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Abstract
Three models have been proposed for cassiterite (SnO2) mineralisation in
magmatic–hydrothermal environments: (1) magmatic crystallisation from a
granitic melt, (2) late-stage magmatic partition of Sn into a fluid or vapour phase
and subsequent cassiterite deposition, and (3) hydrothermal leaching of Sn
from granite and/or country rocks and subsequent deposition. The complex
chemistry of the ‘tin’ granites, and the large and pervasive hydrothermal
systems which can overprint and destroy primary features make understanding
the processes responsible for Sn enrichment difficult.

Two new analytical methods were developed. Firstly, a method for the
determination of Rb–Sr and Sm–Nd isotopic compositions of magmatic and
hydrothermal tourmalines, which can record the compositional evolution of
magmas and their hydrothermal fluids. Secondly, cassiterite U–Pb
geochronology to constrain the absolute age and duration of magmatic–
hydrothermal Sn systems. These data, together with major and trace element
compositions of tourmaline, whole-rock geochemistry, quartz δ18O values and
zircon U–Pb geochronology are applied to two Sn deposits associated with the
Ardlethan and Mole granites of eastern Australia.

The geochemical and isotope data of tourmaline show large compositional
changes across the magmatic–hydrothermal transition. In the Ardlethan
Granite, tourmaline 87Rb–86Sr isotope compositions, which provide robust
estimates of 87Sr/86Sr(i) because of their low 87Rb/86Sr, are used to model the
assimilation and fractional crystallisation processes that lead to a 30-times
enrichment of Sn in residual melts relative to the source rocks. However,
caution must be taken with interpreting 87Sr/86Sr(i) tourmaline data as high
87Rb/86Sr
87Rb

of parental melts and fluids can lead to significant in-situ decay of

prior to tourmaline precipitation. This phenomon is hypothesised for the

parental melts of the Mole Granite which due toextreme fractional crystallisation
have extreme 87Rb/86Sr of ~900. Subsequently

87Sr/86Sr
(i)

tourmaline

compositions are more evolved the the whole rock composition.
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The Sn concentration of tourmaline increases from magmatic to hydrothermal
settings within the Ardlethan and Mole granites, recording the exsolution of a
fluid from a silicate melt. The enrichment of Sn during fluid fractionation,
recorded by tourmaline, agrees with experimentally determined melt–fluid
partitioning coefficients. Fluid fractionation is the dominant enrichment process
for greisen deposits of the Ardlethan Granite, and all deposits of the Mole
Granite.

Fluid leaching of host rocks is evidenced by convergence of Fe/(Fe+Mg), Sr,
87Sr/86Sr
(i)

and εNd(i) in hydrothermal tourmaline from the original source rock

composition to the host rock composition. At Ardlethan, the host rock of
mineralised breccia pipes is enriched in Sn (~50 ppm) and fluid leaching results
in an increase of Sn in the mineralising fluids. Although fluid leaching occurs
around the Mole Granite, the low Sn concentrations in the host rocks limits Sn
enrichment.

Melt/fluid-mineral partitioning is a major uncertainty in the interpretation of
tourmaline trace element geochemistry. Natural studies performed here provide
some constraints, however, more targeted experimental work is required.

A new method for U–Pb characterisation of cassiterite by ID-TIMS has provided
a matrix-matched reference material for in-situ techniques. However, commonPb corrections of in-situ techniques remain a large uncertainty in cassiterite
geochronology. At Ardlethan, the common-Pb compositions are appropriately
estimated by terrestrial Earth models and are more precise than isochron ages.
Conversely, the common-Pb associated with the Mole Granite appears variable
between a terrestrial Earth composition and a highly evolved composition.

Cassiterite U–Pb geochronology of both the Ardlethan and Mole granite
mineralisation systems indicate precipitation synchronous with emplacement.
The method does not have sufficient precision (~4 % absolute) to distinguish
the age of cassiterite precipitation from that of zircon, however, the magmatic–
hydrothermal systems of the Ardlethan and Mole granites persisted for a
maximum of 4.2 Ma.
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Chapter 1: Introduction to magmatic-hydrothermal
mineral deposits
1.1 Introduction
Magmatic-hydrothermal Sn deposits are commonly associated with highly
evolved, leucocratic granites emplaced at shallow crustal depths and
characterised by enrichment in F, Li, Rb, Ga, Sn and Nb (Tischendorf, 1977).
The geochemical compositions of these ‘tin’ granites, being enriched in
elements incompatible in silicate melts, is attributed to extended fractional
crystallisation (e.g. Ishihara, 1978; Štemprok, 1990) or small degree partial
melts (Tischendorf and Förster, 1990; Wolf et al., 2018). However, magmatic
crystallisation of cassiterite (SnO2), the major Sn ore, is rare (Linnen et al.,
1992) due to its high solubility in silicate melts (> 1000 ppm SnO2; Štemprok,
1990; Taylor and Wall, 1992). Extensive research has shown that during fluid or
vapour separation from a cooling silicate melt, Sn will strongly partition into the
fluid phase, primarily as a function Cl molarity (Eadington, 1983; Kovalenko et
al., 1986; Wilson and Eugster, 1990; Keppler & Wyllie, 1991; Rankin et al.,
1992; Linnen, 1998; Duc-Tin et al., 2007; Schmidt, 2018). Fluid fractionation
from these ‘tin’ granites is thought to be the dominant enrichment process
leading to mineralisation in greisen, quartz veins, skarn, porphyry-style and
pegmatites (e.g. Plimer, 1987; Ren et al., 1995; Audétat, 1998). On rare
occasions, further enrichment of Sn within these magmatic fluids is attributed to
scavenging from host rocks (Lehmann and Harmanto, 1990). Despite the
potential mechanisms for Sn enrichment in magmatic-hydrothermal
environments being known, genetic models differ in the contribution of each
mechanism to the formation of a deposit.

1.1.1 Melting and magmatic processes of ‘tin’ granites
Significant debate on the origins of ‘tin’ granites has been concerned with the
role of particular source rocks (e.g. Schuling, 1967; Wolf et al., 2018),
conditions and degree of partial melting (e.g. Tischendorf and Förster, 1990;
Romer and Kroner, 2016), geodynamic setting (e.g. Sillitoe et al., 1975) and
degree and species of fractional crystallisation (Ishihara, 1977; Štemprok,
1990). However, a major difficulty in defining such parameters is that as
11

granites become more evolved, the geochemistry converges towards minimum
temperature melt compositions that are no longer diagnostic of parental
magmas (Tuttle and Brown, 1958). The major element composition of a
haplogranite is approximated by equal amounts of normative quartz, albite and
orthoclase. In contrast, the concentrations of trace elements that do not
substitute into these rock-forming minerals vary widely depending on when their
host accessory phases become saturated in the melt.

The distribution of primary Sn deposits worldwide is confined dominantly to
areas of thickened continental crust, either within orogenic belts (e.g. eastern
Australia; Blevin, 2004; western Thai belt, Thailand; Linnen, 1998) or
within intra-cratonic settings (e.g. central and northern Africa, Goodenough et
al., 2014; central Brazil, Payolla et al., 2002) (Figure 1). Tin is enriched in
magmatic melts relative to their source rocks during the creation of continental
crust leading to distinct concentration differences between the depleted mantle
(0.1 ppm; Salters and Stracke, 2004), lower crust (1.7) and upper crust (2.1
ppm) (Rudnick and Gao, 2004). As such, ‘tin’ granites were assumed
historically to be related to melting of continental crust (Schuiling, 1967;
Lehmann, 1982). Schuling (1967) inferred that ‘tin’ granites were derived from
discrete Sn-rich sources, that could be melted periodically to produce multiple
Sn deposits of different ages (e.g. Precambrian, Jurassic, and Cenozoic Sn

Figure 1: Global tectonic map (USGS 2014) with distribution of tin provinces and occurrences (modified
after Sainsbury, 1969).
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deposits of the Pan African belt). Romer and Kroner (2016) suggest the source
rocks of ‘tin’ granites are enriched in Sn during extreme chemical weathering on
passive margins. Wolf et al. (2018) show that source rocks can be enriched at
depth during repeated episodes of low temperature melting that will enrich Sn in
the residual phases. Subsequent high temperature melting of these residual
phases will be more enriched in Sn. A comparable model of high temperature
melting of refractory, anhydrous source rocks also been applied more generally
to A-type granites that can be associated with tin deposits (e.g. Landenberger
and Collins, 1996; King et al., 1997).

The geodynamic setting of magmatic-hydrothermal Sn deposits includes
continent–continent orogens (e.g. Alpine–Himalayas; Kerrich et al., 2005), far
back-arc (e.g. Tasman Orogen; Solomon and Groves, 2000), and accretionary
orogens (e.g. Bolivia; Sillitoe et al., 1975). Lehmann (1990) suggest that Sn
deposits are focussed above thickened crustal zones because they provide
extra space and time for extended granite differentiation and Sn enrichment
(e.g. Bolivia, Andes). Within continental collision belts, ‘tin’ granites are
emplaced predominantly during post orogenic magmatism (e.g. SE Asia and
Variscan; Mitchell, 1977). Cheng et al. (2018) recently proposed a new model to
explain the relationship between highly evolved ‘tin’ granites and their crystalrich, less evolved, volcanic equivalents. Those authors infer a favourable
extensional geodynamic setting leading of emplacement of ‘tin’ granites. In their
model, melts associated with barren felsic volcanics are trapped in the upper
crust during transient compressional tectonics and allows the melts to undergo
extreme fractional crystallisation. Despite magmatic-hydrothermal Sn deposits
only occurring in zones of thickened continental crust, in rare cases mantlederived fluids or melts have been implicated in magmatic-hydrothermal Sn
deposits (Sillitoe, 1974; Walshe et al., 1995, 2011; Zhao et al., 2002;
Goodenough et al., 2014).

1.1.2 Magmatic to hydrothermal transition
A rising magma will reach a point when it is volatile components (e.g. H2O, CO2,
F, B and Cl) reach saturation exsolving a magmatic volatile phase (MVP; fluid
and/or vapour; see Candela, 1997 for summary) from the silicate melt.
Numerous studies indicate that the MVP is enriched by up to 2–3 orders of
13

magnitude in the concentration of metals (e.g. Cu, Au, Sn) relative to the host
silicate rock (e.g. Audétat et al. 1998) and is therefore regarded as an important
processes in metal enrichment in magmatic-hydrothermal mineral deposits.
Extensive experimental studies have addressed the partitioning of elements
between silicate melts and an MVP to quantify Sn enrichment (Nekrasov et al.,
1980; Eadington, 1983; Kovalenko et al., 1988; Wilson and Eugster, 1990;
Keppler & Wyllie, 1991; Rankin et al., 1992; Linnen, 1998; Duc-Tin et al., 2007;
Schmidt, 2018). These studies have focussed on partitioning of Sn, and other
associated elements (e.g. W, Cu, Mo, Zn, U and Th) between a haplogranitic
melt and a MVP under variable conditions including pressure, temperature,
oxygen fugacity, alkalinity and ligand (e.g. F– and Cl–) concentration.
Overwhelmingly, Sn partitioning into a fluid is favoured by high Cl– molarity
(Eadington, 1983; Kovalenko et al., 1986; Wilson and Eugster, 1990; Keppler &
Wyllie, 1991; Rankin et al., 1992; Linnen, 1998; Duc-Tin et al., 2007; Schmidt,
2018). Oxygen fugacity is shown to be a second-order effect (Duc-Tin et al.,
2007), or even insignificant (Schmidt, 2018). Experimentally determined
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑀𝑉𝑃

partitioning coefficients (SnDMVP–melt = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑒𝑙𝑡) for Sn between a
haplogranite melt and a MVP vary significantly (SnDMVP–melt = 0.002–12;
Nekrasov et al., 1980; Keppler and Wyllie, 1991; Duc-Tin et al., 2007). Natural
studies on Sn partitioning into a MVP are sparse because the preservation of
primary fluid compositions is rare and fluid inclusions are difficult to analyse.
Audétat (1998) and Zajacz et al. (2008) provided initial estimates by analysing
fluid inclusions by LA-ICP-MS and confirmed the preference of Sn into a MVP,
however the extremely small volumes of fluid analysed within inclusions do not
allow for precise SnDMVP–melt to be determined.

The formation of economic magmatic-hydrothermal deposits also requires that
the metal-rich MVP is extracted from the bulk silicate melt and concentrated in a
confined zone. The MVP is 4–5 times less dense than the surrounding melt
(Lemmon et al. 2003) and this contrast is the primary driver for MVP migration
towards the apical zone of the granite (see Sillitoe 2010 for review of the
physical processes of fluid migration in silicate melts). The formation of bubbles,
or bubble plumes is invoked as the main mechanism of MVP migration through
silicate melts (e.g. Ruprecht et al., 2008; Huber et al. 2012). Huber et al. (2012)
14

indicate that high crystallinity silicate melts are most efficient at extracting an
MVP because they facilitate connected volatile pathways that are not disturbed
by convection currents or physical pertubations in the magma reservoir (e.g.
Candela and Blevin 1995; Parmigiani et al., 2011).

1.1.3 Hydrothermal circulation
Following MVP separation and migration and sufficient cooling of the granite
(~<350oC), continued circulation of hydrothermal fluids is channelled into
master cracks formed during from the contraction of the cooling granite]
Previous studies infer widespread metasomatism, particularly of the host
granite, leading to remobilisation of several elements including Sn (Lehmann
and Harmanto, 1990). Within ‘tin’ granites, the Sn is occurring as Sn4+ that has
substituted for Ti4+ or Fe3+ (by coupled substitution) into oxides (magnetite,
ilmenite or rutile) or silicates (biotite, titanite or amphibole) (Taylor, 1979;
Lehman, 1990). Contrary to earlier beliefs that Sn is only mobile as a chloride in
fluids when reduced (Sn2+) (Heinrich, 1990), the recent experimental study of
Schmidt (2018) documented several oxidised Sn4+–chloride species indicating
its hydrothermal mobility. Hydrothermal fluids have been shown to dramatically
alter the primary chemistry of ‘tin’ granites (Lehmann and Harmanto, 1990;
Dostal et al., 2004), however the extent to which they enrich Sn relative to the
melt is unknown.

1.1.4 Timescales of magmatic-hydrothermal processes
Understanding the absolute age and duration of magmatic-hydrothermal processes
is fundamental to genetic models. ‘Tin’ granites commonly form in large batholiths
with long and complex granite emplacement histories (e.g. 35 Ma; Cheng et al.,
2018). Precise knowledge of the age of cassiterite mineralisation can help identify
source granites of mineralising fluids or long-term hydrothermal fluid circulation. In
these locations, determining the absolute ages of cassiterite mineralisation can be
essential in identifying the magmatic source of mineralisation.

High-precision geochronology and thermal modelling indicates that individual
plutons can form from the accumulation of multiple magmatic injections over
timescale of 104–106 years (Clemens & Mawer, 1992; Petford et al., 2000; Coleman
et al., 2004; Glazner et al., 2004; Annen et al., 2006; Miller et al., 2007; Michel et
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al., 2008; Schlattegger et al., 2009; de Saint Blanquat et al., 2011; Caricchi et al.,
2012; Leuthold et al., 2012; Floess and Baumgartner, 2015). This style of granitic
plutonism can have considerable effects on ore-forming processes including the
duration of mineralising events (Vigneresse, 2007). Significant progress in
understanding the duration of magmatic-hydrothermal mineralisation processes in
this dynamic environment has been made on large porphyry Cu systems (see
review paper of Chiaradia et al. 2013). Constraining the rate of this emplacement is
limited by our internal analytical precision (2σ) of the radioisotope systems (for UPb this is approaching 0.1% and for the Re-Os, and 40Ar/39Ar 0.2 %; Chiaradia et al.
2013). Recent high precision U-Pb zircon (CA-ID-TIMS) and Re-Os molybdenite
dating from the El Salvador and El Teniente porphyry Cu-Mo deposits indicate that
mineralisation occurred during periods of 0.6 Ma and 1.7 Ma, respectively, and
were emplaced in multiple short-lived (<100 ky) mineralisation pulses (Zimmerman
et al. 2014; Spencer et al. 2015). Conversely, estimates for the duration of
emplacement of magmatic-hydrothermal Sn systems from the emplacement of

the granite and cooling of hydrothermal fluids vary between instantaneous (e.g.
Yuan et al., 2008) to 1 Ga (McNaughton et al., 1993).

1.2 Scope and structure of this study
Although the mechanisms for Sn enrichment in magmatic-hydrothermal
environments are well known, the degree to which each mechanism contributes
to the overall enrichment within a system is more poorly understood. Studies
that attempt to quantify Sn enrichment processes have tended to focus on
either the magmatic (e.g. Wolf et al., 2018) or hydrothermal (e.g. Audétat, 1998)
environments separately, and a whole of system understanding is lacking. A
major contribution of this thesis is the description of two methods for isotopic
determination of tourmaline and cassiterite ages that will provide fundamental
constraints on the compositional and temporal evolution of magmatichydrothermal Sn deposits, respectively. These methods are presented in
conjunction with more traditional techniques (e.g. whole rock Rb–Sr and Sm–
Nd, zircon U–Pb), to better constrain the source rocks and geodynamic setting
of Sn granites, and magmatic and hydrothermal processes that enrich Sn.
16

Chapter 2.1 details the development of a new method for Rb–Sr and Sm–Nd
isotopic determination in tourmaline. In Chapters 2.2 and 2.3 this new method is
applied to two major magmatic-hydrothermal Sn systems in eastern Australia to
better constrain the compositional evolution of melts and hydrothermal fluids
leading to cassiterite mineralisation.

In Chapter 3, the timescales of magmatic-hydrothermal processes are
constrained with the presentation of new LA-ICP-MS cassiterite U–Pb data.
These data are presented in conjunction with new age constraints from more
traditional geochronometers (e.g. U–Pb in zircon and Rb–Sr whole-rock
isochrons). LA-ICP-MS U–Pb cassiterite data was generated following
significant technique development that is included in Appendix 1 and 2.
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Chapter 2 – Tourmaline geochemistry of magmatichydrothermal Sn deposits of eastern Australia
2.1 Introduction to tourmaline geochemistry
Magmatic to hydrothermal Sn deposits are associated predominantly with highly
evolved and high-heat producing granites that are part of large igneous systems
(Taylor, 1979; Lehman, 1990). These systems can have complex intrusion
histories whereby the genetic relationship between units and deposits is
ambiguous. Similarly, the large heat flux associated with radiogenic, high-heat
producing granites can produce extensive and pervasive hydrothermal systems
that can modify the mineralising fluids, overprint primary mineralising processes
and disguise the original magmatic source (Tischendorf, 1977).

Tracing mineralising fluid sources and their subsequent chemical evolution in
magmatic-hydrothermal systems (e.g. mixing/leaching with host rocks) is
difficult to do due to poor preservation of the primary fluid. Whilst fluid and/or
melt inclusions provide direct access to primary fluids, the small amount of
fluids (10–11 to 10–8 g total mass) preserved makes analysing the trace element
composition challenging and isotopic determination near impossible.
Furthermore, the petrogenetic context of the inclusion, whether it be primary or
secondary is not always clear (e.g. Heinrich et al., 2004; Lerchbaumer and
Audétat, 2012). Laser ablation ICP-MS studies (Audétat et al., 1998, 2000a,
2000b, 2008) have provided some estimates of the composition of fluid and
melt inclusions but such data have inherently large uncertainties. Mineral
proxies of melt and fluid compositions such as tourmaline are advantageous
due to better preservation, relative ease of analysis (e.g. EMP and LA-ICP-MS),
ability to concentrate elements for greater analytical sensitivity, and the ability to
more easily determine their petrogenetic context. However, mineral proxies
require an understanding of element partitioning between the mineral of interest
and its parental melt or fluid.
The chemical and isotopic composition of tourmaline has been assessed in
numerous geological environments: igneous (Jiang et al. 2002; this study),

18

sedimentary (Henry and Dutrow,
1992), and low- (Henry and Dutrow,
1996) and high-grade metamorphics
(e.g. Dutrow et al., 1999). Increasing
use of tourmaline in these
environments has culminated in the
publication of an Elements edition
(Dutrow and Henry, 2011). Tourmaline
has several advantages for use as a
passive fluid and melt monitor in
magmatic to hydrothermal systems: 1)
its complex chemical structure can

Figure 2: Chemical structure of tourmaline (above
line) with the major element substitutions for each
site shown below the line. □ represents a vacancy
in the site. Formula presented in Henry et al. 2011.

accommodate a variety of elements
depending on the composition of a
parental melt or fluid, 2) tourmaline

precipitates over a wide pressure and temperature range (e.g. Holtz and
Johannes, 1991), 3) tourmaline displays negligible diffusion at temperatures
below 600oC (Desbois and Ingrin, 2007), and 4) tourmaline is moderately
resistant to physical and chemical abrasion (e.g. Slack and Trumbull, 2011). All
of these characteristics indicate that tourmaline has the potential to record the
parental melt and fluid composition, and preserve that record over geological
timescales.
The chemical sensitivity of tourmaline to changing fluid and melt composition is
granted by a complex chemical structure and major element substitutions
outlined in Figure 2. The complexity led Bragg (1937) to label tourmaline as the
“garbage can mineral” due to its wide chemical diversity. Similarly, Marschall
and Jiang (2011) suggest that tourmaline incorporates over “half the periodic
table” into its structure. The large chemical variability means that tourmaline has
33 species that are classified primarily by small variations in major element
composition on the X, Y, Z, W and V sites (Figure 3; see Dutrow and Henry
2018). However, partitioning of non-major elements into tourmaline from a melt
or fluid is unconstrained. Tourmaline-melt partition coefficients have only been
published in a single paper for a single major element composition (Van
Hinsberg 2011) whilst tourmaline-fluid partition coefficients have not yet been
published. Therefore, large uncertainties remain in the interpretation of
19

tourmaline data as a proxy for melt or fluid compositions. Tourmaline associated
with granites is typically of the alkali group, between schorl and dravite,
however in moderately fractionated granites and pegmatites, tourmaline can be
between schorl and foitite or elbaite.

Figure 3: Classification diagrams of tourmaline determined by major element compositions. The first
classification is based off the major element composition of the X-site (A). X-vacancy group (B) and
alkali group (C), most common in magmatic environments, are then subdivided dependent on the
major element composition of the Y site. Classification of tourmaline and figure is derived from Henry
et al. 2011.

Sparse experimental data indicates that tourmaline has a wide pressure and
temperature stability field (Figure 4). The stability of tourmaline is related
primarily to the availability of B, and then pressure and temperature conditions,
however, the chemical composition of tourmaline also effects its stability (van
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Hinsberg, 2011). The broad pressure and temperature field of shallow
magmatic-hydrothermal Sn deposits of eastern Australia is shown in Figure 4.
Schorl and dravite, the most common tourmaline compositions associated with
granite are stable predominantly throughout this field. The stability of foitite and
elbaite in this context has not been assessed.

2.1.1 Tourmaline in magmatic-hydrothermal environments
Tourmaline is a common mineral occurring within igneous bodies and
mineralised zones of magmatic to hydrothermal Sn deposits (e.g. Taylor, 1979;
Lehmann, 1990). The incompatibility of B in the primary minerals associated
with granitic rocks (e.g. quartz, feldspars and micas) mean that it is commonly
saturated in the upper zones of the granite body, as a late magmatic phase, and
adjacent to these granites in hydrothermal greisen, vein and breccia
environments (e.g. London et al., 1996).
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Numerous studies have utilised the chemical composition of tourmaline to
understand the primary compositions of melts and fluids. These studies have
analysed the major, minor and trace element composition (London and
Manning, 1995; Rozendaal and Bruwer, 1995;
Griffin et al., 1996; Jiang et al., 1998, 2004;
Mlynarczyk and William-Jones, 2006; Marks et
al., 2013; Yang et al., 2015; Hazarika et al.,
2015; Redler et al., 2016), the stable isotope
(primarily boron and oxygen) composition (Smith
and Yardley, 1996; Tonarini et al., 1998; Jiang et
al., 2002; Zachariáš et al., 2005; Trumbull et al.,
2008; Sushchevskaya, 2011; Yavuz et al., 2011;
Duncan et al., 2014; Baksheev et al., 2015;
Driveness et al., 2015; Huang et al., 2016), and
the Sm–Nd and Rb–Sr isotopic composition
(Mueller et al., 1991; Anglin et al., 1996, Jiang et
al., 1999, 2000) of tourmaline from a variety of
environments.
Figure 4: Temperature and pressure
stability field for tourmaline derived
from limited natural and experimental
data (squares). Black squares indicate
tourmaline is stable and white
unstable. Black and white squares
indicate the transition. Dravite stability
experiments are shown from Robbins
and Yoder (1962) (1), Krosse (1995)
(2) and Ota et al. (2008) (3). Natural
schorl stability of Holtz and Johannes
(1991) is shown in 4. The region of
interest to this study in shown in the
red box.

143Nd/144Nd

and 87Sr/86Sr(i) isotopic

compositions of tourmaline have the potential to
identify the provenance of melts and fluids and
are insensitive to age corrections due to low
Sm/Nd and Rb/Sr ratios, respectively. The
87Sr/86Sr is
(i)
87Sr/86Sr
(m)

87Rb

(i)

calculated from the measured

and 87Rb/86Sr, the decay constant of

(λ) (Villa et al., 2015) and the time (t in millions of years) since closure of

the Rb-Sr decay system in a rock, according to Equation 1:
87

𝑆𝑟
⁄86
=
𝑆𝑟(𝑖)

87

87
𝑆𝑟
𝑅𝑏
⁄86
−
⁄86 (𝑒 𝜆𝑡 − 1)
𝑆𝑟(𝑚)
𝑆𝑟

Equation 1

Highly fractionated granites associated with Sn deposits ubiquitously have
extreme bulk rock 87Rb/86Sr values (>20) and therefore the calculated 87Sr/86Sr(i)
is highly sensitive to t (Equation 1). The effect of these age corrections between
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a low Rb/Sr mineral such as tourmaline and a high Rb/Sr whole-rock or mica
composition from the same 87Sr/86Sr(i) (0.7) is shown in Figure 5. After 500 Ma
of 87Rb decay in an isotopically closed system, the 87Sr/86Sr will have increased
to 0.706 by the time the sample is measured. Conversely, a highly fractionated
granite with a 87Rb/86Sr of 70 will have increased to ~1.2, or ~0.5 more evolved
than the low 87Rb/87Sr sample from the same system. Both of these 87Sr/86Sr(m)
values require age corrections to determine 87Sr/86Sr(i) (Equation 1) that are
significantly greater than the typical analytical uncertainty (2SE = 0.000009).
Uncertainty in t from Equation 1 for a high 87Rb/86Sr sample (e.g. age error on
U–Pb zircon dating ~1%) can lead to large variability in estimated 87Sr/86Sr(i)
compositions. In the example of Figure 5, an age uncertainty of ±5 Ma (1%)
yields calculated 87Sr/86Sr(i) between 0.6950 and 0.7049, or 0.7 ± 0.05.
The small variations in 143Nd/144Nd render the εNd notation useful, and it is
defined by the following equation:

𝜀𝑁𝑑 =

( 143𝑁𝑑⁄ 144𝑁𝑑) −( 143𝑁𝑑⁄ 144𝑁𝑑)
𝑚

( 143𝑁𝑑⁄ 144𝑁𝑑)

𝑐ℎ𝑜𝑛

∗ 104

Equation 2

𝑐ℎ𝑜𝑛

where 143Nd/144Nd(m) is the measured Nd value and 143Nd/144Nd(chon) is the
present-day chondritic value of 0.512638.

Anglin et al. (1996) and Jiang et al. (2000) utilised the Sm–Nd isotopic decay
system to date tourmaline crystallisation associated with mineralisation. Only
Jiang et al. (1999) have attempted to use initial Sr and Nd compositions of
tourmaline to fingerprint fluid sources and tentatively infer mixing with
isotopically poorly constrained country rocks.

These new techniques are applied to two Sn deposits in eastern Australia
associated with the Ardlethan and Mole granites. These granites are associated
with large deposits of cassiterite. Tourmaline is a common gangue mineral
within these deposits and occurs in both magmatic and hydrothermal settings.

Granites of the Lachlan and New England orogens are an ideal location for
study as they have been subject to extensive Rb-Sr and Sm-Nd isotopic study
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since the inception of the I- and S-type granite classification nomenclature by
Chappell and White (1974). Therefore, the 87Sr/86Sr(i) and εNd(i) variability within
these orogens is well defined.

Figure 5: Modelled evolution of 87Sr/86Sr from a single reservoir with different Rb/Sr. Granites associated
with Sn deposits typically have extremely enriched Rb/Sr (e.g. 70) leading to rapidly evolving 87Sr/86Sr(i).
Calculation of the 87Sr/86Sr(i) -requires knowledge of the time since closure of the isotopic system. With the
elevated Rb/Sr associated with these granites, even the ~1% uncertainty in U–Pb zircon ages determined
by in-situ methods can introduce large errors in the calculation of 87Sr/86Sr(i). Conversely, tourmaline has
low Rb/Sr (~0.9) and requires very little age correction to determine 87Sr/86Sr(i). See text for discussion.
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2.2. Analytical methods for tourmaline, whole-rock and
quartz samples
2.2.1 Tourmaline geochemistry
Major and trace element analysis
Major element concentrations within tourmaline were determined by EMP at the
RSES on a Cameca SX100. A 20 nA primary electron beam was accelerated at
15 KeV onto a spot size of approximately 10 µm. The elements measured (and
count times in parentheses) include Na (30 s), F (90 s), Mg (10 s), Al (10 s), Si
(10 s), K (30 s), Ca (30 s), Ti (60 s), Mn (30 s). While analysing F the beam was
defocussed slightly to excite a larger area. Background intensities were
measured on both sides of each peak for a combined time equal to the analysis
time. The calibration materials for each element were as follows: Na – Amelia
Albinte, F – F-phlogopite, Mg and Fe – San Carlos Olivine, Al – corundum, Si –
quartz, K – sanidine, Ca – Wollastonite, Mn – rhodonte andTi – rutile and P –
apatite. Data were reduced using the X-phi matrix correction program and
analytical precision was monitored with analyses of the Kakanui augite for all
elements and topaz for F. The approximate detection limit of each element
during EMP analyses is 200 ppm for Na, K, Ca, Mn and Ti, 1500 ppm for F, 300
ppm for Mg and Al, 500 ppm for Si and 350 ppm. The detection limit for P was
~400 ppm, however it was never measured in tourmaline and is therefore not
included in this thesis.

Trace element concentrations within tourmaline were determined by LA-ICP-MS
at the RSES on an Agilent 7700 quadrupole ICP-MS. This system is equipped
with an ArF excimer laser with a wavelength of 193 nm and a repetition rate of 5
Hz. The laser system was coupled to the mass spectrometer with a custom-built
ANU ‘He1Ex’ two volume vortex laser ablation cell (Eggins et al., 1998).
Ablation was performed in a He environment and combined with an argon and
hydrogen carrier gas. Spot diameters of 71, 93 and 157 µm were used
depending on crystal sizes. The dwell time was 0.01 seconds for all measured
elements except the REE that were 0.05 seconds. A total of 70 integrations
were analysed for a total analysis time of 64 seconds. An additional 25 seconds
prior to and following ablation was performed to allow background counts to
minimise.
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The data were reduced using Iolite 2.5 (Paton et al., 2011) with NIST612
(Jochum et al., 2011) as the reference and Si, determined for each spot by
EMP, as the internal standard. Detection limits were determined using the
equation of Longerich et al. (1996) and are included in data tables for each
element. Analytical accuracy and precision were monitored using the USGS
BCR-2G and BHVO-2G glasses for quality control. For LA-ICP-MS data of the
Ardlethan Granite case study, absolute analytical precision was 5–10% for Li,
Mg, Ca, Sc, Ti, V, Mn, Co, Rb, Sr, Nb, Sn, LREE (La–Eu), Hf, W, Pb, Th and U
and 10–20% for Cu, Y, Zr, In, MREE and HREE (Gd–Lu) and Ta. For the Mole
Granite analytical precision was <5% for Li, Mg, Mn, Co, Rb, Mo, Sn, La, Ce
and U, 5–10% Sc, Zn, Sr, Y, Zr, Nb, In, REE (excluding La and Ce), Hf, Ta, W,
Pb, Th and 10–15% for Cu (1SD).

A new method for Rb–Sr and Sm–Nd isotopic analysis of tourmaline
Sparse studies on the determination of the Rb–Sr and Sm–Nd isotopic
composition of tourmaline (Ansdell and Keyser, 1992; Anglin et al., 1996; Jiang
et al., 1999) motivated the development of a program to optimise the method for
this study. This process is briefly documented chronologically below.

Tourmaline concentrates
Samples containing tourmaline as identified in hand specimen or thin section
were crushed and sieved to 80–250 µm size fraction. Tourmaline was then
concentrated from this fraction using gravimetric separations with
tetrabromoethane (TBE) and methyl iodide (MEI) heavy liquids followed by
magnetic separations using a Franz magnetic separator. Final purification of the
tourmaline fraction was handpicked under binocular microscope. Between 30
and 200 mg of tourmaline concentrates per sample were then powdered in an
agate mortar and pestle. The minimum sample size was determined to have
>10 ng of Nd isotopic TIMS analysis.

Washing and digestion
All subsequent work was carried out in the ANU SPID2ER clean laboratory in
HEPA filtered work stations. All acids used were purified using Savillex Teflon
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sub-boiling stills. For the initial experiments the samples were weighed into
precleaned 15 ml Savillex Teflon screw-cap beakers. Powders were then
washed in 3 M HCl, 5 M HNO3 and Milli Q 18 MΩ water before column
chemistry. For each washing step the clean reagent was added, the sample
was cleaned in an ultrasonic bath for 10 minutes and centrifuged at 3000 rpm
for 10 minutes and the supernatant was removed by pipetting. The final step
was two washes in Milli-Q H2O followed by spike addition and dissolution using
HF and HNO3. However, this method produced measured Rb/Sr ratios higher
than that predicted by LA-ICP-MS analysis of splits of the same tourmaline and
highly evolved measured 87Sr/86Sr (Table 1). This was postulated to be the due
to the presence of micaceous micro-inclusions (also noted by Jiang et al.,
1999). Following this observation, a more aggressive washing/leaching routine
was employed that included two washes in 5 M HNO3, followed by Milli Q water
and ultrasonic washes and centrifuges between each step. This cleaning
method produced lower 87Rb/86Sr that were similar to LA-ICP-MS data (Table
1). The samples then underwent a partial leach in concentrated HF and HCl in
the proportions of 3:1. The acid mixture and powder were heated at 95 oC for
one hour. After cooling, an ultrasonic bath and centrifuge, the acids were
removed by pipetting and the samples were rinsed in Milli Q water. To
redissolve any fluorides precipitating from the HF solution, concentrated HCl
was added to the samples and heated at 95oC for an hour. Following washing
and leaching, the samples were spiked with mixed
85Rb–84Sr

150Nd–147Sm

(ANU1), and

(Lo RbSr) spikes prior to digestion. Samples were then digested with

1 mL of concentrated HNO3 and 2 mL of concentrated HF and refluxed on a
hotplate in a clean air hood at 140oC for up to six days. The samples were
periodically agitated in an ultrasonic bath to facilitate dissolution. For some
samples with high Sr/Nd ratios the samples were initially spiked with only ANU1
Sm–Nd spike and then, after complete dissolution, an aliquot of the dissolved
solution (typically 10%) was taken for Rb–Sr analysis. This enabled optimum
spiking without the need for excessive spike quantities. After complete
dissolution, when no undissolved material was apparent on visual inspection,
the samples were dried at 95oC, refluxed in 6 M HCl, dried again, at 95oC the
brought up in 2 M HNO3 prior to chemical separation.
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Table 1: Rb-Sr isotopic data for tourmaline from Ardlethan. The occurrence of micaceous microinclusions in tourmaline lead to overestimated 87Rb/86Sr and 87Sr/86Sr(0) compared to LA-ICP-MS data.
A more aggressive wash removed these inclusions.

ID-TIMS – Non-aggressive wash

ID-TIMS – Aggressive wash

LA-ICP-MS

Sample

87Rb/86Sr

87Sr/86Sr

87Rb/86Sr

87Sr/86Sr

87Rb/86Sr

ARD06

1.27

0.71739

0.076

0.71041

0.053–0.255

ARD17

2.32

0.72514

0.0249

0.70920

<0.1

ARD19

2.39

0.73078

0.048

0.71091

<0.1

(0)

(0)

Initially elements were purified through a 4-column process. Solutions were
passed through small Teflon columns containing 200 µL of TRU-Spec resin
(Horwitz et al., 1993) above 100 µL of prefilter (inert) resin. All resins were batch
cleaned prior to use, and then further acid cleaned before sample elution. TRUSpec resin columns separated the REE from the remaining matrix. The REE
fraction was dried, taken up in 0.25 M HCl and then passed through calibrated
75 mm long Teflon Ln-spec columns to isolate Sm and Nd. The fraction from
TRU-Spec columns containing Rb and Sr was passed through small columns
containing 200 µL of Sr-Spec resin above 100 µL of prefilter resin to isolate Sr
from the matrix from Sr. Rb containing fractions were then purified through
cation (Bio-Rad AG50-WX8 200 mesh) columns.

For Nd analysis, the fraction was dried and loaded using 2 µL of 1 M HNO3 in a
filtered air hood, onto an outgassed zone refined evaporation filament as part of
a double filament assembly and was run on Triton Plus TIMS using 1011 ohm
resistors in static mode. Sample loads for the tourmaline ranged from 5 ng to 50
ng. For the first set of samples Nd did not emit until elevated currents (in some
cases >2200 mA on the evaporation filament and 4500 mA on the ionisation
filament compared to the ‘normal’ 1300 mA on the evaporation filament and
3800 mA on the ionisation filament). This apparent filament poisoning causing
ion suppression was most prominent in the larger samples (>100 mg of
dissolved tourmaline). To investigate the problem, after removal of the sample
from the Triton, the filament was cut from the holder block and the remaining
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material on the filament was analysed by LA-ICP-MS. This analysis showed the
presence of high amounts of Al on the filament, which was likely hindering Nd
ionisation. Horwitz et al. (1993) indicate that after loading the sample onto TRUSpec resin and passing 10 reservoir volumes of 2 M HNO3 through the columns
<2.9% of the original Al remains within the resin. Although in the early
experiments 15 reservoir volumes of 2 M HNO3 were eluted, the large sample
sizes and high concentration of aluminium in tourmaline (~35 wt% Al2O3) meant
that even these small fractions of Al remaining in the resin after washing were
still effective at prohibiting ionisation.

To combat this, two methods were tested: 1) samples were passed through
large Teflon columns containing cation resin (Bio-Rad AG50-WX8 200 mesh)
prior to the methods outlined above, and 2) use of additional washes with 2 M
HNO3 through the TRU resin prior to collection of the REE. The second method
proved most effective at removing remaining Al and thus preventing ionisation
inhibition and was also more time efficient. The modified elution scheme for a
tourmaline matrix in TRU resin is outlined in Table 2. A schematic of entire
column chemistry is outlined in Figure 6.
Table 2: Elution scheme for tourmaline in TRU-Spec resin (50–100 µm)

Column volume = 0.3 mL
Reservoir volume = 1 mL
Step
Cleaning

Eluent
3 M HCl

Volume
5 x 1 mL

Conditioning

2 M HNO3

5 x 0.3 mL

Load sample

2 M HNO3

<4 mL

Collect Rb/Sr

2 M HNO3

2 x 1 mL

Rinse
Collect Sm/Nd

2 M HNO3
3 M HCl

7 x 1 mL
4 x 1 mL

Rb–Sr and Sm–Nd isotopic analysis
The purified Rb solutions were dried and then loaded onto Re filaments with
silica gel similar to Pb loading procedures (Huyskens et al., 2012) to provide
more stable emission and decrease the rate of fractionation. The

87Rb/85Rb

of tourmaline was measured on a MAT261 multicollector Thermal Ionisation
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ratio

Figure 6: Method flow chart for Rb-Sr and Sm-Nd isotopic analysis of tourmaline developed during this
study. R.V. = reservoir volume; CV = column volume; R.B.L. = Resin Bed Length.

Mass Spectrometer (TIMS) at the ANU using either an ion counter or Faraday
cups. Each analysis of Rb consisted of 6 blocks of 10 scans with 8 second
periods. A 30 second baseline measurement and a peak centre and focus was

done at the beginning of each analysis. As Rb has only two stable isotopes, a
internal correction is not possible, so a mass fractionation correction was
applied by bracketing sample analyses with Rb extracted from a mica reference
material and run under identical conditions.

Purified Sm and Nd solutions were dried down with HNO3 onto Re filaments
and loaded into a TRITON multicollector TIMS with a second, ionisation filament
to enhance ionisation. To increase sensitivity, liquid nitrogen was added to the
cold trap in the source chamber to freeze water vapour and lower the source
pressure to prevent formation of oxides. Sr was loaded onto single Re filaments
with a TaF activator. Isotopic ratios were determined by static collection on
Faraday cups and corrected for mass fractionation using the following stable
isotopic ratios in each analysis; 149Sm/152Sm = (0.5168), 146Nd/144Nd = 0.7219
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(O’Nions et al., 1979), and 86Sr/88Sr = 0.1194 (Steiger & Jaeger, 1977). Each
analysis of Sr and Nd consisted of 15 blocks of 12 scans that were 8 second
periods. A 30 second baseline was measured every 3 blocks and a peak centre
and focus at the beginning and after 8 blocks. Mass interference of 87Sr by 87Rb
was monitored using 85Rb. Sm inferences on Nd isotopes (144Sm, 148Sm and
150Sm)

were monitored on 147Sm. Each analysis of Sm consisted of 6 blocks of

12 scans that were 8 second periods, a 30 second baseline measurement every
3 blocks and a peak centre and focus at the beginning of each analysis.
Offline Excel data reduction spreadsheets were used for iterative spikesubtraction and mass fractionation calculations to produce final data.
Total procedural blanks were run with every batch of samples. Blanks run in
association with tourmalines from the Ardlethan Granite blank were for Nd <30
pg, Sm <10 pg, Sr 300–600 pg with a single batch of 8000 pg of Sr, and Rb 7–
35 pg. The single batch of Sr with a high blank was attributed to a contaminated
digital pipettor. However, even the high Sr blank were in most cases
insignificant compared to the 100–500 ng of Sr from the sample (0.08–0.016 %
of the total weight). For the samples associated with the high Sr blank, the
associated increased uncertainty of 87Sr/86Sr is included. Procedural blanks run
concurrently with the Mole Granite tourmalines were generally <30 pg of Nd and
<50 pg of Sr.

Over the period of this study the external precision of Triton multicollector TIMS
was monitored with the in-house Nd-1 (Nd) (originally prepared from an AMES
metal) and NBS987 (Sr) standards. Fifteen analyses of Nd-1 over 3
years yielded an average value of 0.512142 ± 0.0000138 (2SD). La Jolla
(0.5118503 ± 0.0000051, 2SE; n = 1) and JNd1 (0.5120986 ± 0.0000047, 2SE;
n = 1) were analysed as secondary standards. Twenty-eight analyses of
NBS987 yielded an average 87Sr/86Sr of 0.710263 ± 0.000019 (2SD).

2.2.2 Whole rocks
Determination of the major, minor and trace element concentrations and Rb–Sr
and Sm–Nd isotopic compositions were by traditional methods summarised
here. Major element compositions were determined by XRF by Bodorkos et al.
(2013) at the Ardlethan Granite and Laker (2017) at the Mole Granite. For the
trace element concentrations whole-rock powders were fused with lithium
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metaborate to form a glass and analysed by LA-ICP-MS. A 10 Hz and ~150 µm
diameter spot was traversed over ~1 mm of sample and standard at a rate of 10
µm/s. Each value is the average of three traverses. The data were reduced with
the NIST612 as a primary reference material and SCO1, GSP2 and AGV2 as
secondary reference materials. Si was used as an internal standard, determined
by XRF, to correct for variations in ablation yield. The absolute analytical
precision was <5% for Mg, Ca, Ti, V, Mn, Co, Rb, Sr, Zr, Sn, LREE, Th and U,
<10% for Zn, Y, HREE, Nb, Pb and <20% for Cu, Ga.

Rb–Sr and Sm–Nd isotopic compositions of the whole-rock powders were
determined by ID-TIMS. Approximately 50 mg of powdered rock was weighed
into a Teflon container and placed in a steel jacketed Parr bomb along with
weighed aliquots of ‘ANU1’ (150Nd–147Sm) and ‘HiRbSr’ (85Rb–84Sr) mixed
spikes. These pressure vessels were heated at 190oC for 2 days in a laboratory
oven, or until complete dissolution of the powder. Rb, Sr, Sm and Nd were then
isolated through a 3-stage column chemistry involving TRU resin, Sr resin and
Ln resin, comparable to the tourmaline method (Figure 6). Measurement of the
isotopic compositions was the same as described for tourmaline.

2.2.3 Oxygen isotopes in quartz and whole-rocks
The oxygen isotopic composition of individual quartz grains was determined on
the SHRIMP II ion microprobe at the Research School of Earth Sciences, ANU
using methods detailed in Ickert et al. (2008) and summarised here. Quartz
grains were handpicked from mineral separates under a binocular microscope
and mounted in epoxy. Epoxy mounts were polished initially with 800 grit paper
and 9 µm, 3 µm and a 1 µm diamond paste. After SEM imaging, the mount was
cleaned and coated with approximately 20 nm of Au and left in a vacuum oven
overnight prior to analysis. Measurements were taken after a primary Cs+ ion
beam operating between 2 and 3 uA was focussed onto a 25-um spot. The
production of negative secondary ions is increased by focussing an electron
gun on the sample surface. Secondary ions are accelerated from the sample
chamber and into the mass spectrometer at 10 KeV.

16O

and 18O are measured

simultaneously on two collectors for 6 scans of 20 seconds each. To correct for
the effect of background desorption in the area of the detector (electron-induced
secondary ion emission; EISIE), the primary beam was turned off periodically
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during the analytical session and the EISIE was measured (Ickert et al., 2008).
The EISIE correction assumes a 16O/18O of ~600.

To monitor instrument bias, drift and accuracy the UWQ (Kelly et al., 2007) and
NBS28 (Gonfiantini et al., 1995) quartz grains were used for primary calibration
and quality control, respectively. The reproducibility of 85 analyses of UWQ1
bracketing unknowns of the Ardlethan Granite was 0.48 ‰ (2SE). Driftcorrected analyses of the NBS28 quartz had an average value of δ18O = 9.61 ±
0.86 ‰, within error of reported values (9.58 ± 0.09). The reproducibility of 89
analyses of UWQ1 bracketing unknowns of the Mole Granite was +0.52 ‰
(2SD). Eleven analyses of the NBS28 reference material had an average value
of +9.35 ± 0.64 ‰ (2SD), within error of reported values (+9.58 ± 0.09).

Whole-rock fines (>40 µm) of the Dundee Rhyodacite, Emmaville Volcanics, the
Mole Granite and Bondonga Beds (Table 18) were analysed commercially by
GNS by the laser-fluorination method (Sharp, 1990). Bulk rock samples were
crushed and sieved to 150 µm in a W-carbide mill. Oxygen isotopes were
determined by GNS as follows; “Oxygen was extracted from sample powders
for isotope analyses using a CO2-laser and BrF5 (Sharp, 1990). Four analyses
of NBS-28 analysed [varied] by less than 0.15 ‰. Samples and standards were
heated overnight to 200°C prior to loading into the vacuum extraction line.
These were then evacuated for approximately 6 hours. Blank BrF5 runs were
done until yield was less than 0.2 μmoles oxygen. Oxygen yields were
recorded, and CO2 gas analysed on a Geo20-20 mass spectrometer.”
δ18O is reported in per mil (‰) variations relative to the standard Vienna
Standard Mean Ocean Water (VSMOW) according to the formula:

𝛿 18𝑂 = 1000 x

([ 18𝑂/ 16𝑂]𝑠𝑎𝑚𝑝𝑙𝑒 −[ 18𝑂/ 16𝑂]𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 )
( 18𝑂/ 16𝑂)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
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Equation 3

2.3. Composition of magmatic melts and the transition
to hydrothermal fluids of the Ardlethan porphyry and
greisen Sn system
2.3.1 Introduction
In this Chapter the major and trace element concentrations and Rb–Sr and Sm–
Nd isotopic concentrations from tourmaline from within the Ardlethan Sn deposit
in the Lachlan Orogen of eastern Australia are presented. Granites of the
Lachlan Orogen have been subject to extensive Rb–Sr and Sm–Nd isotopic
study since the inception of the I- and S-type granite classification nomenclature
by Chappell and White (1974) (Nelson et al., 1984; McCulloch and Woodhead,
1993; McDonough and McCulloch, 1993; Keay et al., 1997). Subsequently the
regional temporal and compositional evolution of the orogen has been well
defined (Kemp et al., 2009) including most possible end-member igneous and
sedimentary units occurring at Ardlethan.

2.3.2 Geology
The Ardlethan Granite is associated with breccia and greisen cassiterite
mineralisation. The majority of mineralisation occurs within a series of
bifurcating breccia pipes hosted by the Mine Granite (Figure 7). Between 1912
and 1986 these pipes produced approximately 30,000 tonnes of tin (Paterson,
1990). The greisen mineralisation is concentrated within the eastern margin of
the Ardlethan Granite and north of the breccia pipes (Figure 7). Greisen
mineralisation is significantly smaller, with only shallow workings, although
recent exploration is ongoing (Thomson Resources).

Initially, the Ardlethan and Mine granites were assigned to the ca 430 Ma
Koetong Supersuite, also known as the Wagga Tin Belt due to its association
with numerous Sn deposits, of which the mineralisation at Ardlethan is the
largest (Richards et. al., 1982; Chappell et. al., 1991; Blevin and Chappell,
1995; Carr et. al., 1995; Ren et. al., 1995; White et al., 2001). However, recent
geochronology has identified the Ardlethan Granite and other granite and
volcanic units to be ca 415 Ma (Bodorkos et. al., 2013). It remains unclear
whether the Koetong Supersuite was emplaced over a ca 15 Ma period
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(between 430 and 415 Ma), or if ca 415 Ma represents a new period of magma
generation.

The Koetong Supersuite is a prominent north-northwest-trending belt of mafic to
felsic (SiO2 = 45.34–77.32 wt%) granites in the central Lachlan Orogen (White
et al., 2001). The supersuite has an inferred sedimentary source based on the
abundant meta-sedimentary enclaves in the mafic components, peraluminous
chemistry (Chappell, 1996; White et al., 2001) and radiogenic 87Sr/86Sr(i), εNd(i)
and Pb isotopic compositions (McCulloch and Chappell, 1982; McCulloch and
Woodhead, 1993; Carr et al., 1995). The supersuite is inferred to have
undergone extensive fractional crystallisation due to a large range in SiO2
composition and inflections of elements on variation diagrams (e.g. increasing
Rb and decreasing Ba at SiO2 >70 wt%; Figure 8; Chappell, 1996). By contrast,
the adjacent Bullenbalong Supersuite did not undergo extensive fractional
crystallisation and thus is not associated with Sn mineralisation (Figure 8).
Sn is expected to be enriched in residual melts during fractional crystallisation
due to its general incompatibility felsic minerals (Blevin and Chappell, 1995;

Figure 7: Geological map of the Ardlethan region (left) including sample locations for isotopic analysis
(edited from Ren et al., 1995). Schematic cross-section (right) of the breccia pipes occurring within the
Mine Granite but inferred to converge on the Ardlethan Granite. 1) Mine Breccia pipe; 2) CarpathiaBlackreef Breccia pipe; 3) Stackpool-Godfrey Breccia pipe; 4) White Crystal Breccia pipe. The Mine
Porphyry occurs within these breccia pipes and contemporaneous with the brecciation event.
Schematic cross-section edited from Ren et al., 1995.
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Ren et al., 1995; Walshe et al., 1995; White et al., 2001; Walshe et al., 2011),
however, Sn concentrations are comparable in the Koetong and Bullenbalong
supersuites over a wide range of SiO2.

Two major plutonic phases are located within the Ardlethan region: The Mine
Granite and the Ardlethan Granite, as well as two minor plutonic phases: the
microgranite (not mapped) and the Mine Porphyry (Figure 7). The garnetbearing quartz–feldspar porphyry (GQFP) was originally classified as a plutonic
fractionated end-member of the Ardlethan Granite, but it was recently
reclassified as a pyroclastic flow sitting above the Ardlethan Granite (Figure 7;
Bull et al., 2017). All igneous units were emplaced within a vast expanse of
Ordovician metasediments that cover much of the Tasmanides (Glen, 2005).

The earliest plutonic phase, and hosting the breccia mineralisation, is the Mine
Granite. It is a weakly foliated, medium- to coarse-grained granite with quartz
(25 vol%), K-feldspar (35 vol%), plagioclase (25 vol%), biotite (13 vol%) and
muscovite (2 vol%) and accessory apatite, zircon, cordierite, ilmenite and rutile
(Ren, 1989). U–Pb dating of zircon from this granite yield a crystallisation age of
428.1 ± 2.8 Ma (Bodorkos et al., 2013). Aplitic microgranite dykes commonly
intrude the Mine Granite, contain quartz (30 vol%), K-feldspar (45 vol%) and
plagioclase (25 vol%) and accessory ilmenite, apatite and zircon (Ren, 1989).

Figure 8: Increasing Rb concentration within increasing SiO2 of granites of the Koetong Supersuite
compared to the Bullenbalong Supersuite in the Lachlan Orogen. The steeper increase in the Koetong
Supersuite is attributed to continued fractional crystallisation, evolving to the most fractionated endmember the Ardlethan Granite.
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Late quartz–tourmaline nodules are also present in this unit. U–Pb isotopic
dating of zircon from the microgranite yielded a crystallisation age of 428.3 ± 1.7
Ma (Bodorkos et al., 2013). The GQFP contains up to 40 vol% K-feldspar,
quartz and plagioclase euhedral to subhedral phenocrysts amongst a finegrained matrix with accessory apatite, ilmenite, garnet and zircon (Ren et al.,
1995). Ren et al. (1995) suggest the GQFP grades into the Ardlethan Granite,
and is a fractionated end-member of the same magma, however, more recent
studies have reclassified the unit as a pyroclastic flow emplaced sub-aerially
prior to the emplacement of the Ardlethan Granite (Bull et al., 2017). Zircon U–
Pb dating provided a crystallisation age of 417.8 ± 2.3 Ma, contemporaneous
with and likely a southerly extension of the Gurragong Volcanics (Colquhoun et
al., 2005; Bodorkos et al., 2013). The Ardlethan Granite has a variable texture
from porphyritic to medium- and extremely coarse-grained (Ren, 1989). It is
composed dominantly of quartz (35 vol%), K-feldspar (35 vol%), plagioclase (23
vol%), with minor biotite (<4 vol%) and muscovite (<2 vol%), and accessory
apatite, ilmenite and zircon (Ren, 1989). The eastern margin of the Ardlethan
Granite represents the upper part of the body; it is characterised by abundant
quartz–tourmaline nodules up to 20 cm that make up to 3 vol% of the rock.
Similarly, pyrite, chalcopyrite, fluorite and cassiterite also occur along the
eastern margin within greisen granite (Ren, 1989). U–Pb dating of zircon from
fresh Ardlethan Granite yielded a crystallisation age of 414.7 ± 2.3 Ma
(Bodorkos et al., 2013). The relatively minor Mine Porphyry includes a swarm of
dykes intruding Ordovician sediments and the Mine Granite. The Mine Porphyry
contains quartz and K-feldspar phenocrysts (15–30 vol%) within an aphanitic
groundmass. These dykes are commonly located within the brecciated Mine
Granite. In some locations the dykes cut through brecciation textures, and in
others are cut by brecciation textures. These relationships constrain the
brecciation event to be contemporaneous with the U–Pb zircon crystallisation
age of the unit; 404.9 ± 2.3 Ma (Bodorkos et al., 2013).

Ren (1989) suggested the major, minor and trace element chemistry of the
Mine Granite, Ardlethan Granite, GQFP, microgranite and Mine Porphyry could
result from simple fractionation processes of a single parental magma.
However, recent U–Pb geochronological data (Bodorkos et al., 2013, 2015) and
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Sr, Nd and Hf isotopic data (Walshe et al., 2011; Blevin et al., 2017; this study)
delineate these units into three temporally and chemically distinct events.
1) The Mine Granite and its associated microgranite dykes as part of the
Koetong Suite. The Mine Granite has SiO2 contents between 69 and 72
wt%, is peraluminous (Ren et al., 1995) and has an evolved Nd isotopic
composition (εNd(i) = ~–10; Walshe et al., 2011), indicative of a
weathered, probably sedimentary source.
2) The Ardlethan Granite and GQFP were emplaced ca 15 Ma after the
Koetong Suite. Recent U–Pb zircon dating from granites and volcanics of
the Lachlan Orogen indicates significantly more magmatism at this time
than previously thought (Bodorkos et al., 2013, 2015; Fraser et al.,
2014). The Ardlethan Granite has undergone extensive fractional
crystallisation resulting in simplified petrographic features similar to a
haplogranite and obscuring magmatic sources and processes. It has
between 74 and 77 wt% SiO2, is metaluminous and enriched in Li, F, Rb,
Th, U, Nb, and Sn compared to the Mine Granite and the Koetong
Supersuite (Ren et al., 1995). The whole-rock εNd(i) composition is ~0,
less radiogenic than the Mine Granite (Walshe et al., 2011).
3) The Mine Porphyry was emplaced ca 10 Ma after the Mine Granite.
Similar to the Ardlethan Granite, it is strongly felsic with SiO2 between 76
and 77 wt%, metaluminous, and enriched in F, Rb, Th, U, Zr, Nb, Y, and
Sn (Ren et al., 1995). It has a juvenile εNd(i) value of 2.1 (Walshe et al.,
2011).
The evolution of igneous rocks at Ardlethan towards increasingly less
radiogenic εNd(i) compositions is comparable to that experienced throughout the
Lachlan Orogen during this period (Kemp et al., 2009).

Primary cassiterite mineralisation at Ardlethan occurs within numerous breccia
pipes hosted by the Mine Granite and with greisen alteration zones of the
Ardlethan Granite (Figure 7). The bifurcating breccia pipes dip towards the west
and are hypothesised to converge into the Ardlethan Granite at depth (Ren et
al., 1995). Within the Mine Breccia Pipe numerous local enrichment
zones/deposits have been identified including the Wildcherry, Wildcherry South,
Ardwest and Perseverance deposits. Ren et al. (1995) suggest that fluid over
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pressurisation associated with the cooling Ardlethan Granite lead to multistaged brecciation and mineralisation. U–Pb cassiterite dating at Ardlethan
suggests mineralisation occurred between ca 415 and 410 Ma (Chapter 3). Ren
et al. (1995) identified the Ardlethan Granite as the source of mineralising fluids
as it was the most fractionated unit in the region, and because the breccia pipes
appear to converge on its edge. Walshe et al. (2011) suggest the Mine
Porphyry may have contributed to mineralisation, invoking mantle input into the
system.

Cassiterite mineralisation within the breccia pipes is associated with intense and
zoned alteration (Figure 9; Ren, 1989). Mine Granite fragments are pervasively
altered with hydrothermal biotite, sericite, tourmaline, cassiterite, quartz, topaz
and chlorite (Ren, 1989). Ren (1989) noted that cassiterite mineralisation was
mostly strongly associated with sericitic mineralisation, a common alteration
assemblage surrounding Sn deposits (Taylor, 1979; Lehmann, 1990). Sericite is
seen to variably replace biotite, plagioclase and K-feldspar in the Mine Granite.

Cassiterite mineralisation within greisen zones occurs at the contact with the
GQFP (Figure 7). Alteration grades from unaltered Ardlethan Granite, to
propylitic and intense phyllic and siliceous alteration, and is associated with the
destruction of primary biotite and feldspar and replacement with topaz and
muscovite (Scott and Rampe, 1984). Intense tourmaline alteration occurs along
fractures within these zones (Scott and Rampe, 1984).

2.3.3 Samples
Whole-rock samples
Whole-rock powders from the magmatic units were sampled from the
collections of Bodorkos et al. (2013) (Ardlethan Granite, Mine Granite and
Microgranite) and Ren et al. (1995) (Mine Porphyry) in order to determine trace
element concentrations and Rb–Sr and Sm–Nd isotopic compositions. Major
and trace element data for those samples are also presented in the previous
publications.
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Figure 9: Alteration zones surrounding mineralisation in the Mine Breccia Pipe. The zone of alteration
is shown in plan-view in the top panel. A cross-section through the breccia pipe is shown in the bottom
panel. Figure modified after Ren (1989).

Tourmaline samples
Nineteen tourmaline samples were collected for major and trace element
analysis from within the Ardlethan deposit and smaller satellite deposits (Table
3). These samples occur as late magmatic phases of the Ardlethan Granite and
within hydrothermal deposits (breccia-, vein-, and greisen-hosted) associated
with cassiterite mineralisation. Fourteen of these samples were selected for Rb–
Sr and Sm–Nd isotopic analyses based on location and textural setting. Four
groups of tourmalines were delineated; 1) Qtz–tourmaline nodules and
interstitial tourmaline occurring within the Ardlethan Granite, 2) tourmaline ±
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cassiterite ± sulfide breccia infill, 3) qtz–tourmaline veins occurring within
greisen deposits and commonly associated with cassiterite, and 4) a fine,
acicular tourmaline overprint. A single sample of tourmaline ‘suns’ (ARD19) is
included in Group 3 due to its close spatial association, and is described below.

Similarly, Ren (1989) identified 4 generations of tourmaline at Ardlethan: 1)
quartz–tourmaline nodules, 2) patchy tourmaline, 3) granular tourmaline, and 4)
“acute” (or acicular) tourmaline. They suggest that the quartz–tourmaline
nodules are associated with the patchy tourmaline and occur pre-brecciation.
Granular tourmaline, commonly associated with cassiterite mineralisation,
occurs post-brecciation.

Table 3: Ardlethan tourmaline sample information for this study. Host rock abbreviations: MG = Mine
Granite; AG = Ardlethan Granite. Mineral abbreviations: qtz = quartz; fs = feldspar; mic = mica; cst =
cassiterite; wf = wolframite; fl = fluorite; ap = apatite; gn = galena; asp = arsenopyrite; cp = chalcopyrite; sl
= sphalerite; py = pyrite; rt = rutile; chl = chlorite; hem = hematite; tpz = topaz.

Sample #
ARD01
ARD02
ARD03
ARD04
ARD05
ARD06
ARD07
ARD08
ARD09
ARD10

Deposit

Wildcherry
Godfrey
Godfrey
Godfrey

Host Rock
MG
MG
MG
AG
AG
AG
MG
MG
MG
MG

ARD11
ARD12
ARD13
ARD14
ARD15
ARD16
ARD17
ARD18
ARD19

Godfrey
Blackreef
Blackreef
White Crystal
Buchanan
Titanic
Big Bygoo
Little Bygoo
Little Bygoo

MG
MG
MG
MG
AG
AG
AG
AG
AG

Minerals
qtz–fs–mic
qtz
qtz
qtz–fs–mic
qtz
qtz
qtz–cst
wf–fl–ap
cst– gn–sl–py–cp
wf–py–asp–cp–rt
wf–gn–sl–py–cp–
rt
sl
cst–rt–chl–hem
qtz–asp–gn
qtz–cst
qtz–cst
qtz
qtz–cst
qtz–tpz
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Setting
Interstitial
Breccia
Breccia
Interstitial
Interstitial
Nodules
Breccia
Breccia
Breccia
Breccia

Group
1
1
1
1
1
1
2
2
2
2
2

Breccia
Breccia
Breccia
Breccia
Vein
Vein
Vein
Vein
‘Suns'

2
2
4
3
3
3
3
3

Here we separate the granular tourmaline of Ren (1989) into two groups
(groups 2 and 3) based on their different depositional environments (breccia
infill vs. greisen vein). Acicular, (“acute” of Ren 1989) tourmaline is a late
overprint of the main brecciation event, comparable to Group 4 defined here.

Group 1 tourmaline occurs primarily in nodules up to 20 cm in diameter and
associated with quartz (ARD05,06; Figure 10A, B). These nodules increase in
abundance along the eastern margin of the Ardlethan Granite (Ren, 1989).
Rare cases of interstitial tourmaline between the main granite forming minerals
(feldspar, mica, quartz) (ARD04; Figure 10C, D) occur. Nodular tourmaline is
black, generally coarse-grained, euhedral to subhedral. Crystal habits include
granular (e.g. Figure 10D) and anhedral (Figure 10F). Crystals are zoned in
both plane polarised light with blue cores and green rims (Figure 9D) and in
BSE, with dark cores and light rims (Figure 10E, F). The origin of tourmaline
nodules is unclear, with three prevailing hypotheses: 1) boron-rich bubbles
rising through the granite (Balen and Broska, 2012), 2) immiscible hydrous
borosilicate melt (Drivenes et al., 2015) and 3) post-magmatic boron-rich
metasomatism (Dick, 1980; Le Fort, 1991; Rozendaal and Bruwer, 1995). A
lack of strong alteration or fluid pathways within the Ardlethan Granite indicates
that this tourmaline did not form from an external source.

Group 2 tourmaline is texturally comparable to the granular tourmaline of Ren
(1989). The quartz–tourmaline samples are commonly directly associated with
cassiterite (ARD15,16,18) and other times are seemingly barren (ARD17).
Tourmaline is primarily euhedral and acicular (Figure 11A–C) and associated
with euhedral quartz. Group 2 tourmaline infills brecciation voids within the Mine
Granite and White Crystal breccias pipes and is commonly associated with
quartz, cassiterite and sulfides. Tourmaline samples were collected from the
Godfrey, Blackreef, Wildcherry and White Crystal reefs. Textural habits vary
across deposits and in places within samples. In the Wildcherry deposit breccia
infill includes a quartz–tourmaline outer layer (Figure 11A, B), and a dominant
tourmaline middle and core. Cassiterite occurs as euhedral crystals in the core
of this sequence, with a close association with tourmaline (Figure 11C).
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Figure 10: Setting and textural habits of Group 1 tourmaline including quartz–tourmaline nodules within
porphyritic Ardlethan Granite (ARD06; A and B). ARD05 includes small (~1 cm) aggregations of tourmaline
(C), and interstitial tourmaline (D). Back scattered electron (BSE) imaging (E and F) indicates
compositional zoning that correlates with plane polarised light zoning (B and D) that is described in the
text.
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Figure 11: Setting and textural habits of Group 2 tourmaline at Ardlethan as breccia infill and
alteration. Large quartz-tourmaline-cassiterite veins occur between fragments of the Mine Granite in
the Mine Breccia Pipe (A; ARD07). Tourmaline is intergrown with euhedral quartz (B) and subhedral
cassiterite (C). Tourmaline veinlets (D) commonly cut through breccia infill textures. Mine Granite
clasts are heavily altered to sericite (E and F).
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Figure 12: Thin section image in plane polarised light (PPL) of at least two generations of tourmaline
from ARD10. The earlier tourmaline (wedge shape outlined in white) within the groundmass of the
rock is cross cut by at least one generation of tourmaline co-precipitating with oxides (wolframite and
cassiterite) and sulfides (pyrite, arsenopyrite and chalcopyrite) in veins.
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When precipitating with quartz, tourmaline predominantly forms subhedral grain
boundaries (Figure 11B). Conversely when precipitated with cassiterite it forms
euhedral boundaries (Figure 11C). At least two generations of tourmaline are
evident in the Godfrey deposit (Figure 12). Both generations are euhedral and
hexagonal down the c-section, and elongate. The first generation is defined by
blue cores in plane polarised light (PPL) and green rims. The second generation
cross-cuts the first, is slightly finer grained, and primarily blue and unzoned in
PPL. This second generation is closely associated with a sulfide mineralbearing (predominantly pyrite) vein. A veinlet of tourmaline is also present in the
Mine Breccia Pipe, that appears to postdate the breccia-infill quartz (Figure
11D). It is subhedral to euhedral with blue cores and green rims in PPL.

Group 3 tourmaline includes samples occurring in quartz-veins and greisen of
the Ardlethan Granite, north of the main breccia-hosted mineralisation (Figure
7). Textural habits are predominantly quartz–tourmaline rock (Figure 13A–C)
and a single sample hosting tourmaline ‘suns’ (Figure 13D). Tourmaline ‘suns’
are so defined as they are composed of numerous acicular crystals radiating
from a single point. This sample originates from the Ardlethan Granite that has
been pervasively altered to quartz-topaz. Samples of Group 3 coexist with
cassiterite in ARD16 (Figure 13A) and ARD19 (Figure 13C). Quartz–cassiterite
veins were collected adjacent to ARD17 (Figure 13B). No thin sections were
made for Group 3 tourmaline.

Group 4 tourmaline is fine-grained, very acicular, and appears to post-date
brecciation and cassiterite–tourmaline–quartz mineralisation. It is most
prevalent in the White Crystal Breccia Pipe (Figure 14A) where it has
precipitated around the grain boundaries of quartz infill (Figure 14B). It is
comparable to the description of “acute” tourmaline described by Ren (1989),
which is also described as common in small secondary breccia pipes, rim
fragments of the Mine Granite and Mine Porphyry, and partially replace preexisting minerals or selectively replace feldspars.
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Figure 13: Group 3 tourmaline from greisen (A–C) deposits and tourmaline suns (D) from quartz–topaz
rock (former granite). Quartz–tourmaline rock is associated with cassiterite in veins (A; ARD15 and C:
ARD19) but elsewhere is barren (B; ARD17).
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Figure 14: Tourmaline setting of the single Group 4, ARD14, where it occurs as breccia infill (A). Acicular
tourmaline needles precipitated on quartz boundaries and are interpreted as post-mineralisation.
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2.2.5 Results
Whole rock: major, minor and trace elements
The element abundances of the major igneous units at Ardlethan are compiled
in Table 4. Ren (1989) and Ren et al. (1995) provide a detailed discussion on
the compositional differences between these units included here. Ren et al.
(1995) suggested that the Microgranitic dykes, GQFP, Ardlethan Granite and
Mine Porphyry represent a spectrum of compositions connected through
fractional crystallisation. In contrast, recent zircon U–Pb age data from all units
(Bodorkos et al., 2013) delineates three periods of magmatism, which precludes
a simple relationship by fractional crystallisation of a common parental magma.

Figure 15: REE concentrations of the igneous units at Ardlethan normalised to Chondrite (Sun and
McDonough, 1995). Three signatures are described in the text; 1) Mine Granite (MG) and Microgranite
(Mic), 2) GQFP and Ardlethan Granite (AG) and 3) the Mine Porphyry (MP).

The Mine Granite is the least felsic unit at Ardlethan with SiO2 69.2–71.20 wt%
(Ren, 1989; this study) and relatively elevated TiO2 (0.41–0.53 wt%), Fe2O3(T)
(total Fe converted to trivalent species; 2.78–3.73 wt%), MgO (1.00–1.66 wt%)
and CaO (0.93–1.70 wt%) and an aluminium saturation index (ASI) of 1.33.
Relative to the entire Koetong Supersuite it is moderately fractionated, also
demonstrated by minor negative Eu/Eu* anomalies (Figure 15) together with
slightly elevated Rb/Sr (1.5) and Sn concentrations (20 ppm). The
contemporaneous Microgranitic dykes represent near minimum melt
compositions with SiO2 74.5–76.7 wt% and low TiO2 (0.06–0.07 wt%), Fe2O3(T)
(0.91–1.24 wt%), MgO (0.14–0.20 wt%) and CaO (0.30–0.61 wt%). Both units
are enriched in Sr, Zr, Th and depleted in U relative to the other igneous units at
Ardlethan. The chondrite-normalised REE profiles of the Mine Granite and
Microgranitic dykes are similar to each other in terms of overall abundance and
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shape, be but have lower LREE and MREE abundances than the Ardlethan
Granite (Figure 15). The Microgranitic dykes are interpreted as a fractionated
end-member of the Mine Granite and are relatively enriched in the incompatible
elements (e.g. Rb/Sr = 10, Sn = 29 ppm, U = 17 ppm).

The GQFP has an intermediate composition with SiO2 (69.44–74.34 wt%);
Fe2O3(T) (1.99–4.34 wt%), MgO (0.23–0.78 wt%) and CaO (1.13–2.32 wt%) and
ASI of 1.08. The Ardlethan Granite also represents a near minimum melt
composition with SiO2 (73.50–77.10 wt%); TiO2 (0.04–0.27 wt%), Fe2O3(T)
(0.55–2.28 wt%), MgO (0.03–0.37 wt%), CaO (0.17–0.85 wt%) and an ASI of
1.14. Both units are enriched in P2O5 and W, and depleted in Sr, Y, Zr, LREE
and Th relative to the other igneous units at Ardlethan. The chondritenormalised REE profiles of the GQFP and Ardlethan Granite are similar to each
other in terms of overall abundance and shape (Figure 15), however, the
Eu/Eu* is slightly more negative in the Ardlethan Granite.

Table 4: Major and trace element compositions of the igneous units at Ardlethan. Major elements
determined by XRF, trace elements by LA-ICP-MS. The major element data is from 1) Bodorkos et al.
(2013), and 2) Ren et al. (1995). Trace element concentrations, determined in this study, are the average
of three analyses of the LiBO3 glass. Fe2O3(T) is total iron concentration assuming it is all trivalent. FeO*
was determined by titration techniques.
Unit

MG

Mic

GQFP

AG

MP

1 (PB-ARD-08)

2

1 (PB-ARD-06)

1 (PB-ARD-07)

2

SiO2

69.1

75.7

71.3

73.8

76.3

TiO2

0.45

0.07

0.41

0.08

0.07

Al2O3

14.4

13.2

13.4

12.3

12.2

Fe2O3(T)

1.02

0.28

2.92

0.60

0.40

FeO*

2.54

0.77

1.91

0.67

1.17

MgO

1.38

0.19

0.57

0.15

0.17

CaO

1.37

0.49

1.66

0.46

0.52

MnO

0.05

0.03

0.04

0.04

0.02

Na2O

2.28

3.40

2.64

3.08

2.24

K2O

4.38

4.24

4.62

4.59

5.06

P2O5

0.212

0.19

0.198

0.178

0.06

Total

97.242

98.53

99.567

96.594

98.16

Reference
wt%
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Table 4 cont.
Unit

MG

Mic

GQFP

AG

MP

Sc (45)

8.0

11.9

5.8

6.5

3.3

V (51)

27.4

52.4

8.3

6.1

4.0

Cu (63)

23

22

13

11

120

Zn (66)

67

112

67

54

133

Ga (69)

41

31

17

20

39

Rb (85)

209

315

315

462

655

Sr (88)

142.0

158.7

31.6

14.9

67.1

Y (89)

32.07

23.06

17.91

17.12

92.25

Zr (90)

258.6

156.4

40.5

47.1

210.2

Nb (93)

17.7

16.1

11.2

15.1

130.6

Sn (118)

19.1

42.9

29.2

28.6

76.5

La (139)

50.2

35.0

7.2

6.7

26.4

Ce (140)

102.3

70.1

15.5

15.1

62.4

Pr (141)

11.8

8.1

1.8

1.8

7.6

Nd (146)

45.2

30.6

6.9

6.6

28.4

Ppm (isotope)

Sm (147)

9.4

6.5

2.0

2.0

8.3

Eu (153)

1.78

1.01

0.21

0.14

0.33

Gd (157)

8.31

5.50

2.08

2.15

9.48

Tb (159)

1.2

0.80

0.43

0.47

2.03

Dy (163)

6.54

4.43

2.89

3.08

14.66

Ho (165)

1.17

0.83

0.60

0.58

3.15

Er (166)

3.01

2.30

1.86

1.64

10.07

Tm (169)

0.40

0.33

0.31

0.25

1.61

Yb (172)

2.54

2.21

2.37

1.75

11.29

Lu (175)

0.36

0.32

0.34

0.23

1.58

Hf (178)

7.08

4.64

1.71

2.10

11.27

Ta (181)

1.38

2.07

2.52

3.74

12.78

Pb (208)

25.98

28.74

29.59

20.35

31.22

Th (232)

20.65

16.38

5.62

7.26

53.58

U (238)

4.60

7.19

16.52

14.35

23.48

Rb/Sr

1.47

1.99

9.98

31.08

9.76

Eu/Eu*

0.42

0.22

0.35

0.14

0.08

The Mine Porphyry is felsic with high SiO2 (76.3 wt%) and K2O (5.06 wt%), and
low TiO2 (0.07 wt%), Fe2O3(T) (1.57 wt%), MgO (0.17 wt%), CaO (0.52 wt%) and
P2O5 (0.06 wt%). It has elevated Cu, Zn, Rb, Y, Nb, Sn, REE, Ta, Th and U
relative to the other units. The REE profile has a slightly positive LREE slope,
strong negative Eu/Eu* anomaly and a slightly negative HREE slope (Figure
15).
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Tourmaline: major, minor and trace elements
Representative major and minor element compositions of tourmaline are
summarised in Table 5. The average trace element concentrations of
tourmaline are in Table 6, and the total range in Table 7. The full data records
are collated in Appendix 3. Reported major element totals vary between 88.51
and 91.03 wt% as B2O3, a major component of tourmaline was not measured.

Tourmaline has the generalised chemical formula XY3Z6(T6O18)(BO3)3V3W
(Hawthorne and Henry, 1999). The calculated structural formulae in Table 5 are
based on 31 anions (O, OH or F) within a formula unit. The primary
substitutions within the tourmaline chemical unit occur on the X (Na + K, calcic
or vacancy), W (O, OH or F) and Y (Fe and Mg) sites and these variations are
used for mineral classification (Henry et al., 2011).

The major element variations within samples from Ardlethan occur mainly
between Fe–Mg on the Y site, Na(+K)–Ca on the X site, and Al with Fe, Mg, Ti
on the Z site, as displayed in Figure 16A–C. All tourmalines from Ardlethan are
primarily alkalic (Figure 16A) and Fe-rich (Figure 16C), and are classified as
schorl. The major element compositions of tourmaline from the Ardlethan
Granite differs from tourmaline of the Mine Granite proportionally to the bulk
rock compositions. The higher Mg/(Mg+Fe) of the bulk rock Ardlethan Granite is
reflected in its tourmaline compared to the bulk rock of the Mine Granite and its
tourmaline.

Group 1 tourmaline occurring within the Mine Granite has a relatively restricted
range of major element compositions defined by relatively depleted FeO (9.87–
13.55 wt%) and enriched CaO (0.12–0.76 wt%). In contrast, the tourmaline
hosted by the Ardlethan Granite is enriched in FeO (14.49–18.51 wt%) and
depleted CaO (<0.22 wt%). The range in Al concentrations within the Group 1
tourmalines is more restricted than that of Group 2 and Group 3 tourmalines
(Figure 16B). F (0.71–0.96 wt%) and Li (96.9–335.7 ppm) contents are enriched
in tourmaline within the Ardlethan Granite compared to the Mine Granite (<0.52
wt% and 15.8–150.8 ppm, respectively). Group 1 tourmaline is relatively
enriched in Rb, Zn and Ta but strongly depleted in Sr, Y, Sn, the REE and Pb
compared to Group 3 tourmaline.
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Greisen-hosted tourmalines of Group 3 are enriched in FeO (15.22–20.25 wt%)
relative to Group 1 tourmaline and depleted in CaO (<0.53 wt%). This
enrichment could result from continued fractional crystallisation of the Ardlethan
Granite after Group 1 crystallised. F (0.19–1.16 wt%) and Li (20.46–166.1 ppm)
contents are similar to that of Group 1. The REE concentrations of Group 2
tourmaline were commonly below detection limit.

Table 5: Representative major element composition and calculated atoms per formula unit for tourmaline
groups at Ardlethan. Bdl = below detection limit.
Sample
No.
Host rock
Setting

ARD01

ARD04

ARD06

ARD09

ARD13

ARD14

ARD17

ARD19

MG
Interstiti
al

AG
Interstitia
l

AG

MG

MG

MG

AG

AG

Nodule

Breccia

Breccia

Breccia

Greisen

Greisen

wt%
SiO2

35.30

35.42

35.79

36.94

36.18

36.01

34.36

35.62

TiO2

0.46

0.36

0.47

0.40

0.67

1.14

0.31

0.32

Al2O3

35.39

32.77

34.45

31.64

35.97

33.93

32.12

32.98

FeO

10.55

16.53

16.10

14.59

10.68

10.57

17.73

18.50

MgO

3.19

1.02

1.34

3.23

2.95

4.05

0.37

0.36

CaO

0.16

bdl

0.12

0.25

0.16

0.46

0.03

0.22

MnO

0.14

0.16

0.11

0.06

0.07

0.04

0.12

bdl

Na2O

1.78

2.44

2.07

2.17

1.76

1.81

2.11

1.90

K2O

0.04

0.08

0.04

0.03

0.03

0.04

0.04

0.07

F

0.34

bdl

0.71

0.87

0.26

0.30

1.06

0.86

87.34

88.78

91.19

90.17

88.73

88.36

88.25

90.82

Si (T)

5.815

5.911

5.816

6.049

5.870

5.886

5.862

5.888

Al (T)

0.185

0.089

0.184

0.130

0.114

0.138

0.112

Al (Z)

6.00

6.00

6.00

6.00

6.00

6.00

6.00

6.00

Al (Y)

0.687

0.357

0.415

0.107

0.747

0.422

0.319

0.314

Ti (Y)

0.057

0.045

0.057

0.049

0.082

0.140

0.04

0.04

Mg (Y)

0.783

0.254

0.325

0.789

0.713

0.987

0.094

0.089

Mn (Y)

0.02

0.023

0.015

0.008

0.008

0.006

0.017

Fe2+ (Y)

1.453

2.321

2.188

1.998

1.449

1.445

2.507

2.541

Ca (X)

0.028

bdl

0.021

0.044

0.028

0.081

0.005

0.039

Na (X)

0.569

0..790

0.652

0.689

0.554

0.574

0.698

0.609

K (X)

0.008

0.17

0.008

0.006

0.006

0.008

0.009

0.015

Vac

0.395

0.193

0.319

0.261

0.412

0.337

0.288

0.337

F

0.177

bdl

0.365

0.451

0.133

0.155

0.572

0.450

Total
apfu (site)
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Figure 16: Major element compositions of tourmaline at Ardlethan obtained by EMP. The major chemical
substitutions are shown for the X site (A) and Y site (B). These variations are combined in C.
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Group 2 tourmalines have the most variable major and trace element
compositions primarily in FeO (8.88–21.50 wt%), Al2O3 (25.86–37.55 wt%) and
CaO (<0.94 wt%). F and Li contents are generally lower than groups 1 and
2 tourmaline. They are notably enriched in Sr, Y, Zr, Sn, the REE and Pb. In
Figure 16 (B, C) Group 2 tourmaline has compositions intermediate between
tourmaline in the Mine and Ardlethan granites, which is later inferred to be due
to mixing.

REE compositions of tourmaline from Ardlethan define two types of chondritenormalised patterns (Figure 17). Tourmaline occurring within the Ardlethan
Granite (groups 1 and 3) displays lower concentrations of the REE compared to
the bulk rock, however have similar pattern with a positive LREE slope and flat
HREE slope, except for a pronounced positive Eu/Eu* anomalies in tourmaline,
compared with negative anomalies in the whole rock. The inversed Eu/Eu*
anomalies in tourmaline compared to the whole rock are discussed in Section
2.4.2 in relation to crystal-chemical effects on REE substitution into tourmaline.

Figure 17: Chondrite-normalised REE concentrations of tourmaline at Ardlethan normalised to chondrite
(Sun and McDonough, 1995). Group 2 tourmaline defines a unique pattern compared to the other groups.
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Table 6: Representative trace element concentrations of tourmaline from Ardlethan determined by LA-ICPMS. dl = detection limit; Bdl = below detection limit.
Sample No.

ARD01

ARD04

ARD06

ARD09

ARD13

ARD14

ARD17

ARD19

Host rock

MG

AG

AG

MG

MG

MG

AG

AG

Setting

Interstitial

Interstitial

Nodule

Breccia

Breccia

Breccia

Greisen

Greisen

0.2

61

123

134

23

31

31

156

94

Sc (45)

0.1

24.4

28.5

14.8

9.6

21.8

69.6

15.1

21.1

V (51)

0.05

31.1

39.7

25.0

69.2

74.8

472.0

2.6

11.2

Co (59)

0.05

18.2

12.6

16.6

0.3

7.9

32.3

6.3

2.0

Cu (63)

0.05

0.1

0.6

0.5

2.3

0.7

0.4

0.2

0.42

ppm (isotope)
Li (7)

dl
(ppm)

Zn (66)

0.1

420

301

576

87

381

300

434

385

Ga (69)

0.05

80.7

117.8

184.1

82.9

91.5

106.7

200.2

290.1

Rb (85)

0.05

bdl

0.29

0.05

38.43

bdl

bdl

bdl

bdl

Sr (88)

0.01

2.1

5.9

7.9

124.7

35.0

7.2

11.9

23.0

Y (89)

0.005

bdl

0.05

0.06

2.84

0.09

0.08

bdl

0.10

Zr (90)

0.005

0.13

0.06

0.28

1.87

0.71

0.43

bdl

0.06

Nb (93)

0.005

2.4

2.6

3.5

2.3

1.4

1.6

0.7

1.9

In (115)

0.01

0.9

1.7

0.9

11.0

0.9

1.0

0.5

3.1

Sn (118)

0.5

52

65

109

762

33

56

46

56

La (139)

0.005

0.76

0.36

2.96

17.22

1.06

2.62

0.03

0.421

Ce (140)

0.005

1.43

0.54

3.78

37.32

1.86

4.78

0.03

0.751

Pr (141)

0.005

0.14

0.05

0.28

3.96

0.20

0.45

bdl

0.07

Nd (146)

0.05

0.39

0.12

0.65

12.94

0.68

1.05

bdl

0.119

Sm (147)

0.05

0.07

bdl

0.07

1.90

0.11

0.12

bdl

0.03

Eu (153)

0.005

0.02

0.02

0.04

0.53

0.17

0.03

bdl

0.013

Gd (157)

0.01

0.01

bdl

0.02

0.74

bdl

0.06

bdl

0.02

Tb (159)

0.005

bdl

bdl

bdl

0.07

0.01

0.01

bdl

0.01

Dy (163)

0.01

bdl

0.01

bdl

0.33

0.01

0.02

0.01

0.02

Ho (165)

0.005

bdl

bdl

bdl

0.08

bdl

bdl

bdl

0.01

Er (166)

0.01

bdl

bdl

0.01

0.41

bdl

bdl

bdl

bdl

Tm (169)

0.005

bdl

bdl

bdl

0.10

bdl

bdl

bdl

bdl

Yb (172)

0.05

bdl

bdl

bdl

0.84

bdl

bdl

bdl

bdl

Lu (175)

0.005

bdl

bdl

bdl

0.16

bdl

bdl

bdl

bdl

Hf (178)

0.01

0.01

0.02

0.02

0.14

0.03

0.2

bdl

bdl

Ta (181)

0.005

2.97

3.02

2.21

0.50

0.82

1.93

0.44

0.97

W (182)

0.001

0.01

0.41

0.12

0.95

0.48

0.05

bdl

0.02

Pb (208)

0.05

1.82

1.12

1.01

8.14

11.79

2.39

0.70

0.25

Th (232)

0.01

bdl

0.04

0.08

1.94

0.33

0.01

bdl

0.04

U (238)

0.005

bdl

0.03

0.01

0.25

0.12

bdl

bdl

0.01
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Table 7: Range of trace element concentrations of tourmaline groups at Ardlethan as determined by LAICP-MS. Mdn = median value of LA-ICP-MS analyses.
Gp 1

Gp 1

MG
Mdn
Li

33

Gp 2

AG
Range

Mdn

Gp 3

AG
Range

Mdn

MG
Range

Mdn

168–151

161

97–336

95

20–166

20

Range
4–84

Sc

26.7

4.2–82

21.1

6.7–67

17.2

3.1–97

15.7

2.6–70

V

159.8

2.9–250

22.6

4.0–53

2.4

1.0–25

73.4

11.0–563

Co

25.0

1.1–39.4

12.8

8.1–16.9

2.6

0.2–7.7

1.5

0.2–38.5

Cu

0.5

0.1–1.4

0.6

0.4–7.5

0.4

0.1–2.2

1.0

0.1–55.4

Zn

330

165–568

532

244–631

478

66–1387

87

65–547

Ga

101.2

48.4–174

145.9

76.4–240

194.3

28.0–351

84.0

25.7–165

Rb

0.15

0.03–19.9

0.11

0.02–57.2

3.04

0.72–78.2

4.40

0.06–48.6

Sr

26.0

2.0–58.1

3.8

0.5–97

11.3

5.6–263

53.0

7.2–215

Y

0.04

<0.39

0.05

0.01–2.47

0.02

<1.06

0.68

0.02–25.3

Zr

0.85

0.04–5.07

0.28

0.01–11.5

0.15

<8.86

0.98

0.05–27.3

Nb

2.7

0.2–42.2

1.9

0.3–7.7

2.1

0.3–11.7

2.1

0.1–93

In

1.2

0.1–6.2

0.7

0.2–3.9

2.5

0.5–43.6

4.4

0.4–29.4

Sn

52

14–102

51

15–132

71

17–647

225

16–1115

La

1.32

0.02–3.32

0.44

<3.31

0.08

<6.25

2.38

0.32–27.2

Ce

1.81

0.03–6.24

0.68

<4.29

0.13

0.02–11.4

4.44

0.5–51.8

Pr

0.16

<0.619

0.07

<0.46

0.06

<1.1

0.40

0.046–5.57

Nd

0.43

0.05–1.78

0.20

<2.13

0.15

<2.7

1.20

0.11–19.5

Sm

0.04

<0.28

0.04

<0.79

0.05

<0.37

0.15

<3.17

Eu

0.21

0.01–0.30

0.02

<0.11

0.02

<0.30

0.19

0.03–0.77

Gd

0.02

<0.10

0.02

<0.63

0.03

<0.16

0.11

<1.84

Tb

bdl

<0.01

bdl

<0.09

0.01

<0.03

0.03

<0.46

Dy

0.01

<0.09

0.01

<0.43

0.02

<0.21

0.14

0.01–3.6

Ho

bdl

<0.03

Bdl

<0.07

bdl

<0.05

0.04

<0.85

Er

0.01

<0.081

0.01

<0.22

0.10

0.07–0.11

0.18

<2.98

Tm

bdl

<0.008

bdl

<0.04

bdl

<0.01

0.04

<0.61

Yb

0.01

<0.09

bdl

<0.23

0.02

<0.13

0.44

0.02–5.12

Lu

bdl

<0.01

bdk

<0.03

bdl

<0.02

0.09

<0.85

Hf

0.28

0.01–2.24

0.03

<0.55

0.03

<1.34

0.07

<1.21

Ta

2.52

0.19–101

1.98

0.29–4.61

1.45

0.13–25.3

1.09

0.03–14.8

W

0.12

<0.63

0.12

<2.62

0.05

<1.87

1.19

<35.18

Pb

2.38

1.31–69

1.11

0.18–106

0.94

0.25–20.03

7.08

1.04–197

Th

0.06

<0.17

0.06

<2.07

0.05

<0.73

0.55

<6.15

U

0.01

<0.38

0.03

<18.5

0.03

<1.27

0.18

<2.2
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Rb–Sr and Sm–Nd isotopic compositions
The combined Rb–Sr and Sm–Nd isotopic data for tourmaline and whole-rock
samples at Ardlethan are compiled in Table 8 and the calculated initial isotopic
compositions are displayed in Figure 18. The Nd1 and NBS987 standard data
are included in Appendix 5.
Initial 87Sr/86Sr(i) was calculated to 410 Ma (discussed below) using the recently
revised decay constant for 87Rb (1.3972 x 10–11 a–1) by Villa et al. (2015).
Additional discussion on the significance of the use of this decay constant is
included in the Chapter 3. Tourmaline samples have low 87Rb/86Sr values
(0.003–0.278) rendering age corrections minimal. The higher

87Rb/86Sr

occurs

predominantly within groups 1 and 3. All 87Sr/86Sr(i) values of tourmaline range
between 0.70998 and 0.71857. Tourmaline occurring within the Ardlethan
Granite (groups 1 and 3) was the most variable ranging from 0.70998–0.71734
compared to the more consistently radiogenic tourmaline occurring within the
Mine Granite (groups 2 and 4), which ranges from 0.71639–0.71857. In
contrast, the 87Rb/86Sr values within the whole-rock samples are large and
variable (4.59–31.68), such that age corrections are significant and contribute to
uncertainty on the calculated 87Sr/86Sr(i). Measured 87Sr/86Sr varies between
0.73753 and 0.89582, with 87Sr/86Sr(i) values between 0.70827 and 0.71952.
87Sr/86Sr
(i)

values of the whole-rock analyses of the Ardlethan Granite (0.71458)

and contemporaneous GQFP (0.71149) are less radiogenic than the Mine
Granite (0.71865) and its contemporaneous Microgranite (0.71952). The late
Mine Porphyry is the least radiogenic with a value of 0.70827.
The 147Sm/144Nd of tourmaline is low but variable between 0.06 and +0.33. The
εNd(i) of tourmaline is highly variable between –12.8 and –1.0. Groups 1 and 3
are consistently more radiogenic εNd(i) values between –5.0 and –1.0,
compared to the less radiogenic Group 2 (–8.4 to –3.2). The single Group 4
analysis is the least radiogenic tourmaline at Ardlethan with a εNd (i) value of –
10.0. The contemporaneous Ardlethan Granite (–3.2) and GQFP (–3.90) are
more radiogenic than the Mine Granite (–9.3) and contemporaneous
Microgranite (–9.3). The Mine Porphyry is the most radiogenic unit (+7.0).
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Table 8: Rb–Sr and Sm–Nd data for tourmaline and whole-rocks from Ardlethan. Initial tourmaline ratios were calculated at 410 Ma (See text for explanation) using decay constants
144

87Rb

= 1.3972x10–11a–1 and 147Sm = 6.54x10–11a–1. εNd = (144

𝑁𝑑 ∕ 143𝑁𝑑(𝑆)

𝑁𝑑 /143𝑁𝑑(𝐶𝐻𝑈𝑅)

− 1) × 104 where 143Nd/144NdCHUR = 0.512638 and 147Sm/144NdCHUR = 0.1967.(0) denotes the measured

isotopic value, prior to age corrections. (i) denotes initial isotopic values after age corrections. Whole-rock ratios were corrected using U-Pb zircon ages as reported in the text. TDM
model ages were calculated using 143Nd/144NdDM = 0.51315 and 147Sm/144NdDM = 0.2136.
Sample
Tur.

Rb

Sr

ppm

ppm

87Rb/86Sr

87Sr/86Sr

(0)

2 SE

87Sr/86Sr

(i)

Sm

Nd

ppm

ppm

147Sm/144Nd

143Nd/144Nd
(0)

2 SE

εNd(0)

εNd(T)

TCHUR (Ga)

TDM (Ga)

ARD04

0.41

4.22

0.278

0.71662

0.00002

0.71504

0.14

0.32

0.26

0.512607

0.00002

–0.60

–3.73

–0.08

–1.95

ARD05

0.23

3.56

0.079

0.71838

0.00001

0.71734

0.77

3.75

0.12

0.512333

0.00002

–5.96

–2.11

0.63

1.38

ARD06

0.12

4.49

0.076

0.71041

0.00001

0.70998

0.42

2.00

0.13

0.512301

0.00001

–6.57

–2.84

0.72

1.47

ARD07

1.38

189.06

0.007

0.71860

0.00001

0.71857

0.78

3.67

0.13

0.512021

0.00002

–12.03

–8.42

1.36

1.99

ARD09

0.93

80.41

0.033

0.71783

0.00001

0.71764

0.75

4.68

0.10

0.511975

0.00001

–12.92

–7.71

1.01

1.53

ARD10

0.08

68.45

0.003

0.71738

0.00001

0.71736

0.32

2.77

0.07

0.511981

0.00003

–12.81

–6.11

0.78

1.23

ARD11

0.10

61.41

0.008

0.71714

0.00001

0.71709

0.37

3.74

0.06

0.512107

0.00002

–10.35

–3.20

0.59

1.03

ARD12

0.74

49.00

0.044

0.71775

0.00001

0.71750

0.67

3.05

0.13

0.512044

0.00001

–11.58

–8.26

1.42

2.09

ARD13

0.07

5.34

0.039

0.71661

0.00001

0.71639

0.38

1.81

0.13

0.512168

0.00005

–9.18

–5.44

1.00

1.69

ARD14

1.29

27.75

0.041

0.71752

0.00001

0.71729

0.83

4.11

0.12

0.511925

0.00000

–13.90

–10.00

1.45

2.03

ARD15

0.17

3.25

0.089

0.71448

0.00001

0.71398

0.11

0.20

0.33

0.512955

0.00002

6.18

–1.04

0.35

–0.25

ARD16

0.21

19.30

0.031

0.71141

0.00001

0.71124

2.49

0.17

0.29

0.512227

0.00005

–8.01

–4.97

–0.70

–1.94

ARD19

0.37

22.68

0.048

0.71091

0.00001

0.71065

0.35

1.55

0.14

0.512301

0.00001

–6.58

–3.38

0.84

1.65

Whole-rock glass
AG

831.8

203.03

11.85

0.78181

0.00001

0.71458

7.49

30.12

0.15

0.512350

0.00001

–5.62

–3.19

0.94

1.92

GQFP

229.3

144.51

4.59

0.73753

0.00001

0.71149

10.39

51.57

0.12

0.512237

0.00001

–7.82

–3.90

0.81

1.51

Mic G

346.0

32.20

31.09

0.89582

0.00001

0.71952

2.24

8.14

0.17

0.512078

0.00001

–10.92

–9.34

2.79

3.42

MG

322.0

149.81

6.07

0.75305

0.00001

0.71865

6.30

30.45

0.12

0.511967

0.00006

–13.09

–9.34

1.42

2.03

MP

677.6

61.88

31.68

0.88882

0.00001

0.70827

7.62

94.06

0.05

0.512595

0.00001

–0.83

6.95

0.04

0.51
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In Figure 18, Group 2 tourmaline defines a curvilinear array between the
Ardlethan Granite and Mine Granite. No tourmaline compositions extend into
the radiogenic εNd(i) compositions of the Mine Porphyry (Figure 18).

Figure 18: Sr–Nd isotopic compositions of tourmaline and whole-rock samples of Ardlethan measured in
this study compared to the major rock units of the Lachlan Orogen. Groups are labelled for each
tourmaline sample. Isotopic fields include 1) Mantle xenoliths of Bingie, 2) Cambrian Greenstone, 3) I-type
igneous units, 4) S-type igneous units, and 5) Ordovician metasediments. Data sources include Nelson et
al., 1984; McCulloch and Woodhead, 1993; McDonough and McCulloch, 1993; Keay et al., 1997. Wholerock analyses reported here include MP: Mine Porphyry, GQFP: Garnet quartz feldspar porphyry, AG:
Ardlethan Granite, Mic: Microgranite and MG: Mine Granite.

Quartz δ18O
Ren (1989) reported δ18O values of whole rock and numerous mineral
separates including quartz and cassiterite determined using the bulk fluorination
technique. However, Fekete et al. (2016) show that δ18O values within a single
quartz grain can vary significantly in magmatic-hydrothermal deposits (e.g. –4.6
to 12.8 ‰), demonstrating the importance of in-situ analyses.
Average compositions and the total range of δ18OSMOW measured for this study
for quartz in the igneous units and within deposits surrounding Ardlethan are
presented in Table 9. The complete data set is compiled in Appendix 4.
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δ18OSMOW compositions of a co-existing fluid with the quartz were calculated
according Equation 4 (Pollington et al., 2016):
103 ∗ 𝑙𝑛α𝑄𝑡𝑧–𝑓𝑙𝑢𝑖𝑑 = 2.91 (± 0.04) ∗ 106 ⁄𝑇 2

Equation 4

where α is the experimentally derived fractionation factor. Temperature (T),
reported in oC, was determined through microthermometry techniques of fluid
inclusions (Ren, 1989). Temperature estimates are of this study constrained by
the inclusion data of Ren (1989).

Ren et al. (1995) reported highly variable fluid inclusion microthermometry data,
which indicate quartz precipitation occurring at 180–380oC. In this study
hydrothermal temperatures were assumed to be 350oC for the breccia- and
vein-hosted quartz, coincident with cassiterite precipitation (Ren et al., 1995).
Magmatic quartz was estimated to have formed at 550oC (Ren et al., 1995).
Quartz from White Crystal precipitated after cassiterite mineralisation at ~250oC
(Ren, 1989).
Ren et al. (1995) reported whole-rock δ18OSMOW values for the Ardlethan
Granite (+10.0–+10.5 ‰), Mine Porphyry (+9.9 ‰) and the Mine Granite (+8.7
‰). An estimate of the sedimentary country rock is provided by Cox (2007) from
limestone of the Taemas area, Lachlan Orogen, of 23–25 ‰.

Table 9: Quartz δ18O compositions from Ardlethan measured by SHRIMP II. Water compositions
calculated using equation of Pollington et al., 2016 and temperatures of Ren (1989) as discussed in the
text.

Unit/Deposit
Mic G
AG
MP
Wildcherry
Blackreef
Godfrey
White Crystal
Buchanan
Titanic
Little Bygoo

Setting
Magmatic
Magmatic/
nodules
Magmatic
Breccia
Breccia
Breccia
Breccia
Vein
Vein
Vein

Group
1
1
1
2
2
2
4
3
3
3

Av. δ18O ‰ (n)
9.40 (15)

2 SE
0.30

Range
8.29–10.14

Av. δ18O (‰)
water
5.1
5.9

11.38 (38)
9.45 (8)
13.28 (9)
13.46 (19)
12.33 (18)
13.07 (27)
11.94 (11)
11.88 (10)
11.84 (22)

0.14
0.27
0.23
0.48
0.56
0.51
0.40
0.12
0.12

9.46–12.56
8.97–10.17
12.71–13.76
11.34–15.06
9.79–14.42
10.43–15.29
10.67–13.16
11.44–12.14
11.23–12.46

5.2
5.8
6.0
4.8
2.5
4.5
4.4
4.4
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Measured δ18O values of quartz presented here range between +8.29 and
+15.29 ‰. Ren (1989) report a similar range in δ18O bulk quartz separates
between 8.2–13.8 ‰. However, using in-situ techniques, we show significant
δ18O variability within samples and grains (e.g. 9.79–14.42 ‰ in the Godfrey
Deposit). The most 18O-depleted values are within the igneous units and oxygen
becomes increasingly enriched in 18O into the breccia and vein deposits. The
average calculated water composition inverts this relationship, with magmatic
quartz containing the most 18O enriched values (+5.10–+5.86 ‰) with
progressively 18O depleted values into hydrothermal environments (+2.54–
+5.97 ‰; Figure 19). Quartz from the Ardlethan Granite displays a small range
in δ18O values (Table 9); these values are also comparable with magmatic
quartz separate data of Ren (1989) (+11.9) and slightly enriched in 18O relative
to whole-rock fluorination values of Ren (1989) (+10–+10.5 ‰). There is no
change in isotopic values from interstitial to nodular quartz indicating similar
crystallisation temperatures.

Figure 19: Relative probability distribution of SHRIMP δ18O quartz analysis at Ardlethan coloured by
tourmaline groups outlined in Table 3.
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2.2.6 Discussion
The origin and evolution of the Ardlethan Granite
The intimate spatial and temporal association of the Ardlethan Granite with
cassiterite mineralisation, indicates it is the probable source of mineralising
fluids as initially suggested by Ren et al. (1995). Walshe et al. (1995; 2011)
suggest that the intrusion of the Mine Porphyry contributed to the Sn forming
event.

As Sn and the REE (specifically Sm and Nd) are expected to complex
favourably with the low pH, high-Cl hydrothermal fluids (e.g. Duc-Tin et al. 2007;
Migdisov and Williams-Jones, 2014) associated with the Ardlethan Sn deposits,
the εNd(i) of tourmaline associated cassiterite characterise the provenance of
mineralising fluids. The variable εNd(i) compositions (–12.8 to –1.04) of
tourmaline associated with cassiterite (Table 8; Figure 18) are significantly less
evolved than the radiogenic Mine Porphyry (+6.95). Instead, tourmaline
associated with cassiterite displays an array of Rb–Sr and Sm–Nd isotopic
compositions between the Ardlethan Granite and Mine Granite (Figure 18). In
this context it is important to understand the processes that lead up to the
emplacement of the Ardlethan Granite and have led to economic mineralisation
of Sn, and the subsequent role of the Mine Granite.

The Ardlethan Granite was initially considered to be part of the Silurian Koetong
Supersuite (Blevin and Chappell, 1995; Ren et al., 1995; Walshe et al., 1995,
2011; White et al., 2001) because of its: 1) location within the well-defined linear
belt and intrusion into the Mine Granite (also part of the Koetong Supersuite); 2)
previously assumed crystallisation age of ca 430 Ma; and 3) geochemistry
commonly lies along linear and curvilinear trends defined by the Koetong Suite
in bivariate plots (most notably SiO2 vs Rb; Figure 8; and SiO2 vs Sr; White et
al., 2001).

In contrast, isotopic provenance and geochronological evidence indicates that
the Ardlethan Granite was emplaced ca 15 Ma after the Koetong Supersuite
(Bodorkos et al., 2013) and with a significantly more radiogenic isotopic source
(Walshe et al., 1995, 2011; Blevin et al., 2017; this study). Granitic magmatism
occurring at ca 430 Ma in the Lachlan Orogen (including the Mine Granite)
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generally have whole-rock εNd(i) (~–10) and zircon εHf(i) (~–15) (McCulloch and
Chappell, 1982; Kemp et al., 2009; Walshe et al., 2011; Blevin et al., 2017).
Granitic magmatism then transitions towards whole-rock εNd(i) of –6.5 to –0.70
and zircon εHf(i) compositions of –8 to –1 between 420 and 410 Ma (McCulloch
and Chappell, 1982; McCulloch and Woodhead, 1993; Kemp et al., 2007, 2009;
Walshe et al., 2011, Blevin et al., 2017; this study). Blevin et al. (2017) showed
that the Ardlethan Granite contains comparable εHf (i) (–5 to 0) and δ18O (7.6–
9.3) zircon to the proximal and contemporaneous Burrandana Granite (417.7 ±
2.8) and Gurragong (416.5 ± 2.4 Ma) and Wallaroobie Volcanics (418.7 ± 1.8
Ma) (Bodorkos et al., 2013).

Kemp et al. (2009) proposed that this temporal isotopic trend throughout the
Lachlan Orogen was caused by tectonic shift from convergence at ca 430 Ma
followed by extension induced by slab retreat that terminated by ca 390 Ma
(Figure 20); and the Ardlethan Granite intruded in an intermediary stage.
Walshe et al. (2011) propose that the increasingly radiogenic εNd(i) from the
Mine Granite to the Mine Porphyry (–10 to +7 ‰) represents an increasing
mantle component in the magmas derived either by mixing or mingling of
mantle and crustal-derived magmas in the middle to upper crust, or mantlederived fluids metasomatising melts in the middle to upper crust.
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Figure 20: Kemp et al. (2009, figure 4) showing the secular isotopic evolution of granites in the Tasmanides. Whole
rock εNd (top) trends are the same as zircon εHf (middle values). Zircon δ18O data (bottom) is more limited but is
generally the inverse of the other isotopic systems.

Ren et al. (1995) classify the Ardlethan Granite as S-type based on low Na2O
(3.1 wt%), and high K2O (4.8 wt%) and ASI (1.14). However, as granites
become increasingly fractionated their compositions converge towards the
minimum temperature compositions (Tuttle and Bowen, 1985), precluding
identification of source rocks based on major elements and mineral abundances
(e.g. Chappell, 1996). Extreme crystal fractionation in the Ardlethan Granite is
evidenced by the low K/Rb (~80; K-feldspar), a pronounced negative Eu/Eu*
anomaly (plagioclase; Figure 15), and high Rb/Sr (>31; incompatible–
compatible pair) of the bulk-rock analyses (Blevin, 2004; this study). Similarly,
the strong enrichment in Sn (~30 ppm) relative to bulk continental crust (2.5
ppm; Taylor and McClennan, 1995) and the depleted mantle (0.1 ppm; Salters
and Stracke, 2004) indicates extensive fractional crystallisation.
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Estimation of the initial 87Sr/86Sr composition of the Ardlethan Granite based on
whole rock data is difficult due to the uncertainty introduced by large age
corrections associated with the relatively elevated 87Rb/86Sr (11.85). Bodorkos
et al. (2013) reported a U–Pb zircon age for the Ardlethan Granite of 414.7 ±
2.3 Ma and Richards et al. (1982) reported a K–Ar date of 410 ± 2.5 Ma.
Assuming an 87Rb/86Sr of 11.85 for the entire unit, the calculated 87Sr/86Sr(i)
composition of whole-rock data range from 0.71343–0.71419 based on the
uncertainty in the U–Pb zircon age, and between 0.71417 and 0.71499 based
on the uncertainty in the K–Ar age. A two-point isochron using the whole-rock
and tourmaline analyses from ARD04 yields an age of 407.1 ± 3.2 Ma and an
initial 87Sr/86Sr of 0.715053 ± 0.00004, however equilibrium is not certain. More
work is required to properly constrain the

87Sr/86Sr of
(i)

the Ardlethan Granite.

The variability in 87Sr/86Sr(i) compositions of Group 1 tourmaline is difficult to
interpret. 87Sr/86Sr(i) heterogeneity within tourmaline samples is undetermined
and could account for the spread in measured values. Partial replacement
textures are common, but do not correlate with major changes in major or trace
element chemistry. The least radiogenic composition occurs within nodular
tourmaline (ARD06), which has an 87Sr/86Sr(i) and εNd(i) composition
comparable to the GQFP (Figure 18). The 87Sr/86Sr(i) composition of magmas
evolved from 0.71149 in the GQFP at 417.8 ± 2.2 Ma (Bodorkos et al., 2013) to
0.71458 in the Ardlethan Granite at 414.7 ± 2.3 Ma (Bodorkos et al., 2013).
From a single Sr reservoir and over a period of ca 3 Ma, the 87Sr/86Sr of a melt
could evolve this range if the 87Rb/86Sr ratio of the magma was ~40. Therefore,
the less radiogenic 87Sr/86Sr(i) tourmaline could be related to an earlier phase of
the Ardlethan Granite at ca 417 Ma. Similarly, the greisen deposits (ARD16 and
ARD19) with similar 87Sr/86Sr (Figure 18) would have formed during this earlier
pulse. This is supported by cassiterite ages, which indicate greisen
mineralisation occurred first at ca 415 Ma (See Chapter 3).
Although variable, the 87Sr/86Sr(i) composition of the Ardlethan Granite and
Group 1 tourmaline is within the range of S-type magmatism in the Lachlan
Orogen (Chappell and White, 2001) whilst the εNd(i) compositions of the wholerock Ardlethan Granite and Group 1 tourmalines (–3.73 to –2.11) are more
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consistent with the I-type granitic magmatism of the Berridale and Kosciusko
batholiths (McCulloch and Chappell, 1982; Figure 18).

Source modelling
The 87Sr/86Sr(i) and εNdi of the Ardlethan Granite is unique to the Lachlan
Orogen, in that it has a Sr isotopic composition like S-type granites, but εNd is
more like I-type granites (Figure 18). The proximal and ca 417 Ma Burrandana
and Kyeamba granites that intruded contemporaneously with the GQFP and
before the ca 415 Ma Ardlethan Granite, have similar εNd(i) (–3.01 and –3.79,
respectively), but less evolved 87Sr/86Sr(i) (0.70731 and 0.70980, respectively;
Figure 18) and SiO2 (71.46–71.70 wt%). Similarly, the Burrandana Granite,
Glenbog Granodiorite, Kadoona Dacite (Kemp et al., 2009) and Walleroobie
and Gurragong volcanics have zircon εHf(i) (–5–0 ‰) and δ18O (6–9 ‰)
compositions within the range of the Ardlethan Granite and GQFP (Blevin et al.,
2017). These isotopic data indicate more widespread magmatism at ca 415 Ma
than previously thought (e.g. Chappell and White 1992), derived from a
weathered, moderately juvenile isotopic source.
The haplogranite composition of ‘tin’ granites like the Ardlethan Granite can be
attributed to two processes; small degree partial melting or extreme fractional
crystallisation. Although partial melting can fractionate

87Sr/86Sr and
(i)

εNd(i) of a

melt from its source (Zeng et al., 2005), it is not considered a dominant process
at Ardlethan for the following reasons:
1. Partial melting of an S-type source would generate a high ASI (e.g. 1.33
from experiments Castro et al., 2010), similar to the Mine Granite (1.3),
and higher than that of the Ardlethan Granite (1.1).
2. Partial melting of an I-type source would require miniscule degrees of
<1% melt separation to generate the haplogranite compositions of the
Ardlethan Granite (Abbot, 1981; Beard and Lofgren. 1991; Rushmer,
1991; Beard et al., 2005; Sisson et al., 2005), and such miniscule
amounts of melt do not easily separate from their source (Arzi, 1978;
Clemens and Vielzeuf, 1987; Sawyer, 1994; Vigneresse et al., 1996).
3. In addition to 2, geochronological data indicates that the Ardlethan
Granite was emplaced contemporaneously with widespread magmatism
occurring over a 150 km strike within the Lachlan Orogen (Bodorkos et
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al., 2013). To generate these haplogranite compositions from small
degrees of partial melt would require melting an area significantly larger
than the entire Lachlan Orogen.
The haplogranitic composition of the Ardlethan Granite is therefore attributed to
extensive fractional crystallisation.

Assimilation and fractional crystallisation
Ren et al., (1995) inferred fractional crystallisation created the haplogranitic
composition of the Ardlethan Granite that is characterised by strong negative
Eu/Eu* anomalies and flat REE chondrite-normalised concentrations (Figure
15), high Rb/Sr and Sn concentrations and low K/Rb and Sr, Y and LREE
concentrations. These features are particularly apparent in the compositional
contrast between the GQFP and the Ardlethan Granite, indicating much of the
chemical evolution occurred following emplacement of the volcanics. The major
and trace element compositions of these granites, and others that have intruded
contemporaneously with the Ardlethan Granite are shown in Figure 21. Granites
show linear trends with increasing SiO2 for MgO, FeO, CaO and K2O. However,
the Kyeamba, Burrandana and Ardlethan granites show increasing Sn with SiO 2
compared to the stable concentrations within the other ca 415 Ma granites.

Fractional crystallisation alone, however, cannot explain the increasing
87Sr/86Sr but
(i)

stable εNd(i) from the GQFP to the Ardlethan Granite (Figure 18).

This trend of increasing 87Sr/86Sr(i) is also evident with the inclusion of the
Burrandana (0.70771) and Kyeamba (0.71036) granites.

Assimilation of Ordovician sediments during fractional crystallisation can cause
these effects because the significantly different partition coefficients of Sr
(SrDMineral/melt = ~2) and Nd (NdDMineral/melt = 0.1) in felsic melts. With continued
fractional crystallisation and removal of the Sr from the residual melt primarily
through the crystallisation of plagioclase (Bea et al., 1994), the Sr isotopic
composition of the assimilant will be adopted more readily than Nd (DePaolo,
1981).
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The evolution of 87Sr/86Sr(i) and εNd(i) through assimilation and fractional
crystallisation (AFC) processes in felsic melts can be modelled for each isotopic
system using the equations of DePaolo (1981):

𝜀𝑚 =

𝑟 𝐶𝑎
0 𝐹 −𝑧 𝜀 0
(1−𝐹−𝑧 )𝜀𝑎 +𝐶𝑚
𝑚
𝑟−1 𝑧
𝑟 𝐶𝑎
0 𝐹−𝑧
(1−𝐹−𝑧 )+𝐶𝑚
𝑟−1 𝑧

where: 𝑧 =

𝑟+𝐷−1
𝑟−1

Equation 5

; and the following terms are defined as: εm = isotopic

composition of the magma; εa = assimilant, ε0m = initial magma. Ca =
concentration in the assimilant; Cm concentration in the initial magma. D = partition
coeffecient; r =

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑎𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑡𝑖𝑜𝑛
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑟𝑎𝑐. 𝑐𝑟𝑦𝑠𝑡𝑎𝑙.

; F = fraction of melt remaining. F and r are the

only unknown parameters in the equation and have important geological
meaning.
ε0m, εa, Ca and Cm are derived from published analyses of source rocks in the Lachlan
Orogen and show significant heterogeneity. The partition coefficient, D (D =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑠
)
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑒𝑙𝑡

for Nd and Sr in silicate melts is estimated at 0.01 ± 0.0005 and

2 ± 0.1, respectively. Sr is more compatible in peraluminous granitic melts than

Nd, as it is sequestered primarily into plagioclase (e.g. Bea et al., 1994). The
strong negative Eu/Eu* anomalies indicate significant removal of plagioclase
from the Ardlethan Granite. Alternatively, Nd shows strong affinities for apatite
(e.g. Bea et al., 1994). The increasing P2O5 (Figure 21) and the presence of
accessory apatite within the Ardlethan Granite indicate that Nd was not
significantly removed from the system during fractional crystallisation. To
simultaneously solve the Equation 5 for F and r, whilst also accounting for the
variability in the above parameters, Monte-Carlo simulations
were performed with 10 000 iterations assuming uniform a distribution of
isotopic concentrations and compositions within the defined uncertainty.

69

Figure 21: Major and trace element bivariate plots for granites intruding the Lachlan Orogen ca 415 Ma
and interpreted to be genetically related to the Ardlethan Granite. Data from Blevin, 2002.

These simulations were performed by using the isotopic composition of the two
I-type source components identified in the Lachlan Orogen undergoing
fractional crystallisation and assimilation of Ordovician sediments. The I-type
components include: 1) mantle represented by harzburgite and lherzolite
xenoliths in southeastern Australia (McDonough and McCulloch, 1987), and 2)
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oceanic crust represented by outcropping greenstone belts (Nelson et al., 1984;
McDonough and McCulloch, 1987).

The isotopic composition of the mantle is estimated from xenoliths occurring at
Bingie Bingie, eastern Lachlan Orogen, and is relatively restricted with
87Sr/86Sr
(410 Ma)

of 0.7039 ± 0.002 and εNd(410 Ma) of 5.2 ± 1.6 (Figure 18; Keay et

al., 1997). The Sr (570 ± 84 ppm) and Nd (30 ± 4.5 ppm) concentration within
these enclaves does not indicate large compositional heterogeneities. Although
two groupings of Cambrian greenstones have been identified isotopically
(Figure 18; Nelson et al., 1984; McDonough and McCulloch, 1987), only the
most primitive is used in modelling. These rocks have variable

87Sr/86Sr
(410 Ma)

of

0.706 ± 0.001, Sr concentration of 150 ± 75 ppm and εNd(410 Ma) of 3.2 ± 1.5 and
Nd concentration of 5 ± 2.6 ppm. The Ordovician sediments display minimal
εNd(410 Ma) variation (~ 10 ± 0.37), but variable 87Sr/86Sr(410 Ma) (0.72407 ± 0.002),
Sr (Sr = 191 ± 50 ppm) and Nd (57 ± 16 ppm) concentrations.

Figure 22A shows model of AFC between a melt derived from a mantle source
and assimilated with Ordovician sediments, and can reproduce the 87Sr/86Sr(i)
and εNd(i) composition of the Ardlethan Granite with highly variable F (0.48 0.33/+0.44) and r (0.54 -0.27/+0.38). Conversely, Figure 22B shows that AFC
from a melt derived from oceanic crust source and assimilated with Ordovician
sediments requires restricted and low values of F (0.14 -0.12/+0.56) and r (0.07/+0.30). This second scenario explains better the haplogranite composition,
and moderate ASI of the Ardlethan Granite as a low F (0.14) indicates
prolonged fractionation crystallisation, and low r (0.09) indicates a relatively
minor sedimentary component in the final melt.
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Figure 22: Monte-Carlo simulations of F and r values of the Assimilation and Fractional Crystallisation
(AFC) modelling equation of DePaolo (1981) as applied to the Ardlethan Granite. The left panel represents
AFC of a mantle source with Ordovician sedimentary assimilant, and the right panel represents an oceanic
crust source and Ordovician sedimentary assimilant. Red traces represent the F and r combination that
can will produce the εNd(i) composition of the Ardlethan Granite. Blue traces represent F and r values for
Sr. The multiple traces were produced by varying the composition parameters (concentration and isotopic
ratio) of the end-members. Where the blue and red traces intersect, marked by a black dot, represents a F
and r value that produces both the 87Sr/86Sr(i) and εNd(i) of the Ardlethan Granite. A probability histogram of
these intersections is show on the borders for the graphs.

Sn enrichment
Ren et al. (1995) reported tin concentrations within the Ardlethan Granite
increasing from 15 ppm in the main part of the body to 300 ppm towards the
eastern margin where most mineralisation occurs. Sn concentrations of the
Ardlethan Granite reported here are within this range (~50 ppm). This is
approximately five times more abundant than the average crustal value (Taylor
and McClennan, 1995).

In the previous section, isotopic modelling of AFC processes indicates that the
Ardlethan Granite originated from melting of a isotopically juvenile (oceanic
crust) source. Melts underwent extreme fractional crystallisation and minimal
assimilation of weathered sedimentary rocks. The concentration of Sn during
AFC processes can be modelled with an assumed mineral–melt partitioning
coefficient of Sn near 0. Sn is shown to increase with SiO2 relative to the ca 415
Ma Granites (Figure 21) indicating is incompatibility. Williamson et al., (2016)
assumed a SnDMineral/melt ≈ 0 in the parental melts of the Cornubian Batholith
because of the high solubility of Sn over a range of oxygen fugacity in reduced
felsic melts (> 1000 ppm SnO2; Stemprok, 1990; Taylor and Wall, 1992) that
prevents cassiterite precipitation, and the large ionic radius (0.93 Å) and low
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charge of Sn2+ that prevents its incorporation into the major mineral phases. The
reduced composition of the Ardlethan Granite (Blevin 2004) indicates that Sn 4+
was minor, preventing its substitution into Ti4+ bearing minerals such as titanite
(SnDMineral/melt = ~100; Antipin et al., 1981).

Sn concentrations have not been reported for the Cambrian greenstones of the
Lachlan Orogen, however modern MORB are below 1.7 ppm (e.g. Yi et al.,
2000) and commonly <1.3 ppm. Partial melting of these source rocks will enrich
Sn in the melts if no Ti-bearing restite phases such as biotite, ilmenite and rutile
are present. Approximately 20 volume % melt generation is thought to be a
critical minimum before which granite melts are trapped in their source region
forming migmatites (Arzi, 1978; Clemens and Vielzeuf, 1987; Sawyer, 1994;
Vigneresse et al., 1996). Assuming 20 vol % partial melting of an oceanic crust,
and incompatibility of Sn in restite phases, Sn concentrations in parental melts
will be enriched 5 times more than the source rocks. Larger partial melt volumes
will reduce the concentration of Sn in the melt. Wolf et al., (2018) suggest that
source rocks can also enriched in Sn by multiple, low-temperature melt
extractions in which Sn is sequested into the restite phases.

Figure 23 shows the enrichment of Sn during AFC with the r values determined
in Figure 22, and by Rayleigh fractionation for comparison. The initial 20 vol. %
melt begins with a Sn concentration of 7.5 ppm (a 5 times enrichment of
average MORB value 1.5 ppm). Sn concentration of the assimilant is set to 4
ppm (Blevin 2002). Fractionation crystallisation alone would require near
complete crystallisation (97%) achieve the Sn concentrations in the residual
melt that formed the Ardlethan Granite. Conversely incorporation of the slightly
enriched Ordovician sediments through AFC processes requires 30–70%
crystallisation, dependent on the r value, to produce 50–300 ppm Sn in the
residual melts. In Figure 22 the r value was more precisely constrained than the
F value due to the path of the εNd(i) traces. By fixing the r value to 0.09 in AFC
modelling of Sn indicates that a minimum of 60% crystallisation is required to
produce 50 ppm in the residual melts of the Ardlethan Granite. Larger volumes
of partial melting of protolith, the presence of Sn-bearing restite or SnDMineral/melt >
0 will require further crystallisation (lower F) to produce the elevated Sn
concentrations of the Ardlethan Granite.
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Figure 23: Modelled enrichment of Sn during Rayleigh Fractional and AFC processes after 20 vol. %
partial melting of a greenstone protolith. The grey fields represent the curves between the maximum and
minimum r (rate of assimilation/rate of frac. Cryst) values determined in Figure 22. The Ardlethan Granite
(AG) is placed at the r and F values determined in Figure 22.

Summary
Isotopic data presented and discussed here indicates that the Ardlethan
Granite, and potentially other felsic magmatism at ca 415 Ma (Burrandana
Granite, Glenbog Granodiorite, Kadoona Dacite and Walleroobie and
Gurragong volcanics), are chemically and temporally distinct from the Koetong
Supersuite. The ca 415 Ma igneous units were emplaced during slab retreat
following convergence (Kemp et al., 2009) and are marked by regionally
intermediate 87Sr/86Sr(i) and εNd(i) whole rock compositions, and εHf(i) and δ18O
zircon compositions. The Ardlethan Granite was derived from melting of juvenile
source rocks with a minor weathered component. The haplogranite chemistry of
the Ardlethan Granite is hypothesised to the result of prolonged AFC
incorporating sedimentary (weathered) rocks. Monte-Carlo modelling of the
87Sr/86Sr and
(i)

εNd(i) composition of parental melts of the Ardlethan Granite

during AFC indicates ~85% crystallisation is required, with relatively minor
assimilation of sedimentary rock (r = 0.09). The effect of AFC on the
concentration of Sn in the residual melts is modelled, despite numerous
assumptions, renders imprecise, but overlapping F and r values.
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Magmatic to hydrothermal processes
Fluid formation and greisen mineralisation
AFC modelling in the previous section indicates magmatic enrichment of Sn 30
times greater than in the inferred source rocks. Magmatic crystallisation of
cassiterite requires an order of magnitude greater enrichment to occur (~1000
ppm; Stemprok, 1990; Taylor and Wall, 1992; Naumov and Kamenetsky, 2006).
At Ardlethan, cassiterite mineralisation is hydrothermal, occurring in veins and
breccia infill. Therefore, a secondary enrichment process, within the magmatic
to hydrothermal transition is required to create the economic mineralisation.

Figure 24: Box and whisker plot of tourmaline LA-ICP-MS Sn concentrations from Ardlethan in tourmaline
groups of Table 1. The Sn concentration modelled in a fluid emanating from the Ardlethan Granite is shown in
the grey bar.

Sn concentrations in tourmaline record the enrichment from within the magmatic
environment and through to the hydrothermal environment (Figure 24).
Interstitial tourmaline of Group 1 occurring within the Ardlethan Granite has a
median Sn concentration of 37 ppm that increases to 73 ppm in nodular
tourmaline of Group 1. The increase across this textural transition indicates that
fluid separation and sequestration of Sn has not occurred prior to the formation
of quartz–tourmaline nodules.

The Sn concentration of a fluid separating from the Ardlethan Granite is
estimated using the equation for ‘first boiling’ by Candela (1989):
𝑓𝑙𝑢𝑖𝑑

𝑖
𝑖
𝐶𝑓𝑙𝑢𝑖𝑑
= 𝐷𝑓𝑙𝑢𝑖𝑑
∗ 𝐶𝑂𝑖 (1 − [(1 − 𝐹)𝐶𝑂𝑤𝑎𝑡𝑒𝑟 ])𝐷 𝑚𝑒𝑙𝑡 −1
𝑚𝑒𝑙𝑡
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Equation 6

𝑖
where 𝐶𝑓𝑙𝑢𝑖𝑑
is the concentration of Sn in a fluid exsolved from the initial silicate
𝑖
melt (𝐶𝑂𝑖 ), 𝐷𝑓𝑙𝑢𝑖𝑑
is an estimate of the fluid/melt partition of Sn (discussed
𝑚𝑒𝑙𝑡

below),

𝐶𝑂𝑤𝑎𝑡𝑒𝑟

is the initial concentration of water in the silicate melt

immediately prior to boiling and F(water) is the mass of water in the melt following
boiling relative to the initial mass in the melt. A F(water) of 0.14 is used for the
calculation because the maximum measured H2O the Ardlethan Granite is 1.0
wt% (Blevin, 2002) and 7 wt% represents the water saturation point in the Qz–
Ab–Or experimental system at 650oC and 0.3 GPa (Holtz and Johannes,
1994). There are numerous variables within Equation 6 that rely on
assumptions and so calculations are intended to provide broad estimates of the
Sn concentration of fluids exsolved from the Ardlethan Granite melts.
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

Estimates of melt/fluid partition coefficients for Sn (𝐷𝑆𝑛

) vary between

0.002 and 12 (Nekrasov et al., 1980; Keppler and Wyllie, 1991; Duc-Tin et al.,
2007; Zajacz et al., 2008). The availability of HCl is the most sensitive factor to
Sn solubility in a fluid (Duc-Tin et al., 2007; Zajacz et al., 2008). Duc-Tin et al.
(2007) show that HCl increases Sn solubility more than NaCl by 2 orders of
magnitude. Ren (1995) measured NaCl in fluid inclusions between 30 and 65
wt% equivalent in the Ardlethan Granite. Experimental data indicate that in
peraluminous melts at 800oC/100 MPa, HCl will account for about 25–40% of
total chlorine (Manning 1989). HCl is estimated in the Ardlethan Granite to be
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

2.5 M. Duc-Tin et al. (2007) estimated 𝐷𝑆𝑛

between 2 and 4 for

peraluminous melts at 700oC, 100–200 MPa, log fO2 ~ NNO, and HCl between
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

0.5 and 4.4 M. For 𝐷𝑆𝑛

= 2–4, the calculated Sn concentration of a fluid

generated from first boiling in the Ardlethan Granite is 95–166 ppm (Figure 24).
Halving the assumed 𝐶𝑂𝑤𝑎𝑡𝑒𝑟 (F = 0.29) marginally increases these values of 97–
185 ppm.

Predicted Sn concentrations of fluids at Ardlethan are consistent with Sn
concentrations reported in Group 3 tourmaline indicating fluid separation from
the Ardlethan Granite led to greisen-style mineralisation. The identical REE
pattern of the Group 1 and Group 3 tourmalines (Figure 17) further indicates
that fluids emanating from the Ardlethan Granite led to greisen mineralisation.
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The calculated fluid δ18O values of the Ardlethan Granite (+5.86) are most
similar with compositions in quartz associated with greisen mineralisation
(+4.35; Table 9; Figure 25). The slight offset in δ18O is attributed to the lower
formation temperatures associated with quartz precipitation between the
Ardlethan Granite (~450oC) and qtz–tur–cst veining (350oC). Sr, Y, Sn, LREE
and Pb increase in concentration from Group 1 to Group 3 tourmaline also
indicating hydrothermal mobilisation of these elements.

Figure 25: Variations in δ18O quartz values as a function of temperature from Ren (1989). The evolving
temperature dependent composition of the Ardlethan Granite is modelled using the equation of Pollington
et al. (2016).

Fluid–rock mixing
Sn within Group 2 tourmaline associated with cassiterite shows significantly
greater enrichment than predicted purely from the separation of a fluid from a
peraluminous melt (Figure 24). Elevated Sn concentrations indicate that
tourmaline precipitated before cassiterite and that another enrichment process
occurred. Breccia infill textures in the Wild Cherry deposit confirm the early
precipitation of tourmaline relative to cassiterite (Figure 11A). Cassiterite occurs
as euhedral crystals growing into voids surrounded by thick (~1 m) tourmaline
selvage.

All tourmaline samples within Group 2 tourmaline has comparable LREE
concentrations. Group 1 tourmaline, however, differs with enriched HREE
(Figure 17). Fractionation of the LREE and HREE elements is commonly
reported in hydrothermal environments associated with highly fractionated
granites (e.g. Maruéjol et al., 1990; Salvi and William-Jones, 1996; Jiang et al.,
1999, 2004; Yavuz et al., 2011). Wood (1990) showed that at 300oC Lu (and
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HREE) is almost twice as stable as La (and LREE) in fluoride complexes. REE
fractionation due to the formation of fluoride complexes, however, is unlikely as
Migdisov and Williams-Jones (2014) show that the REE are more soluble in Clcomplexes. Although topaz is a common gangue mineral associated within the
breccia pipes (Ren et al., 1989), fluorine concentrations in tourmaline are
highest in Group 1 and Group 3 where there is no HREE enrichment.
Additionally, there is no correlation between F and the HREE observed in
tourmaline of the breccia deposits. Marks et al. (2013) suggested plagioclase
dissolution led to HREE enrichment over LREE after the experimental data of
Shibata et al. (2006). Salvi and Jones (1996) also correlate the enrichment of
HREE relative to LREE with low temperature (≤ 200oC) Ca-bearing fluids
derived from the country rocks. Plagioclase dissolution is evident in the Mine
Granite and the major elements of tourmaline become more Ca rich in the
breccia pipes (Figure 16A, C), but there is no correlation between the HREE
and Na2O or CaO in tourmaline. Furthermore, plagioclase dissolution would
also be expected in the greisen deposits (Group 3) as the Ardlethan Granite
contains ~23 vol% plagioclase (Ren, 1989), however, Group 3 tourmalines have
no HREE enrichment (Figure 17). Jiang et al. (1999) attribute HREE enrichment
in hydrothermal fluids to a new magmatic pulse from a different source. The
Mine Porphyry is slightly enriched in the HREE, but tourmaline Sr and Nd
isotopic data indicate no contribution of this unit to hydrothermal fluids at
Ardlethan. The lack of HREE enrichment in Group 4 tourmaline indicates that
the mechanism leading to HREE enrichment ceased after cassiterite
mineralisation.
The 87Sr/86Sr(i) and εNd(i) of Group 2 tourmaline at Ardlethan define an array that
indicate hydrothermal fluids interacting with the Mine Granite host rock. To
evaluate this process the isotopic mixing equation of DePaolo and Wasserburg
(1979) was used;

(ε𝑥 )𝑚 =

𝑋1 [𝑥 ′ ]1 𝜀𝑥 +(1−𝑋1 )[𝑥 ′ ]2 (𝜀𝑥 )2

Equation 7

𝑋1 [𝑥 ′ ]1 +(1−𝑋1 )[𝑥 ′ ]2

where (εx)m = the isotopic composition of a two-component mixture, X1 = weight
fraction of component 1 (between 0 and 1), [x’]1 = element concentration of
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component 1 (e.g. ppm) and εx = isotopic ratio of component 1 (e.g. 87Sr/86Sr).
Component 1 is the fluid emanating from the Ardlethan Granite with an isotopic
composition defined by Group 1 tourmaline: 87Sr/86Sr = 0.7146, Sr = 203 ppm,
εNd = –3.19, and Nd = 45 ppm. Component 2 is the Mine Granite defined by
whole-rock data reported here: 87Sr/86Sr = 0.7187, Sr = 149 ppm, εNd = –9.34,
and Nd = 6.56 ppm. The modelled curve of this fluid leaching between X1 = 0–1,
is displayed in Figure 26.

Figure 26:Isotopic mixing modelling with equations of DePaolo (1979) for tourmaline between the
Ardlethan Granite (AG) and Mine Granite (MG) end members. Compositional fields of other units in the
Lachlan Orogen are described in Figure 18. The numbers on tourmaline points indicates its group.

The array of Group 2 87Sr/86Sr(i) and εNd(i) can be reproduced by ~50–96%
isotopic mixing between the fluid and the Mine Granite. Fluid leaching is also
evident in the major element compositions of Group 2 tourmalines, which are
intermediate between the Mine Granite and Ardlethan Granite in their Fe–Mg
and Na(+K)–Ca substitutions (Figure 16). Ren et al. (1995) reported similar Fe
enrichments in secondary biotite and chlorite hosted in the Mine Granite but
associated with the intrusion of the Ardlethan Granite. Fresh samples of the
Mine Granite are defined by a δ18O value of +8.7 ‰ (Ren, 1995). Increasing
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alteration within the Mine Granite coincides with increasing δ18O values up to
+11.7 ‰, comparable with the fresh Ardlethan Granite δ18O of +11.38 ‰. The
calculated δ18O fluid values reported here for Group 2 quartz vary significantly
between the calculated Ardlethan Granite fluid at ~350oC and heavier
compositions. The poor temperature constraints on quartz precipitation likely
add to the excess scatter. Using better temperature constraints, Ren et al.,
(1995) reported a systematic decrease in fluid δ18O values with temperature,
which they attributed to cooling magmatic fluids from the Ardlethan Granite in
rock buffered conditions.

Fluid leaching of the Mine Granite is associated with a general increase in Sn
concentrations within tourmaline (Figure 27). The unaltered Mine Granite
contains up to 56 ppm Sn, whilst altered samples as little as 8 ppm (Ren, 1989).
Scavenging of Sn from host rocks has been suggested for the Tanjungpanda
deposit (Lehmann and Harmanto, 1990). Lehmann and Harmanto (1990)
suggest that Sn was remobilised from the host granite by reduced fluids.
Eugster (1986) show that Sn solubility in a fluid at 500 oC will increase from 0.1
ppm at the hematite–magnetite (HM) buffer to 100 ppm at the quartz–fayalite–
magnetite (QFM) buffer. Ren (1989) calculated the log fO2 of the mineralisation
fluids to be 4–5 units below the HM buffer, or 1–2 units above the QFM between
385 and 440oC. The log fO2 of the Mine Granite is unknown, but likely reduced
due to the presence of ilmenite and no magnetite (Ren, 1989). Although this low
fugacity is thought to be encourage Sn mobility, as Sn2+ binds with Cl-rich fluids,
however recently Schmidt (2017) showed that Sn4+ can be mobile in chloride
complexes, including [SnCl4(H2O)2]0 and [SnCl3(H2O)3].

Leaching was most effective in brecciated zones where there was a greater
exposure of Mine Granite fragments to the fluids emanating from the Ardlethan
Granite. In many locations brecciation has created low permeability rock-flour
breccia, elsewhere fragment-supported breccias have channellised fluid flow
(Ren, 1989). Fluid flow through these zones has caused pervasive alteration of
the primary mineralogy of the Mine Granite (Figure 9). Ren et al., (1995) defined
three alteration assemblages defined on the dominant alteration mineral; biotite,
sericite and chlorite. Alteration involves replacement of magmatic K-feldspar,
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plagioclase and biotite with these minerals (Ren et al., 1995). Although the Sn
concentration of magmatic K-feldspar, plagioclase and biotite in the Mine
Granite is unknown, the minerals are present in large volumes: K-feldspar = 35
vol. %, plagioclase = 25 vol. % and biotite = 10–15 vol. % (Ren 1989) .

Figure 27: Box and whisker plot of Sn concentration of Group 2 tourmaline increasing with lower εNd.
Increasing εNd(i) in Group 2 tourmaline is associated with increased fluid leaching of the Mine Granite, as
discussed in the text.

Within the Cornubian Batholith, muscovite (50–70 ppm), plagioclase (10–20
ppm), orthoclase (10–15 ppm) and tourmaline (5–20 ppm) are the major
reservoirs of Sn in the magmatic mineralogy (Simons et al., 2017), however
biotite is not present. Partitioning coefficients of Hu et al. (2016) for
𝑆𝑛
metaluminous acidic melts indicate biotite (𝐷𝑏𝑖𝑜𝑡𝑖𝑡𝑒−𝑚𝑒𝑙𝑡
= 3.19) and magnetite
𝑆𝑛
(𝐷𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒−𝑚𝑒𝑙𝑡
= 7.4), when present, are the primary hosts of Sn. Sn within

magmatic minerals of the Mine Granite likely reside primarily in biotite,
substituting for Ti4+, which makes up 10–15% of the rock. Further Sn will be
hosted in the accessory phases ilmenite and rutile, however leaching of these
phases is more difficult. The Sn concentration of biotite of the Mine Granite has
not been analysed so mass balance equations are difficult.

Ren et al. (1995) attributed cassiterite precipitation to cooling hydrothermal
fluids and increasing pH and ƒO2 during fluid–rock interaction with the Mine
Granite. As previously discussed, the solubility of Sn is two orders of magnitude
more sensitive to HCl concentration over NaCl concentration (Kovalenko et al.,
1986). The precipitation of Sn at Ardlethan is therefore more likely the result of
decreasing HCl molarity during wall rock mixing and resulting in widespread
chlorite alteration (Figure 9). Precipitation temperature estimates for chlorite
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alteration range from 290 to 105oC, and cassiterite precipitation likely occurred
in the upper temperature range (Ren, 1989).

Group 4 tourmaline, interpreted as precipitating post-mineralisation, has
equilibrated with the Mine Granite in major element concentrations and isotopic
compositions.
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2.2.7 Conclusions
Magmatic to hydrothermal processes leading to economic Sn mineralisation are
difficult to decipher due to extended fractional crystallisation of the parental
magma that disguise the magmatic source rocks, and pervasive hydrothermal
alteration, which overprints magmatic-hydrothermal processes. Tourmaline
major, trace concentrations and Rb–Sr and Sm–Nd isotopic compositions show
large compositional trends through the magmatic to hydrothermal stages at
Ardlethan. In conjunction with whole-rock chemistry and quartz δ18O values, 4
texturally distinct and chemically distinct groups of tourmalines were identified
and attributed to specific processes occurring across the magmatic to
hydrothermal transition.

Tourmaline occurs within the Ardlethan Granite as a late magmatic phase and
primarily mimics the bulk rock composition. The unique isotopic composition of
the Ardlethan Granite, compared with other granites of the Lachlan Orogen, is
modelled by AFC processes involving minor incorporation of Ordovician
sediments, and leading to the enrichment of Sn in the residual melt. Enrichment
of Sn in tourmaline from interstitial (~37 ppm) to nodular (~73 ppm) settings and
indicates Sn enrichment during late fractional crystallisation. Sn in tourmaline of
greisen deposits (~70 ppm) is equal to a model composition of a fluid exsolving
from the Ardlethan Granite. The major element and REE composition of
greisen-hosted tourmaline (Group 3), and the δ18O of quartz that has
coprecipitated with this tourmaline, indicate that fluid fractionation lead to
cassiterite mineralisation in greisen deposits. .

Tourmaline associated with breccia-pipe cassiterite mineralisation provides
geochemical evidence for fluid leaching of the host rock, the Mine Granite. This
evidence is most clear in the major element and isotopic composition of
tourmaline within the Mine Granite compared with tourmaline of the Ardlethan
Granite. Fluid leaching of the Mine Granite, which is best quantified by εNd(i)
and Fe/(Fe+Mg)apfu in tourmaline, is accompanied by increasing Sn
concentrations in tourmaline, and by inference the fluid. The increased Sn is
inferred to be scavenged from the fertile host rock, the Mine Granite. Cassiterite
precipitation was triggered by decreasing HCl within the fluid attributed to
widespread chlorite mineralisation associated with breccia formation. Following
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cassiterite precipitation, low temperature fluids associated with sulfide
mineralisation in the breccia pipes were chemically equilibrated with the host
rocks.
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2.3 Melt compositions and the transition to
hydrothermal fluids in the Mole Granite polymetallic
system
2.3.1 Introduction
The Mole Granite of eastern Australia is an intensively studied magmatic to
hydrothermal mineral system due to its association with a world class
polymetallic mineral district. Previous research has focused on the processes
leading to the formation of a fluid emanating from the crystallising Mole Granite,
and its chemical evolution resulting from the interaction with meteoric fluids
(Mulholland, 1943; Lonergan, 1971; Eadington, 1977, 1983; Kleeman, 1982;
Plimer and Kleeman, 1985; Sun and Eadington, 1987; Rankin et al., 1992;
Heinrich et al., 1992, 1999; Kleeman et al., 1997; Audétat et al., 1998, 1999;
Audétat et al. 2000a, 2000b, 2008; Henley et al., 1999; Mavrogenes et al.,
2002; Pettke et al., 2005; Schaltegger et al., 2005; Fekete et al., 2016). Wholerock and quartz oxygen isotope compositions of the magmatic units indicate
widespread mixing between magmatic fluids of the Mole Granite and meteoric
fluids (Sun and Eadington, 1987; Fekete et al., 2016). Laser ablation ICP-MS
studies of melt and fluid inclusions (Audétat et al., 1998, 2000a, 2000b, 2008)
have provided direct estimates of their major and trace element compositions
but with large uncertainties. Those studies show dilution of magmatic fluids with
meteoric fluids.

Tourmaline is a common mineral in these systems and is found in both
magmatic and hydrothermal settings. The difference in chemical composition of
tourmaline of both these settings can provide new perspectives on the
compositional changes (both elemental abundance and isotopic composition)
occurring at the magmatic–hydrothermal transition.

In this Chapter, the nature of the source rocks and subsequent magmatic
processes leading up to the emplacement of the Mole Granite, and by inference
the Mole Supersuite (Mole SS), are discussed in the context of new tourmaline
and whole-rock geochemistry presented here and within a parallel study (Laker,
2017). Tourmaline from hydrothermal settings surrounding the Mole Granite is
also presented to quantify compositional changes across the magmatic85

hydrothermal transition.

2.3.2 Geology
The New England Orogen (NEO) is the youngest tectonic component of the
Tasmanides of eastern Australia (Glen, 2005). The NEO is subdivided into a
southern (sNEO) and northern (nNEO) terrain, separated by Mesozoic cover.
Only the sNEO is described here. The substrate of the sNEO is oceanic crust
east of the Peel-Manning Fault system, and mixed oceanic and continental to
the west (Figure 28; Glen et al., 2005). Remnant oceanic floor sequences occur
in accretionary trench sequences (Cawood, 1982). Buried Neoproterozoic
sedimentary deposits, associated with the development of the Delamerian and
Lachlan orogens, are inferred to extend partially into the NEO (Bruce et al.,
2000; Powell and O’Reilly, 2001; Bennett et al., 2002).

The sNEO consists of forearc sedimentary sequences of the Tamworth Belt in
the west and accretionary trench sequences of the Tablelands Complex in the
east (Figure 28; Glen 2005). The lower Tamworth Belt includes two units; lower
Middle Devonian low-K, juvenile, intra-oceanic island arc volcaniclastics, and an
upper sequence of Carboniferous convergent continental plate margin
sediments (Leitch, 1974). Sediments of the Tablelands Complex are
predominantly deep marine turbidites that accumulated in a continental
magmatic arc trench (Leitch, 1974). Convergent magmatism in the Tamworth
Complex was terminated by compression of the Tablelands Complex at ca 300
Ma (Glen, 2005). Compression was followed by extension resulting in rift basin
formation and S-type granite (Hillgrove and Bundarra supersuites)
emplacement between 300 and 284 Ma. After compression and crustal
thickening associated with the Hunter Bowen Event (265–255 Ma), voluminous
I-type granites were emplaced, predominantly in the Tablelands Complex
(Figure 28) between 255 and 233 Ma (Landenberger et al., 1995; Phillips et al.,
2011).
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New England Batholith (NEB)
The New England Batholith includes Permian to Triassic granites emplaced
predominantly within the Tablelands Complex (Figure 28). The batholith
outcrops over 15 000 km2 (Shaw and Flood, 1981) and includes six Supersuites
with distinctive mineralogy, geochemistry and isotopic composition (Shaw and
Flood, 1981; Hensel et al., 1985; Bryant et al., 1997; Landenberger et al., 2000)
including; 1) Hillgrove Supersuite (HSS); 2) Bundarra Supersuite (BSS); 3)
Clarence River Supersuite (CRSS); 4) Moonbi Supersuite (MSS); 5) Uralla
Supersuite (USS) and 6) leucomonzogranites. The isotopic composition of
these supersuites has been determined on whole-rock samples for Rb–Sr and
Sm–Nd (Hensel et al., 1985; Landenberger et al., 2000), δ18O (O’Neil et al.,
1977) and 7Li (Bryant et al., 2004), and in zircon for εHf(i) (Phillips et al., 2011;
Jeon et al., 2012, 2014; Laker, 2017) and δ18O (Jeon et al., 2012, 2014; Laker,
2017) and are summarised in Table 10. The 87Sr/86Sr(i) and εNd(i) compositions
of the NEB Supersuites and sedimentary units are shown in Figure 29.

S-type magmatism of the HSS and BSS is characterised by early Permian
granites (303–289 Ma) with peraluminous, reduced, and relatively evolved
isotopic compositions (Collins et al., 1993; Kent, 1994; Craven, 2010; Cawood
et al., 2011; Craven et al., 2012; Table 10). The HSS includes foliated
granodiorites and monzogranites (Dirks et al., 1993) emplaced between 303
and 289 Ma (Collins et al., 1993; Kent, 1994; Craven, 2010; Cawood et al.,
2011; Craven et al., 2012). The mafic units contain biotite, actinolite,
cummintonite, almandine garnet and ilmenite (Flood and Shaw, 1977). SiO2
contents (65–71 wt%) vary with strongly enriched LREE and small negative
Eu/Eu* anomalies (Dirks et al., 1993; Flood and Shaw, 1977; Shaw and Flood,
1981).
Table 10: Isotopic compositions of the granite supersuites of the New England Batholith. Sr and Nd
data compiled from Hensel et al. (1985), Bryant et al. (1997), Landenberger et al. (2000). δ 18O data
from O'Neil et al. (1977). δ7Li from Bryant et al. (2004) and εHf zircon data from Kemp et al. (2009)
and Philips et al. (2011).
87Sr/86Sr
Suite/Supersuite Age (Ma)
εNd(i)
δ18O
δ7Li
εHf(i) (zrc) δ18O (zrc)
(i)
HSS

303–289

0.705–0.706

–1–+2

10–12

0.4–1.7

1–7

9–11

BSS

289–287 ±

0.706

–1–0

12–13

–0.1–2.1

4–18

10–13

CRSS

265–250

0.704–0.705

2–6

2.2–8.0

11–16

MSS

258–249

0.704–0.706

1–2

8–9

1.9–4.2

3–8

USS

250

0.705–0.707

0–1

8–10–

–1.3–3.9

–3–16

‘Leuco’

250–233

0.2–3.9

–5–16

87

6–9

The HSS is the most isotopically evolved Supersuite in the NEB with

87Sr/86Sr
(i)

between 0.705 and 0.710, εNd(i) = ~0, with TDM model ages between 1256 and
938 Ma, homogenous εHf(i) zircon between 1 and 7, and δ18O between 10 and
12 (Table 10). The BSS includes undeformed monzogranites emplaced
between 290 and 285 Ma (Jeon et al., 2012). It is dominated by felsic
compositions (72–75 wt% SiO2) and contains cordierite, biotite, almandine
garnet and ilmenite (Shaw and Flood, 1981). Isotopically, the USS is
comparable to the HSS, although the USS is slightly less evolved than the HSS,
with 87Sr/86Sr(i) = ~0.706, εNd(i) = ~0, variable εHf(i) between 4 and 18 and δ18O
between 12 and 13 (Table 10). S-type magmatism in the NEB is defined by
87Sr/86Sr >
(i)

0.705 and δ18O >10 (O’Neill et al., 1977; Shaw and Flood, 1981;

Hensel et al., 1985). These granites are inferred to have formed predominantly
from partial melting of weathered Carboniferous volcaniclastic sediments soon
after their deposition, and emplaced rapidly in upper crustal levels (Flood and
Shaw, 1977; Shaw and Flood, 1981; Hensel et al., 1985; Jeon et al., 2012,
2014; Phillips et al. 2011).

I-type magmatism was initiated following almost 30 Ma of extension in the NEO
(Bryant et al., 2004; Kemp et. al., 2009; Phillips et al., 2011). The CRSS is
characterised by fine-grained granodiorite to tonalities (60–73 wt% SiO2) that
cooled rapidly between 250 and 265 Ma (Hensel et al., 1985; Bryant et al.,
1997). The CRSS is distinctly K2O poor and CaO rich relative to the other
supersuites of the NEB (Shaw and Flood, 1981) and has the most depleted
mantle-like 87Sr/86Sr(i) (0.704–0.705), εNd(i) (2–6) and εHf(i) zircon (11–16)
compositions (Table 10). The tectonic setting and primitive isotopic
geochemistry indicate partial melting of an amphibolite source and the addition
of upper mantle components and rapid emplacement in the upper crust (Hensel
et al., 1985; Bryant et al., 1997; Phillips et al., 2011).
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Figure 28: Published 87Sr/86Sr(i) and
εNd(i) data from granites of the
NEB. Initial compositions are
calculated from U-Pb ages of the
supersuites (see Table 1). The
sediments were calculated to 350
Ma. Data sources are in Table 1.

The unfoliated high K-monzonites to leucomonzogranites of the Moonbi
Supersuite (MSS) (54–76 wt% SiO2) were emplaced between 258 and 249 Ma
(Belouscova et al., 2006; Shaw and Flood, 2009). The MSS includes a more
mafic southern group with higher K, Rb, Th, Ba, Sr and low Y and HREE
relative to the northern section. Overall the suite is characterised by high K 2O,
Sr, and BaO relative to the other supersuites of the NEB (Shaw and Flood,
1981). Magnetite and high Fe3+/Fe2+ indicate an oxidised magma. The
homogenous isotopic composition of the MSS (87Sr/86Sr(i) = 0.704–0.706, εNd(i) =
1–2, δ18O = 6–9, and εHf(i) zircon = 3–8), low ASI, oxidised mineralogy and high
K2O are widely accepted to be characteristics indicating island arc shoshonite
or calc-alkaline source rock, potentially a basaltic underplate emplaced during
subduction (Shaw and Flood, 1981; Bryant et al., 2004; Phillips et al., 2011).

The Uralla Supersuite (USS) is contemporaneous with the MSS, but it displays
significantly more chemical variation (O’Neil et al., 1977; Shaw and Flood, 1981;
Bryant et al., 2004). The USS includes monzogranites, granodiorites and
tonalities (54–68 wt% SiO2; Shaw and Flood, 1981). The mafic variants include
hornblende–biotite ± clinopyroxene ± orthopyroxene (Shaw and Flood, 1981).
Compared to the MSS it contains lower K2O, P2O5, Ba, Sr and Nb and for a
given SiO2. The predominance of ilmenite, with occasional magnetite, and
transitional to low Fe3+/Fe2+ indicates the USS is moderately reduced compared
to the HSS and BSS. The 87Sr/86Sr(i) varies between 0.705 and 0.707, δ18O
between +7–+10 ‰, and δ7Li between –1.3 and +3.9 ‰), and more significantly
the εHf(i) in zircon between–3 and 16 (Table 10). These data indicate mixing
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between a MSS like source and an S-type like source (O’Neill et al., 1977;
Shaw and Flood, 1981; Bryant et al., 1997; Landenberger et al., 2000; Shaw
and Flood, 2009; Phillips et al., 2011; Jeon et al., 2014).

Emplacement of the MSS and USS occurred in the final stages of the Hunter
Bowen crustal thickening event, and continued during widespread extension
(Landenberger et al., 1995). The thickened crust negated passage of mantle
melts into the upper crust (Phillips et al., 2011). Instead, granite genesis for
much of the MSS involved melting of a lower crustal shoshonitic source (O’Neil
et al., 1977; Shaw and Flood, 1981; Hensel et al., 1985; Bryant et al., 2007;
Phillips et al., 2011; Jeon et al., 2014). With continued extension and activation
of asthenosphere piercing faults (Kemp et al., 2005), depleted-mantle melts
became an increasing component in granites as evidenced by εHf(i) in zircon of
the USS (Shaw and Flood, 2009; Phillips et al., 2011).

The leucomonozogranites of the NEO represent a group of enigmatic plutons
characterised by shallow emplacement and predominantly minimum melt
compositions. Granites assigned to this group of rocks intruded over a long
period (250–230 Ma) and display variable whole-rock 87Sr/86Sr(i) and δ18O and
εHf(i) in zircon isotopic compositions (Hensel et al., 1987; Bryant et al., 1997;
Phillips et al., 2011). The group includes Early Triassic I-type magmatism,

Figure 29: A) Geological map of the Mole Granite and its host rocks. Over 1200 mineral deposits are
associated with the granite and show a strong zonation from W dominated within and surrounding the
Torrington Pendant, Sn dominant within and proximal to the granite, and base metal dominant in distal
deposits. Tourmaline sampled in this study is from a variety of textural settings (see text) from within the
Mole Granite and in the surrounding host rocks. B) Cross-section of the Mole Granite showing the
relationship between the main textural phases. Figure modified from Audétat et. al., (2000b).
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followed by Late Triassic A-type magmatism. Waltenburg et al. (2015)
introduced the Mole Supersuite (MLSS) to include the I-type granites and
suggested chemical affinity with the USS. Granites assigned to the
‘leucomonzogranites’ group include the Gilgai (251.8 ± 1.7 Ma), Elsemore
(250.3 ± 1.8 Ma), Dumboy-Gragir en (252 ± 1.3 Ma) and Mole (249.2 ± 1.5 Ma).
The leucomonzogranites are characterised by consistently high SiO2 (74–77
wt%), high Li, Rb, U, Th and F, large negative Eu/Eu* anomalies and relatively
flat REE slopes (Shaw and Flood, 1981; Hensel et al., 1985; Vickery et al.,
1997). These leucogranites are notably associated with Sn, Mo, W, Bi, Ag, Au,
U and base metal mineralisation (Weber, 1974; Barnes et al., 1988; Blevin and
Chappell, 1993; Plimer et al., 1991; Brown and Shroud, 1993). The more mafic
granites are I-type and the more felsic units are A-type and have higher Ga/Al,
Nd, Y, HREE and F contents compared to the I-type granites. (Landenberger
and Collins, 1996). Very few published isotopic data for the leucomonzogranites
exists, of which a large range of compositions is evident (Bryant et al., 1997,
2004; Phillips et al., 2011). 87Sr/86Sr(i) compositions of this group are particularly
problematic to determine due to the extremely elevated Rb/Sr values
associated with these granites.

Jeon et al. (2012) inferred rapid accretion processes within the New England
Orogen. They conclude that as little as 15 Ma was required to progress from
sedimentary deposition, burial, and remelting to emplacement of the Bundarra
Supersuite. This rapid accretion, and low 176Lu/177Hf and 147Sm/144Nd, has not
significantly modified the εHf(i) and εNd(i) composition of the original sediments
from the Bundarra Supersuite (Hensel et al., 1985; Bryant et al., 1997;
Landenberger, 2000; Phillips et al., 2011; Jeon et al., 2012, 2014; Laker, 2017;
this study). Conversely, due to the fractionation of Rb and Sr through melting
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and magmatic processes and the shorter half-life of 87Rb as compared with
147Sm

and 176Lu, distinguishable variations of 87Sr/86Sr(i) are manifested

amongst the igneous Supersuites. However, the calculated

87Sr/86Sr have
(i)

large errors owing to age uncertainties propagating into the corrections for insitu Rb decay. Jeon et al., (2012) also showed δ18O zircon compositions easily
distinguish the Carboniferous sediments from the subsequent Bundarra
Supersuite.

Mole Granite
The Mole Granite outcrops over an area of 650 km2. It is, however, estimated to
continue to 1 km depth and have a volume of 2000 km3 (Kleeman, 1982). It has
sill like geometry and intrudes Triassic volcanics (Emmaville Volcanics) in the

Figure 30: Geological map of the southern New England Orogen of eastern Australia. The PeelManning Fault system (PMFS) marks the structural boundary between the west and east sections.
The six Supersuites of the New England Batholith are predominantly east of this boundary. The Mole
Granite (MG) is a pluton of the leucomonzogranites.
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southeast, and Permian sediments (southwest and north) (Figure 29). Drill-hole
intersections have identified numerous buried ridges of the Mole Granite along
the southern boundary, which are commonly zones of rich mineralisation
(Kleeman, 1982; Plimer and Kleeman, 1985). The roof of the granite undulates
with the deformed structure of the host rocks (Stegman, 1982). Numerous roof
pendants occur within the pluton, although only the metapelitic Torrington roof
pendant is large enough to be mapped (Figure 29; Kleeman, 1982; Brown,
2006). Unmapped pendants include I-type granite on the eastern margin and
granodiorite enclaves with K-feldspar, euhedral quartz megacrysts and biotite
near Butlers Mine (Kleeman et al., 1997).

The Mole Granite is mapped as a single pluton although Brown (2016) noted
three variants in airborne radiometric and magnetic data. Similarly, Kleeman
(1982) and Kleeman et al. (1997) describe three textural variants; 1) porphyritic
granite, 2) seriate granite and 3) microgranite (Figure 29). The porphyritic
granite is predominant in the upper parts of the pluton and along the contacts. It
consists of large poikilitic K-feldspar phenocrysts, plagioclase, quartz and biotite
in a groundmass of comparable composition. In places the K-feldspar
phenocrysts show albitic overgrowths (Kleeman et al., 1997). Accessory
ilmenite, monazite and apatite occur (Kleeman, 1985). Magmatic topaz is
absent from the seriate granite, accessory in the porphyritic granite and
abundant (several weight %) in the microgranite (Audétat et al., 2000a). The
porphyritic granite grades into the seriate texture that constitutes the bulk of the
pluton (Figure 29). The microgranite occurs commonly as dykes cutting through
the porphyritic granite. In places the dykes are aligned at 060o, following
structural joints. Their occurrence is spatially associated with mineralisation
within the pluton. The major element composition of the Mole Granite
represents the eutectic in the Qz–Ab–Or system at 0.1–0.2 GPa (Laker, 2017).
Trace element compositions of the seriate and porphyritic phases are enriched
in Rb, Sn, Y, Th and U, and depleted in Sr and Ba (Laker, 2017) relative to the
average upper crust (Rudnick and Gao, 2014). The microgranite phase is
further enriched in Cu, Rb and U compared to the other textural phases (Laker,
2017).
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Mineralisation
Over 1200 mineral deposits are associated with the Mole Granite and occur
near ridges within the granite associated with the structural emplacement
(Plimer and Kleeman, 1985). Jointing, hydrothermal veins, pegmatites and
microgranitic dykes are commonly aligned along 060o (Plimer and Kleeman,
1985). Mineralisation occurs within sheeted veins, pegmatites, silexite (quartz–
topaz rock) and large veins.

Figure 31: Pegmatite intruding and brecciating the Torrington Pendant.

The sheeted veins occur only within the metamorphic host rocks on the
southern margin of the Mole Granite. The veins are steeply dipping and
predominantly strike NE. Veins host quartz with variable cassiterite,
arsenopyrite, pyrite, galena, sphalerite, argentian tetrahedrite
(Cu6[Cu4(Fe,Zn)2]Sb4S13), silver sulfosalts, tourmaline, topaz, muscovite, calcite
and stibnite (Plimer and Kleeman, 1985). Pegmatites intrude the Torrington roof
pendant along 060–075o strike and brecciate the metapelite (Figure 31). They
are composed primarily of perthite, quartz, muscovite, albite and beryl that have
been partially replaced by Li-biotite, topaz, tourmaline, fluorite, muscovite,
arsenopyrite, cassiterite and kaolinite (Kleeman, 1985). At the former township
site of Bismuth, native bismuth, bismuthinite and Bi-sulfosalts are also present
with wolframite, base metal sulfides, Co, Fe, Ni–As, Sb sulfides, uraninite and
monazite (Lawrence and Markham, 1963).
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Silexite is restricted to the contact zones of the pluton. It forms from alteration of
Mole Granite to quartz–topaz and variable wolframite, Li-siderophyllite, F-schorl,
F-muscovite, beryl, molybdenite, chalcopyrite, bismuth, bismuthinite and dickite
(Plimer et al., 1995). Topaz makes up 20–30 vol. % of the rock (McClatchie,
1981; Creech, 1992). Textures and structures of the microgranite, seriate
granite and porphyritic granite are occasionally preserved.

Large veins, several metres wide, occur in the upper zones of the seriate
granite, their emplacement controlled by joints, faults, shears and microgranite
dykes. These veins contain the richest mineralisation in the Mole Granite
system. Quartz, K-feldpsar, sphalerite, chalcopyrite, galena, chlorite, monazite,
cassiterite, wolframite and tourmaline occur.

The Wandsworth Volcanics
Late Permian to Early Triassic volcanics outcrop over a large area in the central
and eastern blocks of the sNEO (Figure 28). Collectively, the volcanics form the
Wandsworth Volcanic Group which includes mafic to felsic units of ignimbrite,
rhyolite, andesite, basalt and tuffs (Barnes et al., 1991). These units are
predominantly flat lying. Steep dipping units are associated with caldera
structures. Barnes et al. (1991) defined a broad stratigraphy including 1) basal
terrestrial and shallow marine conglomerates, sandstones and mudstone, 2)
andesitic to rhyolitic pyroclastic and lava flows with hyperbassal intrusions, 3)
dacitic to rhyolitic volcaniclastics, predominantly ignimbrite (including the
Emmaville Volcanics and Tent Hill Volcanics), and 4) the crystal rich ignimbrite
Dundee Rhyodacite. Surrounding the Mole Granite are the Emmaville Volcanics
and Dundee Rhyodacite, estimated to be 3–4 km thick. U–Pb zircon ages imply
emplacement of the entire volcanic pile between 265 and 251 Ma (Li et al.,
2012; Rosenbaum et al., 2015). Barnes et al., (1991) infer that the Wandsworth
Volcanics are the extrusive equivalents of the MSS.

2.3.3 Samples
Whole-rock granite, sediment and tourmaline samples were collected for the
measurement of major and trace element concentrations and Rb–Sr and Sm–
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Nd isotopic compositions. Quartz concentrates were isolated from these
samples for δ18O determination by SIMS.

Table 11: Whole-rock sample information of units analysed for Rb–Sr and Sm–Nd isotope compositions in
this study and major and trace element and zircon U–Pb, εHf(i) δ18O in Laker (2017).
Sample

Lat;Long

Unit

Granite phase

Deposit

NEB142

–29.234: 151.699

Mole Granite

Seriate

NEB143

–29.247: 151.691

Mole Granite

Seriate

NEB171

–29.326: 151.788

Mole Granite

porphyritic

Curnow

NEB173

–29.326: 151.634

Mole Granite

porphyritic

Butlers

NEB174

–29.326: 151.634

Mole Granite

Microgranite

Butlers

NEB175

–29.340: 151.692

Mole Granite

porphyritic

Wallaroo

NEB176

–29.340: 151.692

Mole Granite

Microgranite

Wallaroo

NEB177

–29.226: 151.570

Mole Granite

porphyritic

Burtons

NEB178

–29.469: 151.625

Dundee
Rhyodacite

NEB179

–29.316: 148.236

Emmaville
Volcanics

NEB1711

–29.469: 151.625

Bondonga Beds

Eight samples of the Mole Granite were collected, representing a range of
textures and locations (Figure 32; Table 11). In a parallel study, Laker (2017)
analysed the U–Pb, εHf and δ18O compositions of zircon from these textural
phases. Two samples were collected from the volcanic pile emplaced
immediately prior and adjacent to the Mole Granite (Emmaville Volcanics and
the Dundee Rhyodacite). A single sample of the fine grained, massive metamudstone host rock (Bondonga Beds), was also sampled adjacent to the Mole
Granite.

Eleven tourmaline samples were collected and grouped based on their texture
and host rock (Figure 29; Table 12). Groups are defined as follows; 1)
magmatic and magmatic-hydrothermal tourmaline precipitated in quartztourmaline nodules during cooling of the Mole Granite; 2) magmatichydrothermal tourmaline in pegmatitic quartz vein; 3) hydrothermal tourmaline
associated with mineralisation hosted by the Mole Granite;4) hydrothermal
tourmaline associated with mineralisation hosted by volcanic country rocks; and
5) hydrothermal tourmaline associated with mineralisation hosted by
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Table 12: Tourmaline samples for major and trace element concentration and Rb-Sr and Sm-Nd isotopic
analysis. *Tourmaline is classified into five groups defined by its texture and geological setting. Mineral
abbrevations: qtz = quartz; tur = tourmaline; kfs = K-feldspar; bt = biotite; cst = cassiterite; Asp =
arsenopyrite.
Sample

Deposit name

Host rock

Setting

Group*

Metal association

NEB142t

Mole Granite

Qtz–Tur orbicules

1

None

NEB143bt

Mole Granite

Qtz–Tur pegmatitc

2

None

vein
NEB170t

Mole Granite

Qtz–Tur orbicules

1

None

NEB006t

Curnow

Mole Granite

Tur–Kfs veins (?)

3

Sn

NEB007t

Gadens Lode

Mole Granite

Qtz–Kfs–Tur–bt

3

Sn, W, Cu, U, As, Mo,

veins
NEB008t

Gadens Lode

Mole Granite

Qtz–Kfs–Tur–bt

REE
3

veins

Sn, W, Cu, U, As, Mo,
REE

NEB012t

Heisers Lode

Mole Granite

Tur–cst veins

3

U, Sn, W

NEB014t

McDowells

Mole Granite

Tur–Kfs veins (?)

3

Sn, Pb, Zn, Ag, Bi, Mo

East Britain

Emmaville

Qtz–tur veins

4

Sn, As, Cu, Pb, Zn

Stockworks

Volcanics

McDonalds

Bondonga

Qtz–tur veining

5

Sn

Lode

Beds

Taronga

Bondonga

Cst–Asp–tur

5

Sn, Cu, As, Ag, Zn, W,

Beds

veining

Contact Lode
NEB015t

NEB016t

NEB017t

Pb, Mo, Bi

sedimentary country rocks. Tourmaline geochemistry within groups can be
highly variable, and groupings are used to compare datasets more generally.

Group 1 tourmaline includes magmatic and magmatic-hydrothermal tourmaline
within the porphyritic Mole Granite. Tourmaline occurs with quartz in orbicules
approximately 2 cm in diameter (Figure 33A–C). On occasion tourmaline
orbicules are surrounded by a biotite depletion halo, indicating competition for
Fe in a magmatic environment. Elsewhere orbicules are restricted to fracture
surfaces and represent escaping fluids from the crystallising granite. The single
sample of Group 2 tourmaline occurs in a pegmatitic vein within the granite with
quartz (Figure 33D). Tourmaline aggregates of groups 1 and 2 are euhedral and
prismatic. Compositional zoning is faint in BSE and defined by irregular light
and dark bands approximately 20 µm thick.

Group 3 tourmaline is hydrothermal, in veins hosted by the Mole Granite and
associated with mineralisation (Table 12). Tourmaline does not co-precipitate
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with quartz–cassiterite veins, but appears to pre-date mineralisation. Two
assemblages are present; 1) high temperature quartz–K-feldspar–tourmaline ±
biotite (Figure 34A, B) and 2) lower temperature quartz–tourmaline (Figure
34C). Groups 4 and 5 tourmaline occurs in quartz–tourmaline veins hosted by
the Emmaville Volcanics and Bondonga Beds, respectively (Figure 34E, D).

Group 4 tourmaline is associated with a sheeted-vein system (East Britain)
above a buried ridge of the Mole Granite. Group 5 tourmaline is associated with
multi-staged, tourmalinisation of the Bondonga Beds. Texturally,
tourmalinisation occurred prior to and synchronous with quartz–cassiterite
veining.

98

Figure 32: Textural phases of the Mole Granite including the Seriate granite (A–C), porphyritic granite (D)
and microgranite (C).
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Figure 33: Tourmaline of Group 1 occurs with quartz in nodules approximately ~2 cm in diameter (A–C).
Nodules commonly form on flat fracture surfaces and have lighter haloes associated with biotite depletion.
In C the grain size increases towards the nodules. Group 2 tourmaline is from a single pegmatitic sample
of predominantly quartz (D).
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Figure 34: Tourmaline of Group 3 includes two assemblages; 1) quartz–K-feldspar ± biotite (A and B) and
quartz–cassiterite (C). Group 4 tourmaline occurs with quartz in a coarse-grained vein hosted within the
Emmaville Volcanics (E). Group 5 tourmaline is derived from brittle tourmalinisation of the Bondonga Beds,
with associated, but coeval quartz–cassiterite veining.

101

2.3.4 Results
Whole rock major, minor and trace elements
Elemental concentrations of the Mole Granite, Dundee Rhyodacite, Emmaville
Volcanics and the Bondonga Beds were reported in Laker (2017) and
summarised here, and representative analyses are presented in Table 13.

The major element composition of the Mole Granite lies on the eutectic in the
quartz–orthoclase–albite system water saturated haplogranite melts at 710oC at
0.1 GPa (Figure 35; Tuttle and Bowen, 1954; Johannes et al., 1984). The
granite contains between 75.1 and 78 wt% SiO2; 11.65–15.32 wt% Al2O3, 3.42–
4.92 wt% Na2O, and 4.63–5.10 wt% K2O. The Mole Granite is distinctly A-type
according to the classification system of Whalen et al., (1987), including
elevated Rb (650 ppm), Zr (167 ppm), Nb (19.5 ppm), Ga (20.1 ppm), Y (151
ppm) and Ce (139 ppm) and low Sr (8.21 ppm) compared to I- and S-type
granites. The Mole Granite is also depleted in Ba, Sr, Eu, Ti and P and has flat
chondrite-normalised REE compositions interrupted by a distinct negative
Eu/Eu* anomalies, relative to the average Phanerozoic Granite (Condie, 1993).
The ASI is predominantly peraluminous varying between 1.05 and 1.15. When
the porphyritic and microgranite are in contact (Figure 32C), the microgranite
phase of the Mole Granite has lower SiO2, Fe2O3t (total iron assuming Fe3+),
MgO, K2O, P2O5, Sc, Sr, Zr, Ba, and higher Al2O3, CaO, Na2O, Ga, Nb than the
porphyritic texture.

The Dundee Rhyodacite and Wandsworth Volcanics are less felsic, with 64.2
and 63.0 wt% SiO2, 15.8 and 16.1 wt% Al2O3, 1.97 and 2.68 wt% MgO, 4.19
and 3.92 wt% CaO, 3.64 and 3.32 wt% Na2O and 3.43 and 4.00 wt% K2O,
respectively. The volcanics are metaluminous (ASI =~0.93). The trace element
budget of the extrusive units is enriched in Sc, V, Sr, Ba and Zr, and depleted in
Rb, Nb, Y, Pb, Th, and U relative to the Mole Granite. Both the Dundee
Rhyodacite and Wandsworth Volcanics have similar chondrite normalised REE
patterns with a negative LREE slope and flat MREE to HREE (Figure 36).

The Bondonga Beds contain 68.1 wt% SiO2, are strongly peraluminous (ASI =
1.29) and have elevated MgO (1.46 wt%), Fe2O3t (4.78 wt%), CaO (1.2 wt%),
Sr, Ba, and depleted in Rb, Nb, Y, Pb, Th, U relative to the Mole Granite. The
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chondrite-normalised REE concentrations are comparable in total abundance
and shape to the adjacent volcanic units (Figure 36).

Figure 35: The major element chemistry of the Mole Granite (green) coincides with the eutectic in the
quartz–albite–orthoclase system in water saturated melts at 0.1 GPa and 710oC (Tuttle and Bowen, 1954;
Johannes et al., 1984). Circles represent the seriate and porphyritic phases and squares the microgranite
phase of the Mole Granite. The Dundee Rhydodacite and Wandsworth Volcanics are shown in red for
comparison, they are not considered eutectic melts. Incorporation of F into the melt drives the eutectic
away from quartz (Manning, 1981).

Table 13: Whole-rock (XRF) and trace element (LA-ICP-MS) concentrations of the representative samples
of the Mole Granite, and the host rocks of the Emmaville Volcanics (NEB179) and Bondonga Beds
(NEB1711). LOI is the total loss on ignition during glass fusion. ASI is the aluminium saturation index as
described in the text. Fe2O3t represents the total iron assuming 3+ species. Data from Laker (2017).

Wt%
SiO2
TiO2
Al2O3
Fe2O3t
MnO
MgO
CaO
Na2O
K2O
P2O5
LOI
S%
ASI
Total

NEB 142
Seriate

NEB171
Porphyrtic

NEB172
Microgranite

NEB179
Volcanics

77.3
0.01
12.2
1.20
0.03
0.09
0.43
3.49
4.81
0.02
0.68
<0.01
1.04
100.4

78.0
0.09
11.8
1.10
0.02
0.10
0.16
3.43
4.68
0.01
0.70
<0.01
1.08
100.2

75.9
0.02
13.2
0.45
<0.01
0.06
0.18
4.39
4.77
0.01
0.58
<0.01
1.04
99.5

63.0
0.87
16.1
5.04
0.11
2.68
3.92
3.32
4.00
0.40
0.80
<0.01
0.95
100.2
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NEB1711
Sediments
68.1
0.63
15.0
4.78
0.07
1.46
1.20
3.43
3.51
0.14
1.26
0.05
1.29
99.6

Table 12 continued
NEB 142
ppm
7.40
Sc
<3
V
31.5
Cr
5.63
Ni
2.5
Cu
21.9
Zn
20.1
Ga
BLD
As
659
Rb
8.21
Sr
151
Y
167
Zr
19.5
Nb
1.53
Mo
7.0
Sn
<3
Sb
17.9
Ba
52.5
La
139
Ce
15.0
Pr
68.1
Nd
18.6
Sm
0.08
Eu
19.4
Gd
3.67
Tb
27.9
Dy
5.39
Ho
17.1
Er
2.65
Tm
20.5
Yb
2.91
Lu
6.46
Hf
–
Pb
43.2
Th
17.2
U

NEB171
9.75
<3
<1
21.5
3.1
34.3
19.2
15.7
649
7.67
91.9
122
19.6
<1
7.2
<3
29.4
76.1
129
18.7
73.2
16.3
0.18
12.8
2.27
16.8
3.17
10.6
1.66
12.3
1.68
5.46
30
44.5
10.5

NEB172
6.71
<3
1.55
9.26
4.3
20.6
30.5
14.8
786
4.14
76.9
99.8
36.1
<1
5.8
<3
11.5
48.7
126
8.64
48.8
11.5
0.14
8.9
1.73
13.5
2.71
9.6
1.68
13.0
1.86
7.33
40
24.4
57.4
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NEB179
31.1
124
102
62.9
5.3
112
29.3
4.3
229
492
37.5
281
13.8
<1
9.3
<3
837
47.6
72.9
11.7
38.8
7.58
1.76
5.97
0.81
5.38
0.99
4.29
0.597
3.61
0.42
10.1
15.1
27.1
5.73

NEB1711
22.3
97.5
38.1
15.8
10.3
92.3
22.0
5.9
124
191
33.8
216
9.52
<1
3.4
<3
431
32.4
57.5
7.65
29.0
6.02
1.18
5.30
0.78
5.55
1.06
4.05
0.581
3.82
0.50
7.11
16.5
12.8
2.39

Figure 36: Chondrite-normalised REE of the Mole Granite (green) and its host rocks including the
Bondonga Beds (grey; NEB1710, NEB1711) and Emmaville Volcanics (black; NEB178, NEB179).
Chondrite values of Sun and McDonough (1995).

Tourmaline major, minor and trace elements
Representative major and minor element compositions of tourmaline are
summarised in Table 14 and trace elements in Table 15. Marks et al. (2013)
reported element fractionation of Ca, Ti, K, REE, Sr and Pb and the REE
between the major crystallographic growth sectors (a and c) of tourmaline. By
analysing numerous randomly oriented grains, the median values are taken as
representative for the sample. The full data records are collated in Appendix 3.
Reported totals vary from 87.16 to 90.8 wt% as B2O3 was not measured.

Table 14: Representative major element concentrations of tourmaline by EMP. .
Sample No.

NEB142t

NEB143bt

NEB007t

NEB015t

NEB016t

MG

MG

MG

BB

EV

1

2

3

4

5

SiO2

36.22

36.39

36.58

36.20

36.73

TiO2

0.64

0.44

0.22

0.54

0.21

Al2O3

33.18

31.43

30.82

33.08

33.55

FeO

16.68

17.01

17.31

13.66

11.08

MgO

0.50

1.00

1.19

2.21

4.15

CaO

0.05

0.01

0.02

0.09

0.36

MnO

0.09

0.07

0.07

0.08

0.17

Na2O

2.32

2.56

2.78

2.30

2.39

K2O

0.04

0.05

0.05

0.03

0.04

Host Rock
Group
Wt%

F
Total

0.99

0.82

0.87

0.68

0.95

90.71

89.79

89.91

88.87

89.62
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Tourmaline has the generalised chemical formula XY3Z6(T6O18)(BO3)3V3W
(Hawthorne and Henry, 1999). The primary major element variations within
samples from Mole Granite system occur between Fe–Mg on the Y site,
Na(+K)–Ca on the X site, and Al with Fe, Mg, Ti on the Z site, are displayed in
Figures 37A–C.

Tourmaline from the Mole Granite system is dominantly alkali (Figure 37A),
however tourmaline from the Taronga deposit (NEB017t) extends slightly into X
vacancy field. Tourmaline is rich in Na relative to Ca and Fe relative to Mg,
being of schorl composition (Figure 37B, C).

Groups 1 and 2 tourmalines have moderately high Fe/Mg and Na/Ca compared
to the other tourmaline groups (Figure 37). Fluorine (0.05–1.26 wt%) and Li
(10.22–527 ppm) are most concentrated in group 1 and 2 tourmaline, whilst
relatively depleted in Sn (17.4–398), and Sr (0.3–58.4 ppm). The REE pattern of
NEB142t (qtz-tur nodule) and NEB143bt (qtz-tur pegmatite) have positive LREE
slopes, strong negative Eu/Eu* anomalies, and flat HREE slopes, that overlap
with the Mole Granite whole rock composition. NEB142t shows slight increased
LREE enrichment that is more similar to the whole-rock REE concentrations
than NEB143bt (Figure 38). The REE concentration of NEB170t is distinct in
groups 1 and 2 tourmalines and contains lower REE concentrations overall and
lacks a strong negative Eu/Eu* anomaly (Figure 38A).

Group 3 tourmaline is chemically varied and predominantly contains lower
Fe/Mg, Na/Ca (Figure 37) and Li (21.71–248 ppm). Kfs-tur veining at Curnow
(NEB006t) overlaps with Group 1 tourmaline in all major element diagrams of
Figure 37. However, its chondrite-normalised REE pattern is depleted in overall
abundances, and has a slight negative HREE slope (Figure 38C). NEB006t is
also depleted in all trace elements with the exception of Li. Sn concentrations
are variable, though enriched in Group 3, between 20.4 and 1280 ppm. The
highest concentrations of Sn occur in high-temperature qtz-kfs-tur ± bt
assemblages of NEB008t (Gadens Lode) and NEB014t (McDowells Lode),
along with increased Fe/Mg, Ca/Na (+K), LREE, Th, Sr, Nb, As, and V.
However, the other high-temperature assemblage sample of Gadens Lode
(NEB007t) and low temperature tur-cst veining of Heisers Lode (NEB012t), are
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relatively depleted in Sc, Zn, Nb, LREE, Ta, Pb and Th to other Group 3
tourmalines. The chondrite-normalised REE patterns of Group 3 tourmalines
are characterised by negative LREE slopes, negative to flat Eu/Eu* anomalies,
and positive HREE slopes (Figure 38B, C).

The single tourmaline sample of Group 4, occurring in qtz-tur veins within the
Emmaville Volcanics, has high Na/Ca like Group 1 tourmalines, but lower
Fe/Mg (Figure 37B and C). It is depleted in F, Li and Cu relative to the other
tourmaline groups of the Mole Granite system. The chondrite-normalised REE
patterns are similar to those of Group 3, in terms of the overall abundances,
slight positive LREE slope and negative HREE slope (Figure 38C). Group 4
tourmaline does not have a distinct Eu/Eu* anomaly.

Group 5 tourmalines, which occurs in two vein samples in the Bondonga Beds,
contains the lowest Fe/Mg values from the Mole Granite system (Figure 37B
and C). Group 5 tourmalines are depleted in Li, Sc, REE, though elevated in
Cu, Zn and Sr relative to the other tourmaline groups of the Mole Granite
system. The chondrite-normalised REE patterns are similar in abundance and
shape to those of Group 3, however NEB016t of the McDonalds Lode is defined
by a conspicuous positive Eu/Eu* anomaly (Figure 38).

Rb–Sr and Sm–Nd isotopic compositions
The Rb–Sr and Sm–Nd isotopic data for tourmaline and whole-rock samples
from the Mole System are presented in Table 16. 87Sr/86Sr(i) and εNd(i) of
tourmaline is calculated to 247 Ma. This represents the closure of the Rb–Sr
isotopic system in the Mole Granite (discussed below). Although, the low
87Rb/86Sr

and 147Sm/144Nd of tourmaline means these corrections are minor.

Initial isotopic compositions of the whole-rock samples and tourmaline are
presented in Figures 39 and 40, respectively.
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Table 15: Representative trace element analyses of tourmaline by LA-ICP-MS. dl = detection limit, bdl =
below detection limit.
Sample No.
Host Rock
Group
ppm (isotope)
Li (7)
Sc (45)

NEB142

NEB143b

NEB007

NEB015

NEB016

MG

MG

MG

BB

EV

1

2

3

4

5

100

169

53

12

19

66

233

24

125

14

dl (ppm)
0.35
0.07

V (51)

0.03

4.5

43.2

24.5

44.2

63.8

Mn (55)

0.46

650

570

570

775

90

Co (59)

0.01

7.3

6.3

0.9

0.5

0.6

Cu (63)

0.07

0.5

3.2

8.8

3.2

2.5

Zn (66)

0.26

186

162

90

128

225

Ga (69)

0.05

9

147

17

54

70

As (75)

1.29

3.3

2.4

2.2

3.3

5.3

Rb (85)

0.04

0.8

1.2

0.7

0.1

0.2

Sr (88)

0.004

2.2

24.6

15.2

12.2

385.7

Y (89)

0.003

0.4

0.3

0.4

0.4

0.4

Zr (90)

0.008

0.3

1.4

1.0

0.77

0.3

Nb (93)

0.001

1.6

6.5

1.1

5.2

0.1

Mo (95)

0.05

bdl

0.3

0.2

bdl

0.1

In (115)

0.01

0.6

3.7

2.6

3.8

3.7

Sn (119)

0.17

52

154

145

367

146

La (139)

0.002

0.7

0.9

0.7

8.3

2.2

Ce (140)

0.003

4.7

0.2

1.3

17.4

3.8

Pr (141)

0.002

0.4

0.2

0.1

1.6

0.4

Nd (146)

0.009

1.3

0.8

0.4

4.1

1.0

Sm (147)

0.01

0.2

0.2

0.7

0.6

0.7

Eu (153)

0.003

0.4

0.5

0.2

0.3

0.6

Gd (157)

0.01

0.2

0.3

0.3

0.3

0.3

Tb (159)

0.002

0.2

0.6

1.0

0.3

0.2

Dy (163)

0.006

0.2

0.4

0.7

1.0

0.9

Ho (165)

0.001

0.3

0.8

0.1

0.3

0.3

Er (166)

0.004

0.6

0.4

0.3

0.5

0.4

Tm (169)

0.001

0.9

0.7

0.5

0.7

0.9

Yb (172)

0.006

0.3

0.6

0.6

0.8

0.2

Lu (175)

0.001

0.5

0.1

0.2

0.3

0.9

Hf (178)

0.008

0.1

0.2

0.9

0.4

0.3

Ta (181)

0.002

1.1

3.2

0.3

17.4

bdl

W (182)

0.004

0.5

1.6

0.8

1.2

0.3

Pb (208)

0.01

1.3

16.4

3.1

19.8

11.2

Bi (209)

0.01

0.2

0.5

0.2

2.9

0.7

Th (232)

0.004

0.3

0.9

0.3

0.1

0.3

U (238)

0.003

0.5

0.7

0.8

0.3

0.8
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147Sm/144Nd

of all tourmaline is low (0.07–0.13). The measured 143Nd/144Nd

rages between 0.51225 and 0.512617, or εNd(0) between –7.51 and –0.40.
Calculated εNd(i) of all tourmalines varies between –5.27 and +2.32. All
tourmaline samples, except NEB017t, have εNd(i) between 1.12 and 2.32, that
is within the range of the Mole Granite whole-rock samples (1.25–5.27). No Nd
isotopic data were obtained from NEB143bt (Group 2) due to its very low Nd
concentration. NEB017t, hosted within the Bondonga Beds, has the least
radiogenic εNd(i) composition of –5.27.

All tourmaline samples, with the exception of NEB017t, define a

147Sm/144Nd

and measured 143Nd/144Nd isochron with an apparent age of 237 ± 110 Ma and
projected initial composition of 143Nd/144Nd(i) = 0.512417 or εNd(i) = -4.31 (Figure
41A). The large error associated with this age estimation is attributed primarily
to the low and small spread in 147Sm/144Nd. Including the whole-rock data from
the Mole Granite increases the spread in

147Sm/144Nd

and the isochron age is

improved to 243 ± 59 Ma with an initial composition of 0.512421 or εNd of –4.23
(Figure 41B). These isochron data indicate that tourmaline (except NEB017t)
originate from a isotopically similar 143Nd/144Nd(i) source as the Mole Granite,
and only differ by their 147Sm/144Nd.
87Rb/86Sr

of the tourmalines are also low overall (<0.69) compared to the Mole

Granite whole-rock analyses (90–300). Groups 1 and 2 tourmalines contain the
highest values relative to the other groups. The measured

87Sr/86Sr

compositions of tourmaline are variable between 0.70547–0.71298. The low
87Rb/86Sr

means that most age corrections are minor and calculated 87Sr/86Sr(i)

varies between 0.70547 – 0.71064. The largest age correction was applied to
sample NEB142t with an 87Rb/86Sr of 0.691 that changed the 87Sr/86Sr(m) of
0.71298 to a 87Sr/86Sr(i) of 0.71064. The most radiogenic 87Sr/86Sr(i) compositions
occur in Group 1 (0.71064 and 0.70997), whilst Group 2 (0.70786) is similar
with Group 3 (0.70632–0.70843), Group 4 (0.70703) and Group 5 (0.70547–
0.70869). Isochron relationships between tourmaline samples are not present
due to the low and relatively invariant 87Rb/86Sr.
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Figure 37: Major element compositions of tourmaline by EMP. The major chemical substitutions are shown
for the X site (A) and Y site (B). These variations are combined in C.
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Figure 38: Chondrite-normalised REE of tourmaline. The dashed line represents the whole-rock variation
in the Mole Granite.
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Figure 39: 87Sr/86Sr(i) and εNd(I) of whole-rock analyses in this study. Granite samples are in red, volcanics
in white and sediments in grey. The shaded fields for the NEB and sediments (defined in Figure 29) are
calculated to 250 Ma.

Figure 40: 87Sr/86Sr(i) and εNd(I) of tourmaline (yellow circles) in this study. The shaded fields represent
regional geological units of the NEO as shown in Figure 29.

112

The whole-rock Mole Granite composition shows highly variable and elevated
87Rb/86Sr
87Sr/86Sr

(90–299), requiring large age corrections to calculate the initial

composition. A whole-rock Rb–Sr isochron of the granitic textural

phases in this study indicates an 87Sr/86Sr(i) composition of 0.711 ± 0.013 with
an MSWD of 1.8 (Figure 42). Incorporation of whole-rock data from the Mole
Granite of Kleeman et al. (1997), however, yields a more precise estimation of
87Sr/86Sr
(i)

to 0.7085 ± 0.0059 with an MSWD of 0.80 (Figure 42B). Including

fluorite data of Kleeman et al. (1997) from within the Mole Granite, with Rb/Sr
<1, this estimate is improved to 0.70650 ± 0.00024 with an MSWD of 0.73
(Figure 42). The 87Sr/86Sr(i) isochron intercept from only whole-rock data of this
study is within error of Group 1 tourmaline. The 87Sr/86Sr(i) derived from the
whole-rock isochron that includes the whole-rock and fluorite data of Kleeman
et al., (1997) is significantly less radiogenic than Group 1 tourmaline (0.71064
and 0.70997). If the latter isochron intercept (87Sr/86Sr(i) = 0.70650 ± 0.00024) is
used, it indicates that Group 1 tourmaline, occurring as qtz-tur nodules within
the Mole Granite, are not in equilibrium with the whole-rock Mole Granite
composition. The implications of this are considered in the discussion.

Figure 41: Sm–Nd isochron data for tourmaline (A) and tourmaline and the Mole Granite whole rock.
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The Dundee Rhyodacite and Wandsworth Volcanics (NEB178, 179) have
87Rb/86Sr

between 1 and 2. 87Sr/86Sr(i) compositions were calculated using the

U–Pb zircon ages of 254 Ma for the Dundee Rhyodacite (U–Pb TIMS;
Brownlow and Cross, 2010) and although are not within error (0.70501 ±
0.00001 and 0.70519 ± 0.00001, respectively), are both less radiogenic than the
Mole Granite. The Bondonga Beds have low 87Rb/86Sr (2), moderate 87Sr/86Sr(i)
(0.70751; calculated to 250 Ma) and evolved εNd(i) (–1.75). These data are
within the previously reported range (Hensel et al., 1985).

Figure 42: Rb–Sr isochron data for the Mole Granite whole-rock data of this study (top), including the
whole-rock (blue) and fluorite (purple) data of Kleeman et al. (1995)(bottom).
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Table 16: Rb–Sr and Sm–Nd isotope data for tourmaline and whole-rock analyses from the Mole Granite. Initial tourmaline ratios were calculated to 245 Ma (See text for explanation)
144

using decay constants 87Rb = 1.3972x10–11a–1 and 147Sm = 6.54x10–11a–1. εNd = (144

𝑁𝑑 ∕ 143𝑁𝑑(𝑆)

𝑁𝑑 /143𝑁𝑑(𝐶𝐻𝑈𝑅)

Sample

Rb

Sr

87Rb/86Sr

Tourmaline

(ppm)

(ppm)

(moles)

87Sr/86Sr

(0)

2SE

87Sr/86Sr

(T)

− 1) × 104 where 143Nd/144NdCHUR = 0.512638 and 147Sm/144NdCHUR = 0.1967.

Nd

Sm

147Sm/144Nd

(ppm)

(ppm)

(moles)

143Nd/144Nd

(0)

2 SE

εNd(0)

εNd(T)

TCHUR

TDM

(Ga)

(Ga)

NEB006t

0.094

9.13

0.030

0.70853

0.00001

0.70843

0.74

0.09

0.07

0.51252

0.000026

–2.34

1.59

0.146

0.676

NEB007t

0.006

31.84

0.001

0.70735

0.00001

0.70735

2.00

0.39

0.12

0.51260

0.000017

–0.76

1.68

0.076

0.886

NEB008t

0.020

53.44

0.001

0.70755

0.00002

0.70755

17.11

0.09

0.51255

0.000007

–1.62

1.68

0.121

0.742

NEB012t

0.045

15.78

0.008

0.70736

0.00001

0.70733

0.49

0.07

0.08

0.51257

0.000013

–1.24

2.32

0.086

0.672

NEB014t

0.093

14.66

0.018

0.70638

0.00001

0.70632

26.66

5.42

0.12

0.51262

0.000005

–0.40

1.91

0.043

0.893

NEB015t

0.154

30.95

0.001

0.70703

0.00001

0.70703

127.78

28.04

0.51261

0.000005

0.068

1.015

NEB016tt

0.002

151.46

0.000

0.70547

0.00001

0.70547

0.41

0.05

0.07

0.51249

0.000008

–2.80

1.12

0.175

0.704

NEB017t

0.020

66.06

0.001

0.70869

0.00001

0.70869

6.05

1.25

0.12

0.51225

0.000010

–7.51

–5.27

0.818

1.538

NEB142t

3.889

16.28

0.691

0.71298

0.00001

0.71064

4.35

0.80

0.11

0.51260

0.000011

–0.73

1.97

0.067

0.813

NEB143bt

0.452

50.32

0.026

0.70795

0.00001

0.70786

0.14

0.01

0.00

NEB170t

0.529

3.99

0.384

0.71127

0.00001

0.70997

6.19

0.64

0.06

0.51253

0.000009

–2.08

2.12

0.121

0.625

NEB142

672.2

8.49

229.187

1.50877

0.00002

0.72986

55.14

16.82

0.18

0.51268

0.000011

0.86

1.25

–0.537

2.414

NEB143

752.1

7.76

280.480

1.70423

0.00002

0.75487

NEB171

732.0

7.89

268.263

1.62000

0.00002

0.69492

74.58

16.26

0.13

0.51265

0.000006

0.20

2.27

–0.024

0.933

NEB173

538.6

17.13

90.976

1.01869

0.00003

0.71088

61.57

11.30

0.11

0.51264

0.000008

0.00

2.69

0.000

0.760

NEB174

573.8

5.54

299.438

1.72825

0.00002

0.70436

104.85

10.30

0.06

0.51269

0.000005

0.93

5.27

–0.053

0.460

NEB175

560.9

8.81

184.306

1.34407

0.00002

0.73096

64.79

13.53

0.13

0.51263

0.000004

–0.07

2.10

0.008

0.898

NEB176

536.2

9.25

167.748

1.29262

0.00002

0.72020

52.42

14.93

0.17

0.51270

0.000004

1.25

2.04

–0.397

1.633

NEB177

534.5

12.05

128.370

1.15328

0.00001

0.71878

97.80

22.27

0.14

0.51264

0.000005

0.08

1.94

–0.011

1.016

NEB178

107.2

246.66

1.258

0.70943

0.00001

0.70501

27.55

5.65

0.12

0.51260

0.000007

–0.83

1.53

0.089

0.941

NEB179

124.4

184.18

1.955

0.71205

0.00001

0.70519

48.41

6.89

0.09

0.51264

0.000006

0.13

3.72

–0.009

0.604

NEB1711

68.8

95.50

2.085

0.71471

0.00001

0.70751

27.50

7.32

0.16

0.51249

0.000004

–2.90

–1.75

0.628

1.894

0.13

–0.56

1.45

Whole Rock
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Quartz δ18O
Average compositions and the total range of δ18O values for quartz in the
igneous units and within deposits surrounding the Mole Granite are presented in
Table 17. Table 17 includes the range of quartz δ18O. The complete dataset are
compiled in Appendix 4. δ18O compositions of a co-existing fluid with the quartz
were calculated using Equation 4. Feteke et al. (2016) show fluid inclusion
temperatures within a single quartz grain of the Yankee Lode vary from 500–
220oC, which has dramatic effects on the calculated fluid composition (Equation
4). They described six generations of fluids based on CL imaging, fluid inclusion
temperature estimates and the δ18O composition of quartz. The first three
generations record the slow cooling of a magmatic fluid from 500–413oC with a
corresponding decrease of δ18Ofluid from +10.1 to +6.1. Quartz generations 4
and 5 (Q3b and Q4 in Feteke et al., 2016) mark the incursion of lighter meteoric
waters associated cooling and a dramatic decrease in δ18Ofluid from +5.8 to –
15.4. Our study does not have the same constraints on temperature of quartz
precipitation as Feteke et al. (2016). Therefore, calculated δ18Ofluid are more
poorly constrained. Regardless, the δ18O composition of quartz presented here
will be discussed later within the framework of Sun and Eadington (1987) and
Feteke et al. (2016).

Magmatic quartz from within the Mole Granite displayed little heterogeneity in
δ18O and a weighted average of +11.00 ± 0.07‰ (1SD). This value agrees with
magmatic quartz data of Sun and Eadington (1987) and Feteke et al. (2016).
The δ18O compositions of zircon within the Mole Granite are between +7.8 and
+8.3 (Laker 2017) that is comparable with the bulk rock value of ~+10.5 ‰ after
correcting for high SiO2 (Lackey et al., 2008). Bulk magmatic quartz
concentrates based on fluorination data of Sun and Eadington (1987) from
Wallaroo (+9.8 ‰), Dutchman’s (+10.3 ‰) and Elliot’s (+10.4 ‰) are also
similar in composition to magmatic quartz measured here.

Quartz pegmatite veins of the Torrington Pendant (NEB002), and hydrothermal
quartz veins from Gadens Lode (NEB008,009), McDowells Contact Lode
(NEB014), East Britain Stockworks (NEB015) and McDonalds Lode (NEB016)
contain have restricted quartz δ18O compositions (Table 17) with a combined
116

weighted mean average of 11.73 ± 0.19 (1SD). Fluid compositions for the
samples were calculated using a single temperature of 400oC (Sun and
Eadington 1987) and vary between 7.77 and 9.15 ‰. These elevated
compositions are similar to predicted magmatic and early, fluid compositions
(Sun and Eadington, 1987; Feteke et al., 2016; this study) and indicate
precipitation of these quartz samples prior to incursion of meteoric water and
significant temperature loss.
Table 17: Combined SIMS quartz δ18O compositions from the Mole Granite. For samples with
homogenous δ18O compositions the average of all in-situ analyses is presented. The composition of a fluid
coexisting with quartz were calculated using the fractionation factor of Pollington et al. (2016). As
discussed in text, the temperature constraints on quartz precipitation are poor, but are considered 400 oC.
For quartz with large heterogeneity in δ18O, only the range of in-situ analyses are shown.

Sample

Group

NEB142
NEB143b
NEB170
NEB008
NEB014
NEB015
NEB016

1
2
1
3
3
4
5

NEB001
NEB003
NEB007
NEB011
NEB013

3
3
3
3
3

Av. δ18O
(‰)

2 SE

0.78
10.27
0.25
11.31
0.12
11.25
11.62
0.14
11.8
0.35
11.94
0.18
11.41
0.55
Range (‰)
–7.08–+10.92
–2.14–+11.20
–11.40–2.06
–5.71– –0.32
–7.84–+4.34

Av. δ18O
(‰) water
7.77
8.33
8.48
8.83
9.07
9.15
8.63

Quartz–cassiterite veining at Burtons Prospect (NEB001), Wallaroo (NEB003),
Gadens Lode (NEB007), Smiths Lode (NEB011) and Curnow (NEB013) has
measured quartz δ18O values between –11.40 and +11.20. Similarly, Feteke et
al., (2016) reported δ18O variations in a single quartz crystal of the Yankee
deposit between –4.6 and +12.90. Quartz-cassiterite vein precipitation occurred
in the Yankee deposit with the incursion of light meteoric waters and
temperature drop from 478 to 390oC (Feteke et al., 2016). δ18Ofluid compositions
cannot be derived from these quartz samples of this study because the
temperature constraints are poor.
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Table 18: Whole-rock laser fluorination δ18O compositions of major units determined by GNS.

Geological Unit

Sample # δ18O (‰)

Dundee Rhyodacite

NEB178

7.2

Emmaville Volcanics

NEB179

1.0

Bondonga Beds (pendant) NEB1710

9.7

Bondonga Beds

NEB1711

10.2

Mole Granite

NEB146

6.5
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2.3.5 Discussion
The origin and evolution of the Mole Granite
Source characterisation
Within the NEB, the Mole Granite is transitional between an I-type and an Stype granite in respect to whole-rock εNd(i), δ18O and 87Sr/86Sr(i) (this study) and
εHf(i) zircon compositions (Laker, 2017). Similarly, the Gilgai Granite, part of the
Mole SS, has variable δ7Li that falls between compositions of the MSS, and Stype granites of the NEB (Bryant et al., 2004). Although emplacement of the
Mole Granite was contemporaneous with the MSS and USS, the elevated
87Sr/86Sr
(i)

(0.70650) and δ18O (10.5‰) are only comparable with the USS

(87Sr/86Sr(i) between 0.705 and 0.707, and δ18O between +8–+10).

The major and trace element compositions of the USS and Mole SS from the
CHAPGRAN database (Bryant and Blevin, 2017) are compared in Figures 43–
46. The MSS and the Wandsworth Volcanics are included for comparison.
Major element variation diagrams for the USS, MSS and Wandsworth Volcanics
display linear relations for all major elements towards the Mole SS at high SiO2
(Figure 43). In the mafic endmembers, the USS is distinguished from the MSS
by lower K2O (Figure 43C), P2O5 (Figure 43D), Sr and Ba (Figure 44A and C),
and Th (Figure 44D) but higher Y (Figure 44B) and more distinct negative
Eu/Eu* anomalies (Figure 45; Shaw and Flood, 1981). Figure 46A and B show
the geochemical evolution of these supersuites through
incompatible/compatible element ratios. The MSS, USS and the Wandsworth
Volcanics show parallel Rb/Sr trends with increasing SiO2, and the Mole SS is
significantly higher (Figure 46A). The MSS has slightly lower K/Rb than the USS
and Wandsworth Volcanics for the range in SiO2, due to its K-rich source (Shaw
and Flood, 1981; Bryant et al., 2004; Phillips et al., 2011), however, the K/Rb is
lower again for the Mole Supersuite (Figure 46B). The chondrite-normalised
REE patterns of the MSS, USS and Wandsworth Volcanics and the Bondonga
Beds are also largely remarkably similar in overall abundance and shape, yet
distinct from the REE concentrations of the Mole Granite (Figure 36). The
geochemical trends in Figures 43, 44 and 46 indicate the Wandsworth
Volcanics, like the Mole SS, have a closer geochemically affinity with the USS
than the MSS as suggested by Barnes et al. (1991). The Mole SS, however, is
significantly more evolved than both the USS and MSS.
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The intermediate 87Sr/86Sr(i) and εNd(i) isotopic composition of the Mole Granite
and USS, and the Wandsworth Volcanics by inference, between I- and S-type
rocks of the NEB could result from either:
1) Partial melting of young volcaniclastic metasediments.
2) Melting of an I-type source rock and magma assimilation of pelitic
materials during ascent and emplacement.
3) Partial melting of an interface region that includes both I-type and S-type
components.

Partial melting of young volcaniclastic metasediments would yield higher δ18O
values than demonstrated in the USS (+8–+10 ‰) and Mole Granite (+10.5 ‰)
as Jeon et al., (2012) show that the BSS originates from partially melted
volcaniclastic sediments and generated magmas with a δ18O of +11.5 ‰.

It is unclear whether the parental magmas of the USS and Mole SS were
produced by sedimentary assimilation or melting of a mixed I-type and S-type
region. Shaw and Flood (1981) favoured the latter as it would be unusual if only
the USS (and Mole SS) incorporated sedimentary components, whilst the
adjacent and contemporaneous MSS and CRSS did not.

The chemical variability within the USS (Figure 43, 44 and 46) is attributed to
physical mixtures of source rocks (Shaw and Flood, 1981) where felsic granites
contain a larger component of the felsic S-type source. Evidence for fractional
crystallisation from inflections on bivariate diagrams, or the presence of
cumulate rocks within the USS is lacking (e.g. Shaw and Flood, 1981). Slight
negative Eu/Eu* anomalies suggest partial removal of feldspar from the parental
magmas (Figure 45). Assimilation or melting of an interface region (with I- and
S-type components) explains the lack of Sn enrichment with increasing SiO2 in
the USS, as mixing will not enrich Sn in melts (Figure 44E).

Partial melting alone, however, cannot account for the haplogranitic composition
of the Mole Granite, without unrealistically small degrees melt generation.
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Figure 43: Major element variation within the I-type
supersuites of the NEB from the CHAPGRAN
database (Bryant and Blevin 2017). Isotopic
compositions suggest an affinity between the Mole
Supersuite and the Uralla Supersuite. The Moonbi
Supersuite and Wandsworth Volcanics are included
for comparison.

Figure 44 Trace element variation of the I-type
supersuites of the NEB from the CHAPGRAN
database (Bryant and Blevin 2017). Colour scheme
as in Figure 43.
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Experimental studies indicate that dehydration melting of amphibole and biotite
at <1 GPa can generate between 12–48 % melt over a narrow temperature
range (Rushmer, 1991; Sen et al., 1994; Sisson et al., 2005). An alkali basalt
source at 0.8 GPa and 875oC will contain <0.1 % melt, that increases to 2–5 %
at 925oC and 20% at 935oC (Rushmer, 1991). Also, at 0.8 GPa, melting of an
island arc tholeiite source increased from 2 % melt volume at 800 oC to 10% at
825oC. The addition of unbound water greatly increases this melt generation
(Rushmer, 1991). The initial 2 volume % of melts generated by dehydration of a
basaltic amphibolite at 925oC and 1.5 GPa produced a melt with 69.49 wt.%
SiO2 and a ASI of 1.03 (Rushmer, 1991). Therefore, partial melting alone is
unlikely to generate the haplogranitic and weakly peraluminous melts of the
Mole SS as it would require generation and removal <2 volume % melt, within
very a narrow temperature range (50oC). Also, small degree partial melts are
unlikely to have been generated at the same time as voluminous granite
emplacement of the USS which began at ca 255 Ma and continued following
the emplacement of the Mole Granite into the Late Triassic.

Figure 45: Chondrite-normalised REE for the I-type supersuites of the NEB. Colour scheme as in Figure
43.

Magmatic evolution
The haplogranitic composition of the Mole Granite is attributed to fractional
crystallisation from the parental magmas of the USS. Within the Mole Granite,
and over a small range of SiO2 (75.1–77.3 wt.%), geochemical evidence for
removal of plagioclase and K-felspar from residual melts by fractional
crystallisation incudes strong negative Eu/Eu* anomalies, and collinearity of
Eu/Eu* anomalies with Ba, Rb and Sr (Laker, 2017). Fractional crystallisation of
feldspars from the parental magma of the Mole Granite will also impart the
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Figure 46: Element ratios for the I-type supersuites of the NEB. Colour scheme as in Figure 43.

sharp decrease in Sr and Ba concentrations (Figure 44A and 18C) and Rb/Sr
and K/Rb (Figure 4A and B) from the USS to the Mole SS. The distinct increase
in Y (Figure 44B), HREE (Figure 45) and Th (Figure 44D) from granites of the
USS to the Mole SS, and variability in other trace elements is more difficult to
decipher as with increased fractional crystallisation accessory phases control
much of the trace element budget. Landenberger and Collins (1996) modelled
Rayleigh fractionation of major and trace element composition of A-type
granites from the Chaelundi Complex within the NEB. Modelling of the
Chaelundi Complex as an analogue for the Mole SS is ideal because unlike
most A-type granites of the NEB, the Chaelundi Complex shows a wide
compositional range from quartz monzonite to leucogranite and SiO2 between
66–76 wt.%. The quartz-monzonite, with 66.75 wt.% SiO2 has comparable REE
concentrations to the Dundee Rhyodacite, and granites of the USS
(Landenberger and Collins, 1996). Landenberger and Collins (1996) showed
consistency between major and trace element models, and that the most felsic
A-type rocks represent the final 30% volume fraction of the initial melt volume
after Rayleigh fractional crystallisation and removal of plagioclase and
orthoclase, quartz, biotite and hornblende, and minor ilmenite and
ferrohypersthene. Y and Th are also enriched in the Landenberger and Collins
(1996) model to concentrations similar to those observed in the Mole SS. The
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chondrite-normalised REE concentrations of the A-type Chaelundi Complex are
shown in Figure 47. With increasing SiO2 the REE concentrations change from
slightly inclined patterns with a weak Eu/Eu* anomaly, to patterns similar to the
Mole Granite at 75.69 wt.% SiO2. To produce the relatively flat REE chondrite
normalised shape Landenberger and Collins (1996) indicate minor (0.2%)
allanite is required to reduce LREE concentrations. The Mole Granite has a
steeper LREE shape, and overall higher abundance than the leucogranite of the
Chaelundi Complex, and would suggest allanite crystallisation did not occur in
the parental magmas of the Mole Granite (Figure 47).

The definition of a mixed I- and S-type isotopic composition in the A-type Mole
SS is significant for the understanding of A-type granites more generally. Many
genetic models for A-type granites attempt to reconcile the fluorine-rich and
H2O-poor composition of a refractory source that has previously undergone
dehydration melting (Collins et al., 1982; Creaser et al., 1991; Landenberger
and Collins, 1996; King et al., 1997). This model is not appropriate for the Mole
SS because it is emplaced simultaneously with and adjacent to other plutons of
the USS that do not have the characteristic A-type compositions. Instead, we
propose that the A-type characteristics of the Mole Granite are developed
during fractional crystallisation processes at shallow depths, as demonstrated
by Landenberger and Collins (1996).

Shallow emplacement of the Mole Granite
A-type granites have, by definition, low H2O (Whalen et al., 1987). Fluid
exsolution raispidly removes heat from a crystallising granite and will often stall
ascent. Low H2O granites undergo later fluid saturation and have the ability to
reach upper crustal levels.

A distinctive feature of the Mole Granite is its abundance of F as evidenced by
magmatic and hydrothermal topaz and fluorite. Elevated F is a common feature
of leucocratic A-type granites (>0.5–3 wt.%; Pichavant and Manning, 1984), and
strongly effects the liquidus, viscosity, density and eutectic composition of
silicate melts (Tuttle and Bowen, 1958; Manning et al., 1980; Manning, 1981;
Johannes and Holtz, 1996).
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Manning (1981) showed that with 4 wt.% F the liquidus of silicate melts can
persist to 550oC. Tourmaline, the major boron host, is less abundant than topaz
and fluorite in the Mole Granite, however boron also has the effect of lowering
liquidus temperatures (Pichavant, 1981; Pollard et al., 1987).

Figure 47: Chondrite normalised REE concentrations of quartz monzonite, granite and leucogranite from
the A-type Chaelundi Complex of the New England Batholith determined by Landenberger and Collins
(1996). Data does not include Pr, Gd, Dy, Er and Tm so these are interpolated. The Chaelundi Complex
REE data are compared with the REE data of the Mole Granite presented in Laker (2017). The most
fractionated unit in the Chaelundi Complex has the REE pattern similar to the Mole Granite, with slight
LREE depletion. Landenberger and Collins (1996) attribute the changing REE concentrations with SiO 2
with extended fractional crystallisation, that is also proposed for the Mole Granite.

Experimental studies indicate that incorporation of F into silicate melts leads to
an exponential reduction in viscosity by replacing Si–O–(Si, Al) bonds with Si–
OH and Si–F respectively (Manning et al., 1980; Dingwell et al., 1985, 1993;
Lange, 1994). At 1000oC and 1 atmosphere pressure, the viscosity of rhyolitic
melts was shown to decrease by ~1 log unit (in poise) with every additional
wt.% fluorine added (Dingwell et al., 1985). Similarly, addition of 2.5 wt.% F into
haplogranitic melts decreases the density from ~2.29 to 2.27 g/cm3 at 750oC
and 0.1 GPa (Dingwell et al., 1993). Parental melts with low H2O will undergo
late fluid exsolution. As F partitions favourably into a fluid instead of the silicate
melt, fluid exsolution will deplete F in the residual melt (Dingwell et. al., 1985).

The combined effects of lowered viscosity and density due to F and B in an
originally dry magma are hypothesised allowed for a shallow emplacement in
the upper crust. The depolymerised melt structure and low liquidus temperature
allow for extended fractional crystallisation to occur.
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Eadington and Nashar (1978) report whole-rock F concentration of 0.32 wt.% in
the porphyritic phase of the Mole Granite. Audétat et al. (2000a) estimated a
maximum F concentration in the melt of 2.5 wt.% before being buffered by
precipitation of magmatic topaz. Despite high F, the major element composition
of the haplogranitic Mole Granite plots between the minima in the Qz–Or–Ab
system and 1 wt.% F in water saturated conditions at 0.1 GPa (Figure 35;
Manning, 1981). This is likely related to the diminished effect of F in
peraluminous melts on the Qz–Or–Ab eutectic due to the formation of Al–F
complexes (Manning et al., 1980).

Fluorine has been demonstrated to form ligands with traditionally lithophile
elements such as HREE and Y (London et al., 1988; Webster et al., 1989;
Keppler and Wyllie, 1990, 1991) which could account for their enrichment in the
Mole SS (Figure 44B). Dostal and Chatterjee (1995) noted that F-rich fluids
exsolved from cooling silicate melts will also be enriched in incompatible
elements and can modify the primary composition of the granites. Fractionation
of a F-rich fluid from the Mole Granite is evidenced by extensive silexite in its
apical zones, containing up to 20 vol% topaz and minor fluorite. This fluid is
unlikely to have effected whole-rock granite samples used in this study as there
is very little variability in the REE patterns between fresh and altered samples.

Fluid fractionation
Cassiterite in the Mole Granite coprecipitated with tourmaline and continued to
precipitate during mixing of magmatic and meteoric fluids (Sun and Eadington,
1987; Audétat et al., 1998, 2000a; Feteke et al., 2016). All tourmalines analysed
here coexist with quartz that has homogenous and magmatic δ18O compositions
(Table 17) indicating precipitation prior to the incursion of meteoric fluids.
Tourmalines of this study do not coexist with cassiterite, except in NEB016 from
the McDonalds Lode, indicating that Sn concentrations in tourmaline were not
significantly affected by cassiterite precipitation. Using the boiling Equation 6
outlined in Chapter 2.3, an initial water concentration of 0.5 wt.% and an F(water)
of 0.14 will generate a fluid with 155 ppm Sn for 𝐷𝑓𝑙𝑢𝑖𝑑−𝑚𝑒𝑙𝑡 = 2, and 310 ppm
for 𝐷𝑓𝑙𝑢𝑖𝑑−𝑚𝑒𝑙𝑡 = 4 (See section 2.3.6 for discussion on D values), which is
consistent with Sn concentrations for all tourmaline samples except NEB008t
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(Figure 48). These values are also broadly consistent with Sn concentration of
pre-mineralising brines inferred by fluid inclusion data of the Yankee lode (55–
586 ppm; Audétat et al., 1998, 2000a).

Figure 48: Box and whisker plot of Sn concentrations within tourmaline. The grey bar represents calculated
compositions of a fluid generated from the Mole Granite. See section 2.3.6 for details on equations and
parameters.

Fluid–rock mixing
Tourmaline not contained within the Mole Granite (groups 4 and 5) displays
evidence of chemical leaching of host rocks by fluids. Chemical leaching by
fluids on the host rock is most evident in Group 5 tourmalines hosted in the
Bondonga Beds. Relative to the Mole Granite, the Bondonga Beds are enriched
in MgO, CaO, Sc, Cu, Zn, Sr, Zr and Eu. Similarly, tourmaline of Group 5 is
defined by relative enrichment of MgO, CaO, Cu, Zn, Sr and Eu relative to
tourmaline of Group 1 in the Mole Granite. Major element substitution on the X
site of tourmaline, between Fe and Mg, appears most sensitive to the degree of
fluid leaching of the host rock, with low Fe/(Fe+Mg)apfu corresponding to
increased leaching. Similarly, Sr shows strong correlation with Fe/(Fe+Mg)apfu,
and its concentration in tourmaline broadly correlates with the concentration of
Sr in the host rock (Figure 49). Groups 1 and 2 tourmaline, hosted in the Mole
Granite have the lowest range Sr (1–58 ppm), although variable. Conversely,
Group 5 tourmaline, hosted in the Bondonga Beds are the most enriched in Sr
of all tourmaline samples (90–386 ppm). The large difference in Sr between
groups 1 and 5 is attributed to the different Sr concentration in Mole Granite (~6
ppm) and the Bondonga Beds (191 ppm). This indicates that Sr contamination
of fluids from leaching of country rocks occurred. There is no significant shift in
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the 87Sr/86Sr(i) of hydrothermal tourmaline as the Bondonga Beds and Emmaville
Volcanics have overlapping 87Sr/86Sr(i) with the Mole Granite (Figure 39).

Figure 49: Increasing Sr in tourmaline associated with mixing with the host rocks. Mixing is quantified by
the major element substitution between Fe and Mg on the X site in tourmaline.

The distinctive positive Eu/Eu* of NEB016t can also be attributed to fluid
leaching as it is the only REE that is more enriched in the Bondonga Beds than
the Mole Granite (Figure 36). Unlike at Ardlethan, Sn concentrations in
tourmaline are not correlated with Fe/(Fe+Mg)apfu , or Sr, and are interpreted to
represent the composition of forming fluid or melt.

Extensive fluid leaching is evident in Group 4, hosted in the Emmaville
Volcanics, directly above a buried ridge of the Mole Granite. Relative to the
Mole Granite, the Emmaville Volcanics are enriched in MgO, CaO, Sr and Eu
compared to the Mole Granite, and these chemical signatures are recorded in
tourmaline (Figure 37 and 49).

Genesis of quartz–tourmaline nodules in the Mole Granite
The origin of tourmaline nodules is unclear, with three prevailing hypotheses; 1)
boron rich vapour (bubbles) rising through the granite (Balen and Broska,
2012); 2) immiscible hydrous borosilicate melt (Drivenes et al., 2015); or 3)
post-magmatic boron-rich metasomatism (Dick, 1980; Le Fort, 1991; Rozendaal
and Bruwer, 1995).
Textural evidence for an immiscible hydrous borosilicate melt includes a
gradational increase in grain size from the Mole Granite into quartz–tourmaline
nodules and biotite depletion halos indicating competition for magmatic Fe.
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However, the preference for nodules to form along fracture surfaces in the
granite (e.g. Figure 33A), may indicate expulsion of a melt or fluid with subsolidus equilibration around the nucleation of tourmaline nodules.

Audétat et al. (2000a) suggested that B, as well Bi, Pb, Li, W, As and Mn,
preferentially partition into a fluid phase instead of the silicate melt. Conversely,
Rb, K and Cs preferentially partition into the melt. Tourmaline data reported
here show Group 1 tourmalines are most enriched in Bi, Pb, Li, W, As Mn, Rb
and K. There is no significant fractionation in Group 1 tourmaline between the
fluid preference and melt preference elements as defined by Audétat et al.
(2000a), indicating a fluid phase had not formed prior to the formation of quartz–
tourmaline nodules. Increasing B within melt inclusions from the porphyritic
granite (~50 ppm) to the microgranite (~650 ppm) also indicates fluid separation
occurred following quartz–tourmaline nodule formation otherwise B would have
been depleted from the melt by partitioning into the fluid (Audétat et al., 2000a).
These features preclude a fluid or vapour origin (Dick, 1980; Le Fort, 1991;
Rozendaal and Bruwer, 1995, Balen and Broska, 2012) of the quartz–
tourmaline nodules in the Mole Granite.
The radiogenic 87Sr/86Sr(i) compositions of Group 1 tourmalines are not in
equilibrium with the Mole Granite (see section 2.3.6). This disequilibrium is
unlikely to result from incursion of a foreign melt or fluid with more radiogenic
87Sr/86Sr as
(i)

there is no textural or geochemical evidence for such a fluid.

Instead it is proposed here that the last pockets of melt/fluid underwent
significant in-situ 87Rb decay with elevated Rb/Sr values after the system was
closed in the Mole Granite. This decay will not be corrected for in 87Sr/86Sr(i)
calculations of tourmaline as Rb is generally excluded from the crystal structure.
However, Rb concentrations within tourmaline are the highest in nodular
settings (Table 15). Whole-rock 87Rb/86Sr compositions for the Mole Granite
vary between 90–300 (Table 16) and represent the minimum compositions of
melt/fluid pockets. Audétat et al. (2000a) reported 87Rb/86Sr within highly
fractionated melt inclusions of the seriate granite as ~950. Assuming the
measured 87Rb/86Sr value of NEB142 whole-rock analysis (229), it would take
1.3 Ma of in-situ decay in the liquidus quartz–tourmaline nodules to generate
the observed difference between 87Sr/86Sr(i) inferred from the whole-rock
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isochron for the entire Mole Granite system (0.7065) compared to the
tourmaline in NEB142t (0.71064). Similarly, the observed difference between
the NEB170t 87Sr/86Sr of 0.70997 and 0.7065, requires 1.1 Ma of in-situ decay
with a 87Rb/86Sr of 229. Alternatively, a 87Rb/86Sr of ~950 in the melt/fluid pocket
significantly reduces this period of in-situ decay to only ~310 ka for NEB142t
and 260 ka for NEB170t. Extended in-situ decay leading to more radiogenic
87Sr/86Sr prior
(i)

to tourmaline crystallisation will have been supported by lowered

solidus due to excess B in the nodules (Manning and Pichavant, 1983).

2.3.6 Conclusions from the Mole Granite system
Magmatic to hydrothermal processes leading to sub-economic polymetallic
mineralisation associated with the Mole Granite are difficult to decipher due to
extended fractional crystallisation of the parental magma that disguises the
magmatic source rocks, and prolonged and pervasive hydrothermal alteration
that overprints magmatic-hydrothermal processes. The major, trace and isotopic
composition of tourmaline from magmatic and hydrothermal environments were
determined to better characterise the source composition of the Mole Granite
and magmatic and hydrothermal processes. Tourmaline major, trace
concentrations and Rb–Sr isotopic compositions show large compositional
trends from the magmatic to hydrothermal deposits. In conjunction with wholerock chemistry and quartz δ18O compositions, five texturally distinct and
chemically distinct groups of tourmaline were identified and attributed to specific
processes occurring across the magmatic to hydrothermal transition.

The New England Batholith formed by the rapid accretion of isotopically juvenile
rocks. Subsequently the εNd(i) and εHf(i) compositions of granites, that are
commonly used to identify source rock compositions, were not significantly
fractionated due to their similar partitioning coefficients of Sm and Nd, and Lu
and Hf, in magmatic systems, and their long half-lives (Jeon et al., 2012, 2014).
In contrast, the larger range in Rb/Sr of granites and source rocks in the New
England Orogen allows for greater 87Sr/86Sr(i) sensitivity. Despite the extreme
Rb/Sr ratios associated with the Mole Granite that require large age corrections
for 87Sr/86Sr(i), we present a new whole-rock isochron estimate of the 87Sr/86Sr(i)
composition that indicates a chemical affinity with the Uralla Supersuite and the
Wandsworth Volcanics. The Mole Granite has an A-type composition due to its
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high concentrations of F, Li, Rb, Sn, HFSE and U. Parental magmas of the Mole
Granite which have similar compositions to the melts of the USS, have
undergone continued fractional crystallisation at shallow crustal levels. Shallow
emplacement and extended fractional crystallisation were facilitated by high F
concentrations in the melt.

Formation of Sn deposits occurred predominantly during the formation of a
chlorine-rich fluid after cooling of the silicate melt (Audétat, 1998; 2000a,
2000b). Fluid fractionation within the Mole Granite is shown by the contrasting
chemistry of magmatic and hydrothermal tourmaline, and represents the major
enrichment of Sn.

In the apical zones of the Mole Granite, tourmalines do not display evidence of
widespread fluid leaching of the surrounding host rocks, indicating no major
post-magmatic compositional changes. However, for fluids that are expelled
from the Mole Granite into the country rocks, fluid leaching of those rocks is
evidenced by decreasing Fe/(Fe+Mg)apfu, εNd(i) and increasing Sr.
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2.4 Tourmaline as a passive melt and fluid monitor
2.4.1 Mineral–melt partitioning in tourmaline
Mineral–melt partitioning discussed below is restricted to groups 1 and 2
tourmalines from the Ardlethan Granite and Group 1 tourmaline from the Mole
Granite, as they have the strongest textural relationship with the granite. Group
1 tourmaline from the Ardlethan Granite is interstitial and anhedral between the
main rock forming minerals. The major element and REE composition of group
1 and 2 tourmalines appears largely unmodified from the whole-rock
compositions. Group 1 tourmaline from the Mole Granite displays both
magmatic and hydrothermal textures. Magmatic textures include biotite
depletion halos (Figure 33B), and inwards coarsening grain size of quartztourmaline nodules (Figure 33C). However, elsewhere Group 1 tourmaline of
the Mole Granite is restricted to fracture surfaces (Figure 33A). Also, as noted in
the Mole Granite, the Rb–Sr isotopic system remained open within the quartz–
tourmaline nodules for at least 260 ka following closure of Rb–Sr in the bulk
granite. Despite this, the major element and REE compositions of these
tourmalines remain relatively homogenous. Mineral–melt partitioning
coefficients for tourmaline cannot be determined with confidence from these
nodules as the bulk chemistry of the magma and exsolved fluids may have
been radically modified in these final stages of fractional crystallisation. Only the
samples with the most ‘magmatic’ textures and chemistry are shown in Figure
50 after normalisation to bulk rock concentrations. The average element
concentration in tourmaline normalised to the whole-rock composition for the
Ardlethan Granite and Mole Granite are displayed in Table 19. Tourmaline from
both the Ardlethan Granite and Mole Granite is only enriched in Sc, Zn, Ga and
Sn relative to the whole-rock concentrations. Sc, Mn and Zn show increasing
concentrations in the Mole Granite with SiO2 indicating their incompatibility in
enrichment in the last phases of melt (Laker, 2017). Therefore, the elevated
concentrations in tourmaline may reflect late fractionation crystallisation instead
of iD(tur/melt) >1 for these elements.

Mineral–melt partitioning coefficients for tourmaline remain largely
unconstrained by experimental studies. The only data are reported by van
Hinsberg (2011), who obtained the data ‘serendipitously’ after a failed
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experiment on Fe–Mg exchange between tourmaline and biotite (van Hinsberg
and Schumacher, 2009). The iD(tur/melt) values are shown in Table 19. The
results of van Hinsberg et al. (2011) are not directly comparable to this study as
Dtur–melt were determined on foitite (Figure 3) and olenite (an aluminium rich
tourmaline that forms a solid-substitution series with elbaite).

Van Hinsberg (2000) did not report Dtur–melt for Sn. Sn concentrations of
tourmaline presented here are 1–10 times more enriched than within the wholerock composition for both the Ardlethan Granite and Mole Granite. Audétat et al.
(2000a) reported increasing Sn in melt inclusions from 17 ppm in the porphyritic
phase to 78 ppm in the microgranite phase of the Mole Granite, recording the
final stages of fractional crystallisation (Audétat et al., 2000a). However wholerock concentrations of the Mole Granite only vary between 4–16 ppm (Figure
44). The median value within Group 1 tourmaline, within the seriate phase, is 65
ppm. If tourmaline was in equilibrium with melts of the seriate phase, then
SnD
(tur/melt)

= ~ 8. If tourmaline was in equilibrium with more evolved melts,

similar to those of the microgranite, then SnD(tur/melt) = ~1. Sn concentration of
two interstitial tourmaline samples from within the Ardlethan Granite are
consistent and indicate a SnD(tur/melt) = ~1.5. At Ardlethan Sn in tourmaline
increases from 37 ppm interstitially to 73 ppm in nodular tourmaline of Group 1
due to late magmatic fractional crystallisation.

All the REE are less abundant in tourmaline compared to the whole-rock
compositions of the Ardlethan Granite and Mole Granite and suggest a
REED
(tur/melt)

<1. The slight positive HREE slope in tourmaline of the Mole Granite

may be related to increasing compatibility of the HREE compared to the LREE
(van Hinsberg 2011), however this effect is not apparent in Group 1 tourmaline
of the Ardlethan Granite and groups 1 and 2 of the Mole Granite. The variable
concentrations of the REE are discussed further below in relation to crystal
chemical effects.
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Table 19: D(Tur/melt) or concentration of elements in tourmaline relative to the whole-rock composition for
the Mole Granite and Ardlethan Granite.

Element

Mole Granite
Van Hinsberg
et al. (2011)
Average

Ardlethan Granite
1SD

Average

1SD

Sc

0.71

3.788

2.084

3.462

2.036

Cu

1.86

0.127

0.143

0.285

0.158

Zn

0.66

8.494

2.408

4.868

0.794

Ga

0.76

7.048

1.593

5.022

0.619

Rb

0.45

0.005

0.024

ND

ND

Sr

1.05

0.560

1.222

0.526

0.340

Y

0.014

0.033

0.001

0.001

Zr

0.019

0.047

0.001

0.001

Nb

0.152

0.108

0.050

0.036

Sn

1.988

1.143

8.332

5.288

La

0.5

0.118

0.138

0.027

0.015

Ce

0.57

0.081

0.082

0.021

0.011

Pr

0.36

0.063

0.063

0.018

0.009

Nd

0.51

0.049

0.063

0.010

0.005

Sm

0.64

0.043

0.082

0.004

0.003

Eu

0.84

0.169

0.163

0.162

0.100

Gd

1.10

0.029

0.063

0.001

0.001

Tb

0.020

0.043

0.001

0.001

Dy

0.017

0.036

0.001

0.001

Ho

0.018

0.034

0.002

0.002

Er

0.018

0.033

0.003

0.005

0.017

0.034

0.006

0.010

0.014

0.030

0.010

0.016

0.022

0.034

0.017

0.027

0.026

0.050

0.002

0.004

0.544

0.307

ND

ND

0.251

0.784

0.034

0.012

0.033

0.070

0.001

0.002

0.118

0.282

0.001

0.002

Tm
Yb

1.85

Lu
Hf

2.44

Ta
Pb

0.57

Th
U

0.24

The remaining high field strength elements (HFSE: Y, Zr, Nb, HREE, Ta, Th, U)
and Pb are noticeably depleted in tourmaline relative to the whole-rock
compositions, in contrast to HFSED(tur/melt) values reported by van Hinsberg
(2011). Tourmaline used in the van Hinsberg (2011) experiments was relatively
enriched in TiO2 (TiO2 = 1.52 wt.%) compared to natural tourmaline studied
here (TiO2 < 0.64 wt.%), which could allow for substitution with the HFSE.
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Figure 50: Trace element compositions of Group 1 tourmaline normalised to the whole-rock composition of
the Mole Granite (NEB142) (top) and groups 1 and 2 tourmalines normalised to the whole-rock
composition of the Ardlethan Granite (PB-ARD-07; Bodorkos et al., 2014) (bottom). Note that elements
analysed vary slightly in each plot.
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2.4.2 Crystal chemical effects in tourmaline
Marks et al. (2013) documented crystal chemical effects on the incorporation of
trace elements in tourmaline. Notably the effect of major element substitution
between Fe–Mg on the Y and Z sites and Na (+K)–Ca on the site X (Figure 51).
These effects are difficult to assess in tourmaline from the Ardlethan Granite
system as isotopic evidence indicates host rock equilibration (Chapter 2.3).
Similar to Marks et al. (2013), X site substitutions weakly correlate with
concentrations of LREE in tourmaline from the Mole Granite system. Weak
correlations between X site chemistry and Nb, Ta and Sn are observed. Fe–Mg
substitution shows a strong control over V and As concentration in tourmaline,

Figure 51: Trace element variation relative to major substitutions in tourmaline on site X (left) and Y and
Z (right).
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an effect also clear in tourmaline from the Ardlethan Granite system (Figure 52).
This strong correlation indicates substitution of V for Fe on the Y site. Co in
groups 1 and 2 correlates with Fe–Mg substitution, like Pb in Group 3. Unlike
Marks et al. (2013) correlations between X site chemistry and Sr, Pb and Co
were not observed. Similarly, Fe–Mg substitution does not affect concentration
of Zn as presented by Marks et al. (2013).

The LREE concentrations are inversely correlated with Ca on the X site and
indicate a substitution mechanism. Compared to the other REE, Eu is relatively
enriched. Lattice strain models indicate that Eu2+ shows minimal strain on the X
site, where as Eu3+ and the other REE3+ occur on the Y site (Van Hinsberg
2011). This results in an overall greater partitioning of Eu2+ over Eu3+ into
tourmaline even when the melt is dominated by Eu3+ (Van Hinsberg, 2011). The
ideal ionic radius for a 3+ cation on the Y site of tourmaline is ~0.68 Å, favouring
the HREE (Van Hinsberg, 2011). The experimentally determined partitioning
coefficient between tourmaline and melt is greater for Yb (1.85) than for La (0.5;
Van Hinsberg, 2011). However as shown here, positive HREE slopes only
occur in hydrothermal tourmaline from both the Ardlethan (Figure 17) and Mole
(Figure 38) systems. Positive HREE slopes in tourmaline are unlikely to be due
to elevated fluorine in hydrothermal systems, a ligand that favours HREE over
the LREE (e.g. Duc-Tin et al., 2007), as fluorine concentrations are most
elevated in magmatic tourmaline.

Figure 52: Trace element variation for Ardlethan tourmaline relative to major substitutions on the Y and Z
sites (right).
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2.5 Contributions to genetic models for Sn
mineralisation
2.5.1 Sources and geodynamic setting of Sn granites
The composition of the source rocks of highly evolved Sn granites is often
difficult to decipher due to their highly evolved eutectic major element
compositions. Determining 87Sr/86Sr(i) of the parental magmas as a provenance
indicator is difficult due to the extreme 87Rb/86Sr ratios that requires large age
corrections. The εNd(i) and εHf(i) of zircon can provide estimates of melt
compositions without the need for age corrections. However, as shown in
Chapter 2.3, the 87Rb/86Sr are more readily fractionated during magmatic
processes leading to more varied

87Sr/86Sr that
(i)

can be used to define granite

provenance. As shown in Chapter 2, both the Ardlethan Granite and Mole
Granite have whole-rock 87Sr/86Sr(i), εNd(i) and δ18O, and zircon εHf(i) and δ18O
isotopic compositions that are intermediate between the I-type and S-type
granites of the Lachlan and New England orogens, respectively, and indicate a
heterogenous source or multiple sources. In Chapter 2.2, we modelled the
87Sr/86Sr
(i)

and εNd(i) compositions of the parental melts of the Ardlethan Granite

as derived from melting of an oceanic crust source followed by extended
assimilation of sedimentary rocks and fractional crystallisation. In Chapter 2.4,
the Mole Granite is shown to have evolved through fractional crystallisation from
parental melts similar to those that formed the Uralla Supersuite. The Uralla
Supersuite has intermediate I- and S-type compositions that is thought to be
derived from melting an interface region between igneous and sedimentary
rocks (Shaw and Flood, 1981; Bryant et al., 2004), or mantle-derived magmas
mixing with S-type magmas (Phillips et al., 2011). The Ardlethan Granite and
Mole Granite do not require Sn-rich source rocks to explain their association
with Sn deposits as suggested by numerous authors for other Sn deposits
(Schuiling, 1967; Romer and Kromer, 2015).

The Ardlethan Granite and Mole Granite were emplaced during two postorogenic extension events in the Tasmanides. A schematic diagram showing
the evolution of the tectonic setting of the Lachlan Orogen from convergent
margin to post-orogenic setting is shown in Figure 53. The ca 430 Ma Koetong
Supersuite of the Lachlan Orogen, and the ca 256 Ma Moonbi Supersuite
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represent crustal anatexis in a thickened continental crust (Kemp et al., 2009;
Phillips et al., 2011), where melting is focussed in the lower crust. In the
Lachlan Orogen the Koetong Supersuite was emplaced after melting of the
isotopically evolved Ordovician sediments (McCulloch and Woodhead, 1993). In
the New England Orogen, the Moonbi Supersuite was emplaced after lower
crustal melting of a relatively juvenile island arc shoshonite or calc-alkaline
source rock, potentially a basaltic underplate emplaced during prior subduction
(Shaw and Flood, 1981; Bryant et al., 2004; Phillips et al., 2011). Thickened
continental crust prevents large scale migration of mantle-derived melts into the
upper crust (Phillips et al., 2011). Following the emplacement of the Koetong
(Lachlan Orogen) and Moonbi supersuites (New England Orogen), new
magmas in both orogens become increasingly juvenile in their isotopic
compositions, including whole-rock εNd(i) and 87Sr/86Sr(i) (Kemp et al., 2009),
and zircon εHf(i) (Kemp et al., 2009; Phillips et al., 2011; Laker, 2017). In both
orogens this increasingly juvenile isotopic composition of granites is attributed
to post orogenic extension initiated by slab retreat and extension (Kemp et al.,
2005, 2009; Phillips et al., 2011). Alternatively, extension can be driven by a
collapse of thickened crustal roots that are triggered by thinning of the
underlying lithospheric mantle (through convective thinning or delamination),
and partial melting and lithospheric mantle melts entering the crust (Turner et
al., 1992; Hawkesworth et al., 1996; Turner et al., 1996). Extension thins the
previously thickened crust, and can produce low angle, asthenospheric piercing
faults that allow for intrusion of mantle-derived magmas into the upper crust
(Kemp et al., 2005). During post-orogenic extension the temperature at the
base of the crust will be elevated due to the advection of the underlying mantle
and can promote melting or remelting of lower crustal rocks (Romer and Kroner,
2016).

For the highly evolved Sn granites of eastern Australia it is not necessary to
invoke melting of Sn enriched source rocks, as suggested by numerous authors
(Schuiling, 1967; Romer et al., 2014, 2016; Wolf et al., 2018). Whole-rock and
zircon δ18O isotopic compositions for both the Ardlethan Granite and Mole
Granite indicate a weathered component within the source region. Romer and
Kroner (2015) suggest that intense surficial weathering will enrich rocks in Sn
due to its refractory behaviour. Whole-rock Sn concentrations of the Ordovician
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sediments of the Lachlan Orogen vary between 1–10 ppm, with the majority of
samples ~4 ppm (Blevin 2002). For the Ardlethan Granite system, partial
melting and AFC processes enriched the concentration of Sn from ~1.5 ppm in
the oceanic crustal source rock, to ~50 ppm in the granite with assimilation of
the weathered Ordovician sediments. The very last fractions of melt were
enriched to ~300 ppm (Ren et al., 1995). Modelling of this enrichment assuming
Sn Dmineral–melt = 0, broadly agrees with the remaining melt fraction required as
determined by Monte-Carlo modelling of the εNd(i) and 87Sr/86Sr(i) of the parental
melts of the Ardlethan Granite. The model allows for small variations in the Sn
concentration of the assimilant (e.g. through intense surface weathering; Romer
and Kroner, 2016; or lower temperature partial melting; Wolf et al., 2018).

The Mole Granite, although highly fractionated, does not show the same
enrichment of Sn through magmatic processes (Figure 44). Instead magmatism
associated with the USS (~4 ppm) is slightly above average continental
compositions. This is a result of high degree partial melting that generated the
voluminous USS (Shaw and Flood 1981). The major enrichment of Sn within
this system occurs at the magmatic-hydrothermal transition due to low liquidus
temperatures and late fluid fractionation of saline fluids.

Several authors have implicated the role of mantle melts or fluids with Sn
mineralisation (Sillitoe, 1974; Zhao et al., 1995; Walshe et al., 2011;
Goodenough, 2014). As shown in Chapter 2.2 and Figure 22, Monte-Carlo
modelling of AFC from a mantle source for melts of the Ardlethan Granite does
not reconcile the highly evolved composition (low F) with

87Sr/86Sr ,
(i)

εNd(i) and

ASI compositions. Instead a buried oceanic crustal source is preferred as it
requires high degrees of fractionation crystallisation (F = 0.15), with minor
sediment assimilation (r = 0.09). The simultaneous emplacement of the
Ardlethan Granite and Mine Porphyry that has ‘mantle-like’ εNd(i) and 87Sr/86Sr(i),
however, indicates that mantle-derived melts or fluids were reaching upper crust
levels at this time (Walshe et al., 1995, 2011). A mantle component is
recognised in the USS from mantle εHf(i) in zircon (Phillips et al., 2011). The
thinning crust in this post-orogenic setting allowed for hot, mantle-derived melts
to assimilate sedimentary crustal rocks in the middle and upper crust and lead
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to the elevate 87Sr/86Sr(i) and δ18O compositions (Kemp et al., 2009; Phillips et
al., 2011).

Figure 53: Geodynamic setting of the Lachlan Orogen during S-type magmatism (430 Ma; top panel),
emplacement of the Ardlethan Granite (415 Ma; middle panel) and I-type magmatism (390 Ma; bottom
panel). Melting regions for each period are shown to the right.

2.5.2 Volcano-plutonic relationships of highly evolved Sn
granites
Emplacement of the Ardlethan Granite and Mole Granite at shallow crustal
levels occurred <3 Ma following eruption of large crystal-rich volcanic units. In
both cases, these volcanic units show strong geochemical affinities with the
younger granites. For example, in section 2.2.6, we show that the isotopic
composition of the Ardlethan Granite can be explained by small degrees of AFC
from the composition of the slightly older and extrusive GQFP.
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Furthermore both volcanic units were originally classified as plutonic due to their
crystal-supported structure..

The prevailing model for coeval extrusive and intrusive magmatic units as
proposed by Bachman et al. (2007), suggests that extrusive units represent the
escaped melt from the intrusive crystal-rich units. This model does not fit the
highly evolved Sn systems of eastern Australia because the volcanic units are
1) emplaced prior to the intrusive units, 2) less evolved than the intrusive units,
and 3) crystal rich. Therefore, on the assumption that the Ardlethan Granite and
Mole Granite are derived from the same parental magmas as their volcanic
equivalents, a new model for volcano-plutonic relationships is required.

Cheng et al. (2018) proposed a model for the highly fractionated granites of the
Herberton Sn–W–Mo mineral field of Queensland to account for these
characteristics. In their model, highly evolved Sn granites are generated when
magmatic pathways to the surface are disconnected and large silicic magma
reservoirs accumulate volatiles and undergo extreme fractional crystallisation at
shallow crustal depths. Cheng et al. (2018) suggest that surface connectivity is
obstructed during regional compressional tectonics, and H2O-poor magmas stall
in the upper crust. Magma stalling creates a closed system that continues to
undergo fractional crystallisation and enrich volatile components (e.g. fluorine)
and incompatible elements (e.g. Sn).

Ren et al. (1998) inferred the GQFP was a fractionated end-member, or
carapace phase, of the Ardlethan Granite, and share a gradational boundary.
However, volcanic or volcaniclastic textures have been identified, and the unit
has recently been reclassified as a crystal-rich ignimbrite (Bodorkos et al., 2014;
Bull et al., 2017). U–Pb zircon ages from the GQFP are contemporaneous with
the Gurragong Volcanics to the north (Black, 2005; Colquhoun et al., 2005;
Bodorkos et al., 2014). U–Pb zircon ages of the GQFP (417.8 ± 2.3 Ma) are
within error of the Ardlethan Granite (414.7 ± 2.3 Ma). The GQFP and Ardlethan
Granite have similar whole-rock 87Sr/86Sr(i) and εNd(i) compositions that are
unique to the Lachlan Orogen, zircon εHf (i) and δ18O (Blevin et al., 2017) and
REE abundances (Chapter 2). However, the Ardlethan Granite has undergone
extended assimilation and fractional crystallisation leading to significantly more
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evolved compositions including high SiO2, Rb/Sr and low K/Rb relative to the
GQFP. Parental melts of the Ardlethan Granite became disconnected from the
surface following emplacement of the GQFP. A unresolved, but <3 Ma age
difference between the GQFP represents the time in which the melts continued
to undergo fractional crystallisation towards eutectic compositions.

The porphyritic quartz, feldspar, hornblende and pyroxene bearing Dundee
Rhyodacite occurs at the top of the Wandsworth Volcanic Group and
immediately preceding and adjacent to the emplacement of the Mole Granite.
The Dundee Rhyodacite was originally referred to as the Dundee ‘Adamellite
Porphyrite’ or ‘Blue Granite’ due to it being thick (3–4 km), crystal rich and
typically weathering to form tors (Barnes et al., 1989; Henley et al., 2001). The
Dundee Rhyodacite has a high precision TIMS U–Pb date from the zircon at
254.34 ± 0.34 Ma (Brownlow and Cross, 2010), distinguishably older than the
Mole Granite, of which the oldest reported U–Pb zircon age is 249.8 ± 1.5 Ma
(Chisholm et al., 2014). In Chapter 2, geochemical similarities between the Mole
Granite and the Wandsworth Volcanics are shown, including whole-rock δ18O
and 87Sr/86Sr(i). The Mole Granite is a highly evolved eutectic melt compared to
the intermediate to felsic composition of the Dundee Rhyodacite. The time
between emplacement of the Dundee Rhyodacite and the Mole Granite (ca 3
Ma) represents magma stalling in the upper crust and continued fractional
crystallisation. High fluorine concentrations in the parental melts of the Mole
Granite allowed for increased efficiency fractional crystallisation (i.e. removal of
crystals from melt) by reduced viscosity, and to lower temperatures (i.e. lower
solidus).
Crystal-rich volcanics associated with ‘tin’ granites are also recognised
elsewhere including in South China (Xu, 2008), Bolivia, South East Asia
(Mitchell, 1979) and Erzeibirge of central Europe (Breiter et al., 1999). Highly
evolved tin granites and associated volcanics were recently identified in the
Herberton Mineral Field of North Queensland, also within the Tasmanides
(Cheng et al., 2018). The O’Briens Creek Supersuite includes I-type
leucogranites that have clear spatial and temporal associations with rich Sn
mineralisation and was preceded by the crystal rich, moderately evolved Old
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Feather Bed Volcanic (Blevin and Chappell, 1992; Champion and Chappell,
1992; Champion and Bultitude, 2013; Cheng et al., 2018).

Two key features presented in Chapter 2 allow for modification of the Cheng et
al. (2018) model. Firstly, as discussed above, the Ardlethan Granite and Mole
Granite were emplaced in extensional tectonic regimes. Secondly, significant
assimilation of host rocks occurs between emplacement of the volcanic and
intrusive units. 87Sr/86Sr(i) and ASI compositions are higher in the Mole Granite
(0.7065; 1.04, respectively) compared to the Emmaville Volcanics (0.70501;
0.95). A similar trend is observed in the Ardlethan Granite (0.71458; 1.19)
compared to the GQFP (0.71149; 1.08). This would imply that much of the
assimilation of the sedimentary rocks occurred during upper crustal magma
stagnation.

Cheng et al. (2018) suggest that stalling of magmas in the upper crust occurred
due to regional compression. Instead of compression, stalling magmas in the
upper crust could be attributed to: 1) lowered drive due to extensional regime,
2) voluminous assimilation of host rocks, 3) slow magmatic recharge after
voluminous output.

2.6 Conclusions of tourmaline geochemistry
In this Chapter, the geochemical composition of tourmaline from magmatic and
hydrothermal environments of magmatic-hydrothermal Sn deposits were
presented to determine the composition of melts and hydrothermal fluids. A new
method is presented for the digestion, chemical purification by ion-exchange
chromatography, and analysis of Rb–Sr and Sm–Nd isotopes within tourmaline.
In conjunction with major and trace element concentrations of tourmaline, these
data show large compositional changes across the magmatic-hydrothermal
transition. Tourmaline provides more robust estimates of

87Sr/86Sr because
(i)

of

its low 87Rb/86Sr, and these data were used to determine the isotopic
compositions of the Ardlethan Granite and model AFC processes. However, as
shown for the Mole Granite, extreme fractional crystallisation can significantly
change these 87Sr/86Sr(i) compositions due to in-situ decay in high 87Rb/86Sr
environments, and caution must be taken when interpreting these data.
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This thesis focused on two magmatic-hydrothermal deposits in eastern
Australia. The new tourmaline data were collected within a framework of new
and published geochemical analyses by traditional methods (e.g. whole-rock
Rb–Sr and Sm–Nd compositions). Tourmaline geochemistry provides new
constraints on genetic models for ‘tin’ granites, including melting during postorogenic extension, and upper crustal stalling and differentiation of magmas.
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Chapter 3

Cassiterite geochronology – Absolute

age and duration of magmatic to hydrothermal Sn
systems in eastern Australia
3.1 Geochronology of magmatic-hydrothermal
deposits
The absolute timing and duration of mineralising events is fundamental to the
understanding of ore formation and a powerful exploration tool. Initially, our
understanding of the timing and duration of mineralising events in general was
poor due to a lack of suitable minerals for dating. Conventional approaches
typically involve dating minerals assumed to be co-genetic with alteration and
mineralisation (e.g. muscovite, xenotime or allanite). Significant progress has
been made in the direct dating of ore minerals, for example Rb–Sr dating of
sphalerite (e.g. Christensen et al., 1995) and pyrite (e.g. Yang & Zhou, 2001);
Sm–Nd dating of scheelite (e.g. Kempe et al., 2001), chalcopyrite (Maas et al.,
1986), galena, sphalerite and pyrrhotite (Jiang et al., 2000); and Re–Os dating
of molybdenite, pyrite, chalcopyrite, sphalerite (e.g. Stein et al. 1998) and
wolframite (Chen et al., 2006), and U–Pb dating of cassiterite (e.g. Gulson and
Jones, 1992; Yuan et al., 2008; Li et al., 2016; Neymark et al., 2018).

Magmatic-hydrothermal Sn systems can display protracted histories of
formation, from the emplacement of the granite and cooling of hydrothermal
fluids (e.g. Halliday, 1980; Chesley et al., 1993; Chen et al., 1993; McNaughton
et al., 1993). Hypotheses for the drivers of extended periods of hydrothermal
activity include sustained thermal flux from either a high heat-producing granite
(enriched in the radiogenic elements K, U and Th; e.g. Tischendorf, 1977) or
repeated minor intrusions over a long period (e.g. Chesley et al., 1993).
Granites associated with Sn deposits commonly form in convergent margin
settings, with voluminous and extended episodes of granite emplacement (e.g.
Taylor, 1979; Lehmann, 1990; Pirajno, 2016; Chapter 2). Individual plutons can
be emplaced over timescales of 104–106 years through incremental magma
accumulation (Clemens & Mawer, 1992; Petford et al., 2000; Coleman et al.,
2004; Glazner et al., 2004; Annen et al., 2005; Miller et al., 2007; Michel et al.,
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2008; de Saint Blanquat et al., 2011; Caricchi et al., 2012; Leuthold et al., 2012;
Floess and Baumgartner, 2015). The timing and duration of hydrothermal fluid
circulation and cassiterite precipitation during incremental magma accumulation
appears is highly variable, partly due to the wide variety of minerals used in
dating studies. Schlattegger et al. (2005) suggest cassiterite mineralisation in
quartz-veins of the Yankee deposit occurred immediately after emplacement of
the Mole Granite and synchronous with hydrothermal xenotime, that they dated
by ID-TIMS. Chesley et al. (1993) utilised U–Pb dating of monazite and
xenotime, and 39Ar/40Ar dating of muscovite to suggest that cassiterite
mineralisation associated with the Cornubian Batholith occurred synchronously
with repeated granite emplacement over a period of 6.7 Ma. Conversely,
Halliday (1980) used K–Ar and Rb–Sr of mica and feldspar to indicate that
cassiterite mineralisation occurred up to 60 Ma after emplacement of the main
granite mass due to persistent hydrothermal circulations driven by the hot,
radioactive granite. In the extreme, McNaughton et al. (1993) used Pb–Pb ages
of granites and galena to infer cassiterite mineralisation at Zaaiplaats deposit
associated with the Bushveld Granite occurred 1 billion years after granite
emplacement, again due to persisting hydrothermal circulations driven by the
hot granite.

Cassiterite is a potentially useful geochronometer for its ability to date Sn
mineralisation directly. Cassiterite commonly incorporates moderate amounts of
U and tends to exclude initial Pb (Zagruzina et al., 1987), which makes it
amenable to dating using the U–Pb isotopic decay systems (e.g. Gulson and
Jones, 1992, Yuan et al., 2008, 2011; Li et al., 2016). This primary
geochronological information is then readily preserved in the geological record
as cassiterite is resistant to chemical and physical abrasion and can survive
hydrothermal overprinting events and is commonly concentrated in detrital
deposits. Pb diffusion in cassiterite is estimated to be insignificant in magmatic
to hydrothermal settings. Zhang et al. (2011) showed that a 10 µm cassiterite
grain can preserve its primary U–Pb composition for 25 Ma at 600oC and a 1
mm grain for 40 Ma at 800oC. However, diffusion can occur more rapidly in
dissolution–reprecipitation zones of minerals (e.g. Villa, 2016), which occur in
cassiterite, which can be avoided with CL imaging.
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Cassiterite geochronology can also be used in a variety other metal deposits
where it can be a common accessory mineral, e.g. the Wodgina Nb–Ta
pegmatite district of Pilbara Craton (e.g. Sweetapple et al., 2002), intrusionrelated Au deposit of Kidston, Queensland (e.g. Baker and Tullemans, 1990)
and polymetallic Cu–Pb–Zn deposits of the Mole Granite, NSW (Audétat et al.
2000a, 2000b).

3.2 Development of U–Pb age dating of cassiterite
Gulson and Jones (1992) first published a method for U–Pb age dating of
cassiterite from a range of samples and ages by ID-TIMS. Further use of this
method, however, was hampered by the extreme difficulty in dissolving
cassiterite for solution work (Gulson and Jones, 1992). Other published IDTIMS U–Pb data of cassiterite are few and commonly note residues with
solutions after incomplete acid dissolution (Yuan et al., 2008, 2011; Tu et al.,
2016). In Appendix 2, we present a new method for cassiterite dissolution in
concentrated HBr that allows complete dissolution without residues.

Currently, U–Pb dating of cassiterite is predominantly by in-situ LA-(MC)-ICPMS methods because of the rapid sample preparation and analysis and ability
to determine to internal heterogeneity. Carr et al. (2017) (Appendix 1) presented
the first SIMS cassiterite data for the Yankee deposit studied here and showed
relative 206Pb/238U heterogeneity to be <1.9%. LA-ICP-MS and SIMS require a
matrix-matched reference cassiterite of known U–Pb isotopic composition to
account for ionisation differences of U and Pb and matrix effects (ablation and
ionisation efficiency and downhole fractionation for LA-ICP-MS; Eggins et al.
1998; ionisation efficiency in SIMS; e.g. Ickert et al., 2008). Most LA-(MC)-ICPMS studies (Zhang et al., 2014; Chen et al., 2014; Du et al., 2015; Zhang et al.,
2015; Li et al., 2016; Yan et al., 2016; Cao et al., 2017; Deng et al., 2017; Wang
et al., 2017; Zhang et al., 2017a, 2017b) utilise two reference cassiterite
samples (Lbiao and AY-4 cassiterite) whose isotopic composition was measure
by ID-TIMS (Yuan et al., 2008, 2011). However, in Appendix 2, new ID-TIMS
data for AY-4 indicates possible heterogeneity within this reference material. In
Carr et al. (2017), prior to the ID-TIMS study (Appendix 2), we used ideal U–Pb
compositions of the reference Yankee cassiterite calculated assuming an age
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243 Ma based on Rb–Sr isotopic data of coexisting micas (Kleeman et al.,
1997). In Appendix 2, the ID-TIMS age data from the cassiterite indicates that
the Rb–Sr age is approximately 3 Ma younger than the cassiterite age, which
will introduce a systematic bias in age calculations of unknown samples.
Neymark et al. (2018) reported a method for “In-situ LA-ICPMS U–Pb dating of
cassiterite without a known-age matrix-matched reference material”. In this
method U–Th–Pb isotopic compositions of cassiterite samples are determined
with the NIST612 glass as a non-matrix-matched standard. The method,
however, does require a 1.54 Ga cassiterite reference material with a welldefined Pb–Pb age that does not require U–Pb ionisation fractionation
information. The difference between the NIST612 age of the 1.54 Ga cassiterite
reference material and its Pb–Pb age provides a U/Pb fractionation factor for
the unknown cassiterite samples.

3.2.1 Common Pb correction for U–Pb age dating of cassiterite
Non-radiogenic Pb incorporated into cassiterite during initial crystallisation or
during a later event affects the age calculation because, for example, in the
238U/206Pb

system:

= 206Pbc + 206Pbr = 206Pbc + 238U (eλ238t – 1)

206Pb
m

Equation 7

where 206Pbm is the measured value (in moles), 206Pbc is the non-radiogenic or
common Pb, and 206Pbr is the radiogenic component of Pb. λ238 is the decay
constant for the 238U system, and t represents the time since closure of the U–
Pb system within the cassiterite.
The fraction (ƒ) of 206Pbc in the total Pb is ideally calculated through
normalisation of

206Pb
m

to the only non-radiogenic isotope, 204Pb, with an

assumed composition ( 206𝑃𝑏⁄ 204𝑃𝑏𝑐 ), according to the formula (Williams,
1998):

ƒ=

206

𝑃𝑏⁄ 204𝑃𝑏

𝑚
206𝑃𝑏⁄ 204𝑃𝑏
𝑐

Equation 8
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The assumed composition ( 206𝑃𝑏⁄ 204𝑃𝑏𝑐 ) is derived either from age-specific Pb
evolution model for the Earth (Cummings and Richards, 1975; Stacey and
Kramers, 1975) or measured from a coexisting low U mineral such as galena or
pyrite.
The radiogenic 206Pb/238U (206Pb*/238U) used for age calculations can then be
determined by:
206

𝑃𝑏 ∗

238

𝑈

206

𝑃𝑏

= (1 − ƒ)( 238𝑈 )

Equation 9

𝑚

The 204-correction method is difficult to achieve with LA-ICP-MS analysis due
to the low abundance of

204Pb

in cassiterite and a mass interference with 204Hg,

which is a common contaminant in the carrier gas of LA-ICP-MS systems.
Corrections for this contamination using 202Hg are further complicated by a
potential mass inference with 186W 16O, which can be enriched in cassiterite by
over 1 wt.% (Carr et al., 2017), and uncertainties in the instrumental mass bias
for 202Hg/204Hg. Common Pb corrections for U–Pb cassiterite geochronology by
in-situ methods typically rely on either 207- and 208-correction methods, where
the radiogenic Pb component is defined by:
206𝑃𝑏

206

𝑃𝑏𝑟 =

206

𝑃𝑏𝑚 ∗

( 208

𝑃𝑏

206𝑃𝑏

) − ( 208

𝑚
206𝑃𝑏
( 208 )
𝑃𝑏

𝑃𝑏

)
𝑐

Equation 10

𝑚

for the 208-correction method and,
207𝑃𝑏

207

𝑃𝑏𝑟 =

207

𝑃𝑏𝑚 ∗

( 208

207𝑃𝑏

) − ( 208 )
𝑃𝑏
𝑃𝑏
𝑚
207𝑃𝑏
( 208 )
𝑃𝑏

𝑐

Equation 11

𝑚

for the 207-correction method. Again, the composition of the common Pb
component is assumed. An important inference in this study is the apparently
unusually evolved common Pb isotopic composition of the Yankee cassiterite
determined by ID-TIMS (206Pb/204Pb = 21.28 ± 0.4 and 207Pb/204Pb = 15.759 ±
0.0.4; Figure 54; Appendix 2). Common Pb compositions were determined by a
new method outlined in Appendix 2 that requires small sample sizes (<0.5 mg),
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minimal handling and produces very low Pb blanks compared to previously
published methods (Gulson et al. 1992; Yuan et al. 2008; 2011). The ID-TIMS
common Pb isotopic composition of the Yankee cassiterite is significantly
different from those predicted by age specific terrestrial evolution Pb models
(e.g. 206Pb/204Pb = 18.31 ± 0.8 and 207Pb/204Pb = 15.61 ± 0.32 at 250 Ma;
Stacey and Kramers, 1975) and from low U minerals in the Mole System. For
example, the initial Pb composition of K-feldspar within the Mole Granite is
206Pb/204Pb

= 18.53, 207Pb/204Pb = 15.63 and 208Pb/204Pb = 38.47 (G. R. Carr

unpubl) and for hydrothermal galena associated with the Mole Granite is
206Pb/204Pb

= 18.46 (SD = 0.01), 207Pb/204Pb = 15.59 (0.01) and 208Pb/204Pb =

38.35 (0.04) (n = 26; Huston et al., 2017). Other ID-TIMS cassiterite studies do
not publish enough data or discuss common Pb compositions (Gulson and
Jones, 1992; Yuan et al., 2008, 2011) and so it is unclear whether the Yankee
cassiterite is unique in its highly evolved common Pb composition.

The 208-correction method is particularly popular for U–Pb dating of cassiterite
for two reasons: Th is ubiquitously in low abundance or undetected in cassiterite
indicating all measured 208Pb is not from the decay of

232Th

(Carr et al., 2017;

Neymark et al., 2018b), and 208Pb is ~2.5 times more abundant than

207Pb

in

terrestrial common Pb, which provides greater sensitivity during analysis.
Others have utilised the 207-correction method on the assumption that due to
the relatively low U concentrations for U–Pb dating, the radiogenic 207Pb
component is insignificant (Deng et al., 2017; Wang et al., 2017). The 207correction method also assumes perfect concordance between the

206Pb/238U

and 207Pb/235U systems.

In this Chapter, the U–Pb isotopic compositions and age estimations of
cassiterite determined from the Ardlethan Granite and Mole Granite Sn systems
are determined by LA-ICP-MS. Instrument bias introduced into analysis (e.g.
ionisation efficiency and downhole fractionation) are corrected using by
bracketing unknown samples with the Yankee reference cassiterite. We test the
effectiveness of the 207- and 208-common Pb correction methods outlined
above, and different initial Pb isotopic compositions and compare them with
isochron data that do not carry the same assumptions. Finally, these data are
compared with more ‘traditional’ geochronological methods from the literature
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and obtained during this study (e.g. U–Pb in zircon, Rb–Sr isochrons in
granites), to constrain the absolute timing and duration of magmatichydrothermal Sn systems in eastern Australia.

Figure 54: ID-TIMS U–Pb isochron data for the Yankee cassiterite as presented in Appendix 2.

152

3.3 Ardlethan Granite tin deposits
The geological context of the Ardlethan Sn system is documented in Chapter 2.
A summary of the geochronological constraints is presented here. The
geological map and cross section of the region, with the location of samples in
this study are shown in Figure 55. Igneous activity in the Ardlethan region
begins with synchronous intrusion of the S-type Mine Granite and Microgranitic
dykes at 428.1 ± 2.8 Ma and 428.3 ± 1.7 Ma, respectively (SHRIMP U–Pb
zircon age dating; Bodorkos et al., 2013). This is contemporaneous with
widespread S-type granite emplacement of the Koetong Supersuite in central
Lachlan Orogen (Chappell et al., 1988; Bodorkos et al., 2013, 2016).

Figure 55: Geological map (left) and schematic cross-section of the Ardlethan region Sample locations are
shown on the left, and their general location vertically on the right. The outlined region in the geological
map indicates the location of the cross-section. U–Pb zircon ages for the igneous units are from Bodorkos
et al. (2013) and Blevin (pers comm). The left and right panels have been modified from images presented
in Ren et al. (1989).

The garnet–quartz–feldspar porphyry (GQFP) was originally defined as an
intrusive unit with a transitional boundary with the Ardlethan Granite (Ren et al.,
1995). Recently the GQFP was reclassified as a quartz-rich ignimbrite that
overlies the Ardlethan Granite (Bull et al., 2017). SHRIMP U–Pb zircon dating
indicates emplacement at 417.8 ± 2.3 Ma, contemporaneous with Gurragong
Volcanics further north (Colquhoun et al., 2005; Bodorkos et al., 2013). The
Ardlethan Granite yields a SHRIMP U–Pb zircon age of 414.7 ± 2.3 Ma
(Bodorkos et al., 2013).
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SHRIMP U–Pb zircon dates of the Mine Porphyry indicate emplacement at 412
± 1.9 Ma (Bodorkos et al., 2013). This is confirmed by more precise TIMS
dating on eight zircon grains that yield a weighted mean

206Pb/238U

date of

414.27 ± 0.11 Ma (MSWD = 1.7, probability of fit = 0.11) (Blevin pers comm).
Ren et al. (1995) described multiple stages of brecciation. In places the Mine
Porphyry as cross-cut by brecciated zones, and elsewhere it cross-cuts
brecciated zones, indicating synchronous emplacement (Ren et al., 1995)

Despite synchronous emplacement ages, the Ardlethan Granite and Mine
Porphyry have radically different εNd(i) compositions and inferred source rocks
(See Chapter 2). The chemistry of tourmaline occurring with cassiterite
indicates that cassiterite mineralisation originates from fluids derived from the
Ardlethan Granite. Contrary to the interpretation of Walshe et al. (2011), this
indicates that fluids derived from the Mine Porphyry were not related to
cassiterite mineralisation at Ardlethan (Chapter 2).

Cassiterite mineralisation associated with the Ardlethan Granite occurs in three
geological environments: 1) greisen alteration in the apical zones of the
Ardlethan Granite (Scott and Rampe, 1984), 2) within veins associated with
greisen zones of the Ardlethan Granite (Scott and Rampe, 1984), and 3) as
breccia infill within pipes within the Mine Granite but converge on the Ardlethan
Granite contact (Ren et al., 1995) (Figure 55).

3.2.1 Cassiterite samples from Ardlethan
Three cassiterite samples were collected from the breccia pipes surrounding the
Ardlethan Granite, and four samples from veins and greisen altered rock within
the Ardlethan Granite. The location of these samples is shown in Figure 55 and
images and descriptions of the hand samples are provided in Chapter 2.
ARD07c, ARD15c, ARD16c and ARD18c are directly associated with
tourmaline analysed in Chapter 2. ARD09c originates from a different sample
from the same deposit where cassiterite and tourmaline appear to have
coprecipitated. ARD14c precipitated prior to ARD14t as discussed in Chapter 2.
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The internal structure of cassiterite grains were imaged on an EMP with a CL
detector using the methods documented by Carr et al. (2017) and are shown in
Figures 56–58. Luminescence in cassiterite is most sensitive to substitution of
Ti, Fe and W for Sn (Hall and Ribbe, 1971; Farmer et al., 1991), The three
samples of breccia-hosted cassiterite include concentric and oscillating zoning
of predominantly weak (quenched) features (Figure 56), interrupted by thin,
sharp light bands that appear parallel to crystal faces. Banding is predominantly
thin, <5 µm, and can be either defined (ARD07c and ARD09c) and in places
diffuse (ARD14c). Most grains show straight-edge banding related to the crystal
structure (e.g. Figures 56A, B, and 57B, C), and more rarely other grains show
curved banding (Figures 56C and 57A). Secondary alteration of cassiterite
occurs along grain boundaries or fractures within grains and is characterised by
overexposed features in Figures 56 and 57. Mineral inclusions are rare and are
predominantly quartz and mica (Figure 56B).

Figure 56: CL images of breccia-hosted cassiterite at Ardlethan. Samples originate
from the Mine Breccia Pipe (ARD07c; A–C) and the Carpathia Breccia Pipe (ARD09c:
D–E). The scale bar = 100 µm.
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Four samples were collected from veins and greisen altered rocks of the
Ardlethan Granite and the CL images are shown in Figure 58. Unlike brecciahosted cassiterite, cassiterite from within the
Ardlethan Granite is dominated by strong and
weak luminescing features, with
predominantly concentric zoning. Diffuse
banding is more common (e.g. Figure 58B,
D). Banding is commonly cross-cut by
banding with different orientation that Carr et
al. (2017) attributed to changing
crystallographic orientation and indicating
intergrown crystals. Banding is predominantly
straight, although curved banding occurs
rarely (Figure 58L). Core–mantle–rim
relationships, similar to that of zircon, occur
rarely and indicate multiple generations of
cassiterite growth in changing fluid
compositions (Figure 58J). Mineral inclusions
are common, including micas (Figure 58G)
and quartz (Figure 58L). Secondary features
Figure 57: CL images of brecciahosted cassiterite within the White
Crystal Breccia Pipe at Ardlethan. The
scale bar = 100µm.

are more common in vein and greisen altered
rock samples compared to breccia-hosted
samples, in particular in samples ARD15 and
ARD16 (Figure 58G–L).
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Figure 58: CL images of cassiterite from vein and greisen altered rock within the Ardlethan Granite.
ARD18; A–C, ARD17; D–F, ARD16; G–I ARD15: J–L. The scale bar = 100 µm.
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3.4 Mole Granite
The geological context of the Mole Granite Sn system is documented in Chapter
2. The geological map and cross section of the region, with the location of
samples in this study are shown in Figure 59. A summary of the
geochronological constraints is presented here. SHRIMP U–Pb zircon ages
from the seriate and porphyrtic phases of the Mole Granite (Figure 59) are
indistinguishable at 247.2 ± 2.2 Ma (Laker, 2017) and 249.8 ± 1.5 Ma (Chisholm
et al., 2014), respectively. A single sample from the microgranite phase has an
age of 248.6 ± 5.8 Ma, indistinguishable from the main mass of the Mole
Granite (Laker, 2017). Schlattegger et al. (2005) reported U–Th–Pb ages for
magmatic zircon and monazite by ID-TIMS at 247.6 ± 0.4 Ma and 247.7 ± 0.5
Ma, respectively. Kleeman et al. (1997) reported a whole-rock Rb–Sr isochron
age for the Mole Granite at 246 ± 2 Ma. Inclusion of whole-rock data included in
Chapter 2 and using the new 87Rb decay constant of Villa et al. (2015) this age
becomes 247.1 ± 4.1Ma (MSWD = 0.44, n=9) (Figure 42 in Chapter 2).
40Ar/39Ar

and K/Ar ages of muscovite and biotite within sheeted vein deposits

and fluorite veins range between 247 ± 2 Ma and 245 ± 1 Ma (Kleeman et al.,
1997). Hydrothermal xenotime within quartz–cassiterite veins of the Yankee
deposit yields a U–Th–Pb age of 246.2 ± 0.2 Ma (Schlattegger et al., 2005).
Cassiterite from a different sample, but within the Yankee deposit yields a
similar ID-TIMS U–Pb age of 246.48 ± 0.51 Ma and indicates simultaneous
mineralisation with hydrothermal xenotime (Appendix 2).

Monazite with a U–Th–Pb age of 244.4 ± 1.4 Ma indicates either prolonged
hydrothermal circulation following the Mole Granite emplacement, or the arrival
of a new intrusion (Schlattegger et al., 2005). 40Ar/39Ar and K/Ar ages from
muscovite and biotite show the silexite and associated veining continue to 241 ±
2 Ma (Kleeman et al., 1997).

There are two hypotheses regarding the absolute age and duration of
mineralisation associated with the Mole Granite: 1) emplacement of the Mole
Granite at 246 ± 2 Ma followed by sustained hydrothermal activity and
cassiterite mineralisation for 3–5 Ma until 241 Ma (Kleeman et al., 1997), and 2)
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shallow emplacement of the Mole Granite at 246.2 ± 0.5 Ma and instantaneous
rapid cassiterite mineralisation within method precision (Pettke et al., 2005;
Schlattegger et al., 2005). The authors of the second hypothesis infer that
zircon (247.6 ± 0.4 Ma) and monazite (247.7 ± 0.5 Ma) saturation in the
parental magma occurred early in magmatic crystallisation and differentiation at
lower crustal levels or during ascent. Emplacement of the granite in upper
crustal levels occurred immediately prior to hydrothermal xenotime formation at
246.2 ± 0.2 Ma (Schlattegger et al., 2005).

Figure 59: A) Geological Map of the Mole Granite with the locations of small to large mineral deposits, and
samples of this study. B) A schematic cross section through the Mole Granite showing the relationships
between key textural phases of the granite. Figure modified Audétat et al., 2000b.

3.4.1 Cassiterite samples from the Mole Granite
Cathodoluminescence and secondary electron images for cassiterite of the
Mole system are presented in Figures 61–63. Images and descriptions of the
samples of which cassiterite concentrates were derived are provided in Chapter
2. NEB001c and NEB003c coprecipitated with quartz with δ18O values
presented in Chapter 2. NEB010c was not included in Chapter 2. The sample
originates from the De Milhous deposit to the south of the Mole Granite within
the Bondonga Beds (Figure 59). It includes quartz veins with cassiterite and in
places beryl (Figure 60). Cassiterite and beryl are euhedral, the former
crystallising as grains up to 5 mm in diameter. NEB013c and NEB016c
coprecipitate with tourmaline (NEB013t and NEB016t) presented in Chapter 2.
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Figure 60: Hand sample image of NEB010 from a quartz–cassiterite–beryl vein in the De Milhous deposit
(See Figure 59 for location). See text for description.

3.4.2 Cassiterite and zircon from the Yankee deposit
The Yankee deposit occurs within the southern margin of the Mole Granite
(Figure 59). Cassiterite mineralisation is associated with quartz veining and
tourmaline. The deposit has been subject to significant research on
hydrothermal processes (Audétat et al., 1998, 2000a, 2008; Mavrogenes et al.,
2002; Cauzid et al., 2007; Schlattegger et al., 2005; Pettke et al., 2005; Feteke
et al., 2016; Carr et al., 2017). Two samples from within the Yankee deposit
(Figure 59) contain cassiterite and molybdenite associated with vuggy quartz
veins. Zircon was also discovered in heavy mineral separates after processing
of the samples using gravimetric and magnetic concentration methods
(described below).
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Figure 61: CL images and SEI (B) images of cassiterite from the Yankee deposit. NEB001c is included in
A–C, NEB003c is in D–E, and NEB013c in F. The scale bar = 100 µm.

Cathodoluminescence images of cassiterite from NEB100c and NEB101c are
displayed in Figure 63. Cassiterite from this deposit is also described by Carr et
al. (2017) and in Appendix 2. Cassiterite from the Yankee deposit collected in
this study includes two dominant textures; sector zoning defined by weak
luminescence (e.g. Figure 63B), and the more common oscillatory zoning
defined by thin, straight edge laminations. Carr et al. (2017) showed that
orientation changes in laminations are commonly, but not ubiquitously
associated with changes in crystal structure of cassiterite, indicating intergrown
crystals in each grain. Strong variations in luminescence can be observed in
single grains (e.g. Figure 63B, E). In Figure 63A, cassiterite has coprecipitated
with quartz. Weak luminescent features penetrate through oscillatory
laminations in Figure 63F, indicating secondary disturbance of primary layering.
Strong CL material regularly infiltrates cassiterite grains along cracks (e.g.
Figure 63A, B), and in places is associated with recrystallisation within the grain
(e.g. Figure 63D).
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Figure 62: CL and SEI images of cassiterite hosted with the country rocks surrounding the Mole Granite.
NEB010c is shown in A and B, NEB016c is shown in E and F. The scale bar = 100µm.

The internal chemical structure of zircon was imaged on an SEM with a CL
detector and shown in Figure 64 (A, B) for NEB100z and (C, D) for NEB101z.
Zircon grains from both samples are between 200–500 µm long and
predominantly euhedral to subhedral. Zircons from both samples consist of an
inner strongly luminescent segment that is typically not zoned. In places these
inner zones are disturbed by weak luminescent segments that cross cut crystal
boundaries indicating recrystallisation of the core (e.g. grain D and G). A mantle
with pronounced oscillatory zoning is present in most grains with a moderate
luminescent responses (e.g. grain F). Frequently this mantle is disturbed by a
non-responsive CL section that is strongly pitted in SEI images likely due to a
damaged crystal structure. This can form a rim around grains (e.g. grain A or
B), or completely replace the grain (e.g. grain C). Schlattegger et al. (2005)
observed the same pitted and porous overgrowth (they labelled ‘zone C’) in
zircon also from the Yankee and attributed it to a late-magmatic or hydrothermal
origin.
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Quartz

Figure 63: CL images of cassiterite within the Yankee deposit of the Mole Granite. NEB100c is shown
in A–C and NEB101c is shown in D–F. The scale bar = 100 µm.

Figure 64: CL images of zircon from Yankee deposit of the Mole Granite. NEB100z is shown in A and B,
and NEB101z is shown in C and D. The scale bar = 100 µm.
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3.5 Methods
3.5.1 Cassiterite concentrates and imaging
Samples containing cassiterite as identified in hand specimen or thin section
were crushed and sieved to >80 µm size fraction. Cassiterite was then
concentrated from this fraction using gravimetric separations with TBE and MEI
heavy liquids followed by magnetic separations using a Franz magnetic
separator. Final purification of the cassiterite fraction was by handpicking grains
under binocular microscope. Between 10 and 20 grains of cassiterite were used
for each sample depending on grain size. Grains were mounted in 25 mm
diameter epoxy mounts and polished initially with grit paper, and then 9 µm, 3
µm and 1 µm diamond paste until a smooth and flat surface was produced.
Internal textures of cassiterite were imaged on an SEM with a CL detector using
the methods of Carr et al. (2017).

3.5.2 U–Pb dating of cassiterite by LA-ICP-MS
U–Pb isotopic compositions of cassiterite were measured by LA-ICP-MS on an
Agilent 7700 quadrupole mass spectrometer at the Research School of Earth
Sciences, ANU. This system is equipped with an ArF excimer laser with a
wavelength of 193 nm and a repetition rate of 5 Hz. The laser system was
coupled to the mass spectrometer with a custom-built ANU ‘He1Ex’ two volume
vortex laser ablation cell (Eggins et al., 1998). Ablation was performed in a He
environment and combined with an argon and hydrogen carrier gas prior to
introduction to the plasma. Spot diameters of 93 and 157 µm were used
depending on crystal sizes. In conjunction with 206Pb, 207Pb, 208Pb, 232Th and
238U,

up to 20 other isotopes were measured for trace element abundances

(only U–Th–Pb concentrations are presented here). Each sample was
measured over 40 seconds periods (~90 integrations) not including pre- and
post-ablation rinse times of 25 seconds to allow for element signals to return to
background levels between analyses. Background counts of Sn were the most
problematic after ablation of cassiterite, particular for sensitivity in the NIST612
glass that has 38 ppm Sn. The data were reduced in IoLite (Paton et al., 2011)
using the data reduction scheme of Chew et al. (2014) for U–Pb and Woodhead
et al. (2007) for trace elements. Instrument induced fractionation of U–Pb
isotopes was accounted for using the Yankee lode cassiterite assuming an age
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of 246.48 ± 0.51 Ma (Figure 54; Appendix 2). The Yankee cassiterite contains
minor, but highly radiogenic common Pb, so the data reduction scheme of
Chew et al. (2014), which can correct for common Pb in reference material, was
used. U–Th–Pb concentrations of cassiterite were determined using the
NIST612 glass (Jochum et al., 2011) for normalisation and Sn as an internal
standard assuming stoichiometric concentration for cassiterite (78.77 wt.%).
The 208- and 207-correction methods for common Pb corrections were both
tested using age appropriate compositions of Stacey and Kramers (1975), and
the composition determined in the Yankee cassiterite by ID-TIMS (Appendix 2)
for the Mole Granite samples.

3.5.3 U–Pb dating of zircon by SHRIMP
Zircon concentrates were derived from two samples coexisting with cassiterite
in the Yankee deposit. Zircon grains were mounted in 25 mm diameter epoxy
mounts with the Temora 2 and SL13 reference zircons (Black et al., 2004) and
polished using grit paper and 9 µm, 3 µm, 1 µm and ¼ µm diamond
impregnated paste. The internal structure of zircon grains was imaged on a
SEM with a CL detector using the methods of Hoskin (2000) and presented in
Figure 64. After imaging, the mounts were cleaned and coated with a 30 nm
gold film and dehydrated overnight in an 60oC oven prior to insertion into
SHRIMP II.

The U–Th–Pb isotopic composition of zircons was analysed on SHRIMP II at
RSES, ANU using similar procedures to Williams (1998) and Ickert and Williams
(2011). A primary ion beam of O2– was accelerated at 10 kV and focused to
produce a 25 µm diameter spot on the zircon surface. The primary beam
operated between 2 and 4 nA during the session. Mass resolution, defined by
1% peak definition, was approximately 5000. Positive secondary ions were
extracted at 10 kV and then measured on a single electron multiplier cycling
through U–Th–Pb isotopes of interest and 90Zr as the index channel. Ionisation
fractionation between U and Pb was corrected assuming a power law
relationship between 206Pb+/238U+ and 238U16O+/238U (Claoué-Long et al., 1995)
and normalising to the Temora 2 reference zircon (Black et al., 2004). U
concentrations were determined by normalisation to the SL13 reference zircon
(Williams, 1998). Data were reduced in SQUID 2.5 (Ludwig, 2011). Common Pb
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corrections used compositions defined be the Stacey and Kramers (1975)
terrestrial Pb model for 250 Ma.

3.6 Results
3.6.1 Ardlethan Granite cassiterite U–Th–Pb data
LA-ICP-MS U–Pb isotopic analyses of cassiterite from the Ardlethan Granite are
summarised in Table 20 and Figures 65 and 66. The complete dataset is
included in Appendix 6. U concentrations from all samples varied between 0.2–
26 ppm, and predominantly <5 ppm and Pb concentrations from all samples
varied between 0.06–6.36 ppm, of which the vast majority is 206Pb (0.06–6.36
ppm). Th is commonly below the detection limit (~0.005 ppm) and up to 0.2 ppm
and Th/U ratios are <0.05. Wetherill (1956) (W-) and Tera and Wasserburg
(1974) (TW-) concordia isochron relationships for each sample are shown in
Figure 65 for breccia-hosted cassiterite, and Figure 66 for greisen-hosted
cassiterite.
Table 20: U–Pb isotopic compositions determined by LA-ICP-MS on cassiterite from deposits surrounding
the Ardlethan Granite. Sample locations are shown in Figure 55.
208 cor.

207 cor.

Sample
ARD07c
ARD09c
ARD14c

W412.6
414.4
418.7

±2SE
2.9
2.6
2.9

T-W413.0
414.8
420.1

±2SE
2.8
2.5
4.3

206Pb/238U

414.8
414.4
421.6

±2SE
1.7
2.1
3.0

ARD18c
ARD17c
ARD15c
ARD16c

410.3
416.3
414.4
415.0

2.1
1.9
1.5
2.5

410.5
416.2
414.9
415.6

2.1
1.9
1.4
2.2

410.5
416.7
414.8
416.0

2.3
1.8
1.6
1.7
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206Pb/238U

414.6
414.6
421.5

±2SE
1.8
2.2
3.1

409.7
416.7
415.3
416.5

2.6
2.0
1.6
2.5

Figure 65: Wetherill (1956) (left) and Tera and Wasserburg (1975) (right) concordia diagrams for brecciahosted cassiterite at Ardlethan.

Breccia-hosted cassiterite contains variable common Pb that defines
discordance lines (Figure 65). ARD14c contains the largest common Pb
component that includes four highly discordant analyses (>70%; Figure 65),
which are included in age calculations. Removal of these four analyses yields
lower intercept isochron ages ca 2 Ma younger. The W-concordia age of
ARD14c is within error, although slightly younger than the TW-concordia
intercept age and common Pb corrected ages (Table 20). The errors in
measuring 207Pb/238U and 206Pb/238U are more strongly correlated than
206Pb/238U

and 207Pb/206Pb. Therefore, TW linear regression through the

concordia are more poorly defined than W-concordia. The upper concordia
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intercept of the TW discordia in Figure 65 indicates an initial 207Pbc/206Pbc
composition of 0.809 ± 0.065 (2SD), which is lower than the Stacey and
Kramers (1975) value at 410 Ma of 0.86 ± 0.007. Removal of the four highly
discordant analyses lowers the upper concordia intercept to 0.7 ± 0.085.
Despite this, the agreement between isochron intercept ages and common Pb
corrected ages are within error (excepting AR14c W-concordia), indicating that
the assumed common Pb compositions of Stacey and Kramers (1975) are
broadly appropriate. Richards et al. (1982) reported Pb isotopic compositions of
galena from the Ardlethan deposit that were slightly more evolved than Stacey
and Kramers (1975) but does not significantly change the corrected ages. Ages
of the two samples from the Mine (ARD07c; 414.8 ± 1.7 Ma) and Carpathia
(ARD09c; 414.4 ± 2.1 Ma) breccia pipes are within error, and yield a mean
weighted 208-corrected 206Pb*/238U age of 414.6 ± 1.3 Ma, whilst the sample
from White Crystal breccia pipe (ARD14c), that is most distal from the Ardlethan
Granite, is older at 421.6 ± 3.0 Ma (Table 20).

Three greisen-hosted cassiterites also contain variable common Pb that defines
W- and TW-concordia isochron lower intercept ages within error of each other
at ca 415 Ma, whilst ARD04c is resolvable and younger at 410.3 ± 2.1 Ma
(Table 20). Isochron intercept ages and 206Pb/238U ages with 208 and 207
common Pb corrections are similar, indicating model common Pb compositions
are appropriate.
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Figure 66: Wetherill (1956) (left) and Tera and Wasserburg (1975) (right) concordia diagrams for greisenhosted cassiterite at Ardlethan.
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3.6.2 Mole Granite cassiterite U–Th–Pb data
LA-ICP-MS U–Pb isotopic analyses of cassiterite from the Mole Granite are
summarised in Table 21 and Figures 67 and 68. The complete dataset is
included in Appendix 6. U concentrations from all samples varied between
1.17–425 ppm. Total Pb concentrations are between 0.09 and 7.15 ppm of
which the vast majority (>94%) is 206Pb. 238U and 206Pb are less abundant in
cassiterite NEB001c and NEB003c occurring within the Mole Granite (238U =
25.40–425 ppm; 206Pb =0.09–11 ppm), compared to NEB010c and NEB016c
cassiterite occurring within the country rocks (238U = 1.99–49.40 ppm; 206Pb =
0.3–7.2 ppm). Th is commonly below the detection limit (~0.001 ppm) and up to
0.25 ppm. W- and TW-concordia diagrams for each sample are shown in Figure
67 for cassiterite hosted within the Mole Granite, and Figure 68 for cassiterite
hosted within the surrounding country rocks.
Table 21: Summarised U–Pb cassiterite data by LA-ICP-MS of the Mole Granite system. Common Pb
corrected values are from Stacey and Kramers (1975) model at 250 Ma, except for *208 cor ages that use
the common Pb composition of the Yankee cassiterite as determined in Appendix 2.

208 cor.
Sample

W-

±2SE

TW

±2SE

206Pb/238U

207 cor.
±2SE

206Pb/238U

*208 cor.
±2SE

206Pb/238U

244.7
245.2
248.9

±2SE
6.0
4.7
1.7
3.6
2.4
1.5
3.5

NEB001c
NEB003c

250.3
251.3

2.5
4.3

250.0
249.6

2.5
2.5

248.8
246.4

2.1
3.8

249.2
247.6

2.4
3.9

NEB013c

249.3

2.4

249.1

2.4

249.2

1.5

249.7

1.6

NEB010c

247.2

2.0

245.2

6.7

247.2

2.3

247.5

2.1

NEB016c

250.7

2.7

252

16

249.9

2.4

250.1

2.5

246.5
249.9

NEB100c
NEB101c

249.0
244.3

3.3
4.2

248.9
244.0

3.0
4.3

246.7
246.1

1.5
2.2

247.5
246.7

2.0
2.2

246.7
245.6

Cassiterite occurring within quartz veins hosted within the Mole Granite display
U–Pb ages that are indistinguishable from each other (Table 21). Variable
common Pb within cassiterite defines W- and TW-concordia isochron
relationships that are with error of 207-corrected 206Pb/238U ages using Stacey
and Kramers (1975) common Pb compositions. NEB001c contains the largest
common Pb component and a well-defined discordia on the TW-concordia
diagram (Figure 67). This discordia indicates an initial 207Pbc/206Pbc composition
0.86 ± 0.043 that is within the range of the Stacey and Kramers (1975) estimate
for 250 Ma of 0.852 ± 0.007, but not the composition defined by ID-TIMS
methods on the Yankee deposit (0.74 ± 0.015; Appendix 2). Concordia intercept
ages are slightly older, but within error of 208-corrected 206Pb/238U ages using
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Stacey and Kramers (1975) common Pb composition and the 208-corrected
206Pb/238U

using the Yankee common Pb composition (Table 21).

Figure 67: Wetherill (1956) (left) and Tera and Wasserburg (1975) (right) concordia diagrams for
cassiterite occurring in quartz veins within the Mole Granite.

The two cassiterite samples (NEB010c and NEB016c) hosted by country rocks
yield concordia intercept ages (247.2 ± 2.0 Ma and 250.7 ± 2.7 Ma respectively;
Figure 68) and common Pb corrected 206Pb/238U ages (247.2 ± 2.3 Ma and
249.9 ± 2.4 Ma respectively; Table 21) marginally within error. NEB016c is
relatively imprecise due to a small number of analyses with a large fraction of
common Pb. Cassiterite ages of these two samples are within error of
cassiterite ages from within the Mole Granite using the 208-corrected 206Pb/238U
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ages with Stacey and Kramers (1975) common Pb composition and the 207corrected 206Pb/238U ages with the Yankee common Pb composition (Table 21).

Figure 68: Wetherill (1956) (left) and Tera and Wasserburg (1975) (right) concordia diagrams for cassiterite
occurring in quartz veins within the Emmaville Volcanics.

3.6.3 Cassiterite and zircon from the Yankee deposit
LA-ICP-MS U–Pb isotopic age data for cassiterite from the Yankee deposit of
Mole Granite are summarised in Table 21 and Figure 69. Concentrations of U in
the two samples are between 0.4–27.0 ppm. Th is predominantly below the
detection limit (~0.007 ppm), however one analysis in NEB100c is 0.48 ppm
and one analysis in NEB101c is 0.43 ppm.

206Pb

is the most abundant Pb

isotope and is between 0.02 and 0.96 ppm in both samples.

NEB100c included one analyses that was highly discordant and is rejected and
not included in Figure 69 or the following discussion. The remaining 16
analyses shown in Figure 69 yield lower concordia intercept ages of 249.1 ± 3.6
Ma for the W-concordia (1956) and 248.7 ± 3.0 Ma for the TW-concordia.
Common Pb corrected 206Pb/238U ages using the Stacey and Kramers (1975)
model for 250 Ma yield similar ages to isochron data, whilst the mean-weighted
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208-corrected 206Pb/238U age using the Yankee Pb common Pb composition is
younger and less precise age at 245.3 ± 2.4 Ma.

NEB101c included 21 analyses that yielded lower concordia intercept ages of
244.3 ± 4.2 Ma and 244.0 ± 4.3 Ma (Figure 70). The 208-corrected 206Pb*/238U
age is slightly older at 246.1 ± 2.2 Ma. Removal of the three most discordant
analyses (>70%) improves this estimation to 246.3 ± 1.7 Ma. NEB101c contains
a spread of concordant analyses with 208-corrected 206Pb*/238U age of
individual analysis between 251 ± 8.7 and 232.5 ± 7.4 Ma.

Figure 69: Wetherill (1956) (left) and Tera and Wasserburg (1975) (right) concordia diagrams for
cassiterite occurring in quartz veins and zircon (data below) from the Yankee deposit within the Mole
Granite.

SHRIMP U–Th–Pb isotopic compositions of the two zircon samples within the
Yankee deposit are included in Appendix 6 and summarised in Figure 70. The
204, 207 and 208 correction methods using common Pb compositions of Stacey
and Kramers (1975) produce 206Pb/238U ages within error of each other,
however only the 208-corrected data are shown in Figure 70.
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NEB100z contained one discordant analysis (Figure 70) that yields a 207corrected 206Pb/238U age of 233 ± 3 Ma. It is the most 232Th rich analysis (1278
ppm) with Th/U of 0.63. The 208-corrected 206Pb/238U age of this analysis is 244
± 3 Ma. The remaining 22 analyses are concordant and contain between 161–
4586 ppm U, 27–792 ppm Th and Th/U between 0.01 and 0.64. The weighted
mean 207-corrected 206Pb/238U age for these analyses is 245.5 ± 3.1 Ma. Within
these sample set there is a coherent population of 17 that defines a mean of
248.74 +2.31/–2.63 Ma (Figure 70A). This population was determined using the
TuffZirc algorithm within Isoplot that defines a population based on a ‘probability
of fit’ of > 0.05 for ages (Ludwig and Mundil, 2002). Six analyses were rejected
from this population. A single older analysis that yields 207-corrected 206Pb/238U
age of 264 ± 2 Ma, is interpreted to represent an inherited component from
earlier zircon growth. The remaining four analyses, that include the discordant
analyses discussed previously, define 207-corrected 206Pb/238U ages between
242 and 217 Ma. The remaining four analyses originate from strong
luminescent features that cross-cut oscillatory zoning (grain E in Figure 64) or

Figure 70: TW-concordia diagrams (left) for zircon from the Yankee deposit in the Mole Granite. Meanweighted population means are shown on the right. See text for description of data.
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weak features that cross-cut core textures (grain D; Figure 64), contain Th/U
within the range of the entire dataset (0.17–0.64). These data are discussed
below. The high Th/U analyses is the final age rejected from the population.

Zircon within NEB101z contained four highly discordant (>30%) U–Pb
compositions that are characterised by high Th/U of 1.03–2.15. These analyses
were rejected and not included in Figure 70 or in the following discussion. The
remaining 15 analyses have U concentrations between 212–4718 ppm, Th
between 86–1137 ppm and Th/U between 0.23–0.86. 207-corrected 206Pb/238U
ages range between 275 and 224 Ma with a weight mean age of 237.4 ± 4.9 Ma
(Figure 70). A coherent population of seven analyses has a mean of 249.76
+4.24/–5.22 (Figure 70). There is no obvious reason to reject the eight
analyses, however the coherent population is closer to zircon ages in NEB100z
and Yankee zircon reported in Schlattegger et al. (2005). The rejected analyses
from this population are discussed further below.
All 207-corrected 206Pb/238U ages from NEB100z and NEB101z are compiled in
Figure 71. These data yield a coherent population at 249.15 +2.06/–3.47 Ma.
Young zircon ages continue to 217 Ma, younger than the 230 Ma reported by
Schlattegger et al. (2005) from the Yankee deposit. The coherent population is
considered to represent zircon saturation in the magma during emplacement of
the Mole Granite. It is unclear whether young zircon ages represent new zircon
growth or zircon recrystallisation, or more recent Pb loss.

Figure 71: Mean-weighted population mean for all U–Pb SHRIMP analysis of zircon from the Yankee
deposit (NEB100z and NEB101z).
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3.7 Discussion
3.7.1 Age calculation and common Pb corrections for U–Pb
cassiterite dating
Concordia isochron intercept ages are useful age estimations for cassiterite as
they do not rely on assumptions of the common Pb composition, rather they
assume concordance between the 207Pb/235U and 206Pb/238U systems. Li et al.
(2016) and Neymark et al. (2018) indicate a preference for W- and TWconcordia ages for samples in their study for this reason. Several authors have
utilised a derivation of these concordia, 238U/207Pb vs 206Pb/207Pb (Yuan et al.,
2011; Chen et al., 2014; Chang et al., 2014; Zhang et al., 2014, 2015; Deng et
al., 2017; Wang et al., 2017), however this method can introduce bias and
underestimate the ‘true age’ (Li et al., 2016; Neymark et al., 2018). Due to the
relatively low U concentration and at times high common Pb within cassiterite,
precise determination of

207Pb

r

can be difficult, and will lead to errors in the

estimation of 207Pb/235U and 207Pb/206Pb used in isochrons diagrams, especially
for the relatively young cassiterite studied here. In this study individual analysis
errors are 1.5 to 5 times larger for 207Pb/235U than for 206Pb/238U. Large
uncertainty associated with 207Pb/235U and 207Pb/206Pb is problematic in
Precambrian cassiterite samples where, although

207Pb
m

may be in higher

abundance, the ratios become increasingly sensitive towards ages, whilst
206Pb/238U

behaves in the opposite sense. Concordant analyses with low

common Pb are more strongly weighted in the calculation of the lower intercept
age and this reduces the error associated with discordance.

Increased precision of a sample age can be achieved by correcting highly
discordant grains for their common Pb component and calculating the weighted
mean 206Pb*/238U age for all analyses, as routinely done for zircon (e.g. Spencer
et al., 2016). This correction also allows for better assessment of age
populations, or potentially multiple common Pb compositions. Li et al. (2016)
infer that fluid and mineral inclusions within cassiterite contributed variable
concentrations of common Pb and at times different common Pb compositions,
which jeopardised their U–Pb dating calculations. Fortunately, fluid and or
mineral inclusions are generally easily identified by sharp excursions of the
signal during LA-ICP-MS analysis (Figure 72), and these analyses can be
rejected. If all analyses within an inclusion-free sample originated from a single
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age with a single common Pb source, weighted mean ages could provide the
most precise estimation of the age. For LA-(MC)-ICP-MS and SIMS U–Pb
cassiterite data, both the 207- and 208-correction methods have been applied
(Carr et al., 2017; Deng et al., 2017; Wang et al., 2017; Neymark et al., 2018).

In all samples from the Ardlethan Granite and Mole Granite systems the 208correction method produces equal or more precise weighted mean

206Pb*/238U

ages than the 207-correction method (Tables 20 and 21). The advantages of
using the 208-correction method for cassiterite age dating are threefold: firstly,
208Pb

is the most abundant common Pb isotope in natural systems (e.g. modern

initial Pb compositions are 208Pb/204Pb = 38.63, 207Pb/204Pb = 15.63 and
206Pb/204Pb

= 18.7; Stacey and Kramers, 1975) leading to the best sensitivity for

direct measurement of common Pb (Figure 72). Secondly, the maximum Th/U
of cassiterite is 0.002 from the Mole Granite system and 0.11 for the Ardlethan
Granite system, indicating that radiogenic 208Pb is insignificant in cassiterite. As
shown in Figure 72, Th is also not detected in mineral inclusions. Thirdly, unlike
zircon, U is in relatively low abundance in cassiterite (commonly <10 ppm), that
yields extremely low radiogenic 207Pb especially in these Phanerozoic deposits
studied here. Low U also produces large uncertainties in calculation of
238U.

235U

from

In Figure 72, 207Pb displays similar trends to 208Pb, indicating the large

majority is non-radiogenic, and leading to commonly inaccurate
207Pb*/206Pb*

207Pb/235U

ages.

ages for cassiterite determined here are highly inaccurate and

Figure 72: LA-ICP-MS signal in a cassiterite from the Yankee deposit with high common Pb occurring in micro
inclusions. The non-radiogenic Pb component is accounts for the majority of the 208Pb and 207Pb signals and a
large component of the 206Pb.
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imprecise for this reason, but also because the extreme small changes in
207Pb/206Pb

lead to large changes in age for Phanerozoic samples. Derivation of

common 207Pb from the low measured 207Pb signal contains a larger error than
direct measurement of common Pb by 208Pb. The single analysis with Th/U of
0.11 (ARD09c) yields similar 208-corrected (412.6 ± 4.6 Ma) and 207-corrected
(412.9 ± 4.9 Ma) ages indicating that radiogenic 208Pb does not strongly affect
age calculations.

For common Pb corrections of cassiterite analysed by LA-ICP-MS or SIMS
(Equations 10 and 11), the isotopic composition of the non-radiogenic
component is either assumed from terrestrial evolution models (Cumming and
Richards, 1975; Stacey and Kramers, 1975) or measured in low U minerals
(e.g. galena) associated with cassiterite. Model compositions were similar to
those obtained from low U minerals within both the Ardlethan Granite and Mole
Granite systems (Richards et al., 1982; Huston et al., 2017; G. R. Carr unpubl).
However, as shown in Figure 54, the common Pb composition of the Yankee
cassiterite inferred from ID-TIMS isochron data, is significantly more evolved
than predicted by models or mineral analogues. Other ID-TIMS cassiterite
studies do not publish enough data or discuss common Pb compositions
measured directly (Gulson and Jones, 1992; Yuan et al., 2008, 2011) and so it
is unclear whether the Yankee cassiterite is unique in its highly evolved
common Pb composition.

Figure 73: Wetherill (1956) and Tera and Wasserburg (1972) concordia diagrams for 208-corrected UPb data from ARD14c of the Ardlethan Granite system.
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In this study, both the 207- and 208-common Pb correction methods were
employed and compared with W- and TW- concordia isochron ages for
cassiterite from the Ardlethan and Mole granite mineral systems (Tables 20 and
21; 208-corrected and W-Concordia ages are compared in Figure 74). As
concordia isochron intercept ages do not rely on an assumed common Pb
composition, their variance with common Pb corrected values allows for the
assessment of compositions used in corrections.

Wetherwill and TW-concordia intercept ages are similar to common Pb
corrected 206Pb*/238U ages using both the 208- and 207-correction methods for
cassiterite of the Ardlethan Granite system (Figure 74). The largest variance
between 206Pb*/238U and W-concordia intercept ages occurs in ARD14c, the
sample with the highest common Pb component. 208-corrected 206Pb*/238U vs
207Pb*/235U

and 238U/206Pb* vs 207Pb*/206Pb* data are concordant and define an

array along concordia (Figure 73). 208-corrected 206Pb*/238U ages for individual
analyses range between 438 ± 10 Ma and 410 ± 10 Ma. This range in ages may
represent either cassiterite crystallisation between these dates, or multiple
common Pb compositions within the cassiterite sample with a single age
population. For the remaining samples, the common Pb corrected concordance,
similar uncorrected isochron lower intercept ages and common Pb corrected
206Pb/238U

ages, indicates that the Stacey and Kramers (1975) model at 410 Ma

for the Ardlethan Granite system appropriately estimates the common Pb
composition of cassiterite. The Pb isotopic composition of late-stage galena
occurring within the Ardlethan Granite (Richards et al., 1982) system is similar

Figure 74: Comparison of 206Pb*/238U ages after 208-correction with W-concordia intercept ages for the Ardlethan
Granite (left) and Mole Granite (right) systems. Common Pb corrections used compositions of Stacey and
Kramers (1975) at 410 Ma for Ardlethan and 250 Ma for the Mole. The difference between the two ages is
interpreted to be related predominantly to common Pb compositions used in correction to 206Pb*/238U.
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to age values used for cassiterite corrections and indicates that the common Pb
composition has not evolved significantly between granite emplacement and
hydrothermal cooling, as was seen in the Yankee deposit.

Concordia lower intercept isochron ages of cassiterite from the Mole Granite
system are also predominantly within error of common Pb corrected

206Pb*/238U

ages using both the 207- and 208-correction methods and compositions defined
by the Stacey and Kramers (1975) model at 250 Ma (Table 21; Figure 74). The
largest variance between 208-corrected 206Pb*/238U ages and concordia lower
intercept isochron ages occurs in NEB003c, but the origin of this is unknown. In
this case the concordia intercept ages are preferred. Weighted mean

206Pb*/238U

ages weight precision more strongly, and whilst precision is generally correlated
with concordance, it is not always the case. 208-corrected 206Pb/238U ages using
the common Pb composition of the Yankee cassiterite (Appendix 2) yield ages
that are within error of other age estimations but are predominantly younger and
more imprecise. This indicates an overcorrection of common Pb and shows that
the common Pb composition inferred from the Yankee deposit is not appropriate
for all cassiterite associated with the Mole Granite.
208-corrected 206Pb/238U and 207Pb/235U data from cassiterite of the Yankee
deposit yield predominantly concordant data. However, the most discordant
data points of uncorrected data (Figure 70) remain discordant following
correction (Figure 75). This is true using both common Pb compositions of this
study. Importantly, the major variation between these two corrections is the
207Pb*/235U

due the large 207Pbc component (Figure 75). Therefore, in the

Yankee cassiterite in particular, but for all cassiterite in this study, 206Pb*/238U
ages remain robust even in samples with high common Pb.
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Figure 75: Wetherill (1956) concordia diagram of 208-corrected U-Pb data for cassiterite of sample NEB100c of the
Yankee deposit, Mole Granite system. Two compositions for the common Pb correction were applied; (left) the
composition determined in Appendix X for the Yankee cassiterite by ID-TIMS, and (right) the terrestrial model
composition of Stacey and Kramers (1975) at 250 Ma.

3.7.2 Geochronology of the Ardlethan Granite system
U–Pb W-concordia intercept data for cassiterite of the Ardlethan deposit is
included in Figure 76, combined with published zircon U–Pb age dates
(Bodorkos et al., 2013; Blevin, pers comm 2018) and Rb–Sr isochron ages of
Richards et al. (1982).

In Chapter 2, tourmaline major and trace element concentrations, and isotopic
composition from the Ardlethan deposit indicate that extended fractional
crystallisation and fluid separation of Ardlethan Granite produced the fluids that
resulted in cassiterite mineralisation. Cassiterite age data presented here
indicate that cassiterite mineralisation occurred simultaneously with zircon
crystallisation, within the precision of each method. Cassiterite precipitation
continued for a maximum of 4.2 Ma. Cassiterite mineralisation is also
synchronous with the GFQP (extrusive equivalent of the Ardlethan Granite) and
the Mine Porphyry (Figure 76). However, the juvenile εNd(i) composition of the
Mine Porphyry is not observed in tourmaline associated with cassiterite,
indicating it was not involved in the generation of mineralising fluids.

Three cassiterite samples from the Mine (ARD07c), Carparthia (ARD09c) and
White Crystal (ARD14c) breccia pipes are within error of the U–Pb zircon age of
the Ardlethan Granite. Following zircon precipitation in the Ardlethan Granite,
breccia-hosted cassiterite mineralisation occurred for a maximum of 2.7 Ma.
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Although within error, cassiterite U–Pb ages seem to become progressively
older with distance from the Ardlethan Granite. This may indicate that during the
brecciation event, fluids most distal from the Ardlethan Granite crystallised
cassiterite first either due to the increased temperature gradient or dilution of
fluids. Fluid dilution was facilitated by strong wall-rock assimilation resulting in
crystallisation of chlorite assemblages that lowered the Cl molarity of the fluids.
The latter hypothesis is preferred as tourmaline associated with cassiterite
increasingly adopts the composition of the Mine Granite with distance from the
Ardlethan Granite (Figure 26). This is also indicated by the high common Pb
component with ARD14c in the White Crystal deposit that displays pervasive
leaching of hydrothermal fluids from the host rock (Ren, 1989; Chapter 2).
Greisen-hosted cassiterite yields 208-corrected 206Pb*/238U ages that define 2
resolvable periods of cassiterite mineralisation: 418.5–413.2 Ma in ARD15c–
17c and 410.5 ± 2.3 Ma in ARD18c. The cassiterite ages of ARD15c–17c are
indistinguishable from the zircon U–Pb zircon age of the Ardlethan Granite.
ARD18c, the most northerly sample in this study (Figure 55), has a cassiterite
age that is also (just) within error of the Ardlethan Granite zircon age, however,
it is distinguishable from the age of ARD17c and ARD16c. These data indicate
that fluid fractionation and cassiterite precipitation within the Ardlethan Granite
occurred shortly after zircon precipitation, within the precision of these methods.
The younger age of ARD18c, however, indicates that either hydrothermal
activity persisted for up to 4.2 Ma after zircon precipitation within the Ardlethan
Granite, or reprecipitation of cassiterite occurred following a thermal flux
initiated from a blind intrusion. Tourmaline (ARD18t) 87Sr/86Sr(i) and εNd(i)
isotopic compositions associated with this cassiterite (ARD18c), are similar to
the Ardlethan Granite and indicate no foreign fluid input.

The Rb–Sr data of Richards et al. (1982) for the Ardlethan Granite system
shown in Figure 76 are difficult to interpret within the overall geochronological
framework. The Rb–Sr age for the Ardlethan Granite represents a single wholerock analysis of which an isochron age is derived from an assumed initial
87Sr/86Sr.

This is effectively a 1-point isochron with two major assumptions: 1)

the assumed initial 87Sr/86Sr(i) of 0.715 composition, that in Chapter 2 is shown
to be relatively accurate from 87Sr/86Sr(i) of tourmaline (0.71504) within the
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Ardlethan Granite, and 2) the whole-rock analysis represents a closed Rb–Sr
system. No information on the degree of alteration within the whole-rock sample
measured by Richards et al. (1982) is provided except that it occurs kilometres
away from known Sn mineralisation (Richards et al., 1982). The Mine Granite
age is from a 2-point isochron involving a whole-rock analysis and muscovite
that yields an initial 87Sr/86Sr(i) of 0.7155, which is more similar to the Ardlethan
Granite (0.71504) than the Mine Granite (0.71865) (Chapter 2). Richards et al.
(1982) also present a whole-rock–biotite isochron that yields an 87Sr/86Sr(i) of
0.7162 and age of 417.4 ± 4.2 Ma (87Rb decay constant of Villa et al., 2015).
Rb–Sr isochron ages determined with the

87Rb

decay constant of Villa et al.

(2015) are coeval with, although slightly earlier than zircon U–Pb ages for the
Ardlethan Granite (Figure 76). Ages determined with the 87Rb decay constant
recommended by Steiger and Jäger (1977) would indicate the Rb–Sr system
was reset following the major phase of zircon and cassiterite growth, and at the
same time as ARD18c.

Figure 76: Compilation of geochronological data for the Ardlethan region. Data sources include 1) U-Pb
zircon weighted mean of 204 corrected 206Pb/238U age; Bodorkos et al. (2013), 2) Rb-Sr whole rock
and mica isochron ages; Richards et al. (1982), shaded bar represents age using former 87Rb decay
constant of Steiger and Jäger (1977), 3) CA-ID-TIMS single zircon age from Blevin pers comm, and 4)
208 corrected 206Pb/238U ages of this study. * represent the concordia age due to inaccurate common Pb
corrections (see text).

183

3.7.3 Geochronology the Mole Granite system
U–Pb SHRIMP zircon ages presented here are similar to previously published
ages by the same method (Chisholm et al., 2014; Laker, 2017) and highprecision ID-TIMS zircon ages of 247.6 ± 0.4 Ma (n = 4, MSWD = 0.7;
Schlattegger et al., 2005). Schlattegger et al. (2005) presented two highprecision ID-TIMS age determinations of highly pitted zircons from the Yankee
(YL2) and Breakfast Creek (Pheno) deposits that, combined with concordant
data (YL1), define a Pb loss discordia with an upper intercept age of 253 ± 8 Ma
(Figure 77). Even with their high-precision data, however, YL2 and Pheno still
plot on the concordia and could represent younger zircon crystallisation at 230.3
± 0.78 Ma (YL2) and 210.4 ± 0.95 Ma (Pheno). Schlattegger et al. (2005)
interpreted these zircons to have lost Pb during a secondary event that also
generated the highly pitted texture. Chisholm et al. (2014) indicated that ~5% of
zircons from their study showed “crystal lattice damage” but did not report Pbloss. Laker (2017) noted Pb loss commonly occurred in zircon of their study.
Highly pitted zircon analysed by SHRIMP in this study (e.g. grain C; Figure 64)
returned 206Pb/238U ages within the main population of Figure 71. The

Figure 77: TW-concordia diagram of high-precision ID-TIMS zircon dating by Schlattegger et al. (2005) in
the Yankee deposit. The ‘young’ zircon ages of this study are plotted for reference with the Pb-loss
discordia of Schlattegger et al. (2005).
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discordant data of Schlattegger et al. (2005) (Figure 77) were from analysis of
entire zircons with highly pitted textures. However, as we show here, and by
Laker (2017), at times this texture forms rims around concentric magmatic
zoning (e.g. grain B, Figure 64) and indicates that magmatic zircon within the
granite was entrained by mineralising veins. Determining Pb-loss in
Phanerozoic samples is difficult due to the low angle at which the discordia
meets the concordia (Figure 77). This issue is further complicated with the less
precise SHRIMP data shown in Figure 77, that mostly plot on both the
concordia and discordia. Therefore, these data points could represent new
zircon growth or recrystallisation at their concordia intercepts, or recent Pb loss
from the main magmatic population at 249.15 +2.06/–3.47 Ma. Three SHRIMP
analyses from this study do not plot on either the concordia or discordia in
Figure 77 and define 207-corrected 206Pb/238U ages of 242 ± 1 Ma, 241 ± 3 Ma
and 239 ± 1 Ma, that are interpreted as zircon recrystallisation. These analyses
occurred within high CL features that cross-cut oscillatory zoning (grain E in
Figure 64) or low CL features that cross-cut core textures (grain D; Figure 64).

A compilation of SIMS U–Pb zircon ages (Chisholm et al., 2014; Laker, 2017;
this study), LA-ICP-MS U–Pb cassiterite ages (this study), and Rb–Sr, K–Ar and
Ar–Ar whole-rock and mica ages (Kleeman et al., 1997) are combined in Figure
78. High-precision ID-TIMS data of Schalegger et al. (2005) and this study for
the Yankee deposit are shown in Figure 79.

Schlattegger et al. (2005) argue that zircon precipitation in the parental magmas
of the Mole Granite occurred during early differentiation and ascent. In their
scenario, emplacement of the Mole Granite at shallow crustal levels is marked
by fluid separation and xenotime precipitation in hydrothermal veins at 246.2 ±
0.2 Ma in the Yankee and Breakfast mines on the southern edge of the granite
mass (Figure 59; Schlattegger et al., 2005). Zircon U–Pb data presented in
Figure 78 and 79 (and references within) show an extended period of zircon
precipitation and recrystallisation. Age estimations of zircon by SIMS are
imprecise likely due to minor inheritance and Pb loss commonly reported
(Schlattegger et al., 2005; Chisholm et al., 2014; Laker, 2017; this study).
However, as discussed above, Pb loss is a potentially significant problem that
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will yield ages younger than the true age. Therefore, the maximum interval of

Figure 78: Geochronological data of the Mole Granite system. Bars represent weighted mean ages (2SE) of
zircon (red) from Chisholm et al. (2014), Laker (2017) and this study, cassiterite (blue) from this study, and RbSr and Ar-Ar data (green) of Kleeman et al. (1997).

zircon crystallisation is defined by the data of Chisholm et al. (2014) and
Schlattegger et al. (2005) at 4.1 Ma. The earliest cassiterite mineralisation
occurs within quartz–tourmaline veins injected into overlying Permian sediments
at 250.7 ± 2.7 Ma (NEB016c). This indicates that by ca 250 Ma, at least part of
the Mole Granite was emplaced at shallow crustal levels, contrary to
Schlattegger et al. (2005). Zircon and monazite precipitation occurring after this,
for example within the Yankee deposit, must have occurred synchronously, or
immediately following early cassiterite mineralisation. This model implies an
extended period of magmatic emplacement at shallow crustal depths.

High-precision ID-TIMS U–Pb data of Schlattegger et al. (2005) and this study
(Appendix 2) from the Yankee deposit are shown in Figure 79. These data
clearly distinguish the timing of cassiterite precipitation from that of magmatic
zircon and monazite crystallisation, whilst SHRIMP zircon and LA-ICP-MS data
do not. Quartz–cassiterite veining within the Yankee deposit occurs within the
seriate granite where wall-rock alteration is minimal (Audétat et al., 1998).
Minimal wall-rock alteration indicates fluid incursion into the solid seriate granite
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phase rather than a crystal mush, likely coincident with the microgranite phase
that is commonly associated with mineralisation. High-precision geochronology
of the microgranite is required to better constrain this transition.

The age difference between magmatic precipitation of zircon and hydrothermal
xenotime and cassiterite in the Yankee deposit is related to the emplacement of
the Mole Granite at shallow crustal depths and fluid saturation within the
magma. The maximum time between zircon and cassiterite precipitation in the
Yankee deposit is 2 ± 1 Ma (Schlattegger et al., 2005; Appendix 2). If zircon
precipitation occurred at shallow crustal levels, this would require relatively slow
cooling rates. The temperature of zircon precipitation within the Mole Granite is
poorly constrained, however is estimated by Ti-zircon temperatures of ~720oC
(Laker, 2017), and the coexistence of magmatic monazite (Schlattegger et al.,
2005) with an estimated closure temperature of ~750oC (Copeland et al., 1988).
Hydrothermal xenotime in the Yankee deposit is estimated to have precipitated
from initial hydrothermal fluids at 600oC (Audétat et al., 1998, 2000a, 2000b).
Cassiterite has been shown to begin precipitating with xenotime but continued
to 390 ± 25oC (Audétat et al., 1998; Fetekke et al., 2016). From monazite to
cassiterite precipitation represents a maximum temperature range of 750oC to
365oC over a period of over 2 ± 1 Ma (192oC per Ma) within the Yankee deposit.
However, if granite emplacement at shallow crustal depths occurred
immediately prior to xenotime precipitation as suggested by Schlattegger et al.
(2005), then cooling rates would have increased significantly. Radiogenic heat
alone is unlikely to have sustained a thermal anomaly alone considering the thin
sill-like shape of the Mole Granite (Kleeman, 1982) that would have encouraged
rapid heat loss to the cool country rocks. Worster et al. (1990) presented a
cooling model for sill-like, convecting magma chambers emplaced into country
rocks initially at 0oC. The model accounts for the increased cooling associated
with crystallisation. Instantaneously emplacement of a Di80An20 magma into a
sill 1000 m tall will be completely solid after <17 000 years, significantly faster
than predicted from zircon and cassiterite U–Pb ages.

Instead, it is proposed that the Mole Granite was emplaced over an extended
period (ca 1 Ma), through multiple magmatic injections (e.g. Clemens and
Mawer, 1992). Similarly, cassiterite mineralisation occurred synchronously with
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this accumulation of magmatic units leading to the spread of ages in Figure 78.
The Yankee deposit represents the final stages of magmatic injection, after
which fluid saturation entrained zircon and deposited in quartz–cassiterite veins.
Increasing evidence from high-precision geochronology and thermal modelling
of individual plutons indicates that they can be accumulated from repeated
magmatic injections that occur over timescales of 104–106 years (Clemens and
Mawer, 1992; Petford et al., 2000; Coleman et al., 2004; Glazner et al., 2004;
Annen et al., 2006; Miller et al., 2007; Michel et al., 2008; Schlattegger et al.,
2009; de Saint Blanquat et al., 2011; Caricchi et al., 2012; Leuthold et al., 2012;
Floess and Baumgartner, 2015).

Zircon and cassiterite U–Pb ages are with error of whole-rock Rb–Sr isochron
age (see Chapter 2.3) and K–Ar and Ar–Ar mica ages associated with main
phase of mineralisation during assemblage of the Mole Granite (Figure 78;
Kleeman et al., 1997). The late hydrothermal ages from muscovite and biotite
recorded by Rb–Sr and K–Ar indicate that circulation continued along major
fractures in the granite (Kleeman et al., 1997) and extended period of time
following cassiterite mineralisation (Figure 78).

Figure 79: Geochronological data from the Yankee deposit of the Mole Granite system. Bars represent
weighted mean ages (2SE). High-precision ID-TIMS data from 1) Schlattegger et al. (2005) and 2)
Appendix 2 of this study. SHRIMP zircon U–Pb ages of this study shown in red and cassiterite by LA-ICPMS in blue.
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3.8 Conclusions
U–Pb geochronology of cassiterite has great potential to provide insights into
the absolute age and duration of magmatic-hydrothermal mineral systems.
Despite an increasing number of studies of cassiterite as a geochronometer,
there remain numerous difficulties in its analysis and data interpretation. In
Appendix 2, we present a new method for the precise determination of the U–
Pb composition of cassiterite by ID-TIMS. This method allows for the precise
characterisation of cassiterite reference material that can be used to correct for
instrument induced bias inherent in more popular in-situ techniques (LA-ICP-MS
or SIMS).

In this Chapter, the U–Pb isotopic compositions of cassiterite from the Ardlethan
Granite and Mole Granite systems were determined by LA-ICP-MS. Instrument
induced bias was corrected using the newly determined ID-TIMS data for the
Yankee reference cassiterite, whose precise isotopic composition was
determined in Appendix 2.

U–Pb isochron ages are preferred as they do not rely on assumptions of the
common Pb composition within cassiterite. However, the 208-correction method
is also shown to produce precise weighted mean ages, even for samples with
high common Pb. The unusual common Pb composition of the Yankee
cassiterite is not observed in cassiterite from the Ardlethan Granite system, or
elsewhere within the Mole Granite system.

Cassiterite mineralisation associated with the Ardlethan Granite occurred
synchronously with magmatic zircon within the granite. Mineralisation continued
for a maximum of 4.2 Ma in breccia- and greisen-hosted mineral deposits.
Cassiterite mineralisation within the Mole Granite system also occurred
synchronously with zircon precipitation. Zircon U–Pb ages span an extended
period of 4.1 Ma, although Pb loss is a significant problem in the interpretation
of these data. A model of repeated magmatic injection accumulating in the Mole
Granite mass is invoked to describe this extended period. Cassiterite ages are
not adequately precise to determine the moment or moments of cassiterite
mineralisation within the extended period of magma accumulation.
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Introduction
Primary cassiterite (SnO2) is formed in magmatic-hydrothermal environments,
associated with highly evolved silicate melts (Taylor 1979; Lehman et al. 1990).
Understanding the absolute timing and duration of the processes occurring during
magmatic crystallisation, fluid and vapour separation, and fluid percolation are
essential for genetic models and targeting of new deposits. Magmatic-hydrothermal
tin systems display complex histories of variable durations, from instantaneous
(Yuan et al. 2011; Schlattegger et al. 2005), over several millions of years (e.g.
Kleeman et al. 1997), to tens of millions of years (Halliday et al. 1980; Chesley et al.
1993; McNaughton et al. 1993). Traditional methods to determine the age and
duration of tin systems rely on geochronological information stored in minerals coexisting in cassiterite (e.g. Rb-Sr in micas, or U-Th-Pb in xenotime). These methods
are compromised by the assumption of co-precipitation with cassiterite, and
hydrothermal alteration of primary geochronological information in these minerals
that is inherent in magmatic-hydrothermal systems.

Cassiterite is physically and chemically resistant, and its U-Pb isotopic composition
is increasingly used to determine the age of tin mineralisation (e.g. Gulson and
Jones 1992; Yuan et al. 2008; Chen et al. 2014; Zhang et al. 2015; Li et al. 2016;
Carr et al. 2017; Neymark et. al. 2018). U-Pb age dating of cassiterite is dominantly
through in-situ LA-(MC)-ICP-MS methods because of the rapid sample preparation
and analysis and ability to determine to internal heterogeneity (e.g. Carr et al. 2017).
These methods require a matrix-matched standard cassiterite of known U-Pb
composition to account for ionisation differences of U and Pb and matrix effects
(ablation efficiency and downhole fractionation; Eggins et al. 1998).
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Cassiterite U-Pb standards do not exist. Instead, labs who produce U-Pb cassiterite
data by in-situ methods rely on in-house reference cassiterite whose isotopic
composition has been determined by isotope dilution thermal ionisation mass
spectrometry (ID-TIMS)(e.g. Lbiao - Yuan et al. 2011; AY-4 – Yuan et al. 2011; Chen
et al. 2014), or by age data from other methods (Yankee – Carr et al. 2017). ID-TIMS
is the most precise method for U-Pb isotopic compositions in geological samples and
is independent of mineral matrices. However, U-Pb cassiterite age dating by IDTIMS has only been published by Gulson and Jones (1991) and Yuan et al. (2008;
2011) primarily because dissolution of cassiterite is extremely difficult.

For U-Pb analysis, digestion attempts have focussed on using concentrated HCl acid
(Gulson and Jones 1991; Yuan et al. 2008; 2011). Other methods have proved
successful however are not amenable to the extremely low Pb blanks required
(Caley 1932; Yamazaki et al. 2013; Mathur et al. 2017). Digestion of cassiterite in
concentrated HCl is regularly incomplete (Gulson and Jones 1992; Yuan et al. 2008;
2011) which may cause U-Pb fractionation and inaccurate ages. In these cases,
undigested residues are removed from digestion bombs, pulverised again and
additional acid added before further heating in pressure vessels (Gulson and Jones
1992; Yuan et al. 2008; 2011). This extra handling, increased acid volumes and the
large sample sizes used in these studies inevitably leads to increases in Pb blanks
and increases the potential for contamination. Gulson and Jones (1992) reported Pb
blanks between 0.2–0.3 ng and Yuan et al (2008, 2011) report Pb blanks of 0.82 and
0.55 ng.

Here we present new methods for the chemical dissolution and purification of U-Pb
isotopes from cassiterite. These new methods were developed to provide precise
isotopic compositions on small sample sizes (<0.5 mg), with minimal handling and
low Pb blanks. The combination of fast sample preparation times and relative
precision of in-situ methods for U-Pb cassiterite dating is unparalleled. The authors
envisage this method be most appropriate for precise U-Pb isotopic determination of
standard or reference cassiterite grains. In this study we determine the U-Pb isotopic
composition of the in-house Yankee reference cassiterite (Carr et al. 2017) and the
AY-4 reference cassiterite (Yuan et al. 2011; Chen et al. 2014; Zhang et al. 2015).
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The polymetallic Mole Granite system
The Mole Granite is a highly studied magmatic-hydrothermal mineral system with
over 1200 strongly zoned mineral deposits (Eadington 1983; Sun and Eadington
1987; Plimer et al. 1991; Heinrich et al. 1992; Rankin et al. 1992; Audétat et. al.
1998, 2000a,b, 2008; Henley et al. 1999; Mavrogenes et al. 2002; Pettke et al. 2005;
Schlategger et al. 2005; Cauzid et al. 2007; Feteke et al. 2016). The Mole Granite,
part of the New England Batholith of the New England Orogen (Shaw and Flood
1981), is a shallow, sill-like intrusion into Permian sediments and volcanics (Kleeman
1982). The Mole Granite has a haplogranite composition due to extreme fractional
crystallisation that lead to significant enrichment in Sn (Audétat et al. 2000a). Two
hypotheses of the absolute age and duration of mineralisation associated with the
Mole Granite exist; 1) emplacement of the Mole Granite at 246 ± 2 Ma followed by
sustained hydrothermal activity and cassiterite mineralisation for 3–5 Ma (Kleeman
et al. 1997), and 2) shallow emplacement of the Mole Granite at 246.2 ± 0.5 Ma and
instantaneous rapid cassiterite mineralisation within method precision (Pettke et al.
2005; Schlategger et al. 2005).

The Yankee deposit occurs within the southern boundary of the Mole Granite. The
deposit is characterised by veins 10 to 40 cm thick quartz-cassiterite veins and a
milky quartz selvage (Heinrich et al. 1992). Melt, fluid and vapour Inclusions within
quartz of the Yankee deposit have been subject to significant research on metal
speciation in magmatic to hydrothermal systems (Heinrich et al. 1992; Audétat et. al.
1998, 2000a,b, 2008; Mavrogenes et al. 2002; Cauzid et al. 2007; Feteke et al.
2016). Magmatic fluids derived from the crystallising Mole Granite became
progressively diluted by meteoric fluids leading to cassiterite precipitation (Heinrich
et al. 1992; Audétat et al. 1998; Feteke et al. 2016). Quartz crystals show large
variations in δ18O fluid compositions (10.1 – -15.4) and homogenisation
temperatures (500–220oC) associated with cooling and incursion these meteoric
fluids (Feteke et al. 2016). Cassiterite is concentrated in vuggy zones in the centre of
veins associated with large euhedral smoky quartz (Heinrich et al. 1992).

Carr et al (2017) described the petrographically features of the Yankee cassiterite. In
cathodoluminescence images, the Yankee cassiterite displays two internal textures;
concentric zoning defined by light and dark bands, and dark sector zones. Titanium
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and W activate a bright CL response, except when in the presence of Fe which
results in a quenched afterglow. Both textures contain homogenous U-Pb isotopic
compositions, however the dark zones are more concentrated in U and Pb (Carr et
al. 2017).

U-Pb age dating of cassiterite by ID-TIMS
Cassiterite separates were crushed in a steel mill. Fragments <80µm in diameter
were handpicked to produce ultrapure concentrates. Five samples weighing less
than 300µg each were produced. After sample crushing, all work was carried out in
Class 10 laminar flow hoods with high purity acids and MΩ-grade water from a
Millipore system at the Research School of Earth Sciences, ANU. Gulson and Jones
(1992) show that preliminary washing of cassiterite concentrates removes significant
amounts of common Pb, hosted in sulphides. Cassiterite was washed in MQ,
ethanol, acetone, 3M HNO3 (1 hour on hotplate @ 100oC), 6.2 M HCl (overnight on
hotplate at 100oC), 3M HF (1 hour on hotplate at 100oC), and concentrated HBr.
There was no measurable reduction in the sample weight after washing.

Cassiterite digestion
After washing samples, concentrates were transferred to 3 ml Savillex beakers with
100 drops of concentrated HBr acid and

202Pb-205Pb-233U-236U

tracer solution.

Beakers were sealed in Parr dissolution vessels and heated at 220oC for
approximately 12 days. Dissolution of cassiterite concentrates was complete.
Solutions were dried down and refluxed with 1mL of 6.2M HCl, twice. Following the
second reflux solutions were placed back in Parr dissolution vessels overnight at
190oC to break up fluorides. Solutions were dried down slowly before and taken in
300µl of 0.5M HCl for column chromatography.

U, Th and Pb purification by chromatography
Purified U, Th and Pb aliquots were produced through 3 stages of ion
chromatography. The first stage used shrink Teflon columns with a column volume of
250 µl and reservoir volume of 3 ml. The top 2/3rds of the column was filled with 50–
100 µm TRU spec resin, and the bottom 1/3rd with an inert pre-filter resin. A fritz was
secured into the base of the column. Elution curves for the Yankee cassiterite in
TRU resin are shown in Figure 1. TRU spec resin Pb blanks are <0.4 pg. Pb aliquots
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were contaminated by Ti, Fe and W, and U aliquots by Ta and W (Figure 1) so were
each purified using HBr-anion exchange chromatography method of Amelin (2008).

Isotopic analysis by TIMS
Purified aliquots of U and Pb were dried down in 0.02N H3PO4 and loaded onto
single zone refined Re filaments with 1µl of 0.5 % Sigma–Aldrich silica activator gel
(Huyskens et al. 2012). U and Pb isotopes were measured on a Thermo Scientific
Triton Plus TIMS at the Research School of Earth Sciences, ANU. Pb isotopes were
measured on 202Pb, 204Pb, 205Pb, 206Pb, 207Pb and 208Pb between 1110–1195oC on
the filament and using an MasCom MC-TE-Z/17 secondary electron multiplier in
peak jumping mode. U isotopes were measured on

233U, 236U

and 238U as UO2+

species between on 1280–1350oC on the filament, using the electron multiplier and a
18O/16O

of 0.0020485. Mass fractionation was corrected online in the Triton Plus

software with the measured 202Pb/205Pb and 233U/236U of the tracer solution and an
exponential fractionation law. Full procedural blanks are <9.09 pg with an isotopic
composition of 206Pb/204Pb = 18.27, 207Pb/204Pb = 15.68 and 208Pb/204Pb = 38.23.

Results
U-Pb isotopic compositions of the Yankee and AY-4 reference cassiterite determined
by ID-TIMS are listed in Table 2. Pb concentration of the Yankee cassiterite varies
between 0.35–0.75 ppm, the majority being radiogenic 206Pb (mol. % 206Pb = 82–
93.1). 206Pb/204Pb (107–266) and 207Pb/204Pb (21.9–30.2) in the Yankee cassiterite
are elevated and variable and suitable for age dating.
Alpha μ (206Pb/204Pb vs. 238U/204Pb) and Beta μ (207Pb/204Pb vs. 235U/204Pb) isochron
relationships for the Yankee reference cassiterite are shown in Figures 2A and 2B
and define an age of 246.59 ± 0.52 Ma and 247.0 ± 1.9 Ma respectively. A 3D
isochron (Ludwig 1998) that is constrained to insect the concordia provides the most
precise age for the Yankee cassiterite of 246.48 ± 0.51 Ma (Figure 2C). Initial Pb
compositions derived from the isochron relationships in Figure 2C are evolved
(206Pb/204Pb = 21.28 ± 0.4 and 207Pb/204Pb = 15.759 ± 0.034) relative to the terrestrial
Pb model of Stacey and Kramers (1975) of 250 Ma (206Pb/204Pb = 18.31 ± 0.8 and
207Pb/204Pb

= 15.61 ± 0.32). Common Pb corrections defined by isochron relationship

in Figure 2C produces concordant Wetherill (1956) and Tera and Wasserburg (1972)
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concordia plots (Figure 3) and weighted 204-corrected 206Pb/238U and 207Pb/235U
ages of 246.70 ± 0.29Ma (MSWD = 0.86), and 246.38 ± 0.92 (MSWD = 0.77)
respectively. Stacey and Kramers (1975) model initial Pb yields discordant Wetherill
(1956) and Tera and Wasserburg (1972) concordia plots (Figure 3) and
distinguishably older weighted 204-corrected 206Pb/238U and 207Pb/235U ages of 250.4
± 1.9 Ma (MSWD = 51), and 249.59 ± 0.96 (MSWD = 1.08) respectively. Isochron
relationships are preferred here as they require no assumptions of the common Pb
composition and yield concordant 238U/206Pb and 235U/207Pb values. This is discussed
further in Section 4.2.

Three aliquots of the AY-4 reference cassiterite from the Anyuan skarn-type tin
deposit of the Furong tin ore field in the middle Nanling Range (Yuan et al. 2008;
2011) yield isochron ages for Alpha-Mu = 152 ± 1.5 Ma (MSWD = 2.3), Beta-Nu =
151.4 ± 3.7 Ma (MSWD = 0.48), linear 3D concordia-constrained 151.9 ± 2.2 Ma
(MSWD = 5.1). Common Pb estimates from the 3D relationship are elevated
(206Pb/204Pb = 19.9 ± 1.6 and 207Pb/204Pb = 15.75 ± 0.15), but within error of the
Stacey and Kramers (1975) model for that age. The weighted 204-corrected
206Pb/238U

age is 153.7 ± 1.2 Ma and 207Pb/235U is 154.9 ± 1.4 Ma using Stacey and

Kramers (1975) Pb compositions slightly higher, but within error of the 3D isochron
age, and may indicate that the common Pb component is more evolved than
predicted by terrestrial models. like within the Yankee cassiterite. These ages are
significantly younger than 158.2 ± 0.4 Ma published by Yuan et al. (2011). AY-4
analysed in this study was provided by R-Q Zhang in 2017. The precise provenance
of this sample is unknown. Isochron data that includes other cassiterite samples from
the deposit yields a crystallisation age of 157 ± 6 Ma (Yuan et al. 2008), within error
of both our estimation and Yuan et al. (2011) and indicates U-Pb heterogeneity in the
Anyuan skarn-type tin deposit.

Discussion
Geochronological history of the Mole Granite and its deposits
The geochronological history of the emplacement of the Mole Granite and the
associated hydrothermal system have previously been discussed by Kleeman et al.
(1997) and Schlattegger et al. (2005). Kleeman et al. (1997), using K–Ar, 40Ar–39Ar
and Rb-Sr isotope constraints in micas and whole rock samples, inferred granite
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emplacement at 246 ± 2 Ma, cassiterite mineralisation at 243 ± 2 Ma, and low
temperature hydrothermal activity ceasing by 232 ± 2 Ma. Rb-Sr isochron ages were
calculated using the 87Rb decay constant of Steiger and Jäger (1975)(λ = 1.42 x 1011y-1),

and have been recalculated here with the new constant of Villa et al. (2015)(λ

= 1.3972 x 10-11y-1). Schlattegger et al (2005) measured the U-Th-Pb isotopic
compositions of magmatic and hydrothermal zircon, monazite and xenotime and
infer granite emplacement and rapid cooling and mineralisation at 246.2 ± 0.5 Ma,
with persistent low temperature hydrothermal activity until 243.8 ± 0.5 Ma. The
Kleeman et al. (1997) model indicates 3 ± 4 Ma between granite emplacement and
cassiterite mineralisation, whilst the Schlattegger et al. (2005) infer instantaneous
emplacement and mineralisation within the precision of their methods. Figure 4
summaries the available geochronological data for the Mole Granite.

Schlattegger et al. (2005) infer early zircon and monazite U-Pb ages at 247.7 ± 0.5
Ma, including 249 ± 1.5 Ma (Chisholm et al. 2014), represent magmatic
crystallisation at lower crustal depths or during magmatic ascent. The emplacement
age of the Mole Granite is inferred from high temperature hydrothermal xenotime
with a U-Pb age of 246.2 ± 0.2 Ma in quartz-cassiterite veins of the Yankee deposit.
Recalculated whole rock Rb-Sr data for the Mole Granite yield a relative imprecise
isochron age of 247.1 ± 4.1Ma (MSWD = 0.44, n=9; Kleeman et al. 1997). U-Pb
isochron cassiterite ages presented here for the Yankee deposit, 246.48 ± 0.51 Ma,
indicate simultaneous mineralisation with hydrothermal xenotime. 204-corrected
206Pb/238Pb

cassiterite ages using Stacey and Kramers (1975) common Pb yield a

mean weighted average age 250.4 ± 1.9 that is older, although within error of,
magmatic zircon and monazite and hydrothermal xenotime. Recalculation of U-Pb
SHRIMP data of Carr et al. (2017) for the Yankee cassiterite using the new
radiogenic and common Pb composition defined by isochron relationships here
yields a mean weighted 207-corrected age of 247.3 ± 3.2 Ma (n = 39; MSWD =1.39).
This period corresponds to 40Ar-39Ar and Rb-Sr mica ages of 246 ± 2 Ma in other
sheeted-vein mineral deposits of the Mole Granite (Kleeman et al. 1997). Assuming
magmatic emplacement simultaneously with hydrothermal xenotime and cassiterite
precipitation, these indicate cooling from ~800oC–<600oC from almost
instantaneously to a maximum period of 430 ka, and 2.4 Ma to 300oC in the sheeted-

234

vein systems. Interpreting early zircon U-Pb ages as emplacement ages extends this
period to 210ka–2.23 Ma, or to 4.2 Ma in the sheeted-veins. Closure temperature of
xenotime and cassiterite are poorly constrained. Xenotime is considered comparable
with monazite at >700oC (Copeland et al. 1998; Braun et al., 1998), however lower
temperature examples occur (e.g. Schärer et al. 1999). Zhang et al. (2011) indicated
U-Pb closure in a 10 μm cassiterite grain at 600oC for 25 Ma, and in a 1 mm grain at
800oC for 40 Ma. These data indicate rapid cooling and cassiterite mineralisation in
the Yankee deposit (Figure 4). Heat loss is facilitated by the thin-sill like shape to the
Mole Granite (Kleeman 1982) and the incursion of cool meteoric fluids (Sun and
Eadington 1987; Audetat et al. 2000a,b).

Common Pb composition of the Yankee reference cassiterite
Cassiterite has relatively low 206Pb/204Pb ratios compared to zircon (>500), indicating
are larger common Pb component. Common Pb corrections are a large area of
uncertainty in age calculations of cassiterite (e.g. Neymark et al. 2018). ID-TIMS UPb isochron cassiterite data for the Yankee cassiterite, that makes no common Pb
composition assumptions but assumes concordance between 238U/206Pb and
235U/207Pb,
208Pb/204Pb

indicates extremely evolved initial 206Pb/204Pb and 207Pb/204Pb, but normal
initial compositions relative to that predicted by terrestrial Pb evolution

models (Cumming and Richards 1975; Stacey and Kramers 1975).
Mu (μ)(238U/204Pb) for the New England Orogen vary between 10.0–10.7 (Huston et
al. 2016; Huston et al. 2017). The initial Pb composition of K-feldspar within the Mole
Granite is 206Pb/204Pb = 18.53, 207Pb/204Pb = 15.63 and 208Pb/204Pb = 38.47 (G. Carr
unpubl) and for hydrothermal galena associated with the Mole Granite is

206Pb/204Pb

= 18.46 (SD = 0.01), 207Pb/204Pb = 15.59 (0.01) and 208Pb/204Pb = 38.35 (0.04)(n =
26; Huston et al. 2017). These initial Pb isotopic compositions are comparable to
both the Stacey and Kramers (1975) and Cummings and Richards (1975) models for
250 Ma, but the 206Pb/204Pb and 207Pb/204Pb are significantly lower than observed in
Yankee cassiterite. These data indicate a high μ source to fluids associated with the
Yankee cassiterite. Assuming 430 ka between emplacement of the Mole Granite and
cassiterite in the Yankee deposit, the fluid would require a μ of 41,360 ± 3000. This
fluid chemistry is hypothesised to be generated from either 1) separation of a U rich,
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Pb poor fluid that underwent in-situ decay, and 2) dissolution of U rich minerals with
already evolved Pb isotopic compositions.

The Mole Granite has undergone extensive fractional crystallisation leading to high U
(20 ± 11 ppm) and Th (52 ± 7 ppm) concentrations (Audétat et al. 2000a). Partition
coefficients of U, Th and Pb between evolved silicate melts and aqueous fluids (e.g.
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

concentration of Pb in melt/Pb in fluid = 𝐷𝑃𝑏

) have been described after

experimental studies of Keppler and Wyllie (1990, 1991), Keppler (1996), Bureau et
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

al. (2007) and Kawamoto et al. (2014). The concentration of 𝐷𝑈
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

𝐷𝑇ℎ

and

are low (<0.002 and <0.003 respectively) in systems where H2O is the

only volatile component but increase dramatically with HF and HCl. Increasing CO2
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

has the significantly smaller effect of increasing only 𝐷𝑈

(Keppler et al. 1990;

1991). The authors assumed U was dominantly in oxidised states (4+ and 5+).
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

𝐷𝑃𝑏

is also increased with pressure and chlorinity (Keppler 1996; Kawamoto
𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

et al. 2014). Kawamoto et al. (2014) report 𝐷𝑃𝑏

of <0.4 in the presence of

water and 2.6 in the presence of 5M (Na,K)Cl. The preference of Pb to partition in
the fluid is documented in the Yankee deposit with an several orders of magnitude
increase in Pb concentration from melt inclusions (29.2 ppm), to fluid inclusions
(324–2604 ppm)(Audétat et al. 2000a). Conversely high U (21 ± 4 ppm) and Th (46 ±
4 ppm) in melt inclusions decrease to below detection limits (not reported) in fluid
inclusions (Audétat et al. 2000a). Both Sn and Pb strongly partition into a fluid phase
over a vapour phase in the Yankee deposit (Audétat et al. 1998). Although U
concentrations were elevated in the magma, the Pb-rich fluids derived exsolved from
the cooling Mole Granite likely had low μ values and could not generate the Pb
isotopic compositions of the Yankee cassiterite.

Accessory magmatic minerals in the Mole Granite that contain significant U-Th-Pb
budgets include zircon, apatite, thorite, monazite, xenotime. Dissolution of these
phases into a low Pb fluid could derive the evolved common Pb composition of the
Yankee cassiterite. Hydrothermal zircon, monazite and xenotime in the Yankee
deposit may indicate remobilisation of the same magmatic phases in U-Th rich fluids
(Pettke et al. 2005; Schlattegger et al. 2005). Schlattegger et al. (2005) describe
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three internal textures defined by CL imaging in zircon from the Mole Granite. The
first two (type A and B of Schlattegger et al. 2005) represent a core and oscillatory
zoned case rim of magmatic origin. On occasion both textures are disturbed, and
recrystallised by a third texture, interpreted as hydrothermal in origin (type C)(Pettke
et al. 2005; Schlattegger et al. 2005). Type C zircon has ‘spongy’ texture indicative of
radiation damage due to high U and or Th. This spongy texture is common to
hydrothermal zircons and is commonly associated with Pb loss (e.g. Schmidt et al.
2006). Mechanisms for zircon dissolution by aqueous fluids are summarised by
Geisler et al. (2007). Zircon solubility is increased with increasing aqueous silica,
hydroxl (Ayers et al. 2012) and F (Rubin et al. 1989). Fluorine is highly elevated
within the Mole Granite system, with large silexite deposits in its apical zones (refs).
Derivation of the evolved common Pb signature for the Yankee cassiterite from the
zircon, xenotime and apatite would require a selective fluid such that the regional Pb
signature was not incorporated.

Although not identified within the Mole Granite, minor dissolution of uraninite will
generate highly evolved Pb compositions and does not require a specifically
selective fluid due to its high instability. Uraninite can form as a late magmatic phase
due to extended fractional crystallisation when melt Th/U is low (Cuney 2014) or
when in hydrothermal environments when oxidised by fluids or host rocks (e.g.
Cuney et al. 2014; Ballouard et al. 2017). Uranium leaching from uraninite by fluids
was proposed for the leucogranites of Hercynian Guérande granite in the Armorican
Massif, France (Ballouard et al. 2017).

Conclusions
High precision U-Pb ID-TIMS age dating of cassiterite requires new methods for
complete dissolution of cassiterite grains and low Pb blanks. In this study a new
method is proposed and compared to previously published methods (Gulson et al.
1992; Yuan et al. 2008; 2011) requires small sample sizes (<0.5 mg), minimal
handling and produces very low Pb blanks. This method involves concentrated HBr
dissolution followed by U,Th and Pb purification by column chromatography has
provided new and precise age constraints of the Yankee cassiterite reference
material. The most precise estimation of the cassiterite is 246.48 ± 0.51 Ma, derived
from a 3D isochron that is constrained to insect the concordia (Ludwig 1998). These
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new data indicate rapid cooling of magmatic derived fluids from the Mole Granite
following granitic emplacement for a maximum period of 430 Ka and rejects previous
theories of extended hydrothermal activity or protracted magmatic pulses (Kleeman
et al. 1997).

Common Pb corrections remain a large uncertainty in cassiterite U-Pb dating.
Typically, corrections assume ‘normal’ initial compositions determined by terrestrial
evolution models of either Stacey and Kramers (1975) or Cummings and Richards
(1975). However, the Yankee cassiterite contains extremely evolved common Pb
values, of which the origin remains unclear. Using terrestrial common Pb for age
corrections yields cassiterite ages that pre-date the inferred emplacement of the
granite. Simplistic common Pb corrections to cassiterite data could yield erroneous
results. Parental fluids to the Yankee cassiterite require an extremely elevated μ, that
may have been derived from fluid exsolved from the crystallising Mole Granite, or
after the dissolution of high μ minerals such as zircon, apatite and xenotime.
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Table 22: Elution scheme for U-Pb cassiterite dating

Step

Eluent

Volume

Resin cleaning

0.5M HNO3; 0.1M

3 ml

HCl-0.3MHF; 0.5M
HCl
Resin

0.5M HCl

1 ml

0.5M HCl

1 ml

Rinse Sn

0.5M HNO3

6 ml

Rinse REE

3M HCl

2 ml

Collect Th

3M HCl

2 ml

Collect U

0.1M HCl-0.3M HF

4 ml

conditioning
Load sample
and collect Pb
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Table 23: ID-TIMS U-Pb data from the Yankee and AY-4 cassiterite.

Wt.
Sample
(a)
Yankee
1
Yankee
2
Yankee
3
Yankee
4
Yankee
5
AY4 1
AY4 2
AY4 3

mg
(b)

Compositional Parameters
U
Th
Pb
206Pb*
x10-13
ppm
U
ppm mol
(c)
(d)
(c)
(e)

mol %

Pb*

Pbc

206Pb

208Pb

Radiogenic Isotope
Ratios
208Pb 207Pb

206Pb*
(e)

Pbc
(e)

(pg)
(e)

204Pb
(f)

204Pb
(f)

206Pb
(g)

206Pb
(g)

207Pb
%
err
(h)

235U
(g)

206Pb
%
err
(h)

238U
(g)

corr.
%
err
(h)

coef.

0.3

12.01

0.00

0.55

5.86

0.92

3

37

266.1

38.30

0.001

0.05110

0.6

0.27472

0.6

0.03901

0.2

0.292

0.3

6.74

0.00

0.35

3.29

0.88

2

35

169.6

38.35

0.001

0.05131

0.9

0.27586

1.0

0.03901

0.3

0.299

0.3

8.06

0.01

0.44

3.93

0.86

2

48

150.4

38.43

0.002

0.05103

1.0

0.27439

1.0

0.03902

0.3

0.246

0.24

6.68

0.00

0.41

2.60

0.82

1

43

115.6

38.12

-0.001

0.05071

1.7

0.27190

1.8

0.03891

0.5

0.304

0.09

11.55

0.00

0.75

1.70

0.81

1

31

107.1

38.17

0.000

0.05023

2.4

0.27129

2.5

0.03919

0.6

0.351

0.3
0.3
0.3

9.54
9.28
10.91

0.00
0.02
0.01

0.32
0.39
0.42

2.83
2.73
3.21

0.86
0.78
0.81

2
1
1

34
57
58

151.9
96.2
107.7

38.25
38.57
38.53

0.000
0.005
0.004

0.04919
0.04950
0.04979

1.3
1.9
1.6

0.16073
0.16049
0.16133

1.4
1.9
1.6

0.02371
0.02353
0.02351

0.4
0.5
0.5

0.258
0.211
0.212
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1
2
3

Figure 80: Elution profile for the Yankee cassiterite in TRU resin. Samples loaded in 0.5 M HCl. Aliquots collected every 0.5 mL except for during loading (0.5M HCl in 0.3mL
aliquots) and the two final HCl + HF aliquots (1mL). Element yield is normalised to an untreated aliquot of the Yankee cassiterite.

4
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Figure 81: ID-TIMS isochron data for the Yankee cassiterite.
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Figure 82: Common Pb corrected ID-TIMS data for the Yankee cassiterite showing the two corrections methods
described in text. Stacey and Kramers (1975) corrections (red) result in discordant values in both the Wetherill
(1956)(top) and Tera and Wasserburg (1972)(bottom) concordia diagrams. Common Pb corrections using values
of Figure 2C yield more concordant results (blue).
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Figure 83: Summary of published geochronological data for the Mole Granite system. 1) Schlattegger et al. 2005,
2) this study, 3) Kleeman et al. 1997). Cassiterite mineralisation in the Yankee deposit occurred at maximum 430
ka after emplacement of the Mole Granite.
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Digital Appendices (Excel file)
Appendix 3: EMP and LA-ICP-MS tourmaline for Ardlethan and
Mole granites including secondary standards
Appendix 4: SHRIMP δ18O quartz values for Ardlethan and Mole
granites including secondary standards.
Appendix 5: TIMS Rb–Sr and Sm–Nd standard data.
Appendix 6: LA-ICP-MS U–Pb cassiterite data for Ardlethan and
Mole granites systems, and zircon U–Pb data for the Yankee
deposit.
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