascent
of a granitic magma generated at ~7 kbar and ~ 750 °C with a water
content of ~6 wt% (stage I). Small ticks indicate intersection points
between liquidi with different water contents and the water-saturated
liquidus. Different processes are shown to take place at different
stages of ascent (after Annen et al. 2006a). The positions of water-rich
and water-saturated granitic liquidi are taken from Holtz et al. (2001).
The melt is assumed to ascend adiabatically with a cooling of 4 °C/
kbar (Holtz and Johannes 1994) (stage II). Following segregation
from the melt zone, the melt temperature exceeds that of the liquidus,
leading to a super-liquidus state (Clemens et al. 1997) and the likely
resorption of entrained crystals. Water saturation is reached at
~2 kbars at a temperature that is higher than that of the liquidus
(stage III). Crystallisation and degassing should occur upon intersec-
tion with the water-saturated liquidus (stage IV) at ~1 kbar and
~730 °C
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depths is consistent with the crustal hot zone model (Annen
and Sparks 2002; Annen et al. 2006a, b). In this model,
magmas of silicic and intermediate composition are gen-
erated through the repeated intrusion of sills formed from
mantle melts that differentiate and causes partial melting of
pre-existing and hydrous host rocks and sills. A wide range
of WR trace-element concentrations, isotopic compositions
and water contents can then be generated through the
mixing of residual hydrous mafic melts and crustal partial
melts. The volumes and rates of melt production depend
largely on the volumes of intruded mantle-derived material
and how readily the crust fuses, which are in turn broadly
dependent on the depths of sill emplacement, temperatures,
crustal composition and water activity. Hydrous mafic sills
act primarily as a heat and water source for subsequent
melt generation, and as such may not necessarily be a
dominant component in the newly formed silicic magmas.
Pidgeon and Aftalion (1978) found no geochronological
evidence of zircon xenocrysts in any of the post-Caledonian
plutons emplaced south of the Highland Boundary Fault (a
total of 17 analyses). These findings have since been con-
firmed by recent U-Pb dating of >100 zircon crystals from
three TSS granites, including the Criffell pluton (Miles et al.
in review). Though not unique, and with the possible
exception of the mafic enclaves, the granitic rocks of the
Criffell pluton and other plutons south of the Highland
Boundary Fault are relatively unusual amongst the Caledo-
nian granite plutons of northern Britain in lacking inherited
crystals from the source regions and the hot zone in which
differentiation is likely to have taken place. The paradox is
further reinforced by evidence that the Criffell magmas
satisfy many of the conditions used to identify low-temper-
ature silicic magmas that usually contain a significant
inherited component, such as the continued decrease in WR
Zr with increasing SiO, (Fig. 4) used by Chappell et al.
(2004) to identify low-temperature granites and persistent
zircon saturation. The absence of chemical evidence for
either monazite or allanite having affected WR compositions
despite their likely involvement in controlling REE distri-
butions amongst accessory minerals during final crystalli-
sation also alludes to an absence of inherited crystals.
Furthermore, amphibole-plagioclase thermometry (Blundy
and Holland 1990) applied to granodiorites in Zone 1 (Sup-
plementary material 4) indicates temperatures of ~680 £
5 °C (error quoted as 1 SD for the analysed population;
thermometer uncertainty is =75 °C). These results suggest
that inherited zircon grains (along with other accessory
minerals) should form a considerable proportion of the
crystal population in the Criffell pluton given WR isotopic
evidence for supracrustal contamination (Halliday et al.
1980; Harmon and Halliday 1980; Halliday 1984; Harmon
et al. 1984; Stephens and Halliday 1984; Stephens 1988;
Thirlwall 1989; Stone and Evans 1997; Highton 1999).
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In the absence of inherited zircon, zircon saturation
temperatures (Watson and Harrison 1983) of ~745 °C
(£29 °C, 1 SD for data set population) (Supplementary
material 1) should provide a minimum estimate of magma
temperatures upon emplacement and are similar to the
temperatures reported by Miller et al. (2003) for ‘cold” and
usually inheritance-rich granites. However, most studies
indicate that granitoids should carry crystal fractions of
~5-25 % from their source at temperatures of ~750 °C
(e.g. Miller et al. 1986; Patifio Douce and Beard 1995;
Patifio Douce and Harris 1998; Miller et al. 2003). Harrison
et al. (2007) suggested that zircon saturation temperatures
may underestimate zircon crystallisation temperatures by
up to 100 °C, and may overestimate the proportions of
inherited crystals transported from depth. Crucially, how-
ever, Annen et al. (2006a) have demonstrated that water
activity may also play an important role in determining the
crystal cargoes of ascending magmas. Calc-alkaline mag-
mas generated in crustal hot zones are H,O rich, with
higher pressures enabling large amounts of H,O to remain
dissolved. At ~750 °C and moderate crustal depths of
~25 km, large volumes of granitic melt require ~6 wt%
H,O (Holtz and Johannes 1994; Miller et al. 2003). Hot
zone silicic magmas are therefore buoyant and have rela-
tively low densities and viscosities even at low tempera-
tures (Annen et al. 2006a). In consequence, such silicic
magmas may readily segregate on timescales of 10* to
10° years by compaction (McKenzie 1984; Jackson et al.
2003) or more rapidly under conditions of deformation
(Brown 1994; Petford 2003). Subsequent silicic magma
ascent from the hot zone may be rapid and adiabatic on
timescales of hours or days (Clemens and Mawer 1992;
Petford et al. 1993; Annen et al. 2006a, b). During adia-
batic ascent, granitic magmas may enter a super-liquidus
state (Clemens et al. 1997; Annen et al. 2006a; Blundy and
Cashman 2001; Blundy et al. 2006;) due to the slightly
steeper slope of the adiabat relative to the water-rich lig-
uidus, resulting in the resorption of most or all entrained
crystals (Fig. 11).

The abundance of hornblende in calc-alkaline magmas
like those of the Criffell pluton suggests water-saturated
conditions (e.g. Berndt et al. 2005). Phase relations in
silicic calc-alkaline dacites show that amphibole crystalli-
sation requires water contents of ~4-6 wt% (Scaillet and
Evans 1999; Scaillet and MacDonald 2001). These esti-
mates further support the need for water contents of
~ 6 wt% for sufficient granitic melt generation at temper-
atures of ~750 °C (Holtz and Johannes 1994; Miller et al.
2003). Assuming an H,O content of ~6 wt%, magmas that
ascend along a 4 °C/kbar adiabatic gradient (Holtz and
Johannes 1994) intersect the water-saturated liquidus at
pressures of ~ 1 kbar (~4 km) (Fig. 11). Crystallisation is
likely to occur only after ascending magmas intersect the

H,0O-saturated liquidus, leading to stalling, rapid loss of
volatiles, increased viscosity and potentially rapid crystal-
lisation (e.g. Blundy and Cashman 2001; Blundy et al.
2006). Crystallisation depths of ~4-6 km indicated by
amphibole barometry are therefore consistent with the
stalling and crystallisation of magmas of granitic compo-
sition with ~6 wt% H,O at these depths due to intersec-
tion of the H,O-saturated liquidus. In the light of this, the
absence of inherited zircons in cold granites (with tem-
peratures of ~760 °C) may need re-evaluation in terms of
temperature (Miller et al. 2003) in addition to water con-
tents and the potential effects of super-liquidus magmas.
It is thought that due to the potentially small volumes of
single magma batches, the rapid water loss on intersecting
the water-saturated liquidus and the subsequently large
increases in viscosity, crystallisation is likely to occur
under nearly closed system conditions (Annen et al.
2006a). This would be consistent with the preservation of
near-liquidus compositions by some apatites (the most
Ce-rich apatites) and the WR in metaluminous zones of the
Criffell pluton (Fig. 8). Under such circumstances, mineral
compositions, and particularly those of REE-rich accessory
phases crystallising at shallow depths, will become highly
susceptible to the competitive crystallisation of other co-
existing accessory phases, as noted here. The resulting
patterns of trace-element concentrations in apatites and
their host rocks may thus provide evidence of the ascent
and crystallisation processes of magmas and the possible
attainment of transient super-liquidus conditions during
adiabatic ascent, prior to stalling and crystallisation. The
passage of melts through a super-liquidus state ensures that
open system deep crustal processes recorded by the WR
remain distinct from closed system crystallisation pro-
cesses recorded by the accessory and major minerals.
Confirmation of the processes associated with crustal
hot zones and the assembly of multiple magma batches
following melt separation and ascent to shallower levels
indicate that pluton assembly is likely to have been
incremental. Such assembly is consistent with a growing
consensus that large plutonic bodies grow incrementally
(Wiebe and Collins 1998; Glazner et al. 2004; Coleman
et al. 2004; Glazner and Bartley 2006; Kemp et al. 2006b;
Lipman 2007; Miller 2008; Appleby et al. 2008) and may
explain how textural diversity occurs, often on short
lengths scales, within large plutons such as Criffell.
Despite providing robust insights into magmatic pro-
cesses, the trace-element compositions of accessory min-
erals are in many situations likely to reflect processes that
occur at shallow levels only. An integrated WR and
accessory mineral approach is therefore needed to fully
model the petrological history of silicic magmas that have
likely followed protracted histories in lower and upper
regions of the lithosphere. By contrast, the isotopic
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compositions of accessory minerals should retain evidence
of processes that occurred prior to magma emplacement.

Concluding remarks

1. WR compositions in the Criffell pluton record the
effects of open system differentiation (Stephens et al.
1985) in the deep crust. High WR 2*’Pb/2**Pb isotope
compositions (Thirlwall 1989) indicate that the local
Southern Uplands sedimentary rocks into which the
Criffell pluton is emplaced were not the source of
crustal contamination. More likely sources are found
in Avalonian crust south of the Iapetus Suture, which
is thought to extend to depths >11 km beneath the
Southern Uplands. Decreasing concentrations of Ce
and Y in the WR can be modelled by assimilation of
Avalonian sedimentary rocks and the fractional crys-
tallisation of a mineral assemblage similar to that of
mafic enclaves found in Criffell granodiorite.

2. Al-in-hornblende barometry and plagioclase—horn-
blende thermometry suggest that crystallisation of the
present granodiorite crystal assemblage occurred at
0.8-1.5 kbars (~4-6 km depth) and ~680 °C.
Despite evidence for zircon saturation (progressively
decreasing Zr with SiO, in the WR) and supracrustal
contamination, the absence of inherited zircon indi-
cates that the observed zircon assemblage crystallised
on emplacement at shallower depths.

3. Accessory apatite inclusions in a range of host phases
crystallised through bulk saturation of the magma.
Variations of up to two orders of magnitude in the Ce
and Y (trend 1) contents of apatites from single
metaluminous samples result from the crystallisation
of co-existing allanite. Despite the importance of
allanite in determining the composition of apatite in
metaluminous samples, increasing LREE/HREE ratios
with SiO, in the metaluminous WR suite suggest that,
during WR differentiation, amphibole or zircon crys-
tallisation (rather than allanite) was the dominant
control on compositional evolution.

4. Apatites in peraluminous zones define a second trend of
low Ce and Th together with elevated Y (and Yb) and
have more negative WR-normalised Nd anomalies than
those from metaluminous zones that are consistent with
prior crystallisation of monazite. Evidence for monazite
crystallisation is absent at the scale of even the most
evolved WR samples, providing good evidence that the
trace-element trends defined by the WR suite and their
apatite crystal cargoes were determined independently.

5. These results are consistent with the crustal hot zone
model proposed by Annen and Sparks (2002) and
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Annen et al. (2006a), where WR compositions are
determined by potentially large-scale, open system
processes within nested sill complexes in the lower
crust.

6. Small batches of water-rich (~6 wt% H,0), low-
viscosity magma ascend from a deep crustal hot zone
adiabatically and achieve a super-liquidus state,
resorbing most or all of their crystal cargo, until they
stall and crystallise at shallower depths of 4-6 km
upon intersecting the water-saturated liquidus. It is at
these shallower emplacement depths that crystallisa-
tion and textural maturation of the pluton occurs. The
passage of melts through a super-liquidus state ensures
that open system deep crustal processes recorded by
the WR remain distinct from closed system crystalli-
sation processes recorded by the accessory and major
minerals.

7. Mainly closed system crystallisation within small melt
volumes means that accessory apatite trace-element
compositions largely reflect the saturation of other,
competing accessory minerals and that WR composi-
tions are close to initial liquid compositions. Assembly
of the Criffell pluton therefore appears to have been
incremental.

8. Together, WR and accessory mineral data enable
petrogenetic models to be developed at two very
different scales and at high enough spatial and
temporal resolution to enable processes of pluton
assembly to be better assessed. The isotopic compo-
sitions retained by accessory minerals may faithfully
record the effects of magma differentiation, despite not
having crystallised in regions where such compositions
are determined. However, the trace-element composi-
tions of accessory minerals mainly reflect the crystal-
lisation history at shallower levels. These physical and
geochemical processes identified in the Criffell Pluton
should be common to many metaluminous and pera-
luminous granitic plutons, and may be indicative of
transient super-liquidus states of ascending silicic
magmas.
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