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In situ laser ablation inductively coupled plasma mass spectrometry
analysts of trace elements, U-Pb ages and Hf isolopic compositions
of magmatic zircon_from I- and S-type gramitoids _from the Lachlan
Fold Belt (Berridale adamellite and Kosciusko tonalite) and New
England Fold Belt (Dundee rhyodacite ignimbrite), FEastern
Australia, is combined with detailed studies of crystal morphology
to model petrogenetic processes. The presented examples demonstrate
that changes in zircon morphology, within single grains and between
populations, generally correlate with changes in trace element and
Hf-isotope signatures, reflecting the mixing of magmas and changes
in the composition of the magma through mingling processes and
progressive crystallization. The zircon data show that the I-type
Kosciusko tonalite was derived from a single source of crustal origin,
whereas the S-type Berridale adamellite had two distinct sources
ncluding a  significant  I-type magma  contribution. Complex
morphology and Hf isotope variations i zircon grains indicate a
moderate contribution from a crustal component in the genests of the
I-type Dundee rhyodacite. The integration of data on morphology,
trace elements and Hf isotope variations in zircon populations
provides a tool for the detailed analysis of the evolution of individual
wgneous rocks; it offers new insights into the contributions of different
source rocks and the importance of magma mixing in granile petro-
genests. Such information is rarely obtainable from the analysis of

bulk rocks.
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INTRODUCTION

Zircon is a common accessory mineral in a wide range of
rocks, particularly in felsic igneous rocks (e.g. Heaman
et al., 1990; Hoskin & Schaltegger, 2003). The relation-
ship between zircon saturation, magma crystallization
and melt composition has been studied by Watson
(1979) and by Watson & Harrison (1983). Their experi-
mental work on zircon saturation showed that any felsic,
non-peralkaline magma is likely to contain zircon crys-
tals, because the saturation level is so low for magmas
of this composition. The importance of this accessory
mineral lies in a combination of factors, including its
tendency to incorporate trace elements (including radio-
nuclides), its chemical and physical durability, and its
remarkable resistance to high-temperature diffusive
re-equilibration (Watson, 1996; Watson & Cherniak,
1997). Although the abundance of zircon is low, it
strongly affects the behaviour of many trace elements
during the crystallization of magmas, and understanding
of its chemistry therefore is important for petrological
modelling (e.g. Nagasawa, 1970; Watson, 1979; Murali
et al., 1983).

Hafnium (Hf) is a particularly important minor element
in zircon, because its isotopic composition is a sensitive
tracer of crustal and mantle processes (e.g. Taylor &
McLennan, 1985; Vervoort & Blichert-Toft, 1999). The
basis of using the Hf isotopic ratios is the decay of '"°Lu
to '7°Hf, whereas '""Hf is a stable isotope. During mantle
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melting, Hf is partitioned more strongly into the melts
than Lu. Over time the '7°Hf/'7"HF therefore evolves to
higher values in the mantle than in crustal rocks. During

the production of granitoid magmas, high values of

YOHE/VTHE (e, gy > 0) indicate Guvenile’ mantle
mput, either directly via mantle-derived mafic melts, or
by remelting of young mantle-derived mafic lower crust.
Low values of '"°Hf/"""Hf (ggy; < 0) provide evidence for
crustal reworking. Mixing of crustally-derived and
mantle-derived magmas during granite production can
also be detected by inhomogeneity (including zoning) in
the Hf isotope composition and trace element abund-
ances in zircon populations. Griffin et al. (2002) have
documented wide variations in the Hf isotope composi-
tion of different zircon populations in magmatic rocks
that show clear field evidence for magma mingling; the
zircon preserves the chemical evidence of such mixing.

Petrologists studying magmatic rocks are confronted
with the end-product of a complex evolution, but com-
monly there is little obvious evidence about the sequence
of processes during that evolution. However, examples
presented in this study show that the crystal morphology,
trace element signatures, U-Pb ages and Hf isotopic
compositions of magmatic zircon often contain detailed
records of the evolution of individual magma chambers.
The laser-ablation inductively coupled plasma mass
spectrometry (LA-ICPMS) microprobe makes it possible
to generate detailed trace element patterns of zircon
grains from ablation pits 3040 um deep. This allows
correlation between changes in zircon morphology and
changes in the trace element chemistry, where the
external morphology of zircons reflects the environment
of crystallization (including magma composition and
temperature). U-Pb data distinguish age populations,
and the '"°Hf/""Hf ratio of zircon provides a tool to
assess the relative importance of mantle and crustal con-
tributions to individual magmas and, hence, can be used
to track the mechanisms that generate magmas.

In this study, magmatic zircon populations from
I- and S-type granitoids from the Lachlan Fold Belt and
New England Fold Belt, Eastern Australia, provide an
excellent example of the usefulness of zircon in tracking
petrogenetic processes, information that could not have
been captured using traditional petrological and geo-
chemical techniques.

ZIRCON AND MAGMA
EVOLUTION

In addition to zircon’s dominant role in controlling the
abundance and distribution of zirconium and hafnium
during magma evolution, it can strongly influence the
behaviour of rare earth elements (REE), Y, Th, U, Nb
and Ta (Murali et al., 1983; Heaman et al., 1990; Bea,
1996; Belousova et al., 2002; Hoskin & Schaltegger,

Fig. 1. Recognition of crystal forms using BSE-CL images. The laser
pits in the lower photograph are about 50 tm in diameter.

2003). Large ionic radii and high charges make these
elements incompatible in most rock-forming silicate
minerals. They generally become concentrated in the

residual melts, where the eventual crystallization of

zircon is able to accommodate these elements. Where
zircon crystallization occurs over a significant time span,
compositional zoning within individual zircon grains,
or differences in composition between successive genera-
tions of zircon, can record the changes in the chemical
environment. The low diffusion rates of the REE and
tetravalent cations (U, Th, Hf) suggest that they are
essentially immobile under most geological conditions,
permitting preservation of the chemical zoning and
1sotopic signature of each particular zircon crystal or its
individual zones (e.g. Cherniak et al, 19974, 19970,
Watson & Cherniak, 1997). Some previous studies
(e.g. Pupin, 1980; Krasnobayev, 1986; Wang, 1998;
Berezhnaya, 1999; Wang & Kienast, 1999) have also
argued for a close connection between zircon morpho-
logy and the source and evolution of the parental
magma, its chemical composition and geological setting.

Magmatic zircon commonly shows pronounced
internal zoning, which can be observed in polished
sections using a combination of high-resolution back-
scattered-electron (BSE) and cathodoluminescence (CL)
imaging in the electron microprobe (Fig. 1). This zoning
reflects minor compositional variations, with brighter
zones enriched in U, Th, REE (Fowler e al, 2002;
Corfu et al., 2003), and thus records changes in the
external morphology of the crystal during growth.
Many granitoid (sensu lato) magmas carry zircon grains
mherited from older crustal rocks, which may represent
part of the source material for the magma. These inher-
ited grains commonly have rounded cores overgrown by
cuhedral magmatic zircon, easily recognized on BSE-CL
mmages. The morphology of zircon may carry a complex
record of magma history, with the development of
different forms being related to both temperature and
magma composition (Pupin, 1980; Wang, 1998; Corfu
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Fig. 2. Zircon typological classification and corresponding geothermometric scale proposed by Pupin (1980). Index A reflects the Al/alkali ratio,
controlling the development of zircon pyramids, whereas temperature affects the development of different zircon prisms.

et al., 2003). Internal zircon zoning thus provides a
qualitative record of the direction of changes in these
parameters.

Changes in magma composition may result from sev-
eral processes, such as fractional crystallization, degass-
ing, or the mixing of different magmatic components
(Clarke, 1992). The mixing of two magmas with different
temperatures may reverse a cooling trend in one of them
while accelerating the cooling of the other. If these com-
ponents have different origins, their mixing may be
reflected in changes in the Hf isotope composition of
crystallizing zircon. Therefore, the study of zircon mor-
phology combined with trace element chemistry and Hf
isotope composition can provide valuable petrogenetic
information.

The fundamental basis for the study of morphological
populations in zircon was established by Pupin (1980),
who argued on the basis of empirical observations that
the chemical characteristics of the crystallization medium
play a leading role in the relative growth of different
pyramid forms. Zircon crystallized from peraluminous
liquids shows well-developed {211} pyramids whereas

zircon grown under peralkaline conditions has well-
developed {101} pyramids; thus the Al/(Na + K) ratio
1s designated ‘index A’ (see I'ig. 2). The temperature of
the crystallization medium is regarded as the main factor
governing the relative development of the different zircon
prism forms. Therefore, this type of morphological vari-
ation was proposed by Pupin (1980) as a geother-
mometer, as well as a recorder of magma composition
(Figs 2 and 3). Figure 3 shows the distribution of the main
fields of zircon populations in the petrogenetic classifica-
tion grid proposed by Pupin (1980). He recognized end-
members corresponding to high-temperature, generally
I-type magmas and low-temperature, generally S-type
magmas, and referred to these as mantle-derived and
crustal-derived, respectively (Fig. 3).

Varva (1993) has presented a more sophisticated
quantitative method to describe the morphological evolu-
tion of zircon crystals, considering how the growth rates
of individual faces are controlled by interface kinetics.
However, in this study the simpler scheme of Pupin
(1980) will be used because it provides a better visualiza-
tion of the zircon typology grid (Fig. 2).
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Fig. 3. Zircon populations in the petrogenetic classification proposed by Pupin (1980): (1), (2) and (3) are granites of crustal or mainly crustal origin
(orogenic granites): (1) aluminous leucogranites; (2) (sub)autochthonous monzogranites and granodiorites; (3) intrusive aluminous monzogranites
and granodiorites. (4) and (5) are granites of crustal + mantle origin, hybrid granites (orogenic granites): (4a—c, dark dotted area) granodiorites +
monzonites; (4a—c, clear dotted area) monzogrmlt(\ + alkaline granites; (5) sub-alkaline series granites. (6) and (7) are granites of mantle or mainly
mantle origin (anorogenic granites): (6) alkaline series granites; (7) tholeiitic series granites. Ch, magmatic charnockite area; Mu, limit of muscovite

granites (temperature <725°C). Modified from Pupin (1980).

GEOLOGICAL BACKGROUND AND
SAMPLE DESCRIPTION

In this study, the evolution of magmatic systems has been
tested using zircon from carefully selected I- and S-type
granitoids from the Lachlan Fold Belt and New England
Fold Belt, eastern Australia. The general term ‘granitoid’
is used in this work to simplify the definitions of the
sampled rocks. Zircon from some of these locations
shows very complex internal structures and the under-
standing of its crystallization history can provide more
information on the magmatic evolution of the selected
granitoids.

From seven to eleven zircon grains were carefully selec-
ted from each of the samples: the Berridale adamellite
(Numbla Vale); the Kosciusko tonalite (Jindabyne); the
Dundee rhyodacite ignimbrite (New England). The
number of grains was limited by the requirement that
each zircon should show a typical and well-recognized
external crystal morphology and also was large enough to
accommodate at least three laser-ablation analytical spots
(trace element analysis, U-Pb dating and Hf isotopes).
Grain sizes vary from about 150 to 400 um long and from
three to seven analyses were carried out on each grain,
depending on the grain size and the complexity of the
internal structure.
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Granitoids from the Lachlan Fold Belt

The Berridale Adamellite and Kosciusko Tonalite belong
to the 700 km wide Paleozoic Lachlan Fold Belt (LFB)
of Eastern Australia, which is characterized by a ubi-
quitous Ordovician flysch cut by granitoids of different
geochemical character. Chappell & White (1974, 1992)
mtroduced the terms ‘S’ and ‘I’, which was a major
contribution to granite classification at the time. They
considered that the composition of granites reflects
their source regions and showed that there are two con-
trasting granitoid types in the Kosciusko and Berridale
Batholiths: the S-types derived from the partial melting of
metasedimentary rocks, and the I-types from igneous
sources that had not been through surface weathering
processes.

Later Chappell (1996) pointed out that some granites
of the LFB show clear evidence for magma mingling
and mixing; however, he considered that such mixing is
restricted to a small scale and was not a significant process
in producing the compositional variations seen in large
bodies of granite. It was concluded that restite fractiona-
tion [the restite model of White & Chappell (1977) and
Chappell et al. (1987)] was the dominant mechanism that
produced variation within the granite suites of southeast-
ern Australia, with an important supporting role being
provided by fractional crystallization.

Collins (1996) showed that the simple Nd—-Sr—Pb-O
isotopic arrays of these granitoids define a continuum,
implying the mixing of magmatic components, and sug-
gested that the granitoids of the Lachlan Fold Belt are the
products of the mixing of three general source compon-
ents: mantle, lower crust and middle crust. According to
his three-component mixing model, the bimodal charac-
ter of the S- and I-type granitoids of the Lachlan Fold Belt
is related to the rock sequences and tectonic environ-
ment. S-type magmas are most likely to be generated in
the areas of deeply underthrust Ordovician sediments;
where mid-crustal geotherms exceeded the water-
saturated granite solidus, typical S-type granitoids were
generated. In theory, mixing between anatectic S-type
magmas and intruding I-type magmas would be a rapid
process. In these areas, such as the Kosciusko Batholith,
I-types are rare and typically younger, because they can
only intrude once the mid-crustal melt zone is depleted,
and mixing with sediment is minimal.

Other models for LFB granitoid petrogenesis include
a simple two-component mixing model based on the €xq-
s array (Gray, 1984, 1990), and a crystal fractionation
model (Soesoo, 2000); the latter excludes both
crustal contamination and mixing between mantle- and
crustal-derived melts in the area. Knowledge of
zircon crystallization history can shed more light on the
evolution of the magmas and help constrain such
models.

Dundee rhyodacite ignimbrite,
New England Batholith

The New England Batholith is a part of the New England
Fold Belt (NEFB) that underlies the northeastern part
of New South Wales and eastern Queensland in eastern
Australia. The NEFB is considered to have developed
during Paleozoic times close to the margin of the
Gondwana continent, and most of the Fold Belt is com-
posed of mainly tholeiitic and calc-alkaline igneous rocks,
sediments and subduction-accreted oceanic rocks (Leitch
et al., 1988). The Dundee rhyodacite ignimbrite belongs
to the Moonbi Supersuite exposed in the area to the east
of Tamworth. Geochemically the granitoids of this suite
are recognized as having the distinct characteristics
of I-type granitoids (Shaw & Flood, 1981).

ANALYTICAL METHODS

Zircon grains were hand-picked under a binocular micro-
scope, mounted in a thin layer of epoxy on petrographic
slides, and polished down to about half of their thickness
for analysis. Prior to analytical work, polished surfaces
were examined for zoning and backscattered electron—
cathodoluminescence (BSE-CL) images were taken on
the electron microprobe. Two or three analytical points
for trace element composition, and 1-3 points for Hf and
U-Pb 1sotope composition have been studied for each
grain. BSE-CL images have been made before and after
the analysis to evaluate which analyses best represent
each zone (examples of core and rim laser pits are
shown in Fig. 1).

All analyses were carried out in the Geochemical
Analysis Unit (GAU) in the GEMOC Key Centre in the
Department of Earth and Planetary Sciences, Macquarie
University.

Electron microprobe

Hf contents of the zircons were determined by the
CAMEBAX SX50 electron microprobe so that Hf
could be used as the internal standard for trace element
determination by LA-ICPMS. An accelerating voltage
of 15kV and a beam current of 20 nA were used for all
analyses. The spatial resolution of the electron micro-
probe is ~2um. The detection level for Hf was 0-12%
with a precision of 2:5% RSD at 1-5% HfO,.
Combined BSE-CL observations were made using the
same electron microprobe with operating conditions of
15kV accelerating voltage and 15-20 nA beam current.
The images are a combination of BSE and CL phenom-
ena obtained by operating the BSE detector at high gain
amplification, where the BSE image reflects the dif-
ference in the mean atomic number of elements in the
mineral chemical composition and cathodoluminescence
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is produced by the irradiation of the zircon with the
electron beam.

Trace element determinations

Trace element content was analysed by a UV laser abla-
tion microprobe coupled to either a Perkin—Elmer ELAN
5100 ICPMS system or a Perkin—Elmer ELAN 6000
ICPMS system. Detailed descriptions of instrumentation,
analytical and calibration procedures have been given by
Norman et al. (1996, 1998). The laser ablation system 1s a
Continuum Surelite I-20 Q-switched Nd:YAG laser with
a fundamental infrared (IR) wavelength at 1064 nm and a
pulse width of 5-7ns. Two frequency doubling crystals
provide second and fourth harmonics in the visible (VIS,
532nm) and ultraviolet (UV, 266 nm), respectively. The
266 nm beam was used for the trace element analyses
reported here. Most of the analyses were carried out with
a pulse rate of 4Hz (pulses per second) and a beam
energy of 1 mJ/pulse, producing a spatial resolution of
30-50 um.

Quantitative results for 24 elements reported here were
obtained through calibration of relative element sensitiv-
ities using the NIST-610 standard glass as the external
calibration standard, and normalization of each analysis
to the electron-probe data for Hf as an internal standard.
The precision and accuracy of the NIST-610 analyses are
2-5% for REE, Y, Sr, Nb, Hf, Ta, Th and U at the ppm
concentration level, and from 8% to 10% for Mn, P, Ti

and Pb.

Hf isotope determination

Hf isotope analyses were carried out m situ with either a
Merchantek/New Wave Research 213nm or a 193 nm
EXCIMER laser-ablation microprobe, attached to a Nu
Plasma multi-collector ICPMS system. A 5 Hz repetition
rate, 30% iris setting, and energies of about 0-2m]/
pulse were the operation conditions when using the
Merchantek 213 laser. A 2 Hz repetition rate and about
0-05m]J energy with 0-4J/cm” power density were used
with the 193 nm EXCIMER laser. Most analyses were
carried out with a beam diameter of ~50 um. Typical
ablation times were 80-120s, resulting in pits 40-50 m
deep. The methods and analyses of standard solutions
and standard zircons have been described by Griffin ef al.
(2000).

For the calculation of €y values, we have adopted
the chondritic values of Blichert-Toft et al. (1997). These
values were reported relative to '"°Hf/'""Hf = 0-282163
for the JMC475 standard, well within error of our pre-
viously reported value (Griffin e al, 2000, 2004). To
calculate model ages (7pyy) based on a depleted-mantle
source, we have adopted a model with (‘"°Hf/""Hf ); =
0-279718 and '"°Lu/"""Hf = 0-0384; this produces a
value of '7“Hf/'77Hf (0-28325) similar to that of average

VOLUME 47 NUMBER 2 FEBRUARY 2006

mid-ocean ridge basalt (MORB) over 4-56 Gyr. There
are currently three proposed values of the decay constant
for ""°Lu. gy values and model ages reported here
(Tables 1-3) were calculated using the value (1-93 X
10" year ") proposed by Blichert-Toft e al. (1997),
because this number is close to the average value of the
other two recently reported values (1-865 x 10~ year™ !,
Scherer et al., 2001; 1-983 x 107" yearfl, Bizzarro et al.,
2003).

Tpm ages, which are calculated using the measured
76Lu/""HF of the zircon, can only give a minimum age
for the source material of the magma from which the
zircon crystallized. Therefore we also have calcula-
ted, for each zrcon, a ‘crustal’ model age (7S,
Tables 1-3), which assumes that its parental magma
was produced from an average continental crust
(*"Lu/"""Hf = 0-015) that originally was derived from
the depleted mantle.

U-Pb dating

The data reported here were obtained using an
Agilent 4500 series 300 ICPMS system, coupled to a
Merchantek/New Wave Research 213 nm microprobe
at GEMOC, Macquarie University, Sydney. A descrip-
tion of the procedure has been given by Jackson et al.
(2004). The repetition rate used for all analyses was 5 Hz,
the aperture beam diameter—iris setting is 15%, beam
expander is zero and the incident pulse energy is about
0-08-0-1 mJ. The spot size for most of the 213 nm laser
analyses is about 40-50 um.

Data were acquired on five isotopes (**°Pb, *“’Pb,
208py, 232, 2*80) using the instrument’s time-resolved
analysis data acquisition software. This data acquisition
protocol allows acquisition of signals as a function of time
(ablation depth), and subsequent recognition of isotopic
heterogeneity within the ablation volume (e.g. zones of
Pb loss or common Pb related to fractures or areas of
radiation damage; also inclusions, inherited cores, etc.).
The signals can then be selectively integrated. Useful data
cannot be acquired for **Pb because of the large isobaric
interference from Hg, a significant contaminant in the Ar
supply. Hg signals could not be reduced sufficiently using
either activated charcoal or gold filters to allow useful
analyses.

A fast peak-hopping protocol (dwell time per isotope
from 10 to 30 ms) resulted in a full mass sweep time of
~100 ms, allowing representative measurement of rap-
idly transient signals typical of laser ablation sampling.
Each 2-5 min analysis consisted of ~60 s of measurement
of instrumental background (i.e. analysis of carrier gas,
no ablation) followed by the ablation event.

Mass discrimination of the mass spectrometer
and residual elemental fractionation were corrected by
calibration against a homogeneous standard zircon,
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Fig. 4. BSE-CL images of zircon grains from the Kosciusko tonalite,
Jindabyne. (a) Sample 7959-111-1; (b) sample 7959-111-11; (c) sample
7959-111-4. Numbers indicate zircon morphological types and ‘Inh’ an
inherited core.

GEMOC/G]J-1 (609 Ma). Samples are analysed in ‘runs’
of ~20 analyses, which include 12 unknowns, bracketed,
beginning and end, by two to four analyses of the
standard. The ‘unknowns’ include two near-concordant
standard zircons, 91500 (Wiedenbeck ¢t al., 1995) and
Mud Tank (Black & Gulson, 1978), which are analysed
in every run as an independent control on reproducib-
ility and instrument stability. The precision and accur-
acy obtained on those standards, and several others, by
LA-ICPMS have been discussed in detail by Jackson et al.
(2004).
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Fig. 5. Morphological types of zircon from the Kosciusko S-type
tonalite.

RESULTS

Zircon crystal morphology

Morpological studies are commonly conducted on
unmounted grains, and are based on the three-dimen-
sional morphology of the grain surface. However, in this
work the zircon crystal morphology was studied after
zircon grains were polished to expose their centers and
imaged. The use of BSE-CL images gives the advantage
of showing not only external but also internal morpho-
logy, and thus makes it possible to trace changes in the
grain’s morphology during crustal growth. Figure 1
shows an example of recognition of the main zircon
crystal forms using BSE-CL images. The recognition of
two main zircon pyramids and prisms allows the discrim-
ination of zircon morphological types using the Pupin
(1980) classification as shown in Figures 2 and 3.

Roscusko tonalite

There are two morphological types recognized in this
sample (Fig. 4). Type 1 zircons (Fig. 4a and b) show a
well-developed {100} prism and two pyramids, {101}
and {211}, with the latter more dominant. They belong
to subtypes S16-S17 and/or S21-S22 of Pupin’s typolo-
gical classification (Fig. 5). Such morphological forms are
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15.0kV 17.4nA

Fig. 6. BSE-CL images of zircon grains from the Berridale adamellite,
Numbla Vale. (a) Sample 7955-113-9; (b) sample 7955-113-4;
(c) sample 7955-113-3. Numbers indicate zircon morphological types
and ‘Inh’ an inherited core.

common in zircon from tonalites. Type 2 zircons from
the Kosciusko tonalite have a well-developed {110}
prism and two pyramids, {101} and {211}, with the
pyramid {211} more dominant (Fig. 5). They correspond
to subtypes L2-L3 and/or S2-S3 and/or S7-S8. This
morphological type is more typical of zircon from
aluminous monzogranites and granodiorites.

In general, type 1 zircons are overgrown by type 2, but
rare overgrowths of type 2 by type 1 are also observed.
In addition, inherited cores with rounded or subrounded
outlines are also easily recognized on BSE images.
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Fig. 7. Morphological types of zircon from the Berridale S-type
adamellite. Continuous-line arrow connects populations with evidence
of overgrowth and a dashed arrow is used if there is no evidence of
such overgrowths.

Bernidale adamellile

Zircon grains from the Berridale adamellite form
four distinct morphological types (Figs 6 and 7). Type 1
(Fig. 6a and c¢) is typical of zircon populations
formed in sub-alkaline and alkaline series granitoids of
crustal-plus-mantle or mainly mantle origin, according to
the genetic classification (Figs 3 and 7). They have a
well-developed prism {110} and pyramid {101} forms
(subtypes G, and P,). Type 2 zircons (Fig. 6¢) show a
predominance of {100} prism forms and the presence of
two pyramids, one weakly developed {211} and the other
well developed {101} (subtypes Si4 and S;g). This mor-
phological type, according to Pupin’s scale, is character-
istic of calc-alkaline granodiorites of hybrid (crustal and
mantle) origin (Figs 3 and 7).

Type 3 zircon crystals have two well-defined prisms
and two pyramids. Faces {100} and {211} are slightly
predominant (subtypes S;; and Syo; Iigs 3 and 7). This
type of zircon is typical of tonalitic rocks and represents
the highest temperature of crystallization among the zir-
con of this sample. Pupin (1980) suggested that the host
rock of this zircon type could form by anatexis of amphi-
bole-bearing metamorphic rocks. Type 4 (Fig. 6b) is the
most abundant group, and has a well-developed {110}
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15.0kV 16.6nA

Fig. 8. BSE-CL images of zircon grains from the Dundee rhyodacite
ignimbrite, New England. (a) Sample NEBI191-1; (b) sample
NEB191-7; (¢) sample NEB191-3. Numbers indicate zircon morpho-
logical types. The holes on grains are pits from the laser ablation
microprobe.

prism and {211} pyramid. The {100} prism and {101}
pyramid are subordinate (subtypes Ss, S4, Sg; Figs 3 and
7). This type is common in aluminous granodiorites of
crustal or mainly crustal origin.

There is clear evidence in the BSE-CL images of
zircon type 1 overgrown by type 2, but there is no evid-
ence for the crystallization order of types 2, 3 and 4.
Besides those four types, inherited zircons are also
found in the cores of the zircon grains. They have
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Fig. 9. Morphological types of zircon from the Dundee I-type
rhyodacite ignimbrite.

rounded or ellipsoidal outlines, sometimes with resorp-
tion features (Fig. 6a), and have no evident faces.

Dundee rhyodacite ignimbnite

Zircon from the Dundee rhyodacite ignimbrite can be
separated into three morphological types (Fig. 8). Type 1
(Fig. 8a and c) shows morphological features common in
zircon from aluminous monzogranites and granodiorites
of mainly crustal origin (Figs 3 and 9). They are subtypes
S5-Sg, having a well-developed {110} prism and equally
well-developed {101} and {211} pyramids. The faces
frequently show evidence of partial resorption (Fig. 8a),
producing rounded surfaces or embayments. Type 2
zircon (Fig. 8b and ¢) is the most common morphological
type in the Dundee rhyodacite ignimbrite. The crystal
morphology is very distinctive, having a well-developed
{100} prism and {101} pyramid with supplementary
{211} pyramid and {110} prism (subtypes Sig, Si9, So0,
So4 and Sos; Fig. 9) typical of zircon found in calc-alkaline
granodiorites or sub-alkaline granitoids. The source rock,
according to Pupin’s scheme, could be a hybrid of mantle
and crustal origin (Fig. 3). Type 3 (Fig. 8c) represents a
relatively small group; crystals show a well-developed
{110} prism and a single {101} pyramid (subtype P,

and Ss5; Fig. 9), typical of zircon from ‘granitoids of

mainly mantle origin’.
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Fig. 10. Trace element patterns of zircon populations from the Kosciusko tonalite. Data are from Table 1.

There 1s clear evidence of type 1 zircon overgrown by
type 2 (Fig. 8a), where type 1 is often partly resorbed.
In contrast, there is very gradual transition in crystal
morphology from type 2 to type 3 zircon (Fig. 8c).

Zircon trace element composition
Kosciusko tonalite

The averaged trace element data for the zircon popula-
tions are given in Table 1. Trace element data obtained
for zircon grains of type 1 show a depletion in the light
rare earth elements (LREE; Fig. 10), in contrast to the
trace element pattern of type 2, which is comparatively
enriched in LREE and has a more pronounced Eu anom-
aly but a smaller Ce anomaly. These data mmply that
there was a change in host magma composition from
zircon type 1 to type 2. Inherited zircons show trace
element patterns close to those of type 2 zircon, suggest-
g that the composition of the source rocks was similar
to that of the magma from which type 2 zircon grains
crystallized.

Bernidale adamellite

The trace element pattern of the type 1 zircon population
is very distinctive, having higher Mn and lower La, Ta
and P concentrations, and a very weak Eu anomaly,
compared with other groups (Table 2; Fig. 1la). To
emphasize the contrasts in trace element composition
among the zircon populations from the Berridale adamel-
lite, the trace element content of each type has been
normalized to type 1 (Fig. 11b).

The trace element compositions of the type 2 zircon are
distinguished by high U, Ba, Sr and LREE contents
compared with the other zircon types (Fig. 11). Europium
shows a pronounced negative anomaly, suggesting that
abundant feldspar crystallization took place during or
before the crystallization of this type of zircon.

The trace element analyses of type 3 zircon grains
show very low concentrations of Ba, Sr, Mn and LREE,
commonly below the level of detection. Type 3 also has
the weakest Eu anomalies and relatively high Pb, Nb and
heavy REE (HREE) contents. The main geochemical
features of group 4 zircons are relatively low Pb, Sr, Ba,
Th, Mn and middle REE (MREE) contents in compar-
ison with the other populations (Fig. 11, Table 2).

The distinct trace element patterns found in the dif-
ferent types of zircon, and especially the large variations
in LREE abundances and size of the Eu anomaly, suggest
definite changes in the composition of the magmas from
which these different types crystallized. The inherited
zircon in the Berridale sample also shows a distinctive
trace element pattern with significantly lower U, Th and
LREE contents and a weak Eu anomaly, suggesting that
this grain was derived from a different magma source.

Dundee rhyodacite ignimbrite

Trace element data show that zircon grains of type 1 have
higher HREE abundances than the other two groups, but
the LREE abundances are intermediate compared with
other two types (Fig. 12; Table 3). Ba, Sr, Nb, Mn and Ga
are below the detection limit. Type 2 zircons are charac-
terized by high LREE, Sr, Ti and P contents. The trace
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Fig. 11. Average trace element patterns of zircon populations from the Berridale adamellite. (a) Chondrite-normalized patterns; (b) zircon types

normalized to Type 1.

clement pattern of the type 3 zircon population is well
defined, having a positive Ce anomaly and a more pro-
nounced negative Eu anomaly than the other groups as
well as relatively low Sr, Ti, P and MREE.

Zircon U-Pb ages
Rosciusko tonalite

Eleven zircon grains (13 analyses) have been used for the
U-Pb age determination (Fig. 13; Table 1). Most of the
grains from this sample give similar ages and only four
analyses were rejected for the further age calculation.
Core and rim data for grain 6 were rejected because of
the presence of a large common-Pb component (the
298Ph /2% Th age is much older than **°Pb/?*"U age).
The analysis of the core of grain 3 was also disregarded

because of apparent Pb loss; grain 7 gave an age much
older than the rest of the population (489 = 13 Ma;
Fig. 13a) and is interpreted as inherited. The remaining
nine grains give a “"°Pb/*"U age of 418 + 4Ma
(MSWD = 0-63; Fig. 13b); this is accepted as the best
estimate of the crystallization age of this sample.

Bernidale adamellite

U-Pb dating was performed on eight grains (13 analyses)
from this sample (Table 2). Grain 5, which was recog-
nized as inherited because of its distinct internal and
external morphology, yielded the oldest age of 1090 +
28 Ma. Cores of zircons 3 and 9, described as morpho-
logical type 1, produced ages of 508 + 13 Ma and 461 +
12 Ma, respectively, which are noticeably older than ages
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Fig. 12. Average trace element patterns of zircon populations from the Dundee rhyodacite ignimbrite. (a) Chondrite-normalized patterns;

(b) zircon types normalized to Type 1.

found in other types. These two grains also show the
lowest '"°Hf/"7"Hf ratios in the sample (see below).
Another two points (3-riml and 4-rim) were rejected
from the age calculation because their age reflects a
mixture of zircon core and rim as shown in Fig. 14a.
A regression through the remaining six grains gives a

crystallization age for this rock of 435 £ 5 Ma (Iig. 14b).

Dundee rhyodacite wgnimbrite

Seven zircon grains (11 points) have been dated from the
Dundee rhyodacite ignimbrite (Fig. 15a; Table 3). Apart
from four points (analyses 1 core, 4 core, 1 rim and 6 rim),
which were rejected because of high common-Pb
contents, all other analyses are identical within the
analytical uncertainty and give a weighted mean age of
257-6 £ 2:5Ma (MSWD = 0-70, probability = 0-65;
Fig. 15b).

Zircon Hf isotope signatures
Kosciusko tonalite

There is very little variation in Hf isotopic composition
between type 1 and 2 zircon from the Kosciusko tonalite
(Fig. 16). The '"°Hf/"""Hf ratio ranges from 0-28240 to
0-28247 for type 2 and the average (0-28243 £ 0-00003)
is identical within error to that of the type 1 zircons
(0-28242 £ 0-00003; Table 1; Fig 16). exr values range
from —1-3 to almost —4 and Ty ages give a minimum
age for the source material of about 1-10-1-16 Ga. The
crustal model ages (77,,) range from 1-25 to 1-60 Ga.
However, some cores in zircon grains from the Kosciusko
tonalite show much more radiogenic Hf isotope signa-
tures with '"°Hf/'""Hf as high as 0-28258 and gy;r = 2-02
(grain 3; Table 1), whereas other core analyses show
values very similar to those found in rims.
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Fig. 13. Tera-Wasserburg (or ‘inverse concordia’) plot for zircon
grains from the Kosciusko tonalite: (a) all data, n = 13; (b) only analyses
used for the age calculation, n = 9, MSWD = 0-63.

Bernidale adamellite

In contrast to the Kosciusko tonalite, zircon from the
Berridale adamellite shows an appreciable variation in
its Hf isotope composition. The lowest '"°Hf/'"Hf
ratios are found in type 1 zircon, with average values of
0-28225 4= 0-00002 (Table 2; Fig. 17) and crustal model
ages of 1:90-1-98 Ga (T§),)- The highest Hf isotope
ratios, up to 0-282432, are typical of zircon types 3
and 4. These types also show a wider range of €
(from about —3 to —9) and model ages (Tpy; varies
from 1-2 to 1-4 Ga and T, from 1-56 to 1-87 Ga). The
mnherited grain 5 shows a very distinct Hf isotope
composition with a much higher '7°Hf/"""Hf ratio
(0-28255 £ 0-00002; gyy¢ = 1.59; Table 2) compared
with those seen in other zircon types from the same
sample.

Dundee rhyodacite ignimbrite

The most distinguishing feature of zircon from the
Dundee rhyodacite ignimbrite is its radiogenic Hf isotope
ratios and positive €y values (4:7-8:-8; Table 3), about

Pb

Core-rim
mix gr#4

206

Pb/
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0.057 4

“'Pb/"Pb

0.055 -
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Intercepts at
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Fig. 14. Tera-Wasserburg plot for zircon grains from the Berridale
adamellite: (a) all data apart from the oldest inherited grain 5, n = 12;
(b) only analyses used for the age calculation, n = 6, MSWD = 0-044.

5-10 &g units higher than the values seen in the zircon
populations from the S-type granitoids. The estimated
minimum model age (Tpyy) of the source material ranges
from 530 to 700 Ma and the crustal model age is around
700-950 Ma.

Despite the general complexity in the Hf isotope signa-
tures and large variations in YCHf/7HS ratios even
within a single morphological type, there are several
core-rim overgrowths indicating significant changes in
the Hf isotope composition, which correlate well with the
recognized changes in grain morphology (Fig. 18). For
example, the core of grain 4, described as type 1, has
VOHE/VTHE = 0-28282 + 0-00002; it is overgrown by a
type 2 rim with '°Hf/"Hf = 0-28277 + 0-00002, a
difference that is well outside the analytical uncertainly.
Furthermore, the core of grain 3 represents morpholo-
gical type 2 and has '"°Hf/"7"Hf = 0-28275 + 0-00002,
whereas in the grain’s rim, described as type 3,
SHE/YTHE = 0-28283 4+ 0-00002. However, there is
much less variation in the core—rim pairs within a single
zircon type (Iig. 18).
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probability = 0-65.

DISCUSSION
Zircon from the Kosciusko tonalite

The gradual change in morphology of the Kosciusko
zircon suggests that zircon was crystallizing as the
magma cooled and became more alkaline (Fig. 5); there
is no morphological evidence to suggest abrupt changes
in magma composition. The trace element patterns
show gradual enrichment in the LREE, a decrease in the
Ce anomaly and deepening of the negative Eu anomaly
from type 1 to type 2 (Fig. 10). These changes are
consistent with simple fractional crystallization during
magma cooling, as the evolving liquid becomes enriched
in incompatible elements and feldspar crystallization
leads to enhancement of the negative Eu anomaly.
Some overgrowths of type 2 zircon by type 1 and again
by type 2 zircon (Fig. 4a) could reflect temperature
fluctuations, perhaps related to magma movements.

The morphological and trace element signatures of the
Kosciusko zircon grains indicate that they originated

VOLUME 47 NUMBER 2 FEBRUARY 2006

from geochemically similar sources of crustal origin
(Fig. 3). This is also supported by the homogeneous Hf
1isotopic composition and identical U-Pb age found in
zircons from this sample. All of the isotopic and trace
clement data thus are consistent with the crystallization
and/or fractionation of a single magma during a general
decrease in temperature, as originally suggested by the
evolution in zircon morphology. Low '"°Hf/"""Hf
ratios and negative €y values indicate the involvement
of of crustally-derived components in the production of
this tonalite (Fig. 19); Hf model ages suggest that the
source materials were at least 600 Myr older than the
magma-generation event. This is consistent with the def-
mition of the tonalite as S-type. There is no evidence of
magma mixing in this particular sample and the whole
process 1s consistent with control by fractional crystalliza-
tion during cooling.

Zircon from the Berridale adamellite

Zircon grains from the Berridale adamellite have com-
plex internal morphology (Fig. 6), which reflects changes
in both the temperature and the composition of the
magma and provides a qualitative record of magma
evolution (Fig. 7). Evidence of overgrowth of type 1
zircon by type 2 (Fig. 6a and c) shows the direction of
magma evolution. The patterns suggest that zircon was
crystallizing as the magma cooled and became more
alkaline; the late-stage heating and compositional change
(types 3 and 4) imply a mixing between the original
magma and a new, hotter batch. U-Pb data distinguish
age populations (Fig. 14), including some inherited grains
seen as zircon cores in the BSE-CL images (Fig. 6), and
confirm that the recognized morphological types 14
crystallized over a relatively short time span. The trace
element patterns of the zircon characterize the original
magma types and trace their evolution (Fig. 11). Thus
from type 1 to type 2, the magma became enriched in
LREE and depleted in HREE, and developed a nega-
tive Eu anomaly, consistent with the crystallization
of plagioclase and mafic minerals. Type 3 shows a
reversal of this trend, consistent with the introduction
of a new batch of magma, which then evolved toward
type 4 with further crystallization of plagioclase. The Hf
isotope data allow an evaluation of the relative contribu-
tion of mantle-derived and crustal-derived components
in the production of the host granitoids (Fig. 17),
and help track the mixing of magmas with different
sources. The rise in '"°Hf/'7"Hf between type 2 and
type 3 requires a new magma batch, and shows that it
was derived from a more primitive (mantle-like, or ‘I-
type’) source than the original magma that precipitated
the type 1-2 zircons. The zircon ‘tape-recorders’ thus
show that the S-type Berridale adamellite had at least
two distinct sources, including a significant I-type magma
contribution.
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However, there is a major disagreement between
the Hf isotopic data and the morphological clas-
sification in this case. According to Pupin’s scheme
(Fig. 7), type 1 and type 2 zircon (particularly type 1)
have crystal growth forms typical of zircons in mantle-
derived melts, but these two types have the lowest €y
values, indicating a crustal origin for the host magma
(Fig. 19). Types 3 and 4, in turn, show crystal forms

typical of zircon from crustal-derived magmas, but their
Hf isotopes are more radiogenic (i.e. more juvenile) than
the other types.

It is important to note here that the inherited zircon
grains commonly found in the S-type granitoids are also
recognized in the Berridale adamellite. One inherited
grain (grain 5; Table 2) has characteristics typical
of zircon derived from juvenile sources, such as
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unfractionated trace element patterns, high '"°Hf/'""Hf
ratio and positive €gy¢ values. This observation implies the
presence of I-type sources.

There are several possible scenarios of magma evolu-
tion for the Berridale adamellite: (1) there was an evolu-
tion from type 1 to type 4 liquids, interrupted by the input

of a new liquid (type 3 magma) of different, relatively
mafic composition and higher temperature; or (2) there
were two independent sources, which evolved along two
fractionation trends, the first represented by zircons of
types 1 and 2, and the second by types 3 and 4, before
finally being mixed to form the analysed rock; or,
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finally, (3) types 1-2, 3 and 4 represent three distinct
components that combined in the composite magma
chamber (Fig. 11). The last suggestion is consistent with
Collins’ (1996) three-component mixing model, in which
the Lachlan Fold Belt S-type magmas are heavily con-
taminated by I-type magmas. According to this model,
the Berridale adamellite is the product of mixing between
magmas with juvenile signatures (possibly very young
underplated magmas), partially melted older mafic
lower crust and partially melted supracrustal rocks in
the middle crust. In this case, zircon of types 1-2 could
be products of mantle-derived magmas, type 3 represents
the partially melted lower crust and type 4 is derived
from supracrustal rocks of the middle crust. This assump-
tion is consistent with the crystal morphology of the
recognized populations, but is difficult to reconcile with
the Hf isotopic data.

Taking into consideration the remarkable differences
in Hf isotope signatures recorded in zircon types 1-2
and 3-4, and the lack of evidence for overgrowth of
type 2 by types 3 or 4, the second scenario with two
independent sources is regarded as the most probable
model of magma evolution for the Berridale adamellite.
This model, based on zircon morphological and isotopic
evidence, agrees with Collins’ (1996) suggestion that
there was a significant contribution of I-type magmas
during the generation of this S-type granitoid.

Zircon from the Dundee rhyodacite
ignimbrite

The evolution of zircon morphology in the Dundee rhyo-
dacite (Figs 3 and 9) shows that although the parental
granitic magma is mainly of mantle origin according to
Pupin’s scheme, the presence of partly resorbed type 1
zircon typical of S-type granitoids implies the involvement
of crustal material in the source magma. Morphologic-
ally, type 1 zircon grains found in the Dundee rhyodacite
ignimbrite are very similar to the type 2 zircon of the
S-type Kosciusko tonalite.

The trace element pattern of each zircon type from the
Dundee rhyodacite ignimbrite shows its own, quite dis-
tinct REE features (Fig. 12): type | crystallized from a
relatively ‘primitive’ magma with low LREE and a weak
Eu anomaly; type 2 has a strong enrichment of the
LREE; type 3 shows the depletion of MREE and the
deepest Eu anomaly. The type 3 pattern could
develop from type 2 by the fractionation of accessory
minerals that concentrate LREE and MREE (e.g. apatite,
titanite, allanite), and abundant crystallization of
plagioclase.

Generally high "°Hf/'"7Hf ratios, positive &gy
values, and a scarcity of inherited zircon in this sample
emphasize the distinct characteristics typical of I-type
granitoids (Fig. 19). However, the evidence of complex

morphology together with variations in Hf isotope com-
position (core—rim relationships in particular) indicate
there was a moderate contribution of crustal material to
the source magma. The partial melting of crustal material
1s recorded by the dissolution features in some zircon
grains; further magmatic overgrowths are controlled by
a simple fractional crystallization trend represented by
the grain morphology typical for I-type magmas.

CONCLUSIONS

This study of zircon populations using an integrated
approach relating morphology, trace element composi-
tion and Hf isotope composition can provide important
additional data to constrain models of granitoid petro-
genesis. This approach provides a sensitive test for the
involvement of both mantle-derived and crustal-derived
components in the production of granitoids. The sampled
rock is the result of mixing of these components and
the zircon uniquely records the processes involved
(Griffin et al., 2002). This type of information is rarely
obtainable by studies of bulk-rock compositions or the
common magmatic minerals.

The examples presented here show that changes in
zircon morphology, as described in the classification
developed by Pupin (1980) generally correlate with
changes in trace element and Hf isotope signatures, defin-
ing the mixing of magma sources and the direction of
magma evolution. In most cases, zircons from S-type
granitoids show various combinations of forms with a
prominent presence of {211} pyramids, and those from
the I-type magmas tend to have {101} pyramids as their
dominant form. The crustal or mantle derivation of
specific magma types predicted by Pupin’s (1980) scheme
is, In some cases, not consistent with the Hf isotope
data. However, the combination of crystal morphology,
trace element patterns and Hf isotope data provides a
robust approach for studying the generation of granitoid
magmas.
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