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Abstract

Titanite is an accessory mineral that is commonly found in rocks associated with porphyry copper
deposits, either as a primary igneous or secondary alteration mineral. Compositions of titanite, with
supporting whole-rock and mineral chemistry were characterised from four study sites: Strontian,
Chuquicamata, Cobre Panama and Oyu Tolgoi. Titanite data from these sites were combined with
data from a global sample suite and literature data, to characterise and understand signatures of

titanite related to porphyry mineralisation.

Primary and secondary titanites display contrasting compositions, as exemplified by F, Al,
Sc, LREE and Th contents. Primary titanite linked to mineralisation can potentially be detected
using supervised learning techniques, which identify Mn and Sr concentrations, as well as Eu/Eu*
ratios and lambda values as important discriminators. Igneous titanite compositions are influenced
by both bulk magma chemistry and late-stage residual melt chemistry, with important implications

for false positives when applying conventional techniques to mineral prospectivity studies.

Determining trace element chemistry and U-Pb isotopic compositions in both igneous and
non-igneous titanite reveal the potential in recognising the presence of multiple titanite populations
in the same rock. This is recommended as a means to identify porphyry titanite, allowing U-Pb
ages to be related to mineralising events of a particular age. Overall, this study highlights the

potential utility of titanite as an indicator mineral in porphyry copper systems.
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Chapter 1. Introduction
1.1 Introduction

Porphyry Cu deposits are major accumulations of ore and gangue minerals in the upper crust,
formed from hydrothermal fluids that alter up to 100 km?® of rock (Sillitoe, 2010). These low-grade,
high-tonnage deposits are hosted within and/or centred on porphyritic intrusions and contribute
substantially to the global supply of metals (Lowell & Guilbert, 1970; Seedorff ezt al., 2005).
Forming at shallow depths (often <4 km; Singer et al., 2008), porphyry deposits are typically
located in continental or island arc settings, and may also be associated with skarn, carbonate-
replacement and epithermal styles of mineralisation (Sillitoe, 1972; Atkinson & Einaudi, 1978;

Arribas Jr et al., 1995).

Porphyry deposits are typically classified by commodity, with Cu-(Mo-Au) systems
supplying approximately 75% of the world’s Cu, 50% of the Mo and 20% of the Au (Sillitoe, 2010).
Hypogene ores in porphyry Cu deposits contain a variety of sulphides, including chalcopyrite,
bornite and molybdenite, which are present in veinlets, disseminations and breccias (Gustafson &
Hunt, 1975; Seedorff et al., 2005). The amount of metal contained within these systems has
provided the impetus for numerous academic studies attempting to understand their formation and
assist exploration. Despite this, exploration expenditure has increased significantly in recent years
and new discoveries have not kept pace. New deposits are increasingly likely to be located under
post-mineralisation cover and at greater depth, necessitating the development of new and novel

exploration techniques (Schodde, 2017; Cooke et al., 2020a).

Researchers and exploration programmes are now investigating the utility of indicator
minerals (i.e. phases which may indicate derivation from a mineralised system) in porphyry
systems, exploiting them to understand magmatic and hydrothermal parts of the system and to
develop exploration tools (Cooke et al., 2017; Cooke et al., 2020a). To date, porphyry indicator
mineral studies have mostly focussed on either the magmatic (e.g. zircon) or hydrothermal
(chlorite, epidote) portions of the system separately (Ballard et al., 2002; Wilkinson ef al., 2015;
Pizarro et al., 2020). The potential of minerals with both igneous and hydrothermal origins, such
as titanite, has consequently not yet been fully explored. Commonly found in porphyritic intrusions
and their precursor plutons as an igneous phase (Ossandon et al., 2001; Chelle-Michou et al., 2014;
Buret et al., 2016; Loader et al., 2017; Large et al., 2021), titanite may also occur in potassic
(Seedorff et al., 2005), sodic-calcic (Carten, 1986) and propylitic (Wilkinson et al., 2015; Hart-
Madigan et al., 2020) alteration zones. Furthermore, titanite incorporates a variety of trace elements

(Frost et al., 2001), meaning that it could be employed to understand melt/fluid compositions and
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physico-chemical conditions throughout the porphyry environment, as well as providing an

opportunity to develop multivariate exploration tools.

1.2 Key features of porphyry deposits
1.2.1  Size

The formation of porphyry Cu deposits in the Earth’s crust is not an extremely rare occurrence,
with a minimum of ~1000 known worldwide (Kirkham & Dunne, 2000). What is unusual, however,
is the disparity in size between deposits, with the largest twenty-five porphyry deposits (Cooke et
al., 2005) containing approximately half of the world’s porphyry Cu resources (Singer et al., 2008).
Consequently, porphyry deposits are classified according to size as well as by metal endowment,
with the largest deposits referred to as ‘behemoths’ (e.g. El Teniente, Chuquicamata, Rio Blanco-
Los Bronces) and increasingly smaller deposits classified as ‘supergiants’ (>24 Mt Cu) and ‘giants’

(>2 Mt Cu; Singer, 1995).
1.2.2  Spatial and temporal distribution

Most major porphyry deposits are located in magmatic arcs although some important deposits occur
in post-collisional settings, especially in China (Fig. 1; Richards, 2009). However, deposits are not
equally distributed between arcs, with some (e.g. the Andean arc or southwestern USA) particularly
well-endowed and hosting many of the largest known deposits, whereas others (e.g. Japan) contain
no significant deposits (Cooke et al., 2005; Sillitoe, 2018). Within prospective arc segments,
mineralisation is further restricted in both space and time, forming metallogenic belts (e.g. Andean
Eocene-Oligocene and Miocene-Pleistocene belts; Fig. 1). Here, the location of individual deposits
is often coincident with major crustal lineaments or faults (e.g. northern Chile; Richards et al.,
2001), suggesting that these structures are important in facilitating magma transport to the mid to
shallow crust (Tosdal & Richards, 2001). Importantly, there are no significant known deposits of
Precambrian age, presumably reflecting difficulties in preserving shallow crustal deposits in arc

terranes which are often rapidly uplifted and eroded (Kesler & Wilkinson, 2006).
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Figure 1.1. Locations of important porphyry-related ore systems from around the world, with principal metals, deposit type
and ages indicated. Modified from Sillitoe (2010).

1.3 Porphyry Cu formation
1.3.1 Arc magma generation

In arc settings, primary basaltic melts are generated in the mantle wedge after metasomatism by
slab-derived fluids (Peacock, 1993; Fig. 1.2). These fluids are thought to transfer important ore-
forming components, such as H20, S (Alt et al., 1993) and halogens (Ito et al., 1983), as well as
large ion lithophile elements (LILE; Alt et al., 1993). Thereafter, primitive, hydrous melts ascend
before stalling at the base of the lower crust, where they attain neutral buoyancy (Hildreth &
Moorbath, 1988). Here, the geochemical characteristics of bulk magmas are believed to be locked
in and more evolved compositions are produced by partial melting of the lower crust and fractional

crystallisation (Annen et al., 2006; Fig. 1.2).

Magmas that are associated with porphyry deposits often exhibit unusual chemical
compositions, such as elevated Sr/Y, Eu/Eu*, La/Yb, V/Sc, Al203/TiO2 and St/MnO ratios (Lang
& Titley, 1998; Richards, 2011; Loucks, 2014; Ahmed ef al., 2020). Magmas that display/do not

display these characteristics are referred to as ‘fertile’ (i.e. of the right composition to form a
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Figure 1.2. Tectono-magmatic setting for porphyry Cu deposit formation. Locations of Figures 1.3 and 1.4 are also shown.
Modified from Wilkinson (2013) and Cashman et al. (2017).

deposit) and ‘unfertile’, respectively. These geochemical signatures are commonly ascribed to
prolonged evolution in the deep crust, where repeated replenishment and crystallisation ramps up
the concentrations of important ore forming components, such as water, volatiles and metals
(Rohrlach & Loucks, 2005). In fact, the unique signatures of porphyry-fertile magmas are thought
to dominantly reflect crystallisation of water-rich melts at high pressures, which experimental
studies have shown promotes amphibole + garnet crystallisation, and plagioclase = magnetite
suppression (Miintener et al., 2001). Hence, elements that prefer to be incorporated into plagioclase
(e.g. Sr and Eu*") will be enriched in the melt (Blundy & Wood, 1991), whereas elements which
readily partition into amphibole and/or garnet (e.g. D™ >1) such as Y, Eu**, Sc and Yb (Nandedkar
et al., 2016) will be depleted in the melt.

1.3.2  Shallow crustal processes

Dissolved volatile species and more evolved compositions promote the upwards transmission of
these hydrous melts to different levels throughout the crust (Fig. 1.2), with the shallow crust
comprising the uppermost portion of a transcrustal magmatic system (Cashman et al., 2017).
Additionally, transfer of melts may also be aided by the presence of any pre-existing faults or
crustal lineaments (Richards, 2005). Indeed, prevailing stress regimes may also be important for
magma ascent, with several studies identifying an association between porphyry magmatism and a

relaxation in compressional stress (Richards et al., 2001; Tosdal & Richards, 2001).
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In the upper crust, large intrusive complexes are incrementally assembled by the repeated
emplacement of small magma batches (Fig. 1.3), as evidenced by the wide range of crystallisation
ages of porphyry-related precursor plutons (Ballard et al., 2002; Rezeau et al., 2016; Nathwani et
al., 2021). Mass balance calculations suggest that typical calc-alkaline arc magmas contain enough
ore-forming components to produce an economic deposit (Cline & Bodnar, 1991; Richards, 2005)
as long as extraction of these components is very efficient, but huge volumes of melt are likely
required to produce the largest deposits (Chiaradia, 2020; Chelle-Michou & Rottier, 2021).
However, the emplacement of large amounts of magma into the shallow crust can trigger
voluminous volcanic eruptions, potentially stripping a system of critical ore-forming compontents
to the detriment of mineralising potential (Hedenquist et al, 1993; Pasteris, 1996). Coeval
volcanics are sometimes associated with economic deposits (Buret et al., 2017) but are typically
small-scale, with favourable thermal structure and injection rate (Chelle-Michou & Rottier, 2021)
or favourable tectonic conditions (Tosdal & Richards, 2001) possibly necessary to prohibit

catastrophic eruption.

Comagmatic Paleosurface
volcanics ; . — /
Multiphase

porphyry stock

Precursor
pluton

5 km

Figure 1.3. Shallow crustal setting for porphyry Cu deposit formation. Modified from Sillitoe (2010).

Porphyry intrusions are emplaced at paleodepths of 1-6 km (Seedorft et al., 2005; Sillitoe,
2010), with the characteristic aplitic groundmass generally thought to be formed by quenching of
the magma as a result of rapid ascent and volatile loss (Jahns & Burnham, 1969). Many porphyritic
intrusions comprise a single deposit, showing a range of geometries from dykes to cylindrical

stocks or domes. Porphyries are classified according to their temporal relation to mineralisation
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(e.g. ‘early’, ‘intermineral’, ‘late’ and ‘postmineral’), although separate intrusions may in some
instances be difficult to differentiate. Compositionally, porphyry intrusions are dominantly
intermediate to silicic, calc-alkaline, I-type, and metaluminous; with more alkalic compositions

chiefly associated with Cu-Au, rather than Cu-Mo systems (Seedorff ez al., 2005; Sillitoe, 2010).

Porphyritic intrusions act as fluid conduits, rather than being the principal source of fluids,
metals and sulphur themselves. Indeed, both the porphyritic intrusions and ore-forming fluids are
thought to be sourced from the large underlying magma reservoir (Fig. 1.3), yet the relationship
between porphyry and parental pluton is rarely preserved (unless significant tilting or uplift has

occurred, as at Yerington; Dilles, 1987).

Critical to the formation of a deposit is the exsolution of a volatile phase from the magma.
Volatile exsolution is triggered by concomitant decompression and crystallisation, acting to
increase melt H2O contents and decrease water solubility, respectively (Burnham, 1979). At depth,
a single, supercritical fluid of low to intermediate density will exsolve from the melt, whereas, at
shallower depths, fluids either exsolving directly from the magma or decompressing supercritical
fluids may intersect the solvus to form coexisting brine and low salinity vapour phases (Heinrich
& Candela, 2014). Conventionally, fluids are believed to be entrained in a bubble-rich, positively
buoyant melt that ascends to the top of the magma chamber (Cloos, 2001). However, the paradigm
that upper crustal magma bodies are dominantly liquid (i.e. magma chambers) has been challenged
in recent years (Cashman et al., 2017; Jackson et al., 2018), with growing evidence for the
predominance of crystal-dominated or ‘mush’ reservoirs in magmatic arcs. In mush-dominated
reservoirs, coalescence of bubbles into fluid channels would facilitate the upward mobility of fluid

(Parmigiani et al., 2017; Chelle-Michou & Rottier, 2021).
1.3.3  Hydrothermal alteration

Exsolved magmatic-hydrothermal fluids responsible for mineralisation also produce characteristic
zonation patterns in terms of alteration mineral assemblages (Fig. 1.4A). In an ideal case, the spatial
distribution of these zones can be used to point exploration towards the better mineralised centre
of a system, though this may be complicated by the action of multiple fluid pulses or rapid uplift
(Sillitoe, 2010).

Early sodic-calcic alteration may be preserved at depth (Fig. 1.4A) in some deposits (e.g.
Yerington; Carten, 1986; Dilles, 1987), and is characterised by the presence of sodic plagioclase,
actinolite, epidote and titanite. In the deep, potassic core of the system (Fig. 1.4A) high
temperatures, high K'/H" ratios and cooling fluids (Fig. 1.4B) favour cation exchange reactions

(Na/Ca— K), typified by the alteration of plagioclase to K-feldspar, and mafic phases to biotite.
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Figure 1.4. Distribution of alteration zones and fluid physico-chemical conditions under which they form. A. Cross section
showing the distribution of alteration zones in an idealised porphyry Cu deposit. Modified from Sillitoe (2010). B. Phase

diagram for the system K20-A1203-SiO02-H20-KCI-HCI at P(H20) = 1 kb. Modified from Seedorff et al. (2005).

As the dispersing fluid cools, reaction of SO4> with reduced iron and increasing disproportionation
of SOz generates HaS and acid, resulting in hydrolytic (addition of H") reactions, together with
sulphide precipitation. The decreasing buffering capacity of the host rock results in a progression

through: 1) transitional chlorite-sericite alteration; 2) sericitic alteration; and 3) advanced argillic
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alteration zones (Figs. 1.4A and B). Alteration of plagioclase to fine-grained muscovite (sericite),
as well as addition of quartz and pyrite, characterises sericitic (phyllic) alteration, whereas alunite,
pyrophyllite and kaolinite are typical of the advanced argillic zone (Lowell & Guilbert, 1970;
Seedorff et al., 2005; Sillitoe, 2010).

The propylitic, or green rock, domain represents the most distal expression of the
magmatic-hydrothermal system (Fig. 1.4), extending for several kilometres away from the centre
of the deposit (Cooke et al., 2014). Green rock alteration is most well developed in mafic to
intermediate rocks, which contain abundant ferromagnesian minerals to aid formation of the
characteristic propylitic minerals chlorite and epidote (Lowell & Guilbert, 1970; Ballantyne, 1983).
Forming contemporaneously with potassic alteration but at lower temperatures, lower fluid/rock
ratios and higher K'/H" (Fig. 1.4B), there is still debate about the relative importance of magmatic
vs. circulating meteoric waters in producing green rocks (Norman ef al., 1991; Reed et al., 2013;
Pacey et al., 2020a). Propylitic alteration is classically thought to represent the simple addition of
volatile components (e.g. H20 and CO2; Meyer & Hemley, 1967; Halley et al., 2015), although
some studies have argued that significant mass transfer can take place (Ulrich & Heinrich, 2002;
Pacey, 2016). In an ideal case, the propylitic domain (like the whole porphyry system) shows
zonation, transitioning from a proximal actinolite subzone, through an epidote subzone, to a
chlorite-dominated subzone, although chlorite is present throughout the green rock environment
(Norman et al., 1991; Holliday & Cooke, 2007; Cooke et al., 2014). Titanite is also commonly
observed in the propylitic environment (Seedorff et al., 2005; Wilkinson et al., 2015; Hart-Madigan
et al., 2020), taking up excess titanium that is liberated during the chloritisation of mafic phases

(Wilkinson et al., 2015).
1.3.4 Mineralisation

Precipitation of ore minerals, including Cu- and Mo-bearing sulphides, as well as Au, occurs in
response to pressure decreases associated with extensive hydro-fracturing, cooling, phase
separation, and fluid-rock interaction or fluid mixing (Hemley ef al., 1992; Fournier, 1999). Like
alteration mineral assemblages, ore-minerals are zoned about the highest-grade core. Chalcopyrite
and bornite are generally found in the centre, with decreasing Cu-sulphide and increasing pyrite
contents through the transition into the propylitic halo (Lowell & Guilbert, 1970). Copper may also
be introduced during sericitic or advanced argillic alteration, with high-sulphidation state minerals,

such as enargite and covellite common in the advanced argillic zone (Sillitoe, 2010).

Significant debate still exists regarding how ore metals are transported in the hydrothermal

fluids. Copper and gold are considered to be dominantly transported as Cl complexes in the brine
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phase, with increasing fluid-melt partition coefficients for metals associated with higher CI contents
of the fluid (Candela & Holland, 1984; Ulrich et al., 1999). However, some authors have proposed
that Cu may also be transported by S-species in the vapour or lower salinity liquid phases, like Au
(Heinrich et al., 2004; Simon et al., 2006; Seo et al., 2009). Molybdenum generally precipitates in
a specific event or events, spatially separate to Cu and Au (Sillitoe, 2010), reflecting differential
partitioning and/or precipitation behaviour. There is a general lack of understanding of Mo
complexing (Candela & Holland, 1984) but oxy-chloride complexes in the brine phase are thought
to facilitate Mo transport (Ulrich & Mavrogenes, 2008).

1.4 Indicator minerals in porphyry systems

The paucity of new porphyry discoveries has led to a growing body of research into whether the
textural and/or chemical characteristics of igneous and/or hydrothermal minerals (indicator
minerals) can be used to infer the likely presence of, or proximity to, mineralisation (Bouzari et al.,
2016; Cooke et al., 2017). Ideally, indicator minerals should be: i) hard, ii) easy to separate (e.g.
dense or magnetic), iii) resistant to weathering and/or alteration and iv) exhibit unique geochemical
compositions (McClenaghan, 2005). For example, compositions of zircons from porphyry-
associated magmas are relatively distinctive, in that they exhibit elevated Eu/Eu*, Ce/Nd and Th/U
ratios, in addition to low Yb/Gd ratios and Ti contents (Ballard et al., 2002; Lu et al., 2016; Pizarro
et al., 2020). High Eu/Eu* and Ce/Nd ratios in zircon are frequently attributed to crystallisation
from unusually oxidised magmas (Ballard et al., 2002; Dilles et al., 2015), conditions which may
be important for sulphur speciation and solubility (Jugo, 2009). However, these features have been
shown to primarily reflect melt composition, itself affected by processes such as titanite
crystallisation or plagioclase suppression (Wotzlaw ef al., 2013; Loader ef al., 2017; Nathwani et
al., 2021). In a study of zircon Ce/Nd ratios, Loader et al. (2022) suggested that the high Ce/Nd
signatures of porphyry related zircons reflect enhanced partitioning of Ce at low crystallisation
temperatures (inferred from the Ti-in-zircon thermometer; (Ferry & Watson, 2007), in addition to
partial inheritance of melt signatures (often as a result of titanite co-crystallisation). In fact, many
characteristics of porphyry-related zircons (e.g. elevated Ce/Nd and low Yb/Gd and Th/U) may
result from titanite co-crystallisation, leading to questions about the validity of Ti-in-zircon

temperatures and the prevalence of titanite-zircon co-crystallisation in porphyry magmas.

In terms of applying hydrothermal mineral compositions, limited work has focussed on
alunite in the lithocap (silicic, argillic and advanced argillic) environment (Chang et al., 2011), but

much more has been directed at the propylitic alteration zone. In particular, chlorite and epidote
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compositions are now routinely analysed by major mining companies with the potential to: 1)
indicate whether a porphyry system is nearby; ii) infer the endowment of the hydrothermal system;
and iii) vector towards the mineralised centre (Wilkinson et al., 2015; Cooke et al., 2020b; Pacey

et al., 2020D).

1.5 Aims, objectives and thesis outline

This thesis aims to investigate whether titanite can be utilised as an indicator mineral in the

exploration for porphyry deposits. The overarching objectives of the study are:

e Develop a methodology in which high-quality textural, geochemical and geochronological
titanite data is collected

e Evaluate the extent to which titanite crystallisation impacts residual chemistry, and the
compositions of other mineral phases

e Document the occurrence of igneous and non-igneous titanite in porphyry systems

e Define geochemical characteristics which differentiate igneous and non-igneous titanite

e Assess factors that control the compositions of both igneous and non-igneous titanite

e Define and understand the textural and geochemical characteristics of igneous porphyry-
titanite, factoring in any temporal variation

e Utilise machine learning techniques to test whether geochemical compositions can be used
to predict whether titanite originated from a magma or a hydrothermal fluid, or whether

igneous titanite crystallised from a porphyry magma

Four study sites are discussed (Strontian, Chuquicamata, Cobre Panama and Oyu Tolgoi), which
were chosen to address the overarching aims and objectives, encompassing both mineralised and
unmineralised magmatic suites, as well as strongly altered to unaltered rocks. The study is broken
down into multiple chapters, with Chapter 2 outlining what is currently known about titanite, and
Chapter 3 detailing the chosen methodology for the study. Chapters 4-7 focus on the four study
sites in turn, addressing the key overarching aims and objectives. Chapter 8 synthesises the results
of the study and discusses how titanite could be used in the exploration for porphyry deposits.

Finally, Chapter 9 summarises the most important findings and identifies areas for future work.
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Chapter 2. Titanite literature review

Titanite, CaTiSi04(O,0OH,F), is an important titanium-bearing accessory mineral commonly found
in igneous and metamorphic rocks (Deer et al., 2013). In terms of modal abundance, titanite
typically comprises less than 1% of the host rock and may exhibit a range of colours, from
colourless through green to brown. Also known as sphene, based on the Greek sphenos meaning
wedge, titanite is easily recognised in thin section due to its characteristic diamond or wedge-
shaped cross section (Kohn, 2017). Titanite is often a key repository of trace elements (Gromet &
Silver, 1983), accommodating several petrogenetically important groups of elements such as REEs,
HFSEs, transition metals and LILEs (Frost et al., 2001; Deer et al., 2013). This compositional
variability allows titanite to not only be applied to geochronologic (Storey et al., 2006; Garber et
al., 2017; Hart-Madigan et al., 2020) and thermobarometric (Hayden et al., 2008) studies, but also
to fingerprint environments in which it forms (Kohn, 2017; Chew et al., 2020; Scibiorski &
Cawood, 2022).

2.1 Structure and substitutions

Titanite is an orthosilicate mineral, comprising zig-zag chains of corner-sharing TiOs octahedra
that run parallel to the x-axis (Fig. 2.1). Chains of TiOs octahedra are linked by SiOas tetrahedra,
producing a [TiOSiO4]* framework with Ca in irregular seven-fold coordination. The O(1)
oxygens in the TiOs octahedra are not bound to silica tetrahedra and hence are considered to be
‘underbonded’ (Zachariasen, 1930; Speer & Gibbs, 1976; Deer et al., 2013). Chemical substitutions
occur in the Ca, Ti and O(1) sites, with variation in size and charge of the crystallographic sites
permitting a multitude of trace elements to be incorporated (Fig. 2.1) — in stark contrast to its
relative simplicity in terms of major elements. Although Ti can substitute for Si in the tetrahedral
site in other minerals (e.g. amphibole), tetrahedral Al is not accommodated by the titanite structure
(Oberti et al., 1991). Coupled substitutions are almost always involved, with key substitution

mechanisms outlined below (Franz & Spear, 1985; Green & Pearson, 1986; Cern}'r et al., 1995):

Ca?* + Ti** = REE3* + (Al Fe)3* (Eq.2.1)
Ti** + 0%+ = (AL Fe)3* + (OH,F)~ (Eq.2.2)
2Ti* = (AL Fe)3* + (Nb,Ta)%* (Eq.2.3)
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Figure 2.1. Titanite crystal structure projected along the c-axis showing the main structural sites. Commonly substituting
trace elements are indicated in brackets for the different sites. Modified from Kohn (2017).

Coupled substitution with Al or Fe is thought to be important for REE incorporation (Eq.
2.1). Another important substitution mechanism is the incorporation of OH or F in the Ol site, and
Al or Fe in the Ti site (Eq. 2.2). The occurrence of Al-rich (and F-rich) titanite has been documented
in several environments, notably at high pressures and low temperatures (Franz & Spear, 1985;
Enami et al., 1993; Markl & Piazolo, 1999). This substitution mechanism has played an important
role in identifying titanite formed in different environments (Nakada, 1991; Kontonikas-Charos et
al., 2019; Scibiorski & Cawood, 2022) and is often denoted by distinct Fe/Al or Al/Fe ratios.
Additionally, coupled substitution with Al or Fe has been demonstrated to be important for the

incorporation of pentavalent cations such as Nb and Ta (Eq. 2.3).

2.2 Igneous titanite
2.2.1 Stability and occurrence

In igneous rocks, titanite is most frequently found in rocks with either calc-alkaline or alkaline
affinities, in the latter case comprising up to 15 modal percent (Chakhmouradian & Zaitsev, 2002;
Chakhmouradian, 2004). In calc-alkaline rocks, titanite is a common accessory mineral in
intermediate to felsic compositions, and, together with biotite, is likely to be the main Ti-bearing
phase. Several authors have noted the tendency for titanite to be present in intrusive rather than

extrusive rocks (Frost et al., 2001; Kohn, 2017), although exceptions to this rule include major
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explosive eruptions in the southwestern USA (e.g. Fish Canyon, Schmitz & Bowring, 2001;
Kneeling Nun, Szymanowski et al., 2017; Peach Springs, Colombini ef al., 2011). Nevertheless,
the paucity of titanite in volcanic rocks is taken as evidence that titanite is a relatively late-

crystallising phase (Frost et al., 2001).

Despite its utility in geochemical and geochronological studies, less is known about the
factors that control titanite stability in comparison to other important accessory minerals such as
zircon and apatite (Watson & Harrison, 1983; Harrison & Watson, 1984; Boehnke et al., 2013).
However, the formation of titanite at relatively high magmatic fO2 is widely noted (Fig. 2.2).
Indeed, the assemblage titanite + magnetite + quartz is taken to indicate conditions that are more
oxidising than the FMQ redox buffer (Wones, 1989), conditions which generally overlap with those

encountered in magmatic arcs (Jugo, 2009).
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Figure 2.2. Temperature vs log f02 plot showing titanite-absent and titanite-bearing rocks in relation to redox buffers and
typical arc magmas (Jugo, 2009). Modified from Ackerson (2011).

In addition to oxidation state, factors such as temperature and melt composition may be
important in controlling titanite stability. For example, Thiéblemont et al. (1988) suggested that
higher Ca/Al ratios, and hence sufficient Ca, may favour titanite crystallisation. More recently,
Ayers et al. (2022) conducted experiments at various melt compositions and temperatures to

explain titanite saturation, deriving an equation that is similar to those which have been generated
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for apatite and zircon (Watson & Harrison, 1983; Harrison & Watson, 1984; Boehnke et al., 2013).
Ayers et al. (2022) argued that melt TiO2 content and M (melt compositional parameter) are

important parameters, with the titanite saturation temperature given as:

T(K) = (Ti0,™" — 0.978 x M + 5.9) + 0.0048 (Eq.2.4)
This equation allows titanite saturation temperatures to be estimated in natural systems using
whole-rock chemistry, although such an application assumes that whole-rock compositions
accurately reflect melt compositions, which is probably unlikely at the near-solidus conditions at
which titanite saturates. The frequent association of titanite with hydrous phases such as amphibole
and biotite suggests that high melt water content may also enhance titanite stability. Unlike
amphibole and biotite, which have been more widely studied (Scaillet & Evans, 1999), the
minimum water content to stabilise titanite is not known, although the relationship is highlighted
by the following reaction (Frost et al., 2001).

7CaFeSi,04(cpx) + 3FeTiO5(ilm) + 55i0,(qz) + 2H,0 =
2Ca,FesSig0,,(0OH),(am) + 3CaTiSiOs(ttn) (Eq.2.5)

2.2.2  Trace element contents and mineral-melt partitioning

Titanite has been shown to be an important trace element repository. For example, through
combining mineral trace element compositions with mineral modal abundances, Gromet and Silver
(1983) estimated that titanite contained over 30% of each REE in a granodiorite as a proportion of
the whole-rock, and almost entirely hosted the middle to heavy REE. Such a contribution to whole-
rock trace element deportment belies its modest modal abundance and is due to extremely high
REE partition coefficients. Titanite, like amphibole and apatite (Fig. 2.3), preferentially
incorporates middle to heavy REEs yet it does so to a much higher degree, with individual partition
coefficients one to several orders of magnitude greater for titanite than other phases (Fig. 2.3) and
even exceeding 1000 in some studies (Colombini et al., 2011). Titanite also strongly partitions
high-field strength elements and is one of the few mineral phases that fractionates Nb (Do = 73;
Colombini ef al., 2011) and Ta (D1a = 112; Colombini et al., 2011), which are often referred to as
‘geochemical twins’ (Stepanov et al., 2014). These partition coefficients mean that titanite
crystallisation can strongly impact melt composition and hence the composition of any
subsequently crystallising phases (Chelle-Michou et al., 2015; Loader et al., 2017; Olson et al.,
2017). Other compatible elements include transition metals (e.g. Dsc = 23; Colombini et al., 2011)
and radiogenic elements (e.g. Du = 3; Colombini ef al., 2011). Although LILEs are generally
incompatible (e.g. Dsr = 0.85; Colombini et al., 2011), appreciable concentrations are still

incorporated into the titanite structure.
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Figure 2.3. Rare earth element mineral-melt partition coefficients for titanite compared to a range of important REE-bearing
phases that are commonly found in granitoids. All values are taken from Padilla and Gualda (2016) except for plagioclase
which was taken from Bachmann ez al. (2005). Interpolation of missing values (using neighbouring REEs) was undertaken
where necessary.

Experimental work by Hayden ez al. (2008) identified the temperature dependence of Zr
partitioning into titanite, based on Zt*" substituting for Ti*" according to Equation 2.6. This forms
the basis of the Zr-in-titanite thermometer, with the experimental calibration which is valid between
1000°C and solidus temperatures, given by Equation 2.7:

CaTiSiOs(ttn) + ZrSiO,(zr) + 55i0,(qz) + 2H,0 =
CaZrSiOs(Zryy) + TiO,(rt) + Si0,(qz) (Eq.2.6)

(K = (7708 + 960P) (Eq.2.7)

(10.52 — log(aTiOZ) — log(asioz) — log(Zrttn))

These experiments, like those of the Ti-in-zircon thermometer (Ferry & Watson, 2007), were
conducted at rutile and quartz saturation. Where these conditions are not met, a correction is
necessary which involves the estimation of silica (ag;0,) and titania activity (ar;p,). Quartz
saturation is generally assumed in titanite-bearing calc-alkaline systems, however, rutile is rarely
observed in equilibrium with titanite (Kohn, 2017). Consequently, estimation of titania activity is
required which may introduce significant uncertainty into the Zr-in-titanite thermometer. An
empirical titania activity of 0.75 is often advocated for titanite-bearing systems (Claiborne et al.,
2010), though other authors argue for a value of 0.5 (Schiller & Finger, 2019). Nevertheless, the
effect of varying ar;, has opposing effects on calculated Zr-in-titanite and Ti-in-zircon

crystallisation temperatures, with increased titania activities resulting in higher titanite and lower
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zircon crystallisation temperatures (Ferry & Watson, 2007; Hayden et al., 2008). Additionally,
calculated titanite crystallisation temperatures are also moderately pressure dependent, unlike
zircon (Eq. 2.7). Calculated titanite crystallisation temperatures in calc-alkaline rocks are generally
near-solidus (e.g. <800 °C; McLeod et al., 2011; Szymanowski ef al., 2017), suggesting that titanite
saturates after a signicant amount of crystallisation has taken place (e.g. melt fraction, F<0.5;

Marxer & Ulmer, 2019).
2.2.3  Diffusion and zonation

Studies investigating various species have observed that diffusion in titanite is generally slower
than in apatite, but quicker than in zircon (Cherniak, 2010). Unlike many other minerals, diffusion
of Zr and Pb in titanite is thought to be quicker than Sr (Cherniak, 1993; Cherniak, 1995; Cherniak,
2006; Cherniak, 2010). Nevertheless, at typical titanite crystallisation temperatures, diffusion is
relatively sluggish and hence any primary igneous zonation should be preserved (Cherniak, 1993;

Cherniak, 1995; Cherniak, 2006).

Zonation, as identified by changes in BSE brightness, is almost ubiquitous in igneous
titanite. This zonation may manifest itself as: 1) core to rim; ii) patchy; or iii) sector varieties.
Patchy zoning in titanite has been noted by multiple authors (Piccoli et al., 2000; McLeod et al.,
2011) and is often found in igneous rocks that show evidence for magma mixing. Indeed, where
Fe-Ti oxide inclusions, low-REE concentrations (manifesting as dark zones in BSE mode),
evidence for resorption and patchy zonation occur together, mixing with more reduced magmas is
suggested to have stabilised ilmenite over titanite and decreased the amount of ferric iron available

for coupled REE substitution (McLeod et al., 2011).

Sector zoning is widely developed in igneous titanite, with anomalously bright sector zones
often controlled by REE and HFSE enrichment (Paterson ez al., 1989; Paterson & Stephens, 1992).
These sector zones are believed to represent crystallographically controlled differences in mineral-
melt partitioning, with particular crystal faces such as [100] preferentially partitioning trace
elements relative to the dominant [111] face (Paterson & Stephens, 1992). This incorporation has
particular relevance when considering titanite crystallisation temperatures, with non-equilibrium
Zr incorporation potentially resulting in erroneously high calculated Zr-in-titanite temperatures

(Hayden et al., 2008).
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2.3 Geochronology

Accommodation of appreciable amounts of U into the titanite structure allows it to be dated by U-
Pb geochronology. A range of closure temperatures have been suggested for titanite (Mattinson,
1978; Spear & Parrish, 1996; Kohn & Corrie, 2011), though diffusive resetting is only thought to
be problematic at temperatures above the wet granite solidus (e.g. > 700 °C; Frost et al., 2001).
Titanite, however, incorporates non-radiogenic lead (common Pb) into its structure (Frost et al.,
2001), necessitating a common lead correction to account for this. There are several methods to
correct for non-radiogenic lead, of which the most widely utilised is the bulk Pb evolution model
of Stacey and Kramers (1975). In addition, common lead can also be constrained by repeated
analyses of U poor phases (e.g. feldspar), by determination of the non-radiogenic isotope of lead
(***Pb), or by conducting a linear regression in *’Pb/?%Pb vs 2*8U/2%Pb space (Tera & Wasserburg,
1972; Frost et al., 2001; Storey et al., 2006). For Phanerozoic rocks, where the slope of the line is
at a high angle to concordia, the most common method of correcting for common lead in titanite
involves a regression in *’Pb/2%Pb vs 2*¥U/2%Pb space (also known as Tera-Wasserburg diagrams).
This is because titanite common lead compositions may differ somewhat from the terrestrial Pb
evolution model (Stacey & Kramers, 1975) or U poor phases, and because 2**Pb is difficult to
analyse due to an isobaric interference with **Hg which is prevalent in argon carrier gases
(Andersen, 2002; Kirkland et al., 2017). However, it should be noted that in using Tera-Wasserburg
plots to determine titanite U-Pb ages, it is assumed that discrodance results from variable
contamination of a single common lead composition (Storey et al., 2006; Schoene, 2014; Kirkland
et al.,2017). Despite the need to correct for common lead, U-Pb isotopic analysis of titanite is now
routine particularly in metamorphic (Aleinikoff et al., 2002; Spencer et al., 2013; Garber et al.,
2017) and hydrothermal (Hart-Madigan et al., 2020) environments. Here, dating of titanite is
particularly useful given the absence of easily-dated minerals that contain only radiogenic Pb (e.g.

zircon).

2.4 Titanite occurrence in porphyry systems

Given that titanite is commonly observed in calc-alkaline, intrusive rocks of intermediate to felsic
compositions, and titanite stability is favoured in hydrous, oxidised magmas, it is no surprise that
porphyry-associated magmas often contain titanite. In particular, titanite is noted to occur in several
porphyry districts, including Chuquicamata (Cabrera et al., 2010), Bajo de la Alumbrera (Buret e?
al., 2016), Bingham Canyon (Large ef al., 2021), Ok Tedi (Large et al., 2018), Pebble (Olson et
al.,2017) and Yerington (Dilles, 1987). These systems represent the minimum number of titanite-

bearing porphyry systems as titanite, unlike zircon, is somewhat susceptible to hydrothermal
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alteration. Only where wedge-shaped pseudomorphs composed of rutile (Finlayson, 2002; van
Dongen et al., 2010), or intergrowths of REE-bearing minerals such as allanite and monazite (Pan
et al., 1993) can a titanite precursor be identified. Whilst titanite is almost certainly not resistant to
hydrothermal alteration, there has been limited study of the mechanisms by which titanite is altered.
Nevertheless, alteration of titanite at high partial pressures of CO:, conditions which may be
prevalent in the propylitic environment (Meyer & Hemley, 1967; Seedorff et al., 2005), has been
postulated; with rutile, calcite and quartz suggested as alteration products (Eq. 2.8; Hunt & Kerrick,
1977):

CaTiSiOs(ttn) + CO, = TiO0,(rt) + CaC05(cc) + Si0,(qz) (Eq.2.8)

Additionally, alteration of titanite to rutile may also occur under acidic conditions, after reaction

with HCI (Eq. 2.9; Finlayson, 2002):

CaTiSiOs(ttn) + HCl = Ti0,(rt) + CaCl, + Si0,(qz) + H,0 (Eq.2.9)

In addition to being altered, titanite may also be formed in the porphyry environment, either
occurring in veinlets or replacing other phases. Again, relatively little is known about the
mechanisms by which titanite forms, or its ubiquity in various portions of the porphyry
environment. In the literature, titanite is most commonly reported to occur in the propylitic domain,
(Seedorff et al., 2005; Wilkinson et al., 2015; Hart-Madigan et al., 2020), taking up excess titanium
that is liberated during the chloritisation of mafic phases (Wilkinson et al., 2015). Several authors
have reported the occurrence of titanite in sodic-calcic alteration zones (Carten, 1986; Lynch &
Ortega, 1997), however these are often the deepest and most poorly preserved parts of the porphyry
system (Sillitoe, 2010), and hence are not commonly studied. The presence of titanite in potassic
alteration zones has also been reported (Cao et al., 2015; Celis, 2015), although the association of
such potassic titanite with magmas of atypical compositions (e.g. alkalic or reduced porphyries)

indicates that its formation in this environment is relatively uncommon.

2.5 Titanite as an indicator mineral

In terms of physical characteristics, titanite is well-suited to being employed as an indicator
mineral. It is relatively hard (hardness = 5), dense (~3.5 g/cm®; Deer et al., 2013) and is stable
during weathering and diagenesis (Morton & Hallsworth, 1999; Morton & Hallsworth, 2007; Chew
et al., 2020). As well as these physical traits, the chemical characteristics of titanite are particularly
conducive to utilisation as a mineral indicator. For example, early geochemical studies of titanite

by Franz and Spear (1985) and Nakada (1991) focussed on utilising Fe, Al and F contents in
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metamorphic and igneous settings. Since then, many studies have characterised geochemical
differences between igneous and metamorphic titanite (Garber et al., 2017; Olierook et al., 2019),
with a recent study by Scibiorski and Cawood (2022) employing a support vector matrix (a machine
learning technique). Similarly, compositional differences between igneous and hydrothermal
titanite have been characterised by several authors (Li ef al., 2010; Xie et al., 2010; Kontonikas-

Charos et al., 2019).

The occurrence of titanite in both the magmatic and hydrothermal environments, when
combined with potential compositional variation and U-Pb geochronology, means there is
undoubtedly potential in utilising titanite to understand how physico-chemical conditions and the
geologic environment varies temporally in porphyry systems. There are few studies which have
focussed on titanite in porphyry systems. However, Cao et al. (2015) and Cao et al. (2020)
identified multiple titanite populations in the Baogutu and Black Mountain porphyries,
respectively, with REEs, Sc, V, Sn and Cr as key discriminators. In fact, these elements, in addition
to Th/U, regularly differentiate titanite from different environments. Through combining its
physical and chemical characteristics, the greatest potential lies in identifying titanite from
prospective porphyry intrusions in stream sediments, although most detrital work has thus far
focussed on sedimentological investigations (McAteer et al, 2010; Chew et al., 2020).
Nevertheless, a preliminary study by Celis (2015) suggested that visual characteristics may be
important, with hydrothermally-altered titanites often displaying a blonde to honey-brown

colouration.

2.6 Conclusions

To date, there have been a limited number of studies that have investigated the occurrence, and
compositions of titanite in porphyry systems. However, from previous work it is clear that titanite
exhibits a wide range of compositions that reflect intensive and extensive parameters during its
formation. This, when combined with its robust character and occurrence in both magmatic and
hydrothermal parts of the porphyry system make it a potentially valuable mineral for understanding

and discriminating porphyry environments.
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Chapter 3. Analytical Methods

A variety of analytical methods were utilised during this study, including scanning electron
microscopy, determination of titanite major and minor element chemistry by electron probe
microanalysis (EPMA) and major, minor and trace elements by laser ablation inductively-coupled
plasma mass spectrometry (LA-ICP-MS). Mineral chemistry was augmented by U-Pb dating of
titanite and whole-rock geochemistry. Limits of detection (LOD) were calculated as 3o of the
background. Accuracy and precision for the different analytical methods were estimated by
repeated analysis of international reference standards. Precision was estimated through calculation

of relative standard deviation, given by Equation 3.1:

Vi
measured

ol
RSD (%) = (—) x 100 (Eq.3.1)
where ¢ is the standard deviation and X} ,,c,req iS the mean concentration of element i. Analytical
precision for data plotted in subsequent chapters is shown as +/- error bars. Accuracy is assessed

through the calculation of bias, which is given by Equation 3.2:

1 . .
(ﬁ X (Z?:l X;neasured - ?:1 X;eference) )
Xi

reference

Bias (%) =

X 100 (Eq.3.2)

where Xy ¢ qsureq 1S the mean concentration of element i measured in the standard, X7 rerence is the

certified concentration of element 7 in the standard and # is the number of measurements.

3.1 Whole-rock chemistry

Whole-rock geochemical analysis for the Cobre Panama (24 samples) and Strontian study sites (21
samples) was conducted (Appendix 1) at ALS Geochemistry Perth (Lab 1) and Ireland (Lab 2)
respectively, with sufficient material retained for petrographic study and in-sifu mineral chemical
analysis. Whole-rock analysis was not conducted for the Chuquicamata and Oyu Tolgoi study sites,
but abundant literature data are available for these. All studied samples were first crushed and
sieved to > 70% passing 2 mm before being pulverised to 75 pm. Pulps were then analysed for
major and trace elements, in addition to loss on ignition (LOI), sulphur and carbon. A slightly
different methodology was utilised for the two study sites (Table 3.1), which is detailed below.

Further details on ALS accreditation can be found at: https://www.alsenvironmental.co.uk/about-

us/quality-and-accreditation.

37


https://www.alsenvironmental.co.uk/about-us/quality-and-accreditation
https://www.alsenvironmental.co.uk/about-us/quality-and-accreditation

Table 3.1. Whole-rock analytical methodology.

ALS method code
Study site LOIL S and C Major Trace Base Platinum group Volatile
elements elements metals elements elements
Lab 1 (Cobre OA-GRAOS, S- ME-ICP06 ME-MS81 ME- PGM-MS23 ME-MS42
Panama) IR08, C-IR07 MS61L
Lab 2 OA-GRAOS, S- ME-XRF26 ME-MSS81 ME- Not analysed ME-MS42
(Strontian) IR08, C-IR07 4ACDS81

3.1.1 LOI sulphur and carbon

Loss on ignition (LOI) is a measure of the volatile species present in a rock sample. LOI was
determined by measuring the weight of a sample before and after heating to 1000 °C. Total sulphur
(ALS method S-IR08) and carbon (ALS method C-IR07) were determined by infrared absorption

following heating in an induction furnace.
3.1.2  Major elements

Major elements (SiO2, Al203, Fe203, CaO, MgO, Nax0, K:0, Cr203, TiOz, P20s, SrO, BaO) were
determined by X-ray fluorescence (ALS method ME-XRF26) or by inductively-coupled atomic
emission spectroscopy (ICP-AES) after fusion using a lithium borate flux (ALS method ME-
ICP06).

3.1.3 Trace elements

Most trace element concentrations (Ba, Ce, Cr, Cs, Dy, Er, Eu, Ga, Gd, Hf, Ho, La, Lu, Nb, Nd,
Pr, Rb, Sm, Sn, Sr, Ta, Tb, Th, Tm, U, V, W, Y, YD, Zr) were analysed by ALS method ME-MS81,
which involves preparation of a glass bead using a lithium borate flux, before acid digestion and

analysis using inductively-coupled plasma mass spectrometry (ICP-MS).
3.1.4 Base metals and platinum group elements

Base metals (Ag, As, Cd, Co, Cu, Li, Mo, Ni, Pb, Sc, Tl, Zn) were determined via four-acid
digestion, before analysis using either ICP-AES (ALS method ME-4ACDS81) or ICP-MS (ALS
method ME-MS61L). Platinum group elements (Pt, Pd, Au) were determined by fire assay with an
ICP-MS finish (ALS method PGM-MS23).

3.1.5 Volatile elements

Volatile elements (Ag, As, Bi, Hg, Re, Sb, Se, Te, Tl, U) were determined by aqua-regia digestion
(ALS method ME-MS42), followed by an ICP-MS finish.
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3.1.6  Quality control

Concentrations of elements that were measured as both major and trace elements show strong
correlations (Fig. 3.1A). Duplicate measurements of the analysed samples were also conducted,
with major element concentrations in duplicate measurements generally within 10% of each other
(Fig. 3.1B). The percentage difference calculated for duplicate SO measurements of the Cobre
Panama sample, however, exceeded 15%, although concentrations were just above the LOD.
Consequently, concentrations of Sr, and also Ba, are only reported from the ALS method ME-
MS81, which has a much lower LOD. Percentage differences between duplicate measurements for

trace elements were also generally +10% (Fig. 3.1C).
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Figure 3.1. Whole-rock QA-QC for Cobre Panama and Strontian sample sets. A. Comparison of measured barium and
strontium concentrations in unknown samples, as measured by major element and ICP-MS methods. Concentrations are given
as ppm, and 2c analytical error is smaller than the symbol size. B. Percentage difference between duplicate measurements for
major elements, LOI, carbon and sulphur. C. Percentage difference between duplicate measurements for trace elements.
Dashed grey line indicates + 5%.
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Percentage bias was calculated by comparing analyses of certified reference materials to
published values (or those recommended by ALS; Table 3.2). For major elements, estimated bias
was typically = 10% of reference values (Fig. 3.2A). Estimated bias for BaO was greater than 10%
at Lab 1; BaO and SrO at Lab 2 were both below the LOD. However, the estimated bias for Ba and
Sr as determined by ALS method ME-MS81 was <3% (Fig. 3.2B) and consequently will only be
presented by this method. Although the estimated bias for TiO2 at Lab 2 was c. 30% (Fig. 3.2A),
TiOz2 contents of the GIOP-96 reference material (~0.0287) are close to the LOD (0.01). The
majority of trace elements exhibited an estimated bias of <15%. Estimated bias values for V exceed
15% for one run but are within 15% for the other. Where the estimated bias exceeds 15%,
concentrations of these elements within certified reference materials are close to the LOD (<3x

LOD). Silver shows an extremely high bias for one run, and hence will be excluded.

Table 3.2. Whole-rock certified reference materials.

ALS method code
Study site LOL Sand  Major elements Trace Base Platinum group Volatile
C elements metals elements elements
Lab 1 (Cobre I1ST-392, 2SY-4 2SY-4 SOREAS “OREAS 681 SOREAS 920
Panama) 1GS900-5 20a
Lab 2 'LR-LOI3, °GIOP-96 "OREAS '0GGeo08 Not analysed MRGeo08
(Strontian) 'GS914-5 102a

TALS, 2Jochum et al. (2005), 30REAS (2022a), “OREAS (2022c), SOREAS (2022d), °Geostats (2022) , TOREAS (2022b)

3.2 Titanite analysis

All titanite textural and geochemical data were collected in the Imaging and Analysis Centre (IAC)
of the Natural History Museum. Titanite was analysed from Strontian, northern Chile
(Chuquicamata and the Fortuna Complex), Cobre Panama, Oyu Tolgoi and from a global mineral
separate sample suite provided by Rio Tinto. Crystals were firstly imaged, using either optical or
scanning electron microscopy, before major and trace element compositions were determined by

electron microprobe and laser ablation ICP-MS, respectively.

3.2.1 Identification of titanite and determination of mineral modal abundance and mineral

associations

At the start of the study, optical microscopy was employed as a first step to identify titanite, as well
as determine mineral associations. Titanite can be easily identified via conventional optical

microscopy due to its characteristic shape in cross section, as well as its extremely high relief.

40



101
0.
;\3
wv
S -101
o
-20 4
3o MLab1(CP)
B Lab 2 (Str)
S0, ALO, Fe0, CaO MgO NaO NaO CrO, TiO, MnO PO, SO BaO LOI S C
40
S 20;
Py
.
o
0{8g S
-20.

Ba Cr Dy Eu Ge Hf La Nb Pr Sm Sr Tb Tm V Y Zr In Sb Te Ag Cd Cu Ni Sc Au Pd
Ce Cs Er Ga Gd Ho Lu Nd Rb Sn Ta Th U W Yb Bi Re Se Tl Be Co Mo Pb Zn Pt

Figure 3.2. Percentage bias for whole-rock major element (A.) and trace element (B.) data. Bias calculated following analyses
of certified reference materials. Bias is calculated for the different analytical runs, CP= Cobre Panama, Str= Strontian. Values
for certified reference materials are from: (Jochum et al., 2005).

3.2.2  Scanning electron microscopy (SEM)

Scanning electron microscopy was primarily employed to identify titanite large enough to be
analysed by laser ablation (i.e. > 30 pum), as well as image intra-grain zonation, particularly in the
backscattered electron mode (BSE). It was also used to determine the composition of mineral

inclusions too small to identify using optical methods. SEM work was conducted using either a
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Zeiss EVO SEM or using a Zeiss Ultra Plus SEM. SEM analysis was conducted with a beam current
of 3-5 nA and accelerating voltage of 20 kV.

3.2.3  Automated scanning electron microscope (TESCAN TIMA)

The methods described above that were initially used for analysis of titanite were partly superseded
following the acquisition of an automated scanning electron microscope, the TESCAN TIMA, at
the Natural History Museum. The TIMA was able to quickly perform the same functions, in
addition to easily quantifying modal abundances, determining percentages of mineral associations
and generating element maps. The TIMA was operated with a beam current of ~14 nA and an
accelerating voltage of 25 kV. It was set up in ‘Modal Analysis’ mode, which determines EDS
spectra in a grid pattern. Spectra are subsequently matched to a mineral library, which was
developed by modifying the in-built TIMA library to identify mineral compositions encountered
during this study.

3.2.4  Electron probe microanalysis (EPMA)

Analysis of titanite via electron probe microanalysis (EPMA) was conducted using either a JEOL
JXA-8530F or a Cameca SX100. All analyses were conducted using an accelerating voltage of 20
kV and beam current of 20 nA, with a spot size of 5 um. Species analysed by EPMA were F, TiOz,
Si02, Nb20s, Ce20s3, Cl, CaO, MnO, FeO, V20s, Al203 (Appendix 2) using 30 seconds of on-peak
and 15 seconds of background counting for all species except Cl (10 and 5, respectively).

Calibration was performed according to details given in Table 3.3.

Table 3.3. EPMA conditions and average limit of detection (LOD) and analytical error (%) for titanite EPMA analysis (based
on analysis of the OLT1 standard).

Species Crystal  Line Calibrant Peak PHA Background Peak LOD  Error
position mode  (upper, lower, overlap (ppm) (%)
(mm) slope) correction
F LDE1(1) Ka Topaz 84.376 DIFF 5,5,0 Ce, Fe 162 1.9
TiO2 PETL 2) Ka Rutile 88.364 Int 1.5,0,1 78 0.13
SiO2 PETL 2) Ka Wollastonite 228.258 Int 1.5,0,1 98 0.43
Nb20s PETL (2) Lo Niobium 183.400 Int 2,2.5,0 92 3.1
Ce203 PETL (2) Lo Cerium 82.266 Int 2,0,-5.397 Ti 147 1.7
Cl PETH (3) Ka Halite 151.421 Int 1.5,1.772 30 95
CaO PETH (3) Ka Wollastonite 107.445 Int 1.165,1.391,0 38 0.12
MnO LIFL (4) Ka Manganese 146.11 Int 1.521,0,-0.5 70 21
Titanium Oxide
FeO LIFL (4) Ka Hematite 134.605 Int 1.5,0,-0.53 Mn 66 0.88
V205 LIFL (4) Ka Vanadinite 174.048 Int 5,2.087,0 Ti 89 7.9
AlOs TAPL (5) Ka Corundum 90.42 Int 2,0,-4.79 54 0.37

At the time of writing, there are no published titanite major and trace element standards, due in part
to the prevalence of chemical zonation. However, a titanite U-Pb dating standard known as OLT1

(Kennedy et al., 2010) was kindly donated by Dr Allen Kennedy of Curtin University. The OLT1
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standard is strongly zoned, although individual zones exhibit remarkably consistent concentrations
when analysed by EPMA. Hence, repeat analysis of a single zone within the OLT1 standard was
conducted to ensure data quality and track instrumental drift during and between analytical sessions
(Appendix 3). Analytical precision for different species in the OLT1 standard was determined, with
all showing an RSD of <7% except for MnO, V20s and Cl (Fig. 3.3). Chlorine concentrations in
OLT]1 are close to the limit of detection, hence the large RSD. Manganese and vanadium as
determined by EPMA show a large RSD and hence only the LA-ICP-MS results are reported.
Average limits of detection and analytical errors are given in Table 3.3, where analytical error is

given as 2c of the number of counts in an analysis peak.
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Figure 3.3. RSD (%) of OLT]1 titanite standard by EPMA for different species.

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

Trace element concentrations of titanite were determined via laser ablation ICP-MS (Appendix 2),
using either an ESI New Wave Research 193 nm excimer laser was coupled to an Agilent 7700x
quadrupole ICP-MS, or using a Teledyne Iridia 193 nm laser ablation system coupled to an Agilent
8900 ICP-QQQ-MS. The laser was operated with a repetition rate of 10 Hz and a fluence of 3.5
(ESI) to 2 (Teledyne) J cm™. Initially, a total of 39 isotopes were analysed: **Na, **Mg, *’Al, *Si,
31p, 83Ca, S, “Ti, 5'V, 22Cr, 5SMn, S'Fe, %Zn, *Sr, Y, Zr, *Nb, ''8Sn, '*'Ba, 1*La, “/Ce, *'Pr,
146N, W7Sm, By, '5Gd, 'Tb, '®Dy, 'Ho, 'Er, '“Tm, >Yb, *Lu, "*Hf, '*'Ta, 2Pb, 25Pb,
22Th, 28U. Following the first run, the element list was optimised to allow for the determination

of titanite U-Pb ages, with 2°’Pb also analysed. A lower fluence was utilised where trace elements
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and U-Pb isotopes were determined simultaneously, as this has been shown to decrease down-hole

fractionation of U-Pb isotopes (McFarlane, 2016).

Calcium was employed as the internal standard for quantification of LA-ICP-MS results,
using a stoichiometric value of 19.5 wt.%. Analysis of many titanite grains via EPMA revealed that
Ca contents of titanite do not significantly vary from 19.5 wt. %, with an RSD (3.3%) that is similar
to typical analytical precision for elements determined by LA-ICP-MS (Table 3.4). NIST-610 was
used as the primary standard and NIST-612 was used as the secondary external reference standard.
Mineral ablation intervals were carefully selected to avoid contamination by mineral inclusions,
with data reduction conducted using the Iolite v 3.61 software (Paton et al., 2011). Dwell times, as

well as average limits of detection and analytical error are shown in Table 3.4.

Comparing determined concentrations of elements that were analysed by both EPMA and
LA-ICP-MS provides a check on the accuracy of the measurements (Fig. 3.4). Concentrations of
Al, Mn, Nb and Ce, as determined by EPMA and LA-ICP-MS, strongly correlate. A linear
regression was fitted to each of these comparisons; these show a near 1:1 correlation, in addition

to r* values of between 0.85 and 0.94.

Table 3.4. LA ICP-MS dwell times, average LOD and analytical error (%) for titanite (based on 72 analyses of OLT-1 titanite
standard).

Species Dwell time (ms) LOD (ppm) Error Species Dwell time (ms) LOD (ppm) Error (%)

Na 2 47.2 14.9% Ce 5 0.06 2.84%
Mg 10 1.23 2.56% Pr 5 0.05 2.88%
Al 10 2.88 2.19% Nd 5 0.25 2.89%
Si 17 1273 3.69% Sm 5 0.32 3.42%
P 2 182 37.9% Eu 5 0.07 3.67%
Ca 10 - - Gd 5 0.28 3.63%
Sc 10 0.63 14.0% Tb 5 0.05 3.67%
Ti 2 6.58 3.20% Dy 5 0.16 3.45%
\Y% 10 0.35 2.41% Ho 5 0.06 3.64%
Cr 10 4.90 21.7% Er 5 0.16 3.70%
Mn 10 3.75 2.86% Tm 5 0.05 4.59%
Fe 10 30.8 2.66% Yb 5 0.23 4.29%
Zn 10 1.24 45.4% Lu 5 0.04 5.44%
Sr 10 0.05 2.83% Hf 20 0.08 3.02%
Y 10 0.10 2.60% Ta 10 0.04 2.84%
Zr 20 0.06 2.38%  206pp 125 0.14 3.19%
Nb 10 0.07 2.57%  27Pb 125 0.10 3.92%
Sn 10 0.57 430%  2%8pb 20 0.13 3.87%
Ba 10 0.32 56.1% Th 10 0.06 2.92%
La 5 0.06 2.89% 8] 125 0.05 2.72%

The accuracy of the laser ablation ICP-MS method was determined by repeated analysis of
the certified reference material NIST-612, with NIST-610 used as the primary standard (Appendix
3). Ideally, secondary standards should be matrix matched (Giinther & Hattendorf, 2005), although

this was precluded by trace element heterogeneity in the OLT-1 titanite standard. Percentage bias
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was £ 5% for most elements, with only Mg and Fe calculated to show greater than + 10% bias (Fig.
3.5A). Phosphorous was also analysed although it cannot be determined quantitatively by this
method. It was only used to identify contamination with phosphate minerals during signal
processing and is not reported. The extreme overestimation of Fe using NIST-612 is attributed in
part to the presence of an isobaric interference, likely ArOH (Hirata & Ohno, 2001). Concentrations
of Mg and Fe determined by LA-ICP-MS are consequently not reported but their inclusion was still
useful in order to identify contamination of LA-ICP-MS signals by other mineral phases. Titanite

Fe contents as determined by EPMA, are however reported.

50000 1 y=1.0169x +312.59 . " 4000 1 y=0.9107x + 68.348
R?=0.9337 . ¢ 4 R?=0.848 e
40000
3000 A
& n
< 30000 - =
8 S 2000 4
= 20000 { =
< =
1000 -
10000 A
0 0 -
0 10000 20000 30000 40000 50000 0 1000 2000 3000 4000
Al (EPMA) Mn (EPMA)
10000 1 y =0.9448x + 53373 . 20000 1 y=0.9611x-7.394
R:=0.8749 R?=0.9265
7500 A 15000 A
L’n\ G .
= =
O 5000 - & 10000 -
Y p
= O
2500 A 5000 -
0 0 -
0 2500 5000 75000 10000 0 5000 10000 15000 20000
Nb (EPMA) Ce (EPMA)

Figure 3.4. Comparison between laser-ablation (ICP-MS) and EPMA data for several elements in titanite. All concentrations
are in ppm. Average 26 uncertainty is smaller than the symbol size.

Where possible, analysis of titanite via laser ablation was conducted using a 30 pm spot
size. However, small crystal size and intimate association with other mineral phases meant that
applying a 30 pum spot size for all grains was not possible. In such circumstances, 20 or 15 pm spot
sizes were used, in order to minimise contamination and ensure clean analyses. Accuracy was also

estimated for certified reference material NIST-612 at both 30 and 15 pm spot sizes, to ensure that
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reducing spot size did not compromise the data (Fig. 3.5B). It is worth noting, however, that

reducing spot size did result in lower limits of detection.
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Additionally, P was also analysed to identify potential contamination by phosphate minerals (e.g. apatite) but was almost

always below LOD and so is not displayed here. A. Percentage bias of all analyses. B. Comparison of percentage bias for
analyses which used 30 and 15 pm spot sizes during the same analytical run (Cobre Panama, May 2021).

3.2.6  Geochronology

Simultaneous determination of trace elements and U-Pb isotopes in titanite was conducted by laser
ablation ICP-MS according to the methodology outlined above (Appendix 2). In this study, U-Pb
dating was conducted by LA-ICP-MS which allows for a large sample throughput and textural
information to be retained, compared to the more precise ID-TIMS method (Schoene, 2014).
Characterisation of trace elements and U-Pb isotopes simultaneously has been demonstrated for
other minerals (Yuan et al., 2004; Yuan et al., 2008; Zeiger et al., 2015), but as yet is rarely done
for titanite in-situ (Olierook et al., 2019), with studies tending to focus on either trace elements or
U-Pb isotopes (Kontonikas-Charos et al., 2019; Hart-Madigan ef al., 2020). Determination of both

U-PDb isotopes and trace elements is advantageous as it allows for the identification of different
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titanite populations in a temporal context but has the potential drawback that the quality of the

geochronological data may be compromised.

The Khan titanite standard (522.2 + 2.2 Ma; Heaman, 2009) was employed as the primary
dating standard, with the Fish Canyon (28.395 + 0.049 Ma; Schmitz & Bowring, 2001) and OLT1
(1014+2.0 Ma; Kennedy et al., 2010) standards used as secondary dating standards in order to
assess accuracy and precision. In addition to radiogenic lead, titanite often incorporates initial or
common lead, necessitating the estimation of the initial lead composition to permit dating.
Approaches to constrain common lead include analysing compositions of low-U phases e.g.
feldspar, or by use of a bulk-Pb evolution model (Stacey & Kramers, 1975). For unknowns, linear
regression in 2°Pb/?*8U vs 27Pb/*U or Tera-Wasserburg diagrams (Tera & Wasserburg, 1972)
can be utilised, from which both initial lead composition and the true age can be deduced

(Aleinikoff et al., 2002).

Isotopic data were plotted in IsoplotR (Vermeesch, 2018), which was used to visualise data
and filter contaminated analyses. Calculations of initial lead composition, crystallisation age (based
on the Tera-Wasserburg lower intercept), mean square of weighted deviates (MSWD) and
uncertainty were all made in IsoplotR. The error presented below and in subsequent chapters
comprises both the uncertainty associated with the regression plus an additional 2% propagated

uncertainty, which may account for any systematic biases (Horstwood et al., 2016).

Secondary standards FCT and OLT-1 were analysed during each run to monitor data quality
(Appendix 3). The OLT-1 standard was acquired during 2020 and hence no in-house data are
available prior to that. For the Fish Canyon (FCT) standard, a common lead composition
(**"Pb/**Pb) of 0.84 was applied based on repeated analysis of K-feldspar (Schmitz & Bowring,
2001), whereas a value of 0.91 was applied for the OLT-1 standard (Chen & Zheng, 2015).
Calculated ages for the FCT standard are within 2c uncertainty of the published ID-TIMS age
(Schmitz & Bowring, 2001) apart from the first analytical session, which returned an older age
(Fig. 3.6A). For the OLT-1 standard, minor variation is observed with respect to calculated ages.
However, this standard displayed visible zonation when viewed in SEM-BSE mode, which may
indicate variable isotopic ratios in different zones, and hence variable calculated ages.
Nevertheless, all analytical runs except the March 2022 run were within 2¢ uncertainty (Fig. 3.6B).
During the March 2022 run, titanite from a global Rio Tinto sample suite was analysed, and as such

U-Pb data were not utilised anyway.
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Figure 3.6. Titanite lower intercept ages, 2c error and an additional propagated 2% external uncertainty for secondary
standards Fish Canyon (FCT; A.) and Grenville Skarn (OLT-1; B.). The OLT-1 standard was acquired in 2020, and hence no
data are available for the November 2019 run. Also indicated are high precision ID-TIMS ages from Schmitz and Bowring

(2001) and Kennedy et al. (2010) respectively.
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Chapter 4. The Strontian Intrusive Complex: petrography, thermobarometry

and the influence of titanite on residual melt chemistry

This chapter is a modified version of a paper that was published in Journal of Petrology in
September 2023 titled: The Strontian Intrusive Complex: Petrography, Thermobarometry
and the Influence of Titanite on Residual Melt Chemistry, available at:

https://doi.org/10.1093/petrology/ecad059. This work is licensed under a Creative Commons

Attribution 4.0 License, which permits use, sharing, adaptation, distribution and reproduction in

any medium or format, as long as credit is given to the original author(s) and the source.

4.1 Introduction

The late-stage near-solidus evolution of large granitoid magma systems exerts an important control
in determining the final fate of upper crustal magma bodies, including whether eruption or
plutonism occurs (Annen et al., 2023), or whether the magma body can concentrate economically
valuable elements to generate ore bodies. One approach to understanding the late-stage evolution
of these systems is to study the chemical composition of mineral phases, which may provide a
record of residual melt evolution. /n-situ crystallisation of the rock mineral assemblage may drive
the residual melt chemistry away from that of the bulk magma, generating more exotic melt

compositions which are inherited by subsequent mineral phases.

Of the minerals which commonly crystallise from intermediate to silicic calc-alkaline
magmas, few are likely to exert such a strong control on residual melt rare earth element (REE)
and high field strength element (HFSE) compositions as titanite, owing to its extremely high
partition coefficients for both groups of elements (Bachmann et al., 2005; Colombini et al., 2011).
These high partition coefficients, when coupled with the late-stage saturation of titanite (Frost et
al.,2001; Hayden et al., 2008; Colombini et al., 2011; Ayers et al., 2022) and its relative abundance
as an accessory phase (modal 0.5-2% in many granitoids; Gromet & Silver, 1983; Sawka, 1988;
Xiao et al., 2020), mean that the onset of titanite crystallisation should represent a significant event
in the petrogenesis of hydrous, oxidised magmas which crystallise to near-solidus temperatures.
Minerals that saturate prior to titanite and continue to concurrently crystallise, and melts which
have been extracted from titanite-bearing magmas should record this event in their trace element
compositions. Indeed, the effect of titanite crystallisation on some other accessory phases has been
well demonstrated, especially zircon (Wotzlaw et al., 2013; Loader et al., 2017; Szymanowski et
al., 2017), in which ‘false positive’ porphyry signatures could be generated by titanite co-

crystallisation. Despite this, the influence of titanite on the trace element composition of other

49


https://doi.org/10.1093/petrology/egad059

mineral phases is less well attested but has been suggested for amphibole (Chelle-Michou et al.,
2015) and even subsequent titanite crystallisation (Colombini et al., 2011; Pamukcu ef al., 2013;
Olson et al., 2017). In this chapter, the impact of titanite crystallisation on late-stage residual melt
chemistry is assessed using rocks from the Strontian Intrusive Complex, Scotland; with potential

implications for porphyry prospectivity and magma provenance discussed.

4.2 Background geology

The Strontian Intrusive Complex is a composite high-K calc-alkaline granitoid pluton, with
associated mafic enclaves and cross-cutting dykes, that was emplaced into metasedimentary and
meta-igneous rocks of the Moine Supergroup during the late Caledonian Orogeny (Hutton, 1988).
The pluton represents one of the late- to post-subduction “Newer Granites” (Read, 1961), and is
part of the Argyll and Northern Highlands Suite (formerly the Argyll Suite; Stephens & Halliday,
1984). Granites of the Argyll and Northern Highlands Suite are characterised by high Ba, Sr and
alkali (Na20 and K20) contents, and high La/YDb ratios (Fowler & Henney, 1996), meaning that
Strontian, like many of the granites, exhibits several geochemical indicators of a porphyry magma
(Richards, 2011; Loucks, 2014). In the British and Irish Caledonides, these high Ba-Sr granites are
often associated with stocks and dykes of ultramafic to intermediate composition, which exhibit
many of the same geochemical characteristics (Wright & Bowes, 1979; Fowler & Henney, 1996).
Recent studies have proposed that the unusual association of these rocks (historically referred to as
‘appinites’; Bailey & Maufe, 1916) with the Newer Granites may be linked to slab delamination
(Atherton & Ghani, 2002; Fowler et al., 2008). Liquids with similar compositions to the Newer
Granites could be generated by fluid fluxed melting of the granulitic lower crust, with the appinites
acting as water donors (Castro, 2020) and with the timing of fluid fluxing controlling the volume

and geochemical affinity of the subsequent granitic magmas (Brown et al., 2008).

The pluton comprises three distinct concentric units (Fig. 4.1) with the outer two units
belonging to the Loch Sunart quartz monzodiorite, and the innermost unit belonging to the
Glensanda granodiorite. The Loch Sunart quartz monzodiorite (QMD) comprises two units that
show a gradational contact over several metres; the outer, equigranular quartz monzodiorite
(QMDekg; previously referred to as the tonalite) and the inner porphyritic quartz monzodiorite
(QMDp; previously referred to as the granodiorite), the latter of which contains conspicuous
phenocrysts of plagioclase and K-feldspar. U-Pb dating of zircon and titanite from the equigranular
quartz monzodiorite yielded overlapping crystallisation ages of 425 + 3 Ma and 423 + 3 Ma
respectively (Rogers & Dunning, 1991). The Glensanda granodiorite (Grd; previously referred to
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Figure 4.1. Geology of the Strontian Intrusive Complex. A. Locator map of the Strontian Intrusive Complex (SIC) in Scotland.
B. Simplified geological map, including sample locations. C. Inset showing sampling locations in an area of high sampling
density. QMDpy =quartz monzodiorite dyke; ME= Mafic enclave, Grd= Granodiorite; QMDp= Porphyritic quartz
monzodiorite; QMDEgq= Equigranular quartz monzodiorite. Modified from Birt (2019).
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as the biotite granite) cross-cuts the older quartz monzodiorite as sheeted, anastomosing dykes in
the central part of the pluton, and as a coherent body in the southern part (Fig. 4.1). The granodiorite
has been dated at 418 + 1 Ma (Paterson et al., 1993), however it is assumed to be only slightly
younger than the quartz monzodiorite based on field relationships and geochemical similarity.
Hutton (1988) argued that emplacement of the granodiorite was controlled by a northerly-trending
dextral splay of the Great Glen Fault, providing a relatively narrow time constraint on movement

along the Great Glen Fault.

A variety of mafic rocks are found in association with the pluton, either as enclaves within
the host granitoids or as discrete bodies, with the latter displaying similar chemistries and textures
to appinites (Stephens, 2001). Mafic enclaves (ME) show a variety of intimate mingling textures
with the host granitoids (Fig. 4.2), implying that that they were broadly comagmatic. The quartz
monzodiorite is also cut by a series of quartz monzodiorite dykes (QMDny; Fig. 4.1) that display
similar textures to the host. The entire intrusive complex is cut by felsic igneous intrusions

emplaced during the Permian and Palaeogene, which are not discussed further.

Figure 4.2. Field relationships of mafic enclaves in host granitoids. A. Mingling mafic and granitoid magmas, showing a
cuspate contact. B. Ovoid mafic enclave within granitoid. C. Late vein cutting both the granitoid and a mafic enclave.

4.3 Samples and methods

Data presented here comes from 21 samples which were collected in 2018 to represent the
lithological variation in the main intrusive units (Table 4.1). To place titanite data into context,

whole-rock and amphibole compositions from the same samples are also presented.
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Table 4.1. Sample information, analytical techniques and number of analyses.

Sample Unit Grid reference TIMA No. of titanite Amphibole ~ Whole-rock
analyses
SG18MBO1 QMDEq NM8482 6094 Y Y
SG18MB02 QMDEq NM8329 6554 Y
SG18MBO03 QMDp NMS8211 6076 Y
SG18MB04 QMDp NMS8213 6202 Y
SG18MBO05 QMDkq NM8541 6008 Y
SG18MB06 ME NM7724 5820 Y
SG18MBO07 ME NM7747 5898 Y Y Y
SG18MBO0S8 ME NM7747 5898 Y
SG18MB09 QMDEq NM7747 5898 Y Y Y
SG18MB10 QMDp NM7752 5881 Y Y Y
SG18MBI11 Felsite dyke NM7749 5867 Y
SG18MBI12 Grd NMS8O081 5513 Y
SG18MB13 Grd NM8407 5324 Y Y
SG18MB14 Grd NM38397 5340 Y
SG18MBI15 QMDny NM7965 6022 Y Y Y
SG18MBI16 MEsho NM7985 6001 Y Y Y
SG18MB17 Grd NM8721 5252 Y
SG18MBI18 Grd NM7715 5009 Y
SG18MBI19 QMDp NM7532 5035 Y Y Y
SG18MB20 ME NM7532 5035 Y
SG18MB21 ME NM7532 5035 Y Y Y

Amphibole major element compositions were determined via wavelength dispersive spectroscopy
using a JEOL JXA-8530F electron microprobe, operated with a beam current of 10 nA, a beam
size of 1 mm and an accelerating voltage of 15 kV. Trace element spot analysis was conducted in
the LODE Laboratory (IAC) using an ESI New Wave Research 193 nm excimer laser coupled to
an Agilent 7700x quadrupole ICP-MS. The laser was operated with a repetition rate of 10 Hz, a
fluence of 3.5 J cm™ and a spot size of 30 um for titanite and 35 pm for amphibole. Calcium was
employed as the internal standard element with a value of 8.5 wt.% (based on microprobe analyses)
for amphibole and a stoichiometric value of 19.5 wt.% for titanite. NIST-612 and NIST-610 were
used as the primary standards for amphibole and titanite respectively and GSD-1G was used as the
secondary external reference standard. Data reduction was conducted using an in-house Excel
macro spreadsheet, during which mineral ablation intervals were selected to avoid contamination

by mineral inclusions.

A representative set of amphibole and titanite crystals was selected for trace element
mapping by LA-ICP-MS. Mapping was carried out using a 193 nm Teledyne Iridia laser ablation
system coupled to an Agilent 8900 ICP-QQQ-MS. The selection of acquisition parameters, (e.g.
repetition rate, scan speed and dwell time selection) are detailed in Petrone et al. (2022) and are
selected following the protocols of Van Malderen et al. (2018), van Elteren et al. (2020) and Sala
et al. (2021).
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Amphibole mapping experiments were carried out using a 5 um square beam, a fluence of
3.5 Jem™, a repetition rate of 250 Hz and a scan speed of 125 ums™, corresponding to 10 laser
pulses per 5 um pixel (dosage). Titanite maps were constructed using a smaller spot size (3 pm
square), a repetition rate of 300 Hz and a scan speed of 75 ums™' corresponding to a dosage of 12.
Isotopes were measured in no-gas mode, corresponding to a total ICP-MS sweep cycle of 40 ms
(including settling time) for both amphibole and titanite. Isotopes measured in amphibole were:
43Ca (4.1 ms); 88Sr, 89Y, 93NDb (1.5 ms); 147Sm (3.3 ms); 153Eu, 157Gd (3.5 ms); 181Ta (4.5
ms). A similar set of isotopes were measured in titanite with the corresponding dwell times 43Ca
(7.5 ms); 88Sr, 89Y (1 ms); 90Zr (2 ms); 93Nb (1 ms); 147Sm (1.2 ms); 153Eu, 157Gd, (1 ms);
181Ta (1.1 ms); 238U (1.6 ms). Compositional maps were gathered as a single acquisition in the
ICP-MS for durations of between 1 and 4 hours. A gas blank (20 s) was gathered between each
sample. NIST SRM 612 and NIST SRM 610 (Jochum et al., 2011) was measured as a raster every

four unknowns for calibration and drift correction for amphibole and titanite respectively.

Image processing and quantification were carried out using HDIP (v. 1.6). After
synchronising the timestamps of the laser with the ICP-MS signal, the background of each isotope
was calculated during periods the laser was not firing and subtracted from each signal. Amphibole
and titanite grains were isolated from each image based on counts of 43Ca, using the labelled
segments tool in HDIP. Trace element concentrations were calculated on a pixel-by-pixel basis
using the sum normalisation tool in HDIP using Ca concentrations as described above for the
internal standard. Compositional profiles were extracted from the calibrated maps using the

“Extract Path” tool in HDIP.

4.4 Results
4.4.1 Petrography

Petrographic descriptions of intrusive rocks from Strontian have been reported previously (e.g.
Sabine, 1962; and references therein) and are summarised here with the addition of new
observations as appropriate (Table 4.2). All felsic units contain plagioclase, quartz, K-feldspar and
biotite, with or without amphibole, as major phases. The three members of the pluton can be
differentiated based on mineral proportions and grain size distribution. The equigranular quartz
monzodiorite comprises 2-3 mm plagioclase, K-feldspar and quartz grains, with some plagioclase
phenocrysts up to 15 mm present towards the gradational contact with the porphyritic quartz
monzodiorite (e.g. SG09). In addition to these plagioclase phenocrysts, the porphyritic quartz

monzodiorite contains up to 15 mm phenocrysts of microperthitic K-feldspar, allowing it to be
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easily distinguished from its equigranular equivalent. Both varieties contain approximately 10-15%
biotite and amphibole. In contrast to the quartz monzodiorite, phenocrysts of plagioclase are rare
in the granodiorite, which is instead dominated by K-feldspar phenocrysts up to 15 mm in size in
a groundmass of quartz, plagioclase and K-feldspars (~2.5 mm in size). Biotite accounts for <5
modal %, and amphibole is rare. The quartz monzodiorite dyke sample (SG15) comprises a similar
modal mineralogy, albeit with a higher proportion of mafic minerals (20% amphibole and biotite).
This sample consists of a fine-grained groundmass (0.5-1 mm) of quartz, plagioclase, K-feldspar,
biotite, and amphibole, with phenocrysts of plagioclase approximately 6 mm in size. Mafic
enclaves show considerable textural and mineralogical variability, although most can be classified
as monzodiorites and quartz monzonites. These rocks comprise plagioclase, amphibole and biotite
in varying proportions, with the mafic minerals comprising up to half of the assemblage (e.g.
SGO07). K-feldspar and quartz are typically minor phases, although sample SG16 (MEsno) contains
a modest proportion of K-feldspar (15%).

Table 4.2. Mineral modal abundances as estimated by automated SEM, or ' CIPW norm.

Mineral modal abundances (%)

Sample Unit Am Ap! Bt Kfs Mag Qtz Plg Ttn Zrn!
SG18MBO07 ME 28.4 0.93 18.4 1.60 0.10 2.71 39.8 0.79 0.03
SG18MB09 QMDkgq 5.81 0.83 10.6 6.03 0.04 8.06 65.8 0.87 0.04
SG18MB10 QMDp 4.34 0.59 4.50 19.2 0.07 15.78 53.7 0.71 0.03
SG18MB13 Grd 0.49 0.27 1.44 28.92 0.16 25.67 40.7 0.25 0.02
SG18MBI15 QMDpy 9.11 0.60 8.69 11.2 0.09 17.39 51.0 1.00 0.03
SG18MBI16 MEsho 37.4 2.35 15.6 15.4 0.03 0.70 223 2.63 0.04
SG18MB19 QMDp 4.41 0.62 9.13 14.4 0.32 10.97 57.6 0.90 0.03
SGI18MB21 ME 20.1 1.52 31.0 5.52 0.49 18.19 17.1 3.27 0.06

Apatite, Fe-Ti oxides (magnetite and ilmenite + rutile symplectites), titanite and zircon are
ubiquitous. Apatite and zircon show variable modal abundances of 0.27 to 2.4 % and 0.02 to 0.06%
(as estimated by CIPW norm), respectively, with lower abundances in the granodiorite (Table 4.2).
In all samples, apatite is closely associated with mafic minerals. Zircon is predominantly included
within biotite and more rarely in amphibole, titanite, plagioclase and K-feldspar. Trace sulphides
(dominantly pyrite, with subordinate chalcopyrite and pyrrhotite) are found in the mafic enclaves
and the quartz monzodiorite dyke, and in one equigranular quartz monzodiorite sample (SGO1).
These sulphides typically occur as fine-grained disseminations associated with mafic minerals and

can also be found as larger blebs up to 2 mm in length.

Amphibole
Amphibole is found in all lithologies except the granodiorite, in which it is absent or only accounts
for a small fraction of the assemblage (e.g. ~0.5 % in sample SG13). Amphibole can be divided

into two textural types: small, subhedral grains forming polycrystalline aggregates, hereafter
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referred to as ‘clots’, between 1 and 5 mm in diameter (Fig. 4.3A; see also Stephens, 2001); and
larger euhedral to subhedral grains ~1 mm in size (Fig. 4.3B). The amphibole clots are most
commonly found in the mafic enclaves but are occasionally found in the granitoids, whereas the
euhedral amphiboles are predominantly found in the granitoids and are rarer in the mafic enclaves

(e.g. SGO7).

: 1| 500 um l:
“ X r

IS o

==

N SG09: QMD

s A

Eq

Figure 4.3. Transmitted light photomicrographs and SEM backscattered electron images of amphibole, showing a range of
crystal habits and mineral inclusions. A. Amphibole clot showing core to rim zonation with light green granoblastic amphibole
in the core and darker amphibole and biotite around the rim. B. Large, euhedral amphibole containing inclusions of apatite and
Fe-Ti oxides. C. Common association of amphibole with biotite and titanite. D. Apatite and Fe-Ti oxide inclusions in
amphibole and biotite. Titanite is associated with the rims of the amphibole crystals. Ap = apatite; Bt = biotite; Fe-Ti = Fe-Ti
oxide; Am = amphibole; Kfs= K-feldspar; Plg= plagioclase; Qz= quartz; Ttn= titanite.

The amphibole clots are typically zoned, comprising a core of light green granoblastic
grains ~100 um in size, which grade outward to a zone of larger ~200-300 pm grains of intergrown
darker green amphibole and biotite (Fig. 4.3A). In addition, magnetite, apatite and occasionally
sulphides are found disseminated throughout the clots. These amphibole clots have previously been

suggested to represent re-equilibrated restitic clinopyroxene (Stephens, 2001).

The euhedral to subhedral amphibole grains are either isolated (Fig. 4.3B), or form

aggregates with biotite and accessory phases (especially titanite and apatite) that are texturally
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distinct from the polycrystalline clots (Fig. 4.3C). In the granitoids, euhedral amphiboles comprise
up to 10% of the rock and are mostly between 0.5 and 1.5 mm in size. The mafic enclaves and
quartz monzodiorite dyke contain a greater proportion of amphibole, up to ~35%, both as clots and
as large euhedral grains up to 5 mm in length. Apatite is the most common mineral inclusion in
amphibole, with subordinate Fe-Ti oxides and plagioclase inclusions (Fig. 4.3D). Titanite is rarely
wholly included in amphibole but is frequently intergrown with amphibole rims (Figs. 4.3C and
D).

Titanite

Titanite is present in all lithologies but is rare in the granodiorite (sample SG13 only), with modal
abundances generally between 0.2% and 1% and crystals ranging from 0.05 to 1.5 mm in length
(Table 4.2). Generally, titanites are more euhedral and larger in the granitoids and are subhedral to
anhedral and smaller in the mafic rocks. Secondary fine-grained overgrowths of titanite (~10 um)
are sometimes found where the margins of primary titanite grains are in contact with chloritized
biotite and magnetite (Figs. 4.4A and B). Backscattered electron (BSE) images of titanite grains
reveal that zoning is ubiquitous (Fig. 4.4), with sector (Fig. 4.4C; commonly ‘fir-tree’ zoning; e.g.
Paterson & Stevens, 1992; Bruand et al., 2014; Henze et al., 2023), patchy (Fig. 4.4F; see also
Kowallis et al., 2022), and concentric oscillatory zoning (Fig. 4.4D) all present. In concentrically
zoned titanite, a decrease in BSE brightness from core to rim is most common (Fig. 4.4C). Apatite
is the most common inclusion in titanite and is found in both cores and rims, although Fe-Ti oxide
inclusions are also common in all lithologies. Sulphide inclusions (pyrite, chalcopyrite and bornite)
in titanite are rare, but are present in the granitoids, quartz monzodiorite dyke, and the mafic
enclaves (Figs. 4.4D-F). Both the sulphides and Fe-Ti oxide inclusions are typically associated with
patchy zoning in the cores of some titanite grains, separated from oscillatory zoned rims by a
resorption boundary (Figs. 4.4A, D and F; see also Kowallis et al., 2022). In the mafic rocks, titanite
grains often show patchy zoning throughout (Fig. 4.4E).

4.4.2  Whole-rock chemistry

New analyses of Strontian whole-rock chemistry (Appendix 1) overlap with literature data from

various studies (Figs. 4.5A and B). Strontian granitoids exhibit variable silica concentrations,
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Figure 4.4. SEM backscattered electron images of titanite, showing a range of textures and mineral inclusions. A. Subhedral
titanite exhibiting a dark BSE zone, a dissolution surface and titanite overgrowths. Apatite, plagioclase and Fe-Ti oxide
inclusions are observed. B. Euhedral titanite with later fine overgrowths that are associated with chloritized biotite. C. Euhedral
titanite showing core to rim and sector zoning types. D. Subhedral titanite showing a dark BSE zone, normal and reverse
zoning and a range of inclusions (pyrite, chalcopyrite, apatite and Fe-Ti oxides). E. Anhedral titanite containing pyrite, apatite,
chlorite and amphibole inclusions. F. Subhedral titanite showing partial dissolution, patchy zoning and inclusions of bornite,
apatite and Fe-Ti oxides (ilmenite and titanomagnetite). Bn = bornite; Ccp = chalcopyrite; Chl = chlorite; Am = amphibole;
Mag = magnetite; Py = pyrite.

ranging from ~60-75 wt.% SiO, and are classified as either medium-K or high-K calc-alkaline (Fig.
4.5A). The equigranular and porphyritic quartz monzodiorites have a very similar whole-rock
chemical composition except for K2O which is higher in the porphyritic type (Fig. 4.5A). Mafic

enclaves show a wide range of silica contents but are mostly in the range of 45-55 wt.% SiOx.
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Figure 4.5. Whole-rock chemistry of the Strontian Intrusive Complex. A. K20-SiO: discrimination diagram (Peccerillo &
Taylor, 1976). B. Alumina saturation diagram (Barton & Young, 2002). Shaded fields represent literature data from: Holden
et al. (1987); Paterson (1990); Fowler et al. (2008). Grey and red areas represent analyses of mafic enclaves and granitoids
respectively. (C and D) REE spider plots of C. mafic enclaves and dykes and D. granitoids. Chondrite normalisation values
from Boynton (1984). QMD =quartz monzodiorite dyke; MEsho = Shoshonitic mafic enclave; ME= Mafic enclave; Grd=
Granodiorite; QMDp= Porphyritic quartz monzodiorite; QMDEgq= Equigranular quartz monzodiorite.

Additionally, mafic enclaves show a wide range of K2O contents, classifying as medium-K and
high-K calc-alkaline, and shoshonitic (Fig. 4.5A). Almost all units are metaluminous, with the
granodiorite classified as weakly peraluminous (Fig. 4.5B). The shape of chondrite-normalised

whole-rock REE patterns are consistent between units, with strong light-REE (LREE) enrichments

and mid- to heavy-REE depletions, with a weakly negative to absent Eu anomaly, whereas the
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absolute abundance of REE decreases with increasing silica, from mafic enclaves to quartz

monzodiorites and are lowest in the granodiorites (Figs. 4.5C and D).

4.4.3  Amphibole and titanite chemistry

Amphibole

Compositions of amphibole cores and rims were determined by electron microprobe and LA-ICP-
MS on a total of 194 spots. Amphibole compositions are remarkably consistent between units
despite varying host rock compositions and crystal habits and a large range in compositions for a
given unit (Fig. 4.6). Amphiboles are exclusively calcic (> 11 wt.% CaO), with nearly all grains
classifying as magnesiohornblende (Fig. 4.6A; Hawthorne ef al., 2012). Amphibole TiO2 contents

are also largely comparable between units, with most grains containing between 0.6 and 1.5 wt.%
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Figure 4.6. Amphibole major element chemistry. A. Amphibole classification diagram (Hawthorne et al., 2012; using the
Excel spreadsheet of Locock, 2014). B. TiO2 (wt.%) vs. Mg#. C. Aliv (apfu) vs Mg#.

(Fig. 4.6B). Al"Y contents in amphibole are broadly similar between units, with most grains

containing between 0.8 and 1.3 Al' atoms per formula unit (apfu) (Fig. 4.6C). Amphibole Mg#

60



are between 0.51 and 0.72, with most analyses ~0.60. Amphibole clots and phenocrysts are mostly
indistinguishable in terms of nearly all major and trace elements. However, amphibole in the cores
of clots typically contain much higher Cr (<4000 pg/g) than phenocrysts (<500 pg/g), whereas

those at the clot rims show similar Cr concentrations to phenocryst amphibole.

Laser ablation mapping of amphibole phenocrysts reveals systematic variations in trace
element composition from core to rim (Figs. 4.7 and 8). Phenocrysts from both the granitoids (Fig.

4.7) and the mafic enclaves (Fig. 4.8) show narrow rims (<50 to 200 pwm) with order-of- magnitude
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Figure 4.7. Amphibole trace element maps from sample SG19. Amphibole, apatite inclusions and associated titanite are
shown, obvious mineral inclusions were removed. A. Y. B. St/Y. C. Ta/Nb. D. Euw/Eu*. Ew/Eu* was calculated where Eun,
Smn and Gdn are normalised (Boynton, 1984). Transects across the grain are also shown, from A-B. E. Y. F. St/Y. G. Ta/Nb.
H. Eu/Eu*. Shaded area indicates 26 uncertainty. Y contents are given as pg/g.

decreases in REEs (including Y), decreases in Ta, Nb, and Ta/Nb ratio, and increases in Eu/Eu*

and Sr/Y (Figs. 4.7 and 8). There is no systematic change in Sr content from core to rim, so the
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Figure 4.8. Amphibole trace element maps from sample SG21. Amphibole, apatite inclusions and associated titanite are
shown, obvious mineral inclusions were removed. A. Y. B. St/Y. C. Ta/Nb. D. Eu/Eu*. Eu/Eu* was calculated where Eux,
Smn and Gdn are normalised (Boynton, 1984). Transects across the grain are also shown, from A-B. E. Y. F. Sr/Y. G. Ta/Nb.
H. Eu/Eu*. Shaded area indicates 26 uncertainty. Y contents are given as pug/g.

increasing St/Y in the rims only reflects the depletion of Y. The core-rim boundary broadly mirrors
the shape of the grain but is distinctly sharp, occurring within <50 pum. There is some trace element
variation within the cores, especially patches of lower Y in the vicinity of apatite inclusions which
themselves contain much higher Y than the host amphibole (e.g. Fig. 4.8A). However, the within-

core variability of Y in amphibole is significantly less pronounced than the core-rim variation. The

amphibole rims are commonly in close association with titanite, which has much higher Y, Ta, Nb,
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and Ta/Nb ratio (Figs. 4.7 and 8).A larger dataset of amphibole laser ablation spot analyses
confirms the variability of trace element ratios from core to rim, using Y content as an index of

fractionation (with the direction of fractionation from high to low Y; Fig 4.9) because it shows
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Figure 4.9. Amphibole trace element ratio variations as a function of Y concentration. A. St/Y. B. Ta/Nb. C. Ew/Eu*. Euw/Eu*
was calculated where Eun, Smn and Gdn are normalised to chondrite (Boynton, 1984).

decreases from core to rim in both amphibole and titanite (Figs. 4.7, 8 10), and therefore likely

reflects compatible behaviour throughout the period of amphibole and titanite crystallisation. At Y
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contents greater than ~30 pg/g the Sr/Y, Eu/Eu*, and Ta/Nb ratios are broadly similar, whereas at

lower Y contents Eu/Eu* and Sr/Y show sharp increases, and Ta/Nb decreases.

Titanite

Laser ablation trace element mapping of titanite grains show similar variations as observed in
amphibole, with decreasing Ta, Nb, Ta/Nb, Y, and increasing St/Y and Eu/Eu* from core to rim
(Fig. 4.10). As with amphibole, increases in Sr/Y reflect decreases in Y; the Sr content of titanite
does not change systematically from core to rim. However, the concentration of trace elements in
titanite are significantly higher than amphibole, and the variations from core to rim are gradual,
with no clear step change in concentrations. This is supported by a larger dataset of titanite spot
analyses (Appendix 2), which broadly shows continuously increasing Eu/Eu* and decreasing
Ta/Nb as a function of decreasing Y (Fig. 4.11). Trace element compositions for titanite presented

here overlap with those previously reported for Strontian titanites (Bruand et al., 2014; Fig. 4.11).

4.5 Discussion
4.5.1 Estimation of intensive parameters

Pressure

We estimated amphibole rim crystallisation pressures using the Al-in-amphibole barometer of
Mutch ef al. (2016). This barometer is only appropriate for amphibole rim compositions which
crystallised close to the solidus and in equilibrium with an assemblage of amphibole + plagioclase
+ biotite + quartz + K-feldspar + ilmenite/titanite + magnetite + apatite; all phases which co-
crystallised with amphibole rims at Strontian. Calculated crystallisation pressures are very
consistent throughout the different units and range between 200-300 MPa, corresponding to ~7.5
to 11 km depth (Fig. 4.12A). These calculated crystallisation pressures imply a slightly shallower
crystallisation depth than is inferred from contact metamorphic mineral assemblages in the
surrounding schists (300 to 450 MPa; Ashworth & Tyler, 1983). Nevertheless, the consistency in

calculated pressures implies a majority of amphibole rims grew in the shallow crust.
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Temperature

Crystallisation temperatures were estimated from touching amphibole-plagioclase pairs using the
thermometer of Holland and Blundy (1994). Molar proportions of anorthite (Xan) were
approximated using the data from Paterson (1990), who found that plagioclase from Strontian
granitoids shows a narrow range of Xan mostly between 0.25 and 0.15. Consequently, we applied
the edenite-tremolite thermometer, which is relatively insensitive to Xan, applying a value of 0.20
and a pressure estimate of 225 MPa based on Al-in-amphibole geobarometry (Fig. 4.12A).
Calculated crystallisation temperatures are mostly in the range of ~760°C to the solidus (Fig.
4.12B), with broadly comparable temperatures throughout the different lithologies. These
temperature estimates are relevant only to the rims of amphiboles in contact with plagioclase, so

the temperature of amphibole cores were unconstrained.

Crystallisation temperatures of titanite were calculated using the Zr-in-titanite thermometer
of Hayden et al. (2008), which depends upon estimates of pressure and the activities of ag;o, and
rip,- In their calculation of Zr-in-titanite temperatures at Strontian, Bruand et al. (2014) assumed
a crystallisation depth of 13-14 km, in addition to silica and titania activities of 1. Instead, we
assume an dr;o, of 0.7, as has been implemented elsewhere for titanite-bearing rocks of
intermediate composition (e.g. Claiborne et al., 2010), in addition to a crystallisation pressure of
225 MPa based on Al-in-amphibole geobarometry. Like Bruand et al. (2014) we assume an ag;,
of 1 as despite variation in whole-rock SiOz, quartz is still present in the groundmass of even the
most mafic rocks. Nevertheless, if an ag;o,0f 0.8 is assumed for the mafic enclaves, then calculated
crystallisation temperatures would only decrease by ~12 °C We estimate that all titanites
crystallised between 760 °C and the solidus, with most grains crystallising in a relatively narrow
temperature range of 735-715°C, something that is remarkably consistent between units (Fig.
4.12B). Despite the different pressure and ar;, estimates, Bruand et al. (2014) calculated broadly

comparable crystallisation temperatures, in the range 772-682°C.

We use whole rock compositions to estimate saturation temperatures for apatite (Harrison
& Watson, 1984) and titanite (Ayers et al., 2022). Apatite saturation temperatures are typically
~950°C, except for mafic enclave sample SG07 (850°C). Titanite saturation temperature are mostly
comparable with the highest Zr-in-titanite temperatures for a given rock and are between 750 and
725°C (Fig. 4.12C). For zircon saturation temperature estimates, we employed the equation of
Watson and Harrison (1983) rather than the newer calibrations (Boehnke et al., 2013), as the older
calibration provides the closest match to low temperature crystallisation experiments (Marxer &
Ulmer, 2019). Furthermore, we followed the method of Harrison et al. (2007) for estimating zircon

saturation temperature, who noted that using measured whole rock Zr values leads to
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Figure 4.12. Violin plots showing estimated intensive parameters for the Strontian magmatic system. A. Crystallisation
pressure via Mutch er al. (2016). Also shown are preferred and pressure ranges from Ashworth and Tyler (1983). B.
Crystallisation temperature as calculated using the edenite-tremolite (Holland & Blundy, 1994) and Zr-in-titanite thermometers
(Hayden et al., 2008). C. Calculated saturation temperatures for apatite (Piccoli & Candela, 2002, after Harrison & Watson,
1984), titanite (Ayers et al., 2022) and zircon (Watson & Harrison, 1983). The effect of changing aTiO2 on Zr-in-ttn
temperatures are shown. N.B. No amphibole data was available for the Glensanda granodiorite because of the lack of
amphibole. Titanite and zircon saturation temperatures were not valid for SGO7.

underestimates. This is because significant zircon-absent crystallisation causes melt Zr contents to

increase and the melt bulk compositional parameter M (the cation ratio [Na + K + 2Ca / Al x Si])
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to decrease with respect to whole rock values, with concomitant effects on zircon saturation
temperature. The method of Harrison ef al. (2007) accounts for this by modelling the Zr increase
due to incompatible Rayleigh fractional crystallisation, using the whole rock Zr as a starting melt
composition, and by parameterising both degree of fractionation (F) and melt bulk composition
(M) as a function of temperature using experimental constraints (for which we used the experiments
of Marxer & Ulmer, 2019). Using this method, we estimate zircon saturation temperature to be
between 862 and 880°C for the quartz monzodiorites, and 831 and 847°C for the granodiorites (Fig
4.12C).

Applying a similar method to the titanite saturation thermometer is more difficult. The
change in melt TiO2 content prior to late-stage titanite saturation is harder to constrain, because
(unlike Zr) the compatibility of TiO2 in the bulk crystallising assemblage is highly variable
depending on which phases crystallise, and at which temperatures. Instead, comparing the
experimentally-determined liquid line of descent for TiO2 (Marxer & Ulmer, 2019) to a
temperature-dependent curve for titanite stability (Ayers et al., 2022) with the ‘M’ compositional
term parameterised as a function of temperature, yields a titanite saturation temperature of
~720°C similar to those determined using whole rock TiO2, and consistent with our Zr-in-titanite
temperature estimates. No such adjustment is required for the saturation temperatures of apatite,

which crystallises close to the liquidus.

Oxygen fugacity and water content

Although mineral proportions vary between units, Strontian rocks exhibit a relatively consistent
mineralogy. The assemblage of titanite, quartz and magnetite can be used to constrain a minimum
fO2 0of ~FMQ+1 (where FMQ denotes the fayalite magnetite quartz buffer) at 725°C (Wones, 1989).
The range of possible magmatic water contents is constrained at the lower end by the presence of
amphibole, which is stable at >4.5 wt.% H20 at 780°C and 220 MPa (Scaillet & Evans, 1999), and

by water-saturated conditions at these pressures (~6 wt.% H20; Newman & Lowenstern, 2002).
4.5.2  Crystallisation sequence

Based on textural observations, a common crystallisation sequence of minerals may be inferred for
the quartz monzodiorite samples, despite minor differences in modal mineralogy (Fig. 4.13). This
crystallisation sequence can be combined with mineral thermometry and accessory mineral
saturation temperature estimates (Fig. 4.12) and compared with crystallisation experiments at
similar pressures and bulk compositions to provide quantitative estimates of the temperatures at
which different minerals crystallised (Fig. 4.13B). Rhyolite-MELTS (Gualda et al., 2012) was used
to estimate the liquidus temperature of the quartz monzodiorite (c. 1050°C at 200 MPa and FMQ+2)
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and our results were also compared to the crystallisation experiments of Marxer and Ulmer (2019).
These experiments used a medium-K tonalite from the Adamello Batholith (Italy) as a starting
composition, which is comparable to the Strontian quartz monzodiorite, and were carried out at

200 MPa which is consistent with our Al-in-amphibole barometric estimates (Fig. 4.12A).

The Strontian crystallisation sequence is broadly comparable to that observed by Marxer
& Ulmer (2019), although titanite and K-feldspar were not saturated in these experiments and no
pyroxene was observed at Strontian. The absence of pyroxene may be explained by the presence
of the amphibole clots, which have been interpreted to represent the hydration of restitic pyroxene
(Stephens, 2001). However, considering the experiments of Marxer & Ulmer (2019), we suggest
instead that these clots represent the reaction of cognate pyroxene phenocrysts during the

crystallisation sequence.

We propose that plagioclase, amphibole and apatite started crystallising relatively early (>
950°C). Textural observations suggest that Fe-Ti oxides started to crystallise later, although there
is some uncertainty as to the exact temperatures. For zircon, we suggest that saturation took place
between 880 and 862°C in the quartz monzodiorites, and 847 and 831°C for the granodiorites,

based on zircon saturation temperatures (Watson & Harrison, 1983). Calculated Zr-in- titanite
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Figure 4.13. Generalised crystallisation sequence for the Strontian magmatic system. A. Textural relations of the various
minerals. B. Crystallisation sequence as a function of temperature, incorporating amphibole-plagioclase pairs (Holland &
Blundy, 1994), crystallisation experiments using similar starting compositions (Marxer & Ulmer, 2019) and saturation
temperatures for apatite (Harrison & Watson, 1984; Piccoli & Candela, 2002) titanite (Ayers et al., 2022) and zircon (Watson
& Harrison, 1983). Zr-in-titanite temperatures are also shown (Hayden et al., 2008).

temperatures (Hayden et al., 2008) overlap with titanite saturation temperatures (Ayers et al.,
2022), suggesting the onset of titanite crystallisation was around 750°C. Temperature estimates for

biotite, based on coeval crystallisation with titanite, are slightly higher than observed by Marxer &
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Ulmer (2019), although this could be explained by earlier saturation of biotite from slightly more
potassic magmas at Strontian compared to Adamello. Finally, quartz and K-feldspar likely
saturated close to the water-saturated granite solidus based on textures (~680°C; e.g. Brown &
Fyfe, 1970). Calculated crystallisation temperatures from amphibole-plagioclase pairs and the Zr-
in-titanite thermometer overlap (Fig. 4.12B), supporting the textural evidence that titanite
crystallised at the same time as amphibole rims after a protracted period of amphibole

crystallisation in the absence of titanite (Fig. 4.13)
4.5.3  Trace element distribution

In order to better understand which phases are likely to impact melt chemistry, we estimated the
individual mineral contributions to the rock trace element budget for two samples (SG07, a mafic
enclave and SG09, an equigranular quartz monzodiorite) by combining mineral abundances (Table
4.2) with median trace element compositions (Appendix 5). Through this approach, the total
contribution of each mineral to the whole-rock budget for a given element is estimated by
multiplying the modal mineral fraction by the median trace element content, as has been utilised
by previous authors (e.g. Gromet & Silver, 1983; Jefferies, 1985; Xiao et al., 2020). Median
plagioclase compositions from the same samples were taken from Birt (2019), and median apatite
and zircon compositions were taken from Bruand et al. (2014) who sampled the same units. The
contributions of biotite, quartz, K-feldspar and Fe-Ti oxides to the modelled elements (Sr, Y, Nb,
REEs, Hf, Ta, Pb, Th, and U) were not constrained due to a lack of data, or low concentrations of

the trace elements of interest, or both (see Appendix 5 for further details).

Overall, our calculations provide a reasonable estimate of the whole-rock trace element
distribution, with most elements estimated to within 20% of the measured whole-rock compositions
(Figs. 4.14A and B). Furthermore, estimated chondrite-normalised REE patterns are a close match
to measured whole-rock patterns (Figs. 4.14C and D). Our results confirm the findings of Gromet
and Silver (1983) and Jefferies (1985) that the accessory minerals, especially titanite, are a major
repository of many trace elements in granitoids. Despite comprising only a small portion of the
total rock (~0.8-0.9 modal %; Table 4.2) we estimate that titanite hosts up to 80% of all REEs and
the majority of several HFSEs (e.g. Nb, Ta, Th, U). Zircon contains most of the Hf and is also a
minor repository of heavy-REEs and U, whereas apatite hosts only a modest proportion of trace
elements, accounting for up to 20% of the whole-rock La and lesser percentages of middle- and
heavy-REEs. Of the major phases, amphibole hosts the most significant proportion of the REE
budget, containing up to 50% of some middle- to heavy-REEs in mafic enclave sample SG07 in
which amphibole comprises ~30% of the rock (Figs. 4.14A and B). Plagioclase accounts for <10%

of La and Eu, and even lesser amounts of other REEs, but dominates the Sr and Pb budgets.
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There are some discrepancies between estimated and measured whole-rock trace element
abundances. For example, Ta is underestimated in our calculations, with ~50% of the whole-rock
Ta (0.55 pg/g shortfall) in quartz monzodiorite sample SG09 unaccounted for. This is likely due to
variability in titanite Ta concentrations, which have a median value of 60 mg/g, and an interquartile
range of 160 mg/g. Similarly, shortfalls in estimated whole-rock Hf concentration (~30%) are likely
due to significant variability in zircon Hf contents, which range from 7010 to 11000 pg/g (Bruand
et al., 2014). However, underestimates in Th in mafic enclave sample SG07 (~50% of whole-rock
Th unaccounted for) cannot be explained solely due to variations of Th content in titanite and may
represent very small proportions of a Th-rich accessory mineral (e.g. thorite) which was not
observed in thin section. For example, only 9x10* modal % thorite would be required to account

for the 6.75 mg/g shortfall in Th.

Despite the absence of K-feldspar trace element data, it is plausible that this phase may
concentrate sufficient Sr and Pb such that an approximation of the distribution of these elements in
K-feldspar ought to be made. Estimates for K-feldspar trace element compositions in the Strontian
system may be made by taking the composition of the amphibole rims (~40 pug/g Sr; ~2 ug/g Pb)
and estimating first the melt and then the K-feldspar content using published partition coefficients
(Bachmann et al., 2005), yielding ~500 png/g Sr and ~20 pg/g Pb. These values are similar to those
reported by Bachmann ez al. (2005) for the Fish Canyon Tuff (~700 pg/g Sr and ~25 ng/g Pb).
Considering the modal abundance of K-feldspar in the quartz monzodiorite rocks in question
(average = 12.7) and the average abundance of Sr and Pb in these rocks (1180 pg/g Srand 16 pg/g
Pb), K-feldspar may contain up to 5.5% of the rock Sr, and 15.5 % of the rock Pb. This may account
for some of the shortfall in the estimate for Sr but adds to the overestimate in Pb for the quartz
monzodiorite (Fig. 4.14B), which may be due to uncertainty in the concentration of Pb in

plagioclase.

Our study confirms that titanite is a key repository for a wide variety of trace elements in
calc-alkaline felsic igneous rocks. The textural and thermometric evidence demonstrates that
titanite is a late-crystallising phase, implying that during in-sifu granitoid crystallisation a
significant proportion of the REE and some HFSE remain in the melt until most of the
crystallisation has occurred. Consequently, the onset of titanite crystallisation represents a
significant event in the trace element evolution of the residual melt, which is reflected in the

compositions of resultant mineral phases.
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4.5.4  Evolution of the Strontian magmatic system

The core to rim trace element variability described above (Figs. 4.7-11) was also noted by Bruand
et al. (2014) for apatite and titanite from three samples; two quartz monzodiorite, and one mafic
rock. These authors observed gradually decreasing REE, Ta and Nb concentrations and Ta/Nb
ratios in grain cores followed by abrupt decreases in the rims, which they interpreted to reflect

initial in-situ fractional crystallisation (cores) culminating in a late-stage magma mixing event
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(rims). Bruand et al. (2014) argued that mafic magma mixing changed the trace element
partitioning behaviour for both apatite and titanite, suggesting that partition coefficients for REEs,
Ta, Nb, as well as Dta/Dnp ratios are lower in mafic melts than in felsic melts (Prowatke & Klemme,
2005; Prowatke & Klemme, 2006). They concluded that a late-stage mixing event between the
granitoid and mafic magmas would therefore lower these partition coefficients, leading to lower
concentrations of these elements (and a lower Ta/Nb ratio) in the rims of resultant minerals in the
granitoids. Evidence for such a mixing event is provided by the compositional similarity between

the rims of titanites and apatites in the granitoids and the same minerals in the mafic rock sample.

Although the mingling of more primitive magmas with the host granitoids is attested by the
presence of the mafic enclaves (Fig. 4.2), the large contrast in viscosity between the crystal-rich
granitic mush and the more primitive enclave melts makes hybridisation (and chemical
homogenisation) unlikely. Comparisons between the Sr-Nd isotopic compositions of enclave-host
granitoid pairs at Strontian show minimal evidence for equilibration of REEs (Holden et al., 1987;
Holden et al., 1991). This is supported by the absence of mixing arrays in whole-rock chemistry
between mafic enclaves and the felsic host (Figs. 4.15A and B). For example, the quartz
monzodiorite samples have a very narrow range of whole-rock Cr and Ni compositions from ~70
to 90 mg/g Cr, and 42 to 57 mg/g Ni, whereas the concentrations in the mafic enclaves are
significantly higher (up to 550 mg/g Cr and 226 mg/g Ni) and mixing of even small amounts of
mafic magma would be easily detected in the host granitoid compositions. Similar arguments can
be made for Al2O3 (generally lower in the enclaves) and MgO (higher in the enclaves than the host;
see Stephens 2001). Additionally, the concentrations of Y, REEs, and Nb are either similar or
higher in the mafic rocks (Figs. 4.15C and D). Hence, if amphibole and titanite rims were reflecting
the input of mafic magma, these elements would increase from core to rim, but they are in fact
lower in the rims by up to an order of magnitude (Figs. 4.7, 8 and 10). To explain such low values
by changes in partitioning behaviour alone would require more than an order of magnitude decrease
in partition coefficients for these elements. Instead, partition coefficients in amphibole (like other
minerals) increase towards the lower temperatures recorded by the amphibole rims (e.g. Nandedkar
et al., 2016). Furthermore, we suggest that gradual variations in titanite trace element compositions
from core to rim (Fig. 4.10) are incompatible with a sudden magma mixing event and instead
indicate that in-sifu crystallisation is the dominant process controlling residual melt chemical

evolution.
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Figure 4.15. Whole-rock chemistry showing A. Ni, B. Cr, C. Y and D. Nb vs SiO2.

Another explanation for the observed rapid changes from core to rim in amphibole
compositions is the late-stage crystallisation of titanite, which saturates at temperatures <780°C in
granitic systems (e.g. Ayers ef al., 2022) and is the major sink for REE and HFSE (see also Glazner
et al., 2008; Colombini et al., 2011). The crystallisation of titanite at a late stage would drastically
deplete the residual melt in these elements because titanite-melt partition coefficients are very high
(e.g. Dy= 633; Dnv= 129; Bachmann et al., 2005) relative to partition coefficients for the same
elements in rock forming minerals. This would also cause melt Ta/Nb to decrease (Dra/Dnv=1.2;
Bachmann et al., 2005) and Eu/Eu* to increase (Dew/Dew= ~0.74 at ~FMQ+2 and ~760°C;
Bachmann et al. 2005). Titanite crystallisation has been interpreted previously to influence the
composition of co-crystallising phases, including zircon (Wotzlaw et al., 2013; Buret et al., 2016;
Loader, 2017; Szymanowski et al., 2017; Large et al., 2018; Rezeau et al., 2019; Nathwani et al.,
2021; Loader et al., 2022), amphibole (Chelle-Michou et al., 2015), and even on subsequent titanite
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growth (Colombini et al., 2011; Pamukcu et al., 2013; Olson et al., 2017) by its influence on

residual melt compositions.
4.5.5 Trace element modelling

To test whether titanite crystallisation can explain the observed variation in amphibole chemistry,
we developed a Rayleigh fractional crystallisation model, with Y used as an index of fractionation
(see Appendix 6 for further details). Using published trace element partition coefficients, we
calculated the composition (in terms of St/Y, Ta/Nb and Eu/Eu*) of hypothetical amphiboles in
equilibrium with model melts which, in turn, were generated by fractional crystallisation. Yttrium
was used as an index of fractionation as it systematically decreases from core to rim in amphibole
(Figs. 4.7-9). The model comprises two stages; Stage 1 starts at an Y-rich melt composition to
model the early period of amphibole crystallisation represented by the cores, and Stage 2 starts at
a lower Y composition to model the amphibole rims. The Sr, Y, Sm, Eu, Gd, Ta and Nb
compositions of the starting melt from the first stage were inverted from a representative, Y-rich
amphibole core composition using partition coefficients from Nandedkar ef al. (2016). Fractional
crystallisation modelling of this melt involved an assemblage of plagioclase, amphibole and apatite,
matching the assemblage determined from textural and thermometric estimates (Fig. 4.13). The
crystallisation of plagioclase and amphibole have competing effects on Sr/Y and Eu/Eu*, with
plagioclase driving both ratios to lower values due to the compatibility of Eu and Sr, and amphibole
crystallisation driving the ratios to higher values due to the compatibility of Y, and the relative
compatibility of Sm and Gd over Eu at typical magmatic oxidation states (Nandedkar et al., 2016).
As such, the plagioclase/amphibole ratio in the crystallising assemblage exercises a key control on
the evolution of St/Y and Eu/Eu*. Crystallisation experiments show that plagioclase/amphibole
ratios vary during the period of amphibole crystallisation and become more amphibole-poor as
crystallisation proceeds (Nandedkar et al., 2014; Marxer & Ulmer; 2019). To account for this, Stage
1 of our model comprises three separate scenarios with plagioclase/amphibole ratios between 1.3
and 3.3, matching the range observed in these experimental studies. We also included 1% apatite

to match the approximate modal abundance in the granitoids (Table 4.2).

In model Stage 2, biotite, zircon and titanite were added to the assemblage. The starting
melt concentration of the index of fractionation, yttrium, was estimated by assuming equilibrium
with one of the highest-Y titanite core compositions (Y = 2040 mg/g; 95th percentile of the total
titanite data) from which the melt composition was inverted using partition coefficients. The
starting Sr/Y, Ta/Nb, and Eu/Eu* were chosen from the results of the previous model. The

proportions of biotite, titanite, and zircon were increased by a factor of 2.5 compared to their
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abundance in the bulk rock to account for the ~60% crystallisation predicted to occur prior to the

saturation of these phases (Marxer & Ulmer, 2019).

We did not consider the crystallisation of K-feldspar, quartz, or Fe-Ti oxides in our model,
as these minerals have very low partition coefficients for the elements in our model (e.g. Bachmann
et al., 2005) and/or crystallise close to the solidus, and as such are unlikely to exercise a significant
control on the late-stage melt compositions being considered. Additionally, mass balance estimates
demonstrate that these phases are not a significant host of the trace elements considered in our
model (Fig. 4.15). Biotite was included in the model because of the compatibility of Ta and Nb
into this phase (biotite/melt: Dta = 1 and Db = 2.9; Bachmann et al., 2005).

Partition coefficients for plagioclase were selected from Dohmen and Blundy (2014),
assuming an anorthite content of Xan = 0.3 and a temperature of 860°C. For amphibole (Nandedkar
et al., 2016), apatite (Prowatke & Klemme, 20006), titanite (Colombini ef al., 2011), and zircon and
biotite (Bachmann et al., 2005), partition coefficients were selected from literature sources. Bulk
partition coefficients for each model were estimated by weighting the individual mineral partition
coefficients relative to their abundance in the crystallising assemblage for each element. These bulk

partition coefficients are listed in Appendix 6.

For each mineral, Deu was estimated using the partition coefficients for Dy, 2+ and Dg,s3+,

2+
and the melt Eu—3+ ratio using the equation of Wilke and Behrens (1999):
Eu

Eu2+
D3+ + (DEu2+ X W)

Eu2+
(o) + 1

Dpy = (Eq.4.1)

assuming D, 2+ = Dsrand Dg, 3+ = 1/ (Dsp X Dgq) and estimating melt
of Burnham et al. (2015):

Eu?t . .
using the equation
u

Eu3t

fu = : (Eq.4.2)
Y.Eu B 1+ 10—0.2510gf02—64T10—14.2A+10.1 q.-*.

where T is temperature in Kelvin, and A is optical basicity (effectively a measure of melt
polymerisation, calculated after; Duffy, 1993) which we set at 0.55. A temperature of 850°C was

chosen, although the relationship of Burnham et al. (2015) is not strongly sensitive to temperature.
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For Stage 2 of the model, we varied melt fO2 between FMQ and FMQ+4 to assess the effect of

changing melt redox on the evolution of the Eu anomaly.

The results of our models show that the late-stage crystallisation of titanite is required to
reproduce the observed amphibole compositional trends (Fig. 4.16). Crystallising the Stage 1
assemblage, dominated by amphibole and plagioclase with accessory apatite, causes Sr/Y and
Eu/Eu* to remain relatively constant, or to decrease if the plagioclase/amphibole ratio is high (Figs.
4.16A and C). Recreating the high Sr/Y amphibole rim compositions without titanite would require
the fractionation of an assemblage with an unrealistically low plagioclase/amphibole ratio (<1.3).
Even so, such an assemblage would not be able to reproduce the decreasing Ta/Nb ratios, which
modestly increase in all Stage 1 models (Fig. 4.16B). Decreasing amphibole Ta/Nb may occur if
the ratio of partition coefficients for both elements (i.e. Dto/Dnb) were to decrease over the period
of amphibole crystallisation. In fact, experimentally determined Dr./Dnb values do decrease from
between 1.1 to 0.8 between 1010 and 780°C (Nandedkar et al., 2016). However, amphibole Ta/Nb
decreases by up to an order of magnitude from core to rim (i.e. 0.035 to 0.003; Fig. 4.16B) and the
variation in Dta/Dnb is likely to be small over the temperature range recorded by the core to rim
transition, requiring a decrease in melt Ta/Nb to explain the observed amphibole compositional
data. Stepanov et al. (2014) noted that titanite was one of the few minerals which could reduce
Ta/NDb in the residual melt. Other minerals which may cause decreasing melt Ta/Nb include rutile
(absent in the studied rocks) and ilmenite (which comprises an extremely small modal proportion;
Table 4.2). To test the absence of K-feldspar and quartz in our model, we adjusted the phase
proportions of the Stage 2 model to include K-feldspar and quartz with plagioclase in eutectic
proportions, with significantly less amphibole and biotite than the original model (5% each) but
retaining the same proportion of titanite, apatite and zircon. The results of the model are strikingly
similar irrespective of the proportion of the major phases, because the crystallisation of titanite is

the dominant control on the trace elements considered in our model.

Results of our Stage 2 model (light blue boxes; Fig. 16b) highlight that the addition of a
small amount of titanite (~2%) into the crystallising assemblage would decrease melt Ta/Nb. The
influence of varying titanite modal abundance between 1% and 5% was investigated, revealing that
St/Y and Eu/Eu* trajectories were not significantly impacted, but lower melt fractions were
required to reach equivalent trace element ratios. Modelled Ta/Nb ratios, however, are strongly
impacted by titanite modal abundance, which acts to decrease melt Ta/Nb with increasing titanite.
Despite this, titanite modal abundances of <5% are unable to exactly reproduce the observed
trajectories. This may be explained by the literature values used for DTa/DNb , which are relatively

poorly constrained and range over an order of magnitude from 1.2 to 14.4
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Figure 4.16. Modelling of hypothetical amphibole compositions as a function of Y content. Table denotes % of each mineral
in the crystallising assemblage. Stage 1 comprises titanite-free assemblages, with variable amphibole plagioclase ratios. Stage
2 models comprise titanite-bearing assemblages. A. Sr/Y. B. Ta/Nb. Stage 2 models were also run using different titanite

partitioning values 'Colombini et al., 2011. Prowatke & Klemme, 2005. C. Ew/Eu*. Stage 2 models were also run at different
oxygen fugacities (fO2), with AFMQ of each assemblage noted.

(Green & Pearson, 1987; Bachmann et al., 2005; Prowatke & Klemme, 2005). We note that the

observed trajectories can be more accurately reproduced by utilising higher, titanite Dta/Dnb ratios
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(dark blue boxes; Fig. 4.16B). Nevertheless, the decreasing Ta/Nb, in addition to increasing Sr/Y
and Eu/Eu* in amphibole necessitates the crystallisation of titanite and cannot be reasonably

explained by other mechanisms.

Titanite crystallises from relatively oxidised magmas (Wones, 1989; Frost et al., 2001),
hence our models were primarily run at 2 log units above the FMQ redox buffer, within the range
observed in arc-related magmas (e.g. Carmichael, 1991). To illustrate the effect of varying
magmatic fO2 on amphibole Eu/Eu*, we also ran Stage 2 models at FMQ and AFMQ+4 (Fig.
4.16C). The models predict that crystallisation at higher fO2 produces a more gradual increase in
Eu/Eu* for a given increment of fractionation of the titanite-bearing assemblage (Fig. 4.16C). This
is because at higher oxidation states Eu*" predominates in the melt, so it is more difficult to
fractionate Eu from the neighbouring trivalent REEs (Sm and Gd), thereby limiting the potential to
develop Eu anomalies. However, under more reducing conditions the melt Eu*"/Eu’* is greater,
causing the mineral partitioning behaviour of Eu to differ from Sm** and Gd*". In our Stage 2
models De>" >> Dgy?*, so more reducing conditions cause Deu to decrease relative to Dsm®" and
Dad®* (hence decreasing Deweur), resulting in a greater increase in Eu/Eu* in the residual melt for

a given increment of crystallisation.

In summary, our models are unable to reproduce the observed amphibole core-rim
variations without the late-stage crystallisation of titanite which, despite its modest abundance,
plays a key role in controlling the near-solidus evolution of the residual melt composition. Such
significant effects should be reflected in the composition of other co-crystallising minerals aside
from amphibole. Thermometric and textural evidence suggests that, for example, apatite
compositions would record a period of melt evolution prior to and during titanite crystallisation.
Indeed, the apatite compositional data reported by Bruand et al. (2014) show abrupt changes from
core to rim, with decreasing REE (including Y), and increasing La/Sm, Sr/Y, and Eu/Eu*; these
observations are consistent with the onset of titanite crystallisation at some point after apatite
saturation. In fact, the presence of continuous (rather than abrupt) trends in the same chemical
parameters in titanite supports the idea that titanite passively records its own incremental

crystallisation from the melt (see also Olson et al., 2017).
4.5.6  Wider implications

Our results have important implications for studies that use mineral compositions to infer magmatic
provenance. For example, amphibole compositions have been employed to deduce tectono-
magmatic setting (Barnes & Barnes, 2020), and apatite trace element concentrations may be used

to estimate host-rock compositions (Jennings et al., 2011). Such studies assume that specific
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signatures are unique to certain host rock compositions or tectono-magmatic settings. However, we
have demonstrated that in-situ crystallisation of titanite can dramatically alter the trace element
composition of the residual melt, and any late-crystallising minerals, concealing or exaggerating
any pre-existing signatures and driving melt and mineral compositions away from that of the bulk

rock.

As with amphibole and apatite, concentrations of REEs and HFSEs in zircon are used to
reconstruct host rock composition (Belousova et al, 2002), in addition to more empirical
applications such as estimating crustal thickness (Tang et al., 2019). Many studies have focussed
on the use of zircon trace element signatures in the exploration for igneous rocks associated with
porphyry Cu deposits (Ballard et al., 2002; Pizarro et al., 2020). These ‘porphyry indicator’ zircons
are characterised by enrichments in Euw/Eu* and Ce/Nd (or Ce/Ce*) which are commonly ascribed
to crystallisation from unusually oxidised magmas (Ballard et al., 2002; Dilles et al., 2015).
However, these signatures likely reflect enrichment in the residual melt, either due to the
suppression of plagioclase (Nathwani et al., 2020) or due to the co-crystallisation of titanite (Loader
et al., 2017; Loader et al., 2022), rather than high magmatic fO2. Our results support those of
previous studies (Loader ef al., 2017; Loader et al., 2022), that the crystallisation of titanite can
increase melt Eu/Eu* more efficiently than by increasing oxidation state alone. In fact, our results
indicate that the generation of high melt Eu/Eu* is actually favoured by crystallisation of titanite
under moderately (e.g. FMQ+2), rather than extremely oxidised conditions (e.g. FMQ+4). Indeed,
many of the characteristics of porphyry indicator zircons (e.g. elevated Ce/Nd and low Yb/Gd and

Th/U) can result from titanite co-crystallisation.

4.6 Conclusions

In this paper, we trace the chemical evolution of late-stage melts of the late-Caledonian Strontian

magmatic system using amphibole and titanite compositions and demonstrate the following:

1) Amphibole rims record an abrupt change in the residual melt composition, characterised
by decreasing Y contents and Ta/Nb ratios, and increasing St/Y and Eu/Eu* ratios, with
similar, albeit more gradual, core-rim variations observed in titanite.

2) Early amphibole crystallisation (cores) prior to titanite saturation, followed by amphibole-
titanite co-crystallisation, is evidenced by the intimate intergrowth of amphibole rims with
titanite. This is corroborated by thermobarometric estimates, which indicate late-stage
crystallisation of amphibole rims and titanite at relatively low temperatures (~800-680°C)

in the upper crust (~7-10 km depth).
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3) Estimation of the distribution of trace elements between mineral phases shows that titanite
comprises a disproportionately large share of the whole-rock trace element budget,
particularly for REEs and HFSEs, despite its modest modal abundance in the rock (<2 %).

4) Modelling of in-situ Rayleigh fractional crystallisation is consistent with an initial period
of amphibole + feldspar + apatite crystallisation (represented by the amphibole cores) that
was followed by a period of amphibole + plagioclase + apatite + biotite + titanite + zircon
+ quartz crystallisation (amphibole rims and titanite). The addition of a small amount of
titanite (~2%) into the crystallising assemblage is required to produce the decreasing melt
Y and Ta/Nb, as well as increasing melt Sr/Y and Ew/Eu* implied by amphibole rim
compositions. Increasing the oxidation state of our model caused the melt Eu/Eu* to
increase more slowly for the same degree of crystallisation, due to the differential

partitioning behaviour of Eu®" and Eu*".

Our study emphasises the decoupling between whole-rock compositions (whose signatures are
often generated in the lower crust) and mineral compositions (which are more strongly influenced
by shallow crustal processes), with important implications for the use of mineral compositions in
provenance and mineral deposit prospectivity studies. In particular, caution should be exercised
when interpreting the chemistry of minerals which crystallise at low temperatures (<800°C) due to

the potential effects of accessory mineral crystallisation on residual melt compositions.
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Chapter 5. Titanite as a recorder of magmatic evolution in the Chuquicamata

district
5.1 Introduction

The Chuquicamata district is one of the largest porphyry Cu(-Mo-Au) districts in the world, being
responsible for an estimated 17% of worldwide Cu production in 2011 (Rivera et al., 2012).
Located in the Atacama Desert, approximately 1650 km north of Santiago and 200 km northeast of
Antofagasta, the district is estimated to have already produced 35.5 Mt of Cu, with a further known
resource of >100 Mt. Small-scale mining in the district dates back to ~500 AD (Petersen, 2011)
and persisted until the end of the 19™ century, after which the Chile Exploration Company was
created and subsequently purchased by the Anaconda Copper Company (Rivera et al., 2012).
Today, the Chuquicamata mining complex, comprising four separate open pits (Chuquicamata,
Radomiro Tomic, Mina Sur and MMH) and the Toki Cluster of deposits, is wholly owned by
CODELCO (Chilean state-owned mining company).

The Chuquicamata district forms part of the Andean Eocene-Oligocene Cu belt and is
located within the Domeyko fault system of northern Chile, a major arc-parallel structural zone that
is associated with several world-class porphyry districts including Escondida and Collahuasi
(Richards et al., 2001). The present-day configuration of the Chuquicamata district has been shaped
by the West Fault, a strand of the Domeyko fault system, which has juxtaposed mineralised
porphyritic intrusions of the Chuquicamata Intrusive Complex in the east against older, barren
intrusions of the Los Picos-Fortuna Complex to the west (Fig. 5.1). Major movement along the
West Fault is believed to have taken place after the mineralising event, leading to much speculation
about the location of a possible missing half of the Chuquicamata deposit (Rivera et al., 2012;
Zentilli et al., 2021). Although several authors have advocated for c. 35 km of sinistral strike-slip
offset across the West Fault based on the correlation of the Fortuna Complex with the Pajonal-El
Abra Complex to the north (Dilles et al., 1997; Campbell et al., 2006), corresponding portions of
the Chuquicamata and MMH deposits have not yet been located on opposing sides of the West
Fault (Rivera et al., 2012).

This chapter aims to determine the extent to which titanite textures and compositions vary
throughout the world class Chuquicamata porphyry Cu deposit. In particular, textural, geochemical
and thermometric variations in the lead-up to the mineralising event are investigated, which could
provide key insights into the formation of these magmatic-hydrothermal ore deposits. It was for
this reason that Chuquicamata was chosen as a case study, given the protracted timescales (~ 10

Ma) over which magmas evolved in the district (Ballard ef al., 2002; Rivera et al., 2012).
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Figure 5.1. Simplified geological map of the Chuquicamata region. A. Regional geological map showing sample and mine
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5.2 Geologic setting

The oldest rocks in the district are a series of metasedimentary to metaplutonic rocks of
Precambrian to lower Paleozoic age. A variety of extrusive and intrusive rocks were emplaced
between the late Paleozoic and early Mesozoic, including the Carboniferous Mesa Granite, Permo-
Triassic volcano-sedimentary sequences of the Collahuasi Group and the Triassic Elena
Granodiorite (Ossandon et al., 2001; Campbell et al., 2006; Zentilli et al., 2018). Triassic granitoids
are spatially coincident with (Fig. 5.1) and display similar whole-rock compositions to Eocene-
Oligocene porphyry intrusions at both Chuquicamata and MMH, but may be distinguished by
titanite abundance and crystal habit (Zentilli et al., 2018). In the Jurassic, marine sedimentary

sequences of the Caracoles Group were deposited.

To the west of the West Fault there are exposures of Cretaceous lavas and tuffs of andesitic
to dacitic composition (e.g. Quebrada Mala; Fig. 5.1A), as well as continental sedimentary rocks.
Magmatic activity in the Eocene-Oligocene is first recorded by volcanic breccias and
conglomerates of the Icanche Formation (early-middle Eocene). Intrusive rocks of the monzonitic
to dioritic Los Picos Complex (~43-42 Ma; Campbell et al., 2006) were subsequently intruded into
the Icanche Formation (Dilles ef al., 2011). The Fortuna Complex consists of four different units
which (from oldest to youngest) are as follows: the Antena granodiorite (~39-38 Ma), Fiesta
granodiorite (~39-38 Ma), Tetera porphyry and San Lorenzo porphyry (~38 Ma; Campbell ef al.,
2006). The Chuquicamata Igneous Complex, which represents the youngest intrusive activity in
the district, comprises three to four separate, mineralised porphyritic intrusions (Fig. 5.1B). The
oldest and most extensive of these is the Este Porphyry, which is cut by the Oeste Porphyry in the
north of the Chuquicamata pit, and by the Banco (and possibly Fino) Porphyry in central and
western areas of the pit (Rivera ef al., 2012). Finally, deposition of Miocene to Holocene cover of
alluvial, colluvial and aeolian sediments, as well as volcanic flows, provides evidence for rapid
uplift (Campbell et al., 2006; Rivera et al., 2012). Despite their faulted contact with the
Chuquicamata Igneous Complex, both the Los Picos and later Fortuna Complex (~42-38 Ma;
Campbell et al., 2006), are believed to be precursor intrusions to porphyry mineralisation, either at
the El Abra deposit (Ballard et al., 2002; Campbell et al., 2006) or at the Toki Cluster (Barra et al.,
2013).

5.3 Samples

Data presented here come from 12 samples of the Los Picos-Fortuna Complex, the igneous

complex that predates mineralisation, and 11 samples from the Chuquicamata open pit which were
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donated to the NHM by Marcos Zentilli (Table 5.1). All of the main intrusive phases are represented
in the sample suite. Titanite was analysed (Appendix 2) in both mineral separates and in-situ for
some samples, but in one of either mineral separates or in-situ for others (Table 5.1). Ten samples
of the main intrusive phases were selected for automated SEM analysis using the TESCAN TIMA.
Zircon chemistry from all samples (Loader, unpublished data) and whole-rock chemistry (Loader,
unpublished data) from the Los Picos-Fortuna Complex was also utilised (Table 5.1; Loader,
unpublished data). Zircon compositional data were collected by laser ablation ICP-MS at the
Natural History Museum and whole-rock major element and trace element compositions were

determined at ALS (Loughrea, Ireland), via methods ME-IPC06 and ME-MS&1.

Table 5.1. Sample information, analytical techniques and number of analyses.

Sample Unit Grid reference* Alteration TIMA No. of titanite Zircon  Whole-
analyses (Min-Sep) rock
FC001 Antena Grd 507037, 754080  Propylitic (weak) N 32 (32) Y Y
FCO002 Antena Grd 506800, 754168 Fresh Y 59 (42) Y Y
FCO003 Antena Grd 506597, 754167 Fresh N - Y Y
(mafic)
FC004 Antena Grd 507348, 754068  Propylitic (weak) N 26 (26) Y Y
FC005 Antena Grd 507348, 754007  Propylitic (weak) N 46 (46) Y Y
FC006 Los Picos 505104, 753856  Sericitic (weak) Y 5(5) Y Y
FC007 Los Picos (fine) 505083, 753857 Fresh N - Y Y
FCO008 Antena Grd 507604, 753651  Potassic (locally) Y 49 (39) Y Y
FC009 San Lorenzo 507235, 753715 Potassic Y 11 (0) Y Y
FCO010 Los Picos 504480, 753562 Propylitic N 6 (6) Y Y
FCO11 San Lorenzo 504536, 753536 Propylitic N - Y Y
FCO012 Fiesta Grd 504053, 752757 Potassic Y - Y Y
CHO001 Banco Ppy - Int argillic after Y - Y N
potassic
CHO002 Elena Grd - N - Y N
(Triassic)
CHO003 Elena Grd - Chlorite-sericite Y 11 (0) Y N
(Triassic)
CHO004 Este Ppy - N - Y N
CHO005 Este Ppy - Propylitic Y 13 (0) Y N
CHO006 Este Ppy - N - Y N
CHO007 Este Ppy - Propylitic Y 35(0) Y N
CHO008 Este Ppy - N - Y N
CHO009 Felsic dyke - N - Y N
(Triassic)
CHO10 Oeste Ppy - N - Y N
CHO11 Oeste Ppy - Potassic Y - Y N

*CH001-CHO11 come from the eastern side of the Chuquicamata open pit.

All studied samples contain, or likely contained prior to hydrothermal alteration, quartz, K-
feldspar, plagioclase, amphibole and biotite as major minerals, with Fe-Ti oxides (magnetite,
ilmenite and rutile), apatite, zircon and titanite as accessory phases. Despite varied absolute
abundances, relative proportions of quartz, alkali feldspar and plagioclase are fairly consistent, with
all samples besides the Oeste Porphyry (monzogranite) classified as granodiorites (Fig. 5.2). For
the Oeste Porphyry sample, addition of K-feldspar during potassic alteration is likely responsible

for classification as a monzogranite. Mafic minerals, principally biotite and amphibole, comprise
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<10 % of the rocks, although modal abundances of igneous minerals are difficult to reconstruct in
samples which have been intensely hydrothermally altered (e.g. CHO11). The occurrence of apatite
and zircon throughout the studied rocks is fairly consistent, with apatite (0.1-0.3 modal%)
disseminated throughout samples and zircon (<0.01-0.04 modal%) often associated with mafic
minerals (in addition to Fe-Ti oxides, apatite and titanite). Magnetite is the dominant Fe-Ti oxide
phase, with subordinate ilmenite present in samples FC002 (Antena Granodiorite) and FC006 (Los
Picos Complex), and hydrothermal rutile present in more strongly altered rocks. In terms of felsic
minerals, plagioclase often exhibits euhedral crystal forms and displays normal or reverse zonation,
with quartz and K-feldspar typically interstitial. Despite these similarities, there is significant
textural variation between units which, in addition to the impacts of hydrothermal alteration, will

be outlined below.
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Figure 5.2. Quartz (Q)-Alkali(A)-Plagioclase (P) diagram (Streckeisen, 1976) for intrusive phases from the Chuquicamata
district. Classification based on automated SEM mapping of thin sections. All intrusions classify as granodiorites except for
the Oeste Porphyry sample, to which significant quartz and alkali feldspar has been added during potassic alteration.

Elena Granodiorite (CH003)

The Triassic Elena Granodiorite (sample CH003) exhibits many of the same characteristics as the
Eocene-Oligocene intrusions. It is an equigranular rock (average grain size of ~1-2 mm) consisting
of euhedral to subhedral plagioclase and amphibole, anhedral biotite, interstitial quartz and K-

feldspar, with accessory apatite, titanite and zircon. Both mafic and felsic minerals are moderately
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altered. Plagioclase has been altered to muscovite, kaolinite and epidote, and mafic minerals to
chlorite with subordinate epidote, Fe-Ti oxides, apatite, allanite and titanite. Finally, partial

replacement of mafic phases by calcite is sometimes observed close to late-stage calcite veins.

Los Picos Complex (FC006)

Los Picos sample FC006 is also equigranular, with an average crystal size of 1-2 mm. Unlike other
samples, it contains small amounts (~2%) of euhedral to subhedral clinopyroxene (diopside-
hedenbergite). These pyroxenes are 0.2-0.5 mm in diameter and are often intimately associated
with amphibole, possibly indicating that pyroxenes were hydrated to form amphibole. Additionally,
minor chloritisation of subhedral to anhedral amphibole is observed in some areas. Based on quartz,
K-feldspar and plagioclase modal abundances, this sample would be classified as a granodiorite,

although it plots close to the monzogranite boundary (Fig. 5.2).

Antena Granodiorite (FC002 & FCO008)

Plagioclase, forming laths up to 5 mm in length, is the most abundant mineral in the Antena
Granodiorite, comprising 40-50% of the rock. These plagioclase crystals show variable core to rim
zonation, including normal, reverse or patchy zoning types, in addition to an abundance of mineral
inclusions (amphibole, apatite and Fe-Ti oxide) in some crystals. Amphibole (0.1-3.5 mm) and

biotite (0.3-1.2 mm) are generally unaltered, exhibiting euhedral to anhedral crystal forms.

Fiesta Granodiorite (FC012)

Unlike earlier intrusions, the Fiesta Granodiorite shows a porphyritic texture, containing
phenocrysts of plagioclase (1-4 mm) and amphibole (0.5-2 mm) in a groundmass of quartz and K-
feldspar. Amphibole phenocrysts have been completely replaced by secondary biotite, and a
paucity of crystals with typical biotite habits suggest that amphibole was the dominant primary
mafic mineral. Significant sulphur has been added to this sample, as evidenced by disseminated
anhydrite (0.4 %) and celestine (SrSOs; 0.05%). These sulphates are concentrated in a K-feldspar

vein which is also associated with chlorite and biotitised amphibole phenocrysts.

San Lorenzo Porphyry (FC009)

The San Lorenzo Porphyry consists of plagioclase (1-4.5 mm), quartz (0.65- 1.5 mm), amphibole
(0.5-2 mm) and biotite (<2.5 mm) phenocrysts in an alkali feldspar-quartz groundmass. Despite
significant hydrothermal alteration, primary zonation can still be identified in plagioclase, which
displays oscillatory as well as normal and reverse types. Amphibole phenocrysts are completely

biotitised and biotite in some areas is partly chloritized.
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Este Porphyry (CH005 & CHO007)

The Este porphyry can be distinguished from the earlier San Lorenzo by its larger phenocryst size,
with plagioclase phenocrysts 2-7 mm in length, and by the presence of rare K-feldspar phenocrysts.
Hydrothermal alteration in these samples is characterised by the partial to complete chloritisation
of mafic minerals and the partial to complete replacement of plagioclase by muscovite, kaolinite

and K-feldspar.

Banco Porphyry (CH001)

The Banco Porphyry sample (CHO001) contains quartz (0.1-3.5 mm), plagioclase (1-4.5 mm) and
mafic phenocrysts (<0.9 mm) in a groundmass of K-feldspar and quartz. Hydrothermal alteration
is characterised by complete replacement of mafic minerals by biotite (and also partial
chloritisation of biotite), in addition to the partial alteration of plagioclase to muscovite and
kaolinite. Minor sulphides, in the form of pyrite and chalcopyrite, are disseminated throughout the

rock and pyrite is also present in K-feldspar + biotite veinlets.

Oeste Porphyry (CHO11)

The sample of Oeste Porphyry is an intensely potassically altered, quartz-, plagioclase- and biotite-
phyric rock, showing pervasive K-feldspar alteration and multiple generations of veining. Quartz
veinlets (~1 mm) contain molybdenite, chalcopyrite and anhydrite with a K-feldspar selvage.

Plagioclase is partially altered to kaolinite and sericite; mafic phenocrysts are completely biotitised.

5.4 Results
5.4.1 Titanite textures

Titanite from the Chuquicamata district shows a range of textures, with significant variation
between different units and even different samples from the same unit. Each grain selected for
further analysis was initially classified as igneous, altered, replacement or vein titanite, meaning
that igneous signatures could be isolated, and the magmatic evolution of the system could be traced
through time, in addition to providing a sense of how igneous titanite compositions may be
modified during hydrothermal alteration. Grains were classified based on shape, size and mineral
associations, with the characteristics of various titanite textural types detailed in Chapter 6. At
Chuquicamata, titanite with both igneous and hydrothermal origins may be found in the same
sample. For example, in the Triassic Elena Granodiorite titanite occurs interstitially in subhedral to

anhedral crystal forms (Fig. 5.3A), with an interpreted altered igneous origin,
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Figure 5.3. Titanite SEM-BSE images, reflected light photomicrographs and TESCAN TIMA phase maps from the
Chuquicamata district. A-D: SEM-BSE images from the Elena Granodiorite (A.), Los Picos Complex (B.) and Antena
Granodiorite (C-D.). Reflected light photomicrograph (E.) and TESCAN TIMA phase map (F.) of a partially altered titanite
crystal from the San Lorenzo Porphyry. G-H. SEM-BSE images from the Este Porphyry. I-J. Reflected light photomicrographs
of pseudomorphed titanite from the Banco (I.) and Oeste (J.) porphyries. K-L. Rutile pseudomorphs after titanite, displaying
high Ce contents from the Banco (K.) and Este (L.) porphyries.

and also in association with chloritized mafic minerals, suggesting a hydrothermal (or replacement)

origin.
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In the Los Picos Complex, titanite (<0.1 mm) is rarely found in-situ, with all analyses
coming from mineral separates. Here, titanite is exclusively irregularly zoned and is either found
as: 1) anhedral grains associated with amphibole, apatite and magnetite; or ii) in irregular
associations with rutile, magnetite and ilmenite (Fig. 5.3B). Similarly, titanite from the Antena
Granodiorite is often irregularly zoned, although it is more abundant (~0.05-0.1%) and shows more
euhedral crystal forms (Fig. 5.3C) than in the Los Picos Complex. The occurrence of titanite varies
significantly between samples of the Antena Granodiorite. For example, in FC002 titanite is located
either interstitially (Fig. 5.3C), or in Fe-Ti oxide + apatite aggregates, whereas in FC008 it is found
in either K-feldspar + titanite + amphibole + biotite veins, as thin rims on magnetite, or in
association with chlorite (Fig. 5.3D). In the San Lorenzo Porphyry, titanite is found either as
partially replaced microphenocrysts (<0.5 mm) or intergrown with chlorite. In this sample, titanite
has been altered to a rutile + ilmenite + quartz + plagioclase + allanite = magnetite assemblage
(Figs. 5.3E, F). In the Fiesta Granodiorite, titanite is rare (<0.01 %) and no unambiguous titanite
pseudomorphs were identified. Titanite from the Este Porphyry is euhedral to subhedral,
moderately sized (<0.25 mm) and often contains inclusion trails (Fig. 5.3G) as well as mineral
inclusions of apatite, zircon and Fe-Ti oxides. Titanite is more abundant (~0.2%) and relatively
unaltered in sample CHOO7. These crystals generally show clear zonation, often from a patchy or
sector-zoned core to a bright rim (Fig. 5.3G). In sample CHO0O035, titanite is less abundant (~0.05%)
and has been either 1) partially to completely replaced by an assemblage of rutile + ilmenite +

chlorite + allanite = magnetite (Fig. 5.3H); or occurs in albite + K-feldspar + quartz veinlets.

Unequivocal euhedral titanite pseudomorphs, up to 1 mm in length, are observed in the
Banco and Oeste porphyries, with relict titanite sometimes present in the core. In the Banco
Porphyry (CHOO01), large (0.2-1 mm) titanite microphenocrysts (Fig. 5.3I) constitute 0.3% of the
rock and have been altered to rutile + ilmenite + quartz + chlorite + magnetite. In the Oeste
Porphyry (CHO11), however, titanite pseudomorphs are smaller (<200 pm), less abundant (~0.1%)
and have been altered almost entirely to rutile (Fig. 5.3J). Secondary rutile after titanite contains

elevated trace element contents, including Ce (Figs. 5.3K and L).
54.2 U-Pb Geochronology

A total of 293 spots were analysed from 11 samples in two separate runs (Appendix 2; Table 5.2),
both in-situ and in mineral separates, to determine titanite major and trace element compositions
as well as U-Pb isotopes. Contaminated analyses or those which returned high errors (e.g. >20%)
were removed, leaving 236 valid analyses (Table 5.2). Titanite U-Pb data were subsequently plotted
on Tera-Wasserburg diagrams (Fig. 5.4) and an MSWD was calculated for each sample, with all
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samples besides CHO03 (MSWD = 0.4) returning values of >1 (Table 5.2). Additionally, acceptable

MSWD values based on the number of analyses were also calculated (Wendt & Carl, 1991).
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Figure 5.4. Tera-Wasserburg Concordia diagrams for titanite age data from the Los Picos Complex (A-B.), Antena
Granodiorite (C-H.), San Lorenzo Porphyry (L.), Elena Granodiorite (J.) and Este Porphyry (K, L.). 2c error ellipses are
shown, in addition to the 2¢ uncertainty associated with the regression. Crystallisation ages are presented with error, which is
derived from the regression, with an additional propagated external uncertainty of 2%.
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Table 5.2. Titanite U-Pb isotopic data for the Chuquicamata district. Titanite lower intercept ages, 2¢ error and an additional
propagated 2% external uncertainty, as well as MSWD and acceptable MSWD are shown. Acceptable MSWD is calculated
using the equation of Wendt and Carl (1991).

Sample Unit Min-Sep/ n Age 20 26 +2% ext. MSWD Acceptable
In-Situ (Ma) error uncert) MSWD*
FC001 Antena Grd Min-Sep 34 41.13 0.65 1.05 1.5 1.6
FC002 Antena Grd Min-Sep 42 40.91 0.78 1.13 1.9 1.4
FC002 Antena Grd In-Situ 15 40.72 1.03 1.31 1.2 1.8
FC004 Antena Grd Min-Sep 2 39.77 0.72 1.07 1.1 1.6
FCO005 Antena Grd Min-Sep 46 38.65 0.82 1.13 1.3 1.4
FCO006 Los Picos Min-Sep 5 38.34 5.30 5.36 1.7 2.4
FC008 Antena Grd Min-Sep 39 39.97 0.58 0.99 1.3 1.5
FC008 Antena Grd In-Situ 7 36.50 2.17 2.29 2.5 2.2
FC009 San Lorenzo In-Situ 5 30.27 6.04 6.07 3.0 2.4
FC010 Los Picos Min-Sep 6 40.94 4.39 4.47 4.2 23
CHO003 Elena Grd In-Situ 4 219.8 7.2 8.5 0.4 2.6
CHO005 Este Ppy In-Situ 10 34.86 2.40 2.50 1.5 1.9
CHO007 Este Ppy In-Situ 34 34.13 0.53 0.86 1.4 1.5

5.4.3  Geochemistry

Titanite in the Triassic Elena Granodiorite was predominantly classified as altered igneous, with
chondrite-normalised titanite REE patterns that are generally flat to positively sloping (Fig. 5.5A),
exhibiting a more negative Eu anomaly compared to its host rock. Analyses of replacement titanite
in the Elena Granodiorite exhibit either similar patterns to altered igneous titanite, or a strongly
negatively sloping pattern (Fig. 5.5A), although only a small number of successful analyses were
possible. Similarly, only a few successful analyses were possible for the Los Picos Complex, which
contained both igneous and altered igneous titanite. Despite the variable influence of hydrothermal
alteration, Los Picos titanite exhibits a consistent REE pattern, with a pronounced hump in the light
to middle REEs and a moderately negative Eu anomaly like its whole-rock composition (Fig. 5.5B).
Antena Granodiorite titanite shows similar REE patterns to the Los Picos Complex, albeit with a
slightly less humped LREE pattern and greater REE content (Fig. 5.5C). San Lorenzo Porphyry
titanite grains were classified as either replacement or altered igneous types, with an igneous
signature (i.e. comparable to titanite from other units; Fig. 5.5D) retained in two altered igneous
titanites (Fig. 5.5D). REE compositions are much more variable compared to other units and differ
significantly to the host-rock composition. For the Este Porphyry, the two samples display a
depletion in MREEs, resulting in the development of the listric-shaped REE pattern that often
characterises porphyry-associated whole-rocks (Figs. 5.5E, F). There are some notable differences
between the two Este Porphyry samples, with CHOOS5 containing several altered igneous titanites,
which often exhibit positive Eu anomalies, and significant HREE depletion in some instances (Fig.

5.5E).
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Figure 5.5. Chondrite-normalised (Boynton, 1984) REE plots for titanite from the Chuquicamata district , designated as
igneous, replacement, altered igneous or vein-hosted on textural grounds. Also shown are average whole-rock compositions
from the Los Picos-Fortuna Complex (Loader, unpublished data), as well as the Elena Granodorite (Zentilli et al., 2018) and
Este Porphyry (Ballard, 2001). A. Elena Granodiorite. B. Los Picos Complex. C. Antena Granodiorite. Because of the
abundance of analyses from the Antena Granodiorite, only median values for individual samples are displayed. D. San Lorenzo
Porphyry. E. Este Porphyry (CHO0S5). F. Este Porphyry (CH005). Average 2¢ analytical error is smaller than symbol size.
Bivariate plots of REE and trace element ratios better illustrate titanite compositional
variation. Various trace element ratios are plotted against Th/U, which has been shown to
differentiate titanite formed in different environments (Gao et al., 2012; Deng et al., 2015;
Scibiorski & Cawood, 2022). Igneous titanite tends to cluster at low Eu/Eu* (<0.6), low Th/U (<2),
low La/Yb (<20), low La/Ce (<0.4) and moderate Dy/Yb ratios (0.8-2). However, significant
variation is observed within igneous titanite from the Este Porphyry, with two clear trends
identified: 1) one which is characterised by low Th/U, low Dy/Yb, moderate Eu/Eu*, high La/Yb
and high La/Ce; and ii) a high Th/U, moderate Eu/Eu*, moderate La/Yb, moderate La/Ce, high
Dy/YDb trend (Fig. 5.6). The signatures of non-igneous, either as altered igneous, replacement or

vein titanite, are much more variable but are often characterised by anomalously high (>1) Euw/Eu*

or low Th/U (<0.5) ratios (Fig. 5.6A).
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Figure 5.6. Trace element compositions of titanite from the Chuquicamata district. A. Eu/Eu* vs Th/U. B. La/Yb vs Th/U. C.
La/Ce vs Th/U. D. Dy/Yb vs Th/U. Euw/Eu*, La/Yb and Dy/YD ratios are chondrite normalised (Boynton, 1984). Average 2¢
errors are smaller than symbol size.

5.5 Discussion
5.5.1 Titanite Geochronology

Of the analysed titanite, only three samples (FC006, FC009 and FC010) returned errors that were
larger than 10% of the age. In these samples, large errors can be explained by the limited amount
of data due to a paucity of suitable analytical sites, with relatively small crystals that are commonly
intergrown with other mineral phases. Calculated ages for the FCT secondary standard were outside

of published reference values for the first analytical run (see Chapter 3). However, agreement
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between different analytical runs (e.g. sample FC002) and with published zircon U-Pb data
(Campbell et al., 2006) suggests that the data from the first analytical run are robust. More
successful analyses were conducted on titanite from mineral separates, with reduced errors and
MSWDs that were typically within the acceptable range (Table 5.2). For sample FC002, in which
titanite was analysed both in-sifu and from mineral separates, calculated ages overlap within the 2¢
error. However, mineral separate titanite from FC002 was overdispersed compared to the
acceptable MSWD (Table 5.2) suggesting that, in this sample, there may be different age
populations. Distinct ages are calculated for mineral separate and in-sifu titanite analysis in Antena
Granodiorite sample FC008, although in-situ analysis returned a relatively large error (~10%),

likely reflecting the limited number of suitable analytical sites.

Crystals which were analysed in-sifu included altered igneous, replacement and vein-
hosted titanite. All analyses were plotted on Tera-Wasserburg diagrams, although replacement and
vein-hosted titanite were not utilised (igneous and altered igneous were) in the calculation of
crystallisation ages. Calculated crystallisation ages which included altered igneous titanite were not
significantly different to those calculated using igneous titanite alone, except for increasing 2c
error, and particularly in cases where only a small number of analyses (<10) were possible. Similar
U-Pb data between igneous and altered igneous titanite suggests that U-Pb isotopic compositions
were not modified by hydrothermal alteration. Moreover, U-Pb compositions of replacement and
vein-hosted titanite do not significantly differ from igneous titanite in the same samples. In fact,
replacement and vein-hosted titanite often contain low initial U, and hence often help to constrain

common Pb compositions of the sample.

Crystallisation ages of titanite from the Chuquicamata district are all Eocene-Oligocene,
with the exception of CH003 which returned a late Triassic age, broadly coeval with emplacement
of this rock as part of the plutonic basement host sequence. This indicates that titanite in the Triassic
Elena Granodiorite was not overprinted by the younger Eocene-Oligocene event. Titanite U-Pb
data for the Eocene-Oligocene intrusions generally overlaps (within uncertainty) with zircon U-Pb
data for the same units from literature sources (Campbell et al., 2006) and from the same rocks
(Loader, unpublished data; Fig. 5.7). The San Lorenzo Porphyry and Los Picos Complex return
titanite ages with large errors (>10%), likely due to the small number of successful analyses. Este
Porphyry sample CHOO7 returns a titanite U-Pb age which is younger than a zircon U-Pb age from
the same sample (Fig. 5.7). However, the calculated titanite U-Pb age is consistent with zircon
crystallisation ages from the literature (Ballard ez al., 2001; Campbell et al., 2006), possibly
indicating that some older zircons may have been included in the calculation of crystallisation ages

in that sample.
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Figure 5.7. Plot comparing titanite lower intercept ages for Eocene-Oligocene intrusions in the Chuquicamata district , as well
as 2c error with +2% external uncertainty. Shown for comparison are 2°Pb/?*8U weighted mean ages for zircon from the same
samples (Loader, unpublished data). Only zircon ages are shown for some samples due to an absence of titanite analyses.

5.5.2  Comparing igneous and non-igneous titanite compositions

In samples where titanite was analysed both in-situ and in mineral separates (e.g. Antena
Granodiorite samples FC002 and FC008), most mineral separate titanite was classified as igneous,
whereas a higher proportion of non-igneous (e.g. altered igneous, replacement and vein-hosted)
titanite was identified in-situ. This may in part be due to increased likelihood of identifying non-
igneous titanite where the chemical context of the rock has been retained. However, most titanites
in the Antena Granodiorite which were classified as igneous cluster, with non-igneous often
exhibiting anomalous compositions (Fig. 5.6). This suggests that there has been minimal
misclassification of non-igneous as igneous titanite, and that igneous titanite may be preferentially
selected during mineral separation. Preferential concentration of igneous, relative to non-igneous
titanite during mineral separation may reflect varying crystal sizes and intergrowths with other
mineral phases of different properties and densities. This may introduce selection bias, and hence
future studies should be designed with particular textural types in mind. Through comparing
igneous and altered igneous titanite compositions it is possible to assess the extent to which igneous

titanite compositions may be modified during hydrothermal alteration. For example, in Este
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Porphyry sample CHOO0S5 altered igneous titanite (which is partially replaced by Fe-Ti oxides +
allanite; Fig. 5.3H) exhibits weakly negative to strongly positive Eu anomalies, compared to
unaltered igneous titanite from the same sample (Figs. 5.5 and 5.6). Similarly high Eu/Eu* ratios
in altered titanites have been observed by other authors (Horie et al., 2008; Cao et al., 2020) and
may be favoured by the breakdown of Eu-enriched phases such as feldspar. TESCAN TIMA phase
maps reveal that plagioclase is partially to completely replaced by sericite, kaolinite and K-feldspar
in this sample, potentially liberating Eu which may explain enrichment in Eu relative to
neighbouring REEs. Low Th/U ratios (<1) may also characterise altered igneous titanite, as is
observed in the Antena Granodiorite, San Lorenzo Porphyry and Este Porphyry (Fig. 5.6). In all
instances, these low Th/U ratios are predominantly driven by low Th, rather than high U contents,
indicating that Th is removed during hydrothermal alteration. This loss of Th probably represents
redistribution within the sample, with minor (<0.01 modal %) thorite identified. Despite this, some
visibly altered titanite may retain an igneous signature (Fig. 5.5B), and even vein-hosted titanite
may show comparable compositions to igneous titanite, likely reflecting the similarities between

low-temperature magmatic and high-temperature hydrothermal environments.
5.5.3  Titanite populations in the Este Porphyry

Considerable compositional variation is observed in the Este Porphyry (Figs. 5.5 and 5.6), with
igneous titanite classified into two groups based on Th/U ratios (Fig. 5.6); a parameter which has
been utilised to identify multiple titanite populations in other porphyry deposits (e.g. Bajo de la
Alumbrera; Buret et al., 2016). Texturally, Este Porphyry groups 1 and 2 are similar, showing
comparable mineral associations and crystal habits. However, group 1 titanite often exhibits
angular internal zonation (e.g. Fig. 5.3C), whereas group 2 often displays irregular internal
(possibly sector) zonation. One titanite crystal contains both groups 1 and 2 titanite (Fig. 5.8), with
a resorption surface separating the two geochemical groups. Group 2 titanite is located in the crystal
core, whereas group 1 titanite is located at the rim, on the opposite side of the resorption surface.
Crystallisation temperatures were calculated using the Zr-in-titanite thermometer (Hayden et al.,
2008), applying an aSiO:z of 1, an aTiO2 of 0.7 and a crystallisation pressure of 1.5 kb (Dahlstrém
et al., 2022) for all units. A slightly lower crystallisation temperature is observed for the group 1
(rim) analysis, although it is within error of the group 2 (core) analysis. Plotting the two Este

Porphyry groups on a Tera-Wasserburg diagram does not reveal distinct crystallisation ages (Fig.
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5.9), although group 1 (low Th/U) contains a larger proportion of titanite with high initial U
contents, reducing 2c error relative to group 2 (high Th/U; Fig. 5.9).

Group 1:
Th/U=13+03 |
704 +£24°C

Group 2:
S8 Th/U=5.5+0.1
B 714 +21°C

Figure 5.8. Crystal from the Este Porphyry that contains both groups 1 (low Th/U) and 2 (high Th/U) titanite.
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Figure 5.9. Tera-Wasserburg Concordia diagrams for titanite age data from groups 1 (A.) and 2 (B.) in the Este Porphyry.
Displayed errors represent the 26 error calculated from the weighted mean, with an additional propagated external uncertainty
of 2%.

Compositions of the two Este Porphyry groups, along with igneous titanite from other units,

are subsequently compared using violin plots (Fig. 5.10). Violin plots better illustrate
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Figure 5.10. Violin plots illustrating titanite compositions for different samples. Samples are arranged top to bottom in terms
of decreasing age based on cross-cutting relationships between units and using titanite crystallisation ages within units. Also
shown are zircon compositions (A-D) from the same samples (Loader, unpublished data). All zircon data are displayed for the
Este Porphyry. A. Crystallisation temperature (Hayden et al., 2008) assuming a crystallisation pressure of 1.5 kb, aSiO2 = 1
and aTiO2 = 0.7. Calculated zircon crystallisation temperatures (Ferry & Watson, 2007) use the same aSiO2 and aTiOz. 26
uncertainty for the calculation of both titanite and zircon temperatures is displayed. B. Ew/Eu* (Boynton, 1984). C. Dy/Yb. D.
La/Yb. E. Mn (ppm). F. Sr (ppm). For plots B-F, average 2c analytical error is 3-5%.

compositional differences between the groups, which exhibit more variation both within and

between populations than zircon from the same samples (Fig. 5.10). Overall, Este Porphyry groups
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two titanite populations of differing compositions can be explained by: 1) misclassification of non-
igneous titanite; i) mafic recharge or wall rock contamination; or iii) by derivation from melts with

distinct compositions.

Este Porphyry titanite groups 1 and 2 are unlikely to have a non-igneous origin, given either
the presence of magmatic zonation or their association with igneous minerals such as amphibole
and zircon. Furthermore, calculated Zr-in-titanite crystallisation temperatures, in the range of 750-
700°C, are consistent with an igneous origin. Mixing with a more primitive, hotter melt, or wall-
rock assimilation could alter both bulk melt composition and thermal conditions, with implications
for mineral-melt partitioning and melt chemistry. However, titanite crystallisation temperatures are
generally consistent between the two groups, and no evidence of magma mixing, or wall-rock
assimilation has been identified by the numerous previous studies (Ossandon et al., 2001; Ballard
et al., 2002; Campbell et al., 2006). Instead, it is argued that the two titanite populations represent
distinct melt compositions, probably reflecting derivation from isolated melt pockets of varying
composition. Similar geochemical signatures have been noted in other porphyry districts, including
Ok Tedi, Papua New Guinea, where multiple zircon populations were identified, also on the basis
of Th/U ratios (Large ef al., 2018). Here, the authors argue that a low Th/U zircon population,
which is usually sector zoned, is derived from a different melt reservoir. A similar process may be
envisaged with the two titanite populations, which is evidenced by the overgrowth of group 2 by
group 1 titanite (Fig. 5.8). Compositions of group 1 titanite are generally consistent with a melt that
crystallised titanite (e.g. low Th/U, La/Yb and Dy/Yb; Colombini et al., 2011) and plagioclase (e.g.
low Sr; Blundy & Wood, 1991), with extensive plagioclase crystallisation potentially buffering

titanite, to ensure that melt Eu/Eu* stays relatively constant.

The occurrence of igneous titanite with both elevated Eu/Eu* (> 0.75) and low Dy/Yb (<1)
ratios (e.g. Este Porphyry group 1) may be an important indicator of the fertility of the magmatic
system, given that such whole-rock (Richards, 2011) and zircon signatures (Lu et al., 2016; Pizarro
et al., 2020) are often linked to mineralisation. Interestingly, group 1 titanite displays many
geochemical characteristics of a porphyry fertile magma, excluding the relative enrichment in Mn,
which is often observed to exhibit low concentrations in porphyry-associated whole-rocks (Ahmed

et al., 2020; Nathwani et al., 2022).

5.5.4  Titanite as an indicator of changing melt composition

Considering only igneous crystals, titanite compositions can be employed to understand key
physicochemical changes of the magmatic system in the lead up to mineralisation (Fig. 5.9). For

the Eocene-Oligocene intrusions, calculated titanite crystallisation temperatures may slightly
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increase (when factoring in uncertainty), from ~650°C in the Los Picos Complex, through to 650-
750°C for both the Antena Granodiorite and Este Porphyry. Like titanite, Ti-in-zircon temperatures
can be calculated where assumptions are made for aSiO2 and aTiO2 (Ferry & Watson, 2007). In
this case, values of 1 and 0.7 for aSi0O2 and aTiOz respectively, which are consistent with those
applied to the Zr-in-titanite thermometer. Calculated zircon crystallisation temperatures decrease
through time, from ~800°C for Los Picos and Antena zircons, to ~700°C in the Este Porphyry,
resulting in overlapping titanite and zircon temperatures for this unit (Fig. 5.9A). Although
individual zircon and titanite temperatures in the same sample may overlap within uncertainty,
overlapping median temperatures are only observed in the Este Porphyry. This implies zircon
saturation occurred significantly before titanite in the earlier stages of evolution but that these two

phases were concurrent in the later, mineralising stage.

Titanite and zircon Eu anomalies increase through time, with titanite ranging from ~0.25-
0.4 in the Los Picos-Fortuna Complex to ~0.55-0.8 in the Este porphyry (Fig. 5.9B). These trends,
along with increasing zircon Ce anomalies, were first noted in a landmark study by Ballard et al.
(2002) who postulated that this reflected higher proportions of Eu** and Ce*" in the melt due to high
magmatic oxidation state. Current orthodoxy maintains that porphyry magmas are unusually
oxidised, yet the importance of oxidation state in governing zircon Eu/Eu* and Ce/Ce* ratios is

now strongly debated (Loader et al., 2017; Loader et al., 2022).

Magmatic oxidation state can be estimated using the zircon trace element oxybarometer of
Loucks et al. (2020). Zircon compositional data (Loader, unpublished) from the sample suite is
utilised to estimate fO2 (as AFMQ); Fig. 5.11). From this, it is evident that the magmatic oxidation
state of the Eocene-Oligocene intrusions from the San Lorenzo onwards increased through time.
Values of ~FMQ are estimated for the Los Picos intrusions, transitioning to ~FMQ+0.5-1 for the
Fortuna Complex, and finally to ~FMQ+1.5-2.5 for the Chuqui Porphyry Complex. Hence, it is
plausible that increasing fO: is controlling both titanite and zircon Eu anomalies. To assess the
importance of magmatic oxidation state in controlling titanite Eu/Eu*, melt compositions that
would have been in equilibrium with titanite are back calculated. Titanite-melt partition coefficients
for Eu (Dru) are calculated after fO2 was estimated for each of the samples/units, allowing titanite
compositions to be related to those of the melt. For the Los Picos Complex and Antena Granodiorite
samples minimum fO: values are used, which are based on the occurrence of the titanite + magnetite
+ quartz assemblage. Average titanite crystallisation temperatures are used in the estimation of
logfO: for the Antena Granodiorite and Este Porphyry samples, with solidus temperatures assumed

for the Los Picos Complex. For the Este Porphyry samples, calculated zircon and titanite
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Figure 5.11. Boxplots showing calculated log fO2 (AFMQ) using the zircon oxybarometer (Loucks et al., 2020) for different
samples. Zircons that were identified as inherited were removed from the calculation. Outliers are denoted by black points. 16 uncertainty
associated with the calculation is displayed.

crystallisation temperatures are comparable, suggesting titanite and zircon are coeval. Hence, the
average fO: for each Este Porphyry sample, as estimated using the zircon oxybarometer (Loucks et
al.,2020) was applied. Titanite Deu was estimated using the equations of Wilke and Behrens (1999)
and Burnham et al. (2015), using an optical basicity of 0.55. All partition coefficients (Sr**, Sm*",
Gd*" and Eu*") were derived from Colombini et al. (2011) and Sr was used to approximate for
Deu*". Propagating the error associated with the zircon oxybarometer calculation resulted in errors

of ~15% for the melt Euw/Eu* calculation.

The modelled melt Eu anomaly increases from chiefly ~0.5-0.7 in the Los Picos-Fortuna
Complex to ~0.9-1.1 in the Este porphyry (Appendix 7; Fig. 5.12), implying that melt
compositional evolution is also likely to have played a role. An increasing melt Eu/Eu* through
time is consistent with the progressively rising whole-rock Eu anomaly (Fig. 5.12). Hence, this
contradicts the hypothesis of Ballard et al. (2002), that oxidation state alone is responsible for
progressively increasing Eu/Eu* in zircon at Chuquicamata. Instead it is more likely that zircon
(and titanite) compositions are dominantly controlled by melt chemistry. Additionally, the median
modelled melt Eu/Eu* (via titanite) transitions from being greater than whole-rock Eu/Eu* in the
Los Picos Complex through to being coincident with whole-rock compositions in the Este

Porphyry, possibly indicating progressively earlier titanite saturation.
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5.5.5  Titanite textural indicators of mineralisation

Textural examination of the Eocene-Oligocene rocks from the Chuquicamata district reveals that
titanite became increasingly more abundant and euhedral through time. Furthermore, the paucity
of large, euhedral titanite in the Elena Granodiorite, a Triassic intrusion which displays many of
the same geochemical characteristics as the porphyry intrusions (Zentilli ez al., 2018), suggests that
the occurrence of titanite is an important marker for porphyry-fertile magmas in the district. Titanite
has been reported to occur in numerous porphyry-associated magmas from other deposits,
including Bajo de la Alumbrera (Buret et al., 2016), Bingham Canyon (Large et al., 2021), Ok Tedi
(Large et al., 2018), Pebble (Olson et al., 2017) and Yerington (Dilles, 1987). Although primary
titanite is commonly altered during intense hydrothermal alteration, the presence of titanite may be
inferred from rutile pseudomorphs, which may even partially inherit titanite trace element
signatures (e.g. Ce inheritance; Figs. 5. 3K and L). The exact mechanism of this inheritance is
unclear, although exchange reactions between fluid and precursor titanite seem the most likely
explanation.

In the Chuquicamata district, a progressive oxidation of melts over time (Fig. 5.10) may
have led to enhanced titanite stability (Wones, 1989; Frost et al., 2001; Ackerson, 2011). Elevated
melt TiO2 contents have also been identified as an important control on titanite stability (Ayers et
al., 2022), however porphyry magmas are often depleted in TiO2 due to extensive lower crustal
amphibole fractionation (Loucks, 2014). Indeed, low Ti contents are observed in porphyry zircons

from Chuquicamata (e.g. Fig. 5.10A), resulting in low calculated crystallisation temperatures
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(Ferry & Watson, 2007). Melt Ti contents, nevertheless, do not necessarily reflect titania activity
(aTiO2), which may be higher in relatively oxidised magmas (Schiller & Finger, 2019). The
common occurrence of titanite in porphyry magmas may, hence, simply reflect derivation from
relatively oxidised magmas. However, increased oxidation state alone cannot explain the
distribution of titanite in the Chuquicamata district, as the Triassic granites (e.g. Elena granodiorite)
are relatively oxidised compared to the Los Picos-Fortuna Complex, and yet contain much less
titanite. Elevated water contents are another potential control on titanite stability, as highlighted by
the frequent association of titanite with hydrous phases, and reactions involving the hydration of
clinopyroxene, ilmenite and quartz to form titanite and Ca-amphibole (e.g. Equation 2.5; Frost et
al., 2001). An essential requirement of a porphyry magma is that it contains sufficient dissolved
water contents to saturate a magmatic volatile phase in the upper crust, with elevated water contents
of porphyry magmas attested to by various whole-rock trace element compositions (Rohrlach &
Loucks, 2005; Richards, 2011; Loucks, 2014). Therefore, progressively increasing magmatic water
contents are invoked to explain the enhanced stability of titanite prior to, and during, formation of
the world class Chuquicamata porphyry copper deposit.

Titanite textures may also provide useful information about whether an intrusion saturated
in an aqueous phase. For instance, titanite from the mineralised Este Porphyry almost ubiquitously
shows fluid inclusion trails, which are readily identified using an SEM. These inclusion trails
crosscut igneous zonation (e.g. Fig. 5.3G) and hence are interpreted to be secondary, representing
the passage of hydrothermal fluids through titanite. By contrast, fluid inclusion trails in titanite
from other units are almost completely absent. Textural study of these rocks indicates that the Este
Porphyry titanites are also more pervasively altered compared to the Los Picos-Fortuna Complex.
Hence, the presence of fluid inclusion trails, for example in titanite from stream sediments, could
give an indication of proximity to an intrusion (of the right composition) through which a large
volume of hydrothermal fluid has passed. Additionally, the potential of rutile as a recorder of
primary titanite compositions should be investigated. For the mineralised Oeste and Este
porphyries, clear rutile pseudomorphs after titanite contain elevated Ce contents, suggesting that
titanite signature may be inherited by rutile, which may be of particular importance in rocks where

primary titanite has been completely destroyed.

5.6 Conclusions

Titanite textural, geochronological and geochemical data have been employed to understand the
evolution of the magmatic system which formed a supergiant porphyry Cu deposit in northern

Chile. Reliable titanite crystallisation ages, which are consistent with zircon, are obtained given a
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suitable number of uncontaminated analyses. Various types of titanite are identified in the
Chuquicamata district, including: igneous, altered igneous, replacement and vein-hosted.
Compositions of non-igneous titanite generally differ from those of igneous titanite and are
characterised by high Eu/Eu* and low Th/U ratios, although altered igneous crystals may exhibit
similar compositions to igneous titanite in some instances. Two igneous titanite populations are
identified in the Este Porphyry, on the basis of Th/U ratios, likely representing origination from
melts of different composition, with group 1 titanite exhibiting many of the characteristics of

porphyry-fertile magmas (e.g. high Euw/Eu* and low Dy/YD).

Progressively increasing titanite Eu anomalies are observed through time, culminating in
slightly negative to positive anomalies in the mineralised Este Porphyry. Zircon trace element
compositions are utilised to estimate magmatic oxidation state in the district, which is then applied
to model melt Eu/Eu* values. Modelling results are consistent with step-by-step increases in melt
Eu anomalies, indicating that titanite in the Este Porphyry crystallised from a high Eu/Eu*, low
Dy/Yb and Th/U melt; trace element signatures are consistent with derivation from porphyry fertile
magmas, as identified in zircon and whole-rock. Furthermore, the greater abundance of, and
increasingly euhedral crystal habit of, titanite, potentially due to increasing magmatic water
content, may itself be an indicator of proclivity to form a deposit. This, when coupled with an
abundance of fluid inclusion bearing titanite, may imply proximity to a hydrothermal system that

is associated with porphyry fertile magmas.
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Chapter 6. Titanite occurrence and compositions in the Cobre Panama district

6.1 Introduction

The Cobre Panama porphyry copper district is located in Coldn province, Panama, approximately
120 km west of Panama City and 20 km south of the Caribbean coast (Fig. 6.1A). Mineralisation
in the Cobre Panama region was first discovered in the late 1960’s following a United Nations
Development Programme, with the first concentrate produced in 2017 (Gray et al. 2019). Numerous
porphyry centres are found in the district, occurring in two NW-SE trends at the southern end of
the Petaquilla batholith. These porphyry centres, including the Botija, Colina, Valle Grande, Botija-
Abajo, Balboa and Medio deposits, as well as several prospects (Fig. 6.1) contain a total measured
plus indicated resource of 3,657 Mt at 0.37% Cu, 0.006% Mo, 0.07 g/t Au and 1.34 g/t Ag (Gray
et al., 2019). Mineralisation is associated with a series of dioritic to granodioritic porphyry dykes
and stocks, dated at 29-28 Ma (Baker ef al., 2016; Sepp & Dilles, 2018), similar to the adjacent
batholith. Typical hydrothermal alteration assemblages present at Cobre Panama include potassic,
propylitic, silica-chlorite, sericitic and argillic types (Gray et al., 2019). However, mineralisation
and alteration zoning is generally more laterally extensive than typical for porphyry systems, likely
due to post-mineralisation faulting (Sepp & Dilles, 2018). Currently, the mine is owned by Minera
Panama, which itself is owned by First Quantum Minerals (90%) and Korea Mine Rehabilitation

and Mineral Resources Corporation (10%).

This chapter aims to understand the occurrence and chemical compositions of both igneous
and hydrothermal replacement titanite from the giant Cobre Panama porphyry Cu district, Panama.
Through combining textural and geochemical data, key characteristics of igneous and non-igneous
titanite can be identified, allowing for a greater understanding of the factors that control titanite

chemistry.

6.2 Geologic setting

The Isthmus of Panama is a narrow land strip located at the intersection of the Caribbean, Cocos,
Nazca, North and South American plates. Here, arc magmatism was thought to have been initiated
in the late Cretaceous along the southwestern edge of the Caribbean plate, in response to northward
subduction of the Farallon plate (Buchs ef al., 2010; Wegner et al., 2011; Redwood et al., 2021).
Since the Eocene, the collision of Panama with the South American plate has resulted in
anticlockwise rotation, oroclinal bending, and left-lateral offset of volcanic arc terranes (Kerr &

Tarney, 2005; Lissinna, 2005; Montes et al., 2012). Thick vegetation throughout much of Panama
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has made exploration challenging, yet other porphyry deposits have been identified. Limited
research has been conducted on the Rio Pito and Cerro Colorado deposits, but geochronological
studies suggest that they are older and younger than the Eocene mineralisation at Cobre Panama

respectively (Clark et al., 1977; Kesler et al., 1977; Gray et al., 2019).

The oldest rocks in the district are a series of lavas, tuffs and volcaniclastic units of mafic
to intermediate composition (Baker et al., 2016; Sepp & Dilles, 2018; Gray et al., 2019). These are
generally mapped as undifferentiated andesite (Fig. 6.1), although Cr-rich basalts have also been
identified around the Botija deposit. Despite their association with mineralisation, the age of these
rocks is relatively poorly constrained, although faunal evidence from intercalated limestone beds
suggests a late Eocene age (Redwood ef al., 2021). These volcanic units were subsequently intruded
by the c. 20 km long Petaquilla batholith, which becomes younger and more evolved to the south,
transitioning from dominantly dioritic compositions close to the Caribbean coast, to a dominantly
granodioritic composition in the south (Baker ef al., 2016). The Petaquilla batholith can also be
split into three domains based on zircon U-Pb ages: >30 Ma in the north; ~30 Ma in the central
portion; and 29-28 Ma in the south (Fig. 6.1B; Baker et al. 2016; Sepp & Dilles, 2018).
Thermobarometric estimates from amphibole suggest a depth of emplacement of ~6-8 km (Sepp &
Dilles, 2018). Zircon U-Pb studies of the porphyry intrusions indicate overlapping crystallisation
ages with the southern portion of the batholith (Baker et al., 2016) which, in addition to their spatial
association and paucity of cross-cutting relationships, suggests an intimate association between
them. Finally, volumetrically minor late-stage basaltic to andesitic dykes crosscut all earlier

intrusions (Baker ef al., 2016; Sepp & Dilles, 2018).

The structural geology of the district is relatively complex, with several generations of
faulting. Gray et al. (2019) proposed that there are three generations of faults, including 1) early E-
W trending, moderately dipping reverse faults, which may be genetically linked to the emplacement
of the porphyritic intrusions, ii) a set of conjugate NW-SE trending sinistral and NE-SW trending
dextral strike slip faults and iii) late-stage E-W and NE-SW trending normal faults that cross-cut

earlier structures.
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Figure 6.1. Simplified maps of the Cobre Panama porphyry Cu district. A. Location of the study area within Panama. B.
Simplified geological map of the Cobre Panama district showing other deposits and prospects, in addition to age domains of
the Petaquilla batholith. Modified from Sepp and Dilles (2018), after Baker ef al. (2016), Nobel and Benavides (2013) and
Speidel et al. (2001). C. Local geological map showing outlines of the major porphyry copper deposits and sample locations,
modified from Redwood et al. (2021), after Speidel ez al. (2001) and First Quantum Minerals Ltd.
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6.3 Methods

Data presented here comes from 24 samples which were collected in 2021 by Juan Burlando,
including 17 mine surface samples from the Botija open pit and 7 drillcore samples from the Colina
deposit (Table 6.1). Samples were selected to encompass a range of lithologies, with a particular
focus on intrusive phases that are spatially and temporally associated with mineralisation. In
addition to whole-rock (Appendix 1) and titanite (Appendix 2) analysis, of which the methodology
is outlined in Chapter 3, zircon compositions (Appendix 8) and U-Pb isotopic data were also
collected from Cobre Panama samples, with the methodology outlined below. Prior to whole-rock
analysis, samples were crushed at ALS Laboratories and coarse reject material was sent to Geotrack
International, where heavy mineral separation was conducted to produce zircon rich concentrates.
Zircon was successfully separated from all but two samples (IMP003 and IMP021), allowing for
determination of trace element and U-Pb isotopic data at Rio Tinto Exploration, Bundoora,
Australia, by laser-ablation ICP-MS. GSD-1G was employed as the primary reference material,
with a stoichiometric value of 15.3 wt.% Si used as the internal standard. For U-Pb isotopes, GJ-1
was used as the standard (Jackson et al., 2004). Additionally, BCR-2G and 91500 were analysed

as secondary standards for trace elements and U-Pb isotopes, to provide a check on data quality.

Table 6.1. Sample information, analytical techniques and number of analyses. And= Andesite, Pq Grd= Petaquilla
granodiorite, Ppy-Ea= Early-mineral porphyry, Ppy-In= Inter-mineral porphyry, Ppy-La= Inter-mineral porphyry, Ppy-La=
Late-mineral porphyry, Ppy-Po= Post-mineral porphyry, M-Dy= Post-mineral mafic dyke.

Sample Unit Grid reference Alteration TIMA No. of ttn Zircon  Whole-
(depth) analyses rock
IMP001  Pq Grd 538356, 977616 Propylitic Y 31 Y Y
IMP002 Ppy-La 538638, 977377 Propylitic Y - Y Y
IMP003 And 538630, 977376 Propylitic Y - N Y
IMP004  M-Dy 538698, 977345 Propylitic Y 16 Y Y
IMP005  Pq Grd 538886, 977308 Propylitic after potassic? Y 24 Y Y
IMP006 And 539153, 977177 Propylitic after potassic? Y 9 Y Y
IMP007 Pq Grd 539473, 977012 Propylitic Y 19 Y Y
IMP008  Pq Grd 538521, 976664 Propylitic after potassic? Y 15 Y Y
IMP009 M-Dy 537837, 976810 Propylitic Y - Y Y
IMP010 Pq Grd 537723, 976888 Propylitic Y 23 Y Y
IMP011  Ppy-Ea 537684, 976944 Propylitic after potassic? Y 13 Y Y
IMP012 Ppy-La 537746, 977996 Propylitic Y 15 Y Y
IMP013  Ppy-Ea 537633, 977600 Propylitic Y 10 Y Y
IMP014  Pq Grd 537642, 977190 Propylitic after potassic? Y 13 Y Y
IMPO15 Ppy-Ea 537634, 977186 Propylitic Y 14 Y Y
IMP016  Ppy-In 538938, 976868 Potassic/sericitic? Y - Y Y
IMP017 Ppy-Ea 538911, 976680 Propylitic Y - Y Y
IMP018 Ppy-Ea 535100, 976980 (30m) Propylitic Y - Y Y
IMP019 Ppy-Ea 535100, 976980 (51m) Propylitic after potassic? Y 9 Y Y
IMP020 Ppy-La 535080, 977140 (116m) Propylitic Y 8 Y Y
IMP021 Ppy-Po 535297, 976732 (138m) Propylitic Y 9 N Y
IMP022 Ppy-Ea 535801, 977211 (90m) Propylitic after potassic? Y 10 Y Y
IMP023 Ppy-Ea 535801, 977211 (208m)  Propylitic after potassic? Y 13 Y Y
IMP024 Ppy-La 534686, 976682 (148m) Propylitic Y 12 Y Y
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In order to ensure data quality, a subset of the raw zircon laser-ablation data was provided
by Rio Tinto. This was processed using the Iolite v 3.61 software (Paton et al., 2011) at the Natural
History Museum, before being compared to data from the same samples that was provided by Rio
Tinto. Calculated crystallisation ages from the same samples (IMP002, IMP(004) are consistent
within uncertainty, and secondary standards (91500, Wiedenbeck et al., 2004; Plesovice, Slama et
al., 2008) are within uncertainty of published ages (Appendix 3). Literature data, both whole-rock
and zircon geochronology from Baker et al. (2016) is also presented for comparison. Studied
samples from the Cobre Panama porphyry Cu district comprise both extrusive and intrusive igneous
rocks (Fig. 6.2). Intrusive rocks from the district include both the batholith and porphyritic
intrusions, as well as post-mineral mafic dykes (Fig. 6.2). Studied samples typically contain
plagioclase, quartz, amphibole, Fe-Ti oxides and apatite in varying proportions, with K-feldspar
and zircon also present in all but the most mafic samples. The dominant alteration style observed
in the studied samples is silica-chlorite, which is characterised by chloritisation of mafic
phenocrysts and addition of quartz to the groundmass. Pervasive potassic alteration is not observed,
rather potassic alteration manifests as veinlet selvages localised around K-feldspar veinlets (Fig.
6.2C). Pyrite and chalcopyrite are the most abundant sulphides, with minor bornite, molybdenite

and sphalerite.

Andesite (IMP003 & IMP006)

Sampled volcanic rocks are porphyritic, containing magnetite (2.5%) and plagioclase phenocrysts
in a fine-grained, plagioclase (more anorthitic) rich groundmass (Fig. 6.2A). Studied andesite
samples differ in their modal mineralogy and phenocryst assemblage. Sample IMP003 is more
felsic, containing an abundance of quartz (~25%) and minor apatite (0.5%) in the groundmass,
whereas IMP006 contains an abundance of amphibole phenocrysts (~20%). Both samples are
mineralised, containing chalcopyrite and pyrite as disseminations and veinlets. Sample IMP003 is
intensely veined, containing a stockwork of sericite + chlorite + quartz + sulphide veinlets, with
the abundance of quartz possibly reflecting hydrothermal rather than igneous processes.
Hydrothermal alteration of sample IMP0O06 is patchy, with the dominant mafic replacement mineral
alternating between biotite and chlorite throughout the sample. Veinlets of calcite + albite + chlorite
+ quartz + sulphides + titanite are observed, although sulphides are dominantly found as

disseminations, with veinlets only comprising a volumetrically small proportion (Fig. 6.2A).
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Figure 6.2. Selected TESCAN TIMA phase maps and photographs of the Cobre Panama sample suite. A. Andesite. B.
Unaltered Petaquilla granodiorite. C. Early-mineral porphyry. D. Early-mineral porphyry. E. Late-mineral porphyry. F. Post-
mineral porphyry. For the TIMA phase maps, darker plagioclase colours represent increasing anorthite content. Note, each
increment of the scale bar in the photographs indicates 1 cm.
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Petaquilla granodiorite

The Petaquilla granodiorite is an equigranular rock (average crystal size of ~1-2 mm) containing
euhedral to subhedral plagioclase (~50%), amphibole (~4%) and magnetite (~1.5%), with
interstitial quartz (~20%) and K-feldspar (~12%; Fig. 6.2B). Accessory phases, including apatite
(~0.3%), titanite (0.1-0.5%) and zircon (~0.01%) are ubiquitous, and are often associated with
magnetite or amphibole. Petaquilla granodiorite samples have undergone varying degrees of
hydrothermal alteration, ranging from relatively unaltered (IMP001) through to moderately altered
(IMPO14). Hydrothermal alteration is characterised by addition of quartz, chloritisation of
amphiboles, and alteration of plagioclase to albite and sericite. Subordinate alteration minerals
include biotite, epidote, calcite and pyrite, either in veinlets or in association with altered

amphiboles.

Porphyritic intrusions

Mine geologists differentiate porphyry intrusions using the phenocryst assemblage, characterising
three separate intrusions: a i) feldspar-hornblende-quartz porphyry, a ii) feldspar-quartz porphyry
and a iii) feldspar-hornblende porphyry (Gray et al., 2019). However, the intrusions sampled during
the present study are much more visually and texturally diverse, displaying a range of colours, from
black through green to light grey, in addition to both crowded (i.e. phenocrysts > 50 modal %) and
uncrowded (i.e. phenocrysts < 50 modal %) textures (Figs. 6.2C-F). As a result, porphyries are
classified according to their timing in relation to mineralisation (early-mineral, post-mineral etc.).
All porphyry intrusions contain well-formed plagioclase phenocrysts (~0.5 mm to < 8 mm in
length), which constitute the phenocryst assemblages of the porphyries in addition to either quartz
(0.7-3mm), amphibole (0.8-4mm), or both quartz and amphibole. Crystal sizes of the groundmass
differ considerably, with some samples showing an almost equigranular texture with occasional
large phenocrysts (Fig. 6.2D). Alteration mineralogy and intensity varies between samples, though
primary plagioclase is typically altered to secondary albite or sericite (or K-feldspar and epidote in
rare cases). Similarly, amphibole is often chloritized, but can be replaced by biotite, epidote,
titanite, pyrite or magnetite depending on the sample. Compared to other porphyry intrusions, the
post-mineral porphyry (IMP021) is texturally distinct, containing irregularly shaped plagioclase
(Fig. 6.2F), and actinolite (after amphibole) phenocrysts (<1mm).

Post-mineral mafic dykes (IMP004, IMP009)

The two-studied post-mineral mafic dyke samples are both porphyritic but show different
phenocryst assemblages and sizes. Sample IMP004 is slightly more evolved, containing quartz

(0.5-2.5mm), plagioclase (0.4-3mm), magnetite (0.15-0.3mm) and chlorite-calcite (0.4-1.5 mm;
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likely after amphibole) phenocrysts, in addition to quartz-calcite veins. The other studied sample,
IMPO009, contains phenocrysts of clinopyroxene (< 0.6mm) and another mineral which has been
altered to calcite. Small chromite crystals (~200 um) are found within these calcite phenocrysts,

suggesting that the phenocrysts may have been chromites prior to hydrothermal alteration.

6.4 Results
6.4.1 Titanite textures

Titanite of a suitable size for analysis (e.g. Fig. 6.3) was identified in 75% of studied samples.
Samples with no identifiable titanite were either from host volcanic sequence andesites, post-
mineralisation mafic dykes or intensely-altered porphyries (Fig. 6.3). Titanite can be split into three
groups based on mineral associations, grain morphology and chemical zonation. The first is
commonly observed in rocks of the Petaquilla batholith, and in the porphyries is only found in
sample IMP012, a weakly-altered late-mineral porphyry. This group is characterized by relatively
large grains, sometimes up to a millimetre in length, that are intergrown with common igneous
minerals such as zircon, hornblende and apatite (Fig. 6.3A). Additionally, this group can also be
distinguished by the presence of sector zoning (Fig. 6.3B), or through increasing or decreasing BSE
brightness from core to rim. Depending on the degree of hydrothermal alteration in the sample,
titanite-hosted fluid inclusion trails are observed, with a higher abundance of fluid inclusion trails

found in more strongly altered samples (Figs. 6.3A, C). An igneous origin is interpreted for this

group.

The second group is predominantly observed in samples from the porphyry intrusions and
is characterized by small (<30 pm) grains that show patchy zonation in BSE images. Titanite is
typically associated with chlorite, epidote, allanite and calcite (Figs. 6.3C, D). Generally, this group
exhibits anhedral, often angular morphologies, although titanite from the post-mineral porphyry
(sample IMP021) instead shows an unusual, rounded and mottled morphology, in association with
chlorite, epidote and actinolite (Fig. 6.3E). This group is inferred to have replaced earlier formed
mafic minerals such as amphibole (Fig. 6.3F) and is subsequently referred to as replacement

titanite.
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Figure 6.3. Titanite petrography from the Cobre Panama district. A. Typical mineral associations of igneous titanite (IMP001).
B. Igneous titanite showing sector zoning (IMP010). C. Altered, zoned igneous titanite containing many fluid inclusion trails
(IMPO0O05). D. Typical replacement titanite, in association with chlorite and epidote (IMPO11). E. Titanite from the post-mineral
dacite porphyry (IMP021). F. Replacement titanite associated with altered amphibole phenocryst (IMP013). G. Vein-hosted
titanite in albite vein (IMP006). H. Altered titanite phenocryst with altered titanite in the core (IMP017).

A final, volumetrically minor group - vein-hosted titanite (Fig. 6.3G) occurring with albite

in veins) — was observed in one sample of the host andesite (IMP006). In addition to these groups,
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clear pseudomorphs after titanite are observed in some of the altered porphyries (e.g. IMP017; Fig.
6.3H), in which relic titanite is observed in association with REE-bearing phases (e.g. allanite and
monazite), rutile, chalcopyrite and quartz. Each grain that was targeted for analysis was classified
as one of the three groups (igneous, replacement and vein-hosted), to enable subsequent

comparison of chemical signatures.

Automated SEM analysis was used to estimate the volume percentages of minerals that are
sharing grain boundaries with titanite (Appendix 9; Fig. 6.4). The dominant mineral assemblage
strongly correlates with the degree of hydrothermal alteration, and on the dominant titanite group

in the sample. For example, in a relatively unaltered sample where titanite is almost entirely
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Figure 6.4. Percentages of minerals associations with titanite in different samples.

classified as igneous (IMP001), titanite is associated with amphibole + K-feldspar + magnetite +

plagioclase. Oppositely, in moderately altered samples where titanite is dominantly classified as
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replacement (IMPO11), titanite is chiefly associated with chlorite and allanite (Fig. 6.4). Chlorite
and allanite are the key minerals associated with titanite in replacement-dominated samples,
although the abundances of these minerals increase in samples IMP005, IMP007, IMPOOS and
IMPO10, in which titanite was dominantly classified as igneous. Of the samples which were
dominated by replacement titanite, only IMP0O13 and IMP021 show some variation in the titanite
associated mineral assemblage. Sample IMP013 contains an abundance of ilmenite, and IMP021

displays a K-feldspar + magnetite + albite + epidote + allanite + chlorite assemblage (Fig. 6.4).
6.4.2  U-Pb geochronology

Titanite U-Pb geochronology is only presented where a 30 um spot size was employed during the
analyses. Although applying a variable spot size does not have a major impact upon trace element
analysis where concentrations may vary by orders of magnitude, using a variable spot size for U-
Pb isotopic data may result in isotopic fractionation and hence biased data, due to varying transport
properties (Horn et al., 2000; Liu et al., 2011). Hence, only 110 titanite analyses from 6 samples
are presented (Fig. 6.5; Table 6.2). In addition to titanite, a total of 1054 zircon analyses in 21

samples were conducted at Rio Tinto Exploration (Table 6.2).

Table 6.2. Titanite and zircon U-Pb isotopic data for the Cobre Panama district. Titanite lower intercept ages, 26 error and an
additional propagated 2% external uncertainty, as well as MSWD and acceptable MSWD are shown. Acceptable MSWD is
calculated using the equation of Wendt and Carl (1991).

Sample Unit Mineral n Age 26 26 +2% ext. MSWD Acceptable
(Ma) error uncert) MSWD*
IMP001 Pq Grd Ttn 29  29.18 0.72 0.93 1.7 1.5
IMPO001 Pq Grd Zrn 50 28.87 038 0.69 1.7 1.4
IMP002 Ppy-La Zrm 54 2794 0.28 0.63 1.1 1.4
IMP004 M-Dy Zrm 59 28.19 0.31 0.64 1.4 1.4
IMP005 Pq Grd Ttn 23 30.52 095 1.13 22 1.6
IMP005 Pq Grd Zm 25 29.13 0.49 0.76 1.5 1.6
IMP007 Pq Grd Ttn 16 29.72 241 2.48 1.9 1.7
IMP007 Pq Grd Zrn 31 29.14 037 0.69 1.3 1.5
IMP008 Pq Grd Ttn 9 2843 1.35 1.46 1.1 2.0
IMP008 Pq Grd Zrn 66 28.71 0.33 0.66 1.4 1.4
IMP009 M-Dy Zrm 43 29.10 0.44 0.73 1.5 1.4
IMPO10 Pq Grd Ttn 22 29091 0.98 1.15 1 1.6
IMPO010 Pq Grd Zm 46  28.95 0.37 0.69 1.0 1.4
IMPO11 Ppy-Ea Zm 54 2882 0.38 0.69 1.5 1.4
IMPO012 Ppy-La Ttn 11 2992 0.78 0.98 0.7 1.9
IMPO012 Ppy-La Zrm 63 2827 036 0.67 3.4 1.4
IMPO013 Ppy-Ea Zrn 59 2851 0.37 0.68 2.0 1.4
IMPO014 Pq Grd Zrn 67 29.15 0.35 0.68 1.6 1.3
IMPO15 Ppy-Ea Zrn 67 28.837 044 0.73 1.8 1.3
IMPO016 Ppy-In Zrm 46  28.32 0.48 0.74 1.5 1.4
IMPO17 Ppy-Ea Zrm 39  28.73 0.55 0.80 1.5 1.5
IMPO18 Ppy-Ea Zm 61 29.09 0.35 0.68 1.7 1.4
IMPO19 Ppy-Ea Zrmn 44 2737 0.26 0.61 1.1 1.4
IMP020 Ppy-La Zrm 53  28.61 0.36 0.68 1.7 1.4
IMP022 Ppy-Ea Zrm 36 28.73 0.30 0.65 1.1 1.5
IMP023 Ppy-Ea Zrn 52 28.73 0.42 0.71 2.2 1.4
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Figure 6.5. Tera-Wasserburg Concordia diagrams showing titanite age data from the Cobre Panama
district. 20 error ellipses are shown, in addition to the 26 uncertainty associated with the regression.

Crystallisation ages are presented with error, which is derived from the regression, with an additional
propagated external uncertainty of 2%.
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6.4.3  Geochemistry
Whole-rock

Whole-rock geochemistry of all studied samples was determined at ALS Laboratories (as outlined
in Chapter 3). Intensity of hydrothermal alteration in the studied samples is variable, ranging from
relatively unaltered (IMP0O1; Fig. 6.2A) to intensely altered (e.g. IMP016). Igneous classification
diagrams commonly utilise mineral modal proportions (Streckeisen, 1976), or concentrations of
alkali elements, such as K and Na (Peccerillo & Taylor, 1976; Barton & Young, 2002). However,
alkali elements are extremely mobile during alteration, and mineral modal abundances, particularly
of quartz, alkali feldspar and plagioclase, are likely to be affected by hydrothermal alteration.
Consequently, classification diagrams which use immobile elements are better suited to
hydrothermally altered rocks (Halley, 2020). Based on the Th-Co diagram of Hastie et al. (2007),
all rocks have a calc-alkaline affinity. Most samples, particularly the Petaquilla granodiorite and
the porphyries, have an intermediate to felsic composition (Fig. 6.6), although one sample of the
Petaquilla granodiorite was significantly more mafic. Despite being termed ‘andesites’, the studied
volcanic samples classify as basalts according to the diagram of Hastie et al., (2007) (Fig. 6.6),
suggesting that the abundance of quartz in IMP003 may result from hydrothermal alteration.
Furthermore, post-mineral mafic dyke sample IMP004 has an intermediate composition, although
it is close the boundary with mafic compositions. In spite of the misclassification, unit names as

determined by the mine are retained for ease.

Chondrite-normalised whole-rock REE patterns of the andesites are relatively flat, with a
weak enrichment in LREEs relative to HREEs, and a weakly negative Eu anomaly (Fig. 6.7A).
Studied samples of the Petaquilla granodiorite and porphyritic intrusions show a remarkably
consistent REE signature, with a strongly negatively sloping, listric REE pattern, in addition to a
weakly negative to positive Eu anomaly (Figs. 6.7B, C). The only sample which deviates from this
signature is IMP021, which shows slightly higher LREE concentrations, but significantly higher
HREE concentrations (resulting in lower La/Yb ratios), as well as a more negative Eu/Eu* relative
to the other porphyries (Fig. 6.7C). Post-mineral mafic dykes show transitional compositions
between the andesites, and Petaquilla granodiorite/porphyries (Fig. 6.7D). The more mafic sample
(IMP009) exhibits a similar pattern to the andesites, whereas IMP004 (more felsic) is starting to
develop the LREE enrichment and HREE depletion that characterises the batholith and porphyritic
intrusions (Fig. 6.7). REE compositions determined in this study generally agree with published
compositions for the same units (Baker ef al. 2016; Figs. 6.7E, F). In fact, REE compositions of
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the Petaquilla granodiorite determined in this study are similar to those from the southern portion

of the batholith (Fig. 6.7E). However, key differences are observed compared to the older portions
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Figure 6.6. Thorium-cobalt immobile element classification diagram (Hastie et al., 2007). Analytical error was estimated to
be ~2% for Co and 6% for Th.

of the batholith, with a progressive HREE depletion and Eu anomaly suppression, through time and
from north to south. Comparisons between porphyry REE compositions determined in this study
and literature data reveals that nearly all porphyries have a similar REE pattern, which itself is
identical to that from the southern portion of the batholith. Despite its uniqueness within the studied
sample suite, REE patterns which are equivalent to post-mineral porphyry sample IMP021 can be
identified in the literature (Fig. 6.7F).

123



-
L-] Post-mineral
porphyry
a 102 e
5 1\
c — BN
o L 5
<
o I L
=
U L 5
e
@
O e — S— -
e 10 3 F C
= C r i
r Andesite 3 Petaquilla granodiorite - Porphyries
m EN E
s | Similar composition
fL - E g to post-mineral
S C [ < E porphyry
= - — -
[9) L L K
£
v o - 3
T
~
U L L 3
e
@
2o 3 3
= . - . Med. porphyry
- - North to south —
r Mafic dyke - Petaquilla granodiorite* B Porphyries*
S8EZERBRRLUELS SSESEIBLELUELT SSEEIBLELUELS

Figure 6.7. Whole-rock chondrite-normalised (Boynton, 1984) REE patterns for samples collected in this study (A-D.) and
for literature data (E-F.; Baker ef al. 2016). Median compositions are displayed for the north, central and southern portions of
the batholith (E.), as well as all porphyries (F.). *Indicates literature data, taken from Baker et al. (2016). Designation of
batholith samples as north, central and southern is based on Baker et al. (2016) and Sepp and Dilles (2018). Also shown are
compositions of porphyritic intrusions that are similar to the post-mineral porphyry. Average 2c errors are smaller than symbol
size.

Titanite

Titanite chondrite-normalised REE patterns show differences between and within units (Fig. 6.8).
Only a few successful titanite analyses (vein-hosted and replacement) were possible in the andesite,
which dominantly has a shallowly, negatively sloping REE pattern with a slightly positive Eu
anomaly (Fig. 6.8A). Concentrations of individual REEs in the Petaquilla granodiorite vary over 2
orders of magnitude. However, observed REE patterns are much more consistent, dominantly
showing a negatively sloping REE pattern with a moderately negative Eu anomaly (Fig. 6.8B).
With decreasing REE concentrations, Eu/Eu* increases in Petaquilla granodiorite titanite, which
also develops a listric pattern. Additionally, a minor proportion of LREE-depleted titanite is also
present in the Petaquilla granodiorite (Fig. 6.8B). Early-mineral porphyry titanite, like those from
the Petaquilla granodiorite, displays a range of individual REE concentrations, varying over
approximately three orders of magnitude (Fig. 6.8C). The overwhelming majority of titanite from
the early-mineral porphyry displays positively sloping REE patterns, with variable Eu anomalies

(both strongly negative and positive). Two dominant REE signatures are observed in late-mineral
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porphyry, with titanite from sample IMP012 typically showing a negatively sloping REE pattern
with a moderately to weakly negative Eu anomaly (Fig. 6.8D). Other late-mineral porphyry
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Figure 6.8. Chondrite normalised (Boynton, 1984) REE plots for titanite from the Cobre Panama district. Average 2c errors
are smaller than symbol size.

samples, however, show LREE-depletion (Fig. 6.8E) like those observed in the early-mineral
porphyries. Finally, post-mineral porphyry titanite exhibits a unique, flat to slightly concave-
upward REE pattern (Fig. 6.8F).

Zircon

Zircon trace element data are shown in relation to those of the ‘porphyry indicator zircons’ fields
of Lu et al. (2016) and Pizarro et al. (2020). Most zircons have characteristics in common with
zircons from porphyry systems, with elevated Eu/Eu* and (Ce/Nd)/Y, as well as low Dy/Yb and
Th/U (Figs. 6.9A-C). Low crystallisation temperatures and a moderately elevated magmatic
oxidation state were determined, with the majority estimated to have crystallised at temperatures

less than 800 °C (Ferry & Watson, 2007) and between FMQ+1 and +3 (Loucks et al., 2020).
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the zircon oxybarometer (Loucks et al., 2020). Average 2c errors are smaller than symbol size.

6.5 Discussion
6.5.1 Titanite Geochronology

Besides Petaquilla granodiorite sample IMP007 (~8%), all samples returned errors that were
around 4% of the titanite lower intercept age. Titanite U-Pb data are consistent within uncertainty
with zircon data from the same samples (Fig. 6.10). Moreover, nearly all samples, including post-
mineral mafic dykes, overlap within uncertainty, returning an age of ~29 Ma which is consistent
with literature data from the south of the district (Fig. 6.10; Baker et al. 2016). The exception to
this is early-mineral porphyry sample IMP019, from the Colina deposit, which returns an age (~28-
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27 Ma) that is younger than titanite and zircon ages from several batholith samples (IMP0O1,
IMP005 and IMPO010). Despite this, similar ages are observed in both batholith samples and
porphyritic intrusions, in the latter case at the Balboa deposit (Fig. 6.10; Baker et al. 2016). This
suggests that although crystallisation took place over a relatively short time window at the Botija
deposit, more protracted crystallisation may have taken place elsewhere in the district.

Unfortunately, no zircons were separated from samples IMP003 (andesite) and IMP021 (post-
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Figure 6.10. Plot comparing titanite lower intercept ages with zircon Concordia ages. Also shown is 26 uncertainty with £2%
external uncertainty. Shown for comparison are ages determined by Baker et al. (2016).

mineral porphyry), and only two successful zircon analyses were possible in IMP006 (andesite).
Consequently, the age of these rocks is unclear, though a late-Eocene biostratigraphic age has been

suggested for volcanics in the Cobre Panama district (Redwood et al., 2021).
6.5.2  Differentiating igneous and replacement titanite

Variable titanite REE signatures within a single sample (e.g. IMP012; Fig. 6.8D) are identified in
samples that contain both igneous and replacement titanite. To group these titanite data into
multiple populations, principal component analysis (PCA) was conducted. PCA is an unsupervised
machine learning technique that is commonly used for dimensionality reduction (James et al.,
2013). Applying statistical techniques to geochemical data is made challenging by its
compositional nature, in that elemental concentrations must sum to a constant value (e.g. 100%).
This phenomenon, known as the constant sum effect, means that increasing concentrations of one

component necessitate decreasing concentrations of another, potentially resulting in spurious
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correlations (Aitchison, 1982). To overcome the constant sum effect, centred-log-ratio (clr)
transformations of each component were conducted. Centred-log-ratio transformations allow data
to vary in real number space without constraint, ensuring that all variables are statistically
independent (Buccianti & Grunsky, 2014; Grunsky & Caritat, 2020). Prior to PCA, all censored
data (i.e. observations containing element concentrations below LOD) and elements with
concentrations that were consistently below LOD were removed. PCA was then undertaken on clr-
transformed data, with both conducted in the free programming software R using the clr (Hotelling
package; Curran, 2021) and prcomp (Base R) functions respectively. PCA was performed on Cobre
Panama titanite to 1) identify which elements are important in differentiating igneous and
replacement titanite, and ii) understand the controls on titanite trace element composition. Elements

included in the PCA were V, Sc, Mn, Sr, Zr, Nb, REEs, Hf, Ta, Th and U.

Results of the PCA (Appendix 10) are compared to titanite groupings (i.e. whether igneous,
replacement or vein-hosted), allowing elements which are characteristic of the groupings to be
easily identified. Most variables which are included partially discriminate between igneous and
replacement titanite (Fig. 6.11A). Indeed, igneous titanite is characterised by high LREE and Th
concentrations, whereas replacement titanite displays two end member compositions (Fig. 6.11A).
One that is controlled by HREE enrichments, and another that is controlled by enrichments in Sc,
Al Fand V (Fig. 6.11A). Hence, PCA highlights the fractionation of REEs between titanite types,

as is evident in chondrite-normalised REE patterns (Fig. 6.8).

It is interesting to note that an igneous signature is retained in samples where minerals
around titanite are being altered (e.g. IMP00S; Fig. 6.4). For example, igneous titanite in sample
IMPOO5 shares ~40% of grain boundaries with chlorite, compared to <10% in sample IMP0O1,
reflecting an increased degree of hydrothermal alteration (as chloritisation). In spite of this, titanite
geochemical signatures are almost identical between samples (Fig. 6.11B), implying that titanite
and its geochemical signatures are more resistant to alteration than amphibole (which is altering to
chlorite). Compositions of post-mineral porphyry titanite (IMP021) are also highlighted, which was
identified to show unique signatures compared to replacement titanite in other samples. Vein-
hosted titanite does not show a consistent signature, instead showing both igneous and replacement-
like signatures (Fig. 6.11B). Further analysis is likely required to ascertain factors controlling vein-

hosted titanite compositions.
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Through combining PCA results with previous work, bivariate plots can be constructed
which better illustrate compositional differences between igneous and replacement titanite (Fig.
6.12). Several studies have identified the utility of plotting F against Fe/Al ratios to identify titanite
formed in different environments (Nakada, 1991; Enami et al., 1993; Kontonikas-Charos et al.,
2019). Additionally, XREE concentrations and Th/U ratios have been used to differentiate titanite
types (Li et al., 2010; Cao et al., 2015; Kontonikas-Charos et al., 2019). Selected element
concentrations and ratios in bivariate space are subsequently employed to highlight compositional

differences between the groups (Fig. 6.12).

Replacement titanite is enriched in F (up to 2.5 wt.%) but has low Fe/Al (mostly 0-1),
whereas igneous titanite exhibits low F (sometimes below the LOD) with a higher but restricted
range of Fe/Al (1.5-3.5). Vein-hosted titanite is enriched in Fe/Al but contains low concentrations
of F (Fig. 6.12A). Igneous titanite has high ZREEs and Zr relative to replacement titanite, with
estimated Zr-in-titanite crystallisation temperatures of ranging from in excess of 800 °C down to
the solidus (~650°C; Fig. 6.12B). Additionally, igneous titanite is also enriched in Mn and displays
higher Th/U ratios (Fig. 6.12C) relative to replacement titanite but contains lower concentrations
of V and Sc (Fig. 6.12D). Vein-hosted titanite shows significant variability between grains for these

elements.
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After successfully delineating the characteristics of igneous and replacement titanite,
inferences can be made on the factors controlling these signatures. Igneous mineral chemistry is

linked to corresponding melt compositions through mineral-melt partition coefficients, unless
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Figure 6.12. Titanite minor and trace element chemistry , as determined by EPMA (A.) and laser-ablation ICP-MS (B-D.).
Colours indicate whether titanite was classified as igneous, replacement or vein-hosted, and symbols indicate the host
lithology. A. F vs Fe/Al. B. Zr vs ZREE. Approximate crystallisation temperatures for igneous titanite (Hayden et al., 2008)
are also shown, assuming aSiO2=1, aTi02=0.7 and pressure = 1.5 kb. C. Mn vs Th/U. D. V vs Sc. Where not specified, 2o
uncertainty is smaller than the symbols.

Trace element incorporation is temperature dependent (e.g. Zr-in-titanite thermometer; Hayden et
al., 2008). Partition coefficients for a range of trace elements, including REEs and HFSEs, are
extremely high for titanite (D™™! >100; Bachmann et al., 2005; Prowatke & Klemme, 2005;

Colombini et al., 2011), resulting in high elemental concentrations in igneous titanite. Such factors

control the signatures of igneous titanite, which will be further discussed later.
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Relative to igneous titanite, controls on compositions of replacement, or hydrothermal
titanite are much more variable, with a range of potential factors including element mobility in
hydrothermal fluids, equilibration with other phases and inheritance from precursor igneous
minerals. Elevated F and Al (resulting in low Fe/Al ratios) characterise replacement titanite (Fig.
6.12A), a signature which has been noted by several studies (Enami et al., 1993; Kontonikas-
Charos et al., 2019). These elemental enrichments are related to an increasing vuagnatite
component, CaAlSiO4(OH, F), in which Al substitutes for Ti (Sarp et al., 1976; Oberti et al., 1991).
Several publications have been devoted to the origins of Al-rich titanite, with increased stability
favoured by high host-rock Al/Ti ratios, high pressures, low temperatures and high F activities
(Enami et al., 1993; Markl & Piazolo, 1999). Of these, high pressures can be disregarded, as
porphyry systems occupy the uppermost portion (~1-6 km, Seedorff ez al., 2005; Sillitoe, 2010) of

the crust, and hence one or more of the other factors are probably responsible.

Zirconium, with its temperature-dependent partitioning into igneous titanite (Hayden et
al., 2008), is an element which is considered to be relatively immobile in aqueous fluids (Halley,
2020). Hence, if replacement titanite were to inherit Zr from precursor minerals, as was shown in
Chapter 5 for rutile Ce contents, then titanite Zr contents would be strongly dependent on the
igneous mineral that was being altered. Titanite is observed in association with altered amphibole
in some samples (e.g. Fig. 6.3F), which could potentially explain low Zr contents in replacement
titanite, with Zr contents for example of ~35 ppm common for igneous amphibole from Strontian
(Appendix 4). Rare earth elements are also typically considered to be immobile (Williams-Jones et
al., 2012). Higher REE concentrations are generally observed for igneous titanite, however, REE
concentrations may actually reach 1 wt.% in replacment titanite (Fig. 6.12B). Considering the REE
patterns of igneous and replacement titanite (Fig. 6.8), it is clear that HREEs are preferentially
incorporated into replacement titanite relative to LREEs. Based both on experimental studies
(Williams-Jones et al., 2012) and by comparing elemental concentrations in altered and unaltered
samples (isocon method; Ulrich & Heinrich, 2002), LREEs are generally thought to be more mobile
than HREEs in the porphyry environment and hence the relative enrichment in HREE for
replacement titanite could be explained by mobilisation of LREEs to distal parts of the system.
However, the consistency in REE patterns between unaltered and altered samples suggests, at least
at the same scale, that no meaningful fractionation of LREEs from HREEs was taking place.
Instead, it seems more likely REEs are being mobilised at a local scale. Replacement titanite is
commonly associated with allanite (Fig. 6.4), a LREE-rich epidote, suggesting that the two phases
may be in equilibrium, with allanite preferentially incorporating LREEs and titanite taking in

HREE:s.
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Previous studies have noted the tendency of hydrothermal titanite to exhibit lower Th/U
ratios than igneous titanite (Li et al., 2010; Deng et al., 2015; Zhang et al., 2022). Such ratios may
also result from equilibration with allanite, which prefers Th over U (Hermann, 2002), or may
simply represent immobility of Th, relative to U (Langmuir, 1978; Langmuir & Herman, 1980).
Similarly, relative Mn depletion and enrichment in V and Sc in replacement titanite relative to
igneous titanite may be explained by the mobility of these elements after liberation from the
breakdown of mafic phases. Manganese is considered to be one of the most mobile transition
elements, with V and Sc progressively more immobile (Halley, 2020). For example, chlorite
compositions from the propylitic environment often show enrichment in V proximally, whereas
Mn contents of chlorite are generally higher further from the centre of the deposit (Xiao et al.,
2018; Wilkinson et al., 2020). Alternatively, any available Mn may be preferentially incorporated
into chlorite, which is almost always associated with titanite. Few studies have determined Sc
contents of chlorite in porphyry systems, but limited research that has been conducted suggests that

Sc, like V, tends to be enriched more proximally (Xiao et al., 2018).

The trace element compositions of replacement titanite are mosly consistent between
different units (Fig. 6.8). However, titanite signatures from IMP021 are unique, characterised by
flat REE patterns, as well as strong enrichments in F and Sr (see Appendix 2). Percentage mineral
associations with titanite differ from those found in association with replacement titanite from other
units (e.g. higher magneite and K-feldspar). It is unclear what is responsible for the unusual titanite
signature, although potential factors include lower temperatures (due to the post-mineral timing of
the intrusion) or host-rock influence (as similarly unique REE signatures are observed for whole-

rock chemistry).

In summary, replacement tianite (relative to igneous titanite) is characterised by
enrichments in F, Sc, V, and depletions in LREEs and Fe/Al ratios. These characteristics are
interpreted to reflect fluid composition at the time of titanite precipitation, which in turn may be
influenced by 1) liberation after alteration of primary igneous phases, as well as ii) prior or co-

precipitation of other mineral phases.
6.5.3 Cobre Panama magmatic system

Whole-rock literature data (Baker et al., 2016) highlights the evolution of the Cobre Panama
magmatic system through time. In the older, northern portion of the Petaquilla batholith, whole-
rock REE patterns show a more negative Eu anomaly and are less depleted in mid to heavy-REEs
(Fig. 6.7E). As the batholith gets younger, towards the south, the negative whole-rock Eu anomaly
is eradicated and mid- to heavy-REEs become progressively more depleted (Fig. 6.7E). Such a
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temporal evolution is noted in multiple porphyry districts, including Chuquicamata (Ballard, 2001),
Quellaveco (Nathwani ef al., 2021) and Yerington (Carter et al., 2022), and is widely believed to
represent protracted deep, and hydrous fractionation in the lower crust (Rohrlach & Loucks, 2005;
Richards, 2011; Loucks, 2014). Unfortunately, no samples were collected from older portions of
the batholith, so it is unclear whether titanite was present in these rocks. However, it is postulated
that if titanite is present in older sections of the batholith, then titanite compositions would evolve

through time (as seen in Chapter 5), with high Dy/Yb and more negative Eu anomalies in the north.

Despite the variety of morphologies and textures observed in the porphyries, compositions
of the various porphyry intrusions and the southern part of the batholith are indistinguishable, based
on whole-rock, zircon and (igneous) titanite geochemistry, as well as geochronology (e.g. Figs.
6.7-10). Such an observation has been noted in other porphyry systems, such as the Quellaveco
district in Peru (Nathwani ef al., 2021). Only the post-mineral porphyry, sample IMP021, showed
a different whole-rock signature (Fig. 6.7E), which in addition to an inability to separate zircons,
make this intrusion unique compared to the rest of the porphyry sample suite. Interestingly, similar
HREE-enriched, Eu-depleted whole-rock signatures are identified in the literature data (Fig. 6.7F),
with all samples occurring in the north-west of the district, either in the Colina deposit or Lata
prospect. Further delineation of the extent and geometry of this unmineralised intrusion is required,

with important considerations for estimating grade.
6.5.4  Inferring porphyry titanite compositions

To date, there has been an enormous amount of zircon compositional data collected worldwide, not
only from porphyry systems but also from a range of other unmineralised systems, allowing for
studies to characterise compositions of porphyry zircons (Lu et al., 2016; Pizarro et al., 2020).
Using trace element concentrations and ratios in bivariate space (e.g. Eu anomaly vs (Ce/Nd)/Y),
these studies have constructed fields that encompass chemistries of porphyry zircons, proposing
particular values (e.g. Eu/Eu* > 0.4) that separate porphyry from non-porphyry zircons. These
studies are naturally of use to exploration, allowing for mineral chemistry to be readily applied to
recognise intrusions which may be prospective for porphyry mineralisation. Undertaking a similar
approach for titanite would be ideal; however, there are major difficulties, given the current paucity
of titanite trace element data from porphyry deposits. One approach to estimate what the
composition of a porphyry-associated titanite might look like, in spite of the scarceness of titanite
data, is to invert titanite compositions from porphyry zircon fields using mineral-melt partition
coefficients (Colombini et al., 2011). This approach assumes that titanite and zircon were
crystallising at a similar time, which is evidenced in the Cobre Panama system by comparable

zircon and titanite crystallisation temperatures (Fig. 6.13).
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Figure 6.13. Comparison of titanite and zircon crystallisation temperatures from the Cobre Panama district (Ferry & Watson,
2007; Hayden et al., 2008). Assumptions are the same as in Figs 6.9. and 6.12.

For simplicity, zircon-melt partition coefficients are not varied as a function of temperature.
Although the temperature-dependence of zircon-melt partitioning is noted, the utilisation of trace
element ratios, rather than elemental concentrations should minimise its impacts on the modelled
titanite signatures. Cobre Panama zircon chemistry is also inverted (Appendix 11) to show
compositions of hypothetical zircon-equilibrated titanites, which are compared to determined

titanite compositions (Fig. 6.14). Given that Eu*" is incompatible in both titanite and zircon, and

Zr/Ttn .

that both minerals were assumed to crystallise at the same magmatic oxidation state, Dg, -

approximately equal to 1, meaning that titanite and zircon Eu/Eu* can be directly compared (Wilke

& Behrens, 1999; Burnham et al., 2015).
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coefficients, which are derived from Colombini ef al. (2011). For the calculation of Eu/Eu*, chondrite-normalised values are
utilised (Boynton, 1984). See text for further discussion. Average 2¢ uncertainty for measured titanite is smaller than the
symbols.

Igneous titanite from Cobre Panama shows compositions that are consistent with porphyry-
associated zircons (Fig. 6.14), which is to be expected as Cobre Panama is a mineralised system.
These trace element ratios, Dy/Yb, Eu/Eu* and Th/U, may provide the basis for classification
diagrams which can discriminate between titanite from mineralised and unmineralized systems, as
is well characterised for zircon (Lu et al., 2016; Pizarro et al., 2020). Such a classification is at this
stage preliminary but could be improved in the future either by 1) building up a large enough titanite
database such that inverting zircon compositions is not necessary, or ii) gaining an enhanced
understanding of how trace elements partition into titanite as a function of temperature- allowing

for the inversion to be fully temperature corrected. At this stage, such an approach seems to provide
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a good first order approximation on the values which separate titanite from mineralised and
unmineralised systems, with further study required to constrain the location of the boundaries more

accurately.

Broadly, trace element compositions of Cobre Panama titanite and zircon are comparable,
with similar Dy/Yb ratios and Eu anomalies (Fig. 6.14). On average, titanite from the Petaquilla
granodiorite shows lower Dy/Yb and Th/U, and higher Eu/Eu* ratios, compared to zircon (Fig.
6.14). In late-mineral porphyry sample IMP012, titanite exclusively shows lower Th/U ratios than
corresponding zircon, with the presence of low Th/U titanite also in the Petaquilla granodiorite
(Fig. 6.14C). Such low Th/U titanite, reflecting high U contents, was also noted at Chuquicamata
(see Chapter 5), although it is unclear what is responsible for this signature. Nonetheless, minor
differences in trace element composition are observed between titanite and zircon. Estimated
crystallisation temperatures are comparable between the two phases (Fig. 6.13), suggesting that
these differences are unlikely to be related to crystallisation at different stages of melt evolution.
Yet, it is unclear whether this represents crystallisation from different melt batches, or whether this

is simply due to partitioning-related uncertainty derived from the inversion.

6.6 Conclusions

Textural, mineralogical and geochemical data have been utilised to understand the occurrence, and
explain the chemical signatures, of titanite from the Cobre Panama porphyry deposit. Firstly,
titanite was classified as either igneous, replacement or vein-hosted, depending on mineral
associations, crystal habit and intra-grain zonation. Such classification allowed for the
identification of trace element signatures of titanite from the groups. Igneous titanite is
characterised by 1) negatively sloping REE patterns, ii) higher Fe/Al and Th/U ratios, and iii) higher
REE, Zr and Mn concentrations. Oppositely, replacement titanite generally exhibited i) positively
sloping REE patterns, ii) low Fe/Al and Th/U ratios, and iii) higher V and Mn concentrations. Such
elemental discriminators are best explained by mineral-melt partitioning behaviour, temperature,

mobility in aqueous solutions and equilibration with trace element compatible phases.

Focussing only on the magmatic part of the system, it is clear that whole-rock, zircon and
titanite trace element compositions are remarkably similar for the studied samples. Literature data,
however, defines a distinct magmatic evolution through space and time, culminating in the high
zircon and whole-rock Eu anomalies, and low Dy/Yb ratios that are characteristic of porphyry
magmatism. Through combining mineral-melt partitioning data and zircon fertility studies, it is

possible to estimate the composition of porphyry-associated titanites. Estimates of porphyry-
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associated titanites are consistent with titanite compositions from Cobre Panama, potentially
providing a basis for classification diagrams that are able to discriminate between mineralised and

unmineralised systems.
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Chapter 7. Geochronology and geochemistry of hydrothermal titanite from the
Oyu Tolgoi district

7.1 Introduction

The Oyu Tolgoi porphyry copper district is located in the South Gobi Desert, within the
Gurvansayhan volcanic arc terrane of the Central Asian Orogenic Belt, approximately 650 km
south of Ulaanbaatar (Crane & Kavalieris, 2012). To date, nine deposits have been discovered
along a 26 km NNE-trending zone known as the OT trend (Crane & Kavalieris, 2012): Ulaan
Khuud, Hugo Dummett North, Hugo Dummett South, Central, Southwest, South, Heruga North,
Heruga and Javkhlant (Fig. 7.1). As of 2014, the total measured, indicated and inferred resources
and reserves are estimated at 6,382 Mt at 0.67% Cu and 0.29 g/t Au (Porter, 2016), making Oyu
Tolgoi one of the largest and highest-grade deposits in the world. Mineralisation at Oyu Tolgoi is
associated with the intrusion of porphyritic quartz monzodiorite (QMD) stocks and dykes, which
are dated at ~ 372 Ma (Wainwright et al., 2011b). The mine is currently owned by Rio Tinto (66%,
through Turquoise Hill Resources) and the Government of Mongolia (Hook, 2022).

Although the modern day discovery is attributed to a 1996 BHP reconnaissance
programme, partial exposure of the South Oyu deposit, as well as the occurrence of minor pits and
stone tools, suggest that copper mineralisation was exploited during the Bronze Age (Perello et al.,
2001; Crane & Kavalieris, 2012). Prior to the discovery of Oyu Tolgoi, Tsagaan Suvarga, which is
located approximately 150 km to the east and is dated at ~370 Ma (Watanabe & Stein, 2000), was
the only known porphyry deposit in the region.

Chapters 5 and 6 demonstrated that U-Pb isotopes and trace element compositions can be
determined simultaneously for igneous titanite, providing useful geochronological and
geochemical data. This chapter aims to assess whether a similar approach can be applied to non-
igneous titanite, which often contains much lower initial concentrations of U, without
compromising the quality of titanite isotopic data. Also central to this chapter is utilising the wide
range of ages, as well as physical and chemical conditions to better understand factors that
determining non-igneous titanite compositions. Data of this kind would be of particular use in areas

that have experienced multiple phases of deformation, magmatism and hydrothermal alteration.

The present study builds on work from Hart-Madigan (2019), who combined titanite U-Pb
geochronology with major element chemistry, potentially revealing the presence of several age

populations of hydrothermal titanite in the Oyu Tolgoi porphyry Cu-Au district.
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7.2 Geologic setting
7.2.1  Regional geology

The Oyu Tolgoi district is located within the Central Asian Orogenic Belt, or Altaids, one of the
world’s largest orogenic belts, which extends across Mongolia, China, Russia, Kazakhstan,
Uzbekistan and Kyrgyzstan. Formation of this belt took place between the Neoproterozoic and the
Permian (~1000-250 Ma), involving the accretion of accretionary wedges, oceanic plateaux,
ophiolites and island arcs (Khain et al., 2003; Windley et al., 2007; Kroner et al., 2014). In the
Permian, closure of the Paleo-Asian Ocean marked the termination of the final orogenic event,
represented today by the Solonker Suture (Xiao et al., 2003). Oyu Tolgoi is located within the
Gurvansayhan terrane, an arcuate island arc terrane comprising marine to subaerial volcanic and
sedimentary units. Following assembly, the terrane was intruded by granites of Carboniferous to

Permian age (Lamb & Badarch, 1997; Badarch et al., 2002; Crane & Kavalieris, 2012).
7.2.2  District geology

Cretaceous and younger cover sequences blanket much of the Oyu Tolgoi district, making it
difficult to map and understand the relationship between units; hence, most of what is understood
about the area has been interpreted from diamond drill core (Crane & Kavalieris, 2012).
Consequently, little is known about how the units in the district relate to others in the South Gobi,
necessitating an informal local grouping into the Heruga and Oyu Tolgoi sequences. Mineralisation
is hosted by the Oyu Tolgoi sequence, in particular porphyritic augite basalt (Dalb), and is
associated with the intrusion of stocks and dykes of late Devonian porphyritic quartz monzodiorite
(Crane & Kavalieris, 2012; Porter, 2016). The Oyu Tolgoi and Heruga sequences are separated by
a major fault, the Contact Fault, which thrust rocks of the Heruga sequence over those of the Oyu
Tolgoi sequence, covering mineralisation. The allochthonous Heruga sequence is believed to be
mostly overturned (Ayush, 2006) with an inferred Devonian age (Minjin et al., 2005), although this
is not well constrained. Unconformably overlying the Devonian rocks is the Carboniferous
Sainshandhudag Formation (CS), comprising volcano-sedimentary rocks that are divided into the

Ulgii, Tsagaan Suvarga and Aman-Us Members (Minjin et al., 2005; Porter, 2016).
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Figure 7.1. Location and geology of the Oyu Tolgoi district. A. Inset showing location of Oyu Tolgoi within Mongolia. B.
Geological map of the Oyu Tolgoi district. Modified from Hart-Madigan (2019), after Porter (2016).

Post-mineral intrusions in the Oyu Tolgoi district were emplaced in three main time
periods. Spatially coincident with mineralisation are a series of biotite granodiorite dykes of late
Devonian age, within error of the age of mineralisation. A series of granodiorite (Gd1 and Gd2)
and granite (Grl and Gr2) plutons were then emplaced during the early- (~350 Ma: Wainwright et
al., 2011b) and mid-Carboniferous (~320-310 Ma: Amar-Amgalan, 2008; Wainwright et al.,
2011b), surrounding the deposits to the north, west and south. A series of hornblende-biotite
andesite dykes are interpreted to be of a similar age (Hart-Madigan et al., 2020). Lastly, the circular,
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~35 km-wide, alkaline Khanbogd Granite was intruded during the early Permian (Kovalenko et al.,
2006; Vaglio, 2007). Exhibiting concentric zonation, this alkaline granite is found relatively close
(~ 5 km east) to the Hugo Dummett deposit. It contains zirconium mineralisation in the form of
zirconosilicates and zircon (Kovalenko et al., 2006; Kynicky et al., 2011). Strong hornfelsing is
observed up to 1 km away from the edge of the Khanbogd Granite and this has affected porphyry
mineralisation at the Ulaan Khuud deposit to the north of Hugo Dummett (Crane & Kavalieris,

2012).

Several generations of faults and folds, formed during multiple deformation events,
characterise the structurally complex Oyu Tolgoi district. A key structure is the West Bat Fault, a
steeply dipping, NNE-trending Carboniferous fault that cuts both the Heruga and Oyu Tolgoi
sequences. Other important structures include the Javkhlant, Solongo and Granodiorite Boundary
faults, all of which displace Carboniferous granodiorites, and hence must be younger (Crane &

Kavalieris, 2012).

7.3 Samples, previous work and methods
7.3.1  Samples

Data presented here come from 23 samples (Table 7.1), collected during Lisa Hart-Madigan’s PhD
study of the Oyu Tolgoi porphyry Cu-Au district (Hart-Madigan, 2019). Twenty of these samples
had been previously investigated by Hart-Madigan (2019) and Hart-Madigan et al. (2020) as part
of a propylitic geochronology study, with titanite-bearing samples initially selected to span a wide
age range. The reused blocks were polished down and re-analysed in-sifu, meaning that some of
the analytical sites which were utilised during the previous study were polished away, reducing the
number of available analytical sites. In addition to the previous titanite U-Pb geochronology and
chemistry, whole-rock and chlorite chemistry (Hart-Madigan, unpublished data) are also utilised
herein. An additional three samples were selected for this study, with the aim of documenting any

mineralogical variability that was not captured during the initial study.
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Table 7.1. Sample information, alteration assemblages, analytical techniques and number of analyses. Dalb = porphyritic
augite basalt, UN = lithic tuft/ crystal tuff, CS? = porphyritic basalt, Gd1 = hornblende biotite granodiorite, HbBiAnd =

hornblende biotite andesite, LQMD = quartz monzodiorite, Da4a = basaltic volcanic breccia, Dalc? = basalt.

Sample Unit Grid reference Alteration assemblage (type)  TIMA No. of ttn Chlorite
(2) analyses (*)
10049781 Dalb 646054, 4758284 Chl-Epi-Cc-Ab-Qz-Kfs- Y 20 (16) Y
(-195) Bt+Ttn (Propylitic - epidote)
10049809 A Dalb 648940, 4762351 Epi-Kfs-Cc-Bt-Chl Y N N
(957) (Propylitic after potassic?)
10049861 Unknown 660042, 4756454 Ab-Epi-Qz-Chl-Kfs£Ttn Y 40 (33) N
(1125) (Propylitic after potassic)
10049923 CS3? 640977, 4755258 Plg-Kfs-Qz-Act-Ab-Bt+Ttn Y 11(2) N
(1212) (Propylitic - actinolite)
10282067 Gd1? 652990, 4769453 Epi-Pmp-Act-Kfs+Ttn Y 18 (12) Y
1177) (Propylitic - actinolite)
10315121 Dalb 649388, 4762690 Epi-Qz-Chl-Cc Y N N
(1043) (Propylitic - epidote)
10315122 HbBiAnd 649389, 4762690 Qz-Epi-Ab-Chl Y 22 (13) Y
(1043) (Propylitic - epidote)
10315126 Dalb 649436, 4762639 Chl-Ab-Epi-Cc-Plg Y N N
(934) (Propylitic - epidote)
10315127 LQMD 649446, 4762629 Chl-Ab-Qz-Kfs-Epi-Plg+Ttn Y 6 (0) Y
(912) (Propylitic - epidote)
10315128 Dalb 649453, 4762621 Epi-Chl-Cc-Qz Y N N
(896) (Propylitic - epidote)
10315135 Dalb 649495, 4762572 Epi-Cc-Qz+£Ttn Y 3(0) N
(803) (Propylitic - epidote)
10315148 Dalb 648236, 4766045 Chl-Plg-Epi-Qz-Ab£Ttn Y 6 (0) Y
(565) (Propylitic- epidote)
10315159 Dalb 648527, 4759046 Ser-Qz-Chl£Ttn Y 25(23) Y
(-80) (Sericite)
10315166 Dad4a 648684, 4758839 Qz-Kfs-Ser+Ttn Y 11(5) Y
(529) (Sericite)
10315174 HbBiAnd 647684, 4758454  Chl-Ab-Cc-Kfs-Qz-Pmp-Epi- Y 19 (9) Y
(159) Plg+Ttn (Propylitic- epidote)
10315175 Dalb 647661, 4758467 Epi-Act-Qz £Ttn Y 7(2) N
(86) (Propylitic - actinolite)
10315177 Dalb 647646, 4758476 Epi-Chl-Qz-Ab-Pmp=£Ttn Y 14 (8) N
(40) (Propylitic - epidote)
10315184 Dalb 646178, 4758225 Epi-Chl-Qz Y N N
(218) (Propylitic - epidote)
10315187 Dalc 650020, 4756880 Kfs-Chl-Bt Y N N
(1146) (Propylitic - epidote)
10315189 Gd2 654511, 4754922 Epi-Qz-Pmp-Chl£Ttn Y 42 (41) Y
(1147) (Propylitic - epidote)
10315197 Dalb 649729, 4763199 Cc-Qz-Py-Chl-Kfs-Ab+Ttn Y 12 (1) Y
(1067) (Propylitic - chlorite)
10315198 Dalb 649735, 4763199 Chl-Py-Kfs-Ab-Qz+Ttn Y 10 (2) Y
(1054) (Propylitic - chlorite)
10316802 Dalb 649870, 4763186 Chl-Kfs-Epi-Ab-Cc-Qz- Y 21 (11) Y
(799) Py+Ttn (Propylitic - epidote)

* LA-ICP-MS analyses.

All studied samples apart from 10315159 and 10315166 (which are sericitically altered)
have been propylitically altered. Protoliths to these rocks were dominantly volcanic, with the
porphyritic augite basalt the most common, although intrusive rocks, including a hornblende biotite
granodiorite and the ore-bearing quartz monzodiorite, are also represented. Epidote is often the
most abundant mineral in propylitically altered rocks, although one or several or the following

minerals may also be present: chlorite, actinolite, calcite, albite, pumpellyite and titanite (Fig. 7.2).
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Where possible, propylitic alteration was further subclassified into chlorite, epidote and actinolite
subtypes (Norman et al., 1991; Holliday & Cooke, 2007; Cooke et al., 2014), based on the
alteration mineral assemblage. Pyrite is typically the most abundant sulphide, although minor
chalcopyrite is present in some samples (10315177, 10315198 and 10316802). Samples are
variably veined but generally contain at least one, if not multiple generations of veinlets (e.g.

101315166).

Porphyritic augite basalt (Dalb/c)

The original mineralogy of the porphyritic augite basalt has been obscured by variable types and
intensities of hydrothermal alteration. Wainwright et al. (2011a) described unaltered porphyritic
basalt as containing phenocrysts of augite (< 10 mm) and plagioclase (< 1 mm) in a groundmass of
plagioclase, augite, magnetite and apatite. Depending on the sample, augite phenocrysts have been
altered to one or more of: chlorite, calcite, actinolite or epidote (Figs. 7.2A, G, I). The groundmass
of the altered porphyritic augite basalt mostly comprises plagioclase, chlorite and epidote in
propylitically altered samples, but may contain quartz and sericite in sericitically altered samples
(Fig. 7.2D). Finely interbedded (on a metre scale) with the porphyritic augite basalt are plagioclase-
rich bands, which may (Dalc) or may not be classified as a separate unit (Hart-Madigan, 2019).

Basaltic volcanic breccia (Da4a)

Basaltic volcanic breccia sample 10315166 (Fig. 7.2E) has been intensely altered and veined such
that original textures and mineralogy are difficult to discern. However, Porter (2016) described this
lithology as a green basaltic volcanic breccia containing vesicular, porphyritic basaltic clasts,

interlayered with volcanogenic sediments.

Porphyritic basalt (CS3?)

The studied porphyritic basalt sample (10049923) contains plagioclase (< 3 mm) and epidote-
actinolite (< 3 mm, possibly after amphibole) phenocrysts in a plagioclase- and quartz-rich

groundmass.

Hornblende biotite granodiorite (Gd1 and Gd2)

Samples of Carboniferous hornblende biotite granodiorite (Gd1 and Gd2) were also studied. These
samples exhibit pervasive epidote alteration, with additional contributions from chlorite, K-

feldspar, quartz, pumpellyite, and actinolite.
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Hornblende biotite andesite dykes (HbBiAnd)

The hornblende biotite andesite dykes (Figs. 7.2C and F) comprise phenocrysts of skeletal
plagioclase (50%, 2-5 mm), amphibole (~20%, 2 mm) and biotite (5-10%, 1-2 mm), with accessory

zircon and magnetite in a fine-grained, red groundmass (Wainwright et al., 2011a).

Quartz monzodiorite (LOMD)

The ore-bearing quartz monzodiorite occurs both in porphyritic and equigranular textural varieties.
This exhibits a crowded porphyritic texture, with phenocrysts of plagioclase (~15%, < 2mm), K-
feldspar (~45%), amphibole (20%) and quartz (< 10%) in a fine-grained groundmass of K-feldspar,
zircon, apatite, titanite and magnetite (Wainwright et al., 2011a; Crane & Kavalieris, 2012; Porter,

2016; Hart-Madigan, 2019).
7.3.2  Previous work

The main findings of previous work on titanite U-Pb geochronology in the Oyu Tolgoi district
(Hart-Madigan, 2019; Hart-Madigan et al., 2020) are summarised here (Table 7.2). Hart-Madigan
et al. (2020) concluded that titanite ages are consistent with three phases of hydrothermal activity,
related to periods of magmatism in the region. Titanite ages are found to span more than 100 million
years, with Devonian (samples 10315175, 10315197, 10315198), Carboniferous (10049923,
10315122, 10315148) and Permian (10315159, 10315166) ages calculated for individual samples.
Importantly, samples that returned Devonian ages were within error of the inferred timing of
porphyry mineralisation in the Oyu Tolgoi district, and hence were considered to be related to the

mineralising event.

Hart-Madigan et al. (2020) suggested that only sample 10315189 contained multiple
titanite age populations, which they interpreted to represent both igneous and hydrothermal titanite
populations of differing ages, in addition to variable Pb or U loss (explaining an MSWD of 11).
Hart-Madigan (2019) proposed that Permian titanite, identified on the basis of detectable fluorine
(using SEM-EDS), was present in many samples (10049861, 10049781, 10282067, 10315122,
10315166 and 10315189). In this interpretation, F-rich titanite is believed to be related to the
Permian, alkaline Khanbogd Granite, with late-stage F-rich fluids inferred based on the occurrence

of rare earth fluorocarbonates (Kynicky et al., 2011).
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Table 7.2. Titanite U-Pb dates for the same samples as reported by Hart-Madigan e? al. (2020).

Sample Unit n Age (Ma) 26 MSWD Acceptable
error MSWD*

10049781 Dalb 14 339 (Carb) 16 52 1.8
10049861 Unknown 29 408 (NA) 360 0.9 1.5
10049923 CS3? 26 317 (Carb) 18 1.2 1.6
10282067 Gd1? 0 - - - -

10315122 HbBiAnd 36 325 (Carb) 20 1.9 1.5
10315126 Dalb 16 242 (NA) 59 1.1 1.8
10315127 LQMD 14 282 (NA) 98 1.1 1.8
10315128 Dalb 18 291 (NA) 52 0.9 1.7
10315135 Dalb 4 340 (NA) 88 0.9 3.0
10315148 Dalb 42 320 (Carb) 16 1.4 1.4
10315159 Dalb 13 260 (Perm) 32 2.1 1.9
10315166 Dada 35 288 (Perm) 14 1.2 1.5
10315174 HbBiAnd 36 327 (NA) 100 1.1 1.5
10315175 Dalb 22 380 (Dev) 16 33 1.6
10315177 Dalb 22 365 (Dev/Carb) 15 32 1.6
10315187 Dalc 16 377 (Dev) 11 0.7 1.8
10315189 Gd2 27 338.4 (Carb) 9.9 13 1.6
10315197 Dalb 8 398 (Dev) 22 1.7 22
10315198 Dalb 16 384.5 (Dev) 9 5.1 1.8
10316802 Dalb 16 357 (Dev/Carb) 29 3.0 1.8

7.3.3  Methods

Titanite trace elements and U-Pb isotopes were determined according to the methodology outlined
in Chapter 3. Whole-rock and chlorite chemistry from the same samples were also utilised (Hart-
Madigan, unpublished data), with whole-rock geochemistry determined at ALS and chlorite
chemistry determined at the NHM.

7.4 Results
7.4.1  Titanite textures

Titanite was identified in seventeen samples, occurring in a variety of assemblages and textures
(Table 7.3). In terms of crystal morphology, irregular internal zonation and anhedral crystal forms
are often encountered (Fig. 7.3). Exceptions to this rule are samples 10049781 and 10315189,
which contain titanite that displays euhedral forms (Figs. 7.3A and F). Titanite morphology in
sample 10282067 is unique in the sample set, displaying a bladed crystal habit, in addition to
exhibiting zonation that is almost akin to the ‘fir-tree’ sector zoning commonly observed in igneous
titanite (Paterson & Stephens, 1992). A minor proportion of analyses were conducted on crystals

that contain rutile inclusions (sample 10315189).
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Table 7.3. Titanite textural features and mineral associations from the Oyu Tolgoi district.

Sample Unit Titanite textures

10049781 Dalb Found in epidote-K-feldspar-pumpellyite-chlorite-andradite+albite veinlets

10049861 Unknown  Either associated with calcite, chlorite, quartz, epidote and magnetite in either 1)
an albitic groundmass or ii) epidote veinlets

10049923 CS3? Found in phenocrysts that have been altered to i) epidote-actinolite or ii) quartz-
chlorite-magnetite

10282067 Gd1? Either in i) an epidote-rich groundmass, ii) at the contact of the epidote-rich
groundmass with actinolite-calcite altered phenocrysts or iii) in calcite veins

10315122 HbBiAnd  Associated with i) massive epidote-quartz or ii) along cleavage planes in chlorite

10315127 LQMD Associated with pervasive chlorite alteration

10315135 Dalb Within augite phenocrysts that have been altered to calcite, epidote, chlorite and
actinolite

10315148 Dalb Found associated with quartz, epidote, chlorite and calcite either i) in veinlets or
ii) with altered phenocrysts

10315159 Dalb Found in quartz or chlorite veinlets

10315166 Dada In quartz-calcite-chlorite veinlets

10315174 HbBiAnd  Associated with pervasive chlorite-calcite alteration, both i) in the groundmass
and ii) also replacing amphibole phenocrysts

10315175 Dalb Found either i) within massive epidote or ii) with actinolite-altered augite
phenocrysts

10315177 Dalb Associated with 1) massive epidote or ii) chlorite-calcite-epidote altered
phenocrysts

10315189 Gd2 Associated with i) massive epidote, quartz and pumpellyite and ii) partially-
rutile altered titanite

10315197 Dalb Found in either i) with chlorite-epidote-pyrite altered phenocrysts or within ii)
chlorite-altered groundmass

10315198 Dalb In chlorite and calcite altered groundmass

10316802 Dalb In association with chlorite, calcite and magnetite either i) in the groundmass or

ii) replacing phenocrysts

All of the studied samples have been intensely hydrothermally altered, resulting in either
propylitic or sericitic alteration assemblages. Hydrothermal alteration has completely transformed
the mineralogy of the rock, and in some instances has completely destroyed pre-existing textures.
Indeed, titanite dominantly occurs with typical porphyry-alteration minerals (e.g. chlorite, epidote,
sericite etc.), rather than primary igneous minerals (see Chapter 6). Moreover, the probable basaltic
to andesitic protolith compositions of many studied samples are inconsistent with the occurrence
of primary igneous titanite, suggesting that Oyu Tolgoi titanite is mostly non-igneous in origin (i.e.
replacement or vein-hosted). Of the studied rocks, sample 10282067 displays the most igneous-
like titanite textures, showing both euhedral crystal forms and igneous-like zonation. Nevertheless,
textural evidence suggests that titanite in this sample occurs either in veins or has replaced
phenocryst or groundmass minerals. This, when coupled with the paucity of fluid inclusion trails
which are common in primary titanite that has interacted with hydrothermal fluids (see Chapters 5

and 6), indicates that titanite in this sample is also probably not igneous.
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Figure 7.3. Titanite SEM-BSE images from the Oyu Tolgoi district. A. Epidote-associated titanite from the porphyritic augite
basalt. B. Epidote and quartz-associated titanite from the hornblende biotite andesite. C. Quartz and muscovite (sericite)-
associated titanite from porphyritic augite basalt. D. Chlorite-associated titanite from the hornblende biotite andesite. E.
Titanite from the porphyritic augite basalt. F. Epidote, pumpellyite, quartz, apatite and calcite-associated titanite from the
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hornblende biotite granodiorite. G. Magnetite, chlorite and albite-associated titanite from the porphyritic augite basalt. H.
Bladed, almost sector-zoned titanite associated with epidote, calcite and actinolite, from the hornblende biotite granodiorite.

Minerals that are texturally associated with titanite are dominated by chlorite and epidote (Fig. 7.4),
which occupy over 50% of the volume (assuming grains are circular) of grain boundaries shared
with it (Fig. 7.4). Other typical green rock minerals are also commonly associated with titanite,
such as: calcite, actinolite, albite, pumpellyite and pyrite (Figs. 7.3 and 7.4). Minor amounts of
biotite, plagioclase and K-feldspar are also associated with titanite in various samples. Samples
10315159 and 10315166, however, are sericitically-altered (Figs. 7.2D and E), in which titanite is
found in association with quartz and muscovite. Other atypical mineral associations include sample
10049861, where titanite often occurs with magnetite; and sample 10315175, where it is associated

with actinolite.
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SEM analysis.
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7.4.2  U-Pb geochronology

A total of 287 titanite spot analyses from 23 samples were attempted. Following the removal of
contaminated analyses and those with high errors, 170 successful analyses remained (Table 7.4)

with a sufficient number of successful spot analyses for geochronology in 9 samples.

Table 7.4. Titanite U-Pb isotopic data for the Oyu Tolgoi district. Titanite lower intercept ages, 26 error and an additional
propagated 2% external uncertainty, as well as MSWD and acceptable MSWD are shown. Acceptable MSWD is calculated
using the equation of Wendt and Carl (1991).

Sample Unit n Age (Ma) 26 Preliminary age MSWD Acceptable
error MSWD*
10049781 Dalb 16 414 27 Dev/Carb 2.9 1.7
10049861 Unknown 35 539 326 NA 1.4 1.5
10049923 CS3? 2 - - NA - -
10282067 Gd1? 11 296 14 Carb/Perm 1.1 1.9
10315122 HbBiAnd 13 344 16 Carb 2.8 1.8
10315126 Dalb - - - NA - -
10315127 LQMD - - - NA - -
10315128 Dalb - - - NA - -
10315135 Dalb - - - NA - -
10315148 Dalb 1 - - NA - -
10315159 Dalb 23 270 14 Perm 1.7 1.6
10315166 Dada 5 268 24 Perm 1.9 2.4
10315174 HbBiAnd 9 - - NA - -
10315175 Dalb 2 - - NA - -
10315177 Dalb 7 362 15 Dev/Carb 24 22
10315187 Dalc - - - NA - -
10315189 Gd2 41 336 7 Carb 3.4 1.4
10315197 Dalb 1 - - NA - -
10315198 Dalb 2 - - NA - -
10316802 Dalb 10 374 18 Dev 1.9 1.9

Titanite U-Pb data were plotted on Tera-Wasserburg diagrams (Fig. 7.5), with an MSWD and
acceptable MSWD calculated for each sample (Wendt & Carl, 1991). Of the studied samples, three
(10049781, 10315122 and 10315189) returned MSWDs which were much higher than expected
based on the number of analyses (Table 7.4), implying that these samples may contain multiple age

populations.
7.4.3  Titanite chemistry

Chondrite-normalised titanite REE patterns are shown with compositions colour coded by
preliminary U-Pb ages, with samples that only contained a sufficient number of analyses (i.e. >5)
shown. Where preliminary ages were not determined in this study they are taken from Hart-
Madigan (2019) and Hart-Madigan et al. (2020). Titanite chondrite-normalised REE patterns are
extremely variable between samples, even where titanite U-Pb ages are similar (Fig. 7.6). Indeed,
the only consistency between titanite REE patterns of a particular age is in samples 10315122 and
10315189, which exhibit La and Ce depletion relative to middle REEs (e.g. Sm; Figs. 7.6F and G).

Despite this, titanite REE patterns are generally consistent within a sample, although patterns
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Figure 7.5. Tera-Wasserburg concordia diagrams for titanite age data from the Oyu Tolgoi district. 2c error ellipses are shown,
in addition to the 2c uncertainty associated with the regression. Crystallisation ages are presented with error, which is derived
from the regression, with an additional propagated external uncertainty of 2%.
generally differ from those of their host rock, which are, in all instances, weakly negatively sloping
(Hart-Madigan, unpublished data; Fig. 7.6). This implies that titanite is not a major host of the total
REE in the rock (cf. Chapter 4; Fig. 4.14).

Titanite REE patterns in samples 10315159, 10315189 and 10316802 are characterised by
LREE depletion with consistent shapes observed within each sample, though absolute REE
concentrations may vary by up to three orders of magnitude (Figs. 7.6D, G and I). Similarly,
Permian titanite in sample 10315166 displays concave-downward patterns with variable
concentrations of MREEs (Fig. 7.6J). Sample 10049861 exhibits an unusual sinuous REE pattern,
with a positive Eu anomaly (Fig. 7.6A), whereas sample 10315174 exhibits a relatively flat REE
pattern with a slight depletion in HREEs (Fig. 7.6B). In spite of the overall consistency of titanite
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REE patterns within samples, 10282067 and 10315177, and to a lesser extent 10049781 and
10315122, display multiple signatures within a sample (Figs. 7.6C, E, F and H). Titanite from
sample 10049781 broadly shows a consistent REE pattern, though the Eu anomaly varies
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significantly (Fig. 7.6C). Ranging from 1 to 7.5, the Eu anomaly of titanite in this sample can be
used to classify analyses into two groups: a low Eu/Eu* group (1.2-1.8) and a high Eu/Eu* group
(2.4-7.5). Titanite from sample 10315122 overwhelmingly displays weakly negatively sloping
patterns, with a pronounced LREE hump, though two analyses are LREE depleted relative to the
other analyses (Fig. 7.6F). Titanite from samples 10315177 and 10282067 dominantly shows
LREE depletion, though a minor proportion of analyses show flat REE patterns (Figs. 7.6E and H).

Titanite minor and trace element compositions can vary both between and within samples
(Fig. 7.7). The smaller spot size utilised on the electron microprobe (5 pum) meant that more
successful analyses were possible compared to laser-ablation ICP-MS (which employed a 20 pum
spot size), hence titanite fluorine contents are shown for more samples. Generally, titanite fluorine
contents are <1 wt.%, but samples 10315166, 10282067, 10315122, 10315159 and 10315135
contain a significant proportion of analyses with >1 wt.% F (Fig. 7.7A). Vanadium contents of
titanite are chiefly <1000 ppm, except for samples 10049861, 10315174, 10316802, 10315177 and
10049781 (Fig. 7.7B). Concentrations of Mn in titanite generally vary between 30 and 870 ppm,
although titanite sample 10049861 contains up to 3500 ppm (Fig. 7.7C). Titanite Sr contents in
sample 10315174 (215-300 ppm) are significantly higher than those in other samples (2-92 ppm;
Fig. 7.7D). Concentrations of Sn in titanite mostly range between 10 and 200 ppm, although Sn in
sample 10315189 is as high as 3000 ppm (Fig. 7.7E). Titanite Th contents vary over several orders
of magnitude, with concentrations of less than 0.01 ppm in sample 10282067 but up to 140 ppm in
samples 10315189 and 10315159 (Fig. 7.7F).

Titanite compositions can be compared with preliminary ages and host units (Fig. 7.7).
Whole-rock V contents do not seem to strongly correlate with those in titanite, with the lowest
whole-rock V concentration (sample 10315122; Fig. 7.7B) observed in a sample which contains
unremarkable (e.g. all analyses but three in the second quartile) titanite V contents. Chiefly, titanite
and whole-rock trace element contents are uncorrelated. However, extreme (e.g. lowest or highest
values) whole-rock and titanite trace element concentrations may correlate, such as: i) Mn contents
of sample 10315166, ii) Sn contents of sample 10315189 or iii) Th contents of samples 10315159
(Fig. 7.7). In terms of comparing titanite trace element compositions with U-Pb ages, there are few
consistent correlations (Fig. 7.7). However, fluorine contents may be partially linked to age, with
Permian ages (as well as sample 10315135 which has no known age) exhibiting over 1 wt.% F

(Fig. 7.7A).
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7.5 Discussion
7.5.1  Titanite geochronology and the presence of multiple populations

Of the samples in which a suitable number of successful analyses were possible (i.e. > 5), one
returned an age with an extremely large error (10049861), and several returned MSWDs which are
significantly higher than would be expected based on the number of analyses. This means that
isotopic data are more scattered than would be expected for a single age population based on
uncertainties, possibly due to geological uncertainty (i.e. multiple populations or disturbance to the
isotopic system). Primarily utilising U-Pb isotopic data, Hart-Madigan (2019) proposed that
multiple populations of titanite may be present in the same rock, particularly in samples 10315122

and 10315189.

Here, titanite rare earth element compositions — which show distinct bimodality in some
samples — are utilised to identify multiple populations, with an age subsequently calculated for each
population assuming a suitable number of analyses were conducted (> 5). Where too few analyses
were conducted in a titanite population, then the population was removed, and an age calculated
for the residual population. Firstly, considering samples 10315189 and 10315122, which Hart-
Madigan (2019) proposed contained multiple age populations, rare earth element compositions are
generally consistent within a sample. However, two groups may be inferred from XREE contents
in 10315189 (Fig. 7.6C); and in sample 10315122, two analyses exhibit a different signature to the
overwhelming majority (Fig. 7.6J). However, samples 10282067 and 10315177 showcase the most
obvious examples of multiple titanite rare earth element signatures (Figs. 7.6G and I); in addition

to sample 10049781, in which two groups are distinguished by Eu anomaly (Figs. 7.6A).

Comparing ages of the various titanite populations, calculated ages of low-REE and high-
REE groups in sample 10315189 are within error of each other (Table 7.5). However, calculated
MSWDs vary significantly between populations, with a much lower MSWD in the low-REE (1.6),
compared to the high-REE population (8). Hart-Madigan et al. (2020) suggest the high MSWD of
this sample can be attributed to U and Pb mobility, as well as the occurrence of both igneous and
hydrothermal titanite. However, based on likely protolith compositions and the pervasive nature of
alteration, it is inferred here that all titanite encountered in the samples studied at Oyu Tolgoi has
a non-igneous origin. The high-REE population is also enriched in U and Pb relative to the low-
REE population, with an average U content of ~88 ppm compared to ~4 ppm, and an average Pb
content of 19 ppm relative to 4.4 ppm (Table 7.5). Using all available evidence, variable MSWDs
of the two groups in 10315189 are attributed to minor U or Pb mobility, although the exact

mechanism (U loss or Pb gain) remains unclear.
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Removal of the two outliers in sample 10315122 does not change the calculated age but
does reduce the MSWD to 2. Conversely, removal of the two outliers in 10282067 increases the
MSWD to 1.4, with a slightly higher calculated age that is still within error. Removal of the three
analyses with the flat REE pattern in sample 10315177 leaves only four analyses remaining, which
does not change the calculated age but increases the MSWD to 3.5 (Table 7.5). However, sample
10049781 contains two titanite populations with distinct ages. In this rock, titanite is grouped by
Eu anomaly, with Silurian/Devonian or Carboniferous ages returned for the high Eu/Eu* and low

Eu/Eu* populations respectively (Table 7.5).

Table 7.5. Titanite U-Pb isotopic for five samples which possibly contained multiple titanite populations. Information as in
Table 1.4. Preferred ages are indicated by green text, where these differ from those which included all analyses.

Sample Group n Age 26 MSWD Acceptable Avg. 2%Pb Avg. U
(Ma) error MSWD* content content
(ppm) (ppm)
10049781 All analyses 16 414 27 2.9 1.7 8.5 6.8
10049781 Low Eu/Eu* 5 342 49 0.26 2.4 0.90 1.8
10049781 High Eu/Eu* 11 441 34 2.5 1.9 12.0 9.1
10282067 All analyses 11 296 14 1.1 1.9 1.36 3.6
10282067 Removed two 9 304 21 14 1.9 1.10 2.1
analyses
10315122 All analyses 13 344 16 2.8 1.8 13.3 13.6
10315122  Removed two 11 345 15 2 1.9 15.1 15.9
analyses
10315177 All analyses 7 362 15 2.4 2.2 2.28 8.7
10315177 Removed three 4 352 19 3.5 2.6 1.28 4.3
analyses
10315189 All analyses 41 336 7 34 1.4 8.37 26.6
10315189 High REE 11 335 8 8 1.9 19.2 87.8
10315189 Low REE 30 331 9 1.6 1.5 4.40 4.2

Titanite ages determined in this study are compared to the results of Hart-Madigan et al.
(2020), as well as major magmatic events in the Oyu Tolgoi district (Fig. 7.8). For sample
10049781, both age populations are plotted, whereas displayed ages for all other samples include
all analyses, given that the removal of various geochemical groups did not influence calculated
ages. Generally, reliable ages were determined in the same samples in both studies, although more
samples were dated by Hart-Madigan et al. (2020). Hart-Madigan et al. (2020) did not obtain an
age for sample 10282067, which they found to showcase large, propagated errors for each analysed
titanite. However, a Carboniferous/Permian age (296 + 14 Ma) was obtained in the present study,
significantly younger than the Carboniferous emplacement age obtained via zircon U-Pb (350 + 4
Ma; Wainwright et al., 2011b), indicating that the rock was either stratigraphically misclassified or
that the propylitic alteration in the sample is related to a phase of late Carboniferous granodiorite

intrusion, or even possibly the Khanbogd Granite.

Where reliable ages were determined in the present study, Hart-Madigan et al. (2020) and
by Hart-Madigan (2019), calculated titanite ages are consistent in all samples apart from the high
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Eu/Eu* subgroup in 10049781 (Fig. 7.8). It is considered likely that one of these low or high
EwEu* populations represents a disturbance to the isotopic system, rather than two distinct age
populations of titanite with similar geochemical signatures, separated by 10’s of millions of years.
In this instance, it is thought that the high Eu/Eu* population has gained Pb, perhaps via partial re-
equilibration of pre- to inter-mineral titanite with later hydrothermal fluids. Although uncommon,
such processes have been suggested for titanite in metamorphic settings (Kirkland ez al., 2016),
where isotopically disturbed titanite also exhibits distinct trace element compositions. This
interpretation is favoured here, as the Silurian age indicated for the high Eu/Eu* is older than the

age of the host rock based on stratigraphic evidence.
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Figure 7.8. Plot comparing titanite lower intercept ages in the Oyu Tolgoi district determined in this study with those of Hart-
Madigan et al. (2020). 20 error with £2% external uncertainty are also shown for ages determined during this study, whilst it
is unclear whether the 2¢ error reported by Hart-Madigan et al. (2020) includes 2% external uncertainty. Also shown are ages
of mineralisation based on zircon U-Pb data from the causative QMD intrusion (Wainwright et al., 2011b; Crane & Kavalieris,
2012; Dolgopolova et al., 2013; Loader, 2017), the age range of Carboniferous arc magmatism (Amar-Amgalan, 2008;
Wainwright et al., 2011a; Wainwright ef al., 2011b) and the age of magmatism associated with the alkaline Khanbogd Granite
(Kovalenko et al., 2006; Vaglio, 2007).

7.5.2  Occurrence of fluorine-bearing Permian titanite

Hart-Madigan (2019) also hypothesised that fluorine-rich titanite, as determined by SEM-EDS,
was Permian in age, and represented alteration associated with the Permian, alkaline Khanbogd

Granite. Indeed, alkaline granites often contain an abundance of fluorine (Bailey, 1977), and the
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fluorine-rich nature of the Khanbogd Granite itself can be inferred from the presence of F-rich
primary phases (e.g. arfvedsonite), as well as secondary phases that formed during
autometasomatism (e.g. rare earth element fluorocarbonates; Kynicky et al., 2011). In the study of
Hart-Madigan (2019), only samples 10315159 and 10315166 returned a Permian age, though it
was suggested that a minor proportion of F-rich, and hence Permian titanite, was also present in

multiple samples, including: 10049861, 10049781, 10282067, 10315189 and 10315122.

Although the study of Hart-Madigan (2019) determined titanite fluorine contents by SEM-
EDS (compared to determination by EPMA-WDS in the present study), samples that contained
detectable fluorine in titanite are generally consistent with those identified in the present study with
> 1 wt.% fluorine (Fig. 7.7A), the exceptions being 10315189 and 10049861 (in which F-rich
titanite was almost absent), as well as 10315135 (which wasn’t reliably dated in either study).
Indeed, of the five samples that contain median titanite F contents of over 1 wt.%, three have a
definite or possible Permian age (10315159, 10292067 and 10315159) and another (10315135)
wasn’t reliable dated by Hart-Madigan et al. (2020) or this study (Figs. 7.7A and 7.8). From this,
it is interpreted that F-rich titanite in the Oyu Tolgoi district is mostly related to the Khanbogd
Granite. However, titanite in sample 10315122 also contains median fluorine contents of >1 wt.%
and is unlikely to be related to the Khanbogd Granite given the Carboniferous age (Fig. 7.8). In this
sample, elevated F contents may relate to one or combination of several factors which have been
demonstrated to result in high titanite F concentrations, such as low temperatures and high
pressures, in addition to high host rock Al/Ti ratios and high F activities of the fluid (Enami et al.,
1993; Markl & Piazolo, 1999).

Assuming titanite from samples 10315159, 10315166 and 10282067 is related to the
Khanbogd Granite, then it raises the question: are there are other geochemical characteristics of
titanite which are inherited from an alkaline granite? Kynicky et al. (2011) found that units within
the Khanbogd Granite are variably enriched in LREEs, Zr, Nb, Hf, Th and U, but are likely to be
depleted in Sr. To test whether such geochemical characteristics are inherited by titanite,

concentrations of these trace elements are plotted against fluorine contents. Of the Permian-aged
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samples, variable correlations are observed between fluorine and the HFSE (apart from U) that are

enriched in the Khanbogd Granite (Fig. 7.9) but not in a consistent way.
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An important consideration is how Permian aged samples are distributed in relation to the
Khanbogd Granite. As identified by Hart-Madigan (2019) and Hart-Madigan et a/. (2020), Permian
samples 10315159 and 10315166 are up to 10 km away from the boundary of the Khanbogd Granite
(Fig. 7.1). These authors, however, did not identify that sample 10282067 may also be of Permian
age, which is indeed much closer to the Khanbogd Granite (~ 3 km), but still extends considerably
further than the zone of hornfelsing (~ 1 km) associated with granite emplacement (Kovalenko et
al., 2006; Hart-Madigan, 2019; Hart-Madigan et al., 2020). One important observation is that these
Permian samples are all located near to major structures (Fig. 7.1), which may have facilitated fluid
transport over significant distances. It is also interesting to note that of the group of samples located
close to the West Bat fault, none were definitively dated as Permian, and only sample 10315135
could speculatively be classified as Permian (based on high F contents). This group of samples is
indeed much closer to the Khanbogd Granite than samples 10315159 and 10315166, also lying at
the intersection of several major structures, which could have migrated fluids away from the granite
(Fig. 7.1). Within this group was 10315122, which was dated as Carboniferous, although reliable
ages were not obtained for the other samples. One potential explanation for there may have been
some kind of lithological control on fluid flow, with sample 10315122 being classified as a
hornblende biotite andesite dyke, and samples 10315159 and 10315166 classified as a porphyritic

augite basalt and a basaltic volcanic breccia, respectively.

Another potential consideration is how crystallisation temperatures may vary spatially and
temporally. Although the Zr-in-titanite thermometer of Hayden ez al. (2008) is readily utilised for
magmatic titanite, the thermometer is calibrated in the temperature range of 600-1000°C, rendering
it invalid for calculating temperatures of propylitic titanite. In all the studied samples, titanite is
found in association with chlorite, a mineral which has been utilised to estimate temperatures of
formation. Chlorite compositions from the same samples are available (Hart-Madigan, unpublished
data), meaning that titanite temperatures of formation in the Oyu Tolgoi district can be estimated,
on the predication that titanite and chlorite are coeval. A variety of chlorite thermometers have been
postulated, often based on the incorporation of Al into the chlorite structure. In a study of propylitic
chlorite from the Northparkes porphyry Cu-Au system, Pacey (2016) compared estimated
temperatures from several chlorite thermometers (Walshe, 1986; Kranidiotis & MacLean, 1987;
Cathelineau, 1988; Jowett, 1991) with temperatures obtained using oxygen isotope thermometry.
Pacey (2016) observed that temperatures obtained using the equation of Jowett (1991) most closely
matched those obtained by oxygen isotope thermometry. Hence, chlorite temperatures presented
here are calculated using the equation of Jowett (1991). However, it should be noted that no error
analysis was conducted by Jowett (1991), hence crystallisation temperatures should be taken as

indications rather than absolute values.
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For Oyu Tolgoi, chlorite crystallisation temperatures are between 210 and 380°C (Fig.
7.10), which are consistent with temperature ranges estimated using thermodynamics for propylitic
alteration assemblages (Reed et al., 2013). Overwhelmingly, chlorite thermometry indicates
temperatures between 250 and 350°C. The highest temperatures are found in samples 10282067
and 10315159, which mostly display temperatures greater than 350°C. Both these samples are
potentially Permian in age, implying that crystallisation temperatures vary depending on the
alteration event. Generally, chlorite temperatures correlate with titanite U-Pb ages, with Devonian
samples clustering in a narrow temperature window, and Carboniferous samples in a slightly larger
window (Fig. 7.10). Also displayed in Figure 7.10 is the prevailing alteration assemblage, although

there appears to be no correlation with chlorite temperatures (Fig. 7.10).

[ Devonian [l Devonian/Carboniferous [l carboniferous

D Carboniferous/Permian D Permian D Unknown
10049861 1 e - Propylitic after potassic
10315174 - - Propylitic - epidote
10315127 A - Propylitic - epidote
10049781 - ° - Propylitic - epidote
10315197 A - Propylitic - chlorite

10315198 - - Propylitic - epidote

10316802 - - Propylitic - epidote

° .
10315122 - —-— - Propylitic - epidote

10315189 - + Propylitic - epidote

10315148 -
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10282067 - e o e» —|]:|— - Propylitic - actinolite
10315159 A —D:I— I Sericitic
10315166 A ° —D:I— I Sericitic

250 300 350
Temperature (°C)

Figure 7.10. Estimated chlorite formation temperatures in the studied samples , colour coded by titanite U-Pb ages from this
study and Hart-Madigan et al. (2020). Calculated using the equation of Jowett (1991).

Again, an important consideration is how these factors vary spatially, which is shown by
Figure 7.11. Generally, estimated temperatures in neighbouring samples are consistent with one
another; however, differing crystallisation ages may be observed (e.g. 10315122 and 10315197,
Fig. 7.11). This is interpreted to indicate that chlorite temperatures may be prone to re-equilibration

where titanite ages are not.
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Figure 7.11. Map of the Oyu Tolgoi district showing titanite U-Pb ages, from this study and (Hart-Madigan et al., 2020), as
well as chlorite temperatures ; with increasing circle sizes indicating higher chlorite temperatures. Temperatures were
calculated using the thermometer of Jowett (1991).

7.5.3  Controls on titanite composition

In spite of the regular occurrence of titanite in propylitically-altered rocks, little is known about the
controls on propylitic titanite compositions, relative to more well-studied green rock minerals like
chlorite and epidote. Titanite geochemical signatures may be controlled by a variety of factors,
including host rock composition, fluid composition, the nature of co-crystallising phases, as well
as temperature and pressure. The broad correlation between titanite composition (e.g. F-rich
titanite), crystallisation age and chlorite thermometry suggests that alteration event, through bulk
fluid composition and intensive parameters, may exert a key control. In order to assess this,
principal component analysis was conducted. Again (see Chapter 6), prior to PCA all censored data
was removed and clr transformations were carried out. Elements included in the PCA were as

follows: F, Al, Fe, Sc, V, Sr, Y, Zr, Nb, Sn, REEs, Hf, Ta, Pb, Th and U.
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Results of the principal component analysis are shown in comparison to titanite ages and
sample numbers (Fig. 7.12). A variety of elements are observed to impact PC1, with the most
important represented by positive loadings for MREEs and HREEs, as well as negative loadings
for HFSEs and transition elements. Principal component 2, however, is mostly controlled by
LREEs (Fig. 7.12). Assuming that titanite compositions are dominantly controlled by the alteration
event, then comparable signatures should be observed in different samples of the same age, with
distinct compositions for distinct alteration events. In addition to exhibiting distinct F contents (as
discussed earlier), Permian samples 10315159 and 10315166 generally differ in composition (Fig.
7.12). Furthermore, titanite compositions in Carboniferous/Permian sample 10282067 clearly
differ from those in Permian samples (Fig. 7.12). Intriguingly, samples with the most consistent
titanite signatures are dated to be Carboniferous in age, with several samples including 10315122
and 10315189 clustering at mid values for PC1 and low values for PC2 (Fig. 7.12). For Devonian
and Devonian/Carboniferous samples there are a range of titanite compositions (Fig. 7.12). Finally,
samples with unknown ages also exhibit their own distinct compositions and are distinct from the

compositions observed for samples whose ages are constrained.
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Figure 7.12. PCA biplot showing titanite compositions from OT compared to crystallisation age (A.) and sample number (B.).
Considering the relative importance of alteration event in controlling titanite compositions,
it can be concluded that the various pulses of hydrothermal activity exert some control, particularly

for Carboniferous aged samples (Fig. 7.12). However, there are clearly other significant factors, as

highlighted by variable titanite compositions (Figs. 7.12) and chlorite temperatures (Figs. 7.10 and
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7.11) in neighbouring Permian samples 10315159 and 10315166. Another factor which could
potentially influence titanite chemistry is the host rock composition, although it can be concluded
that generally is not important; in spite of its potential influence in some samples (e.g. Figs. 7.6G,

7.7C and 7.7E).

Overall, titanites in different samples with overlapping U-Pb ages are more likely to exhibit
similar geochemical signatures, likely reflecting fluid composition. Fluid composition itself may
be influenced by the chemistry of the bulk fluid, and any processes which may act locally to alter
the composition of the bulk fluid. Whole-rock mass transfer (isocon) analysis may be a means to
untangle the influence of bulk fluid chemistry with factors that operate on a local scale. Hart-
Madigan (2019) conducted isocon analysis on the same sample set (Hart-Madigan, 2019), with
results indicating that LREEs are generally to the rocks added during hydrothermal alteration. This
LREE addition contrasts with the dominant titanite REE signature at Oyu Tolgoi (Fig. 7.6), which
is characterised by either relatively flat REE patterns, or depletion in LREEs relative to HREEs.
Such an observation suggests that REE compositions of non-igneous titanite are probably strongly
influenced by the local fluid composition; in this case, probably due to the preferential
incorporation of LREESs into other mineral phases (see Chapter 6). At Oyu Tolgoi, it is inferred that
LREEs may often reside in epidote. For example, sample 10315184 contains approximately 30%
epidote (as estimated from automated SEM analysis), which contained median La concentrations
of ~10 ppm. In this rock, the whole-rock La concentration is ~9 ppm, meaning that about 30% of
all La in that rock is estimated to be located within epidote. As well as epidote, allanite, which is
sometimes associated with titanite, or apatite could contribute to the whole-rock LREE budget.
Moreover, minor thorite (0.6-1%) is associated with titanite in samples 10049861 and 10316802,
which exhibit lower titanite Th concentrations compared to samples 10315159 and 10315189 (Fig.
7.7F) which contain limited thorite (~0.05 %). As is the case in igneous rocks (see Chapter 4), the
timing of mineral precipitation is likely to strongly impact mineral compositions, such that titanite
which precipitates before or after epidote may potential exhibit different rare earth element

signatures.

Locally, the fluid composition may also be influenced by the composition of precursor
igneous phases. As highlighted in Chapter 5, primary mineral compositions may be partly inherited
by the minerals that replace them, particularly for fluid immobile elements such as REEs and
HFSEs. It was difficult to discern precursor igneous minerals in all cases at Oyu Tolgoi, given the
intense, pervasive nature of hydrothermal alteration in many samples. However, future study
should seek to compare titanite signatures in the same samples where the precursor igneous can be

clearly identified.
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7.6 Conclusions

This work has demonstrated that trace element concentrations of hydrothermal vein-type or
replacement titanite can be determined without compromising the quality of U-Pb isotopic data that
are collected simultaneously. Isotopic data collected in this manner can be used to identify either
multiple age populations of titanite or grains where the isotopic system has been disturbed. Such
an approach has the potential to delineate multiple generations of titanite in complex, poly-
deformed and mineralised districts. Indeed, combining titanite geochemistry and geochronology
could be a very powerful tool, allowing for the isolation of titanite which is related to
mineralisation. Various authors have highlighted that chlorite and epidote compositions vary
systematically away from mineralised centres, allowing for their use in exploration targeting or
assessment. However, these minerals either do not incorporate radiogenic lead or incorporate a
high common lead component, meaning there is uncertainty around whether alteration is related to
porphyry mineralisation or another alteration event. Through combining titanite U-Pb
geochronology with chlorite and epidote chemistry, there lies the potential to screen out alteration
that is unrelated to porphyry mineralisation, ensuring that targeting or assessment studies focus

only on spatial geochemical variations that are related the mineralising event.

Using such a small sample suite it was not possible to assess whether spatial zoning of
titanite compositions exists around porphyry centres exists, especially given the structural
dismemberment and multiple pulses of hydrothermal alteration that the Oyu Tolgoi district has
experienced. Nevertheless, compositions of non-igneous titanite are inferred to be controlled by a
range of factors, including bulk fluid chemistry, inheritance from primary igneous minerals and

also timing of precipitation in relation to other mineral phases.
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Chapter 8. Titanite compositions and their application to porphyry exploration
8.1 Introduction

Earlier chapters (see Chapters 4-7) have described titanite textures, mineral associations and
compositions from four, variably mineralised, study sites (Strontian, Chuquicamata, Cobre Panama
and Oyu Tolgoi), encompassing titanite formed in a range of environments. Data from these study
sites includes titanite with both igneous and non-igneous origins, as well as whole-rock and
ancillary mineral data (amphibole, zircon). In this thesis, the impact of titanite crystallisation on
late-stage melt chemistry has been shown (Chapter 4); titanite compositional evolution in the lead
up to formation of a world class porphyry copper deposit has been examined (Chapter 5);
compositions of igneous and non-igneous titanite from a major porphyry deposit have been
discussed (Chapter 6); and trace element chemistry and geochronology were combined for non-
igneous titanite (Chapter 7). In this chapter, these results will be synthesised, together with data
from a global sample suite provided by Rio Tinto, and literature data (Table 8.1), providing a more
robust indication of whether the geochemical signatures identified can be applied to other systems
and environments. Samples from the Rio Tinto global sample suite were selected to originate from

a range of unmineralised and mineralised systems of varying size.

Central to the present study is understanding compositional variation with respect to: (1)
igneous and non-igneous titanite; and (2) porphyry and non-porphyry titanite. This chapter is split
into three parts, with the first part assessing the key controls on titanite composition in these
environments. Attempts are then made to characterise and classify titanite composition according
to (1) and (2); firstly using conventional methods, as well as unsupervised and supervised learning
techniques. Finally, recommendations are made as to the ways in which titanite could be useful in

porphyry exploration, and how it could be implemented in an exploration workflow.

8.2 Controls on titanite composition: non-igneous

A variety of factors are likely to control the incorporation of trace elements into non-igneous titanite
including temperature and pressure conditions, the host rock composition, fluid composition, pH
and salinity. Unpicking these factors and assessing their relative importance is difficult at the
present time because of a lack of experimental data and constraints on the conditions of titanite

precipitation. Nonetheless, some potential controls that can be addressed are considered below.
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Table 8.1. Sample information for the Rio Tinto sample suite and literature data.

Sample No. Country Unit Alteration?  Mineralised?  No.of  No. of non-
igneous  igneous ttn
ttn analyses
analyses
Escondida Chile
Norte-
Zaldivar
21223 - Late Llamo Porphyry Propylitic N - 25
Gravestones Australia
21233 - Porphyritic granite Propylitic? N - 36
21237 - Granite Chlorite- N - 10
sericite?
Yauricocha Peru
21624A - Quartz monzonite Potassic Y 21 -
Little USA
Cottonwood
Stock
22400A - Porphyritic bt-hbl granite - N 32 -
Alta Stock USA
22403A - Granodiorite - N 41 -
Clayton Peak USA
Stock
22405A - Granodiorite/monzodiorite - N 34 -
Valeo Stock
22407A USA Granodiorite porphyry Propylitic N - 12
Tsagaan Mongolia
Suvarga
RO3557A - Monzonite Sericite Y 22 -
Santa Clara Chile
RO8221A - Float Propylitic ? - 13
RO8222A - Float Propylitic ? - 13
Kneeling Nun! USA
DS1402 - Rhyolitic tuff - N 74 -
Rat Creek? USA
RCTD - Dacite-rhyolite tuff - N 8 -
X17DFO01 - Rhyolite - N 15 -
X17DF11 - Rhyolite - N 12 -
X17DF12 - Dacite - N 15 -
X17DF13 - Dacite - N 15 -
Nelson USA
Mountain?
178102 - Dacite - N 18 -
17SJ03 - Dacite - N 19 -
17SJ04 - Rhyolite - N 20 -
17SJ09 - Dacite - N 20 -
17SJ16 - Rhyolite - N 20 -
17SJ19 - Rhyolite - N 20 -
Highland USA
Range?
HRL12a - Rhyolite porphyry - N 4 -
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HRL14a -
HRL19 -
HRL21 -

Black Philippines

Mountain*
BA08GS013 -

Pebble® USA
11528-1412 -
11530-923 -
11532-393 -

Tuolumne® USA
TLM15A15 -
TLMO0415 -
TLM1615 -
TLMO0715 -

TLM1115 -
TLM1715 -
TLM2615 -

TLM1915 -

Alumbrera’
EP3 -
LP3 -
P4 -
SR73 -
SR65 -
SR63 -
SR62 -

Bingham USA
Canyon®

QLP2 -
QLPI -

Argentina

Mingled capping lava
Rhyolitic tuff
Tuff

Synmineral diorite porphyry

Kaskanak granodiorite
Kaskanak granodiorite
Kaskanak granodiorite

Kuna Crest granodiorite
Transitional
Transitional

Equigranular Half Dome
granodiorite

Equigranular Half Dome
granodiorite

Equigranular Half Dome
granodiorite

Equigranular Half Dome
granodiorite

Porphyritic Half Dome
granodiorite

Early porphyry 3
Late porphyry 3
Post-mineral porphyry 4
Crystal poor pumice
Dacite pumice
Pumice
Crystal rich pumice

Quartz latite porphyry
Quartz latite porphyry

Propylitic

?
9

zZ 2z

z =z z z ZZZZ

ZZZZZ<~

Y
Y

W

12
20
13

36
33
23
14

20

35

33

33

32
28

37
34
38
29

18
14

ISzymanowski ef al. (2017), 2Sliwinski et al. (2019), *Colombini et al. (2011), *Cao et al. (2020), *Olson et al. (2017),

2019), "Buret (unpublished data), 3Large et al. (2021)x

8.2.1  Bulk rock controls on non-igneous titanite composition

%(Werts,

An intuitive starting point for considering controls on non-igneous titanite composition is a

comparison of titanite and whole-rock compositions (Fig. 8.1). It is important to consider here that

host rock compositions reflect a combination of precursor rock chemistry and signatures imparted

metasomatically (either by addition or removal of components) by hydrothermal fluids, which

cannot be untangled without detailed isocon analysis of individual rock samples. Nevertheless,

compositions of titanite generally do not correlate with those of their host rock (Fig. 8.1).

Other elements that could be impacted by host rock composition include F and Al; of which

understanding the behaviour of halogens (including F) is extremely important in porphyry systems

as these elements act as ligands for copper and gold (Candela & Holland, 1984; Ulrich et al., 1999).
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Figure 8.1. Comparison of median non-igneous titanite compositions with the same parameter in their host rocks. A. V. B.
Sc. C. Sr. D. La/Yb. Average 2¢ errors for whole-rock analyses are smaller than symbol size.

A study by Markl and Piazolo (1999) found that host rock Al/Ti ratios are important in controlling
incorporation of Al into titanite, which may have implications for F given its incorporation in a
coupled substitution mechanism with Al (Fig. 8.2A). However, a lack of any discernible correlation
between host rock Al/Ti and titanite F concentrations indicates that Al is likely always in excess,

with F incorporation instead controlled by other factors.
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Figure 8.2. Median titanite F contents plotted against Al contents (A.) and whole-rock Al/Ti ratios (B.).

8.2.2  Fluid compositional controls on non-igneous titanite composition

Another key factor is likely to be fluid composition. In Chapter 7, the association of F-rich titanite
with F-rich fluids was inferred, where Permian titanite was interpreted to be related to the
Khanbogd Granite, an alkaline intrusion that displays evidence for sourcing F-rich fluids. This,
when coupled with the range of titanite F concentrations encountered during the present study, in
addition to the limited pressure-temperature variability, indicates that titanite F contents are mostly

controlled by fluid composition.

In Chapter 7, the importance of fluid composition was also highlighted with respect to
Carboniferous titanite from Oyu Tolgoi (Fig. 7.12). Here, titanite of Carboniferous age exhibited
similar trace element signatures, despite the fact that they were: hosted in different samples and
units, displayed different mineral assemblages and were up to 10km away from one another;
indicating that Carboniferous fluids were distinct and controlled the titanite trace element signature.
However, compositional variations within a single hydrothermal system (e.g. Fig. 6.8), and even

within the same sample (Fig. 7.6), suggest that more localised factors are also at play.
8.2.3  Mineral assemblage controls on non-igneous titanite composition

Another potential control that can be investigated concerns how titanite compositions relate to the
prevailing alteration assemblage, which has been demonstrated to influence potassic and propylitic
titanite in porphyry systems (Xiao et al., 2021). No unequivocal potassic titanite was encountered

during the present study. In fact, in moderately potassically altered samples, titanite is observed to
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be partially or completely replaced. Nevertheless, the possible influence of sericitic alteration at

Oyu Tolgoi can be assessed.

Thermodynamic studies indicate that fluids responsible for sericitic, compared to propylitic
or potassic alteration, are more acidic (Hemley & Jones, 1964; Montoya & Hemley, 1975; Reed et
al.,2013), meaning that a pH control may influence differences in the compositions of titanite from
these assemblages. However, chondrite-normalised REE patterns of sericitic titanite do not appear
to be unique and Eu anomalies do not significantly differ (Figs. 7.6B and E). This contrasts with
sericitic apatite which has been shown to exhibit elevated Eu anomalies (Ma ef al., 2021), thought
to be due to the liberation of Eu during alteration of plagioclase to sericite. In this regard, it is
unclear what is causing the behaviour of titanite and apatite to diverge, although timing of

precipitation, or complexation may play a role.

Generally, the most commonly encountered chondrite-normalised REE patterns are
positively sloping (e.g. Figs. 6.8 and 7.6). Transport of REEs in aqueous fluids is facilitated by a
variety of complexing agents, with Cl, F and OH likely to be the most important in hydrothermal
systems (Haas ef al., 1995). Rare earths can potentially be fractionated from one another in
hydrothermal systems, with mobility controlled by temperature, as well as fluid pH and
composition. At propylitic conditions (i.e. temperatures of 300-400 °C and a fluid pH of ~5-5.5;
Reed et al., 2013) experimental studies suggest that REEs are likely transported as F and Cl
complexes (Williams-Jones et al., 2012; Migdisov et al., 2016), with LREEs expected to be
mobilised preferentially relative to HREEs. This could explain the LREE depletion of propylitic
titanite. However, mass transfer analysis indicates that at the hand sample scale, LREEs either
remain constant or are even added during propylitic alteration (Ulrich & Heinrich, 2002; Pacey,
2016; Loader, 2017), with resultant flat to negatively-sloping REE patterns assuming metasomatic
addition. Another possible explanation could be that local fluid compositions are impacted by the
co-precipitation of mineral phases that partition LREEs preferentially, such as allanite and
monazite, and potentially even apatite. Although partition coefficients will differ in the
hydrothermal environment, allanite-melt partition coefficients indicate that La is over fifty times
more compatible than Lu (Mahood & Hildreth, 1983), illustrating how allanite precipitation could
potentially fractionate LREEs from HREEs. As shown by Table 8.2, non-igneous titanite is often
associated with a LREE-rich phase such as allanite or monazite, but the presence of these phases
does not preclude the formation of titanite with elevated La/YDb ratios. This observation suggests
that the timing of titanite precipitation in relation to the growth of LREE-rich phases is likely to be

important.
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Table 8.2. Titanite La/YD ratios and whether titanite was associated with LREE-rich phases.

Sample Location Median Associated with Sample Location Median  Associated with
La/Yb LREE-rich phase? La’/Yb  LREE-rich phase?
(allanite, (allanite,
monazite) monazite)

CH003  Chuquicamata 0.25
CHO005  Chuquicamata 17.8
FC002  Chuquicamata 3.95
FC008  Chuquicamata 6.95
FC009  Chuquicamata 0.79
IMP006  Cobre Panama 21.4
IMP011  Cobre Panama 0.22
IMP013  Cobre Panama 0.43
IMP014  Cobre Panama 0.0024
IMPO15  Cobre Panama 0.015
IMP020  Cobre Panama 0.021
IMP021  Cobre Panama 3.20
IMP022  Cobre Panama 0.14
IMP023  Cobre Panama 0.0086
IMP024  Cobre Panama 0.22

10049861  Oyu Tolgoi 0.40
10315159  Oyu Tolgoi 2.11
10315166  Oyu Tolgoi 1
10315174  Oyu Tolgoi 4.63
10315177  Oyu Tolgoi 0.070
10315189  Oyu Tolgoi 0.23
10049781  Oyu Tolgoi 1.49
10316802  Oyu Tolgoi 0.026
10282067  Oyu Tolgoi 0.0028
21223 Escondida 300
21233 Gravestones 0.12
21237 Gravestones  0.0013
22407A Valeo Stock 6.91
RO8221A Santa Clara 3.49
R0O8222A Santa Clara 4.63

Tl A o A o o S
KRR R R R Z )R Z2Z<

Other important characteristics of non-igneous titanite are their relative enrichment in Sc
and V, elements whose speciation is relatively unknown in hydrothermal systems, particularly in
propylitic environments (Williams-Jones & Vasyukova, 2018). Mass transfer analyses of
propylitically altered rocks suggest that both elements are broadly conserved (Ulrich & Heinrich,
2002; Pacey, 2016; Hart-Madigan, 2019). Studies of propylitic chlorite and epidote often show
elevated V contents for samples relatively proximal to porphyry centres (Wilkinson et al., 2015;
Hart-Madigan, 2019; Pacey et al., 2020b; Wilkinson et al., 2020) implying a temperature or other
fluid property control on substitution into these minerals. In Chapter 6, the association of V- and
Sc-rich replacement titanite with alteration products of primary minerals that readily partition Sc
and V (e.g. amphibole and magnetite) was taken to indicate that these elements were inherited from
precursor igneous minerals. Such a model is consistent with mass transfer studies which indicate

that Sc and V are unlikely to be mobilised beyond the hand sample scale.

8.3 Controls on titanite composition: igneous
8.3.1  Extrusive vs intrusive

Although only titanite from intrusive rocks was analysed during the present study, incorporation of
literature data from volcanic rocks allows for interesting comparisons to be made. A key factor
potentially affecting titanite compositions in extrusive vs. intrusive rocks concerns melt extraction,
with extrusive magmas being erupted before rheological lockup has been reached, i.e. before
magmas are too crystal-rich to be erupted. Magma crystallinity at rheological lockup is generally

believed to be around 50% (Marsh, 1996; Hildreth, 2004; Bachmann & Bergantz, 2006).
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Conversely, intrusive magmas crystallise until reaching the solidus (i.e. 100% crystallinity). Hence,
titanite compositions from the two environments may represent differences in temperature and melt

evolution (cf. Szymanowski et al., 2017).

Extrusive and intrusive titanite compositions are compared using cumulative frequency

plots (Fig. 8.3). Estimated crystallisation temperatures are consistent with the early extraction of
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Figure 8.3. Comparison of extrusive and intrusive titanite compositions. A. Crystallisation temperature (Hayden et al., 2008).
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titanite-bearing magmas in extrusive systems, evidenced by the absence of near-solidus

crystallisation temperatures compared to plutonic titanite (Fig. 8.3A). This has important

174



implications for trace element concentrations and ratios in titanite, including those which are
important in delineating whole-rock compositions of porphyry magmas (e.g. Mn, Eu/Eu*). For
example, manganese concentrations are higher, on average, in titanite from extrusive rocks relative
to intrusive rocks (Fig. 8.3B). Compositional differences are also observed for the Eu anomaly (Fig.
8.3C), as well as lambda values Ao, A1 and A2, all of which likely reflect the fact that a significant
proportion of intrusive titanite crystallises at a later stage of melt evolution compared to extrusive
titanite (Figs. 8.3D-F). Lambda values provide a means to quantify the shapes of REE patterns
(O’Neill, 2016), with Ao signifying total REE content, A1 indicating the slope of the REE pattern
(e.g. La/YDb) and A2 representing the concavity of the REE pattern. In exploration, high La/Yb ratios
and concave, spoon shaped REE patterns (e.g. high A1 and A2), are observed for porphyry magmas
(e.g. Fig. 6.7), and are considered to indicate derivation from a melt that has fractionated significant

amounts of amphibole + titanite + garnet (Miintener et al., 2001; Richards, 2011; Loucks, 2014).
8.3.2  Redox

Titanite incorporates several multivalent trace elements, including Fe, Mn and V, as well as the
rare earth elements Ce and Eu. For the transition elements, it is plausible that multiple valences of
the same element may partition into titanite but relatively little is known about how different
valences impact mineral-melt partitioning and the abundances of different transition metal valences
in the melt at titanite saturation. More is known, however, about Ce and Eu partitioning and also
about the relative abundance of their valence states in typical melts (Burnham & Berry, 2012;
Burnham et al., 2015). This allows for inferences about magmatic redox based on the magnitude
of Ce and Eu anomalies (Ballard et al., 2002; Smythe & Brenan, 2015). Though Eu** and Eu’" are
both abundant in silicic magmas, Ce** is much more abundant than Ce* (Smythe & Brenan, 2015).
In titanite, Ce anomalies are unlikely to be sensitive to redox because (i) Ce** and Ce*" abundances
do not vary significantly and (ii) the ionic radius of Ce*" means that it is too large to fit into the
titanite Ti-site and too small to fit into the Ca-site (Shannon, 1976). Europium anomalies, however,
are potentially redox sensitive, although both positive and negative Eu anomalies can also be
generated in a residual melt by in-sifu crystallisation of titanite and other rock-forming minerals.
In Chapter 5, magmatic oxidation state was estimated for evolving magmas in the Chuquicamata
district using the zircon oxybarometer of Loucks et al. (2020). Using the estimated magmatic fOo,
titanite Eu/Eu* ratios were inverted to give melt Eu/Eu* ratios. From this, it was concluded that
variation in melt chemistry, rather than oxidation state alone, was chiefly responsible for
progressive increases in titanite (and potentially also zircon; Ballard et al., 2002) Eu/Eu* through

time.
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8.3.3  Melt chemistry

An obvious control on igneous titanite composition is likely to be melt chemistry, given that the
two will be linked through mineral-melt partition coefficients. One means to demonstrate this is by
inverting residual melt compositions (using partition coefficients; Colombini et al., 2011) from
titanite, and compare them to those of their host rock. In this scenario, whole-rock compositions
are treated as the parental liquids prior to the onset of crystallisation, and the inverted melts are

reflecting the composition of the melt at the time of (and during) titanite crystallisation (Fig. 8.4).

Textural evidence and typical Zr-in-titanite crystallisation temperatures (e.g. 750 °C;
Hayden et al., 2008) indicate that titanite saturation occurs relatively late, potentially when 50-60%
of crystallisation has already taken place (Marxer & Ulmer, 2019). It is most likely therefore that
the divergence of the melt composition from that of the bulk rock is likely to reflect the
crystallisation of the other rock minerals prior to titanite saturation. In the case of Sr, this would
mean significant prior plagioclase crystallisation; which is consistent with the crystallisation
sequence determined for intermediate composition magmas in experimental studies (Nandedkar et
al., 2014; Marxer & Ulmer, 2019) and observations of plagioclase phenocrysts with no titanite

inclusions (see Chapter 4).

Another key observation is that titanite from a single rock may record a wide range of
compositions. For example, La/Yb and Dy/Yb ratios may vary by greater than an order of
magnitude (Figs. 8.4D and E). Additionally, although whole-rock and median melt Eu/Eu* ratios
strongly correlate (suggesting a partial bulk magma control), minimum and maximum melt ratios
regularly differ by more than 50% of the median, and sometimes by more than a factor of two in
some samples (Fig. 8.4C). Differences in magmatic fO2 could explain this divergence, but it has
been demonstrated by several authors (Loader et al., 2017; Nathwani et al., 2021) that a deviation
in melt composition is more likely. Ultimately, the controls on igneous titanite composition are
perhaps best illustrated by the Eu anomaly, which clearly shows evidence for being controlled by

both deep (e.g. bulk magma) and shallow (e.g. in-situ crystallisation) processes.
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8.4 Classification using conventional techniques

Critical to research into the geochemistry of mineral deposits is characterising and understanding
signatures related to mineralisation. In the exploration for porphyry deposits, whole-rock
geochemical signatures associated with mineralisation such as high St/Y, Eu/Eu* and La/Yb ratios
(Rohrlach & Loucks, 2005; Richards, 2011; Loucks, 2014) have been known for several years,
with implications for deep crustal processes. The aim of the present study was to understand how
titanite, an important trace element-bearing accessory mineral that occurs in both igneous and
hydrothermal portions of porphyry systems, could be applied to exploration. To assess whether
titanite can be classified using compositional data as igneous or non-igneous (model 1), and
porphyry or non-porphyry (model 2), conventional (e.g. bivariate plots) and machine learning

techniques are applied. The effectiveness of conventional methods is considered first.
8.4.1 Model I (Igneous vs non-igneous)

Figure 8.5 displays geochemical characteristics that have been identified during this study to
potentially differentiate igneous and non-igneous titanite. In Chapter 6, it was found that one of the
most effective means of discriminating these groups was the F vs Fe/Al diagram. This is validated
after integrating all available datasets, with non-igneous titanite mostly exhibiting Fe/Al ratios of
<1 and with generally elevated F concentrations that may reach 4 wt.% (Fig. 8.5A). Additionally,
non-igneous titanite is also characterised by: 1) high V (mostly >400 ppm) and Sc contents (mostly
> 10; Fig. 8.5B); ii) variable Zr (1-3000 ppm) and LREE concentrations (mostly <10000 ppm; Fig.
8.5C); iii) low Th/U ratios (mostly <1) and variable Mn (10-3000 ppm; Fig. 8.5D); iv) variable
Euw/Eu* (<0.1 to >10) and low La/Sm ratios (mostly <1; Fig. 8.5E); and v) low Th/Sc ratios (mostly
<10; Fig. 8.5F). Using these bivariate plots it can be concluded that igneous and non-igneous groups

are generally distinct, although there is some minor compositional overlap.
8.4.2  Model 2 (Porphyry vs non-porphyry)

For porphyry systems, the use of indicator minerals could focus on either magmatic or
hydrothermal components of the system. However, for hydrothermal titanite, sufficient data are not
currently available to differentiate it from non-porphyry environments, hence the following section
will attempt to distinguish igneous porphyry-associated titanite from igneous titanite not associated
with porphyry systems (non-porphyry). In order to be classed as porphyry-associated titanite, a
rock (and hence the titanite within the rock) needed to be plutonic, and originate from a system that
produced porphyry mineralisation, with geochronological and textural evidence indicating that the

rock crystallised within two million years of the mineralising event; a timescale that is supported
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by geochronologic data and numerical modelling (Chiaradia & Caricchi, 2017; Nathwani et al.,
2021; Nathwani et al., 2022). Classification as porphyry or non-porphyry is naturally a simplified
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Figure 8.5. Titanite compositional data collected during this study and from the literature, colour coded by interpreted igneous
or non-igneous origin. Bivariate plots are shown, with half violin plots to illustrate full data distribution for the two groups. A.
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view of geological systems, which vary in terms of time, size and space. For example, the Los
Picos-Fortuna Complex, which is precursor to one of the largest porphyry deposits in the world,
would be classified as non-porphyry using a binary classification scheme. Similarly, the Strontian
Intrusive Complex, which displays many whole-rock characteristics of a porphyry magma, would
be classified as similar to the Kneeling Nun Tuff. One approach to capture some of these subtleties
is to give titanite from each sample a ‘porphyry score’ from one to three, with one representing
derivation from a known porphyry deposit, and three designating a rock unrelated to any known
porphyry system. Titanite compositions are compared to these porphyry scores (Fig. 8.6), with

datasets included in each class and reasons for classification outlined in Table 8.3.

Table 8.3. Porphyry score, reasons for classification and datasets included.

Porphyry Reasons for classification Datasets
score
1 Intrusive rock from mineralised porphyry district. Within 2 m.y. of Chuquicamata, Cobre Panama,
mineralisation. Yauricocha, Tsagaan Suvarga, Black

Mountain, Pebble,
Alumbrera, Bingham Canyon

2 Precursor batholith to mineralisation Strontian, Chuquicamata (Los Picos-
Volcanics coeval with mineralisation Fortuna Complex), Little
Barren altered porphyries Cottonwood, Alta, Clayton Peak,
Rocks that exhibit fertile whole-rock signature (e.g. high Sr/Y, Alumbrera (volcanic)
La/Yb)
3 Unrelated to any known porphyry mineralisation Kneeling Nun, Rat Creek, Nelson
Mountain, Highland Range,
Tuolumne

Magmatic volatile concentrations are an important variable that has not yet been
considered. In addition to anomalous metal contents, porphyry deposits also require an abundance
of volatiles, which act as key complexing agents for copper and gold. Volatiles may either be
sourced from atypically volatile rich magmas, or by large volumes of magma with typical volatile
concentrations (Wilkinson, 2013). One approach to answer this question has been to estimate melt
volatile contents from igneous minerals such as apatite and amphibole (Chelle-Michou &
Chiaradia, 2017). Titanite, like these minerals, incorporates halogens into its structure and hence
may provide a window into the melt volatile content. Only the study of Li et al. (2018) has

attempted to investigate fluorine partitioning into titanite. They proposed Df,,, /meit Values of 0.5-

1.2 for metaluminous melts, at temperature close to 900 °C and pressures between 50 and 200 MPa

and indicated that partition coefficients should be corrected using the ASI.

At Cobre Panama, the ASI is dominantly close to one, such that the D, /mett 18 estimated

to be ~1.2. In the Petaquilla granodiorite, average F contents of igneous titanite are 0.17 wt.%,
which would correlate to 0.14 wt.% F in the melt. Such melt F contents are consistent with those

determined in melt inclusions in volcanic rocks (Webster et al., 2009). Maximum F contents in
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igneous titanite are ~0.75, appearing to indicate high melt F contents, although this may imply that
these D values are not appropriate for the lower temperatures at which titanite commonly
crystallises. Nevertheless, maximum titanite F contents analysed during the present study are lower
than 1 wt.%, which was observed by Price et al. (1999) to represent the point at which fluorite

saturates instead of titanite in A-type granites.

No literature data are available for major element chemistry of igneous titanite, and hence
only data from this study are shown in Figure 8.6A. Comparing titanite fluorine contents for the
two porphyry scores, it appears that titanite with a higher porphyry score may exhibit higher F
contents, however these differences are within typical analytical error (Fig. 8.6A). In Chapter 5, it
was postulated that titanite crystallisation temperatures (Hayden et al., 2008) progressively
increased through time towards the mineralising event. This is in contrast to zircon, which
commonly exhibits low Ti contents in porphyry rocks, implying lower temperatures of
crystallisation according to the thermometer of Ferry and Watson (2007). Unfortunately, for
systems where the crystallisation pressure, aTiO2 and aSiO: of the system are not well characterised
(e.g. some literature data and the Rio Tinto sample suite) then it is difficult to determine the exact
crystallisation temperature. Hence, only systems where these parameters were well characterised
are shown. Nevertheless, differences between the groupings are, for the most part, within error,
with the exception being that titanite from systems with a porphyry score of 3 does not appear to
crystallise to low temperatures (Fig. 8.6B). It is worth noting, however, that this may reflect a high

proportion of volcanic titanite.
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Figure 8.6. Cumulative frequency plots comparing compositions of titanite with different porphyry scores. A. F. B.
Crystallisation temperature (Hayden ef al., 2008).

One potential approach to assess trace element characteristics of porphyry titanite was

proposed in Chapter 6, which involved back-calculating hypothetical titanite compositions that
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would be in equilibrium with porphyry zircons. This method circumvents the problem of a scarcity
of porphyry titanite data and instead takes advantage of the wealth of zircon indicator mineral
studies. In Chapter 6, it appeared that this approach may have merits, with titanite from the giant
Cobre Panama porphyry Cu district identified as being porphyry-associated on this basis. As in
Chapter 6, values which divide porphyry and non-porphyry titanite are derived from Pizarro et al.
(2020) and are related to titanite through partition coefficients (Colombini et al., 2011). All igneous
titanite data are displayed in Figure 8.7. According to the Th/U and Dy/Yb classification, all titanite
with a porphyry score of 1 (i.e. from a porphyry system) was classified as such (Fig. 8.7A).
However, 99% of titanite from rocks with a porphyry score of 2 was also classified as being from
a porphyry system and even ~93% of titanite with a porphyry score of 3 (i.e. completely unrelated
to mineralisation) was classified as porphyry-like (Fig. 8.7A). Hence, this plot is not useful in
identifying porphyry associated titanite. Focussing instead on Figure 8.7B, it is clear that Eu/Eu*
is a better discriminant of porphyry associated titanite than other trace element ratios. For instance,
92.1% of titanite with a porphyry score of 1 is classified as porphyry, whereas only 63.9% of titanite
from rocks unrelated to mineralisation (porphyry score = 3) is classified as porphyry. Based on this,
it may be inferred that utilising a cut-off value of 0.4 may be a useful starting point in filtering out

titanite compositions that are completely unrelated to mineralisation.

Within-group comparisons may also be informative, allowing for the identification of any
anomalous samples or locations. Key localities are highlighted for the same plot (Fig. 8.8). As
identified in Chapter 5, it appears that Th/U ratios may delineate distinct titanite populations both
within a single magmatic system and between different magmatic systems, as evidenced by general
clustering of data, but also by the presence of multiple Th/U populations — both at Chuquicamata
and also at Alumbrera in coeval volcanics (porphyry score = 2). It is also evident that a significant
proportion of analyses that are classified as porphyry in the porphyry-related group are from
Strontian, with Eu anomalies that are in fact significantly higher than those observed for porphyry
titanite. The impact of in-situ titanite crystallisation on residual melt chemistry was discussed in
Chapter 4; with the absence of extreme Eu/Eu* values in porphyry titanite suggesting that its own
impact on residual melt chemistry is being buffered in porphyry systems. This may either relate to
in-situ crystallisation of abundant plagioclase, which is almost ubiquitously present as a phenocryst
phase in porphyry magmas (Seedorff ef al., 2005), or oxidation state. Porphyry magmas are
generally perceived to be relatively oxidised, which as identified in Chapter 4, means that most Eu
would be present in the 3+ oxidation state and hence it would be difficult to fractionate Eu from
neighbouring REEs. Overall, it is concluded that conventional methods are unable to unequivocally
identify an association with porphyry magmas, suggesting that more sophisticated techniques are

required.
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8.5 Classification of titanite using unsupervised and supervised learning techniques
8.5.1 Background

Statistical learning involves the use of a variety of techniques to learn from, understand and model
large, complex datasets. Statistical learning tools are classified as supervised or unsupervised,
differentiated on whether the input data were given a class label or not. For supervised learning
techniques, input (training) data with class labels (e.g. mineralised or unmineralized) are used to
develop models that can predict class labels for unseen (test) data. Unsupervised techniques,
however, are not trained using class labels, and instead describe variance, trends and patterns within
the dataset (Hastie et al., 2009; James et al., 2013). Statistical learning techniques are now being
increasingly applied in the field of mineral deposit research (Rodriguez-Galiano et al., 2015;

Grunsky & Caritat, 2020; Nathwani et al., 2022), using geochemical, geophysical and image data.

Although three ‘porphyry scores’ were used to explore compositional differences between
porphyry and non-porphyry titanite by conventional methods, a binary approach (i.e. non-porphyry
represents scores of 2 and 3) is favoured here because it allows unsupervised and supervised
learning techniques to be easily applied. For the two models, slightly different variables and

datasets were used; these are discussed below.
8.5.2  Unsupervised learning (PCA and K-means clustering)

Cluster analysis is a popular unsupervised learning technique that is used to group data into
particular subsets or clusters. One of the most common approaches to clustering is the K-means,
which separates the data into a pre-specified (K) number of clusters around the nearest mean (Hastie
et al., 2009; James et al., 2013). Figure 8.9 illustrates the impact of varying K. This technique is
well suited to the present study, which aims to identity whether compositions of igneous and non-

igneous, as well as porphyry and non-porphyry titanite are distinct.

For datasets containing many variables, a dimensionality reduction technique can be
advantageous prior to cluster analysis. In Chapter 6, compositional differences between igneous,
replacement and vein-hosted titanite were highlighted effectively by PCA. Hence, the approach
taken here was to undertake K-means clustering on important principal components for the two
models in question. Furthermore, as in Chapter 6, variables were transformed according to the
centre-log-ratio transformation prior to PCA, in order to overcome the problems of closure and log-
normal distributions in compositional data (Aitchison, 1982). All censored data was removed prior

to PCA.
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Figure 8.9. Impact of varying K on K-means clustering outputs. Adapted from James et al. (2013).

8.5.3  Supervised learning (Random Forest)

Compared to unsupervised learning, supervised learning techniques are more applicable to mineral
exploration as they can use a training dataset containing multiple variables from mineralised and
unmineralised settings to predict whether an unseen (test) dataset is likely to be related to
mineralisation. A variety of techniques could be applied to this problem, including logistic
regression, random forest, support vector machines and artificial neural networks. Of these
techniques, random forest (Breiman, 2001) was chosen as it is non-parametric (i.e. does not require
pre-analysis data transformation) and works well ‘off-the-shelf’, meaning that algorithms can be
applied easily without significant tuning. Previous studies have demonstrated that random forest is
a powerful predictive tool that can be applied to geochemical data generally (Harris & Grunsky,
2015; Kirkwood et al., 2016), yielding meaningful results when applied to porphyry exploration
specifically (Carranza & Laborte, 2015; Nathwani et al., 2022).

The random forest algorithm is a decision tree-based approach that aggregates multiple
decision trees in an ensemble, with each decision tree comprising multiple decision nodes that
ultimately lead to a classification (Fig. 8.10). Each decision tree is independently trained on a
random subset of the training dataset (a bootstrap) and only uses some variables within the
bootstrapped dataset, meaning that random forest is less sensitive to the training data and more able
to generalise. Ultimately, an observation is classified by each decision tree, with the overall
classification based on the majority vote or an average of all the individual tree results (Fig. 8.10;
Hastie et al., 2009). One consideration for supervised learning techniques is whether classes contain

varying numbers of observations. Though class imbalance is commonly encountered for a range of
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Figure 8.10. Illustration explaining how random forest works.

data types, it can result in a classifier tending to favour the majority class, reducing the performance
(Japkowicz & Stephen, 2002). For the Model 1 dataset, approximately 60% of analyses were
igneous and 40% non-igneous. Although this is a relatively minor class imbalance, oversampling
of the minority class and undersampling of the majority class was conducted using the R function
‘ovun.sample’ (Lunardon ef al., 2014) for good practice to ensure that classes were perfectly
balanced. The class imbalance is more problematic for Model 2, given that there are double the
number of observations for non-porphyry compared to porphyry titanite. Consequently,
simultaneous oversampling and undersampling of the dataset were again conducted prior to training
using random forest. Data which were utilised in the training and test datasets for both models are

outlined in Table 8.4.

Table 8.4. Datasets that were included in the training and test datasets for Models 1 and 2.

Location Model 1: Training Model 1: Model 2: Model 2:
Test Training Test
Y
Y
Y

Strontian
Chuquicamata
Cobre Panama

Oyu Tolgoi
Escondida Norte-Zaldivar
Gravestones
Yauricocha
Little Cottonwood Stock
Alta Stock

Clayton Peak Stock Y
Valeo Stock
Tsagaan Suvarga
Santa Clara
Kneeling Nun Y
Rat Creek
Nelson Mountain
Alumbrera Y
Bingham Canyon Y

<o

]
=< =< <
< =< =< =<

<
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Cross validation of the training datasets were performed to train the model and assess
performance before testing on unseen datasets. The approach taken here involved splitting the
datasets into ten subsets (folds), with nine folds used for training and one-fold held back for testing.
This was repeated ten times such that each fold appears once as a test dataset, with an average taken
at the end to assess model performance. Cross validation was conducted using the ‘train’ function
in R (Kuhn, 2008). Ultimately, model performance is tested using the test dataset, which contains
data from locations and deposits that are not included within the training dataset. This is important,
as the inclusion of data from the same deposit in both training and test datasets can lead to

overfitting.

A variety of metrics are used to assess model performance, which take into account the
number of true positives (TP), false positives (FP), true negatives (TN) and false negatives (FN).
Such metrics include: true positive rate (TPR; Eqn. 8.1), false positive rate (FPR; Eqn. 8.2),
precision (Eqn. 8.3) and F1 (Eqn. 8.4).

TPR= ¥ (Eq.8.1)
“TP+FN q-©

FPR = 1T (Eq.8.2)
“FP+TN Q-

Precision = — (Eq.8.3)
reClSlOﬂ—TP+FP q .

Precision X TPR
Fl1=2x% ( )

Precision + TPR (Eq.8.4)

Another means to assess model performance is the receiver operating characteristic (ROC) curve.
As well as assigning a class label, the model will estimate a probability that an observation belongs
to a particular class. For example, if the probability is greater than 0.5, then an observation will be
assigned the positive class (e.g., in Model 1, non-igneous). Higher probabilities represent
observations that have been more confidently assigned to the positive class. ROC curves represent
a plot of the TPR against the FPR and, from these, another performance metric known as area under
the curve (AUC) can be calculated. For a model that has no success in classifying observations
(essentially random), the AUC will be 0.5, whereas a model that perfectly classifies observations
will have an AUC of 1. Training and testing of the random forest algorithm were conducted using
the ‘randomForest’ and ‘predict’ functions in R, respectively (Liaw & Wiener, 2002; Kuhn, 2008).
In addition to classification, valuable information can be extracted from the random forest,
including the relative importance of different variables in determining the classification. In this

study, the mean decrease in node impurity (Gini Index) was utilised (Liaw & Wiener, 2002), which
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measures how well each variable splits the dataset, with high values corresponding to variables of

greater importance.

Two separate models were created to tackle the problem of classifying porphyry and non-
porphyry titanite, the first of which employed the same element list used in the unsupervised
learning technique (Model 2a). In order to compare performance, another model was created which
parameterised REEs as lambda values (ho, A1, A2 etc.; O’Neill, 2016) and Eu as Eu/Eu* instead of
including all REEs individually; elements that were identified to be unimportant based on

clustering were also removed (Model 2b).

8.6 Results of Model 1 (Igneous vs non-igneous) — unsupervised learning

The importance of fluorine and aluminium in differentiating igneous from non-igneous titanite was
highlighted earlier in the Chapter (as Fe/Al; Fig. 8.5A). As fluorine contents are determined by
electron microprobe only (and not laser-ablation ICP-MS), datasets which did not include electron
microprobe and laser ablation analyses on the same spots were excluded. This, coupled with an
absence of textural data for literature and ex-situ grain mount data, meant that only analyses
conducted in the present study could be utilised. Elements used in the statistical learning techniques
for Model 1 were as follows: Sc, V, Mn, Sr, Y, Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Th, U, F and Al.

Results of the PCA (see Appendix 12) are displayed as PCA biplots (Fig. 8.11A). For
Model 1, principal components 1 and 2 capture most of the variance within the dataset, representing
~45% and 33% respectively, with later PCs all capturing <10% of the variance. Chiefly, PC1 is
controlled by positive loadings for the HREEs, and negative loadings for the LREEs, Th and U.
PC2 is controlled by positive loadings for MREEs, and negative loadings for V, Al, Sc, F (Fig.
8.11A). Igneous titanite compositions group at low PC1l and high PC2 values, indicating
enrichment in LREEs and MREEs, Th and U, whereas non-igneous compositions scatter quite

widely but tend to display elevated HREE and/or F, Al, Sc and V contents (Fig. 8.11A).

Cluster analysis was carried out in R using the ‘fviz_cluster’ function (Kassambara &
Mundt, 2017), with K initially defined as two on the assumption that compositions are likely to
predominantly reflect non-igneous and igneous origins. It is important to note that although the
axes have been rotated, the datapoints are located in the same position in the PCA biplot and the

cluster plots (Fig. 8.11).
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The cluster analysis is fairly successful in splitting the data into igneous and non-igneous

types, with cluster 1 primarily representing non-igneous and cluster 2 representing primarily

igneous titanite types respectively (Fig. 8.11B). Based on this observation, the accuracy of the

cluster analysis in grouping titanite into igneous and non-igneous types can be assessed (Table 8.5).
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Figure 8.11. Results of PCA and cluster analysis for Model 1. A. PCA biplot. B. Cluster analysis where k=2. C. Cluster
analysis where k=3.

Although K was initially defined as two, given the textural classification of titanite into

igneous and non-igneous groups, it is possible to objectively determine the optimal number of

clusters independent of the sample labels by calculating the total within-sum of squares (Hastie et
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al.,2009), with a break in slope indicating the ideal number of clusters. Total within-sum of squares
was determined using the ‘fviz_nbclust’ function in R (Kassambara & Mundt, 2017). Based on
this, the optimal number of clusters in the dataset for Model 1 was found to be three. For K=3 (Fig.
8.11C), a high accuracy is still retained in identifying igneous titanite (Table 8.5) and the number

Table 8.5. Correlation matrix showing cluster analysis performance for Model 1, compared to textural classification.

Type K Igneous Non-igneous
Cluster 1 2 0.5% 70.0%
Cluster 2 2 99.5% 30.0%
Cluster 1 3 0.9% 29.0%
Cluster 2 3 0.5% 47.9%
Cluster 3 3 98.6% 23.1%

of misclassified non-igneous titanites is also reduced (~23%; assuming cluster 3 = igneous).
Interestingly, this also highlights compositional variability within non-igneous titanite, potentially
indicating two main geochemical signatures: one which is characterised by high HREE contents,
and another that is characterised by high F, Al , Sc and V contents (Fig. 8.11C). These two non-

igneous populations are not texturally distinct, nor do they exhibit unique mineral associations.

Of the 965 analyses included, it can be concluded that this unsupervised learning technique
performed reasonably well at identifying non-igneous titanite, accurately identifying 70% of
analyses classified as non-igneous on textural grounds (cluster 1). However, the imperfect
separation implies that there is compositional overlap between igneous and non-igneous titanite,
possibly reflecting the partial or progressive alteration of primary igneous titanite. Nevertheless,
the technique was extremely adept at identifying unaltered magmatic titanite, correctly identifying
99.5% (cluster 2). Consequently, it can be concluded that titanite origin, from either silicate melt

or hydrothermal fluids, is the most important source of variance in the dataset.

8.7 Results of Model 1 (Igneous vs non-igneous) — Supervised learning

Training and testing of the random forest algorithm was conducted using the ‘randomForest” and
‘predict’ functions in R, respectively (Liaw & Wiener, 2002; Kuhn, 2008). The random forest
algorithm performed extremely well in identifying whether titanite is likely to be igneous or non-
igneous (Table 8.6). Indeed, an AUC of nearly 0.99 means that the algorithm nearly always
correctly classified titanite in the test dataset as igneous or non-igneous (Fig. 8.12). The

effectiveness of the algorithm in correctly classifying titanite should not be a surprise, given that
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Table 8.6. Results of random forest predictions of test dataset for Models 1, 2a and 2b.

Model Accuracy F1 Precision TPR FPR AUC
1 0.94 0.93 0.88 0.99 0.10 0.99
2a 0.87 0.81 0.89 0.74 0.05 0.87
2b 0.85 0.80 0.81 0.79 0.11 0.92

conventional and unsupervised learning techniques were also generally effective at predicting

whether titanite had an igneous or non-igneous origin, but the marked improvement in accuracy is

noteworthy.
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Figure 8.12. ROC curve for Model 1.

The most important variables, as determined by the Gini Index, are LREEs and Th, with
lesser contributions from Sc, V, Al and F (Table 8.7). This observation is supported by outcomes
from the unsupervised learning techniques, which showed that although Sc, V, Al and F contents
may be elevated in non-igneous titanite, differences in LREEs and Th were likely to provide the

most powerful discriminants.

Table 8.7. Gini indices for Model 1.

Element Gini Element Gini Element Gini
Sc 22.20 Pr 34.97 Er 1.37
A% 4.70 Nd 16.92 Tm 1.32
Mn 12.24 Sm 5.88 Yb 1.28
Sr 1.81 Eu 4.47 Lu 1.02
Y 1.28 Gd 1.76 Th 64.01
Zr 6.25 Tb 1.51 U 6.91
La 72.21 Dy 1.45 Al 33.35
Ce 57.45 Ho 1.42 F 15.63
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8.8 Results of Model 2 (Porphyry vs non-porphyry) — unsupervised learning

Prior to PCA and K-means clustering, all analyses classified as non-igneous on textural grounds
were removed from the dataset to isolate magmatic processes which might be responsible for
differences in titanite composition. From Figure 8.6A and also Chapter 6, it is inferred that fluorine
and aluminium are unlikely to be important discriminators, given that these elements do not vary
significantly within igneous titanite (S.D = 0.14 and 0.11, respectively). Additionally, removal of
these variables allows for LA-ICP-MS alone to be considered, meaning that literature data can be
incorporated. However, an important drawback of incorporating literature data is that the number
of analytes may be limited relative to those determined in the present study, necessitating striking
a balance between the volume of data and the number of variables included. Elements included
within the PCA and cluster analysis are as follows: Sc, V, Mn, Sr, Y, Zr, Nb, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Th and U. As with Model 1, element concentrations

were transformed by clr prior to PCA and cluster analysis.

From the principal component analysis, PC1 represented ~50% of variance, and PC2 ~17%,
with subsequent components capturing less than 10% of the variance of the dataset. PCI1 is
dominantly controlled by positive loadings for the HREEs, and negative loadings for the LREEs,
as well as HFSEs and Sr (Fig. 8.13A). Importantly, PC2 is controlled by positive loadings for Mn,
and to a lesser extent Sc, as well as negative loadings for the middle REEs (Fig. 8.13A). As with
Model 1, K was initially defined as 2 for cluster analysis based on the two known groups, porphyry
and non-porphyry. In terms of identifying porphyry and non-porphyry titanite, it is clear that
clustering using dimensionally-reduced PCA data is unable to conclusively separate the two groups
(Fig. 8.13A). In fact, approximately equal proportions of porphyry and non-porphyry titanite are

classified in each cluster (Table 8.8). Again, as with Model 1, the optimal number of clusters is

Table 8.8. Correlation matrix showing cluster analysis performance for Model 2.

Type K Porphyry Non-
porphyry

Cluster 1 2 64.0% 52.4%

Cluster 2 2 36% 47.6%

Cluster 1 3 18.6% 45.6%

Cluster 2 3 57.4% 51.0%

Cluster 3 3 24% 3.4%

determined to be 3, based on the total within-sum of squares. After defining K as 3, cluster 3 is
found to mostly contain porphyry titanite and cluster 1 mostly non-porphyry titanite. Cluster 2
contains a roughly equal proportion of both groups (Fig. 8.13C; Table 8.8). From this, it can be
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inferred that unsupervised learning techniques are unable to discriminate porphyry-associated

titanite compositions with high accuracy, suggesting that there is significant compositional overlap.
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Figure 8.13. Results of PCA and cluster analysis for Model 2. A. PCA biplot. B. Cluster analysis where k=2. C. Cluster
analysis where k=3.

8.9 Results of Model 2 (Porphyry vs non-porphyry) — supervised learning

Cross validation of both Model 2a and 2b returned accuracy scores of 0.96. Testing of the two
random forest models on an unseen test dataset demonstrates that both were generally able to

identify porphyry titanite (Table 8.6). However, Model 2b generally performs slightly better than
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Model 2a (Table 8.6; Fig. 8.14), with AUC values of 0.92 and 0.87 respectively. The Gini Indices
for Models 2a and 2b indicate that Mn, Sr, and REEs, particularly the lambda values and Eu/Eu*
for Model 2b, were important in discriminating porphyry from non-porphyry titanite (Table 8.9).
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Figure 8.14. ROC curve for Models 2a and 2b.

Both models are a considerable improvement on those based on unsupervised learning
techniques, which were misclassifying a much larger proportion of titanite. Model outcomes could
be improved by utilising a larger dataset with more training data, which would reduce the likelihood
of overfitting and allow the model to generalise more effectively. Additionally, this study only
focussed on applying a single machine learning technique, random forest, whilst there are several

additional techniques which may have yielded more accurate results.

Table 8.9. Gini index for Models 2a and 2b.

Model 2a
Variable Gini Variable Gini Variable Gini
Sc 18.17 Pr 33.40 Tm 8.55
A% 10.98 Nd 26.06 Yb 9.83
Mn 5291 Sm 22.76 Lu 10.03
Sr 37.83 Eu 12.24 Hf 19.87
Y 10.92 Gd 12.70 Ta 8.80
Zr 16.19 Tb 10.18 Th 8.05
Nb 9.92 Dy 9.62 U 9.39
La 12.46 Ho 7.78
Ce 13.52 Er 7.29
Model 2b
Variable Gini Variable Gini Variable Gini
Sc 29.07 Y 29.12 A 42.00
\% 25.37 Th 17.29 A2 35.15
Mn 63.77 U 19.27 Euw/Eu* 51.90
Sr 47.61 Ao 36.43
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8.10  Use of titanite in exploration
8.10.1 Titanite occurrence in porphyry systems

Although a common igneous accessory mineral, the particular association of titanite with porphyry
systems worldwide, whether in coeval volcanics, the precursor batholith or in the porphyritic
intrusions themselves, suggests that titanite may to some extent indicate that a magma is of suitable
composition to form a porphyry deposit. In Chapters 5 and 6, the occurrence of fluid inclusion trails
in titanite from the Chuquicamata and Cobre Panama porphyry deposits was interpreted to
represent the passage of hydrothermal fluids. Hence, the presence of magmas of a suitable
composition, which have produced hydrothermal fluids can be inferred using textures of detrital
titanite. However unlike zircon, a commonly used porphyry indicator mineral (Pizarro et al., 2020),
primary titanite is susceptible to hydrothermal alteration and may be completely destroyed in rocks
that have been strongly altered by potassic or acidic fluids. In some cases, the presence of precursor
titanite may be inferred if titanite has been pseudomorphically replaced (see Chapters 5 and 6),

though important geochemical signatures will be lost.

In the hydrothermal portion of the porphyry system, the occurrence of propylitic titanite
has been noted by several authors (Seedorff et al., 2005; Wilkinson et al., 2015; Hart-Madigan et
al., 2020; Xiao et al., 2021) and this is confirmed by this study which found widespread titanite in
such rocks at Cobre Panama and Oyu Tolgoi. Additionally, titanite is noted to occur in rocks that
have been subjected to sodic-calcic alteration (Carten, 1986), as well as in potassically (Celis, 2015)
and sericitically altered rocks (see Chapter 7). However, the utility of titanite in targeting these
alteration zones remains to be seen, given that sodic-calcic alteration is generally poorly preserved
(Sillitoe, 2010) and that, despite the volume of publications on porphyry alteration zones, few have

highlighted the occurrence of potassic and sericitic titanite.
8.10.2 Effects of hydrothermal alteration

Another key consideration is understanding how robust geochemical signatures are to hydrothermal
alteration. As observed in Chapters 5 and 6, titanite is susceptible to hydrothermal alteration and
may be partially or completely destroyed. Where titanite has been completely destroyed, certain
geochemical characteristics may be retained by secondary rutile, although this requires
investigation. One important thing to note is that Eu/Eu* may be impacted by hydrothermal
alteration. In Chapter 5, it was demonstrated that altered igneous titanite displayed anomalously
high Eu/Eu*, necessitating the filtering out of non-igneous titanite data prior to undertaking

assessments of exploration potential. As demonstrated during this chapter, non-igneous titanite,
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which includes altered igneous crystals, is easily distinguished from unaltered magmatic titanite by

both unsupervised and supervised learning techniques using F, Al, Sc, and LREE concentrations.
8.10.3 Comparison of titanite with other mineral indicators

Utilisation of a variety of minerals has been postulated for porphyry exploration, including zircon,
apatite, chlorite and epidote; so in what circumstances might the analysis of titanite be

advantageous?

Chlorite and epidote

Spatial variation in chlorite and epidote compositions in the green rock environment may be utilised
to infer 1) the presence of a nearby porphyry system, ii) the potential endowment of that system and
potentially even iii) vector towards the core of the system (Wilkinson et al., 2015; Cooke et al.,
2020b; Pacey et al., 2020b). However, geochemical signatures become obscured when there have
been multiple pulses of hydrothermal activity, as genuine porphyry-related geochemical signatures
are overprinted by signatures which are completely unrelated to mineralisation. Hart-Madigan et
al. (2020) highlighted that titanite can be used to date alteration events in the propylitic
environment, whereas epidote and chlorite only incorporate minor amounts of initial U. Through
combining U-Pb dating of propylitic titanite with chlorite and epidote compositional data,
signatures which are only related to the mineralising event can be isolated, meaning that the

mineralising potential of the hydrothermal system can be accurately assessed.

Furthermore, in this study it has been demonstrated that U-Pb isotopes and chemical
compositions of propylitic titanite can be simultaneously determined without compromising the
quality of the geochronological data. Although requiring further study, the ability to obtain U-Pb
dates, when coupled with geochemical diversity, means there is the potential to utilise titanite alone
as an indicator mineral in the green rock environment. However, care should be exercised when
working in districts that have experienced multiple pulses of hydrothermal activity, as reactivity of
titanite may cause the isotopic system to be disturbed, or where multiple titanite generations may

exist.

Zircon

When it comes to understanding the magmatic part of the porphyry system, whether via U-Pb
geochronology (Chelle-Michou et al., 2014; Buret et al., 2016), thermobarometry (Large ef al.,
2021) or mineralising potential (Pizarro et al., 2020; Nathwani et al., 2021), zircon remains the
gold standard. Key to the utility of zircon in understanding porphyry magmatic systems is its
resistance to hydrothermal alteration, with magmatic signatures retained even in intensely acid

altered samples. Titanite is clearly not completely resistant to hydrothermal alteration, as evidenced

197



by the occurrence of pseudomorphs in rocks that have been subjected to potassic, acid and even
propylitic alteration at Chuquicamata and Cobre Panama (see Chapters 5 and 6). However, it has
been demonstrated during the present study that magmatic titanite still retains an igneous signature
when subjected to weak to moderate alteration. Importantly, titanite incorporates several
petrogenetically important species that are not incorporated into zircon. Halogen contents, for
example, could provide important information about critical ore forming processes such as fluid
exsolution, as has been demonstrated for apatite (Nathwani et al., 2023); whilst LILE e.g. Sr, can
be a useful discriminant between porphyry and non-porphyry magmas. Hence, in rocks that haven’t
been subjected to intense hydrothermal alteration, titanite can constrain some aspects of the
magmatic system that zircon cannot. Alternatively, zircon may be absent in more mafic porphyry
intrusions where titanite may be present. For these rocks, analysis of titanite can be utilised for U-

Pb geochronology, thermobarometry and mineral prospectivity studies.

Apatite

Of the minerals which can potentially be used as indicators of porphyry mineralisation, only apatite
(Loader, 2017; Brugge, 2021) and titanite are commonly observed in both magmatic and
hydrothermal domains. The occurrence of apatite throughout the porphyry system is more
widespread, however the analysis of titanite over apatite may be advantageous for several reasons.
As has been demonstrated in this chapter, titanite compositions can be readily utilised to determine
a hydrothermal or magmatic origin. This ability to differentiate igneous and non-igneous
compositions, when combined with U-Pb geochronology (Frost ef al., 2001) means that timings of
both magmatic and hydrothermal events can be constrained, and compared to known mineralising
events in the prospective district. Additionally, preliminary work has indicated that igneous,
porphyry titanite compositions can be identified using machine learning techniques. When taking
into account these characteristics, it appears that analysis of titanite over apatite would be preferable
in detrital studies, potentially providing geochronological, mineral prospectivity and even

thermobarometric information (Hayden et al., 2008).
8.10.4 Exploration workflow

A recommended workflow that could be applied to utilise titanite compositions in the exploration
for new deposits is presented in Figure 8.15. Initial steps of the workflow are dependent on whether
sampling of stream sediments or whole-rocks has been conducted, which, in Chapter 5, was
identified to potentially influence whether igneous or non-igneous titanite is sampled. Sampling of
rocks, which are assumed to be igneous, is recommended to allow for whole-rock compositions to

be determined. Use of whole-rock chemistry is beneficial as it is relatively easy, cheap and may
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save time in filtering out any igneous rocks that are distinctly unrelated to mineralisation. However,
analysis of titanite in stream sediments may be of more use practically, where the chemical context

of the host rock has been lost.

If whole-rock analysis is possible, then the first step is to screen out rocks that are unsuitable
for the assessment of magma fertility (i.e. rocks that are too mafic or too altered). Thereafter,
commonly employed whole-rock ratios are applied to remove rocks that are highly unlikely to be
related to mineralisation. If rocks display a geochemical characteristic of a fertile magma (e.g. high
St/Y) then titanite can be attempted to be located. Titanite can be analysed in-situ, after preparing
thin sections or polished blocks, or following mineral separation. At least 30 analytical sites are
recommended per sample in order to characterise titanite trace element chemistry and to carry out
U-Pb geochronology. A suitable number of sites may be present in-sifu or may require mineral
separation. If no titanite is identified either in-situ or during mineral separation, then the application
of other mineral indicators is recommended; either zircon (which is well characterised) or

potentially rutile, which may inherit titanite geochemical signatures (see Chapter 5).

Assuming that a suitable number of titanite analyses are possible, then the next step is to
conduct trace (+ major) element and U-Pb analysis. Titanite compositions are first filtered based
on whether they are igneous or non-igneous, which involves utilising F, V, or LREE concentrations,
or Fe/Al and Th/Sc ratios. Elevated F contents, or low Th/Sc ratios for example, indicate that titanite
is non-igneous in origin. For igneous titanite, it is recommended that a supervised learning
technique, such as the random forest algorithm that is applied here, are utilised to assess the
likelihood of derivation from a porphyry system. The utility of such an approach has been
demonstrated in this study using a relatively small dataset, with improved performance likely

arising from the development of a larger dataset incorporating a wider range of environments.

The final stages of the assessment involve conducting textural observations, with the
presence of fluid inclusion trails likely to indicate that separation of a magmatic volatile phase has
occurred. Finally, U-Pb geochronologic data should be processed, which can be conducted for both
igneous and non-igneous titanite, in addition to porphyry and non-porphyry titanite. A combination
of both titanite classification, and U-Pb data is proposed, with a final decision based on whether U-
Pb ages compared to known periods of mineralisation for a given district (for both igneous and

non-igneous titanite), in addition to predictions based on supervised learning techniques.
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8.11 Conclusions

Through applying unsupervised and supervised machine learning techniques, it has been
demonstrated that titanite compositions can be applied to fingerprint different environments of
formation. Non-igneous titanite, which in a porphyry system may commonly be found in the green
rock environment, is characterised by high F and Al, as well and Sc (and V), with characteristically
low LREE contents relative to igneous titanite. Both unsupervised and supervised learning
techniques are readily able to differentiate igneous from non-igneous titanite. It is concluded that
compositions of non-igneous titanite are mostly controlled by fluid chemistry, inheritance from

precursor igneous minerals and by co-precipitating minerals.

For igneous titanite, it is demonstrated that their characteristics mostly reflect those of the
residual melt chemistry, which in part reflects bulk magma composition, but is also strongly
impacted by late-stage in-situ fractional crystallisation. In particular, late titanite compositions may
be strongly impacted by the earlier crystallisation of titanite, with important implications for key

trace element parameters in titanite and also other minerals.

Considering solely igneous titanite, it is demonstrated conventional methods, such as
bivariate plots, are unable to effectively discriminate between titanite formed in porphyry and non-
porphyry environments. This is because signatures that often characterise porphyry magmas, such
as positive Eu anomalies, can also be generated by unrelated processes. Supervised learning
techniques, however, are better applied to porphyry titanite as these incorporate many geochemical
parameters simultaneously. Finally, a workflow is proposed for the application of titanite to mineral
exploration, which firstly involves screening suitable rocks based on their whole-rock composition,
before using trace elements to identify firstly whether titanite is igneous or not, and then whether
titanite is likely to be from a porphyry system or not. In such a scenario, it is suggested that U-Pb

geochronology also plays a valuable role.
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Chapter 9. Conclusions and future work

9.1 Main conclusions

This study aimed to catalogue the occurrence, textures and compositions of titanite in mineralised
and unmineralised systems. Detailed study of titanite was conducted in four particular locations:
Strontian, Chuquicamata, Cobre Panama and Oyu Tolgoi, encompassing both igneous and non-
igneous titanite. Titanite compositions are examined in the context of other geochemical data from
the same systems, including whole-rock, amphibole and zircon chemistry. Through this, as well as
consideration of literature data and a global sample suite, the ways in which titanite could influence,
and be utilised in mineral prospectivity studies are evaluated. This had the ultimate aim of assessing
the usefulness of titanite as an indicator mineral, with the generation of a classification scheme that

could identify titanite from mineralised systems. The main findings of this work are outlined below.
9.1.1 The influence of titanite on residual melt chemistry

Saturation of titanite from a crystallising magma has implications not only in terms of the
application of titanite to porphyry prospectivity studies, but also for the trace element evolution of

the residual melt, and hence other mineral phases.

e At Strontian, the late-stage evolution of the residual melt was tracked using amphibole and
titanite compositions. This revealed a distinct core to rim evolution in terms of Y, as well
as Sr/Y, Eu/Eu* and Ta/Nb ratios.

e Using textural, thermometric, modal abundance and geochemical data, titanite was
demonstrated to i) co-crystallise with amphibole rims, but not cores, and ii) host a
significant percentage of the whole-rock trace element budget.

e Modelling of Rayleigh fractional crystallisation was consistent with a titanite control on
late-stage residual melt (and hence amphibole and titanite) chemistry.

e These results are pertinent, not least for porphyry deposits, where abundant titanite
crystallisation could generate false positive signatures in unmineralised systems, but also

for provenance studies generally involving late-stage granitoid melts.
9.1.2  The occurrence of titanite in porphyry systems

In porphyry environments, titanite occurs in the both the magmatic and hydrothermal domains,

exhibiting a range of occurrences and textures.

e Titanite mainly occurs as a primary igneous mineral and in the propylitic environment.
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9.1.3

It is rarely found in sericitically altered rocks and has also been suggested to occur in the
(often poorly preserved) sodic-calcic and potassic zones. However, no potassic titanite was
identified in samples encountered during this study, which also did not analyse any rocks
that were subjected to sodic-calcic alteration.

Primary igneous titanite may be completely destroyed in rocks that have been subjected to
intense potassic, sericitic or acidic alteration, and is commonly replaced by rutile + Fe-Ti
oxides + REE-bearing phases.

Where titanite has been completely destroyed, magmatic signatures may be preserved by
secondary rutile.

The ubiquity of fluid inclusion trails in primary titanite from altered rocks suggests that this

may be a useful indicator of whether a crystallising magma saturated in a volatile phase.

Differentiating igneous and non-igneous titanite

One of the main aims of this study was to characterise textural and geochemical differences

between igneous and non-igneous titanite, of which the latter includes altered igneous, replacement

and vein-hosted types.

Igneous titanite is 1) generally larger, ii) often more euhedral, iii) displays internal zonation
(core to rim or sector zoning) as identified by SEM-BSE mode, and iv) is associated with
common igneous minerals (e.g. zircon, amphibole).

Propylitic titanite is often associated with typical green rock minerals: chlorite, epidote,
calcite etc.

Separating titanite from a rock containing both igneous and non-igneous titanite may result
in sampling bias, preferentially separating crystals with an igneous origin.

Altered primary titanite may be identified texturally by an intimate association with rutile
+ Fe-Ti oxides + REE-bearing phases. Altered igneous titanite compositions are variable,
some of which retain a predominantly igneous signature, although others may be
overprinted, taking on a new hydrothermal composition.

Non-igneous titanite (encompassing replacement, vein-hosted and altered igneous types) is
characterised by elevated F, Al and Sc contents, but low LREE and Th contents.
Compositions of igneous and non-igneous types are distinct enough that they can be readily
distinguished by simple bivariate plots (e.g. F vs Fe/Al), as well as more sophisticated
methods (e.g. machine learning techniques).

Consequently, an igneous or non-igneous origin may be inferred solely on the basis of

compositional data.
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9.1.4  Controls on compositions of non-igneous titanite

A range of factors were investigated to understand what controls the compositions of non-igneous

titanite, including host-rock composition, temperature and fluid composition.

e Generally, it is inferred that non-igneous titanite compositions are primarily controlled by
i) fluid composition, ii) inheritance from primary igneous minerals and iii) by co-

precipitating minerals.
9.1.5 Controls on compositions of igneous titanite
Factors responsible for governing the composition of igneous titanite were also considered.

e Broadly, igneous titanite compositions (e.g. Sr, Eu anomaly) are demonstrated to reflect
residual melt compositions which partially reflect, but may also diverge from, those of the

bulk magmas at near-solidus temperatures.
9.1.6  Identifying igneous titanite from porphyry systems

Compositions of igneous titanite from a range of mineralised and unmineralised systems were

determined to investigate whether signatures of igneous titanite from porphyry systems are unique.

e Many false positive signatures are likely to result from applying conventional methods to
recognise porphyry titanite. For example, elevated Eu/Eu* ratios, which characterise
zircons in porphyry systems, can be generated by unrelated processes; including abundant
crystallisation of titanite itself.

e The potential in utilising supervised learning techniques is highlighted, which are

demonstrated to accurately identify porphyry titanite.
9.1.7  Using titanite in mineral exploration

Overall, it is interpreted that there is significant potential for titanite to be used in exploration due
to its compositional variability in both magmatic and hydrothermal environments. This variability
could be combined with textural observations and U-Pb geochronology, to assess whether magmas
are: 1) a suitable composition to form a porphyry system; ii) whether there was significant

hydrothermal alteration; and iii) whether rocks the same age as known mineralising events.

9.2 Recommendations for future work

From this work, several additional avenues of research could be pursued, focussing on either

magmatic or hydrothermal portions of the porphyry system.
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9.2.1 Magmatic titanite

One area of potential further research involves estimated crystallisation temperatures in titanite and
zircon. In the Chuquicamata district, calculated zircon crystallisation temperatures decrease
through time towards the mineralising event, an observation that is consistent with zircons from
porphyry deposits worldwide. On average, titanite crystallisation temperatures in the same rocks
are observed to increase. Both the Zr-in-titanite and Ti-in-zircon thermometers are reliant upon on
accurate estimation of aTiO2, which is often assumed to be 0.7, but can introduce uncertainty into
thermometric estimates. One way to estimate aTiOzis to determine zircon Ti concentrations, and
Zr concentrations in titanite that is included within zircon. As titanite is included in zircon, the
titanite-zircon pairs can be assumed to be in equilibrium, and hence crystallised at the same
temperature, meaning that aTiO2 can be estimated. Titanium-in-zircon temperatures generally
imply that porphyry magmas crystallise at low temperatures, something which could be better

understood by accurately estimating aTiOz for a range of magma compositions.

Analysis of titanite inclusions in zircon could also inform on other processes, such as
volatile saturation. Titanite volatile contents are another interesting avenue of research that was
considered during this study. However, differences in F content were difficult to resolve, and would
require more precise determination. A comparison of titanite F contents included in zircon with
those in the groundmass could be informative, providing valuable information on whether titanite

F contents are subject to re-equilibration following interaction with hydrothermal fluids.

It was also not possible during the present study to fully investigate how magmatic redox
impacted titanite compositions, particularly for transition elements. Further study could investigate
how concentrations of these elements vary in magmas of variable oxidation state, which could be

constrained by several independent methods including zircon oxybarometry and Fe-Ti oxide pairs.

In terms of research focussed on particular study sites, further work should focus on how
titanite compositions vary within the precursor batholith to the Cobre Panama deposit, the
Petaquilla batholith. Whole-rock signatures in the southern portion of the batholith are
indistinguishable from those of the porphyritic intrusions, whereas signatures in the northern, older
portion of the batholith are distinctly less porphyry-like. It is suggested that titanite trace element
compositions, and even potentially titanite occurrence, would vary systematically from north to
south and through time. Study of titanite from throughout the batholith could be informative on

temperature, volatile and compositional variation through time.

A pilot study which tests the application of titanite compositions to assessing mineral

prospectivity in stream sediments is also proposed. Such a study would involve collecting
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sediments from streams that drain several variably mineralised districts, before conducting blind

testing to potentially identify catchments associated with mineralised deposits.
9.2.2  Hydrothermal titanite

Another potential study involves systematically sampling and determining titanite compositions
from throughout a mineralised porphyry district. Spatial variation in chlorite and epidote chemistry,
for example, is well characterised, indicating that the compositions of these minerals are sensitive
to variations in temperature, salinity, pH and oxidation related to dispersion of a fluid away from a
mineralised centre. Undertaking a similar approach for titanite could be informative and would
involve collecting many samples from a well characterised system, such as Batu Hijau. If
successful, additional complexities such as the presence of multiple hydrothermal pulses could be

factored in, with the application of geochronology to discern different hydrothermal events.

In Chapter 5, it was identified that rutile may inherit trace element contents from precursor
titanite. If rutile were to completely inherit trace element compositions of titanite, or did so in a
consistent manner, then it would be possible to estimate the composition of primary titanite which
has been subsequently replaced, which may be particularly useful in rocks that have been subjected
to intense hydrothermal alteration where precursor titanite is likely to have been completely
destroyed. For example, comparing signatures of rutile pseudomorphs after titanite, with titanite
included within zircon could aid in understanding how faithfully rutile records precursor titanite

compositions.
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